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Abstract

Active galactic nuclei (AGN) are prime candidate sources of the high-energy, astrophysical neutrinos detected by
IceCube. This is demonstrated by the real-time multimessenger detection of the blazar TXS 05064056 and the
recent evidence of neutrino emission from NGC 1068 from a separate time-averaged study. However, the
production mechanism of the astrophysical neutrinos in AGN is not well established, which can be resolved via
correlation studies with photon observations. For neutrinos produced due to photohadronic interactions in AGN, in
addition to a correlation of neutrinos with high-energy photons, there would also be a correlation of neutrinos with
photons emitted at radio wavelengths. In this work, we perform an in-depth stacking study of the correlation
between 15 GHz radio observations of AGN reported in the MOJAVE XV catalog, and 10 yr of neutrino data from
IceCube. We also use a time-dependent approach, which improves the statistical power of the stacking analysis. No
significant correlation was found for both analyses, and upper limits are reported. When compared to the IceCube
diffuse flux, at 100 TeV and for a spectral index of 2.5, the upper limits derived are ~3% and ~9% for the time-

averaged and time-dependent cases, respectively.

Unified Astronomy Thesaurus concepts: Neutrino astronomy (1100); High energy astrophysics (739); Radio

astronomy (1338)

1. Introduction

Neutrinos are a valuable complementary messenger to
photons; however, their elusive nature adds complexities to
their detection leading to uncertainties about the exact sources
producing them. Understanding the neutrino production
mechanism and the concurrent detection of photons can help
pinpoint their sources. This can be done using a hypothesis that
the observed neutrinos and photons follow a certain correlation.
This correlation supports the theory that both particles originate
from similar or related processes within or around extragalactic
sources. A positive correlation will help us find the sources that
may be producing neutrinos and understand the processes that
lead to their creation. However, these correlation studies are
limited by a lack of coincident photon observations with
neutrino data reducing their sensitivities. One of the theories
involving neutrino production in active galactic nuclei (AGN)
involves the possibility of a correlation with photons detected
at radio wavelengths (see Section 1.1). In this work, we
perform a stacking analysis using 10 yr of data collected by the
IceCube Neutrino Observatory (2008-2018) along with the
time-dependent photon observations published in the
MOIJAVE XV catalog (Lister et al. 2018) to test for correlation
between the radio and neutrino observations. The time-
dependent stacking study makes use of additional coincident
information and improves the statistical power of traditional
stacking analyses.

The IceCube Neutrino Observatory, located at the geo-
graphic South Pole, is a cubic kilometer in-ice neutrino detector
that has collected ~18 yr of neutrino data (Aartsen et al. 2017).

66 Also at Institute of Physics, Sachivalaya Marg, Sainik School Post,
Bhubaneswar 751005, India.

7 Also at Department of Space, Earth and Environment, Chalmers University
of Technology, 412 96 Gothenburg, Sweden.

68 Also at Earthquake Research Institute, University of Tokyo, Bunkyo, Tokyo
113-0032, Japan.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

When high-energy neutrinos pass through Earth, they may
interact with the ice or surrounding bedrock, creating secondary
charged particles. These particles produce Cherenkov light,
which is detected and used to reconstruct the high-energy
neutrino interaction energy and direction. While the first
evidence of astrophysical neutrino diffuse flux detection was
reported in 2013 (Aartsen et al. 2013), the origin of these
elusive particles and the sources producing them remains
uncertain. One of the prime candidates for the origin of these
particles are AGN, which are active supermassive black holes,
some of which have jets of extremely high-energy particles
originating from the center (Eichler 1979; Berezinsky &
Ginzburg 1981).

In 2017, IceCube detected a high-energy neutrino event in
a direction coincident with the AGN TXS 05064056,
which was found to be flaring in gamma rays (Aartsen et al.
2018a). A follow-up analysis of archival IceCube neutrino data
revealed an earlier burst of neutrino events from the same
source in 2014 /2015 without an accompanying flare of gamma
rays (Aartsen et al. 2018b). This source is a blazar, which is a
type of AGN with the jet pointed in the direction of the
observer. Recently, Abbasi et al. (2022) reported significant
evidence of neutrino emission from NGC 1068, a nearby
Seyfert II type of AGN. Seyfert II sources are galaxies that are
observed with narrow emission lines in their spectrum and a
variable radio emission. Some Seyfert II AGN also have jets
radiating outward, however, they are relatively dim gamma-ray
sources, unlike blazars, which have relativistic jets oriented in
Earth’s direction. These detections motivated studies involving
all AGNs as potential neutrino sources. To better explain
neutrino production in these sources, theoretical modeling
efforts and correlation studies are performed with photon
observations in a particular energy regime. Multiple indepen-
dent analyses from both: the IceCube Collaboration (see, e.g.,
Huber 2019; Desai et al. 2021; Abbasi et al. 2022¢, 2023b) and
other researchers (see, e.g., Plavin et al. 2020, 2021; Rodrigues
et al. 2021; Zhou et al. 2021; Kun et al. 2022), which used
different data sets and analysis methodology were performed.

9 https://gen.gsfe.nasa.gov/gen3/21916.gen3
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Based on these studies and AGN model predictions, one of the
leading theories is that the neutrinos observed by IceCube may
be correlated with the photons observed in the radio regime as
the radio variability traces environment conditions ideal for
neutrino production (see Jacobsen et al. 2015; Murase &
Stecker 2023, and Section 1.1 of this work for more details).
Additionally, as blazar jets point in the direction of the
observer, due to Doppler boosting, the broadband spectral
energy distribution of radio-loud AGN is not clear with the jet
emission dominating over the electromagnetic signal. As the
neutrino signal from these AGNs will not be affected by the
jets, a positive correlation will help in identifying radio-loud
AGN accelerators and understanding their relevant neutrino
production processes.

1.1. Neutrino-radio Correlation in AGN

Theoretical predictions of neutrino production in AGNs
depend on the type of interaction and the location where it can
occur. Two types of interactions that can lead to the production
of these neutrinos from AGN are the photohadronic (nucleon—
photon or p7y) and hadronuclear (nucleon-nucleon or pp)
processes, which can occur close to the core of the AGN or in
the jet of a jetted AGN (Sikora et al. 1987; Stecker et al. 1991;
Murase & Stecker 2023). Depending on where these processes
take place, there may be a correlation of the neutrino signal
with photon observations at a particular wavelength. Under-
standing this correlation, or a lack of it, can help researchers
pinpoint the neutrino production mechanism.

Here, we focus on testing the theory behind the neutrino and
photon correlations in AGN. The synchrotron radiation
resulting from accelerated electrons leads to the emission of
photons, observable at radio frequencies, which in turn undergo
inverse Compton scattering to form the X-ray photons. In the
case of neutrino production due to photohadronic interactions,
these X-ray photons interact with protons to give pions that
decay to give gamma rays and neutrinos. For opaque or
obscured AGN, the resultant gamma-ray photons will cascade
down to lower energies (e.g., X-rays) before escaping from the
core of the AGN (Murase 2022). Neutrinos, on the other hand,
escape without interaction for both obscured and unobscured
AGN. While this suggests a possible correlation of neutrino
observations with photons detected in the X-ray regime for
certain AGN, it also supports a correlation of neutrinos with
photons observed in the radio regime for all AGN. This is
because, if an AGN is flaring at radio wavelengths, it can
signify an increase in the conditions favorable for the neutrino
production process. This means that the neutrino signal will be
directly correlated with the radio flux density measurements of
the AGN (see Jacobsen et al. 2015, for more details).
Additionally, as compared to X-ray observations, radio
detection of photons from AGN is easier and has been carried
out by multiple radio observatories over time, allowing
researchers to use archival data of photon observations. Studies
like that of Plavin et al. (2020) report that radio measurements
at higher frequencies (>10 GHz) are correlated with neutrino
events showing increased emission activity as compared to
lower frequencies. To test this correlation, in this work, we use
the MOJAVE XV data set (Lister et al. 2018), which reports
15 GHz observations of AGN sources observed over 20 yr.

Abbasi et al.

1.2. Previous AGN Correlation Studies

Various observational and theoretical papers exist to study
photon and neutrino correlations, however, it is unclear what
are the dominant processes for neutrino production in AGN
(see review by Murase & Stecker 2023). While studies like
those of Hovatta et al. (2021), Plavin et al. (2021), and Buson
et al. (2022) report a correlation of IceCube neutrinos with
photons from AGN, other studies, like those of Zhou et al.
(2021), Abbasi et al. (2022¢), and Abbasi et al. (2023b), do not
find a significant correlation. One of the factors that contribute
to the discrepancy is the lack of data, which, in terms of
neutrinos, can be the usage of the IceCube alert data set instead
of the full IceCube tracks data set (Abbasi et al. 2021). As an
example, the all-sky point-source neutrino data set made of
track events (Abbasi et al. 2021) has more muon-track-like
events (see Section 2.1) as a function of energy along with a
better, more consistent coverage in time and location as
compared to the IceCube public alert sample (Abbasi et al.
2023a). For a source with an assumed power-law spectrum
with an index of v = 2.5, the public alert selection has a factor
of x100 fewer astrophysical neutrinos than the full selection.
Another factor that can affect the discrepancy between the
neutrino studies can be the inclusion of additional components
like energy information in signal probability density functions
(PDFs) or signalness for neutrino events (see, e.g., Abbasi et al.
2022c, 2023b). Finally, apart from flaring AGN analyses,
correlation studies involving stacking are often limited to using
time-averaged measurements. This is due to the lack of time-
dependent photon and neutrino data. Including time-dependent
information in a stacking study will allow us to weight sources
based on the photon data as a function of time and increase the
sensitivity of the analysis. It thus becomes important to use the
most complete IceCube neutrino data set in combination with a
large, reasonably complete AGN source catalog, preferably
including time-dependent flux information.

1.3. Paper Outline

This work uses the 10 yr IceCube tracks data set using a
stacking analysis (similar to Braun et al. 2008; Desai et al.
2021; Abbasi et al. 2022c) to search for correlation between
radio and neutrino data from AGN. The stacking analysis is
performed for both the time-averaged and time-dependent cases
assuming there is a 1:1 correlation between the 15 GHz radio
flux density and the high-energy neutrino flux. The article is
outlined as follows: Section 2 describes in detail the neutrino
and photon data sets used in this study; Section 3 describes the
likelihood framework used; Section 4 presents the results
derived from this work; and Section 5 discusses the conclusion
and future implications of this work.

2. Data Samples
2.1. IceCube Selection of Track-like Events

IceCube records neutrino events following a signature of
being track-like or cascade-like, depending on the type of
particle interaction leading to the detection. Charged current
muon neutrino interactions lead to elongated track-like
signatures produced due to long-lived muons that travel several
kilometers through the ice. On the other hand, neutral-current
interactions or charged current electron and tau neutrino
interactions produce hadronic and electromagnetic showers
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Figure 1. Source distribution of MOJAVE XV catalog using equatorial (J2000) coordinates. Note that the source distribution of the MOJAVE catalog covers the
equatorial and Northern Hemispheres where IceCube’s sensitivity for track-like events is maximized (see sensitivity curve reported in Aartsen et al. 2020).

covering a smaller distance (Halzen & Klein 2010), giving
cascade-like signatures. This work focuses on track-like events
as they have a better directional resolution as compared to
cascade-like events. The neutrino data is obtained using the all-
sky point-source tracks sample (Abbasi et al. 2021), which
spans over a duration of 10 yr, from 2008 April to 2018 July.
The properties of this neutrino point-source events sample
along with the selection and filtering methods are described in
detail by Aartsen et al. (2020).

The 10 yr data set is further divided by the configuration of
IceCube detector strings. The first year (2008) dubbed IC-40
uses data from the 40 string configuration, IC-59 (2009) uses
the 59 string configuration, IC-79 (2010) uses the 79 string
configuration, and IC-86 (2011-2018) uses the 86 string
configuration. For more details regarding the configurations see
Abbasi et al. (2021).

2.2. MOJAVE Data of AGN at 15 GHz

The AGN sources used for this study are taken from the
MOJAVE XV catalog, which includes the total flux density
observations of 437 sources obtained with the Very Long
Baseline Array (VLBA) at 15 GHz (Lister et al. 2018). The
catalog consists of a total of 5321 observations of these AGN
made with varying cadence and number of observations per
AGN obtained between 1996 January 19 and 2016 December
26. The MOJAVE XV AGN catalog is a blazar-dominated
sample with 392 blazar sources, 27 radio galaxies, 13
unidentified AGN, and 5 narrow-line Seyfert I galaxies. The
MOJAVE source list was updated over time to include low
redshift radio galaxies with spectra peaking in the GHz regime.
These sources are distributed almost uniformly over the sky at
declinations 6 > —30° (see Figure 1), which is better matched
to the improved sensitivity of the work presented here in the
Northern Hemisphere (see sensitivity curve reported in Aartsen
et al. 2020). Moreover, all the observed AGN have bright
compact radio emissions with total flux densities greater than
50mly. This implies that the observed sources are bright at
15 GHz and changes of the radio emission can be effectively
measured. This makes the MOJAVE catalog one of the most

promising radio catalogs for correlation studies such as
this one.

As this study also uses multi-epoch observations in the form
of photon flux density light curves, the MOJAVE XV catalog is
preferred over the Radio Fundamental Catalog (RFC).” The
RFC catalog is more complete but lacks time-dependent radio
measurements. While many sources in the MOJAVE XV
catalog are AGN that are consistently observed with a good
cadence (see, e.g., Figure 2), there do exist some sources that
have not been observed frequently. We remove the sources that
have very few observations (keeping sources with a minimum
of three observations), reducing the sample size of 437 sources
to 397 sources.

The MOJAVE sample is considered to be complete in terms
of sources observed at 15GHz by VLBA and with flux
densities with f, > 1.5 Jy. However, a completeness correction
is required for larger, unbiased analyses such as this, to account
for the sources not included either due to spatial coverage or
flux threshold in the catalog. The completeness correction is
found to be 44.7 + 11.2% (see Appendix A). After accounting
for completeness, this study focuses on a blazar-dominated
AGN sample that follows the same properties as the sources in
the MOJAVE sample.

3. Analysis Method

Using the neutrino and radio flux density described above,
we search for cross-correlations between neutrinos and photon
observations in the direction of the AGN in the MOJAVE XV
catalog. This is done by using a stacking analysis weighted
according to the observed time-averaged and time-dependent
radio flux density. The basis of this work is a likelihood
approach similar to the ones described by Braun et al. (2008)
and others, where the track-like neutrino data is modeled using
a background hypothesis (B;) and signal hypothesis (S;). The
background data consists of atmospheric events from neutrinos
and muons originating in Earth’s atmosphere, while the signal
consists of a radio source-associated pointlike excess of
neutrinos in the stacked data.

70 http:/ /astrogeo.org /rfc/
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Figure 2. Example binned light curve (orange line) using MOJAVE data (blue data points) for one source (3C279) along with different IceCube data sets, and their
time coverage is shown with the corresponding data set name. The light curve is binned using equal time binning within the 10 yr IceCube data shown here by the
vertical lines. Left to right, the bins are shown as green to red (2008—-2009; IC-40), red to purple (2009-2010; IC-59), purple to brown (2010-2011; IC-79), brown to

pink (2011-2012; IC86_2011), and pink to gray (2012-2017; IC86v3_2012_2017).

As described in Section 2.1, the point-source track sample is
further divided into five configurations, depending on the
number of strings in use along with selections, software, and
calibrations used (see Table 1 of Abbasi et al. 2021). If each
configuration is denoted by an index k, let Ny be the number of
total neutrino events in the configuration. Using the notation of
n, for the number of signal events from a certain direction and
N, for the number of events in the configuration along with the
signal and background hypothesis, a likelihood function can be
constructed for each event i by the following:

L(n 7):Hﬁ LR R Y (1)
v e N Ne) )

where S and B} represent the PDFs corresponding to the
signal and background hypotheses, respectively, for each
configuration k. The expected number of signal events n’ is
derived by computing the fraction of the total events n, in a
configuration k using a factor f; where nsk = fins. The
fractional contribution f; and S are modified for a stacking
analysis to include per-source weighting information. If, for a
configuration k, wj is the per-source contribution for the model
being tested and R}‘ is the detector weight at the declination of

the jth source, f; and S,«k can be written as
k gk
> wiR;S;
gk

=4 2
J

and

> wiRf
J
= — 3
S ST @
k

The detector weights le vary per source and account for the
detection efficiency of IceCube. The detection efficiency for
signal events depends on the source direction from which the
signal neutrinos originate along with the differential spectrum

Table 1
Best-fit Results Derived from the Study

Time Averaged Time Dependent

Signal events i 31.5 218.7
Spectral index 4 3.1 2.7

TS 0.09 2.58
p-value 0.49 0.07
Significance 0.030 1510

(assumed as E~7) of the neutrinos and is calculated using
Monte Carlo simulations (Huber & Coenders 2016). The
source weights w; depend on the hypothesis being tested. In this
work, these parameters are determined according to the special
cases of time-averaged stacking and time-dependent stacking
described below.

3.1. Time-averaged Stacking

The average flux densities of each source in the MOJAVE
XV catalog are used as weights w; for the stacking in
Equations (2) and (3) under the assumption that there is a 1:1
correlation between the radio flux density and IceCube neutrino
flux. For an astrophysical source at direction )E}, using a set of
neutrino data events, indexed by i, each with reconstructed
energy and direction given by E; and X}, respectively, we create
a power-law energy distribution P(E;|7y), where - indicates the
spectral index (see also Braun et al. 2008).

The signal hypothesis for a source, denoted by index j, is

modeled using
1 5 — 5P
exp| — , 4
To? p( 207 ©®

L L

k
Psig(a.h xi7 'x]) -

where o; is the angular reconstruction error estimate.
Combining this information with the energy-dependent signal
PDF (Ef) we get the Sg- term, given as

S¥ = P (0w xi x) €F(E: 8, ®)
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where ¢¥ is computed by using a power-law energy spectrum
with index . This is then used in Equation (2) to account for
the per-source weighting for the stacking. The directional
uncertainty for the event reconstruction in the configurations
uses a lower limit of 0.2° to minimize the impact of any
inaccuracies in-ice models and to ensure the likelihood
calculation is not dominated by a single event (Abbasi et al.
2021). Note that the radio source position uncertainty (in the
order of milliarcseconds) is negligible compared to the above
lower limit on the directional uncertainty of the neutrino event
reconstructions.
Finally, the background hypothesis is modeled using

Bl (%, Ei, 8) = P (%) € (E;, 6), (6)

where the product of the energy-dependent background PDF e,

is taken with the spatial PDF P}fkg at decl. 4;. No per-source
weighting is applied to the background hypothesis.

3.2. Time-dependent Stacking

The time-dependent stacking analysis differs slightly from
the time-averaged case, where we test a 1:1 correlation between
the time-dependent radio flux density measurements at 15 GHz
with the neutrino flux seen by IceCube. For this case, separate
light curves are created for each source using the flux density
measurements. These light curves are then binned over the
10 yr neutrino data period. The number of bins is kept fixed at
40 bins for each source. Based on tests with multiple bin
values, the 40 bin value is chosen to ensure no temporal
information is lost per AGN and the width and location of the
bin height are the same for all sources while constraining the
computational limit required to perform the analysis. Increasing
the number of bins does not give any additional increase in
sensitivity but significantly increases the computing power
required while decreasing the bins leads to reduced sensitivity
due to a loss of light curve information in some sources. An
example of a binned light curve is shown in Figure 2. The
weighting term for Equations (2) and (3) in this case is given by
the flux density of the jth source at time #. If a source has no
observation during the observed period, the time-averaged flux
density measurement is used (see Figure 2). This correction
was generally applied for either very small time periods of the
light curve or for less variable sources with fewer data points.
In both cases, this does not impact the analysis significantly.

Next, the signal and background hypothesis (described
above and in Braun et al. 2008) is modified to include the
temporal information using different time bins. For every time
bin, the signal and background PDFs are computed, changing
the equations to model the hypotheses to

Sy (1) = Plig(0i, xi x)) € (Eiy i) Tl (1) ©)

and
BY(E:, Er, 61y 1) = Pl (5 € 5(Ei, 6) Toyg (1), ®)
where TS’i‘g ; and Tﬁkg gives the temporal PDF at a time ¢

corresponding to bin i. Past analyses like those of Abbasi et al.
(2022b) use a likelihood approach to search for flares by fitting
time-dependent delay and threshold parameters, which tests the
possibility of a correlation with temporal delays or signal
thresholds in a non-stacking approach. This study makes use of
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Wilk’s theorem with 2 degrees of freedom.

100 150 200
ns

1.0
0

time-dependent radio flux densities for stacking testing a 1:1
correlation while not including the time-dependent delay and
threshold parameters and fixing them to 0.

Based on the signal and background hypothesis for the two
stacking cases, along with the fractional contribution, the
likelihood is calculated using Equation (1). The test statistic
(TS), which quantifies the significance of the results, is
computed by making use of the likelihood formation in the
following manner:

€))

TS = —2 sign(A,)log [M],

L(x;, Ag, §)

where the ~ notation is used to denote a best fit and x;, shows
the stacked source position.

4. Results and Discussion
4.1. Stacking Results

For the time-averaged analysis, we obtain a best-fit
spectral index of 3.14 and a best-fit number of signal events
of 31.5. These best-fit results correspond to a p-value of 0.49
(0.030 significance) and the likelihood scan is shown in
Figure 3 (top). Similarly, for the time-dependent analysis,
we obtain a best-fit spectral index of 2.7 and a best-fit
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Figure 4. Upper limits (ULs) per neutrino (v 4+ ) flavor, for an index of 2.0 (left) and 2.5 (right solid line), derived from the time-dependent (blue) and time-averaged
(orange solid line) analyses are shown here along with the lower limits (gray-dashed line) reported by Plavin et al. (2021). Note that while the samples and
methodology used by Plavin et al. (2021); Zhou et al. (2021; green dashed line), and this work are different, making a 1:1 comparison difficult, they are shown here to
highlight the differences in the results. The diffuse astrophysical muon neutrino flux measurements are taken from Abbasi et al. (2022a). The energy range of the upper
limits shown for the time-averaged analyses reflects the region where 90% of detected signal neutrinos would fall. The energy range for the time-dependent scenario is

kept similar to the time-averaged case.

number of signal events of 218.7, corresponding to a p-value
of 0.07 (1.51¢ significance). The likelihood contours for
these best fits are shown in Figure 3. To see how the best-fit
TS scales with respect to the background distribution, see
Figure 7 in Appendix B. We can see that the best-fit number
of signal events 7 derived for the time-dependent case is
much higher than the time-averaged scenario with the time-
averaged scenario having a softer spectral index value.
While a 1:1 comparison for the parameters is difficult because
of the change in the best-fit spectral index, we can note
the increase in the TS value of the fit for the time-dependent
case. One can also see the changes in the shape of the
contours shown in Figure 3 with the time-dependent
analysis appearing to constrain the fit in a better manner.
We report the study’s upper limits, derived using the best-fit
values, as we do not obtain a statistically significant result for
both analyses.

Using a spectral index of 2.0 and 2.5, the energy-integrated
upper limits for the two analyses at 100 TeV are given in
Figure 4. Both of these limits are shown after including the
completeness correction described in Appendix A. We also
show the astrophysical diffuse flux reported by Abbasi et al.
(2022a) and the lower limits given by Plavin et al. (2021). The
energy range for the upper limits in the figure depicts the region
where 90% of the signal neutrinos with this spectrum will be
detected. We calculate the 90% sensitivity for both scenarios by
determining the mean 90% confidence level upper limit
expected in the absence of signal (Hill & Rawlins 2003),
calculated both in terms of flux and the number of neutrino
events. The sensitivity of both scenarios (in terms of E%dN /dE
flux) is comparable within uncertainties, with a value of
~2 x 1072 TeVem 257! for a spectral index of 2.0, with the
time-dependent sensitivity being slightly higher. The discovery
potential, defined as the signal strength leading to 5o deviation
for 50% of all cases, is found to be ~1 x 10! TeVem 257!
(time dependent) and ~8 x 1072 TeVem 2s™! (time aver-
aged), in terms of E%dN /dE flux for a spectral index of 2.0.
However, the statistical significance of the time-dependent
analysis, used to derive the upper limit, is also higher for the
time-dependent analysis, giving it a higher upper limit (see also
Figure 7 in Appendix B, which shows the median and best-fit TS

value used to calculate the sensitivity and upper limit,
respectively).

We also report the differential upper limits for different
energy bins for both of our analyses, which are shown in
Figure 5. The differential upper limit highlights the energy
range where the study is most sensitive. The differential upper
limits reduce the dependence on spectral assumptions and
give a per energy bin upper limit. These estimates can also be
used to highlight the energies at which neutrino production in
AGN may be suppressed due to photon intensities or relevant
production mechanisms, which can be used for AGN
modeling studies.

4.2. Comparison with Other Studies

Previous studies have worked on similar analyses using
VLBA radio data from AGN to search for correlations and
reported limits on the total neutrino flux from these AGN
(Plavin et al. 2020, 2021; Zhou et al. 2021; Abbasi et al.
2023b).

The lower limit reported by Plavin et al. (2021), also
shown in Figure 4, lies above the upper limits provided here,
even after the inclusion of a completeness correction.
While adding temporal information for the time-dependent
analysis changes the upper limits with respect to the time-
averaged limit, it still lies below the Plavin et al. (2021)
results, ruling out the reported lower limits. Note that the radio
and neutrino data sets and analysis methodology used for the
two studies are different, which makes a direct comparison
between the two studies difficult. This work uses a stacking
approach with time-dependent MOJAVE radio data, while the
Plavin et al. (2021) work makes use of the direction of the
radio sources given in the RFC catalog to test for correlation
with IceCube alerts. However, a more detailed study using the
complete IceCube alert data set, including additional
information like signalness, was performed recently by
Abbasi et al. (2023b), which provides a direct comparison
to the Plavin et al. (2020, 2021) results. In contrast to Plavin
et al. (2020, 2021), we find in Abbasi et al. (2023b) that the
signal TS is compatible with the background and the
significance goes down when a more sophisticated description
of the spatial PDF is used as opposed to a simplified signal
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Figure 5. Differential upper limits (ULs), for an index of 2.0, derived from the time-dependent (blue) and time-averaged (orange) analyses in half-decade energy bins
are shown here. The diffuse astrophysical muon neutrino flux measurements are taken from Abbasi et al. (2022a). Note that the upper limits shown here are differential
and binned with energy, while the astrophysical flux is an energy-integrated measurement shown here only for reference.

PDF modeled as a uniform distribution inside of the error
contour.

On the other hand, Zhou et al. (2021) use the same neutrino
data set (i.e., Abbasi et al. 2021) as this work while using a
more extensive radio sample (more stacked sources) instead of
a completeness correction. However, when comparing the
upper limits, the limits reported by Zhou et al. (2021) lie
above the limits derived by this work. The change in
sensitivity of this work as compared to Zhou et al. (2021) is
mainly due to the inclusion of an energy PDF in the likelihood
framework as described above, thereby reducing the upper
limit.

5. Conclusion

This work focused on using the AGN data published in the
MOJAVE XV catalog to search for radio flux density-
correlated neutrino emission using time-averaged and time-
dependent analyses. We performed a stacking analysis and
reported upper limits for both analyses as no significant
correlation is found. When compared to the IceCube diffuse
flux (Abbasi et al. 2022a), at 100 TeV and for a spectral index
of 2.5, the upper limits derived are ~3% and ~9% for the
time-averaged and time-dependent case. Note that, as the
spectral index of the diffuse flux is different from 2.5, the
percentage comparison is done using the upper limit estimates
at 100 TeV. We also compared the upper limits presented in
this work with the reported limits of Plavin et al. (2021) and
Zhou et al. (2021). While the study presented here has the
limitation of using fewer radio sources, which is made up by
using a completeness correction, it also has the advantage of
using more neutrino information in a time-dependent stacking
study.

Based on the obtained results, this study shows that
including time-dependent information in the form of light
curves improves the statistical power of the stacking analysis,
if the neutrino flux is directly correlated to the change in the
radio flux. While the sensitivity for both analyses is similar
(see Section 4), the time-dependent study includes the
addition of temporal information, which increases the best-
fit TS values and changes the results. However, the time-

dependent analysis depends on the light curves used to satisfy
the model assumptions for this study. The MOJAVE XV data
set used here has per-source observations reported with a
varying cadence with a few sources being observed only a
couple of times. Additionally, as compared to the number of
sources observed by VLBA, the number of MOJAVE XV
catalog sources with time-dependent observations is limited
and focused on a blazar-dominated sample with a few
nonblazar AGN. This can be improved upon, in the future,
by making use of more AGN sources with observations
performed with a good cadence, preferably from a monitoring
campaign.
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Appendix A
Completeness Correction

While the MOJAVE sample is considered to be complete
for flux densities greater than 1.5 Jy, it is still considered to be
a flux-limited and spatially limited sample because of its
declination constraints (limited by the region in the sky
observed by VLBA telescopes; see Figure 1) and flux density
measurement limitations of the telescopes used (Lister et al.
2018). To account for these limitations, we compute the
completeness correction for the sample by estimating the
source count distribution of the sample. The source count
distribution is the cumulative distribution of the number of
sources greater than a particular flux (see Figure 6). This is
derived using the results of the population study performed by
Lister et al. (2019) and reported as the MOJAVE XVII study.
This involves modeling the flux (®), luminosity (L), and
redshift (z) relation using luminosity evolution parameteriza-
tion similar to the ones used by Ajello et al. (2012). To model
the MOJAVE sources, we then use the parameters given by
Model A of Lister et al. (2019), where v= —3.1, k= 8.0,

106.

105

1075

1073

Abbasi et al.
n=—0.35, and a =0 for the equations:
O(L, 7) x D(L/e(2)), (10)
e(z) = (1 + ke, (11)
®(L/e(z = 0)) < L. (12)

The cosmology parameters used in the calculation are
taken from the Planck Collaboration et al. (2016) as
Qo = 0.308, 2, = 0.692, and hy = 0.678. In addition to these
parameters, we also require the Lorentz factor distribution given
by N(I)dl' T, where b=—140 and the viewing angle
distribution given by p(8)df = sinf. To derive the simulated
source count, the two PDFs are used to sample different values
of T' and 6, which are then used in the equations given
above to derive the luminosity function. Once the luminosity
function is derived, it is used to calculate the flux distribution
and in turn the source count distribution. This procedure is
repeated multiple times to get the uncertainties to the source
count distribution, which are shown as the shaded band in
Figure 6. Note that the mean source count distribution
curve resulting from multiple simulations follows the
log;, N = (—1.63 &+ 0.02)log,, S + (—19.8 £ 0.03) equation
for higher flux values where N is the number of sources having
a flux density greater than S. This is close to the accepted
log N — log S relation where log,, N = (—1.5)log,,S. We also
compare this simulated source count distribution to the sources
given in the radio fundamental catalog, which is complete for
flux density measurements > = 150 mJy, and our simulation
agrees with the observations for those flux density
measurements.

Once the simulated source count distribution is derived, the
area under the curve for the distribution is compared with the
area under the curve for the observed MOJAVE source
population. This gives the completeness correction for the
population, which takes into account both the flux and spatial
limitations of the sample. This method adds dimmer sources to
the population, which might have been missed by the
MOJAVE XV catalog. As the MOJAVE XV data set and the
population study done by Lister et al. (2019) are for a blazar-
dominated source sample, the completeness derived using this
method is also similar for a blazar-dominated sample.

MOJAVE XV Catalog
Simulated Source Count

| — 10910(N)=(-1.74+0.02)*10g10(5) +(-20.0+0.2)

\

\
A

N

107 10*

logyo(Flux Density/Jy)

Figure 6. Simulated source count distribution of the blazar-dominated sample (orange data points) as compared to the source count distribution of the MOJAVE XV
sources (blue data points). The shaded region shows the 1o error to the distribution due to varying the Lorentz factor and viewing angle parameters of the jets. The
green line shows the fit at flux densities higher than 10713 ergs ' cm 2 to the simulated sample.
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Appendix B

Background Distribution

The TS distribution for a background-only scenario (B;) for
the time-averaged and time-dependent cases is shown in
Figure 7. This is derived by setting n, to 0 in Equation (1) and
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e Background median = 0.07
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running multiple standalone trials on the scrambled data, which
is derived by scrambling the R.A. of each event per trial. The
shaded lines show the TS required for a 20 and 30 detection.
The blue dashed line shows the best-fit TS values, which are
used to derive the reported upper limit measurement.
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Figure 7. Background distribution plots derived for the time-averaged (left) and time-dependent (right) cases.
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