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Abstract

Pulsar Wind Nebula (PWN) exhibit complex morphologies that are often known to be
energy-dependent. In this work detailed morphological studies of the very-high-energy
source HESS J1303{631 are performed.

Its potential energy-dependent nature is probed by analyzing the available data for
several energy ranges on its own and therefore quantifying its morphological energy-
dependency. HESS J1303{631 is found to be consistently elongated and extended.
The exact morphology is however not evolving as expected. The results suggest that
HESS J1303{631 exhibits a much weaker energy dependence than previously reported.
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1 Introduction to Gamma-ray astronomy and its sources

Ever since humans began observing the night sky, the main source of information has
been the electromagnetic spectrum. Even present-day astronomy relies almost entirely
on the detection of di erent parts of the electromagnetic spectrum. This spectrum
spans an enormous energy range: from long-wave radio waves, through visible light, up
to extremely energetic photons known as gamma rays.

Typically photons above roughly 100 keV are classi ed as gamma rays. Since they form
the extreme high-energy end of the spectrum, photons in the GeV, TeV and even PeV
ranges are all part of the gamma-ray regime. Photons with that much energy cannot be
produced thermally, but instead require environments capable of accelerating particles
to extreme energies. For this reason the production of gamma-rays is closely related to
high energy charged particles, called cosmic rays, being produced in similar situations.
In principle, both gamma- and cosmic rays therefore provide useful information about
the most extreme astrophysical sources in the universe. Charged particles are, however,
subject to electric and magnetic elds and often get diverted on their way to us. This is
not the case for the gamma-rays, as they are not charged. They therefore play a crucial
role in deciphering our universe at the highest energies and the mechanisms behind
cosmic-ray acceleration (Funk, 2015).

There are two main fundamental production mechanisms for creating gamma rays:
hadronic and leptonic. In hadronic scenarios, relativistic hadronic particles such as
protons and atomic nuclei interact with ambient gas and thereby produce gamma rays.
The most common interaction is high-energy protons colliding with its surrounding gas
nuclei. These collisions then produce charged and neutral pions that eventually decay
into gamma rays. Neutral pions decay almost immediately and dominate gamma ray
production through © ¥ (Funk, 2015, Hinton and Hofmann, 2009).

In leptonic scenarios, electrons and positrons emit gamma rays as they are accelerated in
magnetic or radiation eld. Three main processes are associated with this acceleration
based gamma-ray production. First, Inverse Compton (IC) Scattering occurs when high
energy electrons transfer part of their energy to a target photon and thus up-scatter low-
energy photons into the gamma-ray regime. Second, Synchrotron radiation can produce
photons of up to keV{MeV energies, when electrons with energies exceeding 100 TeV
are forced to follow curved paths in strong magnetic elds. Third, Bremsstrahlung arises
when high energy electrons interact with atomic nuclei and thereby radiate gamma rays
as they are decelerated (Funk, 2015, Hinton and Hofmann, 2009).

High energy gamma rays can originate from a wide variety of astrophysical systems. In
each system di erent physical conditions, particle populations and radiation mechanisms
are relevant. With currently available gamma-ray observatories, more than 200 Very
High Energy (VHE) sources have been detected. Most of them are thought to be of
galactic origin (Steppa, 2021). The observed gamma-ray sky for sources with an energy
greater than 1GeV, as seen by Fermi’s Large Area Telescope is depicted in Figure 1.

A signi cant number of those sources are found to be Supernova Remnant (SNR), which
are large expanding shells of gas and debris. They are created when a massive star
explodes in a supernova and a shock wave is driven into the surrounding Interstellar
Medium (ISM). This shock can then e ciently accelerate charged particles to relativistic
energies.



Figure 1: The observed gamma-ray sky for energies greater 1 GeV as seen by Fermi’s Large Area
Telescope. Credit: NASA/DOE/Fermi LAT Collaboration

Most sources are identi ed to be PWNe. They are, as the name suggests, nebulae with
a pulsar in it. Pulsars are neutron stars with a magnetic eld axis misaligned with
respect to their rotation axis. Such a pulsar generates a steady out ow of particles
energy and particles like electrons and positrons. Since this energy is provided by the
pulsars spin down energy, the pulsar continually loses energy. The protruded out ow
can freely expand until it reaches the surrounding medium, where it abruptly decelerates
by forming a so called termination shock. The energy in the motion of the out ow
gets converted into relativistic random particle motion. The particles then radiate
away their energy through IC scattering or synchrotron radiation, powering the nebulas
high energy emission in the x-ray and gamma-ray regimes. As the particles propagate
outward, they lose energy and thus cool, resulting in the extension of the PWN typically
being observed to shrink with higher energies. PWN are therefore known sources with
an energy-dependent morphology (Gaensler and Slane, 2006).

An other important class of VHE gamma-rays emitters are gamma-ray binary systems
which will be relevant for this work later on. They consist of a compact objects such as
a neutron star, pulsar or black hole orbiting a massive companion star. Due to their
orbital motion, their gamma-ray emission often shows periodic behavior. The exact
gamma-ray emission mechanisms depend on the properties of the system, but include
particle acceleration in relativistic jets and the interaction of stellar and pulsar winds
(Dubus, 2013).



2 Gamma-ray detection with H.E.S.S.

2.1 Interaction of gamma-rays with earth’s atmosphere

In astronomy, the general idea is detecting electromagnetic radiation from extraterrestrial
sources and interpreting them. For most parts of the electromagnetic spectrum this
works extremely well and led to many breakthroughs in our understanding of the
universe. However, since earths atmosphere is opague at the high energies of gamma-
rays, a direct detection of them is only possible in space and physically impossible from
ground.

But even if the photon itself cannot be observed, because of its intrinsic high energy it is
possible to analyze its e ects on the atmosphere. When high energy photons reach earth,
they interact with our dense atmosphere and may produce an electron-positron pair.
These secondary particles still have high energies and interact with more gas particles.
In particular, Bremsstrahlung forces these secondary particles to emit highly energetic
photons on their own and a cascade e ect of electron-positron pairs and photons is
produced. These cascades e ect are called extensive air showers and are the cornerstone
of ground based gamma-ray detection. The resulting particle shower can last for a
few particle generations and grows exponentially until the energy of the secondary
particles is no longer su cient to produce new ones anymore. Air showers typically
develop over a few kilometers and only take a few microseconds (Steppa, 2021). A
schematic illustration and simulation of the underlying cascade development is depicted
in Figure 2.
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Figure 2: Left panel: Schematic illustration of the formation of an extensive air shower. A primary
gamma-ray photon interacts with the atmosphere and produces an electron positron pair. From their
on a cascade of particle interactions is triggered. Right panel: Simulation of an gamma-ray induced air
shower with a xed energy of 100 GeV and rst interaction height of 30:1 km. Image from Steppa, 2021.

The crucial aspect for detecting these air showers from the ground is the fact that the
charged particles involved in the shower have enormous amounts of energy and therefore
often have velocities Vparticle Close to the speed of light co. In a medium like the air in
the atmosphere, the speed of light is smaller than in vacuum: cajr = co=n. Because of



this, when traveling in the atmosphere, the charged particles can travel faster than the
speed of light in air (Vparticle > Cair). Analogous to supersonic airplanes traveling faster
than the speed of sound, this results in a shock wave. In the case of charged particles
this results in the coherent emission of light in the blue and ultraviolet parts of the
spectrum - the so called Cherenkov light. The light is emitted in form of a cone with an
opening angle in the direction of the velocity of the charged particle (Jelley, 1955):
Co
cos = —— 1

N Vparticle )
This light cone can then in principle be detected and analyzed by dedicated telescopes,
see subsection 2.2 and Figure 3.

charged
particle

Cherenkov
light

250 m

<
. L

"light pool"

Figure 3: Left panel: Cherenkov light emitted by a downward moving particle in form of a cone with
opening angle . Right panel: The observed light cone as see by a telescope directly on the cones axis
at an elevation of 1800 m above sea level. Image from Volk and Bernlohr, 2009.

Gamma-rays are however not the only source of air showers in the atmosphere. Most
air showers are produced by the steady background of cosmic rays. These hadronic
particles produce a number of di erent particles including pions, which can then decay
into gamma-rays and result in a similar air shower. As we will see in subsection 2.3, the
di erent shower sources can, however, be distinguished by analyzing their exact form.



2.2 The High Energy Stereoscopic System (H.E.S.S.)

Detecting Cherenkov radiation produced in earth's atmosphere by incoming gamma-rays
is a delicate task. Since the end of the 20th century special telescopes called Imaging
Air Cherenkov Telescopes (IACTs) have been designed for this purpose. Currently,
there are ve operating IACTs: the High Energy Stereoscopic System (H.E.S.S.) in
Namibia, the Very Energetic Radiation Imaging Telescope Array System (VERITAS)
in Arizona, the Major Atmospheric Cerenkov Experiment Telescope (MACE) in India,
the Major Atmospheric Gamma Imaging Cherenkov Telescopes (MAGIC) and the First
G-APD Cherenkov Telescope (FACT) on La Palma. A next-generation IACT called the
Cherenkov Telescope Array Observatory (CTAO) is under construction on La Palma
and in Chile and will be 5-10 times more sensitive than current-generation IACTs. The
data analyzed in this work was recorded by H.E.S.S..

The High Energy Stereoscopic System (H.E.S.S.) is an array of IACTs located in
Namibia (23 16°18°°S, 16 300%E) at an elevation of 1800 m above sea level. Since its
inauguration in December 2003, the system has continually been upgraded to further
increase its performance. During the rst observation phase (HESS ) from 2004 to

2012, it consisted of four telescopes (CT1-4) with mirror diameters of roughly 12m and
mirror areas of 107m?2. The re ected light is focused onto a camera with 960 Photo

Multiplier Tubes (PMTs) each. The telescopes are arranged in a square formation with

a side length of 120 m, a con guration optimized for maximum sensitivity at energies

ranging from 200 GeV up to tens of TeV (Aharonian et al., 2006).

Figure 4: The H.E.S.S. experiment located in Namibia. The square formation of the 4 telescopes
(CTA1-4) with a mirror area of 107 m? each and the centered CT5 telescope with a mirror area of
612n? can be seen. Image from Wikipedia, 2017.

In 2012, a fth, larger telescope (CT5) with a mirror area of 612m? was installed

in the centre of the array. This reduced the energy threshold of H.E.S.S. to below
100GeV, improving its sensitivity and making H.E.S.S. the rst IACT array consisting

of telescopes of di erent sizes (Holler et al., 2013). In 2016, the observation phase
HESS Il ended, when the cameras of CT1 to CT4 needed replacing due to degradation.
This phase was then called HESS Iu. In 2019, the camera of CT5 was replaced with
an advanced FlashCam prototype. This type of camera was developed as a possible
candidate for CTAO, further improving H.E.S.S.s performance and stability (Bi et al.,
2021). This upgrade marks the beginning of the current era of observations, HESS FC.
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The detector's Field of View (FoV) is 5 in diameter. H.E.S.S. records data in 28nin
intervals, known as observation runs. H.E.S.S. primarily operates in \wobble mode",
observing the target of interest with a small o set that is alternated symmetrically after
each observation run. This results in a larger control region, thus improving the quality
of the background estimation.

To ensure that most detected events are actual air showers, H.E.S.S. uses multi-level
trigger criteria. For a shower to be registered, a single pixel of a camera must rst
exceed a prede ned threshold within a certain time window. Shortly afterwards, two
additional pixels in the vicinity of the rst one must be triggered. Lastly, two separate
telescopes must both trigger within 80 nanoseconds. In addition to these stereoscopic
triggered events, a monoscopic acceptance was introduced for CT5. Due to its 6
larger collecting area, it will be able to detect lower energy gamma-ray showers, which
would be disregarded in a pure stereoscopic setup.

During every observation, the current run is constantly checked and rejected if trigger
rates drop below a certain threshold, if atmospheric conditions are unstable, or if
unexpected malfunctions occur. For all accepted runs, a dead-time-corrected exposure
time will be calculated, providing the exact live time of that observation. These standard
run selection criteria are necessary to allow for a stable data reconstruction.

2.3 Data reconstruction & Instrument Response Functions (IRFs)

The task of any IACT is to digitize and calibrate the electrical signals detected by the
PMTs and convert them into an interpretable physical signals. For each observation
run, this results in a two-dimensional camera image with pixel amplitudes that, after
calibration, are proportional to the detected light intensity. From these images alone,
the physical properties of the primary gamma-ray, such as its true direction and its
true energy Eque, must be reconstructed indirectly. This reconstruction is therefore
intrinsically statistical and cannot yield the exact parameters of a single event. The
data reconstruction process consists of many di erent steps, some of which will be
covered brie y (Aharonian et al., 2006).

Even in the absence of Cherenkov light, each pixel records a baseline signal, the so called
pedestal, caused by electronic noise of the PMTs and the Night Sky Background (NSB).
Calibration measurements without any Cherenkov radiation have therefore performed
and analyzed. The calculated pedestal is then subtracted from every pixel value and
de nes the new baseline, thus removing possible systematic o sets. Fluctuations around
this value cannot be removed and result in electronic noise (Balzer, 2010).

Since no two pixel will respond to the same physical input exactly the same, pixel-to-
pixel di erences have to be understood in detail. This is done by illuminating all pixels
with a homogeneous light. This process, called at- eld-correction, allows to calibrate
each pixel separately and results in a uniform camera response. If dead pixels are found
to be present, they are disregarded in the analysis.

To remove uctuations from the atmosphere, NSB and noise of the electronic equipment,
H.E.S.S. applies a two-level tail-cut-selection: A pixel is only retained if it exceeds 5
Photo Electrons (p.e.s) and one neighboring pixel 10 p.e.s or vice versa. All other pixels
are set to zero. This image cleaning process therefore suppresses noisy pixels and only
keeps spatially correlated signals.



Figure 5: Example projection of the three-dimensional geometry of the air shower onto each camera
plane. Four telescopes have been used in a stereo system. To reconstruct the shower axis, all four
signals are projected onto the same image. Image from Wlk and Bernishr, 2009.

After calibration and image cleaning have been performed, air showers appear as
compact, elongated clusters of spatially correlated pixels. To reconstruct physical
parameters of the primary gamma-ray, the underlying geometries have to be understood.
As discussed in subsection 2.1, the three-dimensional geometry of an air shower is
fully determined by two properties: its orientation in space and the point at which the
shower axis intersects the ground, the core position. Each IACT image records the
three-dimensional air-shower geometry projected onto its two dimensional image plane.
Since the Cherenkov light cone of an air shower is generally observed at an angle, the
detected signal appears elliptical on the camera images. The exact form of these signals
on the two-dimensional image plane can be analyzed by using the second moments of
the light distribution, the so called hillas-parameters. These parameters include the size
of the signal, the width and length of the signal, the distance to the camera center and
the signal's orientation in the two-dimensional image plane. Since H.E.S.S. consists of
multiple telescopes, each one observing the same air shower under a di erent angle, each
telescope sees a di erent projection of the shower geometry and therefore a Hillas ellipse
with a di erent orientation. Simple triangulation of the Hillas major axes can then

be used to reconstruct the orientation in the sky (Velk and Bernlehr, 2009). Figure 5
shows this projection for a signal detected by four telescopes.

As mentioned in section 1, the vast majority of detected air showers are of hadronic
origin, exceeding the number of gamma-induced events by several orders of magnitude.
It is therefore necessary to disregard them by analyzing their exact shape. Hadronic
events generally produce broader, more irregular images with less correlation between
the telescopes, while Gamma-ray showers are consistently elongated. Example images
of gamma- and hadron-induced events can be seen in Figure 6.

Two common approaches are used to di erentiate the two. The rst one is based
on Hillas parameters from which separation variables such as the reduced and mean
reduced scaled width and length are calculated. Using these variables, the deviations
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Figure 6: Comparison of gamma-induced (left) and hadron-induced (right) camera images. Hadronic
events generally appear broader and more irregular. Image from Wlk and Bernihr, 2009.

from Gamma-Like showers can be analyzed and showers can be separated accordingly.
The second method uses a rich database of templates for gamma and hadronic events
produced through Monte Carlo simulations. Once an event is detected a pixel-wise
likelihood t of its exact shape is performed by comparing it to the templates in the
database. This method, called the Image Pixelwise t for Atmospheric Cherenkov
Telescopes (IMPACT), is particularly useful for analyzing monoscopically triggered CT5
events and is therefore used in this work (Pahlhofer et al., 2023).

After separating hadronic events from the actual signal, the next step is to reconstruct
the energy Eeco Of the primary gamma-ray. While the direction can be reconstructed
purely geometrically from the Hillas parameters, energy cannot be derived directly from
the brightness of the camera images. The measured intensity depends not only on the
true energy Eqe Of the primary gamma-ray, but also on the lateral distance to the
respective telescope, the zenith angle of the observation, the atmospheric transmission
and many other dependencies. It is therefore not possible to directly calculate the desired
reconstructed energyEeco. TO get around this, extensive Monte Carlo simulations
are performed. In these, a large number of possible combinations of initial values for
Ewe, Zenith angle, O set and lateral Impact-Distance to the telescope are assumed
and used to simulate their behavior. To overcome this challenge, detailed knowledge
about physical interactions and the relevant parameters in the atmosphere, optical
system, camera electronics and trigger logic are essential. Once the necessary calibration
measurements have been performed, we are able to nd out statistically how the
complete system reacts for di erent initial conditions. After repeating this process for
millions of arti cial photons, a lookup table statistically tying initial values to possible
outcomes is produced. This table can then be used to compare detected signals, and an
individual estimate for its Eeco can be performed (Leuschner et al., 2023).

The values gathered forE e, Will statistically di er from the true energy value Egye,
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which is physically impossible to deduce in this setup. The quality of the energy
reconstruction process is characterized by the so called energy dispersion. It is the
probability distribution that for a given initial value of Eyyue the reconstructed energy
Ereco is being measured. Is the distribution shifted systematically in one direction, an
energy bias will be present:

Energy bias:= fErecol  Ete )

Etrue

Positive biases result inEeco being overestimated, while negative ones result in an
underestimation of the energy. If the distribution is roughly centered around the true
energy Ee, the reconstruction process only uctuates statistically around the true
value.

This uctuation can be quali ed by the energy resolution, which measures the width of
the energy dispersion:

Energy resolution = Ereco 3)
true

The energy resolution therefore provides an indication of how well the energy of the
reconstructed E eco Will be resolved. Energy bias and resolution are the rst and second
moments of the energy dispersion distribution, respectively.
Similarly to the energy dispersion describing the statistical uncertainty for the energy
reconstruction, the reconstruction in direction also has a corresponding distribution: the
Point Spread Function (PSF). The PSF describes the statistical relationship between
the true direction of incidence and the reconstructed direction. In particular, it describes
the probability that a photon with a certain energy is being reconstructed within a
certain angular separation . In practice the PSF is often characterized by the 68%-
containment radius regg, de ned as the radius within which 68% of the reconstructed
events are located. It therefore measures the angular resolution and will be essential for
morphological analyses to follow in the following chapter.
As with every other telescope type, the collecting area is an important quantity describing
the amount of light a telescope can gather. Since in the case of IACTs the full available
collecting area is not always used as e ective depending on energy, the term e ective
areaae is introduced. It describes the e ective area available for gamma-rays of a
particular energy and o set. It is calculated from analyzing the ratio of selected vs
simulated counts multiplied by the simulated area:

VA

N E
Ao (B )= Po(Eir)d?r = Agy - seiected®)

N simulated (E )

In other words, it measures the probability Pge; that the detector will detect an event of

a given energy and o set. Since all of the data is produced during the same observations,
Tive is the same for all energies. The resulting exposure time for each energy will
however di er, due to the dependency of the e ective area on energy:

(4)

Exposure®; )= Ae (E; ) Tive 6)

2.4 Analysis software: Gammapy

Gammapy is an open source, community driven python package, commonly used for
data analysis in gamma-ray astronomy. It provides tools for all steps of data analysis,
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from raw data processing to physical interpretation. Gammapy is based on python
lybraries like numpy, scipy and astropy.

For the analysis of this work, gammapy 1.3. is used (Acero et al., 2025). Gammapy
implements a so called forward-folding maximume-likelihood approach: All physical
objects in the sky are described by user de ned models. These models describe the
spatial and spectral properties of the source and will then be folded through the
instrument response functions to determine the expected count distributions in the
detector. These estimated expectations are then compared to the observed data and
the likelihood of the model parameters is maximized accordingly (Donath et al., 2023).
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3 Analysis of the pulsar wind nebula HESS J1303-631

3.1 Target of interest and previous studies

In 2004 Aharonian et al., 2005 performed dedicated observations of the pulsar PSR B1259{
63 with H.E.S.S. in order to analyze its VHE gamma-ray emission. PSR B1259{63
is part of a binary system with a companion Be star, called SS 2883. As showed by
Johnston et al., 1994 this system has an orbital period of 3lyr. Because of Be stars
material out ow and intense pulsar interaction, such systems are most interesting during
periastron passage when both objects are at their closest. This ultimately motivated
the rst TeV observation of PSR B1259{63 during exactly such a periastron passage.
Unexpectedly, Aharonian et al., 2005 detected gamma emission not only from PSR B1259{
63, but also from an additional unknown TeV source located approximately 0.8 north
of the binary system. This source was subsequently named HESS J1303{631. Figure 7
shows the original discovery image from Aharonian et al., 2005. A clear spatial
extension of HESS J1303{631 can be seen. A Gaussian t estimated this extension to be
=(0:16 0:02) . No signi cant ux variability was detected during the observation
period from February to June 2004.

Figure 7: Original signi cance map of both the binary system of PSR B1259{63 and the serendipitously
discovered object HESS J1303{631. The observations took place from February to June 2004. A clear
extended morphology of HESS J1303{631 can be observed. Figure from Aharonian et al., 2005.

At the time of its discovery, no clear counterpart was identi ed, making it the second
unidenti ed TeV source ever detected. Several possible production scenarios have been
discussed, including a PWN scenario, interactions with molecular clouds, energetic stellar
winds from nearby stars and SNR related scenarios. However, the multiwavelength
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Figure 8: Monthly exposure time of HESS J1303{631 from 2004 to 2025. The periodic periastron
passage of the binary system PSR B1259{63/SS 2883 is indicated in form of the dashed red lines. The
number of distinct observation runs n and cumulative exposure time T for each H.E.S.S. phase is shown
in the legend.

observations available at that time provided no convincing evidence. The nature of the
source therefore remained unclear.

Only subsequent follow-up observations in the X-ray and gamma-ray-regions allowed
possible scenarios to be constrained further, as reported by the H. E. S. S. Collaboration
et al., 2012. X-Ray data from XXM-Newton revealed a previously undetected PWN,
extending roughly 2-3 arcmin away from the pulsar PSR J1301{6305 up to the center
of HESS J1303{631.

The new data from H.E.S.S. allowed for an energy-dependent analysis in the TeV region,
determining a signi cant energy-dependent morphology of HESS J1303{631 by observing
it to shrink with increasing energy. Similar observations for GeV energies recorded by
the Fermi Gamma-ray Space Telescope were also reported by Acero et al., 2013 and
Zhou et al., 2023. All of these results support the interpretations of HESS J1303{631
being a PWN and tying it to the nearby pulsar PSR J1301-6305.

As discussed in section 1, it is therefore important to distinguish between the extended
PWN HESS J1303{631 and the point-like pulsar PSR J1301-6305 powering the nebula.
All morphological analyses discussed in future chapters refer to the PWN and not the
pulsar itself.

3.2 Observational data

Since the original discovery of HESS J1303{631 in 2004, signi cantly more data has
been collected. Due to HESS J1303{631s proximity to PSR B1259{63 and the ongoing
interest in this binary system, H.E.S.S. has primarily collected data in this region of
the sky during the periastron passage of PSR B1259{63. As can be seen in Figure 8
this has resulted in a clear 34yr periodicity in the available HESS J1303{631 data.
The observations in question cover a time span of six PSR B1259{63/SS 2883 periods
and more than 20 years. As discussed in subsection 2.2, the exact con guration of
H.E.S.S. has changed during this time, resulting in the observations being part of 3
di erent H.E.S.S. observation phases: HESS I, HESS Il and HESS FC. As we will see
in subsection 3.3, this must be taken into account for the preparation of the data.

All observations have been carried out during Moonless nights to ensure no unnecessary
contamination. Standard H.E.S.S. quality criteria have been applied, see subsection 2.2.

12



Figure 9: Historgram of the live time of HESS J1303{631 observations over the zenith angle during
the observation for each H.E.S.S. phase. The mean zenith angles for each H.E.S.S. phase are indicated
with dashed lines. The cumulative exposure time for each H.E.S.S. phase is shown in the legend.

These quality selections remove data taken during bad weather or instrument anomalies,
resulting in a dead-time corrected exposure (live time) for all analyzed data. Overall
this data consists of 586 runs across 195 unique observation days and a cumulative live
time of 267 hours.

Due to HESS J1303{631s position in the sky and H.E.S.S. being located in Namibia,
the Zenith angles of the used observations are all within 38 and 60 degrees with a mean
of 441 , 41:1 and 429 for each observation phase respectively, see also Figure 9. As
we will see in subsection 3.3, this interval is well within the acceptance range, resulting
in no unexpected systematics.

Most observations were performed in the wobble mode (subsection 2.2) alternating the
telescope pointing around PSR B1259{63. As can be seen in Figure 10 this results in
PSR J1301{6305 being at an o set of roughly 1 for most runs.

3.3 Data selection & stacking

An important step in any gamma-ray analysis is to estimate the background of the
observed FoV and then remove it from the observed data. In order to estimate the
background, it is necessary to exclude every bright source in the FoV and examine only
regions that are considered to be a true background without source pollution. In this
work, this includes not only PSR J1301{6305, but also PSR B1259{63. Therefore two
circular exclusion regions are centered on the literature positions of the two pulsars. The
choice of the exact exclusion radii had to be optimized so that they were large enough
to exclude pixels associated with either source, but not so large as to reduce available
background area and thus worsen statistics. A combination of di erent masks was
compared and circular exclusion masks with radiir; =0:75 andr, =0:4 were chosen
for PSR J1301{6305 and PSR B1259{63, respectively. This global exclusion mask will
be used for all subsequent background ts. For visual clarity, the exclusion regions and
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literature pulsar positions mentioned are depicted in Figure 10 on the relevant World
Coordinate System (WCS) map.

Figure 10: Masking geometry used for all further analysis, depicted on a WCS map. Both literature
positions of PSR J1301{6305 and PSR B1259{63 are marked with a star. Every unique pointing position
of each observation phase is shown. The Circular exclusion masks of radiir; =0:75 andr, =0:4
are highlighted in red. An exploratory o set boundary is depicted in blue. All shaded areas are not
considered in the background estimation.

In addition to an exclusion mask, a so called safe mask is applied to the t of each
observation run. This safe mask ensures that only data adhering to certain prede ned
guality criteria is retained for further analysis. These quality criteria include a maximum

o set of 2 around the pointing of the telescope for each observation run. Since the
exact pointing positions vary for di erent observation runs, this o set cut dynamically
changes accordingly. All unigue telescope pointings for the available data, as well as an
example o set cut for one of the pointings are depicted in Figure 10.

The safe mask also includes a threshold of the allowed energy dispersion bias of 10%
for HESS | and HESS II, and 15% for HESS FC, motivated by the energy bias of the
stacked datasets as depicted in Figure 12, more on that later.

The last criteria imposed is the bkg peak criteria, which disregards energy intervals
where the background model is too unreliable.
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Based on all the above criteria, a safe mask is created and the data relevant for further
analysis thus selected.

After de ning the relevant masks, background ts can be performed. For this the
\FoVBackgroundMaker" tool of gammapy is used. The background ts use the above
described global exclusion mask and the run-speci ¢ safe masks. Geometrically this
results in only pixels lying in the white, non-shaded area of Figure 10, will be part of
the background t.

The t also estimates the spectral shape of the background for every run separately.
For every background spectral model of each observation run, two parameters are tted:
the norm and the tilt of the spectrum. The norm quanti es the overall amplitude of
the background counts, while the tilt describes the radial gradient of the background.
Under ideal observational conditions, we expect values around

norm 1; tilt O (6)

The actual distribution of the tted parameters for each H.E.S.S. phase can be seen in
Figure 11. A best-t gaussian model as well as its corresponding mean and standard
deviation are depicted.

To ensure a robust dataset, additional quality cuts are enforced:

0:70 norm 1:30; jtiltj 0:30: (7)

Deviations above these thresholds are not expected and are most likely caused by
per-run disturbances, resulting in undesired systematics. Of overall 586 observation
runs, 29 lie outside of our expected background modeling values (see also Figure 28).
After removing these runs, the total amount of data available has slightly decreased,
and thus changed the norm, tilt, zenith angle and total live time values as summarized

in Table 1.

Table 1: Summary of the impact on the available data after applying quality cuts according to
Equation 7 and thus removing 29 outliers across all observation phases. The updated mean values of the
norm, tilt and zenith angle, as well as the cumulative live time for each observation phase are displayed.

Phase bzl:grse Outliers S\fligrs hnorm i htilt i zen:\t/lhe?;eg] Live time [h]
HESS | 263 8 255 094 0:10 0:06 0:09 43.99 117.18
HESS I 16 1 15 119 0:07 0:02 0:06 41.19 6.87

HESS FC 307 20 287 101 0:10 0:01 0:10 42.67 129.84
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Figure 11: Histograms of the norm (left panel) and tilt (right panel) t values for each observation
after performing a background t with given exclusion and safe mask. A best-t gaussian, as well as its
corresponding standard deviation (grey area) and mean value (black dashed line) are shown for
each histogram. The dashed grey lines indicate the performed quality cuts. For comparison the values
of background ts for each H.E.S.S. phase are analyzed separately. The total number of observation
runs per H.E.S.S. phasen is depicted in the right upper corner.

After applying the quality cuts, the remaining data can now be combined into datasets
for further analysis. As explained in subsection 2.3, each observation run possesses its
unique Instrument Response Functions (IRFs) based on its speci ¢ telescope pointing,
atmospheric state and hardware con guration. Therefore we start by creating a map
dataset for each observation run that includes all of its unique parameters and IRFs.
For each of those maps we then t the background FoV where the spectral parameters
norm and tilt can vary freely for each run.

In order to be able to combine and analyze various observation runs at the same time,
we have to weigh each pixel by its exposure, o -axis geometry and many other factors.
This process of combining multiple observation runs to ultimately end up with one
single dataset is called stacking.

In the case of HESS J1303{631 we will however not be able to combine all runs into one

16



complete dataset. As discussed previously in subsection 3.2, the data in question covers
more than 20 years of observations and has thus been collected during di erent H.E.S.S.
observation phases (see subsection 2.2). Since the hardware con guration changed for
each H.E.S.S. phase, the data collected in those phases uses di erent IRFs and di erent
data reconstruction methods. This makes them incompatible and we have to stack
them separately for now. Since each dataset corresponds to one H.E.S.S. observation
phase, we will also call those datasets HESS |, HESS Il and HESS FC - similar to the
underlying observation phases.

3.4 Stacking results & validation

After stacking data from individual observation runs, the combined stacked datasets
now have shared IRFs. As discussed in subsection 2.4, IRFs are an intrinsic part of
the reconstruction pipeline and determine the quality of the reconstructed physical
quantities. To better understand the behavior of the three datasets and check for
possible inconsistencies, quick IRF diagnostics will be conducted.

Figure 12 shows the energy bias as a function of the true energy of the primary gamma-
ray for each dataset. Above an energy of ®85TeV the energy bias stays consistently
below 10% for HESS | and HESS II, and slightly higher for HESS FC data. This
motivated the initial choice of an energy bias of 10% for Hess 1 and 2, and an energy
bias of 15% for HESS FC in the de nition of the safe mask as described earlier.

For energies below the calculated thresholds of:65TeV and 0:49TeV for HESS I/HESS I
and HESS FC respectively, the energy bias drastically increases. It is therefore rea-
sonable that this energy range is excluded through the safe mask previously de ned.

Figure 12: Energy bias as a function of energy for all 3 datasets. The calculated energy thresholds are
depicted as vertical dashed lines for each dataset.

In Figure 13 the PSF for all three datasets is plotted. The left panel shows how the
containment radius R changes for di erent values of Eyye. For all energies above the
previously speci ed energy thresholds, the 68% containment radir gg stay fairly constant

at around 0:1 for all datasets. Spatial resolution is therefore limited to that value.
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Notice that the evolution of the PSF across true energy is plotted speci cally for the
center of the FoV, i.e. an o set of zero. To understand the impact of increasing o sets
on the containment radius, this relation is plotted on the right panel. As can be seen,
for all datasets the containment radii rgg and rgs show no relevant deviations for o sets

up to 2 from the center of the FoV. No systematic deviations for pixels near the edges
of the FoV are expected.

(a) PSF energy-dependency (b) PSF o set-dependency

Figure 13: PSF as a function of energy and o set radius for all 3 datasets.

Figure 14 shows the e ective area of all three datasets as a function of the true energy
of the primary gamma-ray. Notice that the y-axis is logarithmic and the e ective area
is dropping rapidly at low energies. For energies above TeV the e ective area remains

roughly constant up to a factor of 5. Especially at high energies all three datasets are
behaving very similar.

Figure 14: E ective area as a function of energy for all 3 datasets.

As described in Equation 5, the exposure time is directly linked to the e ective area.
So by multiplying the e ective area at each pixel by the live time of that dataset and
then integrating over all energies results in an exposure map. Such a map is depicted in
Figure 15 for all three datasets. As expected, the regions with the highest exposure

are near the center. The region around PSR J1301{6305 is well within the brightest
exposure regions, ensuring good statistics.
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Figure 15: Exposure maps of all 3 datasets. Right Ascension and Declination are depicted on the x-
and y-axis, respectively. A colorbar is indicating the amount of exposure integrated over all energies a
single pixel received. The literature positions of PSR J1301{6305 and PSR B1259{63 are marked with
a star.

The simplest and most straight forward way to visualize and compare the three stacked
datasets is to plot the reconstructed counts integrated over all energies for each available
pixel. The resulting count maps can be seen in Figure 16. Pixels that didn't pass the
quality criteria imposed earlier or simply lie outside of the FoV, are highlighted in grey.
Notice that for visual clarity the colorbar is scaled logarithmically. Already by eye, both
HESS J1303{631 and PSR B1259{63 can clearly be seen. The e ects of the underlying
exposure maps are visible as soft ring-like artifacts. Since HESS Il has a much lower
live time compared to the other two datasets, much less structure can be visually seen.

Figure 16: Count maps showing the detected counts per pixel in the observed FoV for the 3 stacked
datasets. Right Ascension and Declination are depicted on the x- and y-axis, respectively. Regions lying
outside of the FoV are highlighted in grey. Notice that the colorbar indicating the number of counts per
pixel is scaled logarithmically.

To highlight the underlying structures more clearly, two new map concepts are introduced.
The rst one is a so called excess map. For every pixel of a count map, the estimated
background is subtracted. This is done for each dataset separately, as they all have
di erent background t values. An example for HESS FC can be seen on the left panel
of Figure 17. Excess maps for all datasets are displayed in the appendix (see Figure 29).

The second one is commonly used in gamma-ray astronomy and a much more statistical
rigorous approach. It's called a Li&Ma signi cance map and it quanti es the likelihood
that a certain count rate in an on-region cannot be described through pure background
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Figure 17: Excess and signi cance maps of for HESS FC. The excess map is calculated by subtracting
the estimated background from the raw counts in Figure 16. The signi cance is calculated according to
Equation 8. Right Ascension and Declination are depicted on the x- and y-axis, respectively. A colorbar
is indicating the calculated amount of excess/signi cance for a single pixel.

noise. As described by Li and Ma, 1983 the signi cances is calculated via:

No 1=2
Non + No

p_ 1+ Non
= 2 Nonln
S on Non + No

+No In (1+ ) (8)
with Ng, the count rate in the on-region (signal+background), N, the count rate

in the o -region (only background) and the scale factor , which corrects possible
di erent exposure times, e ective areas and so on. The on-region is speci ed through
a correlation radius around the pixel in question, which in this work will always be
0:1 , unless otherwise speci ed. The pixel values are therefore always calculated in
relation to their neighbors and are not just representing its own count value. An
exemplary Li&Ma signi cance map for the HESS FC dataset is depicted in Figure 17.
All dataset can be found in the appendix (see Figure 30). Notice that some pixels can
have negative signi cance, if the counts in the on-region are actually lower than the
expected background counts.

Excess maps and signi cance maps can now be used to quickly check if the background
tting and chosen exclusion regions are reasonable. Figure 18 depicts the distribution of
excess and signi cance for all pixels in the background region. As previously mentioned,
the background region is roughly the white area in Figure 10. All distributions are
centered closely around zero and have no unexpected large width.

Altogether, the stacked datasets look as expected and don't show any unexpected anoma-
lies. The background modeling is stable and the data well described. A qualitatively
analysis of HESS J1303{631 can therefore be conducted.
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Figure 18: Histograms of the distribution of excess (left panel) and signi cance (right panel) for all
pixels in the background region. A best-t gaussian, as well as its corresponding standard deviation
(grey area) and mean value (black dashed line) are shown for each histogram. For comparison each
dataset is analyzed separately. The total number of pixels in the background n is depicted in the right
upper corner.

3.5 Morphological analysis over the full energy range

Starting from the Li&Ma signi cance maps calculated in the previous chapter, we
introduce contour lines to better understand and visualize the morphology of HESS J1303{
631. These contour lines connect pixels of the same signi cance and thereby highlight
morphological structures. In Figure 21 contour lines for 10, 15, 20, 25, 30, 35 and 40
are plotted. The emission exhibits a clearly elongated morphology, which is consistent
across both datasets.

To characterize the exact morphology quantitatively rather than relying on visual
impression, dedicated ts have to be conducted. In this work all ts are done through
the minuit algorithm, which performs a maximum-likelihood estimation (see James and
Roos, 1975). For every parameter the t has to optimize, an initial value is supplied.
From this, the best combination of values is determined. Even though our data is
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Figure 19: Comparison of Li&Ma signi cance maps for HESS | and HESS FC zoomed in onto
HESS J1303{631. The Li & Ma Signi cance is calculated according to Equation 8. Right Ascension
and Declination are depicted on the x- and y-axis, respectively. A colorbar is indicating the calculated
Li & Ma Signi cance for each pixel. For visual clarity contour lines for pixels of same signi cance are

drawn for 10, 15, 20, 25, 30, 35 and 40 . The literature position of PSR J1301{6305 is highlighted.

split over three datasets, it is neither e ective nor physically meaningful to t each

dataset separately and end up with three di erent t values for the same parameters.
Instead, a so called joint- t is conducted, optimizing one set of parameters for all three
datasets at the same time. For each successful t, the algorithm returns the maximum
log-likelihood value L of the speci ed model across all datasets.

After a t has been performed, the next step is to determine which model provides the
best description of the data. Suppose two model#1,; and M, are given, with M1 being
the simpler model and M, being more complex with k additional free parameters.
SinceM, has more freedom, it will always t at least as well asM 1. The only important

guestion is whether the improvement is signi cant or not. To answer this, Wilks theorem
(Wilks, 1938) is applied. It states that

TS=2(nLy L 1)=21In L! 2, (9)

where TS is the \test statistic”, L1 and L, are the log-likelihood values ofM1 and M,
and ? « is a chi-square distribution with  k degrees of freedom. This means that
according to Wilks' theorem, TS follows a chi-square distribution with  k degrees of
freedom. Therefore once a TS value has been computed by comparing log-likelihootg
and L, of two models, mathematically it follows tll_c;atione can calculate the corresponding
p-value of the 2. In the special case k=1, TS can be directly interpreted as the
gaussian signi cance that modelM, is preferred overM 1. In gamma astronomy this
special case is often realized and thus a very useful relation.

Wilks theorem is only mathematically valid under several assumptions. One assumption
is that the parameter values speci ed by the null hypothesis do not coincide with
boundaries of the parameter space. In astrophysical applications this is sometimes
violated. If for example M, introduces a new parameter g and that parameter is
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constraint to be g 0, but the null hypothesis is designed to test whetherq = 0, then

the null value lies exactly on a boundary and Wilks theorem is violated. As we will
see, this exact case will be encountered when testing whether a source has a spatial
extension or not. When violated, the assumption that can be inferred from the Test
Statistic (TS) is only approximate. However, for large enough TS values it is widely
considered to be su ciently accurate in gamma-ray astronomy. This convention is
therefore followed in this work (see Cherno, 1954 Brazzale and Mameli, 2023).
Another assumption of Wilks theorem is that the two models being compared have to
be nested, meaning the simpler model is obtained as a special case of the more complex
model. Some of the model comparisons encountered below, are however not nested
and Wilks theorem can therefore not be applied. In this case, the Akaike Information
Criterion (AIC) as described by Akaike, 1974 is used as a fallback. The AIC doesn't
strictly test a hypothesis or provide a signi cance in favor of one model. Instead an AIC
value for each of the models is calculated and the model with the lowest value describes
the data \best". Mathematically the value of the AIC can be computed as follows:

AIC=2k 2InLmax; (10)

with k the number of free parameters in that model andL nax the log-likelihood value
obtained from the t. As described by Burnham and Anderson, 2002, the di erence of
both AIC values can then roughly be interpreted as follows:

" AIC < 2 ) no model preferred

" 4< AIC < 7 ) model with lower AIC value is slightly preferred

AIC > 10 ) model with lower AIC value is strongly preferred

Using these statistical de nitions, di erent models for our dataset can now be tested
and compared. Since our dataset not only includes HESS J1303{631, but also the pulsar
PSR B1259{63 contaminating the observed FoV, we have to use a global model for both
sources together. In gammapy (Donath et al., 2023) each astrophysical source can be
represented by a factorized source model:

d*N

=F G H=Gedqtaad

(11)
where is the di erential photon ux of the source, F is its spectral model, G is its
spatial model and H is its temporal model. describes how many photons the source
emits per unit energy, unit time, unit detector area and unit solid angle. In our case
the temporal model of both sources is alway$d = 1 such that:

global = 1+ 2=F1 Gi1+ F2 Ga: (12)
The global model therefore consists of two spatial and two spectral models. In principle,
the functional form of these models can be freely chosen. But in practice, we begin

with the simplest reasonable description and subsequently test whether more complex
spatial and spectral models improve the overall description of the data. Thus, we rst
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adopt two point-like spatial models and simple power-law spectra for both sources as
our initial con guration:

(ET= FGi=AL & (i) (13
0
E 2

2(B:)= F2 G2=Az = ( 2); (14)
0

where A, is the spectral amplitude, Eq the reference energy of the power law, 1,

the spectral index and ~-, the position of the point source. For now, only the
reference parameters are frozen, every other parameter is being tted. With this
simple con guration, the joint full-band t converged on source positions of 7; =
(C1;b) " (19565; 6317 )and 7, ' (19570 ; 63:84), matching previously reported
coordinates. The spectral index ;' 2:16 is signi cantly smaller than » ' 2:68, while
the amplitudes A;  1:21 10 2 and A, 1:22 10 2Tev !s lcm 2 are nearly
identical. The background model yields a normalization ofnorm ' 1:02 and a small
spectral tilt of tilt '  0:012, indicating only a small global correction of the initial
background t.

Starting from this initial con guration we rst try to improve the description of the
contamination source PSR B1259{63. For this we replace its spatial point-like model
with a gaussian model and therefore introduce one new variable. In gammapy (Donath
et al., 2023) a gaussian model is parameterized as follows:

1 11 cos

= exp -
4a 1 exp 2 P21 cos

G2 ; a=1 cos: (15)
Since the gaussian and the point-like model are not nested, Wilks theorem is violated
and the AIC has to be applied. The t converged on a small but non-zero extension of
=(0:0165 0:0019), while the best-t positions of both sources remain fully stable.
The new model is preferred with an AIC di erence of 26644 and is therefore clearly
preferred. We adopt this statistical signi cant improvement of the global t and from
here on describeG, with a gaussian spatial model.
The spatial extension of HESS J1303{631 is tested similarly. A spatial gaussian model
is now applied to G; (see Equation 15). As before, we apply AIC and calculate its
di erence to be overwhelmingly signi cant with  AIC = 8806. A spatial extension of
HESS J1303{631 is therefore massively preferred. This is to be expected, since visually
it clearly seems to be extended. The calculated extension of; * 0:181 is roughly ten
times larger than the best- t value for 5. The best t position of HESS J1303{631
changedto™1' (19573 ; 6319). All other parameters didn't change signi cantly.
The spatial gaussian model is therefore adopted and both sources are now described
with Gaussians spatial models.
To analyze the asymmetric nature of HESS J1303{631 a elliptical guassian spatial model
for Gy is tested next. In gammapy (Donath et al., 2023) an elliptical gaussian is an
extension of a symmetric one by introducing the e ective radius of the gaussian:
q
e (onjla)= (wmsin( )*+( mcos( )*: (16)

with v ( m) the major (minor) semiaxis of the Gaussian, and  the di erence between
the angle of the Gaussian and the position angle of the evaluation point (Donath et al.,
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2023). Since the models are nested, Wilks theorem can be applied. The t results in
an improvement of TS =127:31. With the two new introduced degrees of freedom
e and , this results in a signi cance of well above 10 in support of an elongated
Gaussian model. The parameter value® = 0:634 0:022 and = (155 2:4) are
signi cantly non-zero and well contained. The source is therefore clearly elongated and
non-symmetric. An elliptical gaussian spatial model is therefore adopted.

Next the spectral models are optimized. We start again with PSR B1259{63 and change
F» from a power law to a exponential cuto power law spectral model:

2

Fa= A EEO expl (E) ] (17)

with 5 the cuto . This model adds one more parameter, the likelihood does however
not improve at all. The tted cuto parameter ,=(1:1 10° 33 10 % Tev !
is essentially zero and poorly constrained. The spectrum of PSR B1259{63 is therefore
well described by a simple power law, the data does not require a cuto . Therefore the
simple power law is retained.
In contrast, introducing the same spectral model for HESS J1303{631 leads ti a enormous
improvement of the global likelihood. The exponential cuto power law spectral model
is preferred with a TS = 280! 167 . The cuto parameter is well constrained:
1= (7:94 067) 102 Tev 1. This implies a characteristic cuto energy of
Ecut ' 13TeV. The model is therefore well justi ed and will be adopted.
Lastly we test if the spectrum of HESS J1303{631 is even better described with a log
parabola spectral model. In gammapy (Donath et al., 2023) it is de ned as:

log £
Fi1= A E R (18)
Eo

Even though both models have the same amount of parameters, the log parabola spectral
model is preferred with a TS of 19.75. Considering that the exponential cuto power
law already was a huge improvement, a curved spectral shape of HESS J1303{631 is
absolutely required. For this work this attained global model will be assumed to be the
best t-model of the data. However, it should be noted that there might be some spatial
models consisting of two combined spatial components that might further improve
HESS J1303{631s spatial description. Overall the spatial models are extremely robust
against the choice of any spectral shape tested. The nal t results for the adopted
global model can be found in Table 2. For three exploratory energy bands the spatial
extension of the best-t 1 -Gaussian ellipse are displayed on a Li&Ma signi cance map.
Notice, that the displayed Li&Ma signi cance map in the background only represents
HESS FC data. The displayed best t values on the other hand were optimized for all
three datasets. Therefore they cannot be compared quantitatively.
The spectral energy distribution (SED) of HESS J1303{631 obtained from the in Table 2
conducted t, is shown in Figure 20. Over the full available energy range the spectrum
is well described by a log-parabola curved model, rather than a simple (exponential
cuto ) power law. The SED peaks around roughly 1TeV and has a bright, broad
maximum. As we will see in subsection 3.7 this is a typical behavior for PWNe.
Based on the best-t model in Table 2, we investigate a possible morphological energy
dependency of HESS J1303{631 next.
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Figure 20: The spectral energy distribution (SED) of HESS J1303{631 obtained from the in Table 2

conducted t

Figure 21: Best-t ellipses of the joint full-band t on a Li&Ma signi cance map of the HESS FC
dataset. Li&Ma signi cance is calculated according to Equation 8. Right Ascension and Declination
are depicted on the x- and y-axis, respectively. A colorbar indicates the calculated Li&Ma signi cance
for each pixel. The literature position of PSR J1301{6305 is highlighted.
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Table 2: Best-t parameters of the joint full-band t for the (elliptical Gaussian + log-parabola) +
(symmetric Gaussian + power law) model. Frozen parameters are marked with y.

Component  Type Parameter Value Error Unit
Instrumental Background
Background spectral norm 1.0034 0.0016 {
Background spectral reference¥ 1.0 0.0 TeV
Background  spectral tilt 1586 10 3 2:07 10 3 {
HESS J1303{631 (elliptical Gaussian + log-parabola)
Source 1 spatial e 0.6299 0.0219 {
Source 1 spatial 0 195.72 0.0055 deg
Source 1 spatial by 63:189 0.00285 deg
Source 1 spatial 155.38 241 deg
Source 1 spatial 0.20148 0.00307 deg
Source 1 spectral amplitude 7:0864 10 ¥  1:170 10 ¥ Tev Is Icm ?
Source 1 spectral 1.9946 0.0224 {
Source 1 spectral 0.17052 0.01062 {
Source 1 spectral  reference’ 1.0 0.0 TeV
PSR B1259{63 (symmetric Gaussian + power law)
Source 2 spatial ev 0.0 0.0 {
Source 2 spatial ‘o 195.70 0.00260 deg
Source 2 spatial by 63:838 0.00111 deg
Source 2 spatial y 0.0 0.0 deg
Source 2 spatial 0.017243 0.001859 deg
Source 2 spectral amplitude 1:2819 10 2 312 10 ¥ TeV Is Icm 2
Source 2 spectral  index 2.6761 0.0292 {
Source 2 spectral  reference’ 1.0 0.0 TeV

3.6 Energy-dependent morphological analysis

In the previous chapter a best-t model for HESS J1303{631 integrated over the full
energy range was found. But this approach is limited, since many astrophysical objects
are expected to have a changing morphology over di erent energy bands. As mentioned
in subsection 2.2, for HESS J1303{631 a \signi cant energy-dependent morphology"
was indeed reported by H. E. S. S. Collaboration et al., 2012. For this reason a detailed
energy-dependent morphological analysis is now conducted.

The central limitation of energy-dependent morphological analyses is the high statistics
necessary in every energy band on its own. Since every energy bin is tted separately,
the t results heavily depend on enough statistics per energy bin. If the statistics in a
certain energy range are too low, the t does not converge and its signi cance will be
limited. It is therefore necessary to chose the energy binning wisely.

For this analysis the standard H.E.S.S. energy binning con guration for gammapy will
be applied. In particular this means having 24 and 48 logarithmically placed energy
bins between 01 TeV and 100TeV for reconstructed and true energy, respectively. In
most energy-dependent analyses several of the default reconstructed energy bins will
be merged to cover the desired energy range and to ensure good enough statistics in
each of them. Due to the large amount of observational data and the bright emission of
PSR J1301{6305 however, most of the default energy bins already have good enough
statistics on their own and therefore don't have to be merged. This will only be
necessary for higher energies and results in a larger number of energy bins available
for an energy-dependent analysis, but also in inhomogeneous bin spacing especially
at higher energies. Due to the safe masks applied in subsection 3.3, all energy bins
exceeding the energy bias of 10 & 15% are already disregarded.

For the remaining energy bins, a quantitative criterion is required to decide whether
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Table 3: Summary of the nal energy bins being used for all further energy-dependent analysis. For
each energy bin its minimum, maximum and reference energy is displayed. Additionally the maximum
Li&Ma signi cance in a region of 0 :4 around PSR J1301{6305 and the containment radius ¢s at
reference energy and the position of PSR J1301{6305 are displayed for each energy bin and dataset. 5
energy bins below 0422TeV got removed due to not passing the energy bias criteria. HESS Il also has
no data in energy bin 1 remaining after the energy bias criteria got allied. Bin 14 and 15 are merged
bins and consist of 2 and 4 default energy bins, respectively.

HESS | HESS Il HESS FC
Band  Emin [TeV]  Emac [TVI | g1 [deg) | S[] s ldeg] | S[ ] es [deg]
1 0.422 0.562 9.55 0.090 - - 9.27 0.078
2 0.562 0.750 13.24 0.081 4.41 0.076 13.69 0.068
3 0.750 1.000 13.29 0.076 6.30 0.068 16.89 0.064
4 1.000 1.334 11.94 0.074 5.51 0.063 17.81 0.060
5 1.334 1.778 13.72 0.073 4.43 0.063 17.48 0.059
6 1.778 2.371 14.09 0.073 4.89 0.058 16.47 0.059
7 2.371 3.162 12.86 0.075 511 0.059 17.04 0.058
8 3.162 4,217 11.70 0.075 5.52 0.059 15.97 0.058
9 4.217 5.623 12.80 0.073 3.73 0.056 15.19 0.057
10 5.623 7.499 11.70 0.071 3.34 0.055 13.06 0.059
11 7.499 10.000 7.64 0.068 5.05 0.053 10.81 0.059
12 10.000 13.335 7.70 0.069 2.94 0.055 9.95 0.058
13 13.335 17.783 4.85 0.071 2.43 0.057 9.66 0.062
14 17.783 31.623 7.44 0.080 3.47 0.062 8.86 0.069
15 31.623 100.000 5.96 0.097 2.07 0.100 5.25 0.068

individual energy bins contain enough data on their own or need to be merged. For each
default energy bin and dataset we therefore calculate an unsmoothed Li&Ma signi cance
map and determine the maximum signi cance in a region of @ around PSR J1301{
6305. Similarly the containment radius gg at reference energy and the position of
PSR J1301{6305 are calculated for each energy bin and dataset. The calculated values
are depicted in Table 3. No data for energies below:@22TeV remained for all datasets
after applying the in subsection 3.3 de ned safe mask. For dataset HESS Il this
also a ected the energy bin from Q422TeV to 0:562TeV. All energy bins where the
maximum signi cance did not exceed 5 in any dataset were merged with neighboring
bins. Energy bins 14 and 15 therefore each consist of 2 and 4 default energy bins,
respectively. For all further energy-dependent analysis the 15 di erent energy bins
described in Table 3 are used.

After the energy bins have been de ned, a rst visual comparison is done by plotting
contour maps similar to Figure 21, but now for every single energy bin separately. As
an example, three of the 15 di erent bands are displayed in Figure 22 for HESS FC.
The Li&Ma signi cance maps for all 15 energy bands for HESS | and HESS FC can
be found in the appendix (Figure 31 and Figure 33). The data from HESS Il was not
signi cant enough to plot useful Li&Ma signi cance maps. No obvious trend can be
seen by eye. The extension in the energy band:62 7:50TeV seems to decrease a bit,
but this could in principle simply be due to less exposure in that band.

Since Li&Ma signi cance maps with contour lines don't provide quantitative results, we
now perform ts to better resolve possible morphological changes with energy.

3.6.1 Manual energy-dependent morphological analysis

We will rst conduct a manual analysis. To get a quantitative expression we apply
the in subsection 3.5 described tting methodology and use the best model for the ts.
We therefore adopt an elliptical gaussian spatial and a log parabola spectral model
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Figure 22: Comparison of Li&Ma signi cance maps for 3 of the 15 energy bins of HESS FC. The
Li&Ma signi cance signi cance is calculated according to Equation 8. Right Ascension and Declination

are depicted on the x- and y-axis, respectively. A colorbar indicates the calculated Li&Ma signi cance

for each pixel. For visual clarity contour lines for pixels of same signi cance are drawn. The literature

position of PSR J1301{6305 is highlighted on every map.

for HESS J1303{631 and a gaussian spatial and a power law for PSR B1259{63. To
improve the t quality in each t, only relevant parameters to our analysis are free.
These include the extension, ellipticity, position and orientation of HESS J1303{631 and
the amplitudes of both sources. All other parameters are frozen at the best- t values of
the global t. The resulting tting values for every energy band are displayed in Table 4.

In Figure 233 Exemplary best-t 1 -ellipses are displayed on a Li&Ma signi cance map
for HESS FC.

Table 4: Energy-dependent t results for the ve free spatial parameters of HESS J1303{631

Band Emin [TeV] Emax [TeV] e lato [deg] long [deg] [deg] [deg]
1 0.42 0.56 7.5640e-01 -6.3166e+01 1.9580e+02 1.6311e+02 2.2944e-01
2 0.56 0.75 6.4297e-01  -6.3182e+01  1.9573e+02 1.3976e+02  1.9055e-01
3 0.75 1.00 5.5173e-01 -6.3180e+01 1.9576e+02 1.4927e+02 2.0644e-01
4 1.00 1.33 7.0380e-01 -6.3188e+01 1.9573e+02 1.5122e+02 1.8141e-01
5 1.33 1.78 5.8783e-01 -6.3204e+01 1.9572e+02 1.6347e+02 2.0039%e-01
6 1.78 2.37 5.9865e-01 -6.3193e+01 1.9574e+02 1.5882e+02 2.0340e-01
7 2.37 3.16 6.8410e-01 -6.3188e+01 1.9573e+02 1.6440e+02 2.4062e-01
8 3.16 4.22 6.0480e-01 -6.3203e+01 1.9571e+02 1.6639e+02  2.3099e-01
9 4.22 5.62 6.7532e-01 -6.3196e+01  1.9569e+02 1.6983e+02 2.0634e-01
10 5.62 7.50 7.9922e-01 -6.3198e+01 1.9564e+02 1.4701e+02 1.9410e-01
11 7.50 10.00 5.8199e-01 -6.3162e+01 1.9567e+02 1.7226e+02 2.0302e-01
12 10.00 13.34 7.2562e-01 -6.3193e+01 1.9563e+02 1.6806e+02 2.0197e-01
13 13.34 17.78 6.1032e-03 -6.3328e+01 1.9567e+02 3.7166e+01 4.1983e-01
14 17.78 31.62 7.6829e-01  -6.3136e+01 1.9563e+02 1.1308e+02 1.3791e-01
15 31.62 100.00 8.0000e-01 -6.3141e+01 1.9547e+02 8.2288e+01  1.0050e-01

After obtaining the best-t parameter values for all energy bands, we can analyze
how the source centroid and shape evolve with increasing energy. Figure 24 shows the
right ascension and declination of the best- t source centroid for PSR J1301{6305 as a
function of energy. For right ascension a small trend to lower values is observed, while
in declination the centroid is mostly constant. The energy bin 1334 17:78TeV shows
overall some anomalies. This is due to the fact that the t is not converging on an
elliptical, but rather on a very large circular shape, while running into the t-constraint

of e=0:8. The errors in this energy bin are signi cantly larger than in any other bin.
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Figure 23: Comparison of Li&Ma signi cance maps for 3 energy bins of 1. The Li&Ma signi cance
signi cance is calculated according to Equation 8. Right Ascension and Declination are depicted on
the x- and y-axis, respectively. A colorbar indicates the calculated Li&Ma signi cance for each pixel.
For visual clarity the best-t 1  -ellipses are displayed. The literature position of PSR J1301{6305 is
highlighted on every map.

Figure 24: Best-t position of PSR J1301{6305 as a function of energy.
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Figure 25: Best-t centroid movement on the sky for di erent energies.

Figure 25 shows shows the movement of the centroid on a skymap where the Li&Ma
signi cance map of HESS FC over the full energy range is plotted as background. The
Centroids are colored based on their energies. Arrows indicate the movement from
one energy bin to the next. The centroids cluster around the literature position of
PSR J1301{6305. No clear energy-dependent displacement is observed.

Figure 25 depicts the distance of the best- t position of the centroid to the literature
position of PSR J1301{6305. Apart from a slight distance increase toward higher energies,
no clear energy-dependent centroid drift can be seen. The energy bin 1381 17.:78TeV
is again an outlier and has an enormous error.

To investigate potential energy-dependent morphological changes, Figure 27 shows the
morphological evolution across di erent energy bands of several parameters. In all
parameters the energy bin 1334 17:78TeV is showing unexpected behavior and is
therefore ignored in the following discussion. The ellipticity of HESS J1303{631 stays
roughly consistent at around e = 0:75, the object is therefore consistently elongated.
The orientation  of the ellipse is mostly constant with a noticeable tilt toward higher
energies. The gaussian widths major/ minor @s well as the calculated area of the
1 -ellipse show a very small but visible decrease toward higher energies.

Panel (e) of Figure 27 shows the o set of the centroid as a function of the equivalent
Sizélreq= " "major minor Of the 1 -ellipse. It therefore answers the question whether or
not the centroid is moving outward as the source becomes larger or smaller. In most
energy bands, no signi cant trend can be seen. For the highest energies this changes,
but the overall statistics in those regimes is also lower. In Panel (f) an additional
numeric approach to quantifying the extension of the nebula is depicted. It depicts the
minimum/maximum distance of any point of the 1 -ellipse to the literature position
of PSR J1301{6305. Since the calculation of this quantity is non trivial, an extensive
Monte Carlo simulation was performed. The error regions depicted show the maximum
deviations from this best value. This approach shows no sign of the extension of the
source increasing toward higher energies.
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Figure 26: Best-t Centroid distance to the literature position of PSR J1301{6305 over energy.

Across the full energy range HESS J1303{631 is mostly energy-independent and shows
only a very moderate reduction in the tted extension toward higher energies is observed.

3.6.2 The energy-dependent gamma-ray morphology estimation tool

As described by Feijen et al., 2025 the energy-dependent morphology tool aims to provide
a quantitative description of the energy-dependent morphology of a source. It not only
performs a t, but also calculates the overall signi cance that an energy-dependent
description improves the description of the source in question. As of now, it does not
support a joint-dataset analysis.

For this reason HESS FC data and the previously de ned energy-binning was used to
test the tool and compare it to the t values achieved in a manual analysis. Despite
extensive tests into the e ects of di erent energy binning, initial values and degrees of
freedoms, no stable reproducible t could however be produced. The t results didn't
nd stable solutions. The optimization frequently converged to di erent local minima
and produced no physical meaningful results. As of now it is uncertain whether the
error lies within the too nely spaced energy bins and the resulting low signi cance
(notice that only about half of the data is used compared to the manual joint- t of all 3
datasets) or in coding errors. Further analysis on this tool therefore has to be done.
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