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The reported association of high-energy neutrino event IceCube-170922A and blazar TXS

05064056 has sparkled discussion about blazars as sources of cosmic neutrinos.

In this paper,

we use publicly released IceCube data and blazar locations from Roma-BzCat to test spacial cor-
relation between neutrino events and blazar locations. We also scrutinize the correlation between
~-ray flux and neutrino flux of blazars by applying a temporal filter onto the data based on Fermi
monitored source list. We find no compelling evidence to prove blazars as the main source of cosmic
neutrinos, as known before the detected IceCube-170922A / TXS 05064056 association. While we
do not rule out the association between IceCube-170922A and TXS 05064056, the significance level
we obtained is not high enough to claim a strong association. If such an association is real, a special
physical condition is desired to allow a small fraction of blazars to become bright neutrino sources.

I. INTRODUCTION

Since the discovery of the diffuse flux of high-energy
cosmic neutrinos by the IceCube Collaboration in 2013
[1], many efforts have been made to identify the source of
this diffuse neutrino flux. The distribution of the arriv-
ing directions of high-energy cosmic neutrinos does not
deviate much from being isotropic [2]. Before the detec-
tion of a high-energy neutrino event at the direction of
blazar TXS 0506+056 in coincidence with a ~y-ray flare
of the same blazar [3], no compelling evidence showed
any association between cosmic neutrinos and any type
of sources [2].

Neutrinos are thought to be created alongside with -
ray photons in physical processes [4]. As a result, blazars,
along with many other ~-ray sources, including ~-ray
bursts, supernovae and star-burst galaxies have long been
proposed as possible sources of cosmic neutrinos [l [6].
While a significant amount of research work has been
done by analyzing available IceCube data [2, [7HO], the
lack of spatial and temporal coincidences of certain types
of sources (e.g. GRBs) and high-energy cosmic neutrino
events has led to ruling out of these types «y-ray sources as
the dominant sources of the observed diffuse high-energy
cosmic neutrino flux.

A blazar TXS 05064056 was claimed to be associated
with IceCube-170922A high-energy neutrino event while
it was in a y-ray flaring state [3]. An archival search
revealed further association of the blazar with neutrino
events, albeit at lower energies [I0]. This makes blazars
an attractive candidate source for high-energy cosmic
neutrinos detected by IceCube. However, there are many
~-ray sources brighter than TXS 0506+056, yet none of
them are found to be associated with neutrinos. TXS
0506+-056 is only the 183rd brightest v-ray source in the
Fermi 4FGL catalog [11].

There are studies using IceCube data only to find neu-
trino point sources ([8,[9],12]), but no association between
neutrino and known sources have been found, including
TXS 0506+056. Indeed, the neutrino events clustering in
the direction of TXS 05064056 only gives a significance
of 2.90. It is the ~-ray flare detection at the same time

that makes the association more credible to reach 3.7¢
[B]. Theoretical modeling also suggested that it is not
straightforward to interpret IceCube-170922A as emis-
sion from TXS 0506+056 [I3H1S], and it is essentially
impossible to account for the 2015 lower energy flare [19].

In this paper, we revisit the blazar-neutrino problem
by making use of the IceCube data, the Fermi LAT data,
and the Roma-BzCat blazar catalog to investigate pos-
sible neutrino — blazar associations. We employ two ap-
proaches to test the association between blazar and neu-
trino event locations. The first approach is to match
blazars in the directions of neutrino events, and the sec-
ond approach is to match neutrino events in the direc-
tions of blazars.

II. COINCIDENCE SEARCH OF BLAZARS IN
NEUTRINO EVENT DIRECTIONS

In this section, we use all blazar directions from
the 5th edition of the blazar catalog ROMA-
BzCat [20] and the IceCube catalog of alert events
up through IceCube-170922A at https:// ice-
cube.wisc.edu/science/data/TXS0506_alerts [2I]. We
adopt alert events since we believe that these events
better represent IceCube-170922A that was claimed to
be associated with TXS 0506+056. A total of 3561
blazars and 45 high-energy neutrino alerts are included.

We match the directions of the blazars with the direc-
tions of the neutrino alerts to count the total number of
blazars which lie within the error region of each neutrino
event. There are 16 matches. We then randomly gener-
ate the same amount of blazar directions as in the blazar
catalog, and conduct the same matching search. A total
of 10000 trials are carried out, and we compare the sim-
ulated numbers of matches with the observed one. As
shown in Figure[I] the observed number of matches does
not deviate much from the average value of the simulated
ones, thus an association between blazars and neutrino
alerts directions is not supported by this method. The
blazar catalog has a deficit of sources along the Galactic
plane (due to an observational selection effect). However,
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physically blazars should be distributed isotropically in
the universe. In our simulation, if we intentionally drop
out the simulated blazars near the Galactic plane, the to-
tal number of matches slightly drops, but the probability
of matches essentially remains the same.
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FIG. 1. The distribution of the simulated number of matches
between the directions of blazars in ROMA-BzCat and the
directions of Icecube neutrino alert events. The vertical line
denotes the observed value of 16.

We also scrutinize the coincidence of IceCube-170922A
with blazar TXS 05064056 by comparing the minimum
angular distance from the simulated blazars to IceCube-
170922A in each simulation with the actual angular dis-
tance between TXS 0506+056 and IceCube-170922A.

The angular distance between TXS 0506+056 and
IceCube-170922A is relatively small (0.0763°). We con-
duct a total of 10000 simulations and record the smallest
distance between simulated blazar directions and neu-
trino alert directions and compare it with the distance
between TXS 05064056 and IceCube-170922A. As shown
in Figure[2] the probability for the simulation to generate
a smaller distance than observed is 0.0712, or the confi-
dence level for the association between TXS 05064056
with any neutrino alert based on distance is 1.47¢0. This
confidence level is lower than that reported in [3].

IIT. COINCIDENCE SEARCH OF NEUTRINO
EVENTS IN BLAZAR DIRECTIONS

The second approach is to search for neutrino events
around the direction of blazars and calculate likelihood
using blazar and neutrino event directions.

For this search, we use all the blazar locations from
ROMA-BzCat [20], and all the neutrino events with en-
ergies higher than 100 TeV from the All-sky point-source
IceCube data in years 2010-2012 dataset [22]. This Ice-
cube database includes neutrino events only (F. Halzen,
2020, private communication). This amounts to 48046
neutrino events. We choose a threshold energy 100 TeV

FIG. 2. The distribution of the smallest distances between
blazars and neutrino events in each simulation. The vertical
line denotes the observed value of 0.0763°.

for two reasons. First, since IceCube-170922A has an en-
ergy 290 TeV, a 100 TeV threshold allows us to select
similar events to check their associations with blazars.
Second, the neutrino events in our selected catalog shows
a clear bimodal distribution, with the lower peak domi-
nated by atmospheric neutrinos. 100 TeV is a safe thresh-
old to select neutrinos with a cosmic origin.

To calculate a confidence level of neutrinos clustering
around a certain direction produced by an astronomical
source, we employ the same unbinned likelihood method
for likelihood used by [12] and [8] as described in [23].

We select all the neutrino events whose angular dis-
tances on the celestial sphere to the interested sources
are smaller than 20 degrees [24]. Then for a total of N
events, the probability density function for the i*” event
is given by:

%Si + (1 - %)Bi,
where S; and B; are the probability density functions
for the source and the background event distribution, re-
spectively. ng is the number of events accredited to the
source. The likelihood function of the entire dataset is
the product of each individual PDF as a function of ng:

L(ng) = ﬁ [%S +(1- %)Bi] . l

i=1

Here, n, is an unknown variable, and should be deter-
mined by maximizing the likelihood function. We can
then define a test statistic (TS):

L(ns)

TS =2log OR

This is equivalent to the likelihood ratio of two hypothe-
ses: Hi: Of all the N events, ng are produced by the
interested source. Hy: All the N events are background
events.
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The likelihood ratio will indicate how likely it is that
some of the neutrino events can be attributed to the
source we are trying to test the association with the dif-
fuse neutrino flux.

The source PDF is modeled by the probability for a
source to produce a neutrino event the same as a partic-
ular event in the data. For this case, this PDF is equal
to the point spread function (PSF) of the source. We
assume that the PSF for the source neutrino events has
a Gaussian distribution, with the mean at the position of
the interested source, and the standard deviation ¢ being
the reported localization error given in the IceCube data,
ie.

2
1 _ |’"z 7“28
f;i = 3 e 273
2mo;

We estimate the background PDF by calculating the ra-
tio of average number of events per steradian at each
declination and the total number of events. Right ascen-
sion is irrelevant here, because of Earth’s self-spin. The
background PDF for each year in the IceCube dataset
is calculated individually, as the equipment setup of Ice-
Cube is different in different years.

It is very important to note that according to the defi-
nition of PDF, when integrated along the entire parame-
ter space, both the source and background PDFs should
yield unity. Therefore normalization will be necessary,
otherwise the source and background PDFs will have dif-
ferent weights in the likelihood function. The ﬁ nor-
malization for source PDF and division by total number
of events for background PDF are needed for this reason.

It is also common in some studies to include an en-
ergy spectrum component in PDFs to distinguish cosmic
neutrino events from atmospheric events. However, the
background term in the unbinned method for likelihood
denote not only the atmospheric background, but also the
cosmic background, i.e. neutrino events originated from
sources other than the interested source. By introducing
the energy spectrum component, we make the assump-
tion that the interested source is the only neutrino source
in the studied area, thus all the neutrinos which do not
come from the interested source are atmospheric neutri-
nos. Given the large localization error of the neutrino
events by IceCube and the existence of the isotropic dif-
fuse high-energy cosmic neutrino flux, this assumption is
inappropriate.

Therefore, in this study, we do not include energy spec-
trum components for the source or background PDFs.
We only use events that have high probabilities of being
cosmic.

While the likelihood ratio obtained with this method
provides a relative measurement of how likely it is to
reject the null hypothesis that all the observed neutrino
events around the interested source are not produced by
that source, it fails to give a straightforward indication
of the level of significance. Furthermore, how the fitted
number of source events n, contribute to the association

of neutrino events with the interested source is not well
defined. If one source has more fitted source events but a
lower likelihood ratio, and another source has less fitted
source events but a higher likelihood ratio, it is difficult to
say which of the two sources has the stronger association.

For this reason, for each source with ns and TS greater
than 0, we conduct a Monte Carlo simulation. We ran-
domly generate neutrino events isotropically distributed
around the interested source within a distance of 20 de-
grees [25] We then assign energies to each simulated event
using the kernel density estimation of the observed neu-
trino energy distribution of each year. The localization
error of each event is subsequently determined from its
simulated energy from the relationship of observed event
energy and angular resolution given in the IceCube data.
The same event selection and unbinned likelihood analy-
sis is carried out, and we can get a distribution of ngs and
TS from this Monte Carlo simulation. We can then infer
the significance of observed result by comparing it with
the distribution and obtain a p-value by calculating the
percentile observed values lie in.

We use the unbinned method to calculate TS and cor-
responding confidence level from Monte-Carlo simula-
tions for the association of neutrino events and blazars.
The distribution of the calculated TS is presented in Fig-
ure 3] A total of 30 blazars display ns and TS greater
than 0. The distribution of T'S does not deviate too much
from normal distribution, as one would expect from a
random and isotropic distribution of neutrino events.
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FIG. 3. The distribution of the association test statistics (TS)
for blazars.

We again scrutinize the possibility of TXS 05064056
being a strong neutrino emitter by counting the num-
ber of neutrinos whose error region contain the locations
of blazars, and compare the numbers with that of TXS
0506+4-056. The results are shown in Figure[d] The num-
bers of matches for TXS 05064056 does not deviate much
from average.
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FIG. 4. The distribution of the number of matches between
all blazars and neutrino events with energies greater than 100
TeV. The vertical line denotes the number of blazar matches
with TXS 05064056, 40.

IV. COINCIDENCE SEARCH OF NEUTRINO
EVENTS IN DIRECTIONS OF FERMI +-RAY
SOURCES

The proposed association between TXS 0506+056 and
TceCube-170922A is justified by the flaring state of TXS
05064056 at the same time of the high-energy neutrino
event, as it is possible that neutrino fluxes scale with
~-ray fluxes of astrophysical objects. This is expected
within the hadronic model of y-ray blazars [4]. Indeed,
according to the Supplementary materials of original dis-
ocvery paper [3], the inclusion of the Fermi LAT data
allows the team to reduce the p-value to claim an as-
sociation. On the other hand, IceCube-170922A cannot
be accounted for within the simple one-zone model of
blazar jets for the parameters of TXS 0506+056. [13-
[I7, 19]. Nonetheless, we perform a search for coincident
neutrino events from all the monitored steady or flaring
Fermi ~-ray sources, which include both Galactic and
extra-galactic sources.

We obtain all the light curves of y-ray sources moni-
tored by Fermi with weekly bins, and set a flux limit of
5% 1077 ph cm™2 s~!. This flux limit is the y-ray flux
level of TXS 05064056 during its 2017 neutrino flare [15].
Then, we apply a time filter to the 3-year IceCube neu-
trino data, selecting only neutrino events observed during
the time when v-ray flux of the interested source is above
this flux limit. Likelihoods are subsequently calculated
using only selected events around the Fermi source with-
out the use of the temporal information.

Of all the 170 monitored v-ray sources, only 3C 279
displays a TS larger than 0. However, further Monte
Carlo simulations rules out that any of the sources are
associated with the diffuse high-energy cosmic neutrino
flux, with p,,, = 0.872 and pps = 0.866 from Monte-Carlo
simulations as shown in Figure [5]
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FIG. 5. Distributions of ns and TS from Monte-Carlo simula-
tions for 3C 279. The vertical lines show the observed values
of 0.439 and 0.067.

V. CONCLUSIONS

In this paper, we re-investigated the chance probability
of the association between TXS 05064056 and IceCube-
170922A utilizing the latest public IceCube data and the
Roma-BzCat catalog. We draw the following conclusions:

e We calculate the probability of any coincidence
between neutrino alerts and blazars directions by
simulating blazar directions. We also compare
the angular distance between TXS 05064056 and
IceCube-170922A with simulated angular distance
with IceCube-170922A or all neutrino alerts. The
calculated confidence level for association with any
neutrino alerts is only 1.47¢. Thus, an association
between blazars and neutrino alerts in general is
not supported, even though we cannot rule out the
individual IceCube-170922A / TXS 05064056 as-
sociation.

e We conduct a search for clustering of neutrino
events around known blazar directions using un-
binned likelihood method. While some source di-
rections show test statistics greater than 0, Monte
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Carlo simulations with randomly generated neu-
trino events do not support associations. We also
select neutrino events based on the ~v-ray flux of
interested source at each time bin, and apply the
same method. Again, no significant association was
found.

e While current models for neutrino generation in
blazars predict that neutrinos will appear along-
side v-ray photons, there are many other processes
that can generate y-ray photons. Thus, a spike in
the y-ray flux of a source does not guarantee that
the neutrino flux from the same source will also
increase significantly. In this study, we show that
at the reported ~y-ray flare fluxes, the majority of
sources do not show a corresponding neutrino flare.
Thus, it is difficult to use «-ray flux of a source to
support the association of that source with neutri-
nos.

Based on the above analysis, we can conclude that
if the IceCube-170922A / TXS 05064056 association is
real, it must be a peculiar case, and some special con-
ditions are needed to make a blazar to become a bright
high-energy neutrino source. This point was recently also

emphasized by [14] and [26]. Indeed, a new analysis on
VLBA observations of TXS 05064056 revealed that this
blazar may have a structure of two jets during a colli-
sion course, which may explain the excess neutrino flux
compared with other blazars [27]. The recent discov-
ery of another possible association between FSRQ PKS
15024106 and IceCube-190730A may also fall into the
similar category [28]. However, the calculation presented
in [27] (in particular, Eq.(14) in the paper) overestimated
the py optical depth by ~ 10 orders of magnitude [29].
Further theoretical modeling is desirable to see whether
interacting galaxies with radio jets can indeed facilitate
the production of high-energy neutrinos, making them
credible sources of the neutrinos seen by IceCube.

ACKNOWLEDGMENTS

The authors would like to thank Francis Halzen for
helpful information and constructive comments. This
work is supported by the Top Tier Doctoral Gradu-
ate Research Assistantship (TTDGRA) at University of
Nevada, Las Vegas.

[1] IceCube Collaboration et al., Science 342, 1242856
(2013).

[2] M. Aartsen, K. Abraham, M. Ackermann, J. Adams,
J. Aguilar, M. Ahlers, M. Ahrens, D. Altmann, K. An-
deen, T. Anderson, et al., The Astrophysical Journal
835, 151 (2017).

[3] I. Collaboration et al., Science 361, eaat1378 (2018).

[4] P. Mészéros, Physics Today 71, 36 (2018).

[6] T. Gaisser and A. Karle, Neutrino Astronomy: Current
Status, Future Prospects (World Scientific Publishing Co,
2017).

[6] K. Murase and I
arXiv:1907.12506 (2019).

[7] M. Aartsen, K. Abraham, M. Ackermann, J. Adams,
J. Aguilar, M. Ahlers, M. Ahrens, D. Altmann, K. An-
deen, T. Anderson, et al., The Astrophysical Journal
835, 45 (2017).

[8] F. KrauB, K. Deoskar, C. Baxter, M. Kadler, M. Kreter,
M. Langejahn, K. Mannheim, P. Polko, B. Wang, and
J. Wilms, Astronomy & Astrophysics 620, A174 (2018).

[9] D. Hooper, T. Linden, and A. Vieregg, Journal of Cos-
mology and Astroparticle Physics 2019, 012 (2019).

[10] IceCube Collaboration et al., Science 361, 147 (2018).

[11] The Fermi-LAT collaboration, “Fermi Large Area Tele-
scope Fourth Source Catalog,” (2019), |arXiv:1902.10045
[astro-ph.HE].

[12] C. Turley, D. Fox, A. Keivani, J. DeLaunay, D. Cowen,
M. Mostafa, H. Solares, and K. Murase, “A coinci-
dence search for cosmic neutrino and gamma-ray emit-
ting sources using icecube and fermi lat public data,”
(2018), |arXiv:1802.08165 [astro-ph.HE].

[13] S. Gao, A. Fedynitch, W. Winter, and M. Pohl, Nature
Astronomy 3, 88 (2019).

Bartos, arXiv  preprint

[14] F. Halzen, A. Kheirandish, T. Weisgarber, and S. P.
Wakely, The Astrophysical Journal Letters 874, L9
(2019).

[15] P. Padovani, P. Giommi, E. Resconi, T. Glauch, B. Ar-
sioli, N. Sahakyan, and M. Huber, Monthly Notices of
the Royal Astronomical Society 480, 192 (2018).

[16] N. Sahakyan, The Astrophysical Journal 866, 109 (2018).

[17] K. Murase, F. Oikonomou, and M. Petropoulou, The
Astrophysical Journal 865, 124 (2018).

[18] R.-Y. Liu, K. Wang, R. Xue, A. M. Taylor, X.-Y. Wang,
Z. Li, and H. Yan, Phys. Rev. D 99, 063008 (2019),
arXiv:1807.05113 [astro-ph.HE].

[19] M. Petropoulou, K. Murase, M. Santander, S. Bu-
son, A. Tohuvavohu, T. Kawamuro, G. Vasilopou-
los, H. Negoro, Y. Ueda, M. H. Siegel, A. Keivani,
N. Kawai, A. Mastichiadis, and S. Dimitrakoudis,
“Multi-Epoch Modeling of TXS 0506+056 and Implica-
tions for Long-Term High-Energy Neutrino Emission,”
(2019), arXiv:1911.04010 [astro-ph.HE].

[20] E. Massaro, A. Maselli, C. Leto, P. Marchegiani,
M. Perri, P. Giommi, and S. Piranomonte, Astrophysics
and Space Science 357, 75 (2015).

[21] IceCube Collaboration, |“Icecube catalog of alert events
up through icecube-170922a,” | (2018).

[22] IceCube Collaboration, “All-sky point-source icecube
data: years 2010-2012,” | (2018).

[23] J. Braun, M. Baker, J. Dumm, C. Finley, A. Karle, and
T. Montaruli, Astroparticle Physics 33, 175 (2010).

[24] This is about 10 times of the error boxes of the neutrino
events.

[25] Notice that even though the IceCube effective area varies
with energy, its dependence on zenith angle is small for
the same energy. Also as long as the distribution of the


http://dx.doi.org/10.1063/PT.3.4043
http://dx.doi.org/10.1142/9964
http://dx.doi.org/10.1142/9964
http://arxiv.org/abs/1902.10045
http://arxiv.org/abs/1902.10045
http://arxiv.org/abs/1802.08165
http://dx.doi.org/ 10.1103/PhysRevD.99.063008
http://arxiv.org/abs/1807.05113
http://arxiv.org/abs/1911.04010
http://dx.doi.org/10.21234/b4ks6s
http://dx.doi.org/10.21234/b4ks6s
http://dx.doi.org/10.21234/b4f04v
http://dx.doi.org/10.21234/b4f04v
Martin


Martin


Martin


Martin


Martin



effective area does not rely on the distance to the central Astronomy & Astrophysics 630, A103 (2019).

source, our results would not be affected. [28] V. Lipunov, E. Gorbovskoy, V. Kornilov, N. Tyurina,
[26] F. Halzen, arXiv e-prints , arXiv:1909.09468 (2019), F. Balakin, V. Vladimirov, P. Balanutsa, A. Kuznetsov,

arXiv:1909.09468 [astro-ph.HE]. D. Vlasenko, I. Gorbunov, et al., The Astronomer’s Tele-
[27] S. Britzen, C. Fendt, M. Bottcher, M. Zajacek, F. Jaron, gram 12971 (2019).

I. Pashchenko, A. Araudo, V. Karas, and O. Kurtanidze, [29] We thank Ruoyu Liu for pointing out this calculation

error.


http://arxiv.org/abs/1909.09468

	Blazar – IceCube neutrino association revisited
	Abstract
	I Introduction
	II Coincidence search of blazars in neutrino event directions
	III Coincidence search of neutrino events in blazar directions
	IV Coincidence search of neutrino events in directions of Fermi -ray sources
	V Conclusions
	 Acknowledgments
	 References


