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Abstract

The High Energy Stereoscopic System (H.E.S.S.) Galactic Plane Survey
(HGPS) has detected very-high-energy (VHE) gamma-ray emission from 78
sources in the Milky Way. These sources belong to different object classes
(pulsar wind nebulae, supernova remnants or binary systems) and some of
these sources remain unidentified. The gamma-ray emission of these objects
may be of leptonic or hadronic origin and gamma-ray observations alone
cannot distinguish between these two scenarios. The detection of neutrino
emission would provide evidence for a hadronic scenario and fitting a com-
bined synchrotron and inverse Compton model would provide evidence of a
leptonic scenario in these objects.

MeerKAT surveyed the 1st and 4th quadrant of the Milky Way. There
are 8 unidentified H.E.S.S. sources in the regions surveyed by MeerKAT.
This process of searching for radio emission coincident with the unidenti-
fied sources in the HGPS can be expanded to the whole Galactic Plane once
MeerKAT has surveyed it all. One unknown and two known H.E.S.S. sources
(HESS J1843-033, HESS J1826-148 and HESS J1833-105) are modelled with
a combined synchrotron and inverse Compton model using the MeerKAT ra-
dio data and H.E.S.S. VHE data. HESS J1843-033 is an unidentified source,
HESS J1826-148 is a binary and HESS J1833-105 is a composite SNR. That
these sources could be fit by a combined synchrotron and inverse Compton
model suggest that they are leptonic in nature.
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Based on the observed gamma-ray spectra we predict the neutrino emission
of all the sources in the HGPS under the hypothesis that the emission is
solely of hadronic origin. This prediction relies entirely on observation and is
independent of the source class, the distance or the ambient target material.
These predictions are used to create an empirical model for the neutrino
emission of the Milky Way. This model can be used to search for neutrino
emission from individual gamma-ray sources as well as testing for neutrino
emission from potential source populations in the Milky Way. This model
was then compared to the possible neutrino sources detected by ANTARES
where 56 of the possible neutrinos were associated with the predicted neutrino
emission but there is no significant correlation to the ANTARES neutrino
candidates and the predicted neutrino emissions.
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1: Introduction

1.1 Why study gamma rays

Most astronomy is concerned with the study of sources of photons, this cov-
ers the electromagnetic spectrum from radio waves (low energy photons)
to very-high-energy gamma rays. VHE gamma rays are photons which are
>100 GeV. There are many sources of gamma rays both in our Galaxy and
beyond it, these include: neutron stars, black holes, supernova remnants,
pulsars, gamma-ray bursts, active galactic nuclei and more. It is hoped that
by studying gamma rays, the answer to the origin and acceleration of cosmic
rays can be found. Cosmic rays are charged particles, usually high-energy
protons and nuclei. They have a spectrum ranging from 10° eV to over 10%°
eV. They were discovered by Victor Hess in 1912[1]. Cosmic rays are bent by
magnetic fields which makes it difficult to determine their origin, this is not
a problem for gamma rays since they have no charge. By identifying sources
that can accelerate particles to the PeV energy range we can start to answer
the question of the origin of cosmic rays. The identification of these sources
relies mostly on photons that propagate in a straight line. The more ener-
getic gamma rays produced by cosmic-ray interactions give a direct insight
into the accelerators and the target of observation[2]. By detecting sources
in multiple wavelengths, the entire spectrum of the photons coming from the
source can be detected and tell us more about the mechanism emitting these
photons and the object itself.

1.2 Problem under investigation

The High Energy Stereoscopic System (H.E.S.S.) Galactic plane survey (HGPS)
is a very high energy gamma ray survey of the Galactic plane in the Galactic
longitude range from 250° to 64° and with Galactic latitude < 3° [3]. This
survey identified 78 sources, 47 of these have no identified counterparts and
are unknown sources. The project is going to have two main parts: the first
is to determine some of the unidentified sources in the HGPS using the ra-
dio counterparts observed by MeerKAT and the second is to determine the
expected neutrino emissions from the sources in the HGPS.

The first part uses the recently acquired data from the MeerKAT[4] array
a precursor to the SKA project. The data from the MeerKAT Galactic plane
survey[5] will be used to find radio counterparts to the H.E.S.S. sources.
These will be used to identify the nature of the source if possible. The goal
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is to find out if the source is driven by a pulsar and thus is likely leptonic
emission.

In the second part the goal is to predict the neutrino emission for the
sources with likely hadronic emission, this will be done using the model in
Kelner et al. [6]. The predicted neutrino emission will then be compared to
the possible neutrino point sources detected by ANTARES]T].

1.3 Aim

To identify the unidentified sources in the survey by looking at their radio
counterparts detected by MeerKAT and to determine the expected neutrino
emission from the H.E.S.S. Galactic Plane Survey sources.

1.4 Hypotheses and questions

Gamma ray emission can be produced by relativistic electrons or relativistc
protons. Relativistic electrons can produce synchrotron radiation in the radio
to X-ray range and inverse Compton emission in the gamma-ray range, this is
the leptonic scenario. Relativistic protons collide with interstellar material,
from these inelastic collisions pions are produced. The decay of pions leads
to the production of gamma rays and neutrinos, this is the hadronic scenario.
The main question is about the H.E.S.S. unidentified sources. Is it leptonic
or hadronic emission?

1.5 H.E.S.S.

The H.E.S.S. telescopes use the Cherenkov technique to detect very high en-
ergy gamma rays [8]. A very high energy gamma ray enters the Earth’s at-
mosphere and generates an air shower of secondary particles, these secondary
particles (electrons and positrons) are created through pair production. The
number of shower particles reaches a maximum at around 10km above sea
level. The shower of these secondary particles moves at a speed exceeding the
speed of light in the atmosphere and emits Cherenkov light. The Cherenkov
light illuminates an area of about 250m in diameter. If a telescope is inside
this area it will detect the Cherenkov light and produce an image of the track
of the air shower. From this the direction of the initial gamma ray can be
determined as well as its energy. The intensity of the image is related to
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the energy of the incident gamma ray. The arrival direction of the primary
photon can be reconstructed with an accuracy of 0.08° and the energy of the
primary proton can be reconstructed with an accuracy of 15%. The H.E.S.S.
telescopes allow for stereoscopic reconstruction of the air shower and the di-
rection of the incoming gamma ray. This means that more telescopes allow
for better reconstruction of the air shower and better measurements of the
direction of the incoming gamma ray. H.E.S.S. is made up of 5 telescopes.
Initially four smaller telescopes, 12m in diameter, were built and arranged in
a square with a side length of 120m. Later a 5th telescope, 28m in diameter,
was added to the middle of the square. All the telescopes can rotate and
the smaller telescopes can tilt from pointing at the ground to pointing to the
vertical, while the large telescope can tilt from -125 degrees to 90 degrees
from vertical. When the large telescope is in its parked position it is at 45
degrees below the horizon (this is the -125 degrees). The 90 degrees from
vertical is for inverted pointing but is not currently used. The motions of the
five telescopes allow them to point to any position in the sky.

1.6 H.E.S.S. Galactic Plane Survey

The HGPS mapped the galactic plane from [ = 250° to [ = 65° in Galactic
longitude and [b| < 3° in Galactic latitude in the very-high-energy gamma-
ray range (0.1 TeV to 100 TeV) [3]. This survey has detected 78 very-high-
energy gamma-ray sources. This survey only uses the phase 1 telescopes
(the four smaller ones), with an energy threshold of 0.2 TeV. Of the 78
sources observed, 31 were firmly identified, a further 36 had an association
with a known source and 11 have no associations. 12 of the known sources
are pulsar wind nebulae (PWN), 8 are supernova remnants (SNR), 8 are
composite supernova remnants and 3 are gamma-ray binaries.

1.7 Neutrino telescopes

1.7.1 ANTARES

ANTARES (Astronomy with a Neutrino Telescope and Abyss environmen-
tal Research project) is a neutrino telescope located in the Mediterranean
Sea and is the precursor to KM3NeT. It’s primary goal is to search for TeV
to PeV astrophysical neutrinos and it also offeres facilities for marine and
Earth sciences[9]. It’s location, 40 km offshore from Toulon (France) and at
a depth of 2475 m, gives it a clear visibility of the Galactic Plane. It also
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has a very good angular resolution of 0.3° at energies above 10 TeV which
makes it an excellent tool for searching for point sources. The telescope is
optimised for detecting high energy neutrinos travelling through the Earth in
an upward trajectory. It detects neutrinos by observing the Cherenkov light
produced in the water from secondary charged leptons. These leptons are
created due to the interaction of a neurino with the matter surrounding the
instrument. Neutrinos interacting with matter up to 10 km away from the
detector can be detected. The neutrino detector is made up of a matrix of
light detectors. These light detectors are photomultipliers contained in glass
spheres and attached to flexible lines anchored to the seabed. To detect the
neutrino the muon path is reconstructed by measuring the arrival times of
the Cherenkov photons at the light detectors.

In Mluminati et al. [7][L0] 11 years of ANTARES data is presented from 29
January 2007 to 31 December 2017, a total livetime of 3125.4 days. Three
different search methods were used to search for astrophysical neutrinos: a
scan over the sky visible to ANTARES, a survey of 112 astrophysical can-
didates and an investigation of 75 IceCube tracks. Over the 11 years no
significant evidence of cosmic neutrinos was found. For the ANTARES data
the median angular resolution is 0.4° for track like events and 3° for shower
like events. In this data set there are 8754 tracks and 195 showers. This is a
public data set and is used later in section to test the predicted neutrino
emission map.

1.7.2 Future neutrino detectors

IceCube is a detector built into the ice in Antarctica. It is designed to detect
neutrinos. Neutrinos are extremely difficult to detect. IceCube has 5160
optical sensors viewing 1 cubic kilometer of ice [I1]. IceCube is designed to
detect neutrinos with an energy greater than 100 GeV. At low energies Ice-
Cube is able to differentiate between muon neutrinos and the rest (electron
neutrinos, tau neutrinos and all flavour neutral current neutrinos) based on
the tracks the Cherenkov light produces in the ice. At high energies (PeV)
muon tracks can be up to 10 km long. IceCube is able to detect neutrinos
from anywhere because high energy neutrinos are able to pass through the
Earth, however it has better sensitivity for resolving sources that are in the
Northern hemisphere where the charged particle backgrounds are completely
removed by absorption in the Earth. To observe neutrino emission in the
Southern hemisphere IceCube is able to select only high energy events which
allows it to detect high energy sources. Good energy estimates of the at-
mospheric neutrinos are required to reject the atmospheric neutrino events

4
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when selecting cosmic events in the Southern hemisphere.

The KM3NeT or Cubic Kilometer Neutrino Telescope is a neutrino detec-
tor that is being built in the Mediterranean sea. The detection of neutrinos
in KM3NeT is similar to that of IceCube in that it detects the secondary
particles created by neutrino interaction. It also looks at the two different
patterns created by the Cherenkov light but in KM3NeT it is in water rather
than ice. The KM3NeT is not just one detector but rather three detectors
all built in the same “flexible design” but with different sizes and all using
the same technology [12]. Each detector has 115 detection units. Equally
spaced along the detection units are 18 digital optical modules. Each of the
digital optical modules has 31 photomultiplier tubes. Each detector is a 3
dimensional array of photo sensors. Two of the detectors will be placed at a
depth of 3500m and occupy 0.5 Gton of sea water. The third will be placed
at a depth of 2500m and occupy 8 Mton of sea water.

KM3NeT is built in the Northern hemisphere and thus is better suited
to detecting neutrinos in the Southern hemisphere, the Galactic centre is
visible about 75% of the time [I3]. The detector is in the optimal location
for viewing the Galactic centre. The easiest way to identify neutrino induced
muons is to select only the tracks that go upwards.

1.8 MeerKAT

MeerKAT is the precursor to the Square Kilometer Array (SKA), it is made
up of 64 interlinked receptors. Each receptor has three main components: 1.
The antenna (a steerable dish on a pedestal) 2. A set of radio receivers 3. A
set of associated digitisers [4]. The receptors are able to observe at an eleva-
tion between 15° and 88°. The receptors are able to point with an accuracy
within 5” with low wind conditions at night and with an accuracy of 25” dur-
ing normal operations. MeerKAT detects signals when an electromagnetic
wave in the radio range bounces off the main reflector into the sub-reflector
and focused into the feed horn which is part of the receiver. MeerKAT can
detect frequencies from 0.58 GHz to 2.5 GHz. The sensitivity of the MeerKat
is 60 pJy/beam[5]. MeerKAT performed a survey of the galactic plane as
part of its commissioning phase which is not publicly available. This survey
covers the Galactic plane from 280° to 350° in Galactic longitude and from
—1° to 1° in Galactic latitude.
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1.9 Fermi

The Fermi spacecraft carries two instruments on board: The Large Area
Telescope (LAT) and the Gamma-ray Burst Monitor (GBM). The LAT has
the following properties: an energy range of 20 MeV to 1 TeV, an effective
area at normal incidence of 9500 cm?, an energy resolution of 6% to 18%, an
angular resolution of 0.15° to 3.5°, a field of view of 2.4 steradians, a timing
accuracy of 10 microseconds and an event readout time of 26.5 microseconds
[14]. The Fermi LAT is a pair-conversion telescope which means it detects
gamma rays by converting the gamma ray into a pair of an electron and
a positron, from this pair the direction and energy of the initial photon
can be determined. The LAT is made up of four instruments: a precision
converter-tracker, a calorimeter, a segmented anticoincidence detector and a
programmable trigger and data acquisition system.

The 4FGL catalog, which is publicly available, is made from data collected
over 8 years, starting in 2008. This catalog contains gamma rays from 50
MeV to 1 TeV [15]. The 4FGL catalog has 5064 sources in it. The 4FGL
made firm identifications for 358 of the sources and made associations for
another 3370 sources while 1336 are unassociated. In the catalog there are:
239 Pulsars, 17 pulsar wind nebulae, 40 supernova remnants, 78 that are
either supernova remnants or pulsar wind nebulae, 30 globular clusters, 3
star forming regions, 11 binaries, 1 nova, 3137 blazars, 42 radio galaxies, 11
non-blazar active galactic nuclei, 2 steep spectrum radio quasars, 5 compact
steep spectrum radio sources, 9 narrow-line Seyfert 1, 1 Seyfert galaxy, 7
starburst galaxies and 3 normal galaxies.

1.10 Mechanisms of gamma-ray emission

There are two main categories of cosmic gamma ray production, leptonic
and hadronic[2]. High energy electrons and positrons interact with magnetic
fields and produce synchrotron photons. Synchrotron photons are produced
when relativistic charged particles (positrons and electrons) are accelerated
perpendicularly to their velocity. The energy of synchrotron photons reaches
up to X-rays and at most low-energy gamma rays. The energy of the syn-
chrotron photons and the intensity of the synchrotron emission are dependent
on the magnetic field. These charged particles can also interact with the am-
bient low-energy photons which can boost them to the gamma-ray and VHE
gamma-ray energies because the photon is scattered by the charged particle
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which transfers some of its energy to the photon. This is known as the In-
verse Compton effect. The energy spectrum of the scattered photons depends
strongly on the energy of the target photon|[I6]. In many cases the the dom-
inant contribution of the inverse scattering comes from photons belonging to
blackbody radiation, this is the case for the Cosmic Microwace Background
(CMB). This is the leptonic mechanism of gamma-ray production.

The hadronic production of gamma rays involves high-energy protons and
nuclei interacting with matter through nuclear interactions. These interac-
tions happen in denser regions of the interstellar medium. When the pro-
ton scatters off the matter it produces a neutral meson, this is inelastic
proton-proton scattering. The neutral mesons then decays into gamma rays,
70 — 27. These gamma rays are able to reach energies >100 TeV but the
energy spectrum of the gamma ray reaches a maximum at approximately
68 MeV (half the energy of the neutral pion) and decreases slowly accord-
ing to a power law whose spectral index is similar to that of the incident
particle[2]. The charged pions decay into neutrinos, @ — p + v,. The inten-
sity of the outgoing gamma rays and the neutrino flux are proportional to
the ambient density.

1.11 Modelling gamma-ray emission

Parametrisations for the energy spectra of secondary particles (7 mesons,
gamma rays, electrons and neutrinos) produced in proton-proton collisions
are presented by Kelner et al. [6]. These parametrisations can be used for
energy distributions of secondary particles in the energy range > 100 GeV
and have an accuracy better than 10%. These parametrisations can be used
to model the gamma-ray and neutrino emission from proton-proton colli-
sions. This was used to create our model (which can be seen in appendix
from which the gamma-ray data is fitted and then the prediciton of neutrino
emission is made.

Naima is a python package that computes the non-thermal radiation from
relativistic particle populations, it also has tools for performing MCMC
(Markov Chain Monte Carlo) fitting of radiative models to observed spectra
[I7]. The models available are: synchrotron, inverse Compton, Bremsstrahlung
and neutral pion decay processes.

For modelling hadronic emission, Naima has a Pion decay model. This
model is based on analytic parametrisations to the energy spectra and pro-

7
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duction rates of gamma rays from proton-proton interactions developed in
[18]. This is only able to model the gamma ray emission and not the neutrino
emission. The accuracy of this model is better than 20%. This model can be
used for energies > 2 GeV.

For modelling leptonic emission, Naima has an inverse Compton model.
This model is based on the analytical approximations developed in [16]. The
model provides an accuracy as good as 1%. This model is used to model
the gamma-ray emission from leptonic interactions. Naima also has a syn-
chrotron model based on the work done by Aharonian et al. [19]. This
parametrisation is accurate to 0.2% over the entire energy range of emis-
sion. Synchrotron emission is present in the emitted spectrum of leptonic
sources when there is a magnetic field.



2: Searching for the unidenti-
fied H.E.S.S. sources in the

MeerK AT Galactic plane
survey

2.1 Unidentified Sources

MeerKAT’s Galactic plane survey covers the 1st and 4th quadrant of the
Milky Way, from 2° to 40° and 268° to 358° respectively. In this region
H.E.S.S. detected 38 VHE sources that are flagged as unidentified in the
catalogue. H.E.S.S. Collaboration[3] identify possible associations of these
sources with objects seen in other wavelengths. 29 of the sources have plau-
sible associations, like pulsar wind nebulae or supernova remnants. The
remaining 9 sources have no association or are only associated with a high-
energy (HE) source seen by Fermi/LAT(3FGL and 2FHL catalogues). These
objects are listed in Table 2.1} A search for radio counterparts to these 9
sources was performed in the existing data taken with MeerKAT. 8 of the
9 sources in the first and fourth quadrant of the Milky Way were inside the
region for which we have MeerKAT data. HESS J1626-490 was just outside
of the region for the MeerKAT data.

The MeerKAT data was collected over 4 sessiond!] from 21 July 2018 to
26 July 2018. The first session on 01 July had 7 target pointings for 70.9
minutes per pointing. The second session on 22 July had 7 target pointings
for 73.5 minutes per pointing. The third session on 23 July had 7 target
pointings for 97.1 minutes per pointing. The fourth session on 26 July had
9 target pointings for 53.3 minutes per pointing. The data is primary beam
corrected and is in the form of 3 x 3 degrees cubes with 14 frequencies.

The MeerKAT galactic plane survey provides two types of images plates:
Moment0 plates are integrated over the frequency range. Thay have an ef-
fective frequency of 1.29 GHz and a bandwidth of 0.67 GHz. The spatial
information is binned into pixels of 1.5”7 x 1.5”. These images are used to
search for radio emission correlated with the gamma-ray emission. Addition-
ally, the data is provided with the same spatial binning and an additional
binning into 14 frequency channels from 908.412 MHz to 1656.724 MHz.
These frequency cubes are used to extract the radio spectrum.

IThis is information is provided with the data products.

9
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THE MEERKAT GALACTIC PLANE SURVEY

Table 2.1: List of H.E.S.S. unidentfied sources without association in the 1st
and 4th quadrant of the Milky Way. The size is the 10 radius of a two-
dimensional Gaussian fit to the data. Pointlike sources have no size.

Name GLON GLAT size

o o

HESS J1828-099  21.491  0.378 -

HESS J1832-085  23.207  0.293 -

HESS J1858+020 35.545 -0.581 0.08
HESS J1457-593  318.354 -0.423 0.33
HESS J1503-582  319.567 0.286  0.28
HESS J1626-490  334.816 -0.124 0.20
HESS J1702-420 344.233 -0.186 0.20
HESS J1708-410 345.671 -0.436 0.06
HESS J1729-345 353.385 -0.016 0.19

2.2 Measuring MeerKAT Flux for H.E.S.S.
Sources

The MeerKAT data has 14 frequency channels from 908.412 MHz to 1656.724
MHz but two of the channels don’t have data since there is inteference in their
frequency range. To measure the flux all the pixels were added up inside area
corresponding to the 1 sigma extension of the H.E.S.S. source. For point-like
H.E.S.S. sources the pixels were added up inside the closest point-like source
in the MeerKAT image, examples of this can be seen in Figs. and
For some of the sources there were problems with other frequencies and no
measurements were made for those frequencies. The error was estimated by
taking the mean flux of background emission in a 0.1 degree circle. This was
done for 8 sources and the results can be seen in Table 2.2
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Table 2.2: Measured flux of MeerKAT radio emission in the region of H.E.S.S.
sources.

Frequency (MHz) Flux(Jy)
HESS J1708-410 HESS J1718-374 HESS J1729-345 HESS J1731-347
908.142 1.2463 + 2.4 x10~ % | 20.3777 + 5.8 x10~°
952.446 1.0198 + 1.7 x10~% | 19.6332 + 5.8 x10~3 0.8922 4+ 1.4 x10~%
996.751 0.9540 + 9.6 x10~° | 19.0677 + 6.4 x10~3 | 13.5529 + 1.9 x10~3 | 0.7479 + 1.2 x10~ 4
1043.563 0.6319 4+ 4.9 x10~° | 18.6285 + 5.4 x10~3 | 11.1447 + 1.6 x10~3
1092.884 0.3712 + 2.3 x107° | 17.9084 + 4.9 x10~3 | 11.6190 + 1.4 x10~3 | 0.4136 + 8.1 x10~°
1144.712 0.2465 + 1.5 x10~° | 17.4138 + 3.8 x10~3 | 11.1578 4+ 1.1 x10~3 | 0.8283 + 1.2 x10~*
1317.751 15.6672 + 3.7 x10~3 6.7058 + 2.4 x10~% 2.1503 + 1.1 x10~%
1381.7 15.3791 + 3.1 x10~3 6.2849 + 2.0 x10~% 2.1911 + 8.8 x10~°
1448.157 15.0163 + 2.7 x10~3 5.5520 + 1.6 x10~% 1.9704 + 9.3 x10~°
1520.048 14.6491 + 2.1 x10~3 | 5.1592 + 1.9 x10~ 4
1594.446 14.3996 + 2.0 x10~3
Frequency (MHz) Flux(Jy)
HESS J1813-178 HESS J1826-148 HESS J1833-105 HESS J1843-033
908.142 3.0947 + 4.8 x10~ % | 0.0351 £ 1.6 x10~°
952.446 2.5958 + 3.5 x10~% | 0.0355 + 1.3 x10~° 3.0898 + 2.1 x107°
996.751 2.4516 + 3.2 x10~% | 0.0358 + 1.0 x10~° | 7.0655 + 1.3 x10~3 | 4.2457 4+ 2.7 x10~2
1043.563 2.0009 + 1.8 x10~% | 0.0358 + 6.0 x10~% | 7.0324 + 9.6 x10~% | 4.7128 + 2.4 x10~2
1092.884 1.5265 + 1.2 x10~% | 0.0369 + 3.6 x10~% | 7.0185 + 6.0 x10~% | 4.3347 + 2.1 x10~3
1144.712 1.1234 + 9.5 x10~° | 0.0364 + 2.7 x10~% | 7.0119 + 5.6 x10~% | 3.5775 + 1.9 x10~3
1317.751 0.8389 4 4.8 x107° 6.7676 + 4.0 x10~ % | 3.5039 + 2.2 x107°
1381.7 0.9067 + 4.8 x107° 6.7851 + 3.9 x10~% | 3.5541 + 2.1 x10~3
1448.157 0.8859 + 5.3 x10~° 6.8243 4+ 3.8 x10~%4 | 3.7798 + 2.1 x1073
1520.048 0.9014 + 6.3 x10~° 6.9027 + 4.5 x10~4
1594.446
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2.3 Modelling the leptonic emission

The naima[l7] python package was used to create a combined synchrotron
and inverse Compton model. The combined model parametrises the electron
population for the source, it takes the following parameters: normalisation,
spectral index, cutoff energy and magnetic field. The normalisation is taken
at the reference energy of 1 GeV. The minimum electron energy for the elec-
tron distribution is set to 511 keV. The synchrotron part of the model is based
on the work by Aharonian et al. [I9] and depends on all the parameters. The
inverse Compton part of the model is based on the work by Khangulyan
et al. [I6]. The photon field is seeded only with the cosmic microwave back-
ground. The inverse Compton emission does not depend on the magnetic
field. The synchrotron emission and inverse Compton emission are added to
get the total emission. The electron spectrum is described by the following

equation:
E\ E \’
f(E)=A(— exp | — 2.1
( ) (EO> P ( Ecutoff) ( )

Where A is the normalisation, E, is the reference energy which is set to
1 GeV, « is the spectral index, Eeuo is the cutoff energy and S is the cutoff
exponent which is set to 1.

This combined model is used to fit the MeerKAT, H.E.S.S. and where
possible Fermi data together. If it is possible to fit the data to this model it
could be an indication that the source is leptonic since the model is . In total
this model was used for three sources, one unidentified source HESS J1843-
033 and two known sources HESS J1833-105 and HESS J1826-148. These
were the only objects where the radio emission could be fitted reasonably
well alongside the gamma-ray emission.

2.4 HESS J1828-099

HESS J1828-099 is a point-like source in TeV gamma rays. This makes
it a good candidate for a gamma-ray binary. There are no counterparts
seen in Fermi data. In the radio image (Fig. there is one bright radio
point source consistent with the position of HESS J1828-099. The radio
source is unidentified. There are also 3 X-ray sources in the XMM catalog[20]
consistent with the position of HESS J1828-099, they are XGPS-I J182858-
095921, XGPS-T J182858-100002 and XGPS-1 J182859-100043. The X-ray
sources and the radio point source can be seen overlaid on a DSS optical
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image in Fig [2.2 The three X-ray sources and the radio point source are
all potential counterparts if the gamma-ray source is a binary but further
invetigation is needed.
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Figure 2.1: MeerKAT image of the region of HESS J1828-099 with overlaid
H.E.S.S. position contours (68% and 95%) and positions of X-ray and 2MASS
sources.
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Galactic Latitude

Galactic Longitude

250

200

Figure 2.2: Optical image (DSS) of the region of HESS J1828-099 with over-
laid H.E.S.S. position contours (68% and 95%) and positions of X-ray and
2MASS sources. The red circle is the postion of the bright radio point source.
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2.5 HESS J1832-085

HESS J1832-085 is point-like in TeV gamma-rays. Maxted et al. [21] suggest
that this source is a counterpart of SNR G23.1140.18. They suggest that
the TeV emission can be explained by a lingering population of cosmic ray
protons that diffuse into nearby molecular gas. In Fig you can see the
radio image overlaid with the position of the source and the supernova rem-
nant. The H.E.S.S. source is inside the region of SNR G23.114+0.18. There
is radio emission detected by MeerKAT inside the 95% confidence region of
the H.E.S.S. source position.
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Figure 2.3: MeerKAT image of the region of HESS J1832-085 with overlaid
H.E.S.S. position contours (68% and 95%) and overlaid SNR G23.11+0.18
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2.6 HESS J18584-020

As can be seen in Fig there is nearby radio emission as well as a nearby
Fermi source 4FGL J1858.340209. The bulk of the radio emission is coinci-
dent with SNR G35.6-0.4. There is strong radio emission from the SNR and
only faint radio emission from the position of the HESS source. Cui, Y. et al.
[22] propose that this source is a counterpart of SNR G35.6-0.4. They show
that cosmic rays from SNR G35.6-0.4 interacting with the moleculer cloud
coincident with HESS J18584-020 can be used to explain the emission in the
GeV to TeV range as seen by H.E.S.S. and Fermi.

0.0040

0.0035

SNR.G035.6-00. 0.0030

0.0025

HESS J1858+020

0.0020

Galactic Latitude
Jy / beam

0.0015

0.0010

0.0005

0.0000
35°50" 40' 30 20"

Galactic Longitude

Figure 2.4: MeerKAT image of the region of HESS J18584-020 with overlaid
with SNR G35.6-0.4 and nearby Fermi sources.
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2.7 HESS J1457-593

This source has some nearby radio emission in the MeerKAT image. In
Fig. SNR G318.240.1 can be seen above the H.E.S.S. source with a
small overlap however there is also radio emission towards the lower right
of the H.E.S.S. source which looks more spatially coincident. Hofverberg
et al. [23] suggest that the TeV emission could be a counterpart to the SNR
G318.240.1, they claim that the H.E.S.S. emission could be as a result of
interactions between SNR G318.2+0.1 and a giant molecular cloud.
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Figure 2.5: MeerKAT image of the region of HESS J1457-593 with overlaid
H.E.S.S. source and overlaid SNR G318.2+0.1 and nearby Fermi sources
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2.8 HESS J1503-582

There is no compelling association for this source with known objects. There
are two Fermi sources in the region of the source. These are 2FHL J1505.1-
5808 and 4FGL J1503.7-5801, both of which are unidentified. There is not
much radio emission observed by MeerKAT in the region of this source which
can be seen in Fig.[2.6] There is quite a lot of radio emission just to the lower
right of the source.
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Figure 2.6: MeerKAT image of the region of HESS J1503-582 with overlaid
H.E.S.S. source and possible associations.

18



2. SEARCHING FOR THE UNIDENTIFIED H.E.S.S. SOURCES IN
THE MEERKAT GALACTIC PLANE SURVEY

2.9 HESS J1702-420

As seen in Fig. [2.7]to the left of the HESS J1702-420 lies SNR G344.7-0.1 and
it is clearly seen in the MeerKAT data as well. There is also radio emission
inside the region of HESS J1702-420. In Fig. the significance contours of
the H.E.S.S. source can be seen, these show that the source is quite extended.
Eagle et al. [24] proposes that the H.E.S.S. emsission could come from SNR
(G344.7-0.1 cosmic rays accelerated by the forward shock that diffused into
the inter stellar medium and interacted with a nearby molecular cloud.
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Figure 2.7: MeerKAT image of the region of HESS J1702-420 with overlaid
H.E.S.S. source and possible associations.
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Figure 2.8: MeerKAT image of the region of HESS J1702-420 with overlaid
H.E.S.S. significance contours (5, 7 and 9 sigma).

2.10 HESS J1708-410

There are no associations for this source and while there is some radio emis-
sion seen in the MeerKAT image there is nothing that is an obvious radio
counterpart to the H.E.S.S. source, which can be seen in Figs. [2.9
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Figure 2.9: MeerKAT image of the region of HESS J1708-410 with overlaid
H.E.S.S. source.

2.11 HESS J1729-345

A nearby TeV source HESS J1731-347 is a known source which is SNR G353.6-
00.7. Also in the region of HESS J1729-345 is Fermi source 4FGL J1730.1-
3422. In Fig.[2.10]there is a lot of radio emission in the region of HESS J1729-
345. Capasso et al. [25] suggest that the emission from HESS J1729-345 can
be explained by cosmic rays escaping from SNR G353.6-00.7 and interacting
with molecular clouds.
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Figure 2.10: MeerKAT image of the region of HESS J1729-345 and HESS
J1731-347 with overlaid H.E.S.S. sources.

2.12 HESS J1843-033

HESS J1843-033 has no associations with known sources. In Fig. there
are a number of nearby sources, the closest being 4FGL J1843.7-0326. There
is also SNR G028.6-00.1 nearby to the source which is right at the edge of the
VHE emission. There is a lot of radio emission observed by MeerKAT in the
region around the source. The flux of the radio emission inside the H.E.S.S.
region was measured, this is dicsussed in section Table [2.2] shows the
measured MeerKAT flux in the region of HESS J1843-033. The MeerKAT
and H.E.S.S. measurements are then used to create a combined synchrotron
and inverse Compton model using a single electron population. This model
can be seen in Fig. 7?7, the H.E.S.S. data is well described by the inverse
Compton part of the model, the MeerKAT data is not as well described by
the synchrotron part of the model but it is still able to make a reasonable
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fit. The combined synchrotron and inverse Compton model describes the
MeerKAT and H.E.S.S. data well and has a y? p-value of 0.98. The param-
eters describing the electron population that produces this emission can be
seen in Table 2.3] It’s possible then that this source is leptonic but as seen
in Fig. there is a large flux in the X-ray energies predicted but only
faint X-ray emission has been detected[3], so the emission from this source
is probably produced by another mechanism.
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Figure 2.11: MeerKAT image of the region of HESS J1843-033 and HESS
J1844-030 with overlaid H.E.S.S. source and possible associations.
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Figure 2.12: The combined synchrotron and inverse Compton model for
HESS J1843-033. The red line shows the synchrotron part of the model
and the green line shows the inverse Compton part of the model.

2.13 HESS J1844-030

HESS J1844-030 is a point-like source in TeV range, there is a radio galaxy
PMN J1844-030 as well as a source in the Fermi/LAT catalog 4FGL J1844.4-
0306 close to the H.E.S.S. source position (see Fig. . A bright jet-like
feature and a faint shell are also seen in the radio emission. This jet-like
feature is likely a radio galaxy and the shell is probably a SNR. The upper
limit of the H.E.S.S. source is smaller than the radio shell but the emission
could come from inside the SNR like a pulsar or PWN. The Fermi/LAT
source is also in the region of the radio galaxy but on the opposite end to
the H.E.S.S. source. The H.E.S.S. source is near the lower left lobe while
the Fermi/LAT source is near the upper right lobe, as seen in Fig. We
would expect the Fermi/LAT source and the H.E.S.S. source to encompass
the whole radio galaxy or at least be on the same side of the radio galaxy if
they both originate from the radio galaxy.
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Castelletti et al. [26] concludes that the brightest radio emission from
(G29.37+0.1 is probably a radio galaxy. There is X-ray emission coincident
with the lower left part of the radio emission, this X-ray emission is likely
a PWN. It was proposed that the faint radio halo represents a composite
SNR with a pulsar powered component. The gamma-ray emission probably
originates from the radio galaxy (29.3740.1. It could not be determined if
the gamma rays were from the core or the lobes of the radio galaxy.

Petriella [27] proposes that the emission from HESS J1844-030 has two
probable origins: extra-galactic or galactic. In the extra-galactic case the
gamma rays would originate from the lobes of the radio galaxy G29.3740.1.
In the galactic case HESS J1844-0330 would be the very high energy counter-
part of the PWN (G29.44-0.1. An investigation was carried out to determine
if the gamma rays could have galactic origin and concluded that it is possible
but not confirmed. A third suggestion for the origin of the gamma rays is
that HESS J1844-030 could be a gamma-ray binary. This possibility could
not be rejected but in order to confirm it variability needs to be detected in
the gamma-ray emission.
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Figure 2.13: MeerKAT image of the region of HESSJ1844-030 with overlaid
H.E.S.S. position contours (68% and 95%) and size upper limit.
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2.14 Combined synchrotron and inverse Comp-
ton model for other sources

Since only one of our unknown sources had radio emission detected by MeerKAT
that could be used to describe the source by a combined synchrotron and in-
verse Compton model some of the known sources were looked at. These
sources and their radio fluxes can be seen in Table 2.2 Of these only HESS
J1826-148 and HESS J1833-105 were nicely described by the combined syn-
crotron and inverse Compton model. The parameters for each of the sources
can be seen in Table 2.3

Since there is a large energy gap between the radio data and the gamma-
ray data, it is useful to look at X-ray data. X-rays probe the synchrotron
energy of the high energy electrons. There is X-ray data for HESS J1826-
148 and HESS J1833-105 but not for HESS J1843-033. The X-ray data is
taken from the XMM-Newton pipeline[QS]E]. The pipeline has been run on
12210 XMM-Newton observations from 2000 until 2020. There are 602543
unique X-ray sources in the catalog. For the purpose of making the fit of
the combined model only the X-ray data point with the largest energy bin is
used.

HESS J1833-105 has been observered in X-rays by Safi-Harb et al. [29] and
Bocchino et al. [30]. HESS J1833-105 has X-ray emission mostly from the
pwn but an X-ray halo is also seen which is not seen in radio. The radio emis-
sion is only from the pwn. The X-ray data from the XMM-Newton pipeline
is from the pwn and not the halo. This source has been firmly identified
as the composite SNR G21.5-0.9, which contains a Crab-like PWN][3]. The
combined fit for HESS J1833-105 is shown in Fig. and the parameters
of the fit are shown in Table [2.3 The radio and gamma-ray data are well
fitted, the X-ray point with the largest energy bin is also well matched but
the spectral index of the X-ray data is completely different to the model.

2The XMM-Newton data from the XMM-Newton source catalog can be found here:
http://xmm-catalog.irap.omp.eu/
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Figure 2.14: MeerKAT image of the region around HESS J1833-105. The
pink circle is the region used for measuring the radio flux.

Table 2.3: Parameters of electron population that describes the combined
synchrotron and inverse compton model for HESS J1843-033, HESS J1833-
105 and HESS J1826-148. The electron energy is the total energy in electrons
and B is the magnetic field.

Source Normalisation Spectral B Cutoff Energy | electron energy
2
eV~ ls lem—2 Index nG TeV (poc> erg
HESS J1843-033 4.03 x1033 1.98 3.6 3.2 2.48 x10%6
HESS J1833-105 2.09 x103! 2.1 23.6 9.5 6.3 x10%5
HESS J1826-148 1.03 x1033 1.58 5.6 12.8 6.95 x10%°

HESS J1826-148 has been seen in X-rays by XMM-Newton and Chandra[31].
The X-ray data in this work is again taken from the XMM-Newton pipeline.
The X-ray emission and radio emission are consistent spatially. Again only
the X-ray data with the largest energy bin is used for the fit of the radio,
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Figure 2.15: The combined synchrotron and inverse Compton model for
HESS J1833-105. The brown line shows the synchrotron part of the model
and the purple line shows the inverse Compton part of the model. The

MeerKAT, XMM-Newton and HESS data is plotted. Only the the XMM-
Newton data point with the largest energy bin is used in the fitting.

X-ray and gamma-ray data for HESS J1833-105. The parameters of the fit
can be seen in Table 2.3 Fig. shows the fit alongside the data points.
The radio and gamma-ray data and the X-ray point with the largest energy
bin are well fitted by the model, however the spectral index for the X-ray
data is completely different to the combined model. This source is firmly
identified as the binary LS 5039[3].

2.15 Discussion

Many of the unidentified H.E.S.S. sources looked at here have possible coun-
terparts that could explain their emission, although none of them have been
confirmed yet. There are three unidentified H.E.S.S. sources in the region of
the MeerKAT survey which do not have any known sources nearby: HESS
J1828-099, HESS J1503-582 and HESS J1708-410. For one source, HESS
J1843-033, a combined synchrotron and inverse Compton fit was done which
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Figure 2.16: MeerKAT image of the region around HESS J1826-148. The
pink circle is the region used for measuring the radio flux.

suggests that this source is leptonic in nature. More work in identifying what
produces the radio emission needs to be done to see if any of it could also
produce the TeV emission. There is some promising radio emission observed
by MeerKAT which after further investigation may point to the nature of
these unidentified sources. If MeerKAT surveys the rest of the galactic plane
this could be done for more of the unidentified H.E.S.S. sources and hopefully
some of them can be identified. For the two known sources, HESS J1833-105
and HESS J1826-148, the combined fit was able to model most of the data
well however the spectral index for the X-ray data is different to the rest
of the combined model for both sources. More investigations will be neces-
sary to determine the reason for this. It is possible that a more complicated
model for the electron spectrum could work, such as the two-zone model
which would take two distinct electron populations.
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Figure 2.17: The combined synchrotron and inverse Compton model for
HESS J1826-148. The brown line shows the synchrotron part of the model
and the purple line shows the inverse Compton part of the model. The
MeerKAT, XMM-Newton and HESS data is plotted. Only the the XMM-
Newton data point with the largest energy bin is used in the fitting.
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3: Neutrino prediction

3.1 Introduction

The HGPS has detected VHE emission from 78 sources of different object
classes, some of which are unknown. It is not possible to determine the mech-
anism of gamma ray production (hadronic or leptonic) from the gamma-ray
emission alone. The detection of neutrino emission would provide evidence
for a hadronic scenario. In this section the neutrino output of these sources
is predicted assuming all the gamma rays are of hadronic origin. This predic-
tion is then turned into a map which is then compared to ANTARES neutrino
data. The model presented here could be used to search for neutrino emission
from individual gamma-ray sources as well as testing for neutrino emission
from potential source populations in the Milky Way.

3.2 Method

3.2.1 Neutrino flux

The first step was to make a model for each of the sources in the H.E.S.S.
Galactic Plane Survey. For sources that had already been identified as Pul-
sar Wind Nebula (PWN) no neutrino prediction was made as the emission is
supposed to be leptonic. For all other sources the emission was assumed to
be hadronic. In total 66 of the 78 H.E.S.S. sources were used. A parametrisa-
tion of the proton spectrum for each source is made using naima [I7] and the
model of Kelner et al [6] based on the gamma-ray radiation. This proton spec-
trum is then used to get a prediction of the neutrino flux. The naima Kelner
model only does gamma-ray emission and is only used to fit the gamma-ray
spectrum to determine the parametrisation of the proton spectrum. A new
model was created to get the neutrino emission from the proton spectrum,
this can be seen in Appendix . If there is a Fermi [I5] source nearby to
the H.E.S.S. source, the combined H.E.S.S. and Fermi gamma-ray emission
is used to make the fit unless the fit was significantly better by excluding
the Fermi source and therefore highly unlikely that the Fermi source is a
counterpart to the H.E.S.S. source. The fitting done with naima uses an
affine-invariant ensemble sampler for Markov Chain Monte Carlo. Three
parameters are used to define the proton spectrum: normalisation, spectral
index and exponential cutoff energy. The equation for the proton distribution

5= A(5) "o () o

ECutoff
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3. NEUTRINO PREDICTION

Where A is the normalisation, Fcuog is the cutoff energy, a is the spectral
index, FEj is the reference energy which is set to 1 TeV and § is the cutoff
exponent which is set to 1.

Fig. and Fig. 3.3 shows the gamma-ray emission of HESS J1640-465
and HESS J1713-397 respectively and gives examples of what happens in the
fitting. The thick black line shows the line with the maximum log likelihood
while the gray lines are the other samples. In this fit all the samples are quite
close together and fit the data reasonably well. In Fig. and Fig. the
predicted neutrino emission is plotted with the gamma-ray emission.

10711 4
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103 104 10° 106 107 108

Energy [MeV]
Figure 3.1: Samplers fit for HESS J1640-465. The blue points are for the
Fermi source 4FGL J1640.6-4632 and the green points for HESS J1640-465.

The dark black line is for the parameters with the maximum log likelihood
value of the samplers. The x? p-value is 0.34.
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Figure 3.2: Gamma-ray emission and Neutrino emission plotted together for
HESS J1640-465. The blue points are for the Fermi source 4FGL J1640.6-
4632 and the green points for HESS J1640-465. The blue line is for the the
gamma-ray emission and the orange line is for the neutrino emission.

3.2.2 Creating the map

To create the neutrino map, gammapyﬂ a community-developed core Python
package for TeV gamma-ray astronomy [32, [33] is used. A blank map is made
with the same dimensions as the H.E.S.S. Galactic Plane map with an added
energy dimension, the energy axis ranges from 1 TeV to 100 TeV with 4 bins:
1 TeV to 3.2 TeV, 3.2 TeV to 10 TeV, 10 TeV to 31.6 TeV and 31.6 TeV
to 100 TeV. A Sky Model is then created for each source, this has spatial
and spectral parts. The spectral model is the muon neutrino part of our
model based on [6]. The spatial model is created using the information from
the HGPS results, each source is spatially modelled as either a point source,
a shell model, a Gaussian or x-Gaussian (where the source is made up of
multiple gaussian components). The map is then populated by taking the
integral of the muon neutrino flux over each energy bin.

Thttps://www.gammapy.org
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Figure 3.3: A plot of the samplers fit for HESS J1713-397. The blue points
are for the Fermi source 4FGL J1713.5-3945e and the green points for HESS
J1713-397. The dark black line is for the parameters with the maximum log
likelihood value of the samplers. The x? p-value is 4.2 x 1078,
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Figure 3.4: Gamma-ray emission and Neutrino emission plotted together for
HESS J1713-397. The blue points are for the Fermi source 4FGL J1713.5-
3945e and the green points for HESS J1713-397. The blue line is for the the
gamma-ray emission and the orange line is for the neutrino emission.
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Figure 3.5: Predicted neutrino flux of the Milky Way per energy bin from galactic longitude 75° to 31°.
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Figure 3.6: Predicted neutrino flux of the Milky Way per energy bin from galactic longitude 75° to 31°.
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Figure 3.7: Predicted neutrino flux of the Milky Way per energy bin from galactic longitude 31° to 347°.
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Figure 3.8: Predicted neutrino flux of the Milky Way per energy bin from galactic longitude 31° to 347°.
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Figure 3.9: Predicted neutrino flux of the Milky Way per energy bin from galactic longitude 347° to 303°.
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Figure 3.10: Predicted neutrino flux of the Milky Way per energy bin from galactic longitude 347° to 303°.
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Figure 3.11: Predicted neutrino flux of the Milky Way per energy bin from galactic longitude 303° to 259°.
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Figure 3.12: Predicted neutrino flux of the Milky Way per energy bin from galactic longitude 303° to 259°.
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3.3 ANTARES neutrino point sources

ANTARES searched for muon neutrino point sources between 2007 and
2017[7, 10]. In the region of the predicted neutrino map there are 570 muon
neutrino candidates detected by ANTARES. In Figures [3.14] and [3.15] all
570 neutrino candidates are plotted on the first energy bin of the predicted
neutrino map. The neutrino candidate is considered to overlap with the neu-
trino emission if any part of the neutrino’s position region has a predicted
neutrino flux of at least 107" em2 s7!. 56 of the ANTARES neutrino candi-
dates overlap with the predicted neutrino emission. In Figures and
only the 56 muon neutrino candidates that overlap with the predicted neu-
trino emission have been plotted over the predicted neutrino emission. Most
of the predicted neutrino emission from the H.E.S.S. sources do not have
counterparts detected by ANTARES.

To test the significance of these 56 positional associations a null model was
created where the positions of the 570 neutrino candidates were randomised
to any location in the predicted map region. This was done by re-drawing the
possible neutrino event to a randomised right ascension and a randomised
declination, the size of the estimated angular resolution of the neutrino events
was kept the same. 1000 such re-positioning of the events was done. A
search for associations with the predicted neutrino emission with each set of
re-positioned events was done. The mean number of associations from the re-
positioned events is 47.355 and the median number of associations from the
re-positioned events is 47. The most common number of associations from
the re-positioned events was 48 which occured 61 times. There were 115 sets
of re-positioned events with 56 or more associations. A histogram of the
associations of re-positioned events can be seen in Figs. Based on this
the 56 associations would occur randomly 11.5% of the time, therefore there
is an 88.5% chance that this is not a random coincidence. Therefore there
is no significant correlation between the ANTARES neutrino candidates and
the predicted neutrino emissions.
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Figure 3.13: Histogram of the number of associations for the randomised
neutrino data.
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Figure 3.14: Predicted Neutrino map from galactic longitude 75° to 347° overlaid with the neutrinos from the
2007-2017 ANTARES search for cosmic neutrino point sources.
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Figure 3.15: Predicted Neutrino map from galactic longitude 347° to 259° overlaid with the neutrinos from the
2007-2017 ANTARES search for cosmic neutrino point sources.
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Figure 3.16: Predicted Neutrino map from galactic longitude 75° to 347° overlaid with the neutrinos from the 2007-
2017 ANTARES search for cosmic neutrino point sources that overlap with the regions of the predicted neutrino
emission.
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Figure 3.17: Predicted Neutrino map from galactic longitude 347° to 259° overlaid with the neutrinos from the 2007-
2017 ANTARES search for cosmic neutrino point sources that overlap with the regions of the predicted neutrino
emission.
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3.4 Discussion

Table lists the best-fit parameters for the proton spectra, the predicted
muon neutrino flux and the y? p-value of the fit for each source. The max-
imum neutrino flux over the energy range 1 TeV to 100 TeV is 2.98 X
107 TeVs~tem™2 for HESS J0852-463. The x? p-values are calculated
using the log likelihood values determined during the fitting with naima,
the log likelihood is related to x? by x? = -2 InL. The worst x? p-value
is 4.2 x 1078 for HESS J1713-397, the mean is 0.342 and the maximum is
0.962 for source HESS J1841-055. Fig. shows the plot of the samplers
for HESS J1713-397. It has a low x? p-value because very few of the data
points lie on the best fit line but instead lie just above or just below. Fitting
only HESS J1713-397 does improve the fit but it would still be the worst fit
of our sources with a x? p-value of 1.3 x 107°. The other sampler fits can be
seen in Appendix [A]

The predicted neutrino emission map of the Milky Way can be seen in
Figs. -B:12] The map is split into the four energy bins: 1 TeV to 3.2
TeV, 3.2 TeV to 10 TeV, 10 TeV to 31.6 TeV and 31.6 TeV to 100 TeV. In
total 66 sources are plotted but 9 cannot be seen because their integrated
neutrino fluxes are too small to fit into the scale of the map shown here. The
map is produced using only observations and does not make use of the source
class, distance to the source or the ambient target material.

Comparing the ANTARES neutrino point sources to the predicted neu-
trino map showed that the prediction is not significant with regards to the
ANTARES neutrinos. This could be improved if some of the H.E.S.S. sources
are found to be leptonic and then removed from the predicted neutrino map.
To further test the map data from KM3Net could be tested against the pre-
dicted neutrino emission both in direction and energy.

3.5 Conclusion

The proton population was parametrised and a prediction of the neutrino
flux for 66 sources in the H.E.S.S. Galactic Plane survey was made. Of the
66 sources we fitted, 19 included data from a 4FGL[I5] source. The neutrino
emission at higher energies strongly depends on the cutoff of the proton
spectrum. The cutoff is constrained by the gamma-ray spectrum for some
but not all of the sources. The neutrino emission of the sources without
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constrained cutoff is certainly overestimated. This model can be used as
a template to fit to neutrino observational data and to test for neutrino
emission from known gamma-ray sources. Neutrino emission from the Milky
Way can also arise from interactions of the sea of Cosmic Rays with the
interstellar material. Diffuse gamma-ray emission detected by H.E.S.S. [34]
and the Tibet Air Shower Array [35] can be used to predict diffuse neutrino
emission but is not considered in this work.

Table 3.1: Table of fitted parameters for the proton spectra. The Neutrino
flux in the energy range 1 TeV to 100 TeV. The reference energy for normal-
isation is 1 TeV.

Source Name normalisation Spectral Cutoff Neutrino flux X2
TeV-1ls~lcm—2 Index TeV s~lem—2 p-value
HESS J0852-463 | (2.40+0.7)x10%® | 0.897+£0.12 | 21.114+2.6 | (2.98 £1.7)x10~ 1T | 0.887
HESS J1018-589 A| (5.6745.5)x10%6 | 1.62340.23 | 118.274£29.2 | (4.2246.3)x10713 | 0.276
HESS J1018-589 B| (8.314£8.3)x 106 | 1.298+0.32 | 68.89420.3 | (1.374£2.7)x10712 | 0.922
HESS J1023-575 | (2.654:0.3)x10%8 | 2.08340.03 | 156.414£20.4 | (3.64+0.6)x10712 | 0.023
HESS J1026-582 | (6.6448.8)x10%* | 0.20740.28 | 85.92+47.4 | (2.2445.6)x10~'2 | 0.078
HESS J1119-614 | (2.8441.1)x10%® | 2.37640.17 | 93.46434.5 | (1.0240.8)x10712 | 0.142
HESS J1302-638 | (2.3441.3)x10%® | 2.74040.19 |473.774+130.1| (3.81£3.6)x10~13 | 0.003
HESS J1427-608 | (2.64455.7)x10%8 | 2.6174£0.97 | 151.294:60.3 | (5.0940.02)x10~3 | 0.720
HESS J1442-624 | (1.5340.2)x10%® | 1.55440.06 | 22.6642.4 | (2.40£0.7)x107'2 | 0.068
HESS J1457-593 | (1.5541.0)x10%° | 2.51940.25 | 305.38462.8 | (5.154£1.1)x10~'2 | 0.232
HESS J1458-608 | (2.47455.7)x10%7 | 1.52141.01 | 159.98490.0 |(3.754306.1)x 10712 | 0.034
HESS J1503-582 | (1.75426.2)x 1049 | 2.68040.37 | 274.15474.5 | (3.19459.2)x10712 | 0.072
HESS J1507-622 | (1.3740.1)x10%® | 1.876+0.03 | 218.01443.0 | (5.40£1.1)x10~'2 | 0.905
HESS J1534-571 | (8.9444.0)x10%7 | 1.63340.22 | 53.57421.8 | (2.9943.4)x10712 | 0.146
HESS J1614-518 | (5.4340.4)x10%® | 1.84340.02 | 48.75+£11.8 | (7.78+1.8)x10~'2 | 0.158
HESS J1616-508 | (7.8441.9)x10%® | 2.03040.08 | 126.53+5.2 | (1.1740.5)x10~11 | 0.037
HESS J1626-490 | (4.60436.1)x 1048 | 2.33040.46 |358.464+122.8| (3.34+0.5)x10712 | 0.495
HESS J1632-478 | (6.8040.3)x10%® | 2.41640.01 | 230.454+19.2 | (3.06£0.2)x10~'2 | 0.166
HESS J1634-472 | (4.7741.0)x10%8 | 2.27740.08 |477.424113.3| (4.69+1.8)x10712 | 0.043
HESS J1640-465 | (3.8940.3)x10%® | 1.696+0.04 | 15.694+1.1 | (2.374£0.4)x10~'2 | 0.430
HESS J1641-463 | (7.4940.6)x10%7 | 2.56940.02 | 321.17434.3 | (2.140.2)x10~13 0.036
HESS J1646-458 | (2.74438.2)x 1049 | 2.64340.40 | 239.32443.3 | (5.50£1.0)x10712 | 0.368
HESS J1702-420 | (2.35410.1)x10%8 | 1.91640.5 | 336.014:89.0 | (9.8240.7)x10~'2 | 0.074
HESS J1708-410 | (4.4342.2)x10%7 | 1.1314£0.27 | 9.8542.7 | (6.1246.9))x10713 | 0.641
HESS J1708-443 | (3.6742.0)x10%6 | 0.301£0.13 | 27.2847.2 | (6.934£6.6)x10~'2 | 0.129
HESS J1713-381 | (1.6140.2)x10%® |1.95640.0.05| 14.5141.8 | (4.2241.0)x10~13 | 0.407
HESS J1713-397 | (9.4940.3)x10%® | 1.768+0.02 | 63.7443.2 | (2.2840.2)x10~!! [4.2x10~8
HESS J1714-385 | (6.3742.1)x10%7 | 2.45240.11 | 352.44491.4 | (2.84£1.6)x10~'3 | 0.340
HESS J1718-374 | (1.1740.2)x10%® | 2.44040.03 | 10.92441.0 | (6.264+11.4)x10~1* | 0.053
HESS J1718-385 | (1.0743.4)x1037 | -4.59640.75 | 20.53+3.7 | (2.15427.7)x10712 | 0.281
HESS J1729-345 | (1.88434.1)x10%8 | 2.31441.71 | 142.51453.7 |(1.02£337.7)x10~ 12| 0.312
HESS J1731-347 | (2.1440.5)x10%® | 1.96340.10 | 44.24410.2 | (1.86+0.8)x10712 | 0.894
HESS J1741-302 | (2.5043.8)x10%7 | 2.25040.52 | 440.434-88.6 | (2.68+13.6)x10~ 13 | 0.581
HESS J1745-290 | (2.5440.1)x10%® | 2.15940.03 | 109.9145.7 | (2.1440.2)x10712 | 0.376
HESS J1745-303 | (3.8740.2)x10%® | 2.3714£0.01 | 56.574+7.6 | (1.064£0.1)x10~'2 | 0.025
HESS J1746-285 | (4.12412.2)x10%6 | 1.70240.76 | 287.30+68.0 | (4.26460.6)x10~13 | 0.312
HESS J1746-308 | (7.8942.0)x10%® | 3.37340.33 | 84.35424.6 | (1.42+1.4)x10~'3 | 0.413
HESS J1747-248 | (4.15483.8)x10%7 | 2.23240.61 | 339.884:82.5 |(4.424142.0)x10~ 13| 0.164
HESS J1800-240 | (8.63470.2)x10%8 | 2.45540.21 |365.664130.1| (3.84430.9)x10712 | 0.639
HESS J1801-233 | (3.0440.2)x10%® | 2.64340.02 | 30.20£18.2 | (2.4841.0)x10~13 0.428
HESS J1804-216 | (2.3740.5)x10%° | 2.34240.16 | 25.92460.7 | (3.9744.7)x10~12 | 0.014
Continued on next page
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3. NEUTRINO PREDICTION

Table 3.1 — continued from previous page

Source Name

normalisation
TeV-1s~1lcm—2

Spectral
Index

Cutoff
TeV

Neutrino flux

s~lem—2

xz

p-value

HESS J1808-204
HESS J1809-193
HESS J1813-126
HESS J1813-178
HESS J1826-130
HESS J1826-148
HESS J1828-099
HESS J1832-085
HESS J1832-093
HESS J1833-105
HESS J1834-087
HESS J1841-055
HESS J1843-033
HESS J1844-030
HESS J1846-029
HESS J1848-018
HESS J1852-000
HESS J18574-026
HESS J18584-020
HESS J19084-063
HESS J19114-090
HESS J1912+4101
HESS J1923+4141
HESS J1930+188
HESS J19434-213

(1.73£4.8) x 1077
(7.4042.0) x 1048
(2.9140.6) x 1047
(2.2340.7) x 1047
(2.4941.8)x 1047
(9.5543.1) x10%7
(3.20455.0) x 1047
(2.3341.8)x10%7
(2.88421.7)x 1047
(4.55480.6) x 1047
(5.59+40.6) x 10*8
(1.864:0.4x 1049
(7.33+6.5) x 10%7
(4.4242.2)x 1047
(9.84+172.8) x 1047
(3.0743.7)x10*8
(6.55+133.7) x 1047
(1.1340.3) x 104°
(6.63+1.0)x 1047
(6.36£73.3)x 108
(2.194£22.9)x10*8
(1.4940.3)x 1048
(1.9441.8) x 1048
(1.004£7.1)x 1048
(1.0340.2) x 1048

2.091+0.57
2.107+0.10
1.737£0.49
1.178+0.11
1.579£0.22
2.066+0.15
2.01840.70
2.01740.23
2.028+0.67
2.175+1.20
2.1454+0.02
2.104+0.14
1.520£0.27
2.079£0.19
2.27140.56
2.384+0.34
1.92540.92
2.215+0.11
2.15240.06
2.01240.39
2.92540.64
1.704£0.06
2.426+0.34
2.457+1.13
1.853£0.07

410.02£141.2
128.01+£35.2
318.53£79.9
45.58+18.3
155.57+63.1
146.50+49.5
201.38+65.8
163.30+35.1
36.97+124.4
132.97+93.4
46.25+2.7
60.051+46.8
82.524+79.8
77.48429.8
167.89+58.8
442.62+155.8
316.65+62.8
37.12+7.3
177.90£67.9
303.11+£24.7
34.07£123.2
43.73+9.1
281.84+53.9
253.33£153.6
13.41+£3.5

(3.614£24.7))x10~ 13
(8.2743.9)x 10712
(2.72412.9)x 10712
(3.4442.7)x 10712
(2.85+3.9)x1012
(1.3541.0)x10~12
(6.584268.1)x 1013
(4.2745.6)x 10713
(1.71440.2)x10713
(4.014£376.3)x10~13
(2.76+0.2)x10~12
(1.2841.0)x 10~ 1!
(5.94+11.5)x 10712
(4.0043.6)x 10713
(6.76+£197.3)x 10713
(1.8944.1)x10~12
(2.554159.7)x 10~ 12
(3.74+1.7)x 10712
(7.414£2.6)x10713
(1.65426.6)x 10~ 11
(9.03+£198.0)x 10~
(3.11£1.2)x 10712
(8.95+18.2)x10713
(4.00+£136.5)x 10~ 13
(3.24+1.5)x10~13

0.028
0.186
0.941
0.141
0.198
0.398
0.304
0.522
0.311
0.246
0.089
0.962
0.279
0.886
0.340
0.751
0.243
0.719
0.937
0.343
0.467
0.015
0.428
0.050
0.459
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4: Conclusion

There are 47 unidentified sources in the HGPS. There is MeerKAT data
only for the 1st and 4th quadrant of the Galactic Plane. There are only 8
unidentified H.E.S.S. sources in this region. 5 of these have had counterparts
suggested but no confirmed indentification. HESS J1828-099, HESS J1503-
582 and HESS J1708-410 have no nearby known objects. In the MeerKAT
data there is radio emission nearby to the sources but the source of emission
has not been determined yet. If the rest of the Galactic Plane gets observed
by MeerKAT the remaining unidentified sources could be looked at in the
same way.

For sources that are not excluded as most likely leptonic emitters (the
sources that are firmly identified as PWNe) the neutrino flux was predicted
assuming a purely hadronic scenario. The prediction is independent of the
source class, distance to the source and the ambient density of the target
material. This method can be expanded to other VHE sources and even
diffuse gamma-ray emission. Further work which could be done is to use the
neutrino model to fit to actual neutrino data. The model can be used as a
template to be fit for observational data and to test for neutrino emission
from gamma-ray sources which if detected would confirm them as hadronic.

None of the unidentified sources were identified in this work and no confir-
mation as to whether the sources are of hadronic or leptonic origin. However
there are some indications that the sources with coincident neutrino emission
could be hadronic. This work shows that with more MeerKAT observations
some of the unidentified sources could be identified and the prediction of
neutrino emission could be expanded to other gamma-ray sources other than
the ones in the H.E.S.S. Galactic Plane Survey and tested against neutrino
data.
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Appendix A: Sampler fits

Here you can see the sampler fits for each of the HGPS sources made using
naima[I7]. The thick black line shows the line with maximum log likelihood
while the gray bands are the 3 sigma and 1 sigma confidence bands. The
H.E.S.S. data is in green and the Fermi data is in blue. To see the parameters
of the fit see Table [3.1]
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Appendix B: Kelner model python
code

The Kelner model python code can be foud here: https://github.com/
RBatzofin/Kelner_model

import astropy.constants as const
import astropy.units as u

import numpy as np

from scipy.integrate import quad

class Kelner_Model:
r"""Secondary particle (pion mesons, gamma rays, electrons and neutrinos)
emission from a proton population based on the work by Kelner et al.
doi: 10.1103/PhysRevD.74.034018.
URL https://link.aps.org/doi/10.1103/PhysRevD.74.034018

Parameters

alpha : float
The spectral index of the proton spectra

beta : float
The reference energy for normalisation

E_0 : ‘“astropy.units.Quantity‘ float
The cutoff energy of the proton spectra

particle_type : str
Select the secondary particle spectrum you want:

gamma rays = ’gamma’

electrons = ’electron’

muonic neutrinos from direct decay = ’muonl’
muonic neutrinos total spectrum = ’muon’

for muonic neutrinos from the decay of the muon use ’electron’
since these are approximately equal.

nH : ‘“astropy.units.Quantity‘ float
Number density of the target protons. Default is :math:‘1
\mathrm{cm}~{-3}°.

[4

amplitude “astropy.units.Quantity‘ float
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def

def

Give the normalisation of the model.

__init__(

self,

alpha = 2,

beta = 1,

E_0 = 1000*u.TeV,
particle_type = ’muon’ ,

nH = 1.0%u.cm**x-3,
amplitude = None

)

self.nH = nH

self.beta = beta

self .K_pi = 0.17

self.m_p = (const.m_p*const.c**2).to(u.TeV)
self .m_pi = 1.3497664e-4 *u.TeV

self.alpha = alpha

self .E0O = E_O

self.A = self.get_A(Q)

self.amplitude = amplitude

if particle_type == ’gamma’:

self .particle_function = self.F_gamma
elif particle_type == ’electron’:

self .particle_function = self.F_electron
elif particle_type == ’muon’:

self .particle_function = self.F_muon_neutrino
elif particle_type == ’muonl’:
self .particle_function = self.F_muon_neutrinol

self.nhat = (self.high_energy_spec(0.1%u.TeV)
/self._low_energy_spec(0.1%u.TeV))

F_gamma(self,x, Ep):

nnn

Total spectrum of gamma rays Kelner Eq. 58

Parameters
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def

x : float
Energy of the gamma ray divided by energy of the proton

Ep : float
Incident proton energy

Returns
F_gamma : float

Total spectrum of gamma rays.
L = np.log(Ep/u.TeV)
B_gamma = 1.3 +0.14*L + 0.011*L*x*2
beta_gamma = (1.79 +0.11%L + 0.008*%L**2)**-1
k_gamma = (0.801 +0.049*L + 0.014*L**2)**-1

One = B_gamma * np.log(x) / x
Two = (1-x**beta_gamma)/(1 + k_gammakxx**beta_gamma *(1-x**beta_gamma))

Three = (
1/np.log(x) - (4*beta_gamma*x**beta_gamma)/(l-x**beta_gamma)
- (4 * k_gamma * beta_gamma * x**beta_gamma*(1-2*x**beta_gamma))
/(1 + k_gammaxx**beta_gamma * (1-x**beta_gamma))

)
return One * Twox*4 * Three

F_electron(self,x, Ep):

nmn

Total spectrum of electrons Kelner Eq. 62

Parameters

x : float
Energy of the electron divided by energy of the proton

Ep : float
Incident proton energy

Returns
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F_electron : float
Total spectrum of electromns.
nmmn
L = np.log(Ep/u.TeV)
Be = (69.5 + 2.65%L + 0.3*Lx*2)*x-1
beta_e = (0.201 +0.062%L + 0.00042*L**2)**-(1/4)
k_e = (0.279 + 0.141*L + 0.0172*xL**2) /(0.3 + (2.3+L)*%2)

numerator = 1 + k_ex(np.log(x))**2
denominator = x*x(1+ (0.3/x**xbeta_e))

return Be * (numerator**3)/denominator *(-np.log(x))**5

def F_muon_neutrinol(self,x,Ep):

nnn

Spectrum of muonic neutrinos from direct decay Kelner Eq. 66

Parameters

x : float
Energy of the muon divided by energy of the proton

Ep : float
Incident proton energy

Returns
F_muon_neutrinol : float
Spectrum of muonic neutrinos.

nmn

if x >= 0.427:

return O
y = x/0.427
L = np.log(Ep/u.TeV)
B =1.75 + 0.204*L + 0.01*Lx**2
b = (1.67 + 0.111*L + 0.0038*L**2)**-1
k =1.07 - 0.086%L + 0.002*Lx**2
One = Bx(np.log(y)/y)
Two = (1-y**b)/(1 + kky*xb *(1-y**Db))
Three = (
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1/np.log(y) - (4xbky**b)/(1-y**b)
- (4xk*bkyxxb *(1-2%y**b) )/ (1+kky*xb *(1-y**b))

return One * Twox*4 * Three

def F_muon_neutrino(self,x,Ep):
nmn

Total spectrum of muonic neutrinos

Parameters

x : float
Energy of the muon divided by energy of the proton

Ep : float
Incident proton energy

Returns

F_muon_neutrino : float

Total spectrum of muonic neutrinos.
nmn

return self.F_electron(x,Ep) + self.F_muon_neutrinol(x,Ep)

def sigma_inel(self,Ep):

nmn

Inelastic cross-section for p-p interaction. Kelner eq 73

Parameters

Ep : float
Incident proton energy

Returns

sigma_inel : float
Inelastic cross-section

nnn
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try:

L = np.log(Ep/u.TeV)
except:

Ep *= u.TeV

L = np.log(Ep/u.TeV)
E_th = 1.22 *10%*-3 *u.TeV
sigma_approx = (34.3 +1.88%L + 0.25%L*%2)
factor = 1-(E_th/Ep)**4

if Ep <= E_th:
factor = 0.0

return sigma_approx * factor**2 *10**x-27 *u.cm**2

def get_A(self):

nnn

Constant determined from the condition in Kelner eq 80
nmn

integration = quad(lambda Ep: Ep/(Ep**self.alpha)
* np.exp(-((Ep*u.TeV)/self .E0)**self.beta),
1, np.inf, epsabs=0)

A = (1xu.erg *u.cm**-3)/(integration[0])
return A.to(u.TeV /u.cm**3)

def Jp(self,E):

nmn

Particle distribution Kelner eq 74

Parameters

E : Incident proton energy

Returns

Jp : float

Particle distribution
nnn

return (self.A/(Ex*self.alpha))*np.exp(-(E/self.EQ)**self.beta)
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def int_for_high_energy(self,x,E):

nmn

Function to integrate in Kelner eq 71

nnn

try:

return (self.sigma_inel(E/x)*self.Jp(E/x)
xself.particle_function(x,E/x)/x) .value
except:

E x= u.TeV

return (self.sigma_inel(E/x)*self.Jp(E/x)
xself.particle_function(x,E/x)/x) .value

def high_energy_spec(self, E):

nmn

Spectrum for energies > 0.1 TeV

nnn

spec = quad(self.int_for_high_energy
,0.0,1.0,args=E,epsrel = 10**-13, epsabs=0)

return const.c.cgs.valuexspec[0] *u.cm**-3 /u.s /u.TeV

def int_for_delta(self,E):

nnn

Function to integrate in Kelner eq 78

nmnn

E *x= u.TeV

if E.unit != u.TeV:
E /= u.TeV

g_pi = ((const.c * self.nH /self.K_pi)
*xself.sigma_inel(self.m_p+E/self .K_pi)
*xself.Jp(self.m_p+E/self .K_pi))

return ((q_pi/(np.sqrt(Ex*2 - self.m_pi**2)))
.to(u.cm**-3 *u.TeV**-self.alpha /u.s)).value

def _low_energy_spec(self,E):
E_min = E + (self.m_pi**2)/(4*E)
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spec = quad(self.int_for_delta,E_min.value,np.inf, epsrel = 1le-13, epsab
return 2xspec[0] *u.cm**-3 /u.TeV /u.s

def low_energy_spec(self ,E):

nnn

Spectrum for energies < 0.1 TeV
nmn

return self.nhat*self._low_energy_spec(E)

def energy_spec_function(self, E):
nmnn
Energy spectrum from p-p interactions
Parameters
E : ‘Tastropy.units.qunatity‘ float or array
Energy range to calculate the spectrum

Returns

[4

energy_spec_function :

nnn

“astropy.units.quantity‘ float or array

flux = []
unit = u.TeV**-1 /u.s /u.cm**3
try:

for e in E:
if e >= 0.1*xu.TeV:
_flux = self.high_energy_spec(e)
elif e < 0.1*u.TeV:
_flux = self.low_energy_spec(e)
if self.amplitude:
unit = u.TeV**-1 /u.s /u.cm**2
_flux = (_flux/(4*np.pi*u.kpc**2)
/self .A *self.amplitude.value
*u.TeV *u.TeV/u.erg)

_flux = _flux.to(u.TeV**-1 /u.s /u.cm**2)
flux.append(_flux.value)
except:
if E >= 0.1*%xu.TeV:
_flux = self.high_energy_spec(E)
elif E < 0.1*%u.TeV:
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APPENDIX B. KELNER MODEL PYTHON CODE

_flux = self.low_energy_spec(E)
if self.amplitude:
unit = u.TeV*x*-1 /u.s /u.cm**2
_flux = (_flux/(4*np.pi*u.kpc**2)
/self.A *self.amplitude.value
*xu.TeV *u.TeV/u.erg)

_flux = _flux.to(u.TeV**x-1 /u.s /u.cm**2)

flux = _flux.value

return flux * unit
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