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Abstract

Abstract
Active Galactic Nuclei (AGN) are very interesting sources in the extragalactic sky. They
are the most luminous persistent objects. They are powered by a supermassive black
hole (SMBH) in the center that is accreting the mass in its vicinity. This leads to the
creation and emission of photons all across the electromagnetic spectrum through dif-
ferent processes. Thus, they are targets for a lot of different missions that collect data
at all frequencies. An important distinction within different types of AGN is the pres-
ence of a relativistic jet that most likely origins near the black hole. It consists of highly
relativistic particles like electrons and possibly protons. Multi-messenger astronomy
is a branch in astronomy that deals with different ways to probe astrophysical objects
in addition to photons. These include cosmic rays (charged particles that interact with
the atmosphere and create air showers of secondary particles), gravitational waves and
most importantly neutrinos. There are mechanisms in AGN that are promising to gen-
erate neutrinos like photomeson production in the jet.
This work focuses on a neutrino detected by the IceCube Observatory at the south
pole (i.e. IceCube-200615A) that is within the eROSITA Final Equatorial Depth Sur-
vey (eFEDS). This region of the sky was chosen by the eROSITA mission as a test region
before the start of their all-sky survey because of the good multi-wavelength coverage.
The neutrino positional error region was searched for known radio-loud sources. This
was done with the help of the catalogs WIBRaLS, KDBLLACS and 55BZCat. The source
WISE J093141.09+023616.2 is listed by WIBRaLS as a flat-spectrum radio quasar (FSRQ)
and this is the source, this work will focus on.
A spectral energy distribution (SED) across all frequencies was created with data from
many different instruments in order to obtain more information about the object. Fig-
ure 11 shows the SED of the object and a steep rise in the radio band can be seen which
indicates that a jet is present. Section 4.4 also deals with the origin of the emission at
other frequencies like the optical and X-rays. To get a better look at the γ-ray regime, an
analysis of the Fermi-LAT data was done to estimate the flux at these energies in section
4.3. Since no object was found in the latest Fermi catalog 4FGL-DR2 and no photon ex-
cess was measured, a flux upper limit was calculated to be Sγ = 1.4× 10−12 erg

cm2s1 .
There are many additional aspects of the object that can be analyzed like the optical
spectrum that is not available or estimating the luminosity of the object which provides
information about the intrinsic properties of the central engine for example. Further-
more, there are a few more candidate radio-loud AGN that are slightly outside the posi-
tional error region of the neutrino and may be worth a further investigation as potential
neutrino emitters. These methods are shown in section 5.
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Zusammenfassung

Zusammenfassung
Aktive Galaxiekerne (AGK) sind sehr interessante Quellen im extragalaktischen Him-
mel. Sie stellen die leuchtstärksten dauerhaft emittierenden Objekte im Universum
dar. Angetrieben werden sie durch ein supermassives schwarzes Loch im Zentrum
der Galaxie, das Masse in seiner Umgebung akkretiert. Dies führt zur Produktion und
Ausstrahlung von Photonen in allen Bereichen des elektromagnetischen Spektrums.
Daher sind sie auch Ziel von unterschiedlichsten Missionen in allen Frquenzbereichen.
Eine wichtige Unterteilung der AGK ist die Präsenz eines relativistischen Jets der seinen
Ursprung wahrscheinlich in der Nähe des schwarzen Loches hat. Er besteht aus hoch
relativistischen Teilchen wie Elektronen und Protonen. Multi-Messenger Astronomie
ist ein Teilbereich der Astronomie, der sich neben Photonen auch mit anderen Möglich-
keiten beschäftigt astrophysikalische Objekte zu untersuchen. Dazu gehört kosmische
Strahlung (geladene Teilchen die mit der Atmosphäre wechselwirken und Air-Showers
aus Sekundärteilchen auslösen), Gravitationswellen und am allerwichtigsten für diese
Arbeit: Neutrinos. Es gibt Prozesse in AGK die vielversprechend sind, wenn es um die
Produktion von Neutrinos geht (Produktion von Photomesonen im Jet).
Diese Arbeit konzentriert sich auf die Neutrinodetektion IceCube-200615a, detektiert
vom IceCube Neutrino Observatorium am Südpol. Diese Detektion befindet sich im
Bereich der eROSITA Final Equatorial Depth Survey (eFEDS). Dieser Bereich am Him-
mel wurde von der eROSITA Mission als Testregion ausgewählt, da er eine sehr gute
Abdeckung in vielen Wellenlängenbereichen durch andere Instrumente liefert. Der Po-
sitionsfehlerbereich der Neutriondetektion wurde nach bekannten radio-lauten Quellen
abgesucht. Dazu wurden die Kataloge WIBRaLS, KDBLLACS und 5BZCat zu Hilfe
genommen. Die Quelle WISE J093141.09+023616.2 ist in WIBRaLS als Flachspektrum
Radio-Quasar aufgeführt und auf diese Quelle wird sich diese Arbeit fokussieren.
WIBRaLS ist jedoch stark durch Objekte wie radio-leise Objekte verunreinigt.
Eine Spektralenergieverteilung (SEV) mit Daten von verschiedensten Instrumenten in
allen Frequenzbereichen wurde erstellt um mehr Informationen über die Quelle zu er-
halten. Graphik 11 zeigt die SEV des Objekts und man kann einen steilen Anstieg im
Radioband erkennen. Dies ist ein Zeichen dafür, dass es sich tatsächlich um einen
radio-lauten AGK handelt. Kapitel 4.4 behandelt auch den Ursprung der Emission
bei anderen Frequenzen wie im Optischen und Röntgenbereich. In Kapitel 4.3 wurde
eine Fermi-Analyse durchgeführt um den Fluss bei diesen Energien abschätzen zu kön-
nen. Da in dem neuesten Fermi-Katalog 4FGL-DR2 kein Objekt an dieser Stelle ge-
listet ist und kein Photonenüberschuss gemessen wurde, wurde ein Flussmaximum
Sγ = 1.4× 10−12 erg

cm2s1 errechnet.
Es gibt noch viele andere Aspekte des Objekts, die analysiert werden können, wie zum
Beispiel das optische Spektrum oder die bolometrische Leuchtkraft des Objekts, über
die man Informationen über die Eigenschaften des schwarzen Loches bestimmen kann.
Zusätzlich gibt es noch viele weitere AGK die sich im Positionsfehlerbereich des Neu-
trions befinden die potentielle Quellen darstellen.
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1 Active Galactic Nuclei

1 Active Galactic Nuclei

1.1 Structure and Classification

Figure 1: AGN unification model adopted from Beckmann and Shrader (2013). The
center of the plot shows the structure of an AGN with the different regions that emit

radiation. The lower half of the plot displays the radio-quiet AGN and the upper part
shows the types of AGN that are defined as radio-loud. The angle under which the
AGN is observed is shown by the eye indicator. This determines the type of AGN.

The most luminous persistent objects in the Universe are active galactic nuclei (AGN).
AGN are powered by spinning supermassive black holes that are located in the center
of galaxies and emit energy by accreting mass into the black hole. This radiation spans
the whole electromagnetic spectrum. Figure 1 shows the unification model of AGN cre-
ated by Beckmann and Shrader (2013). The center of the plot describes the structure of
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1 Active Galactic Nuclei

the AGN with the black hole in its center. The gravitational potential energy of matter
is converted into kinetic energy by it falling into the black hole. However, since the an-
gular momentum has to be conserved, the matter starts rotating and a disk of accreting
mass forms around the black hole. In the disk, the matter starts heating up through tur-
bulent processes and emits thermal radiation. Further away from the black hole, there
are clouds of dust, namely the broad- and narrow line region. They are responsible for
emission lines in the optical spectrum. Surrounding the central black hole, a torus of
gas and dust lies in the plane of the accretion disk. This torus absorbs a lot of radiation
from the center and obscures the sight depending on the viewing angle.
AGN are mainly separated into radio-loud and radio-quiet AGN. The decisive quan-
tity for this is the radio-loudness. It is defined as the ratio of the flux in the radio band
(ν = 5 GHz) to the flux in the optical B band at a wavelength of ∼ 4400Å. (Urry and
Paolo Padovani, 1995)

F5GHz

FB
≥ 10 (1)

Radio-loud AGN typically have a jet of relativistic particles that dominates the emission.
The jet originates from the black hole and points perpendicularly to the accretion disk
in both directions. The collimated jet can reach a length of up to several 100 kpc.

Plotting the flux density of an object as a function of the frequency of the radiation,
the spectral energy distribution (SED) is obtained. Figure 2 shows the SED of different
types of AGN. It also shows the origin of the emission in the different energy bands.
The SED of non-jetted AGN consists of the emission of the different components like
the accretion disk in the X-rays. The resulting SED of a non-jetted AGN is shown as a
thick black line. Jetted AGN are dominated by the jet emission and the final SED shows
almost no sign of the emission from other components which can be seen in figure 3. In
the radio band, there is a distinct difference between jetted and non-jetted AGN. Jetted
AGN show a very steep increase whereas non-jetted AGN show a very slow increase
that steepens at higher frequencies.

1.2 Blazars
Figure 1 also shows how the classification of AGN is dependant on the angle under
which it is observed. Most important for this work are blazars. Blazars are radio-loud
AGN with a jet that is aligned with the line of sight of the observer. There are two types
of blazars: Flat Spectrum Radio Quasars (FSRQ) that have broad emission lines in the
optical spectrum and BL Lac objects that show a featureless spectrum in the optical and
are typically fainter in the radio band than FSRQs.
Characteristic for both types of blazars is the double hump structure in their SED that
can be seen in figure 3.

The first hump is caused by synchrotron emission from the charged particles in the rel-
ativistic jet. It is located at far UV frequencies up to the X-ray regime. Depending on
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1 Active Galactic Nuclei

Figure 2: General spectral energy distribution of an AGN from P. Padovani et al.
(2017). It shows the difference in the SEDs of the different types of AGN. For Example
the thick red line and the dotted grey line show the emission of the jet of HSP and LSP

blazars respectively. The SED of those objects is dominated by the jet emission. The
colored lines show the emission that originates from the different parts of the AGN. In
the case of a non-jetted AGN the resulting SED only consists of these parts. This results

in a SED looking like the thick black line.
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1 Active Galactic Nuclei

Figure 3: Spectral energy distribution of a typical blazar adapted from Abdo et al.
(2010). The first hump is the synchrotron peak at far ultraviolet to X-ray frequencies.
The origin of the second hump is not known. It lies at X-ray to the γ-ray frequencies.
Jetted AGNs can be divided into three subclasses depending on the position of the

synchrotron peak. Low synchroton peaked AGN (LSPs) for a peak frequency
νpeak < 1014 Hz, intermediate synchrotron peaked AGN (ISPs) for peak frecuencies

1014 Hz < νpeak < 1015 Hz and high synchrotron peaked AGN (HSPs) for peak
frequencies νpeak > 1015 Hz
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1 Active Galactic Nuclei

the frequency of the synchrotron peak, radio-loud AGN can be classified as low syn-
chrotron peaked (LSPs) or high synchrotron peaked (HSPs). A LSP has its synchrotron
peak at a peak frequency νpeak < 1014 Hz, a HSP at νpeak < 1015 Hz. AGNs with a peak
frequency between these values are called intermediate synchrotron peaked (ISPs) as
shown in Abdo et al. (2010). Typical SED shapes of the different types are shown in
figure 3.
The origin of the second hump is still subject of research. There are leptonic models that
describe the hump as the inverse Compton scattering of the synchrotron photons on the
charged particles that created them. This is referred to as the synchrotron self Compton
model (SSC). The other suggestions are hadronic models that discuss protons or heavier
nuclei in the jet as the source for the radiation.
The Universe is constantly expanding, which means everything is getting farther away
from each other. An exception from that are gravitationally or electromagnetically
bound systems like galaxies or atoms. Photons on the other hand are affected by the
expansion. This leads to a growing wavelength the longer the photons travels. The
resulting redshift z is a measure of how far an object is away. It can be determined
spectroscopicly if the optical spectrum has been measured. The emission lines of cer-
tain elements or molecules are always at the same rest frame wavelength. If the object
originating this lines is located at a high redshift, the emission lines will be shifted to a
higher wavelength due to the Doppler effect. This shift can be measured and used to
calculate the distance to the object. If the optical spectrum of an object is not available,
the redshift is estimated using photometric methods. This can be done for instance with
a χ2 test to compare the expected SED to the observed data.

1.3 Fermi Large Area Telescope
One telescope that observes blazars in the γ-ray band is the Large Area Telescope (LAT)
on board of the Fermi Gamma-ray Space Telescope. The LAT went online on August 13
2008 and is since then scanning the sky in an all-sky survey. One survey takes the
instrument ∼3 hours. It observes the sky at energies between 20 MeV and 300 GeV. At
low energies up to 100 MeV however, the effective area is low. The LAT is an imaging,
wide-field-of-view telescope that detects γ-rays through pair-production (Atwood et al.,
2009). It consists of a 4 x 4 array of detectors that can be seen in figure 4. The e− − e+
production takes place in the converter-tracker module that consists of tungsten because
the conversion probability is proportional to the atomic number ∝ Z2.

The analysis of Fermi-LAT data is done with the help of the python package Fermipy.
It performs the data and model preparation with commands like ’gtmktime’ and ’gts-
elect’. Furthermore it helps finding new source candidates in the region of interest or
localize and fit the spatial extension of a source. For this work the version Fermipy 1.0.1
was used.
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1 Active Galactic Nuclei

Figure 4: Tower array of the Fermi-LAT adapted from Atwood et al. (2009). The
schematic shows one of the towers in detail. It consists of multiple layers of tungsten

since heavy elements facilitate the production of electron-positron pairs.

6



2 Multi-messenger Astronomy

2 Multi-messenger Astronomy
In multi-messenger astronomy, not only photons are observed as probes of astrophysi-
cal objects. Other ways to probe objects are cosmic rays, gravitational waves and neu-
trinos.
Cosmic rays are charged particles like protons and ions. Their origin is still being re-
searched. They interact with atoms and molecules in the atmosphere and create air
showers of secondary particles. Gravitational waves are ripples in the curvature of
space-time that are created by cosmological events like the merging of black holes. They
can be detected by interferometer experiments like the Laser Interferometer Gravitational-
waves Observatory (LIGO) in Nort America and the Laser Interferometer Space An-
tenna (LISA) that is planned to launch in the early 2030s. Most important for this work
are neutrinos. In 2017, a candidate-neutrino detection coincided with an active phase of
the blazar TXS 0506+056. The subsequent multi-wavelength study lead to a significance
of 3.5σ for the neutrino to come from the direction of TXS 0506+056 (IceCube Collabo-
ration et al., 2018). This put forward blazars as a promising source class of extragalactic
neutrino emitters.

2.1 Neutrinos
Neutrinos are elementary particles in the standard model of particle physics. They are
chargeless leptons with a spin of sν = 1/2, therefore they are fermions. There are three
flavours of neutrinos corresponding to their lepton counterparts, the electron-neutrino,
the muon-neutrino and the tauon-neutrino.
Since neutrinos do not have a charge, they do not interact with other particles through
the electromagnetic force. They are also unaffected by the strong nuclear force and
therefore only interact with other particles through the weak nuclear force. This leads
to a mean free path λ for neutrinos depending on the neutrino energy that is much larger
than the radius of the Earth. This makes the detection of neutrinos a difficult process.
On Earth, neutrinos are produced in nuclear reactors as a result of decaying atomic
nuclei or in particle accelerators. Non human-made neutrinos are produced by the Sun
or when cosmic rays interact with the atmosphere. More interesting for this work are
extragalactic neutrinos with much higher energies (TeV-PeV). Their origin is still being
researched and since the before mentioned TXS 0506+05 neutrino, blazars are promising
sources of high-energy neutrinos. The production most likely happens in the jet of the
AGN. There, hadronuclear (pp) and photohadronic (pγ) processes create π-mesons that
in the end decay into neutrinos (Murase, Guetta, and Ahlers, 2016). Equations 2 and 3
describe the production of π-mesons and their decay into neutrinos.

p+ γ → ∆± →

{
π0 + p

π± + n
(2)
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2 Multi-messenger Astronomy

π± → µ± + νµ(ν̄µ)→ e± + νe(ν̄e) + ν̄µ + νµ (3)

π0-mesons decay into high-energy γ-rays that further tightens the connection to the TXS
0506+056 γ-ray blazar (Katz and Spiering, 2012).

2.2 IceCube Neutrino Observatory

Figure 5: Structure of the IceCube Neutrino Observatory at the south pole, adopted
from Aartsen et al. (2017). The observatory consists of 5160 Digital Optical Modules

(DOMs) that are located between 1450 m and 2450 m. The DOMs detect the Cherenkov
light emitted by a muon that is created when an incoming neutrino interacts with a

nucleus in the ice.

In section 2.1 it was mentioned that neutrinos only interact with other particles through
the weak nuclear force, which leads to very small cross-section. Therefore, the detection
of neutrinos requires a instrument with a large volume. In 2011 the construction of the
IceCube Neutrino Observatory at the South Pole was completed. Its purpose is to detect
astrophysical neutrinos (TeV to PeV) of all flavors and determine their origin in the sky.
To do so, it consists of 5160 Digital Optical Models (DOMs) that are embedded into the
ice at a depth between 1450 m and 2450 m as shown in figure 5. Additionally, The Deep-
Core module consists of 480 special DOMs that are positioned in a way to optimally
detect neutrinos at energies ranging from 10 GeV to 100 GeV. There are two fundamen-
tal detection methods that form the signatures of neutrinos in IceCube. First, track-like
events: When an incoming neutrino interacts with a nucleus in the polar ice, a muon
is produced that moves through the surrounding ice with a velocity greater than the
speed of light in ice. This leads to a cone of Cherenkov radiation along the track of the
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2 Multi-messenger Astronomy

particle. The Cherenkov photons are then detected by the DOMs. The DOM consists
of a sphere, that inhabits a downward facing photomultiplier tube (PMT). The detected
photons are processed at the main board of the DOM and sent to the laboratory at the
surface. Above a muon energy threshold of 1 TeV, it constantly loses energy trough ra-
diation, that has a strong statistical variability. This leads to a large energy error for
track-like neutrinos.
The other typical neutrino signature is the detection of electromagnetic and hadronic
showers resulting from the interaction of all flavor neutrinos with nuclei. These kind of
events lead to a more spherical light detection in the DOM. The detected light output of
the shower is directly dependant on the energy of the shower particles. This leads to a
more precise reconstruction of the neutrino energy as Aartsen et al. (2017) suggests.
IceCube has a real time alert system implemented, so follow-up observations of the
neutrino regions can be done swiftly. There are two kinds of alerts that specify the
probability of the neutrino to be astrophysical. Gold alerts are neutrino alerts that have
a probability of 50% or higher to be of astrophysical origin. There are ∼10 Gold alerts
per year. Neutrinos that have a probability between 30 to 50% to be astrophysical are
called Bronze alerts of which there are ∼30 per year.
After such an alert, there are several ground and space based instruments that follow-up
the event. They are looking for sources that are within the neutrino positional error that
could potentially be the source of the particle. It may be also interesting if the source has
an unusual high flux in a specific energy band. Such flaring states are very interesting as
potential neutrino sources since the exact mechanisms of how neutrinos are produced
in astrophysical objects are still being researched.

2.3 Status of Art
As aforementioned, the blazar TXS 0506+056 was the first correlation of a detected neu-
trino and a blazar with a significance of 3.5σ. The blazar was in a flaring state in the
γ-ray regime and the production processes hint towards a correlation between the pro-
duction of γ-rays and high-energy extragalactic neutrinos (IceCube Collaboration et al.,
2018).
However, Yuan, Murase, and Mészáros (2020) suggests that neutrinos produced by γ-
ray blazars are not the dominant fraction of the isotropic neutrino flux. There are several
works that support the claim that blazars do not have to be active in the γ-ray band to
be high-energy neutrino sources.

Plavin et al. (2021) suggests that high-energy neutrinos are produced within the central
regions of radio-loud blazars. Figure 6 shows the production process of neutrinos in
radio-loud blazars as described in Plavin et al. (2021). The relativistic electrons in the
jet emit synchrotron radiation at radio energies. These photons undergo SSC scattering
and their energy is increased to hard X-rays (keV-MeV). Relativistic protons can interact
with the photons in the X-ray band and produce π-mesons via photohadronic processes.

9



2 Multi-messenger Astronomy

Figure 6: Relativistic electrons produce synchrotron emission in the radio band that is
scattered to X-rays by synchrotron self Compton scattering. The higher energy photons

can interact with relativistic protons in the jet to produce π-mesons that decay into
neutrinos. Adapted from Plavin et al. (2021).

The decay of the π-mesons produce neutrinos that can be detected by IceCube and high-
energy γ-rays in the TeV band.
Murase, Guetta, and Ahlers (2016) gives an explanation why these high-energy photons
are not detected. The γ-rays interact with target photons in the object itself, undergo
e− − e+ pair-production and can not escape the source. The high-energy photons that
do escape the object, interact with photons on their way and create cascades that lead
to photons that appear in the high keV to MeV band.
Mastichiadis and Petropoulou (2021) deals with the production of neutrinos in blazars
in correlation with hadronic X-ray flares, which means blazars with a jet that contains
relativistic protons. The synchrotron radiation emitted by these protons powers the X-
ray flares. If the photons have a sufficient energy, they can interact with the protons and
create π-mesons that decay into high-energy neutrinos. This process is also accompa-
nied by MeV γ-rays and not detectable at higher energies.
These are just examples that encourage the search for neutrino counterpart blazars in
the MeV and X-ray band. However, there are no missions that provide information at
MeV energies. Therefore, it is helpful to look at the X-ray band to determine whether
a blazar is a potential neutrino-rich source or not. This raises the need for good instru-
ments and surveys that deliver data in these bands.
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3 eROSITA and eFEDs

3.1 eROSITA
In 2019, the Spectrum-Roentgen-Gamma mission was launched and aboard is the Roent-
gen telescope extended ROentgen Survey with an Imaging Telescope Array (eROSITA).
It is the successor telescope of the ROSAT mission which observed the sky in the 0.5 to

Figure 7: Effective are times the field of view plotted against the energy of the
incoming photons. eROSITA (full line) compared to its predecessor ROSAT (dotted
line) and another x-ray instrument XMM-Newton (dashed line). eROSITA performs

better than the other two instruments in the energy band around 1 keV. ROSITA
performs a little bit better at very soft x-rays but it has a gap at ≈ 0.3 keV and stops at
≈ 1.1 keV. XMM-Newton performs worse than eROSITA at all energies besides at hard

X-rays. (Predehl, 2014)

2 keV band. eROSITA is about 30 times more sensitive at these energies and is able to
additionally observe the X-ray regime up to 8 keV. For the first four years of its mission,
eROSITA will do an all-sky survey, scanning the sky a total of eight times. After the
all-sky survey, eROSITA will do three years of pointed observation. The main goal of
the mission is to look for galaxy clusters and therefore study the large scale structures
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3 eROSITA and eFEDs

of our Universe. Besides this, eROSITA will detect a large number of AGN (Predehl
(2014) approximates about 3 Million AGN) that are especially interesting when looking
for astrophysical neutrinos.
Figure 7 compares the grasp of eROSITA, which is the effective area times the field of
view with two other missions: the predecessor instrument ROSAT and another X-ray
instrument XMM-Newton. The Graph shows that eROSITA performs better than XMM-
Newton in all energy bands except of the hard X-rays above 3 keV. ROSAT on the other
hand does not even span the whole energy range and only performs at energies up to
≈ 0.3 keV and between ≈ 0.4 and ≈ 1.1 keV. This makes eROSITA the best operational
mission to do an all-sky survey in the whole X-ray regime.
The instrument consists of seven identical X-ray telescopes that are positioned in a
hexagonal shape. Each telescope is made of 54 mirror-shells that have a diameter of
360 mm and a common focal length of 1600 mm. Behind the mirrors, each telescope has
a CCD-camera that has a field of view of 1◦.03 (Predehl, 2014).

3.2 eFEDs
Before its planned all-sky survey, eROSITA observed a region of the sky for four days to
test whether the instrument is working as planned. This region is called the eROSITA
Final Equatorial Depth Survey (eFEDS). eFEDS can be seen in figure 8 with its area of
142 deg2 and is centered at a right ascension RA = 136◦ and a declination Dec = 1.5◦.
The reason this region of the sky was chosen as testing ground is that it provides one
of the best multi-wavelength coverages for an extragalactic field of this size as Brun-
ner et al. (2021) suggests. For example, it lies within an area that has very deep near
infrared and optical imaging done by the KIDS-VIKING and DESI Legacy Imaging sur-
vey among others. Additionally, it was near the initial position of eROSITA so it was
observable in the short time before the all-sky survey.
Brunner et al. (2021) reports a total count of 27910 X-ray sources in eFEDS. Among
those, there are 21952 candidate AGN (T. Liu et al., 2021) which makes up 70% of the
population. They are dominated by X-ray unobscured (NH < 21.5) sources with a mean
power-law slope of 1.94±0.22. About 3% of the eFEDS sources are located at the edge of
the field. These sources should be avoided for further analysis because they suffer from
shorter exposure, higher vignetting and a higher background. The DESI Legacy Imag-
ing Survey DR8 (Dey et al., 2019, LS8) was used to look for counterparts of the eFEDS
sources in the optical. Two independent methods were used to analyse whether a source
from LS8 is a counterpart or not (a Bayesian method and a maximum-likelihood analy-
sis). If both methods agree on the same counterpart, the CTP_quality is greater or equal
than three. These counterparts are safe for further analysis. If the methods find different
counterparts, the counterpart is still reliable but there is a secondary counterpart candi-
date. These sources have a CTP_quality=2. Sources with a CTP_quality lower than 2
have no secure counterpart in the LS8 and are not taken into consideration for further
analysis.
Another important difference between sources is whether they are positioned in our
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3 eROSITA and eFEDs

Figure 8: Picture of the eROSITA Final Equatorial Depth Survey (eFEDS). The region is
centered at RA = 136◦ deg and Dec = 1.5◦ deg which results in an area of 142 deg2.

(Adapted from A. Liu et al. (2021))

local galaxy or are extragalactic. There are 2822 sources that are classified as either
"Likely" or "Secure" galactic which are treated as stars. There is still a chance that there
are extragalactic compact objects in this class mentions T. Liu et al. (2021). The red-
shift of the eFEDS objects was measured using the optical spectrum if available. These
sources with spectroscopic redshift have a redshift grade zG = 5 (spec-z). In Salvato
et al. (2021) the photometric redshift for the objects without optical spectrum are calcu-
lated. This is done using two different methods, a SED fitting method and a machine
learning method. If both methods agree, zG = 4 for these kinds of sources which cor-
responds to a reliable redshift. Objects marked as galactic have zG = 4 by definition
because both methods set their redshift to zero. If the methods disagree on a redshift,
zG < 4 and not reliable. It has to be mentioned that photometric redshifts in general
are not nearly as reliable as spectroscopic redshifts, especially for AGNs. When trying
to find the redshift through SED fitting, each data point is redshift dependant because
it consists of a flux of photons that experienced the redshift. Additionally, there are ef-
fects like dust extinction and variability which is a typical characteristic for AGN. This
especially results in a problem when the data points are taken at different times since
the flux is changing over time.
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4 The Neutrino IceCube-200615A

4.1 Position in the eFEDS Field
On June 15 2020, the IceCube Observatory detected a neutrino at 14:49:17 Greenwich

Mean Time. The position of the neutrino is RA = (142.95
+1.18
−1.45

) deg and

Dec = (3.66
+1.19
−1.06

) deg. The error is the statistical error of the neutrino detection. Ho-

vatta, T. et al. (2021) suggests that in addition to the statistical error ∆stat of the neutrino,
the systematic error ∆ψ of the observatory has to be taken into account. The resulting
uncertainty is given by

√
∆2

stat + ∆ψ2. The red ellipse in figure 9 shows neutrino posi-
tional error region with a systematic error of ∆ψ = 1 deg. It is a Gold alert and therefore
the energy of the neutrino is above 100 TeV. Interestingly, the neutrino lies within the
eFEDS field which provides a good coverage in the X-ray regime. Furthermore, since

Figure 9: Plot of all eROSITA X-ray AGN in the eFEDS region (Blue squares). There are
in total 21952 candidate AGN. The black cross in the upper right marks the position of

the neutrino IceCube-200615A. The red ellipse around the neutrino detection is the
positional error region of the neutrino with all eROSITA AGN marked with red

squares.
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the eFEDS field was specifically chosen because of its good multi-wavelength coverage,
there are plenty of other instruments that provide information about objects within the
field. Figure 9 shows the position of the neutrino IceCube-200615A in the eFEDS re-
gion which is the black cross in the upper right of the field. The blue squares indicate
AGN that lie within the eFEDS field but not directly at the edge. The red squares mark
eFEDS AGN that are within the neutrino positional error and are therefore potential
counterparts for the neutrino detection.

4.2 Potential Counterparts

Name RA [deg] Dec [deg] Sep. [deg] Suggested Type
WISE J093141.09+023616.2 142.92121 +2.6045 1.06 FSRQ
WISE J092706.83+042722.1 141.77848 +4.4562 1.42 BL Lac
CRATES J092810+024118 142.04621 +2.6891 1.33 FSRQ

5BZQ J0924+0309 141.06125 +3.1502 1.96 FSRQ

Table 1: Candidate radio-loud objects near the neutrino detection IceCube-200615A.
The separation is the distance from the object to the best position of the neutrino

detection. This work focuses on the object WISE J093141.09+023616.2 because it is
located closest to the neutrino. Column 1 shows the name of the object. Columns 2 and

3 show the coordinates. Column 4 shows the distance of the object to the neutrino
detection IceCube-200615A and column 5 shows the type of AGN that is suggested by

the corresponding catalog.

Out of all AGN in the error region, this work focuses only on the radio-loud (i.e. the
jetted) objects. To check if an AGN is radio-loud or radio-quiet, the flux and therefore
counterparts in the optical and in the radio band are needed (e.g. section 1). eROSITA
and eFEDS in particular is a very deep survey compared to other missions and detects
objects with a very faint flux. This results in many objects that are detected by eROSITA
that do not have many counterparts in other bands. This makes the classification of the
radio-loudness a hard task to accomplish. Fortunately, there are catalogs that focus on
including radio-loud AGN like 5BZCat (Massaro et al., 2008) or WIBRaLS, KDEBLLACS
(D’Abrusco et al., 2019) and CRATES (Healey et al., 2007).

In these catalogs, there are three objects that are within the neutrino positional error
that are listed in table 1. Figure 10 shows the position of these objects. Although the
5BZCat source 5BZQ J0924+0309 is outside of the positional error region, it is still in-
cluded in the table as an interesting source for further analysis because 5BZCat is a very
pure catalog and the source is almost within the error. It is marked as a magenta cross
in figure 10. The green cross marks the FSRQ CRATES J0982810+024118. The yellow
cross indicates the position of the KDBLLACS BL Lac WISE J092706.83+042722.1. WISE
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Figure 10: 90% neutrino positional error region. The black cross marks the best
position of the neutrino IceCube-200615A. The red squares in the ellipse indicate AGN

in the eFEDS region observed by eROSITA. The blue cross at the bottom edge of the
error region marks the WISE source WISE J093141.09+023616.2. It is the closest object

to the neutrino in this region and was chosen as primary subject for further analysis in
this work. The other crosses mark candidate radio-loud sources from the catalogs

55BZCat, KDBLLACS, WIBRaLS and CRATES that are interesting for future analysis.
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J0931341.09+023616.2 is marked as a blue cross at the bottom of the region. It is located
at RA = 142.9212 deg and Dec = 2.6045 deg and is chosen as the primary subject of this
work because it is closest to the neutrino detection. The red ellipse marks the edge of
the 90% neutrino positional error region, i.e. the probability of the neutrino origin to be
in this region is 90%. The black cross in the center indicates the best position of the neu-
trino IceCube-200615A. The red squares within the ellipse are AGN that are observed
by eROSITA.
WISE J093141.09+023616.2 is listed in WIBRaLS as a possible blazar, more specifically a
FSRQ. WIBRaLS is only a catalog of blazar candidates. However, Menezes et al. (2019)
did an optical characterization of the objects in WIBRaLS and KDEBLLACS and came
to the conclusion that 30% of the objects in WIBRaLS are secure blazars. There is a con-
tamination of ∼60% by quasi-stellar objects (QSO). A significant amount of these QSOs
may have a flat spectrum and therefore be FSRQs. This increases the amount of pos-
sible blazars to up to ∼80%. A way to make sure what kind of object is observed is
to look at the SED since blazars show the typical double hump structure (e.g. in chap-
ter 1). Figure 11 shows the SED of the object WISE J093141.09+023616. The data from
the different instruments were taken from the corresponding catalogs and converted
into the flux density unit erg cm−2 s−1. Looking for counterparts of the WISE source in
the eFEDS AGN catalog, results in one source. They are 1.75 arcsec apart which makes
it very likely that the two sources are the same object. The object has a CTP_quality
of 4 which provides a reliable counterpart in the optical LS8 catalog. Unfortunately,
LS8 does not provide a spectrum for the source, neither does SDSS (Sloan Digital Sky
Survey)(Blanton et al., 2017) nor LAMOST (Large Sky Area Multi-Object Fibre Spectro-
scopic Telescope)(Zhao et al., 2012). Thus, it is not possible to obtain a spectroscopic
redshift value for the object and the unreliable photometric redshift z = 1.914 has to be
used. eFEDS provides a value of the flux between 0.5 and 2 keV and between 2.3 and
5 keV that can be seen in figure 11. At the position of the source no object is listed in the
latest catalog of the Fermi-LAT 4FGL-DR2. Therefore, a Fermipy analysis was done to
check whether there is a faint signal or only an upper limit can be estimated.

4.3 Fermi Analysis
First, the data were collected from the Fermi-LAT in the region around the object. The
region of interest is a square with a sidelength of 10 deg centered around the position
of the WISE source. Only photons in the energy range from 0.1 to 300 GeV are used for
the analysis. The data was further filtered by only taking into account events with an
’evclass = 128’ and an ’evtype = 3’. This makes sure that the event is a photon that is
detected either as a front or back event. The gtmaketime function of the Fermi Science
Tools makes sure that the data are scientifically valid, i.e. that the data is taken only
during good time intervals. Bad time intervals are for example when the instrument is
above the South Atlantic Anomaly, where a great amount of charged particles results
in very high fluxes that would saturate the detectors of the instrument and shorten the
lifetime of the LAT. Reason for the anomaly is the geometry of the earth and its mag-
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Figure 11: Spectral energy distribution of the object WISE J093141.09+023616.2. The
data was taken from the corresponding catalogs. At this location, there are no

Fermi-LAT sources in the 4FGL-DR2 catalog. Therefore a Fermi analysis was done at
this location which yields an upper limit for the flux.
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netic field.
In order to get only the good time intervals, the events with a ’DATA_QUAL > 0’ and
’LAT_CONFIG = 1’ are taken into account. Data at a zenith angle larger than 90 deg is
also discarded. At high zenith angles, the data is contaminated with atmospheric γ-rays
that are produced when cosmic rays interact with particles in the atmosphere. The next
step in the Fermi analysis is to create a model that includes all the point sources in the
region of interest. This is done by the Fermipy software that helps with the analysis of
Fermi data. It creates a XML file that includes all the point sources within the region
of interest from the Fermi catalog 4FGL (Abdollahi et al., 2020). It also includes the po-
sition, spectral type, and the values of the corresponding fit parameters. The model
also contains information about the diffuse emission. There is the diffuse galactic emis-
sion that has its origin in cosmic rays that interact with interstellar light matter and
low-energy photon fields in our galaxy. The extragalactic part is called diffuse isotropic
emission. It is composed of unresolved astrophysical components (e.g. star formation
galaxies and unresolved blazars), instrument residuals and possibly radiation from new
physics (i.e. physical phenomena like dark matter).
Now, a maximum likelihood analysis can be done. Each pixel in the region of interest
has an expcected number of counts from the model. The Poisson likelihood (Compare
Eq. 4) to measure the observed number of counts in each pixel is computed.

f(n, λ) =
λn

n!
e−λ (4)

f(n, λ) is the probability that n counts are observed in a pixel in which the model pre-
dicts λ counts. The product of the probability of each pixel gives the likelihood that
exactly as many counts are observed given a specific model. The likelihood is still de-
pendent on a finite amount of free parameters that can be varied to get the maximum
likelihood which is the best fit model.
There still are deviations of the observed data from the model. These deviations are
shown in the residual map (Fig. 12a). It shows the difference of predicted counts to the
observed counts in significances, i.e. how likely it is that such a deviation occurs. There
are regions of low significance residuals which are scattered around the region of inter-
est. They come from deviations in the diffuse emission and can be neglected as long as
they are not clumped or significant. There are no spots in the region of interest with a
significance higher than ∼3. This indicates that the model of the region of interest fits
the data adequately.

Figure 12b shows the test statistic (TS) map of the region of interest with the object WISE
J093141.09+023616.2 excluded from the model. The TS is a measure of how likely it is
that a truly astrophysical signal is at a certain position.

TS = −2 log(
Lmax,0
Lmax,1

) (5)
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(a) Residual map of the region of interest. It
shows the difference of counts in each pixel to

the predicted counts of the model. The low
significance spots of residuals are due to small
variations of the diffuse emission. They can be

neglected as long as they are not too big

(b) TS map of the region of interest. The test
statistic (TS) is a measure how probable it is
that an object is truly at a specific position. It
compares the likelihood of a model where the
object is excluded to the likelihood of a model

with the object included.

Figure 12: Residual map and TS map of the region of interest around the WISE object
J093141.09+023616.2 at RA = 142.9212 and Dec = 2.6045. The region of interest has a

sidelength of 10 deg.

Lmax,0 is the maximum likelihood value for the model without the object of interest.
Lmax,1 on the other hand is the maximum likelihood value with the object included in
the model. Thus TS is a monotonically increasing quantity with growing Lmax,1. A high
value of TS means a high probability that a source is at that location. The TS at the
center of figure 12b is close to zero. Therefore, it is very unlikely that there is an object
that emits γ-radiation. An upper limit of the γ-ray photon flux was estimated to be

Fγ = 1.1× 10−9
photons

cm2s

The upper limit marks the flux density threshold the object has to emit to be detected
by the Fermi-LAT. It depends on the position of the sky and the energy of the incoming
photons because both affect the effectiveness of the instrument. This is determined by
the Instrument Response Functions (IRFs).
This value can be used to calculate the γ-ray energy flux Sγ with the formula from G.
Ghisellini, Maraschi, and Tavecchio (2009).

Sγ = hν1Fγ ln(
ν2
ν1

) (6)
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ν1 and ν2 are the frequencies between those the flux is determined and Fγ is the Fermi
photon flux. The resulting energy flux for WISE J093141.09+023616.2 is calculated to be

Sγ = 1.4× 10−12
erg

cm2s
which is shown in figure 11. The Fermi-LAT 4FGL-DR2 catalog includes all the data
from 10 years of survey. There are several earlier catalogs with less data that have to
be checked whether there is a source at this position. If the object is fainter today than
it was up to the point 2FGL (2 years of data collection) was released, the overall flux
density in the newest catalog will be lower than in 2FGL. Therefore, the catalogs 1FGL
(1 year of data collection), 2FGL, 3FGL (4 years of data collection) and 4FGL (8 years
of data collection) were checked whether a source is located in correlation with WISE
J093141.09+023616.2. No catalog included a source within the 95% confidence region of
Fermi.
Additionally, the Energetic Gamma Ray Experiment Telescope (EGRET) catalog was
checked. It also did not yield an object. This further consolidates that the upper limit
determined by this work is the highest flux density the object can have over the last 13
years of time integration. Otherwise, it would have been detected by one of the missions
and included in one of the checked catalogs.

4.4 Multi Wavelength Section
Figure 11 shows the multi wavelength data of WISE J093141.09+023616.2. The flux den-
sity is plotted against the frequency of the detected photons. The object can be classified
by comparing the data to the general SED in figure 2 from P. Padovani et al. (2017).
Starting with the radio band, the data from the surveys FIRST (White et al., 1997), NVSS
(Condon et al., 1998), CLASSSCAT (Myers et al., 2003), GB6 (Gregory et al., 2001) and
PMN (Griffith et al., 1994) in figure 11 show a steep increase in flux. Comparing this to
the radio band in figure 2, it shows that the observed object most likely possesses a jet.
A non-jetted AGN would show a much softer rise in flux. Fitting the data between the
radio and infrared band yields a peak at a frequency ∼ 1013 Hz which corresponds to a
low synchrotron peaked AGN (Compare figure 3).
At frequencies between 1014 and 1015 Hz, the SED shows a narrow peak. Figure 2 shows,
that this corresponds to the emission of the accretion disk that is shown as a thick blue
line. This emission generally peaks in the far optical and UV band and is therefore called
the big blue bump (P. Padovani et al., 2017). However, this emission could also be due to
emission from the host galaxy. Unfortunately, without a secure estimate of the distance
of the object, no reliable statement about the origin can be done. At frequencies below
the big blue bump, the flux in figure 2 seems to rise. Comparison with the general SED
makes it clear, that this rise is due to the emission from the dusty torus around the AGN
that is shown in figure 1.
Radiation emitted by the accretion disk passes through the dusty torus and is partly
absorbed. The rest of the radiation that interacts with the particles in the torus is repro-
cessed and re-emitted in a lower energy band. Since the emission from the accretion
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disk is prominent, it is plausible that there also is strong emission from the dusty torus
in the mid to far infrared. This is of course dependent on the position of the observer. If
the object was observed from the where the torus is between the observer and the nu-
cleus, the dusty torus would absorb most of the emission in this direction and the SED
would show no flux at this band. In a blazar, the emission of the jet mostly dominates
the SED. In this case however, the jet emission is only visible in the radio band, where
no other mechanism contributes to the emission.
This leads to the conclusion that the object has a jet which is however not very domi-
nant. Thus, the emission of other parts of the AGN such as the accretion disk are the
prominent features that dominate the SED. Following the assumption that the object is
a low synchrotron peaked AGN, shows that the flux at high γ-rays is very low. This
is consistent with the Fermi analysis that yields no detectable flux in this energy band.
Figure 2 also shows that the second peak of the jet emission would have its maximum in
the low energy γ-ray band i.e. in the MeV band. As mentioned in section 2.1, there are
no currently operating missions that observe the sky at these energies, therefore there is
no way to observe the second peak in the near future. The x-ray data from eROSITA is
at low keV energies, which corresponds to a frequency of ∼ 1018 Hz. Comparing this to
figure 2 shows that this emission is most likely due to the jet or the hot corona around
the accretion disk. The data is too sparse to be sure what the origin of this emission is.
The SED in general has a lot of gaps where no data points are acquired, mostly due to
a poor coverage at energies like MeV. Section 5 gives an overview on what can be done
in the future to improve our knowledge of this object.

5 Future Perspectives
The sections up until now show the analysis that was done so far to classify the object
WISE J093141.09+023616.2. It is the same procedure that is done to analyse other poten-
tial neutrino counterparts. However, there still is much work to do to be able to create
a complete picture of the properties of the object. The final goal is to shed light at the
likelihood that the neutrino IceCube-200615A originates from this source.
The first thing that has to be clarified is the redshift. In section 3.2 the difference between
photometric and spectroscopic redshift was explained. The photometric redshift listed
in the eFEDS AGN catalog z = 1.914 is not reliable for further analysis that requires the
redshift. An optical telescope could be used to observe the object and create the optical
spectrum. The emission and absorption lines in the optical spectrum are also shifted
by the redshift of the object. Since the rest-frame positions of the lines are known, the
redshift can be determined much more reliably than photometrically.
The optical spectrum also provides more insight about the class of AGN the object be-
longs to. For example, if the object is a BL Lac, the optical spectrum would show no
emission lines and the spectrum would be featureless. Additionally, the spectrum pro-
vides the flux at 4400Å which is needed to determine whether the source truly is radio-
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loud or radio-quiet. For now, it is quite promising to be a radio-loud object since a
non-jetted AGN would not have such a steep increase in flux in the radio band that can
be seen in figure 11. Information about the type of object can also be obtained from the
morphology of the host galaxy (e.g. elliptic galaxies in general contain more radio-loud
AGN than spiral galaxies).
Besides the optical spectrum, the X-ray spectrum can also be determined. This helps to
identify the origin of the emission in the X-ray band in figure 11. Figure 2 shows in the
X-rays that we have a steeply rising component that comes from the LSP jet and a more
or less constant part that comes from the hot corona around the accretion disk. Obtain-
ing the slope of the X-ray spectrum would give more information about the origin of
the X-ray emission. Another important quantity that can be computed is the bolometric
luminosity L of the object. It describes the energy that is emitted through radiation per
second. The bolometric luminosity is an intrinsic property of an astrophysical object
and in contrary to the flux not dependent on the position of the observer. Therefore, the
distance to the object has to be known. Since the redshift is a measure of how long a
photon has been travelling, it can be used to determine the distance R to its origin. The
luminosity can then be calculated by integrating the flux Sγ over the surface of a sphere
with radius R to get the monochromatic luminosity L(ν) at a certain frequency. Inte-
grating the monochromatic luminosity over all frequencies, the bolometric luminosity
of an object is obtained (Gabriele Ghisellini, 2013)

L =

∫ ∞
0

L(ν) dν (7)

Especially the luminosity in the X-ray and optical band can be used to gather informa-
tion about the mechanisms behind the energy generation in AGN, Lusso and Risaliti
(2016) suggests.
In section 4.4 it is mentioned that the peak of the second hump of the jet emission prob-
ably lies somewhere in the MeV band where no data is available. Therefore, it has to be
waited for potential future missions that cover the MeV band like AMEGO-X. AMEGO-
X will cover the energy band between high X-rays and high γ-rays and close the gap
between X-ray missions like eROSITA and the Fermi LAT. This is especially interesting
in the aspect of multi-messenger astronomy because sources of neutrinos and gravita-
tional waves also produce photons in the γ-rays (Fleischhack, 2021).
Another interesting future mission is the Imaging X-ray Polarimetry Explorer (IXPE).
IXPE will launch in late 2021 and will observe the X-ray sky at energies between 2 and
8 keV. It also detects the polarization of the X-ray emission which improves the under-
standing of X-ray producing astrophysical objects like AGN (Soffitta, 2017).
The eFEDS field in general with its more than twenty-thousand possible AGN is an
interesting region in the sky for further analysis of AGN. Figure 13 shows the eFEDS
field and the AGN observed by eROSITA as cyan dots. The points in other colours
mark AGN that are included in catalogs that only include radio-loud AGN or radio-
loud candidate AGN. These objects are especially interesting for future work since they
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Figure 13: eFEDS field with all AGN observed by eROSITA marked in cyan. The dots
in other colours mark AGN that are listed in catalogs that only include radio-loud

AGN or radio-loud candidate AGN. Radio-loud AGN are especially interesting for this
work since they are jetted AGN and this work focuses on neutrino producing

processes in the jet.
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are already classified. The red ellipse marks the neutrino positional error region with
the candidate radio-loud sources that are discussed in section 4.2 in it.

6 Conclusion
Out of all the AGN that are within the positional error of the neutrino IceCube-200615A,
the WISE source J093141.09+023616.2 was chosen for further analysis. This is due to the
fact that it is the only source that is classified as a radio-loud AGN by the catalogs
WIBRaLS, KDBLLACS and 5BZCat. It lies within the positional uncertainty of one of
the eROSITA AGN in eFEDS that provides data in the X-rays. There are numerous mis-
sions that provide data in other bands of the electromagnetic spectrum that were used
to plot the spectral energy distribution of the object (Figure 11). The SED shows that
the object most likely is a radio-loud source as WIBRaLS already suggested. This can be
seen in the radio band where the data points show a steep rise. However, the jet prob-
ably is not very dominant at higher frequencies. Especially in the infrared and optical,
the big blue bump can be seen that shows the emission of the accretion disk (e.g. figure
2). Right before the big blue bump, at a frequency around 1013 Hz, the data rises again
which is due to the reprocessing of the accretion disk emission in the dusty torus. The
emission in the X-ray band from eROSITA has no clear origin. it could be due to the
jet or emission from the hot corona around the accretion disk. None of the Fermi-LAT
catalogs up to the newest 10-year survey included an object in accordance with WISE
J093141.09+023616.2. Therefore, an upper limit for the flux was calculated that gives a
limit how bright the object has to be in the γ-rays to be detected by the Fermi-LAT. The
upper limit was calculated to be Sγ = 1.4× 10−12 erg

cm2s .
There is still a lot of work that can be done to learn more about this source and whether
it could be the origin of the neutrino. Section 5 deals in detail with the next steps of the
analysis that have to be performed. In conclusion, the source WISE J093141.09+023616.2
is a very interesting object and candidate counterpart for the neutrino detection IceCube-
200615A that is worth to be further looked into.
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