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Abstract

This work aims to analyze gamma ray emission associated with PSR J1809-2332 with the
H.E.S.S. telescope array. To achieve this data from all phases of H.E.S.S. is taken into
account. First the spatial and spectral models of PSR J2809-2332 and the surrounding
sources HESS J1800-240, HESS J1801-233, HGPSC 054, HGPSC 055 and V4641 Sgr
are tted. As the tis limited due to the xed positions of the sources, the highest

TS is reached for the Flascam dataset with 6.58 for the model of PSR J1809-2332.
To improve the t the data from multiple datasets is combined with reduced IRFs
and freed positions. This way a TS of 21.81 is reached. Furthermore H.E.S.S. 1
is investigated closer, as it showed a trend to more negative signi cances during the
background estimation. Also a trend towards high tilt values is found, which can be
likely be explained by the averaging of the IRFs over the whole phase and the degrading
of the telescopes during the early stages of operation.
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1 Pulsar and Pulsar Wind Nebulae

1.1 Supernova Remnants

After a supernova the outer layers of the star are ejected and collide with the surrounding
gas in the vicinity of the former star. This leads to shock fronts, as the ejected particles
move faster than the speed of sound in the medium, where turbulent magnetic elds
form (Angelis and Pimenta, 2018, p. 600). Over time the shock propagates outwards,
while slowing down, which is a process of tens of thousands of years.

During the lifetime of the SNR, it enters multiple phases (Angelis and Pimenta, 2018,
p.601). Directly after the explosion of the star the emitted gas can expand freely until
it hits the surrounding gas. When this happens after about some hundred years, the
collision of the two gases induces strong shock fronts, that are able to accelerate particles
and produce x-ray emission. After further slowing down, a relatively thin shell is formed
(less than 1 pc thick). In this shell the ionized hydrogen and oxygen recombine and
radiative losses start to play a role, which slows down the gas even more. In the last
phase the expansion of the gas is not supported by the inner core as the hot interior
starts cooling. At this stage radio emission is observed.

As the SNR ages the magnetic elds con ning the particles weaken. So the particles are
accelerated over less time and thus have lower energies. In general the process of shock
acceleration can result in the acceleration of protons to energies of hundreds of TeV.

1.2 Pulsars

A high mass star at the end of its lifetime in the main sequence has burned most of
its hydrogen and cannot maintain its size against the gravitational pressure. The star
starts to collapse, which leads to a temperature increase and the fusion of helium sets
in. This process is continued multiple times, depending on the initial mass, until a
massive iron core is formed, which has the highest binding energy. After this point a
supernova can occur, which bursts away the outer layers of the star and leaves behind a
neutron star or a black hole. Such a neutron star is stabilized by degenerated neutron
gas and has strong magnetic elds as well as a high radial velocity (Angelis and Pimenta,
2018, p. 597 .), because both of these are preserved during the collapse but the radius
of the star reduces. The magnetic elds induce strong electric elds, which lead to
an acceleration of charged particles. These produce photons via pair production and
synchrotron emission (see section 1.3.1). In combination with the radial velocity, this
leads to a seemingly pulsed signal, if the magnetic eld axis and the rotation axis are
misaligned, which leads to the term pulsar for such stars. Pulsars and their surrounding
gas clouds play an important role in the production of high energy gamma rays.

As the highly magnetized plasma, accelerated by the pulsar, streams outwards, it collides
with the medium in the near vicinity of the pulsar. This leads to a signi cant speed
reduction of the pulsar wind in the so called \termination shock™ (Mitchell and Gelfand,
2022). At this shock front much of the energy, which is bound in the magnetic elds, is
converted to particle energy, which leads to particle acceleration.

Directly after the Supernova explosion the Pulsar is surrounded only by low density
plasma. This results in an initial phase of rapid expansion of the Pulsar Wind Nebula
(PWN). As the expansion also leads to a decrease of the magnetic elds synchrotron
emission decreases, while emission from the inverse compton e ect (see section 1.3.1)



is increasing (Mitchell and Gelfand, 2022). When the expanding PWN hits the SNR
it is decelerated and even pushed inwards, due to the di erences in pressure between
the PWN and the SNR. This \reverse shock™ results in stronger magnetic elds, which
increase the emission from synchrotron radiation again.

During the compression the pressure increases until it matches over even exceeds the
one in the surrounding medium. From that point on the PWN is slowly accelerated
again, which favors growth of Rayleigh-Taylor instabilities (Mitchell and Gelfand, 2022).
As those disrupt the PWN high energy particles are emitted into the SNR.

The last stage in the evolution of the PWN is reached, when the pulsar is leaving the
SNR due to its motion. At this point the pulsar moves supersonically and the high
energy particles are ejected into the interstellar medium (Mitchell and Gelfand, 2022).

1.3 High energy gamma-rays

There are two main categories of mechanisms for the production of high energy gamma
rays. One involves only leptonic interactions, and the other involves hadronic interac-
tions.

1.3.1 Leptonic mechanisms

Since there are strong magnetic elds in neutron stars, charged particles are accelerated
by the Lorentz force and radiate photons. This synchrotron radiation yields high energy
gamma-rays, where the energy of those is proportional to the square of the acceleration
(Demtroder, 2017, p.179f). As the particles are highly relativistic the emission of the
photons is parallel to the velocity of the particle. Another way to end up with high
energy gamma-rays is to take low energy photons from starlight or the comsic microwave
background and let them interact with high energy electrons. This process is called
inverse compton scattering, because as in compton scattering an electron e and a
photon scatter, but with the outcome that the electron (e ) transfers energy to the
photon  (Equation 1, Demtroder, 2016 p.80) .

e + T (e) + ®

The combination of both of these e ects leads to the synchrotron self-compton mechanism
(SSC). It is based on photons being emitted by ultrarelativistic electrons, which were
accelerated by shocks. Then they gain energy via the inverse compton scattering with
their parent electrons (Angelis and Pimenta, 2018, p.586 .). The result are photon
energies in a region of GeV to TeV (Figure 1).

1.3.2 Hadronic mechanisms

This mechanism is based on protons, which are accelerated by shocks and collide with
the surrounding medium like molecular clouds. As the protons have higher energies
than the mass of a pion, they produce pions of all charges. Of which the neutral pions

0 decay into two gamma rays, with each gamma-ray holding roughly half the energy of
the pion. With an energy of about 67:5MeV the e ect is visible in the spectral energy
distribution and is part of the "pion bump™" (Angelis and Pimenta, 2018, p.589 .). The
other two pions * and result a muon and a muon neutrino, where the muon further
decays into an electron, an electron neutrino and a muon neutrino.



Figure 1: Energy spectrum for the combination of Synchrotron emission and inverse
compton scattering in the SSC, Angelis and Pimenta, 2018 p. 589

1.4 Air showers

When the high energy cosmic rays and photons from the acceleration mechanisms
mentioned before hit Earth's atmosphere, they start a cascade of particle interactions.
A photon produces an electron positron pair. Both of these particles still possess high
enough energies to emit a photon via Bremsstrahlung, which can again produce an
electron positron pair. As this process is repeated multiple times the number of particles
rises quickly until the remaining energy of the emitted photons is not high enough to
support further pair production (Angelis and Pimenta, 2018, p.124 .). Due to the
cascading nature of the process it is called an air shower (Figure 2).

Protons also interact with the atmosphere but produce a hadronic air shower. Here
mesons of all avors are created. As already mentioned in section 1.3.2 the charged
pions decay into a muon and a muon neutrino. And the muon further forms an electron,
an electron neutrino and a muon neutrino. For the neutral pion the process is di erent
than for charged pions, since it decays into two photons. These photons possess high
enough energies to start an electromagnetic shower as described before.

In order to di erentiate between electromagnetic and hadronic air showers, their spatial
distribution is looked at. Air showers originated by a proton are more extended and
vary in form more than ones started by a photon (Figure 2). This is because in hadronic
cascades more di erent particles are involved and because of the larger transverse
momentum for hadronic interactions.

2 Imaging Atmospheric Cherenkov Telescope (IACT)

The particles created in the air showers of the previous section move faster than the local
speed of light, which results in the emission of Cherenkov light. This light is emitted as
the molecules in the atmosphere relaxate after being polarised by the bypassing charged
particle of the air shower. Since such a particle is highly relativistic the emitted photons
are in phase and form a cherenkov cone with an opening angle, wich only depends
on the refractive index of the atmospheren and the speed of the particlev (Equation 2,
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Figure 2: Comparison of electromagnetic (left) and hadronic (right) air showers; The
hadronic shower is more broad and chaotic than the electromagnetic one. (Velk and
Bernkhr, 2009)

Angelis and Pimenta, 2018 p. 116 f.).

c

cos(c) = (2)
The cherenkov light is then collected by the mirrors of the Imaging Atmospheric
Cherenkov Telescopes (IACTs) and captured onto a fast imaging camera (see Figure 3).
When using multiple telescopes, the size and energy of the shower can be reconstructed
with more signi cance. Also the arrival direction can be traced.
The advantage of the indirect detection of gamma rays on the ground is, that the
e ective detection area is determined as the area covered by Cherenkov light. This
region is typically a circle with a diameter of 250 m and therefore much larger than that
for satellites detecting gamma rays directly, which is typically below 1m? (Actis et al.,
2011). Therefore, higher energy gamma rays can be detected more easy despite their low
ux. On the other hand the reconstruction of the initial properties of the gamma ray is
more complicated. While the full extent can be determined easier, when the telescopes
are further apart, it also makes it more unlikely for two telescopes to see the same air
shower, when just the spacing between the telescope increases. As neutrinos from the
decay of charged pions are not detected by Cherenkov Telescopes, the energy deposited
in the neutrinos has to be taken into account for energy reconstruction (Angelis and
Pimenta, 2018, p.128 f.).

2.1 High Energy Stereoscopic System (H.E.S.S.)

The H.E.S.S. telescope is operational since 2004 and is located in Namibia (Hinton and
HESS Collaboration, 2004). It is an Imaging IACT Array, which originally consisted

of 4 Telescopes, where this rst con guration is referred to as Phase 1. As described
before, it is advantageous to space the telescopes apart for better reconstruction, while
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Figure 3: Image of the rst two telescopes of H.E.S.S.; Hinton and HESS Collaboration,
2004

also keeping the area covered by the telescopes high. The compromise chosen for the
H.E.S.S. is a square with a side of 120 f) where the four telescopes (CT1 to CT4) are
located at the corners (Hinton and HESS Collaboration, 2004).

In 2012 a fth telescope, with a much larger diameter and a total light collection area

of 600 n?, was inaugurated and marked the beginning of Phase 2. This new telescope
brings a better angular and energy resolution, as well an increase in sensitivity at lower
energies (H. E. S. S. Collaboration et al., 2018b).

A few years later in 2016 the cameras from the 4 telescopes of Phase 1 were replaced
by newer electronics using the NECTAr chip in the now called Phase 1u. This was
necessary because with CT5 the trigger rates went up and the dead time of the previous
cameras could not keep up anymore. So the new cameras with reduced deadtime were
installed.

In 2019, the camera of CT5 was also upgraded. This phase is referred to as Flashcam
Era.

2.1.1 HGPS

The H.E.S.S. Galactic plane survey (HGPS) is a survey by the H.E.S.S. telescope of
the region around the galactic plane in an energy between 0.1 and 10@V. Starting

in 2004 until 2013 2700 hours of observations were combined to cover a region from
250 to 65 in longitude and a latitude between 3 and +3 (Figure 4, H. E. S. S.
Collaboration et al., 2018a). Based on this data a catalog is created, which contains
78 VHE gamma-ray sources. As this catalog holds information about the position, the
spectral model of the source as well as ux points, it is used as the reference value for
the t values in the analysis (see section 3.2).

2.2 Fermi- LAT

The Fermi satellite was launched on 11 June 2008 and holds two instruments. The rst
one is the gamma ray burst monitor and the second one is the Large Area Telescope. It
detects gamma rays with energies from 20 MeV to 300 GeV (Atwood et al., 2009). As
this instrument has a very large eld of view, namely 20 % of the whole sky it can cover
the sky in three hours (Atwood et al., 2009). Based on the observations of Fermi-LAT a
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Figure 4. Region covered by the HGPS compared to HEGRA and VERITAS, H. E. S. S.
Collaboration et al., 2018a

catalog is created. This work is using data from the fourth source catalog 4FGL, which
was created with the rst eight years of operation. It contains a total of 5064 sources
measured with over 4 signi cance (Abdollahi et al., 2020).

3 Analysis

3.1 Datasets

This work uses a total of 4 Datasets representing the four di erent phases of the H.E.S.S.
Telescope. These will be re ered to as the H.E.S.S. 1, H.E.S.S. 2, H.E.S.S. 1u and
Flashcam datasets, with H.E.S.S. 1 being the largest dataset with a livetime of 520 h,
followed by Flashcam with a comparable duration of 5020 h. The other two datasets
only have a livetime of 1093 h (H.E.S.S. 1u) and 309h (H.E.S.S. 2).

3.2 Analysis of the datasets seperatly

All the analysis has been done usinggammapyersion 1.3. For further information and
documentation see Donath et al., 2023 and Acero et al., 2025.

In this analysis the position of PSR J1809-2332 is de ned as the center in the eld of
view (FoV), which has a width of 7 degrees in right ascension and a height of 6 degrees
in declination. Other known sources in the FoV are added as masked region, where the
size of the excluded regions is 1.2 times the extension of the gamma-ray emission as
derived in previous analyses, to ensure that all emission is excluded (see Table 2 and
Figure 5).

Based on this initial setup, the background is estimated for each run individually by
tting the spectral norm and tilt of the background model given for each run (Figure 6
and Figure 7).

For this background estimation also a safe energy threshold is de ned with an energy bias
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