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MOJAVE AGN radio neutrino correlation

1. Introduction

The IceCube Neutrino Observatory is a cubic kilometer neutrino detector installed in the ice
at the geographic South Pole [1]. As neutrinos arrive at Earth, they may interact with the ice or
surrounding bedrock leading to the creation of secondary charged particles. These particles produce
Cherenkov radiation that can be detected by the digital optical modules connected to strings in the
ice and used for reconstruction to derive the direction, energy, and flavor of the neutrinos. In 2013,
IceCube reported the detection of highly energetic neutrinos of astrophysical origin [2]. While the
nature of the sources producing astrophysical neutrinos is yet not known, one of the prime candidates
suspected in producing such neutrinos are Active Galactic Nuclei (AGN). In 2017, IceCube detected
a neutrino event originating from the direction of an AGN, TXS 0506+056, which was found to
be flaring in the gamma ray regime at the time of the event. Multiple follow-up analyses have
been launched in order to help us understand if AGN are responsible for the production of these
astrophysical neutrinos, and how they are produced. Multi-messenger analyses like [3—7] which
study the correlation of IceCube neutrinos with the observed electromagnetic radiation at different
wavelengths from AGN help us understand the processes that could give rise to neutrinos in AGN.

One of the theories that could predict the production of high-energy neutrinos in AGN is
discussed recently by an analysis reported by [4, 5] which looks into a correlation between the
seven-year public IceCube data and Very-Long-Baseline radio Interferometry (VLBI) selected AGN.
Production of high-energy neutrinos can occur via , hadronic (nucleon-nucleon) or photohadronic
(nucleon-photon) interactions in AGN [4, 8]. In the bright central parsecs of AGN, observable in
the radio band, pp interactions are generally suppressed with respect to py interactions [9, 10]. In
[5] it is argued that, if p7y interactions are the cause of high-energy neutrinos then the gamma rays,
produced in these photohadronic processes alongside with neutrinos, will interact with the same
target photons to produce electron-positron pairs which will lead to a chain of processes resulting in
gamma rays without enough energy to undergo pair production. This theory, which is also discussed
by [6], can serve as a possible explanation for the lack of high energy gamma-ray (as observed by
Fermi-LAT) and neutrino correlation in AGN and may hint towards a correlation with lower energy
gamma-rays in the keV to GeV regime.

Although the theories proposed by analyses like [4-6] are very promising, they are based on
hints of radio-neutrino correlation with marginal statistical significance due to the limited data
available. It makes it necessary to follow up with enough statistical power to test the authenticity
of this correlation. For a source with an energy spectrum of the same slope as the measured diffuse
muon neutrino spectrum (= E~%?2), there are two orders of magnitude more astrophysical neutrinos
in the complete IceCube data-set than in the public high-energy alert event sample. Using the
full IceCube data thus increases both neutrino signal and background data thereby improving the
statistics of the study and dealing with the limitations seen in the previous analysis, making it
important to perform a follow-up analysis.

In this work, we make use of the data provided by the MOJAVE XV catalog [11] to search
for correlations with ten years of IceCube data. This catalog dataset has observations of AGN
with varying cadence allowing us to perform two separate studies on it (time-integrated and time-
dependent). While the time-integrated analysis makes use of the average flux density values of
the MOJAVE sources, the time-dependent case will make use of a time binned lightcurve, derived
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Figure 1: Left: Source distribution in Equatorial (J2000) coordinates of the MOJAVE XV dataset consisting
of a total of 437 AGNs observed in the 15 GHz band. Note that ~ 75% of the sources lie at positive
declination while the rest of the sources lie between 0° to —30° declination. IceCube is more sensitive at the
horizon and in the Northern Celestial Hemisphere. Right: Average flux histogram of the 437 AGN observed
at 15 GHz which is used as the weight for the stacking analysis.

from the MOJAVE observations, to search for neutrino correlations. The time-dependent study is
beyond the scope of this article and will be discussed in a separate work soon. The time-integrated
study and its results are described in this article. We also list our results alongside the recent work
performed by [4, 5, 7] to help us get a better understanding of the studies performed on AGN and
the differences seen in the results based on the methodology used for the study.

2. AGN Source Sample

The AGN radio catalog used for this analysis is the MOJAVE XYV catalog [11], which consists
of 5321 observations of 437 AGN in the 15 GHz band using the Very Long Baseline Array (VLBA)
in full polarization between 1996 January 19 and 2016 December 26 (sky distribution shown in
Fig. 1). Out of the 437 AGN presented in the catalog, 392 sources are blazars while the rest of
the sources are radio galaxies (27 sources), narrow line Seyfert 1 (5 sources) and unidentified AGN
(13 sources). All these AGN have bright compact radio emission with flux densities greater than
50mly at 15 GHz. While the blazars in the sample are included due to their strong jets, the radio
galaxies are included due to a lower redshift value or because of GHz-peaked radio spectra (see
[11] for more details).

While the MOJAVE source sample is considered to be complete in terms of VLBA sources
observed with high flux densities (>1.5Jy) at 15 GHz, for a larger, unbiased study such as this, it is
considered to be a flux-limited sample. Moreover, sources in the MOJAVE catalog are only located
at declinations greater than —30°, meaning that a completeness correction is required to account for
the spatial limitations and flux limitations of the sample. To estimate the completeness, a source
count distribution of the sample is derived by using the radio luminosity function given by the
MOIJAVE-XVII work [12]. The luminosity function is derived from 15 GHz data of 409 radio-loud
AGN observed using VLBA. There is a decrease in the number of sources used by the MOJAVE
XVII sample because of an additional condition of a minimum flux density of 0.1 Jy at 15 GHz and
with at least 5 VLBA observation epochs spaced in time. The Lorentz factor and viewing angle
distributions of the source sample (Fig.11 of [12]) are used to simulate the sky for any one source
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class. This is repeated multiple times and the average is taken to derive the source count shown in
Fig. 2 (left). The ratio of the area under the two source count distributions- MOJAVE sources (blue
points) and simulated population (orange points)-, is used to derive the completeness of the sample.
This is again repeated multiple times to get the average completeness value with an uncertainty
value. As the jet properties derived by the MOJAVE XVII study have the same characteristics as
the jets observed by the MOJAVE XV sample, the estimated source count distribution can be used
to correct the flux-limited sample. Moreover, the source count distribution is derived per steradian
(1/sr), ( Fig. 2; left) accounting for the spatial limitations of the sample. However, the MOJAVE
catalog is a blazar dominated sample, which would mean that the completeness correction will also
lead to a sample which is blazar dominated.

3. Likelihood analysis using IceCube data:

A time-integrated stacking analysis is performed using a method similar to the unbinned
likelihood-ratio method of [13]. The neutrino track-like event data can be modeled by two main
hypotheses: Hy: background atmospheric events from atmospheric neutrinos and atmospheric
muons, and Hg: background atmospheric events in addition to signal events from astrophysical
neutrino sources. Using the known spatial and energy distributions of background and astrophysical
neutrinos, the probability density functions (PDFs) P(Data|Hy) and P(Data|Hg) are calculated.
The test statistic is defined as the log of the likelihood ratio between the null hypothesis and
the best-fit alternative hypothesis as TS = 2log [P(Data|Hs)/P(Data|Hy)]. Given a candidate
astrophysical source at location x, we use the TS to test its incompatibility with the null hypothesis
Hy. This is done by using a set of N neutrino data events, each with a reconstructed direction x; and
reconstructed energy E;. Each of these is assigned a probability of the event belonging to the source
being analyzed. Assuming a source neutrino spectrum given by a power-law energy spectrum E77,
the source PDF is given by

- ! ( 1% - x*s|2)
Si(Xi, X5, Eiyy) = s exp|————— | P(Eily). ey
2no; 207
where o5 is the angular reconstruction error estimate and P(E;|y) is the probability of observing a
reconstructed muon energy E; given a source spectral index of y (see [13]). Note that the source
position uncertainty is negligible compared to the reconstruction error in this case. For a time-
integrated analysis, the atmospheric background spatial dependency is assumed to be dependent
on declination ¢; but uniform over right ascension. The product of the spatial component and
the energy dependent background PDF ep at declination §; gives the background combined PDF
Bi(x;, E;, 6;) = B;i(x:)ep(E;, 6;). The background is constructed from the data itself.

Using these PDFs the likelihood is evaluated over all events in the declination band. If ng
denotes the number of signal events in the declination band, the likelihood is:

N
LEmsy = [ [(F8+0-5)8) @)

1
and the test statistic,where the “notation is used to denote a best-fit ,is
L(x,0) ]
L(xs, As,9) ]

TS = —2sign(rs) log 3)
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Figure 2: Left: 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 one sigma 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 10~3erg sec™!cm™2 to the simulated
sample. Right: The plot shows the contours of the above n; —y likelihood plot for the 1,2 and 3 sigma values
from the best fit assuming Wilk’s with 2 degrees of freedom. We get a p-value of 0.49 as our result. So, we

set an upper limit on neutrino flux from these sources.

Our stacking study assumes that the time-integrated neutrino flux is directly proportional to
the radio flux-densities observed at 15 GHz. This is implemented by using the time-integrated
radio observations (see distribution in Fig. 1; right) as the weights for the stacking thereby changing

CwWiR(S J (.
the signal PDF to S; = 2 ;J?Zj(% ’(?js;')(XS), where w; is the weight given by the time-integrated
; :

flux-density of the ;" source and R j(0;,) is the detector weight at a source at declination of ¢
emitting neutrinos from a differential £~ spectrum.

4. Results

No significant evidence for a neutrino signal above the background expectation was seen for
the time-integrated stacking analysis. While the contour plot in Fig. 2 (right) shows the best-fit
number of signal events () and spectral index (y), the p-value that we obtained was 0.49. Because
of the lack of a signal, we derive the upper limit on the muon neutrino flux with a 90% confidence
limit and show it alongside the recent results from [4, 5, 7] in Fig. 3 and Fig. 4 using an unbroken
power-law with spectral index=2.0. These results are shown alongside the diffuse muon neutrino
flux reported by [14].

Out of the two theories for neutrino production for AGN (pp and py), the py neutrino
production mechanism is favoured, since this analysis makes use of VLBA data which observes
the region close to the core of the AGN. This is because, the radio emission from the parsec-scale
jets is due to electron synchrotron emission. These synchrotron photons then undergo synchrotron
self-Compton scattering to form the target photons that are seen in keV-MeV and which undergo py
interactions to produce observable neutrinos. The neutrino spectrum will be affected by the target
photon spectrum and will cut off at lower and higher energies because of either less interactions or
lack of high-energy photons or pion cooling (see e.g. [4, 15] for more details). Thus, it is important
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Figure 3: The upper limits derived for the MOJAVE time integrated stacking work (by using 437 sources)
for a spectral index of 2.0 are shown here. The energy range covered by our analysis (blue and orange) is
derived using the region where 90% of detected signal neutrinos would fall, under the assumption of an £~
spectrum. The upper limits shown by the green colored lines cover the energy range shown in Fig. 4 in [7]
and the energy range covered by grey line is obtained using the 40 TeV energy limit used by [5] to calculate
the lower limit flux. Note that all three analyses (this work, [7] and [4, 5]) make use of different methods
with different weighting schemes and source catalogs to study the correlation between radio observations
and neutrinos making it difficult to make a direct comparison.

to also see how the neutrino flux behaves in different energy bins, which is shown in Fig. 4. For
energies above 1 PeV, more neutrinos undergo earth absorption which can be seen from the figure.

Recently [7] performed a study making use of 8 GHz observations of radio-loud AGN found in
the Radio Fundamental Catalog (RFC)! to perform a stacking analysis similar to the one described
here but using different weights. They provide an upper limit at 95% C.L. for the stacking analysis
because of a lack of significant results (denoted by green data points and dashed lines in Fig. 3
and 4). While [7] use 8 GHz measurements as the weights to check for a proportional correlation
between 8 GHz flux densities and neutrinos, we make use of the 15 GHz observations to derive
an upper limit at 90% C.L. Both [7] and [4, 5] do not have the same constraints of the MOJAVE
sample as this work, namely the source population being limited to radio loud AGN with bright
cores. Moreover, because of different weighting schemes and data used, a detailed comparison
between the three analysis is difficult.

The diffuse neutrino flux observed by the IceCube collaboration [14] and shown in Fig. 3
and 4 displays a unbroken power-law with spectral index of y= 2.19. Similar to the procedure
described by [16], we calculate the maximum contribution of this blazar dominated radio sample
to the diffuse flux under the assumption of a spectral index of 2.0. The energy range for our upper
limits reflects the region where 90% of detected signal neutrinos would fall. If, instead, we calculate
the range where the analysis is most sensitive — by calculating threshold energies that degrade our
sensitivity by 5% — then this energy range shifts towards a higher energy range of 8 GeV to 50 PeV.
By using the energy limits of the diffuse flux we find that the blazar dominated radio loud AGN

thttp://astrogeo.org/rfc/
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Figure 4: The plot shows the 90% differential upper limits derived by stacking the MOJAVE sources using
the average radio flux as the weights for each energy bin. Note that all three analyses (this work, [7] and
[4, 5]) make use of different methods with different weighting schemes and source catalogs to study the
correlation between radio observations and neutrinos making it difficult to make a direct comparison.

sample, including completeness, can not explain more than ~ 6.02% of the diffuse flux assuming a
proportional correlation between the neutrino fluxes and the flux densities observed at 15 GHz.

While our analysis fails to detect a significant signal (similar to [7]), it is important to continue
the search for correlations (or a lack of it) between radio observations of AGN and neutrino data
observed with IceCube. This can be done by analyses of individual sources (see for example [17]
and [6]) or a stacked search similar to this work. While a time-dependent analysis making use of
the same methodology described above but using lightcurves from MOJAVE will be discussed in
a separate work soon, the limitations of the MOJAVE dataset imply that observations from other
radio telescopes like the Owens Valley Radio Observatory [18] or FF-GAMMA program [19] will
have to be used to get a better understanding in the future (see also [4]).
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