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1 Abstract

Since the construction of the IceCube Neutrino Observatory was completed in
2010, many amazing discoveries have been made in the field of neutrino physics.
Recently a neutrino event has been linked to an blazar-type active galactic nu-
cleus source, bringing us one step closer to understanding the production of
high-energy extragalactic neutrinos and ushering in a new era of multimessen-
ger astronomy. This was found by linking the neutrino event to one of the Fermi
Collaboration’s gamma ray sources which had a blazar counterpart. The quest
to link other neutrino events to AGN (active galactic nuclei) sources through
collaboration with the Fermi Large Area Telescope has turned up some inter-
esting candidates. The fact that many of these potential sources are not blazars
is curious and, although unconfirmed as neutrino sources, these objects merit
further investigation due to their unusual nature.

2 Purpose

In 2017, IceCube detected the first likely high energy astrophysical neutrino
to be matched to a source, blazar TXS 0506+056 [26]. Furthermore, previous
neutrino events were found to have been detected from approximately the same
location in the sky [27]. A follow-up study was performed to search in IceCube
for evidence of neutrino emission from other AGN [20] and the purpose of this
project was to examine the top-ranking objects to look for any commonalities
amongst them. To this end, a two part approach was used. The names of the
potential neutrino event counterpart AGN were used to find papers written on
the objects. From inspection of these papers it could be seen what previous
studies have shown to be unusual about these objects and whether they have
any characteristics in common. These can then be collated in this report to make
for a direct comparison between the AGN. The second part of the investigation
uses the Fermi catalogue of AGN gamma ray sources to check the distributions
of available parameters for the candidates as well as non-blazars against the full
catalogue. This may help bring to light any parameters that set the candidates
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Figure 1: Table of lepton characteristics taken from [10].

apart from the catalogue, as well as investigating the properties of non-blazar
gamma emitters, which comprise 2% of the catalogue [3] and about 27% of the
top eleven candidates found in the study into potential neutrino emitters.

3 Background

3.1 Neutrinos

Neutrinos are neutral particles with masses close to zero that were first theorised
by Pauli to fulfill the mass and energy conservation requirements in observed
beta decay. They come in three flavours: the electron neutrino νe, the muon
neutrino νµ and the tau neutrino ντ and, along with the muon, electron and
tau, form the group of particles known as leptons. The table in figure 1 details
some of their characteristics. The three neutrino flavours are produced in weak
interactions. Models suggest that in astrophysical systems protons are highly
accelerated and produce pions. The pions are unstable and neutral pions tend
to decay rapidly and produce gamma radiation, whereas charged pions will de-
cay into a lepton or antilepton and the corresponding neutrino or antineutrino.
Since the observation of solar neutrinos created by solar nuclear processes, neu-
trino astronomy has been an alternative to electromagnetic observations which
could further our knowledge of nuclear processes in space. There are several
reasons why neutrinos are ideal candidates for a cosmological probe, such as
their neutrality which renders them unaffected by magnetic fields and the fact
that they will not decay before detection. Neutrinos are also well known for
having an extremely small cross section. This means that they can escape from
the near the centre of dense and volatile objects such as AGN and travel vast
distances unchanged by interaction with matter. On the other hand this also
makes them very difficult to detect [10].

2



Figure 2: Production of a Cherenkov ring in a water Cherenkov counter. Taken
from [10]

3.2 The IceCube South Pole Neutrino Observatory

As the number of detected neutrino events is dependent on the target area,
as large as possible of a detector is desired. When the neutrino does interact
with nucleons in the medium, a charged lepton will be produced and the resul-
tant particle will continue travelling through the medium due to conservation
of momentum. The charged lepton will lose energy through electromagnetic
interactions and if it has sufficient energy will be moving faster than the speed
of light in that medium. This creates an optical shockwave that manifests as a
light cone, as shown in figure 2 [10]. Due to the high energies of the particles
in question, these tracks will likely be very long, which allows for sparse instru-
mentation - the strings containing the digital optical modules have a hexagonal
spacing of 70 metres for the eight at the centre of the array and 125 metres for
the rest. However this will still not fully contain a single event,

Therefore the medium is required to be large, homogeneous (i.e. pure) and
transparent in order that the Cherenkov radiation can be observed. The experi-
ment should also ideally be isolated from background radiation so these detectors
are usually underground. The IceCube Neutrino Observatory [1] makes use of
the large quantities of highly compressed ice, i.e. with no impurities such as
air bubbles, available underground at the South Pole. The part of the experi-
ment extending about 2,500 metres below the surface consists of 5,160 digital
optical multipliers (DOMs), which contain photomultiplier tubes to convert the
photons from the Cherenkov radiation to electric signals. These are placed on
strings lowered into 86 holes bored down into the ice and arranged over a cubic
kilometer at varying depths, as outlined in figure 3. The eight centre strings
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Figure 3: A diagram of the IceCube Neutrino Observatory setup. Taken from
[12].

with smaller spacing form DeepCore; a subdetector capable of detecting lower
energies down to 100 GeV. The energy range of IceCube is high, in the region of
1012 eV and it is well suited to studying high energy cosmic neutrinos coming
from point sources [12].

3.3 Active Galactic Nuclei

It is thought that in the centre of every galaxy is a supermassive black hole [6].
These are designated as active when they are accreting the surrounding matter
and known as active galactic nuclei or AGN. The matter forms an accretion
disc around the central singularity and high energy radiation is emitted due to
the extremely high gravitational potential and the efficiency of the accretion
mechanism. Therefore, they are some of the most luminous objects in the
universe and can be studied from vast distances.

AGN have several distinguishing features that not only help in classifying the
object as an AGN but also which type of AGN the galaxy hosts. An important
method of classification is using the spectra. Some display broad emission lines
due to the large velocities of gas clouds near the massive gravitational well of the
central black hole. The lines are also massively red shifted due to the distances
involved. This area is surrounded by a dusty torus with a narrow line region
above and below. A diagram of the main characteristics of an AGN is shown in
figure 4.

They can be placed into several categories based on their luminosity, pres-
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Figure 4: Diagram of the physical characteristics of an AGN. From [6].

ence of emission lines and radio emission. A simple method of classification is
AGN spectra displaying broad and narrow lines are classed as type I and those
displaying narrow as type II. They are also divided into radio loud/quiet de-
pending on the presence of a relativistic jet emitting in the radio waveband. The
formal definition from [6] depends on the ratio of the flux in the radio against
that in the optical wavebands:

R∗ =
f5GHz

f2500Å

, (1)

and states that there is not one rigorous definition for radio-loud AGN,
although R∗ > 76 is an approximate condition.

Current research focuses on a unification model of all of these different types
with some suggesting the variation could be due to orientation of the AGN [4].
For example, all AGN have broad and narrow line emission but the broad line
emission may be obscured by the orientation of the dusty torus. Others believe
that the variation represents different stages of AGN evolution, such as initially
having only narrow line regions and later developing broad line emission [15].
As it stands the classification system for AGN is not rigorous, with there being
some overlap between the types or confusion as to where to place certain objects.
There are composite AGN, where the nucleus resides in a star-forming galaxy
and dominates the spectrum only at certain wavelengths [24] and those who
seems to straddle two classifications, such as some of those investigated in this
report.
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3.4 Multimessenger Astronomy

Since 2017, IceCube have been sending out public, real-time alerts so that
other observatories working in various frequencies throughout the electromag-
netic spectrum can focus on the same area [12] [26]. In this way astrophysical
phenomena can hopefully be observed by both photons and neutrinos simultane-
ously, giving more insight into the sources themselves and astrophysical neutrino
production. Some high-energy neutrino events could also be accompanied by
gravitational waves.

On the 22nd of September 2017 a high-energy neutrino detection occurred
which triggered a public alert, which was picked up by the Fermi collaboration.
The Fermi Large Area Telescope (Fermi-LAT) detects gamma ray sources [19]
and the neutrino event was confirmed at the 3σ level to coincide with a source
in a flaring state: TXS 0506+056 [27]. This is a AGN of the blazar class,
which is distinguished by a relativistic jet orientated towards the observer’s
light of sight. It was assumed that blazars were the AGN most likely to emit
neutrinos as they are the most powerful. Emitted radiation comes from across
the electromagnetic spectrum: from radio waves to more than 1 Tev gamma
emission. The theory behind the Tev gamma and neutrino emission is that
protons and neutron are accelerated in the relativistic AGN jet which interact
with nearby radiation and matter to produce high energy pions which then decay
[26]. One way of classifying them is if the object has stronger emission at X-ray
energies than in the optical. They also display a double hump in their spectral
energy distributions (SEDs): the low-energy hump is thought to correspond
to synchrotron radiation and the high-energy hump to leptonic and hadronic
interactions [8]. These are further subdivided into BL Lac objects and FSRQs
(flat spectrum radio quasars). The main difference between BL Lac objects
and FSRQs is that the latter display stronger broad emission lines [6]. BL Lac
objects tend to have only weak absorption lines in their spectra, presenting no
large features in the optical.

The blazar class is variable on timescale from a day to several years and
occasionally flare. TXS 0506+056 was in a flaring state when the high energy
neutrinos were detected by IceCube and gamma rays detected by Fermi. Figure
5 shows neutrino event IceCube-170922A in the IceCube detector. Retrospec-
tive analysis of archival data showed neutrino emission from the same celestial
location in 2014-2015 [27], implying this wasn’t the first time a neutrino had
been detected from this source.

4 Further Correlation with AGN

In [20], 5 years of muon neutrino data was compared with objects and their lo-
cations listed in the third AGN catalogue from the Fermi Large Area Telescope,
known as Fermi LAT 3-LAC [3]. This was restricted to above -5◦ declination
as IceCube is more sensitive in this area; the atmospheric muon background
interferes with Southern Hemisphere readings [2]. The study concentrated on
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Figure 5: Event display for neutrino event IceCube-170922A. The time at which
a DOM observed a signal is reflected in the color of the hit, with dark blues for
earliest hits and yellow for latest. Times shown are relative to the first DOM
hit according to the track reconstruction, and earlier and later times are shown
with the same colors as the first and last times, respectively. The total time
the event took to cross the detector is ∼ 3000 ns. The size of a colored sphere
is proportional to the logarithm of the amount of light observed at the DOM,
with larger spheres corresponding to larger signals. The total charge recorded
is ∼ 5800 photoelectrons. Inset is an overhead perspective view of the event.
The best-fitting track direction is shown as an arrow, consistent with a zenith
angle 5.7+0.50

−0.30 degrees below the horizon. Taken from [26]
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Figure 6: Skymap in equatorial coordinates of the search directions in the 3-
LAC catalog, shown in grey. The 11 search directions that yield the lowest
p-value in the binomial test (8 of which are unique) are shown in red. Taken
from [20]

the strongest neutrino flare for each 3LAC location. Firstly, a p-value was found
for the best fit for a flare in each location then a binomial test was used to check
p-values against a random distribution. The top one hundred were analysed and
eleven AGN were found to be in significant locations. There were one group
of three and a group of two where the directions could not be resolved but the
p-values were recalculated in order that correlated values did not influence the
final result. This left a total of eight separate locations with eleven relevant
AGN. The locations are shown in figure 6 and the list of objects in figure 7.
While the results excluding TXS 0506+056 were not significant above that of
the neutrino background due to the large number of locations in the test, the
objects can be thought of an indicator of the types of AGN that might emit
neutrinos. Therefore, research the nuclei for similarities could help guide the
search for further sources.

It can be seen from the findings that three of the AGN are non-blazars. As
blazars make up 98% of the AGN in the Fermi LAT 3-LAC catalogue [3] and
blazars are also widely suspected of being high energy neutrino emitter due to
their power, this result is highly surprising. The top three objects contain a
Narrow Line Seyfert Galaxy of type 1 (NLSy1) and an unclassified AGN which
shares its location with two blazars.
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Figure 7: The catalogue information and best-fit neutrino flare information
for the top 11 directions from the 3-LAC catalogue, 8 of which are unique.
The p-value given is before the final trial. This is where the binomial p-value
with binomial p-values for scrambled data. In this list, there is one set of
three correlated search directions (indicated in the table with an *: B21126+37,
MG2J112910+3702, and MG2J112758+3620) and one set of two (indicated in
the table with a †: GB6J0929+5013 and 1ES0927+500). The optical class
descriptions can be found in [3]. T̂W represents 2 × T̂σ, the half-width of the
time window. Taken from [20].
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5 The Candidate AGN

5.1 Blazar TXS 0506+056

This blazar was the first to be correlated with a neutrino detection and has the
lowest p-value of all candidates in figure 7. Previously extra-terrestrial neutrinos
have been traced back to the Sun and Supernova 1987A [26] but these are of
energies in the MeV, rather than TeV, range. This particular emission was
approximately 290 TeV. There does not seem to be any information on the mass
of the central supermassive black hole, however the redshift was recently found
to be z = 0.3365± 0.0010 [22]. This came from analysis of ionised oxygen and
nitrogen emission lines [OII] 3727Å, [OIII] 5007Å and [NII] 6583Å [22]. Along
with its location in the Northern sky (where IceCube is more sensitive), its
status as the first potential neutrino-loud blazar could be due to a combination
of its power and prime location for observation. [22] also assumed that the
host galaxy is elliptical, as is common with blazars and found a nucleus to host
ratio of greater than ten, which indicates a larger than average luminosity for
this particular blazar and highly beamed jet. Furthermore, once the redshift
was found, TXS 0506+056 proved to be nearly an order of magnitude higher in
luminosity than nearby blazars [27]. As the line ratios are close to that expected
from a narrow line emission region and the Hα and Hβ lines are not visible, [22]
likens the optical spectrum to that of a Seyfert 2 galaxy, i.e. no broad line
emission visible [6]. If one subscribes to the orientation unification model of
AGN, TXS 0506+056 may be observed as a Seyfert 2 from another location in
the universe.

TXS 0506+056 is a blazar and was originally classified as a BL Lac object
[26]. However very recently a paper has postulated that the AGN is in fact
an FSRQ [21]. This is based on the line ratios, Eddington ratio and the O II
and radio luminosities. In the case of BL Lac objects, [6] suggests that both
broad and narrow lines are thought to be present, just obscured by non-thermal
emission from the jet. However [21] states that some studies have found that
equivalent line widths were not low due to a high continuum but because the
lines were objectively weak and some AGN were found to change class. It seems
that both swamped lines and simply weak lines do exist in observed BL Lac
objects and those AGN with lines swamped by continuum radiation have been
dubbed ”masquerading BL Lac objects”. However the masquerading BL Lac
objects are therefore intrinsically different from ”real” BL Lac objects due to
the presence of high-excitation emission lines and are classed as high-excitation
galaxies (HEGs), as opposed to low-excitation galaxies (LEGs). This is a dis-
tinction that can be applied to all types of AGN. One typical property of an
HEG is a high accretion efficiency, which TXS 0506+056 may also have based
on the limits of its Eddington ratio. Furthermore the optical spectrum is rem-
iniscent of a Seyfert II galaxy, which is one of the classes that falls under the
HEG umbrella. The ratios of the luminosity of the broad line region (BLR) and
the gamma luminosity with respect to the Eddington luminosity (devised to
divide BL Lac objects and FSRQs) also put TXS 0506+056 squarely within the
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bounds of an FSRQ. The introduction of a BLR into theory for TXS 0506+056
has implications on the overall dynamics of the structure. The blazar sequence
is also mentioned: a anticorrelation of bolometric luminosity with the rest fre-
quency of the low-energy hump in the blazar SED, supported by 3LAC data in
[3]. Although [21] states that this sequence is controversial, TXS 0506+056 has
a much higher low-energy hump rest frequency than predicted, which is in line
with the masquerading BL Lac object hypothesis.

As mentioned before, the retrospective analysis of neutrino emission from
the same direction showed another flare in a five month period over the years
2014-2015, separate from the 2017 flare [27]. Nine and half years of neutrino
observations were considered and the result was confirmed at the 3.5σ level.
This time window includes 13 ± 5 high-energy muon-neutrino events above
the neutrino background. As neutrinos come in three flavours, this is assumed
to be a third of the total neutrino fluence calculated at 4.2+2.0

−1.4 × 10−3 erg
cm−2 and the recent calculation of the blazar’s redshift [22] infers a isotropic
neutrino luminosity over 158 days which is the same order of magnitude as the
gamma ray luminosity averaged over all Fermi-LAT observations of the AGN.
A higher luminosity in neutrino compared to gamma emission is curious as both
are expected to be produced in pion decay. This implies that the gamma rays
have been re-absorbed whereas the neutrinos, due to their low interaction rates
have escaped and been observed on Earth. In contrast, the 2017 neutrino event
coincided with a gamma flare and one explanation could be that the two events
came from different source locations in the blazar structure. The difference
between the surrounding areas could cause the gamma emission to be absorbed
or lose enough energy to be below the Fermi detection threshold in one flare but
not in the other.

Following the discovery of TXS 0506+056 as the likely counterpart of IceCube-
170922A, further research has focused on what might be special about the
blazar. [7] is particularly interesting as it focuses on the relativistic jets and
whether interaction of features in these jets could have caused both neutrino
flares. This is a recurring feature amongst neutrino emission candidates studied
in this report and is covered in the section on jet dynamics.
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Figure 8: Multimessenger observations of blazar TXS 0506+056. The 50%
and 90% containment regions for the neutrino IceCube170922A (dashed red
and solid gray contours, respectively), overlain on a V-band optical image of
the sky. gamma ray sources in this region previously detected with the Fermi
spacecraft are shown as blue circles, with sizes representing their 95% posi-
tional uncertainty and labeled with the source names. The IceCube neutrino
is coincident with the blazar TXS 0506+056, whose optical position is shown
by the pink square. The yellow circle shows the 95% positional uncertainty
of very-high-energy gamma rays detected by the MAGIC telescopes during the
follow-up campaign. The inset shows a magnified view of the region around
TXS 0506+056 on an R-band optical image of the sky. Taken from [26].
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Figure 9: The spectral energy distribution and lightcurves at different wave-
lengths for TXS 0506+056. In the SED, the red curves are around the time
of the mean of the neutrino flare and the grey curve is integrated over the full
mission. In the lightcurve on the right hand panel, the dashed line is the time
of the neutrino flare. The 4 panels are, from top to bottom: Swift XRT, OVRO
radio data, Fermi gamma spectral index, and Fermi flux.
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5.2 Seyfert Galaxy 1H 0323+342

This AGN is one of the more intriguing objects to appear in a list of possible
neutrino sources as it is classified as a narrow line Seyfert 1 galaxy - not a
blazar. This is a surprising neutrino source in this context as the Fermi cat-
alogue is comprised of approximately 97% blazars. The type 1 nomenclature
indicates that both narrow and broad emission lines are visible in the spectrum
and therefore the central region is obscured by a dusty torus. These are identi-
fied through comparison of forbidden lines such as doubly ionised oxygen O[III]
and the Balmer series. The lines known as the Balmer series are produced by
electron energy transitions in ionised hydrogen from higher level to the second
energy level closest to the nucleus. They are prominent in astronomical spec-
troscopy as hydrogen is the most abundant element in the universe. In a type
1 Seyfert galaxy spectrum the forbidden lines will appear narrower than lines
in the Balmer series. A type 2 will display both types of emission lines with
narrow widths [6]. Seyfert 1 galaxies can be subdivided into narrow line Seyfert
1 (NLSy1) and broad line Seyfert 1 (BLSy1) galaxies. The NLSy1 galaxies, of
which 1H 0323+342 is one, have rapidly varying X-ray emission, broad Hα lines
(the first in the Balmer series) and narrow Hβ lines. The ratio of the iron line
Fe[II] to Hβ is much stronger than in other Seyfert 1 galaxies, which is correlated
with optical luminosity [6]. It seems that the central black hole in 1H 0323+342
is smaller than other Seyfert galaxies, about 105 − 107M�, but there is not a
comparable reduction in luminosity. This may indicate a high accretion rate
close to the Eddington limit (the luminosity above which radiation will become
stronger than gravitational force). Some have been observed having emission
on a par with those of blazars, most probably due to the presence of relativistic
jets. However, this is not a common phenomenon [6]. 1H 0323+342 is radio-
loud and is accompanied by relativistic jets. In the mechanism for neutrino
production in AGN, protons are thought to be accelerated to high energies in
the jet, resulting in gamma and neutrino emission [13].

5.2.1 Possibility of a composite nucleus

1H 0323+342 seems to be a peculiar NLSy1 galaxy and has several papers
written about it. [23] is particularly interesting in this context as it considers
the possibility that 1H 0323+342 is a composite NLSy1/FSRQ nucleus. As there
are only five NLSy1 galaxies in Fermi-LAT 3-LAC, this type of object is probably
very rare and according to [23], RL-NLSy1 galaxies (radio-loud) comprise only
7% of all known NLSy1 galaxies at the time. They could have black hole masses
similar to blazar nuclei and have similar variation in optical and infra-red flux.
However, it is generally thought that the host galaxies should differ; NLSy1
nuclei are usually found in spiral host galaxies and blazars in elliptical ones.
Figure 10 from [28] uses Hubble Space Telescope data to resolve the area around
1H 0323+342 into a spiral-like structure implying the host galaxy is indeed a
spiral. In [23] another study is said to find a surface brightness distribution in
agreement with that of an elliptical galaxy and the lack of bulge indicates a
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Fig. 2. from A NarrowLine Seyfert 1–Blazar Composite Nucleus in 2MASX J0324+3410
Zhou et al. 2007 ApJL 658 L13 doi:10.1086/513604
http://dx.doi.org/10.1086/513604
© 2007. The American Astronomical Society. All rights reserved. Printed in U.S.A.

Figure 10: Broadband SED of 1H 0323+342 (green diamonds). A typical
NLSy1, I Zw 1 (black triangles), and a typical TeV blazar, Mrk 421 (crosses), are
also plotted for comparison. The second-order polynomial (parabolic) fit of the
radio and X-ray data of 1H 0323+342 and that of the radio, IR, and X-ray data
of Mrk 421 are shown as dashed and dotted lines, respectively. Data apart from
those described in the text were retrieved from the HEASARC browser server
(http://heasarc.gsfc.nasa.gov/db-perl/W3Browse/w3browse.pl). Inset: Resid-
ual image after subtraction of the best-fit model of a point source plus a Sérsic
component from the HST WFPC image. The similarity to a one-armed spiral-
like structure can be clearly seen. Taken from [28].

recent merger, so the host galaxy remains somewhat of a mystery. Perhaps the
host has an irregular shape, which would be unsurprising if is the result of a
galactic merger.

It is confirmed in [23] that that the optical spectrum is as expected for a
NLSy1 galaxy although optical flux is variable. The central engine should be
about 107M�, from the width and strength of the Hβ line. It is the only NLSy1
galaxy included in Swift’s Burst Alert Telescope (BAT) for gamma ray burst
detection, and the composite nucleus theory has been conjectured several times
before. In [23] the lightcurves in different part of the spectrum are compared, as
shown in figure 11. These are not typical for a Seyfert galaxy but a statistical
analysis cannot be completed due to lack of data. The main point of interest is
the so-called ”orphan” optical and X-ray rays which do not have counterparts
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in the gamma wavebands. In the panel showing XRT data, the light curve is
split into six different time periods and this phenomenon can clearly be seen
in sections S3 and S4. Aside from radio and hard X-ray data, the strength of
the variation is proportional to frequency, similar to variability seen in blazars.
Around the time of MJD 56534.13, the maximum of a gamma ray flare is seen
with about 160 times higher flux than the average. This is found to correspond
to a time interval of 25 minutes, making this the most rapid flare ever seen from
a γ-NLSy1 galaxy at the time of publication. This can be seen in figure 12,
which also shows the neutrino flare in the time period MJD 57276.3-57376.3

Aside from the variable gamma ray emission, it has been shown that 1H
0323+342 harbours a one-sided jet from very long baseline interferometry read-
ings. There is most probably another jet which cannot be seen due to relativistic
nature of the phenomenon. Radio-loud AGN also tend to have a flatter hard
X-ray spectrum than radio-quiet ones, due to their non-thermal relativistic jets.
The abnormal variation in the X-ray spectrum could be due to a soft X-ray
component which varies differently to the hard X-rays and similar behaviour
has been found in another RL NLSy1 galaxy, PKS 0558-504. [23] finds a power
law associated with NLSy1 galaxies to be a good fit for the quiescent state
gamma ray emission but subsequent flaring states are more similar to blazar
spectra. This is probably due to the emission being dominated by the high tem-
perature corona which forms above the accretion disc initially but non-thermal
emission from jets taking over during flares. [23] proposes the orphan flares may
be due to variation of the jet environment the locations of the emitting areas.
The theory is that the emission is from close to the central engine, so a soft
X-ray spectrum, and the gamma rays would interact with coronal photon and
be absorbed. At later flaring states, SED modelling indicates that emission is
coming from the broad line region, but further away from the black hole, where
the gamma rays can escape and be detected. Estimation of optical depth at
different locations in the AGN are in agreement with this conjecture.

More generally, the differences and similarities between 1H 0323+342 and
various other γNLSy1 galaxies are as follows: the jet seems to be weaker, al-
though the accretion rate is higher and the black hole mass seems to be mid-
range. Black hole masses are difficult to find an exact value for and the estimates
still vary from 107 − 108M�. Analysis of the X-ray spectrum a relativistic re-
flection component infers a high black hole spin and it is accreting close to the
Eddington limit.
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Figure 11: Multiband light curves of 1H 0323+342. The units of OVRO data
are 10−14 erg cm−2 s−1. Catalina and UVOT data are in units of 10−12 erg
cm−2 s−1. To show the variations, U, B, M2, and W2 band data points are
shifted appropriately. XRT and BAT data points are in units of counts s−1 and
counts s−1 pixel−1, respectively, while Fermi-LAT γ-ray data are in units of
10−7 photons cm−2 s−1. The black downward arrow shows the time of arrival
of 32 GeV photons, while the red downward arrow shows the time of high intra-
night optical variability (INOV). P, A1, and A2 are the periods for which the
γ-ray spectrum was generated to search for a possible curvature in the spectra.
Anomalous variability behavior at different time periods is marked in the third
panel from top. Unfortunately this cuts off just before neutrino flare at 57326
MJD marked in figure 12 Taken from [23].
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Figure 12: SED and light curves for 1H 0323+342. The left hand panel shows
the SED in red around the mean time of the neutrino flare and in grey integrated
over the full mission. The right hand side shows from top to bottom: Swift XRT
data; Fermi gamma spectral index and Fermi flux. The dashed line indicates
time of the neutrino flare.
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5.3 Radio Galaxy M87

5.3.1 Displacement of the central nucleus

As both M87 and 1H 0323+324 are peculiar neutrino emission candidates, men-
tioned in several papers as objects of interest and indeed in the same paper, as
mentioned in the previous section, it is logical to examine M87 as well. A recent
and highly publicised result regarding this AGN is the first ever imaging of a
black hole [9]. This particular nucleus is also one of the best sites to examine
relativistic jet dynamics due to its proximity, is one of the most massive SMBHs
known and is a candidate for gravitational wave detection in the future with
the Laser Interferometer Space Antenna [16]. Several papers over the past ten
years have been written on the subject of the central black hole’s displacement
from the centre of the galaxy and whether this can be traced back to interesting
dynamics in the AGN structure. Therefore, M87 is an important galaxy for
observational astronomy.

In [5], the case is made for an off-centre nucleus by mapping the photocentre
of the galaxy M87 and comparing that to data regarding the location of the
nuclear point source thought to be central engine M87∗. The study was looking
for displaced supermassive black holes and M87 was though to be an ideal
candidates as it is nearby, therefore decent resolution is possible, has a regular
bulge and is radio-loud so potential jet asymmetries could play a part in the
displacement. In order to investigate the hypothesis Hubble Space Telescope
(HST) data was used to map the photo-centre of the galaxy. Initially the point
source was located then larger and larger elliptical isophotes traced around this
with the centre of each ellipse being found as a function of semi-major axis.
The offset from the point source was then calculate as seen in in different HST
Advanced Camera for Surveys (ACS) filters as shown in figure 13. A visual
depiction of the contours is shown in figure 14, where the effect of the jet can be
seen in the pear-shaped ellipses. To check accuracy of offsets using this method,
the same was also done with several simulated galaxies and finally an offset was
found of 6.8± 0.8 pc in the counter-jet direction.

5.3.2 Potential causes

After a result is found several reasons are given for the offset, the first being jet
asymmetry. Due to the relativistic nature of the jets, only one can be viewed
from Earth however there is evidence to suggest a two-sided structure, such as
Very Long Baseline Interferometry data. Previous asymmetric jet models for
this particular black hole are cited in [5] where the corresponding acceleration
expressed in terms of the luminosity of the asymmetric jet part fjet and the
accretion rate ṁ would be 2.1×10−6fjetṁ cm s−2. If the galactic restoring force
is negligible the offset increases with time and the displacement and velocity
given in terms of age. An age range for the jet can be determined as a maximum
from the age of the outer radio halo and a minimum from the age of the inner
lobes. Then, with a known accretion rate it can be shown that a particularly
long-lived jet could produce the effect seen in this study. However when restoring
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Figure 13: Table of offset of isophotal ellipse centres from the nuclear point
source in M87, in different filters and by semi-major axes (SMA). Taken from
[5].

Figure 14: [Top row] x and y ellipse centres overlaid on ACS contours. The
point source is at [0,0]. [a,b] HRC ellipse centers for SMA< 1.

′′
5. The jet

(masked out for the fits) can be seen as a N-W extension. [c,d] WFC ellipse
centers for SMA< 3.

′′
0. [a,c] F606W [b,d] F814W. [Bottom row] Radial offsets

of the ellipse centers. From [5].
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force and dynamical friction is considered, the jet would be required to be
operating at high energy for quite a while to produce the effect and so is not as
likely as with the ideal model.

Another possible cause of displacement is if M87∗ is one of a pair of black
holes orbiting a common centre of mass. The secondary non-active black hole
would be difficult to detect but could cause the active SMBH jet to precess.
However this is dismissed as no visible wobble detected from the jet means that
the precession, if it exists, is much smaller than expected form a binary system.
Another option is a massive gravitational perturber such as a globular cluster
but this is again dismissed as unlikely after calculations. A last possible cause
is gravitational wave recoil from a binary merge that imparts a kick velocity to
the newly formed SMBH and this is found to be more probably than the others.
Furthermore this would produce a shock effect which could explain distortions
in the disc. If surrounding shocked gas is hot enough, X-ray emission could
be seen from this area. Analysis of the velocity and kinematics in the vicinity
of the centre would help narrow down the causes to low velocity versus high
velocity displacement mechanisms.

A later paper [14] which focused on finding black holes displaced by grav-
itational recoil from a merger singles out M87∗ as a prime candidate using
photometry. The authors use [5] as a starting point to further explore the ef-
fect of gravitational wave emission from coalescing binary black holes on the
final product, i.e. displacement and oscillation around the galactic minimum
potential. In [14] the AGN is used to mark the SMBH location and the pho-
tocentre as the minimum of galactic potential. Interestingly, four of the six
displaced nuclei have been displaced in the counter-jet direction meaning that
asymmetric jet formation cannot be discounted as a potential cause. This is
also thought to occur in displacement from gravitational recoil but not so much
in binary-system-induced or massive-perturber-induced displacements.

5.3.3 Displacement as an artificial effect

More recently another paper was written that gave a different explanation [16].
The authors claim that the observed displacement was merely an artificial effect
created by a flare between 2003 and 2007 and not a physical displacement. Ref-
erencing [14], where some unexplained variations in displacements were found
between different images of the same galaxy, the authors of [5] use HST and
Very Large Telescope (VLT) images to investigate differences in displacement
for different and epochs and possible causes. The data was in optical and infra-
red wavebands (to cover dust extinction). Some of the same images were also
used in [5] and [14] and a similar method is used to determine the photocentre.
Masks needed to be used to remove irregularities such as the jet feature HST-1,
mentioned in the previous section as a potential gamma and neutrino source.
An example of their methods is shown in figure 15.

[16] notes that they find the same displacement as [5] and [14] but that this
depends on which area of the galaxy is considered. They also discover similar
discrepancies between filters as that found in [14], even though the images were
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Figure 15: From left to right: original image obtained with WFC3- F814W,
mask applied in the fitting, galaxy model computed from the fitted ellipses and
galaxy after subtraction of the isophotal model. The percentage error between
the original image and the model has been calculated in the square marked in
the residual image. From [16].

not exactly the same. From this that they conclude flux could affect the results
of this analysis, bearing in mind the feature HST-1 is a strong additional source.
The variation between filters can be seen in figure 16. As is was known that M87
was highly variable at the time of the data used in [5] the images were separated
by epoch for a temporal analysis. It was noted that the observed displacement
was found in images taken at the same time period when a powerful outburst
(2003-2007) lead to variation in all wavebands of both M87∗ and HST-1. The
flux from HST-1 was very strong and at one point it became brighter than the
galactic nucleus. In the analysis of the time differentiated images it was shown
that the isophote central displacement was related to the flux variation of HST-
1. The maximum displacement was seen near the end of 2004 after which the
photocentre and nucleus again aligned. However there are two images which
also show a significant displacement which do not seem to be related to a flux
increase as HST-1 was quiescent at this time. These are as yet unexplained,
however one hypothesis is that, as the displacement is aligned with the jet, a
blob of plasma along the jet may have cause a similar artificial observation.
The fact that the explained and unexplained observed displacements do not
accumulate to a larger displacement is taken as support for there not being a
physical displacement.

There are two papers mentioned in [16] which explore photocentral varia-
tions in other AGN which are also in conjunction with a massive increase in
output. Hypotheses again are related to flux increases due to jet shocks or new
blobs of plasma. The main issue in theses observation, however, is the accuracy
and methods which are used to determine where the SMBH is and where the
minimum gravitational potential of the galaxy is. The findings here are not sta-
tistically robust enough to prove that the cause of observational displacement
is intrinsically linked to jet dynamics.
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Figure 16: Central regions of two images analysed. First column: original
images. Second column: masked images. The nuclear sources (points) and the
isophotal centres (crosses) derived within the region [1 : 3]′′ are plotted in each
image. The nuclear source is at the coordinate (0.5,1) and the circumference
shows the region not analysed in the fitting (until 1′′ radius). From [16].

5.4 Other candidates

A literature search was completed to find papers or studies including each of the
rest of the top objects, however nothing as relevant was found at this moment.

5.5 Jet dynamics

One particular point that seems to constantly arise in discussion of these three
objects of different AGN classes is that they display certain unusual jet char-
acteristics. It may be a coincidence that all three are appear both in studies
of high-energy neutrino emission and jet dynamics, however it does hint at a
correlation between jet structure and neutrino emission.

As relativistic jets are thought to have a a good chance being sources of
neutrino emission (accelerated protons interact with photons to produce pions
which decay) it is logical that TXS 0506+056’s jet structure should be studied
after correlation with a neutrino event. [7] maps the morphology of the jet using
Very Long Baseline Array data at 15 GHz, particularly around the times of the
two relevant neutrino flares. Using the brightest point as the core location,
the movement of the jet can be traced through different epochs in reference
to this. The result shows several jet features that do not move in the same
direction, giving a curved path, as shown in figure 17. Two explanations are
then considered: a strongly curved jet-structure or a binary jet. In the first
scenario, the jet on a parsec scale would be composed of two separate jets, as
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Figure 17: Panel a: one of 16 epochs re-analysed with the components identified
in this epoch (Nov. 14, 2010) marked. Shown is an image with the difmap
modelfit components superimposed (circles) and the components belonging to
the inner jet (light blue arrow) and those features that seem to belong to the
spike (red arrow). The arrows indicate the dominant direction of motion. The
filled ellipse in the bottom left corner gives the beam size (point spread function).
Panel b: image from a later epoch. The two potential jet scenarios are indicated
(see text for details). The physical nature of the spike is unclear. The spike
in the two-jet scenario might be the jet of a potential second black hole. The
second core (core II) is therefore marked with a question mark. From [7].

sketched in figure 18. A binary jet situation has been observed before, albeit
with larger spatial separation. The second scenario of a single unusually curved
jet may be due to a viewing angle close to zero and relativistic beaming. There
is also precession observed in the inner jet components, which could suggest a
binary black hole system but does not concur with the the hypothesised second
core in the two-jet scenario. As material does not seem to have coherent overall
movement it is highly probable that there will be collisions within the jet and
the atypical structure of the jet supports this. However as all components are
moving there does not seem to be any evidence for a standing shock. [7] theorises
that in either scenario considered there will be collision of jet material which
could produce high-energy neutrinos.

As mentioned previously, interesting jet dynamics also appear in the NLSy1
candidate 1H 0323+342 and radio galaxy candidate M87. It has been estab-
lished that there is indeed a one sided jet component to 1H 0323+342 when
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Figure 18: Model geometry of the proposed jet interaction in the two-jet sce-
nario. The two jets and their sources are labeled in red (jet II) and in blue (jet
I). The viewing angles of the jets vs. the line of sight (l.o.s.) are denoted by αI
and αII . The angle between the jet directions is denoted by θ. In addition to
the projected alignment and inclinations indicated in this (2D) sketch, there is
an inclination in the third dimension. From [7].
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Figure 19: VLBA images of 1H0323+342. (a),(b),(c),(d),(e),(f),(g),(h) and (i)
are naturally-weighting images at 1.4, 1.7, 2.3, 5.0, 8.7, 12.5, 15.5, 23.9, 43.3GHz,
respectively. For each image, contours start from -1, 1, 2,...times a 3σ image
rms level and increase by factors of 21/2. The yellow ellipse at the bottom-right
corner of each map is the beam size of the map. The feature S is a quasi-
stationary component located 7mas from the core. Taken from [11].

observed from Earth. The jet has been found to have a small viewing angle,
as is consistent with highly superluminal jet such as this. Velocities have been
calculated at up to ∼ 9c. However, as these high velocities are extremely rare
in NLSy1 galaxies and 1H 0323+342 is the nearest object with these character-
istics detected, further investigation could offer insight not only into neutrino
production in AGN, but also jet formation and dynamics. In [11], some inter-
esting jet features found using Very Long Baseline Array observations (VLBA)
are discussed. Moreover, 1H 0323+342 seems to have similar jet features to
another non-blazar candidate from the list of top neutrino flares: radio galaxy
M87. The VBLA imaging shows a curious bright spot, dubbed S, 7 mas from
the core (1 mas is 1.2 pc). This can be seen in figure 19 showing the data in
nine different wavebands and is more obvious at low frequencies. Comparison
with previous data shows longevity of at least 5 years.

The jet width as a function of radial distance, W (z), is analysed in order
to gain information on formation and collimation mechanisms of the jet. This
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showed a change in the spread of the radiation before and after the feature,
S, with a rapid expansion beyond ∼7 mas. There was found to be little core
shift in multi-wavelength data which, combined with the small viewing angle,
suggests a radio core close to the central engine.

This shift in structure at a particular feature also appears in M87, which has
a bright quasi-stationary knot HST-1 in its jet. This has been argued to be a
recollimation shock, thought to be related to the magnetic properties of the jet
[18]. [11] suggest that both S and HST-1 may be caused by the same mechanism
and are potential sites for gamma ray emission. Interestingly, highly polarised
light has been observed from S which would agree with the magnetic field playing
a part. Little is known of magnetic fields associated with relativistic jets and a
study into polarised emission and magnetic field geometry may shed light on jet
dynamics and neutrino/gamma radiation. Furthermore, features similar to S
and HST-1 may appear in other blazar-like AGN which have similar properties
such as multiwavelength variability [7].

The paper also briefly explores the relationship between collimation and
acceleration. It was shown in another study that 1H 0323+324’s jet actually
slowly increased in velocity with distance. Comparison of this analysis with
the collimation study in [11] shows that the speed is at a maximum just before
feature S and a similar potential correlation was found with M87 and HST-1.
The exact locations of gamma emission for both AGN are not currently known
and it is proposed that S and HST-1 are possible emission sites. The existence
of orphan optical and X-ray flares alongside flares with corresponding gamma
emission suggest that not all flares come from the same part of the AGNs’
structure. One difference between the structure of 1H 0323+342 and M87 is
the distance of the feature from the centre; S has a larger radial distance than
HST-1. However, as the black hole mass of 1H 0323+342 is only approximately
known, it is possible that it is larger than thought, reducing the distance between
the central engine and S. A large black hole mass will mean a larger gravitational
potential well which will affect the jet as it leaves the central engine’s zone of
influence. In the case of a less massive black hole, the jet collimation up large
distances would be supported by another mechanism such as winds surrounding
the jet. For a low-mass high-spin supermassive black hole, it is conceivable that
a highly efficient energy conversion would cause large radiative pressure and
massive outflows. A comparison of the two different cases is shown against M87
data in figure 20.
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Figure 20: Comparison of jet collimation profile between 1H0323+342 and M87
in the unit of Schwarzschild radius. For 1H0323+342, two different cases are
plotted: (A) the red one for (MBH, θview) = (4 × 108M�, 12 deg) and (B)
the blue one for (MBH, θview) = (2 × 107M�, 3 deg). The grey color data
are for M87, for which the results from Asada and Nakamura (2012) and Hada
et al. (2013) are combined. For M87 (MBH, θview) = (3 × 109M�, 15 deg)
are assumed in this plot. The red and blue vertical dashed lines indicate the
distance of S for the case (A) and (B), respectively. The grey vertical dashed
line indicates the distance of HST-1. Taken from [11].
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6 Data Analysis

For further investigation, data were taken from the 3-LAC catalogue and anal-
ysed using Python. These were used to look at the similarities and differences
between distributions for the top eleven objects and the rest of the catalogue.
The data for the top objects were also compared to distributions for AGN of
non-blazar optical classes which appear in 3-LAC. As the main focus of this
project is to investigate why non-blazars have appeared in a search for neutrino
emitters [20], it seems pertinent to include this catalogue sub-group. The three
non-blazar candidates - 1H 0323+342, B2 1126+37 and M87 - will also be anal-
ysed specifically against the non-blazars for each parameter. Unfortunately, as
there are only three of them and data are not always available for all three,
comparison of distributions cannot be relied upon in this case. Furthermore, it
should be noted that B2 1126+37 is in a non-unique location.

The parameters available for all objects were gamma ray flux and photon
spectral index. X-ray flux, radio flux and V-band magnitudes are not available
for every object in the catalogue. All data for the top eleven objects can be found
in the appendix in the form given in Fermi LAT 3-LAC. Histograms, means,
medians and standard deviations are shown for each parameter in subsequent
sections. The histograms have been normalised to one and statistical values
for all available catalogue (subscript c), top object (subscript t) and non-blazar
(subscript nb) parameters are given to three significant figures. Standard errors
for the mean and median are found according to the the formulae SEM = σ√

n

and SE(median) = π
2
σ√
n

.

The distributions were also compared using a Kolmogorov-Smirnov test,
which tests the null hypothesis that two samples come from the same distribu-
tion. When this is applied, a p-value is returned which indicates a rejection of
the null hypothesis if below the chosen significance level. Results are discussed
in the following section.

6.1 Kolmogorov-Smirnov tests

It can be seen from table 1 that the top objects are similar to the rest of the
catalogue at a significance level of 0.01 α. At a higher significance level of 0.10 α,
the redshift and V-band magnitude (from the United States Naval Observatory)
distributions differ from the catalogue distributions. It is curious that the null
hypothesis for the top objects compared to the catalogue is rejected at 0.10
α for the USNO V-band magnitudes and not for the magnitude distributions
from the Sloan Digital Sky Survey. However there only 645 values available from
the SDSS for catalogue sources, compared to 1375 from USNO. Therefore, the
lack of SDSS data could be a factor. The difference in the redshift distribution
is most likely due to an abundance of objects at lower redshifts, meaning the
smaller sample is more likely to have a narrower range of values.

Table 2 shows the comparison with catalogue non-blazars, where the null
hypothesis for the radio flux distributions is rejected at 0.01 α. The 35 non-
blazars include 16 radio galaxies and have stronger average radio emission than
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Top 11 candidates vs. 3-LAC

redshift 0.0642
gamma flux 0.878
radio flux 0.271
X-ray flux 0.838
spectral index 0.408
power law index 0.447
USNO V mag 0.0102
SDSS V mag 0.233

Table 1: Kolmogorov-Smirnov test p-values for comparisons of the distributions
of the top eleven objects against those of all Fermi-LAT 3LAC objects (where
values are available).

Top 11 candiates vs. non-blazars

redshift 0.225
gamma flux 0.941
radio flux 0.00183
X-ray flux 0.968
spectral index 0.110
power law index 0.0711
USNO V mag 0.450
SDSS V mag 0.412

Table 2: Kolmogorov-Smirnov test p-values for comparisons of the distributions
of the top eleven objects against those of the non-blazar Fermi LAT 3-LAC
objects (where values are available).

the rest of the catalogue, whereas the top 11 objects includes M87 but no other
radio galaxies, which could account for the dissimilarity. At 0.10 α, the power
law index distributions are dissimilar. This is most likely due to the fact that
eight of the eleven objects are blazars, as a log-parabola function can can be
a better fit than a power law for flux dependence on energy, wavelength or
frequency for this type of AGN [17].

Separately, the distributions for the non-blazars were compared with those
of the catalogue. This can help give insight into whether some of the lower p-
values for the top eleven objects’ distributions are relevant to the purpose of this
report. It may simply be because they are a mix of blazar and non-blazar objects
that are being compared with either a large, predominantly blazar catalogue or
an entirely non-blazar sample. Table 3 shows the values and it can be seen
that redshift and radio flux are well below a 0.01 α significance level. Looking
at figures 4 and 24, it seems that they tend to have a lower redshift and a
higher radio flux. This would suggest that non-blazar AGN need to be close
and powerful to pass the selection cuts aimed at blazars for inclusion in the
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Non-blazars vs. 3-LAC

redshift 0.327×10−6

gamma flux 0.880
radio flux 0.167×10−8

X-ray flux 0.0999
spectral index 0.0807
power law index 0.0541
USNO V mag 0.000572
SDSS V mag 0.161

Table 3: Kolmogorov-Smirnov test p-values for comparisons of the distributions
of non-blazar objects in 3-LAC against the overall Fermi-LAT 3LAC distribu-
tions (where values are available).

Fermi LAT 3-LAC.

6.2 Redshift

Redshift data was initially inspected to see if the top eleven AGN candidates
congregate at any particular redshift. It can be seen from figure 6 that they do
not look like they have any preferred location in the celestial sphere, however as
redshift is approximately proportional to distance, redshifts could be compared
to see if there is any clustering in the radial distance from Earth. The histogram
in figure 21 shows the three distributions previously mentioned, although only
seven of the eleven candidates have known redshifts. The values can be found in
table 4 and there does not seem to be any indication of a trend or marked differ-
ence between the candidates and the rest of the catalogue. There is one redshift
value of -999 in the catalogue which is unphysical and skews the statistics. This
and all null values (z = 0) were removed from the distributions, shown in figure
21. This gives the values:

z̄c = 0.840± 0.0222

median(zc) = 0.682± 0.0348

σzc ∼ 0.664

z̄t = 0.331± 0.133

median(zt) = 0.187± 0.194

σzt ∼ 0.327

z̄nb = 0.241± 0.0631

median(znb) = 0.049± 0.097

σzc ∼ 0.309

(2)

The redshift is lower on average for the objects - unsurprising due to the
abundance of lower redshift AGN. The smaller samples also tend to cluster at
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Figure 21: Redshift distribution for seven of the top eleven objects (blue) and
all objects with redshift data in Fermi-LAT 3LAC (orange), both normalised to
unity.

the lower redshifts so the standard deviation is smaller for these distributions.
This is merely an observational bias as low redshift means the source is closer
to the observer, so objects are more easily detectable at these values. The
redshifts are in general even lower for non-blazars, as they must be close and
bright to pass the selection cuts specified for blazars. One point to note is that
the redshift of TXS 0506+056 is not included in the catalogue as it was found
after the data release to be z = 0.3365±0.0010 [22]. If this data point is included
z̄t ∼ 0.336 and the median is 0.229, raising the values. For both the smaller
distributions the median is lower than the mean and therefore the errors on the
medians are very high. The smaller size of the samples, especially considering
the fact that some values are missing increases the errors. In summary, analysis
of the redshifts does not seem to reveal anything special about the candidates.
The distributions merely highlight the fact that closer objects are more easily
detectable.

The non-unique non-blazar of interest, B2 1126+37, does not have any red-
shift data. Both 1H 0323+342 and M87 have low redshifts, as would be expected
from 3-LAC non-blazars, at 0.061 and 0.00428 respectively.

6.3 Electromagnetic fluxes

Table 5 shows electromagnetic flux data from the top objects in gamma, X-
ray and radio. As the catalogue is of gamma ray sources, data is available
for every object. Radio flux data is present for all but three sources in the
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catalogue. Approximately half the catalogue has null values for X-ray flux. The
distributions for gamma ray, radio and X-ray flux are shown in tables 22, 23
and 24.

6.3.1 Gamma ray flux

Figure 22 does not show the whole distribution but cuts off bins for the twenty
seven strongest gamma ray emitters in 3LAC. As none of these are in the top
objects and the histogram is skewed right the distributions are better repre-
sented visually in this range. The means, medians and standard distributions
are found to be, units of photons per cm2 per second:

S̄γ,c = 1.35× 10−9 ± 0.0871× 10−9

median(Fγ,c) = 0.553× 10−9 ± 0.137× 10−9

σγ,c ∼ 3.66× 10−9

S̄γ,t = 1.19× 10−9 ± 0.543× 10−9

median(Sγ,t) = 0.738× 10−9 ± 0.813× 10−9

σγ,t ∼ 1.72× 10−9

S̄γ,nb = 1.55× 10−9 ± 0.602× 10−9

median(Sγ,nb) = 0.593× 10−9 ± 0.931× 10−9

σγ,nb ∼ 3.51× 10−9

(3)

The full catalogue and non-blazars distributions have larger deviations due
to the outlying values not shown in figure 22. The median values can also be
seen to be consistently lower than the means in keeping with the histograms
being skewed right. Overall, there is nothing significantly different between the
three distributions, as shown in the K-S tables, and so investigations into this
parameter are inconclusive. As, for the three top non-blazars, 1H 0323+342 and
B2 1126+37 have values below the error margin for the mean and closer to the
median for non-blazars at about 0.738×10−9 and 0.457×10−9 photons per cm2.
As non-blazars are generally lower in gamma than blazars [6], this is logical.
M87 is stronger at approximately 1.31×10−9 photons per cm2 and this is close
to the mean for non-blazar gamma flux in 3-LAC. The higher value may be due
to M87’s proximity.

33



Figure 22: Distribution of photon flux for the top eleven candidates (blue and
Fermi-LAT 3LAC (orange). Both are normalised to unity. The x-axis range
is from 0 to 1.5 × 10−8 photons per cm2 per second as large outlying values
interfere with readability.
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6.3.2 Radio flux

Again, the radio flux distributions have some large outlying values and the
figure axes were limited to a smaller range in order to see the shapes of the
distributions. There are two particularly large values, both from radio galaxies:
the Centaurus A core and M87. The large radio flux from both of these objects
are due not only to their emission but also due to their proximity to Earth. At
342 and 138.49 Jy respectively, the flux values are an order of magnitude greater
than the rest of the catalogue. Means, medians and standard deviations in Jy
are found to be:

S̄R,c = 0.810± 0.212

median(SR,c) ∼ 0.170± 0.333

σSR,c
∼ 8.93

S̄R,t ∼ 12.9± 12.6

median(SR,t) ∼ 0.489± 18.8

σSR,t
∼ 39.7

S̄R,nb ∼ 17.4± 10.6

median(SR,nb) ∼ 1.36± 16.5

σSR,nb
∼ 61.1

(4)

The inclusion of M87 in the top objects and both the Centaurus A core
and M87 in the non-blazar group has increased the mean and median values
for the distributions as there are less objects in the group. The top objects
have a distribution similar to the catalogue but not to the non-blazars at a 1%
significance level. The top objects, apart from M87 at ≈ 138 Jy, seem to have
low radio flux whereas the non-blazars are more spread over the flux range. The
other two non-blazars of interest have much lower radio fluxes at approximately
0.614 Jy (1H 0323+342) and 0.158 Jy (B2 1126+37). Again, there does not
seem to be any correlation between radio flux and inclusion in the top eleven
candidates.
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Figure 23: Distribution of radio flux for the top eleven candidates (blue and
Fermi-LAT 3LAC (orange). Both are normalised to unity. The x-axis range is
from 0 to 2 Jy for readability.
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6.3.3 X-ray flux

The X-ray flux distribution is then plotted for the three groups in figure 23.
The catalogue distribution is skewed right and is much smoother than the other
two due to the larger amount of data. Again, the larger outlying values are not
shown in the figure for readability. Means, medians and standard deviations in
units of erg cm−2 s−1 are:

S̄X,c = 9.39× 10−12 ± 1.56× 10−12

median(SX,c) = 2.52× 10−12 ± 2.45× 10−12

σSX,c
∼ 43.3× 10−12

S̄X,t = 7.69× 10−12 ± 3.58× 10−12

median(SX,t) = 3.04× 10−12 ± 5.21× 10−12

σSX,t
∼ 8.78× 10−12

S̄X,nb = 46.5× 10−12 ± 39.9× 10−12

median(SX,nb) = 5.25× 10−12 ± 60.9× 10−12

σSX,nb
∼ 169× 10−12

(5)

If the strongest X-ray emitter in the catalogue, NGC 1275, is omitted from
the non-blazars, this mean becomes F̄X,nb ∼ 6.678× 10−12 and these values are
all the same order of magnitude. The p-values for the top objects are very high,
and so there is nothing in the X-ray flux distribution to distinguish the top
objects. Both B2 1126+37 and M87 do not have measurements of X-ray flux
available. 1H 0323+342 has a value of ≈ 12.0 × 10−12 erg cm−2 s−12, however
one cannot glean anything dependable about a group of objects from a single
value.
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Figure 24: Distribution of X-ray flux for seven of the top eleven candidates
(blue) and Fermi-LAT 3LAC (orange). Both are normalised to unity. The
x-axis range is from 0 to 0.5× 10−10 ergs per cm per second for readability.
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6.4 Spectral indices

The photon spectral indices are calculated by the Fermi Collaboration in the
gamma ray region of the electromagnetic spectrum [3]. The spectral index
contains information on how the flux varies with energy, e.g. S(E) ∝ E−α,
using the negative sign convention, where α is the spectral index. This can also
be found in terms of wavelength or frequency. The photon spectral index differs
from spectral index in that it refers to the photon spectrum, N(E), rather than
the energy spectrum and is related to spectral index by Γ = α − 1 [25]. In the
3LAC catalogue the sources are fit with both a single-power law function and
a log-parabola function. If the difference in likelihood between these fits was
large, the log-parabola fit was not discarded. All these results are shown for the
top eleven objects in table 6 and histograms for the two different indices are
shown in figures 26 and 27. The log-parabola function is found to be a good fit
for some blazars [17].

The value of the spectral index is useful as it can be used to study and
compare the flux variation in different parts of the spectrum and can help in
classification. For example in figure 25 from [3] it can be clearly seen that
FSRQs indices tend to have higher spectral indices than BL Lac objects.

Figure 25: Photon spectral index distributions as shown in the accompanying
paper for Fermi-LAT 3LAC [3]. Top: FSRQs (solid: 2LAC sources, dashed:
new3LAC sources). Second from top: BL Lacs (solid: 2LAC sources, dashed:
new 3LAC sources).
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Figure 26: Distribution of spectral index of the chosen spectral model for two
sub-groups and the Fermi-LAT 3LAC catalogue, normalised to unity.

The means and medians for the photon spectral index distributions are as
follows:

Γ̄c = 2.19± 0.00739

median(Γc) = 2.19± 0.0116

σΓc ∼ 0.311

Γ̄t = 2.07± 0.0856

median(Γt) = 2.08± 0.128

σΓt ∼ 0.271

Γ̄nb = 2.29± 0.0455

median(Γnb) = 2.32± 0.0704

σΓnb
∼ 0.265

(6)

When comparing the non-blazars with the candidate non-blazars, it can be
seen that 1H 0323+342 at 2.4379 has an index larger than the mean and median
and both B2 1126+37 and M87 are below with 2.0822 and 2.0401. The fact that
only 1H 0323+342 has a higher index and a log-parabola fit may allude to a
composite NLSy1/FSRQ nucleus [24]. The mean and rms of the FRSQ objects
in 3-LAC is given as 2.44±0.20 in [3].

Those for the photon spectral index distributions with a power law fit are:
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Figure 27: Distribution of spectral index assuming a power law spectrum for
two sub-groups and the Fermi-LAT 3LAC catalogue, normalised to unity.

Γ̄c = 2.20± 0.00741

median(Γc) = 2.22± 0.0117

σΓc
∼ 0.312

Γ̄t = 2.12± 0.105

median(Γt) = 2.08± 0.157

σΓt
∼ 0.333

Γ̄nb = 2.32± 0.0470

median(Γnb) = 2.37± 0.0728

σΓnb ∼ 0.274

(7)

All p-values indicate similar distributions at a significance level of 0.01 α.
Means and medians are also extremely similar and therefore this does not of-
fer any insight into the neutrino-emitting candidates or abnormal non-blazars.
It can be seen that the indices for B2 1126+37 and M87 are approximately
the same at 2.08 and 2.04, whereas 1H 0323+342 has a larger index at 2.81,
highlighting the fact that the log-parabola function may be a better fit to the
spectrum.
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6.5 V-band magnitudes

The final distributions investigated were visual magnitudes taken from two sep-
arate observatories - the USNO and SDSS. The former has values for 10 out
of the 11 objects, whereas the SDSS has 7, as shown in table 7. As mentioned
before, the SDSS has much less V-band data available for the catalogue objects.
For the USNO V-band magnitudes the distributions are shown in figure 28 and
means, medians and standard deviations are:

m̄c = 17.7± 0.0535

median(mc) = 18.0± 0.0841

σmc
∼ 1.98

m̄t = 15.7± 0.996

median(mt) = 15.9± 1.48

σmt
∼ 2.99

m̄nb = 14.2± 0.997

median(mnb) = 16.0± 1.53

σmnb
∼ 4.57

(8)

Figure 28: V-band magnitude distributions for the top objects, non-blazars and
3LAC. Taken from USNO.

The p-values are greater than 0.01 which shows that the distributions are
similar, however the p-value for the USNO magnitude distribution of top objects
compared to the catalogue is low, at 0.0102. It can be seen from figure 28 that
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Figure 29: V-band magnitude distributions for the top objects, non-blazars and
3LAC. Taken from the SDSS.

the catalogue distribution is skewed right, whereas the top objects distribution
does not seem to have a peak. However the discrepancy between the data from
SDSS and USNO and the lack of SDSS data mean that no conclusions can
be drawn from the low p-value. It could also be related to the fact that the
non-blazars which appear have to be extremely bright to pass selection cuts
aimed at blazars. This is backed up by the higher p-values when comparing
the candidates to the non-blazar distribution. B2 1126+37 does not have any
V-band values available but the USNO magnitudes for 1H 0323+342 and M87
are given as 12.724 and 9.3762. These values are brighter than the non-blazar
mean, which is already brighter than the other means. Again, non-blazars in
3-LAC must be extremely bright to pass the selection cuts and the proximity
of both of these objects is probably a factor in their brightness.

The statistics for the SDSS magnitudes are:
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m̄c = 17.6± 0.0593

median(mc) = 17.6± 0.0930

σmc
∼ 1.50

m̄t = 17.2± 0.531

median(mt) = 17.1± 0.773

σmt
∼ 1.30

m̄nb = 16.0± 0.858

median(mnb) = 17.4± 1.30

σmnb
∼ 2.97

(9)

The distributions are shown in figure 29. It can be seen that the distribu-
tions are more similar than those of the USNO magnitudes, as reflected by the
higher p-values. Unfortunately there are no V-band magnitudes available for
1H 0323+342, B2 1126+37 or M87 from the SDSS.

7 Conclusion

The main focus of this report was the list of eleven potentially neutrino-emitting
AGN from the study conducted by Chad Finley and Erin O’Sullivan of the Ice-
Cube Collaboration [20]. These objects, although statistically insignificant, were
interesting due to the appearance of three non-blazar candidates in the top five
when it is a common assumption that neutrinos are most likely to be produced
in blazars. The purpose was to find and collate information on similarities and
peculiarities of these objects, particularly the non-blazars candidates, to high-
light potential further areas of research and have this information available in
one document. The literature search brought up many interesting questions and
one that seemed to arise in particular was how little was known about AGN.
Whilst the theory behind the dynamics and structure of AGN is impressive
much is still unknown. In particular, whilst the unification theories of AGN
(whether by orientation, evolution or both) seems to be gaining traction, this
makes the process of classification much more complicated as classes are not as
clear cut as some astronomers would like. There are the cases of potentially
composite nuclei such as 1H 0323+342 [24], AGN that could be masquerading
as a different class such as TXS 0506+056 [21] and AGN that seem to move
from one class to another [21]. A common theme between the AGN studied was
that some ambiguity seemed to remain about their classification. As for M87, it
has been noted that there is a lot of discussion as to whether the central engine,
M87∗, is displaced or not and whether it is a binary black hole system or the
result of a merger.

Furthermore, not enough is currently known about accretion disc dynamics,
jet dynamics or how jets are produced in such a system. Another common
peculiarity seems to be abnormal jet dynamics, perhaps due to the shape of
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the magnetic field lines [11] or some sort of dual jet structure [7]. Certainly
this is an important issue to consider: whether the flares received are from
near the centre of the AGN or come from a secondary, further out source like
a jet feature. This may go some way towards explain orphan flares without
gamma counterparts. This was also relevant when discussing whether M87∗

was displaced or not. Strong emission that occasionally became brighter than
emission from the central source were thought to alter the observed photocentre
of the galaxy, seeming like a physical displacement.

The final part of this investigation, the data analysis, did not yield any
conclusive results. However, it is difficult to compare such a large data set with
such a small subgroup, especially when some values are missing. Perhaps once
more is known about the mechanisms that take place in these exotic AGN, it
would be easier to find parameters that they have in common which do not fit
the norm.

In summary, although this report would not claim to make any conclusive
findings or discoveries in the search for astrophysical neutrino sources, some
important points have been raised. Firstly, that the classification system for
AGN is not absolute and it must not be completely relied on for individual
AGN. Following on from this, it seems like non-blazars cannot be completely
discounted in the search for extragalactic neutrino-emitters. The first point
to consider is that they may be or become a blazar and the second point is
that they may have some special characteristics that allows neutrino production
separate from being a member of the blazar class. To this end, non-blazar
objects that appear in blazar-heavy catalogues (such as Fermi-LAT 3LAC) may
deserve further examination. Most intriguingly, the literature search turns up
jet abnormalities in three of the most interesting top objects. This infers that jet
features could play a role in neutrino production. Whatever the physics behind
high-energy neutrinos in relation to AGN, it is certain that linking neutrino
events and electromagnetic radiation to study astrophysical phenomena is a
very exciting step forward into an era of multimessenger astronomy.
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A Fermi data for the top eleven objects

A.1 Redshift

Name Redshift

TXS 0506+056 0
1H 0323+342 0.061
B2 1126+37 0
MG2 J112758+3620 0.884
M87 0.00428
MG2 J112910+3702 0
GB6 J0929+5013 0
S4 1716+68 0.777
4C +20.25 0.13297
RBS 1467 0.27
1ES 0927+500 0.187

Table 4: Redshifts for top 11 AGN, taken from Fermi LAT 3-LAC. Non-unique
positions are highlighted in pink and yellow. A zero redshift indicates a null
value.

A.2 Flux
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Name Flux 1-100 GeV (ph/cm2/s) Radio Flux (mJy) X-ray Flux (erg cm−1 s−1)

TXS 0506+056 6.5050916×10−9 536.54 1.82×10−12

1H 0323+342 7.378112×10−10 614.4589 1.1999999999999999×10−11

B2 1126+37 4.5685394000000006×10−10 158.0832 0.0
MG2 J112758+3620 8.878359699999999×10−10 168.5473 0.0
M87 1.3064864×10−9 138490.0 0.0
MG2 J112910+3702 4.5685394000000006×10−10 60.9107 0.0
GB6 J0929+5013 1.0267646×10−9 522.5684 9.42×10−13

S4 1716+68 9.556399×10−10 489.4462 3.04×10−12

4C +20.25 2.7469202×10−10 688.9926 6.339999999999999×10−13

RBS 1467 2.6797195×10−10 40.0515 8.48×10−12

1ES 0927+500 1.8292202×10−10 21.5622 2.6899999999999996×10−11

Table 5: Gamma ray flux, radio flux and X-ray flux for AGN of interest, taken
from Fermi LAT 3-LAC. Non-unique positions are highlighted in pink and yel-
low. The X-ray flux is 0.1 and 2.4 keV, taken from the RASS survey [19], and
0.0 indicates a null value.

49



A.3 Spectral Indices

Name Spectral Index Spectral Type Power Law Index

TXS 0506+056 2.0371 PowerLaw 2.04
1H 0323+342 2.4379 LogParabola 2.81
B2 1126+37 2.0822 PowerLaw 2.08
MG2 J112758+3620 2.3492 PowerLaw 2.35
M87 2.0401 PowerLaw 2.04
MG2 J112910+3702 2.0822 PowerLaw 2.08
GB6 J0929+5013 2.1641 PowerLaw 2.16
S4 1716+68 2.1395 LogParabola 2.25
4C +20.25 2.3123 PowerLaw 2.31
RBS 1467 1.7091 PowerLaw 1.71
1ES 0927+500 1.4469 PowerLaw 1.45

Table 6: Gamma ray region spectral indices for AGN of interest, taken from
Fermi LAT 3-LAC. Non-unique positions are highlighted in pink and yellow.
The second column shows the index found from either a power law function or
a log-parabola function and which one is used is stated in column three. The
last column shows the index found when assuming a power law spectrum.
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A.4 V-band magnitudes

Name USNO V mag SDSS V mag

TXS 0506+056 15.4308 0.0
1H 0323+342 12.724 0.0
B2 1126+37 0.0 0.0
MG2 J112758+3620 19.4018 19.65
M87 9.3762 0.0
MG2 J112910+3702 20.097 18.45
GB6 J0929+5013 16.3618 16.01
S4 1716+68 17.2506 17.1
4C +20.25 14.7653 15.91
RBS 1467 14.4968 16.11
1ES 0927+500 17.1539 17.08

Table 7: Visual magnitudes for the top 11 candidates, taken from Fermi LAT
3-LAC. Non-unique positions are highlighted in pink and yellow. The V-band
magnitudes are taken from the United States Naval Observatory and the Sloan
Digital Sky Survey respectively. The value 0.0 indicates a null value.
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