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Abstract

1C 443 is one of the few observed supernova remnants interacting with a molecular cloud. This
thesis is a first analysis of IC 443 observations with the H.E.S.S. telescope array using data taken
from 2004 to 2005. The data show an extended source at R.A. = 94.36° & 0.04y,,, & 0.0065,,

Dec. = 22.56° £0.033,,, £ 0.00623; with ro = 0.29° +0.033;,, £ 0.006,; at a significance of 4.12¢
when fitting a disk spatial model. The geometry of the source is put into context by comparison

with X-ray and radio observations by [1][2]. The obtained spectrum is best fit by a power law
function f(E) = A (Eﬂo) " with By = 1TeV, a = 3.0 £ 0.14, and A = 8731 x 107 Tev-1. A
combined gamma-ray spectrum is obtained by adding the spectral energy distribution derived by
the Fermi-LAT [3], MAGIC [4], and VERITAS [5]. This spectrum is best fitted by a broken power
law function A (E/E,)”" " for E < Eppear and A (Eorear/Ey*2~) (E/Ey)~*? for E > Ey. The best
fitted parameters are log;(A) = 46.4 4 0.5, a; = 2.31 £0.02, Ey = 6759, ay = 3.13 4 0.06, and
Eprear = 0.15 £ 0.02. This thesis finds that the combined spectrum can best be modeled by a
parent proton population, indicated by the characteristic pion-bump.
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1 Introduction

In July 1054, Chinese astronomers discovered a new star on the night sky which remained visible
to them only until April 1056 after which it disappeared [6]. Even though they were unaware at
the time, this is one of the first records of the explosion of a star, a so-called Supernova. This
explosion was the birth of a pulsar and one of the most famous supernova remnants (SNRs),
the Crab Nebula. After the remnant was discovered as a nebula, it was named after a drawing
interpreted to be resembling a crab with arms in [7]. It is also the first source (M1) in Charles
Messier’s Catalog of Nebulae and Star Clusters [8] as he discovered it as a whitish light shaped
like the flame of a candle while observing a comet in 1758. Since then it has been studied by
many astronomers and has become of utmost importance to the entire field of astrophysics,
nowadays even being used as a standard candle for detector calibration. Aided by the steady
evolution of detection techniques and other technical advances, many more SNRs have been
discovered since then.

These discoveries are of high scientific interest since the physical theories describing supernova
explosions and the development of their remnants are highly complex and incomplete. Especially
the creation of the often very intricate morphology of supernova remnants and the acceleration of
particles in different areas of the remnant is highly useful in order to understand the production,
propagation and acceleration of cosmic rays in the universe, since there is a multitude of physical
phenomena involved. Within the initial supernova explosions and later at the shock fronts of the
remnant, particles are accelerated to relativistic speeds, and through various interactions secondary
very high-energy particles can be produced. These production mechanisms are described by the
theories of high-energy particle physics which can be studied in particle accelerators on Earth.
However, even the CERN Large Hadron Collider (LHC) can only accelerate protons to energies
of 6.5 TeV [9] which are well below the limits of gamma-ray and cosmic-ray observatories on
Earth. Therefore, high-energy particle physics depends on observations of supernovae and their
remnants to understand the validity of our theories to the limits of very high energies.

The SNR analysed in the following chapters in the spectrum of high-energy gamma rays using
data observed by the High Energy Stereoscopic System (H.E.S.S.) is the Jellyfish nebula or IC
443. A spatial and spectral analysis as well as physical modelling of the production mechanisms
within the SNR to the observed spectrum will be conducted. The results will be discussed and
put into context by considering further gamma-ray observations as well as data obtained at
different wavelengths.



2 Supernova Remnants

2.1 Evolution of Supernova Remnants

Supernova Remnants (SNRs) are the remaining evidence of Supernovae, the explosive end of
the lifetime of massive stars (~ 8 M) [10]. The energy freed in these events is stored in the
envelopes of the dying star which are heated to very high temperatures and ejected at radial
velocities of around (10 — 20)10% km/s. The shell remains at a constant velocity as long as the
mass of the interstellar medium (ISM) swept up by the expanding sphere of stellar material is
negligible in comparison to the ejected mass. Furthermore, the speed of the ejected sphere is
larger than the speed of sound within the ISM leading to the formation of a shock wave and
a contact discontinuity between shock front and the swept up ISM. In the simplest model, the
temperature T' of the ejected sphere decreases adiabatically as the sphere of radius R expands
according to the relation T oc R~3(~1) with ~ the ratio of heat capacities before and behind the
shock wave assuming a uniform temperature distribution. However, as the density in front of the
shock wave is much larger than the density behind, the region between shock front and contact
discontinuity is heated to high temperatures. Therefore, young supernova remnants are strong
X-ray emitters. [11][12]

The second phase in the evolution of supernova remnants begins when the swept up mass
becomes greater than the ejected mass. The overall dynamics are now determined by the total
mass swept up and initial expanding gas and the energy released in the supernova explosion.
The relation of sphere radius r to energy released in the explosion, density of the ISM and
time ¢ derived by Taylor and Sedov is: r (pﬂo)%t% As the mass of the expanding shells
increases significantly, they are decelerated leading to changes in temperature, density and
pressure distribution. The outermost shell is decelerated first, generating an increasingly fast gas
flow into the boundary region of the SNR. Once this gas flow becomes supersonic, a shock wave
is formed at the inner edge of the compressed outer layers directed inward. The matter between
this reverse shock wave and the outer edge is strongly reheated similarly to the first phase of
the SNR evolution. Hence, intense soft X-rays are emitted from the outer layers. Furthermore,
the structure of the SNR are Rayleigh-Taylor unstable and can therefore form undulations
(" fingers”) protruding from the respective layers as seen in e.g. Cassiopeia A and Tycho’s SN.
The interaction of the shock wave with atomic and molecular clouds leads to the emission of
further cosmic rays in the form of relativistic electrons, protons, neutrinos or gamma-ray photons.
This leads to SNRs interacting with molecular clouds being the largest number of detected
galactic gamma-ray sources beyond Pulsars and PWNs. [12][11]

The SNR enters the third phase of its evolution once the temperature in the region behind the
shock front drops below 10° K. At these temperatures, cooling by the line emission of heavy ions
becomes dominant and the shock front is compressed to preserve the pressure balance, forming
the so called snow plough.

As the shock wave radiates most of its energy, it slows down further until it reaches subsonic
velocities and becomes indistinguishable from the ISM. The material is then further dispersed
into the interstellar space by random motion.

The collapsing core of the progenitor star undergoing the supernova forms a black hole or a
neutron star depending on its mass. The mass limit of pulsars caused by the balance of neutron
degeneracy pressure and gravity is ~ 1.4 Mg with possibly higher values for rapidly rotating
neutron stars. Beyond this mass limit, the stellar core undergoing the Supernova evolves into a
black hole. [11]



2.2 Gamma-ray production mechanisms
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Figure 1: Gamma-ray spectra for the hadronic (a) and leptonic (b) production mechanisms. The
gray shaded region shows the energy range of current gamma-ray detectors (Fermi-LAT and
IACTs). [12]

As discussed in the last section, SNRs radiate energy in the form of particles. Gamma rays
are part of the emitted energy spectrum and can be detected on Earth. Within SNRs, different
production mechanisms create characteristic spectra which can be used to identify the morphology
of the source. On the one hand, the interaction of high energy electrons can produce gamma
rays through synchrotron radiation or inverse compton scattering (see Figure 1). The resulting
spectrum of this leptonic pathway has two peaks from the respective production mechanisms
which can be distinguished when considering the energy range. Synchrotron radiation usually
has a higher flux peak in the spectral energy distribution but sits at a lower energy than inverse
compton scattering. The total detected spectrum contains contributions from both production
mechanisms and shows a break energy at the transition from synchrotron to inverse compton
radiation.

On the other hand, there is the hadronic production pathway of the pion decay. Protons
from the spreading shells of the progenitor star are accelerated to relativistic speeds high enough
for pion production when scattering inelastically with the ISM and especially higher density
molecular clouds. Pions of all charges 71, 7~ and 7° are created in this process. The positive and
negative decay into positive and negative muons which in turn decay into relativistic positrons
and electrons, emitting neutrinos in the process. The neutral pions decay into two gamma-ray
photons at a mean energy of 180 MeV. The E?F(E) spectrum of this pion decay rises steeply
to an energy of ~ 400 MeV and approximately mirrors the energy distribution of the parent
proton population at higher energies greater than a few GeV, an aspect often regarded as the
pion bump. This characteristic feature is the leading hint when determining the underlying
production mechanism of a gamma-ray source since both production pathways are situated at
similar energies. As the pion decay is induced by relativistic protons, this aspect is also evidence
for these particles. At energies of ~ 107 — 10? eV, the slope of the spectrum produced by the
leptonic pathways is far lower than the spectrum induced by pion decay. The shape of the
spectrum directly mirrors the proton spectrum and therefore the energy of the relativistic protons
can be directly inferred from the gamma-ray flux measured by the telescopes when assuming a
given distance and density of the source region. For usual ratios of electrons to protons of R < 10,
pion production dominates at high energies over leptonic production mechanisms. However, the



observed spectrum can always be a combination of the production mechanisms. [12]
Assuming pion decay and protons travelling at roughly the speed of light ¢, the energy emitted
in gamma rays by a volume V filled uniformly with high energy particles and ISM is given by:

1 1
L'y = go'ppNCZ NCR(E)E = gPCOZZECRV (1)

With o, the cross section of the inelastic proton-proton scattering, N the number density of the
ISM and Ncr the number density of high energy particles at the energy E. Py = oppNc is the
probability of a proton undergoing an inelastic collision with a Nucleus of the ISM per second
and ecp the local energy density of high energy particles. [11]

2.3 1C 443

IC 443, also known as the Jellyfish nebula, is a mixed morphology SNR. created by the core
collapse supernova which also created the pulsar CXOU J061705.3+222127 located within the
nebula. This type of supernova remnant is defined to have a shell-like appearance in the radio
spectrum while being centrally filled in X-rays [13]. IC 443 is also the first observation of a SNR
interacting with a molecular cloud which was shown by the observation of strong molecular line
emission regions. As SNRs interacting with molecular clouds are very bright in the spectrum
of gamma rays, IC 443 is one brightest gamma-ray sources in our galaxy. The age of IC 443
is subject of ongoing discussions with many studies reporting an age of 20,000 to 30,000 years.
The distance is assumed to be 1.5 kpc and is derived from filaments at the boundary of 1C 443.
[14)[15][16

The intricate morphology of IC 443 can best be observed in the spectra of X-ray and radio
emissions. The radio observations described in the following section have been conducted by
the Very Large Aray! (VLA), a ground based radio observatory located in New Mexico in the
United States of America [2][17]. Furthermore, the X-ray observations of XMM-Newton? [18]
and Chandra® [16], satellite mounted X-ray telescopes, are considered.

Studies of the 21 cm spectral line and radio continuum as well as optical observations show
that IC 443 consists of two shells (A and B, see Figure 2) with distinctly different radial intensity
distributions. The inner shell has a much harder defined edge while the outer shell has a soft
boundary. In the southeastern region of the outer shell, there is a faint radio continuum halo
and undulations ("spurs”) where IC 443 overlaps with the remnant G189.643.3 (see Figure 3).
The western part of shell B shows a breakout into rarefied medium. The southern boundary
contains most of the shocked H; gas which is blue-shifted. There is also a broad extended lane of
unshocked Hj gas in the southern regions around the SNR. The Hj emissions furthermore show
the strongest absorption around vrsr ~ —5km/s which is associated to the systemic velocity of
1C 443. Radio observations also show a few filament structures in the northeast of the SNR which
can be explained by the shock wave propagating through a uniform medium of nz ~ 10cm™3.
X-ray as well as radio continuum observations also observe the Pulsar CXOU J061705.34+222127
and the associated PWN in the southern region of shell A. [2][16][17][18]

IC 443 has been first observed in gamma rays with EGRET in 1995 and subsequent obser-
vations by MAGIC, VERITAS and Fermi-LAT have been made. The center position derived
by an analysis of MAGIC data is displaced in respect to the position found by EGRET (see
Table 3) and is coincident with a large molecular cloud. The extended source regions of Fermi

Thttps://www.vla.nrao.edu/
https://www.cosmos.esa.int /web/xmm-newton
3https://chandra.harvard.edu/
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Figure 2: Schematic morphology of IC 443. The star denotes the position of the Pulsar proposed
n [16]. Shells A and B, the radio continuum halo as well as shocked molecular and ionic shock
regions are shown. The insert shows the proposed top view of shell A by [2]. Schematics from [2].

and VERITAS overlap almost completely and incorporate most molecular clouds and Shell A of
the SNR as well as the pulsar and the PWN. Therefore contributions to the emission reported by
Fermi and VERITAS can originate from all mentioned regions. The analyses performed on the
studies of the Fermi-LAT also report a broad peak of the emission between a few 100 MeV and
~ 5 GeV which is consistent with the emission caused by neutral pion decay emitting gamma
rays. [3][4][5][19][20]



Figure 3: Multi wavelength comparison of IC 443. (a) VLA 330-Mhz continuum emission [17], (b)
soft X-ray XMM observations (0.3-8 keV) [18], (¢c) Gev gamma-ray observations by Fermi-LAT
[20] and (d) MAGIC observations above 380 GeV [4]. (a) shows the distinct shell in the northern
regions of the SNR and the spurs in the southern regions. Image collection from [12]



3 Gamma-ray detection

There are three main groups of gamma-ray detectors: space telescopes mounted to satellites
orbiting Earth, Imaging Atmospheric Cherenkov Telescopes (IACTs) which are ground based
telescopes operating within the Earth’s atmosphere, and Water Cherenkov Detectors which use
water tanks detecting the particles produced in the air showers.

3.1 The Fermi Gamma-ray Space Telescope

The Fermi Gamma-ray Space Telecope consists of the Gamma-ray Burst Monitor and the Large
Aray Telescope (Fermi-LAT) which are mounted to the Fermi satellite. It has been observing
incoming gamma rays from the low Earth orbit since 2008. The Fermi-LAT covers an energy
range from 20 MeV to more than 500 GeV and observes the whole night sky with a cadence of
3 h which is accountable to its large field of view. As the telescopes are located in space, their
observations entail a very low background in comparison with telescopes located within Earth’s
atmosphere, however gamma rays in the TeV range cannot be detect as the collection area of the
telescope is not large enough. 1C 443 observation data provided by Fermi as well as data from
its predecessor EGRET are used for the modelling and as a comparison in the course of this
study. [21]]20][3]

3.2 Imaging Atmospheric Cherenkov Telescopes

Imaging Atmospheric Cherenkov Telescopes (IACT) are used to detect high energy gamma rays
within the Earth’s atmosphere. They observe the Cherenkov light emitted by the gamma-ray
induced atmospheric particle shower.

Gamma shower Hadronic shower

Figure 4: Leptonic (left) and hadronic (right) air showers from Monte Carlo simulations. Note
the broader spatial extent of the hadronic air shower as well as the symmetry of the leptonic air
shower in first approximation.[22]



Incoming cosmic rays interact with molecules in Earth’s atmosphere. This interaction creates
different particles, depending on the nature of the incident cosmic ray, which then decay further
and produce a cascade of particles (see Figure 4). These air showers are differentiated into
electromagnetic and hadronic. Electromagnetic air showers are created by incident high energy
gamma rays which produce an electron-positron pair in the atmosphere. These particles then
emit new gamma rays through Bremsstrahlung which in turn generate new electron-positron
pairs. This process continues until the energy of the final generation of electrons is low enough
that ionisation losses become dominant which rapidly cool and decelerate them. Protons and
heavier nuclei interact with the atmosphere and produce hadronic air showers, consisting mostly
of neutral and charged pions as well as heavier mesons. The former decay into two gamma rays
while the latter first decay into muons and then into electrons, positrons and the corresponding
neutrinos. Since the particles created within the hadronic air showers posses much more transverse
momentum, they are more spatially extended and irregular than their electromagnetic counterpart,
as Figure 4 illustrates.

Since the secondary particles travel faster than the speed of light within the atmosphere,
they generate Cherenkov light. The peak of the number of air shower particles and therefore
Cherenkov light intensity is reached at an altitude of around 10km. The produced light is
beamed around the direction of the incident primary particles and illuminates an area of ~ 250 m
diameter on the ground which is also called the Cherenkov light pool. For an incident photon
with an energy of 1 TeV, only 100 Photons/m? of Cherenkov light can be detected on the ground
and thus the area covered by an array of IACTSs has to be quite large to achieve sufficient photon
detection. The hadronic and the electromagnetic air showers create distinctive detection patterns.
While the proton showers appear as rather circular and are much more chaotic, the gamma-ray
showers appear as a thin ellipse with a clear axis as seen in Figure 5. Therefore images produced
by incident gamma rays can be distinguished from those of proton showers. [22][23]

?.OOO..

6 15 30 60 150 300 pe.

1.0 TeV gamma shower 2.6 TeV proton shower

Figure 5: TACT images generated by electromagnetic (left) and hadronic (right) air showers.
Note the much broader extent of the proton shower and the clear axis visible in the gamma-ray
image. [22]



As seen in Figure 6, images created by the air showers can be described using an ellipse. The
geometric properties as well as the location of these ellipses within the image can be described
by the so-called Hillas parameters. The width of the ellipse relates to the energy of the incident
particle as well as the particle type while the major semi-axis of the ellipse can be used to derive
the direction of that particle. For an accurate reproduction of the air shower geometry, multiple
TACTs are combined into a telescope array achieving a stereoscopic view of the shower. The
direction of the gamma rays can then be reconstructed by combining the images of all telescopes
by deriving the intersection of the major semi-axes of the respective ellipses while considering
systematic uncertainties (see Figure 6). The Hillas parameters can also be used for particle type
and energy reconstruction and therefore a certain part of the hadronic showers can be rejected.
However, a substantial background remains in the observations which is handled by the data
analysis described in the following sections. [22][23]

Figure 6: Reconstruction of the Hillas parameters by combining the single telescope images into
one image. The intersection is used to obtain the pointing of the incident gamma-ray.[22]

3.3 The High Energy Stereoscopic System

The data which will be analysed in the following sections have been gathered using the High
Energy Stereoscopic System (H.E.S.S.) situated at an altitude of 1800 m above sea level in
the Khomas highlands in Namibia. Phase I of the telescope array has been operational since
December 2003 and it has been upgraded by adding a fifth, larger telescope in phase II of the
project in July 2012. Furthermore, the telescope cameras have been upgraded by installing
new hardware by 2017 for the initial four telescopes (CT1 to CT4) and the camera of the fifth
telescope has been upgraded by 2019.

H.E.S.S. phase I consists of an array of four Imaging Atmospheric Cherenkov Telescopes
(IACT) arranged in a square with a side length of 120m (see Figure 7) with a fifth, larger
telescope added to the center of the square in phase II. Each of the phase I telescopes consists of
382 round mirror facets of 60 cm diameter arranged in a sphere of 13 m diameter. This gives each
telescope a mirror area of 107 m? focusing the incoming light onto the telescope camera sitting at
the center of the mirror sphere with a focal length of 15m. These cameras consist of 960 29 mm,
8 stage photo-multiplier tubes (PMTs) arranged in a hexagonal array. Each PMT covers an area



of 0.16° diameter on the sky adding up to a total field of view of 5°. The telescopes are focused
on objects at a distance of 10 km which corresponds to the altitude of the air shower induced
Cherenkov radiation.

The triggering system is split into three stages. A single PMT is triggered with a threshold
of 4 photo-electrons in an interval of 1.5 nanoseconds. Subsequently, the camera is triggered
once a coincidence of 3 pixels within a sector of 8x8 pixels is triggered. Each camera has 38 of
these overlapping sectors. Therefore uncorrelated PMT signals produced mostly by the night sky
background and other noise is effectively rejected. The data are stored once there is a minimum
of two telescope cameras triggered within a frame of 80 nanoseconds. Therefore a stereoscopic
view of the air shower is always ensured for all stored events [23].

Furthermore, data from MAGIC and VERITAS which also are TACT arrays will be used.
The four VERITAS IACTSs have been completed at the Whipple Observatory in souther Arizona
in 2007 and have an energy threshold of 300 GeV [5]. MAGIC is a single dish TACT located at
2200m a.s.l. on the Canary Island La Palma with an energy threshold of 150 GeV [4].

Figure 7: Phase I H.E.S.S. telescopes CT1 to CT4, picture from 2004%.

*https://www.mpi-hd.mpg.de/hfm/HESS /pages/about/pictures/HESS_TMG /index.html
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4 Data analysis

4.1 Data Selection

The data analysed in the following sections has been obtained by H.E.S.S. between December
2004 and December 2005 which is during Phase I of the project and therefore only the four
telescopes CT1 to CT4 were used for detection. The data have been quality selected analogous to
standard H.E.S.S. analysis methods [23]. Therefore data taken under bad atmospheric conditions
or system malfunctions are rejected from the further analysis. Furthermore, we require all four
telescopes to be operational. The total live-time of the observations after quality cuts amounts to
11.4 hours and was taken using the wobble mode, an operation method where the telescopes are
pointed to different regions offset from the source allowing for a better background estimation.
23]

4.2 Background Estimation

TACTSs not only detect gamma-ray air showers but also those generated by a variety of cosmic
rays. These unwanted observations are filtered out using the Hillas parameters (see section 3),
however even after this cleaning, some misclassified cosmic-ray events as well as detections of
diffuse gamma-ray emissions remain in the data. Hence, before analysing an observation, the
observed background needs to be estimated and removed from the data. For this analysis,
the background model has been estimated using a spectromorphological model developed from
archival H.E.S.S. data, containing no known gamma-ray contamination. This model is added
to the FITS-files and can be adapted to the respective observation conditions by adjusting
its spectral parameters. The observation conditions depend on the atmosphere as well as the
instrument response function (IRF) of the IACT array. The IRF can be assumed to be split into
three independent components:

R(pv E|ptrue7 Etrue) — Aeff (ptruea Etrue) . PSF(p|ptruea Etrue) : Edisp(E|ptru67 Etrue) (2)

With Acf¢(Dirues Etrue) the effective collection area of the IACTSs, PSF (p|pirue, Etrue) the point
spread function, which is the probability density of an observation of true position and energy
(Ptrues Eirue) being measured at a position p. Egisp(E|Dirues Etrue) is the energy dispersion which
is the probability to reconstruct the photon energy at energy E when the true energy and position
are (Pirue, Erue). The background model as well as the IRF are included in the observation data.
24] [25]

4.3 Gammapy

This analysis is conducted using the up to date version 1.20.0 of Gammapy® [24], an open source
Python package developed for the evaluation of data from different IACT instruments, Fermi-LAT
and HAWC.

The observation data are then projected onto a coordinate system defined by Gammapy’s
map geometry class WesGeom with a field of fiew (FoV) of 6° x 6° and a binning of 0.02° around
the direction of the IC 443 center found by MAGIC (see Table 3, [4]). The energy axis of the
map geometry is logarithmically binned in 24 bins in an energy range of 0.1 TeV — 100 TeV
while the true energy axis is binned in 48 bins over the same energy range.

Shttps://gammapy.org
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Figure 8: Spectral tilt and norm distribution after quality cuts, masking and background fitting.

The background estimation is then improved by initially taking the location of known sources
in the region of the map geometry into account and subsequently defining safe regions for those
regions which will be excluded from the further analysis. Furthermore, a region with a FoV of
0.4° around the MAGIC IC 443 center sky coordinates is masked to exclude the source from the
background estimation.

In Gammapy, the analysis can either be done in the stacked or the joined method. While a
joint analysis evaluates each run individually and then compiles a resulting maximum likelihood
as a product of the individual values, the stacked analysis first sums the counts, background
and exposure and averages the PSF and energy dispersion of the individual runs. The stacked
data analysis is thus computationally much more efficient while the joined analysis provides
more precise results [24]. Before stacking the results, the background is fitted for each run
taking spectral tilt and norm as free parameters. Their distribution is expected to be a normal
distribution centered around zero for the tilt and around one for the norm. As there is a relatively
low number of runs available, the achieved distributions are within an acceptable deviation from
the expected values (see Figure 8).

After completing the background estimation, the correlated excess and significance maps
are calculated using Gammapy’s ExcessMapEstimator class with a correlation radius of 0.16°.
Generally, Gammapy contains a variety of estimators using different stochastic methods. The
ExcessMapEstimator estimates the significance based on the Li & Ma solution [26]:

(14 ) Nop, ) ( (14 a) Noss ))1/2
S =v2( Ny, 1 Nyrrl 3
LM f( n (a(Non T Nogy) + Nogsin & (Now & Nog) (3)

With o the ratio of the on-source time ., to the off-source time ¢, ston/t,s;, Nop the counts of
on-source photons and N,¢s the off-source counts.

This method also called backward folding gives the significance as the excess over the null
hypothesis. In first approximation assuming one degree of freedom, the significance can also be
given as v AT'S which is the unit used in the calculated significance maps. The test statistic
value T'S is defined using the logarithm of the likelihood £ as T'S = —2In(L). The difference
between two source hypotheses and especially a proposed source model and the null hypothesis

12



22°30"

00'4

21°30

00'

Declination

00

Right Ascension

Figure 9: Significance map centered around the IC 443 position determined by MAGIC [4]. The
cross markers denote the pointing positions of the individual observations taken by H.E.S.S.
while the circle radii indicate the amount of data taken at the respective pointing positions. Note
also the excess at the map’s center.

can be evaluated by obtainind the difference between the two respective T'S values:

Ly

ATS = T‘Smodell - TSmodel,2 =—2In (ﬁ_) (4)
2

This ATS is x2-distributed for a sufficiently large sample size and is defined to be negative
(—=VATS) in areas where the background is overestimated. The hypothesis proposed by a source
model can be described as the predicted gamma-ray emission of the model not changing the
observed emission in the FoV. Thus a model is accepted if the emission is modelled sufficiently
well.

The significance and excess maps are projected to a cutout with a FoV of 2.5° x 2.5° around
the IC 443 position derived by MAGIC in Figure 9 [4]. Markers indicating the pointing positions
and circles with the radius representing the amount of data at the respective positions have been
added to the significance map Figure 9. There is a clear emission excess visible in the center of
the map, however lower significance emissions at the borders of the source as well as background
emissions are also visible which are mainly accountable to the low observation time of 11.4h
after quality cuts and the therefore low significance of the source detection.
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4.4 Source fitting and results

To obtain further information about the extent and position as well as the spectral attributes
of this source, different models are fitted to the data. The spectral model used in the further
analysis is a simple power law of the form:

(E) = ® - <EEO> - (5)

With Ej the reference energy, @y the amplitude, I' the spectral index and E the energy. The
reference energy FEy for this study is set to £y = 1.0 TeV. This choice of the spectral model ensures
a low number of degrees of freedom while fitting the spectrum sufficiently well. Furthermore,
two different spatial models are fitted and evaluated to obtain the model which best describes
the observed emission in the region of IC 443. The fit is performed using the iminuit back end,
which is an interactive Python based minimizer implemented in Gammapy [27]. To further
assess the fitted model, the significance distribution is visualized in a histogram with a curve fit
to the distributions before and after implementing the respective models. A perfect source fit
would entirely remove the source and therefore only random noise from the background would
contribute to the distribution resulting in a Gaussian with a mean of ;x = 0 and a standard
deviation of o =1 (see Figure 11).

Gaussian spatial model

The first model used for fitting the observation data is a two dimensional spatial Gaussian which
in the usual limit of small sky angular distance to the model center, 0, is of the form:

1 162
®(lon,lat) = 53 " OXP <—202> (6)

Here, o is the 42% containment radius of the Gaussian and (lon,lat) the center position of the
source. The parameters resulting from the iminuit fit can be seen in Table 1. The test statistic
values compared to the null hypothesis is AT'S = 26.5 and the corresponding significance 3.97¢.

type parameter value unit
spatial ~ R.A. (J2000) 94.39 + 0.07 deg
spatial ~ Dec. (J2000) 22.58 £0.05 deg
spatial o 0.17 £ 0.04 deg
spectral P (254+0.7) - 10712 TeV/scm?
spectral r 3.5£0.6

Table 1: Best fit values of the Gaussian model

Disk spatial model

The second spatial model used for source fitting is the disk model. The disk is of the form:

1 <
®(lon,lat) = . { L forf <o

27(1 — cosrp) 0 forf >ry ’ (7)
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With 6 the sky separation, rg the radius of the disk and (lon,lat) the position. The edge of the
disk is smoothed using an error function with an edge width « as the boundary for better fitting
of the model. rg is defined to be at 50% of the height of the disk and therefore at 0.5 x a. For
the disk model, the resulting test statistic value in relation to the null hypothesis is AT'S = 27.9
which translates to a significance of 4.12¢.

type parameter value unit
spatial ~ R.A. (J2000) 94.36 £+ 0.04 deg
spatial ~ Dec. (J2000) 22.56 +0.03 deg
spatial ro 0.29 +£0.03 deg
spectral G (2.340.5)- 10712 TeV/sem?
spectral T 3.5+0.5

Table 2: Best fit values of the disk model

Model comparison

For better comparison, the extension of both spatial models is plotted on the significance and
excess map computed before the source model is fitted to the data. There, the similarity in
position and extension is clearly visible (see Figure 10). Note however that the radius of both
models contain slightly different amount of counts. While the extension of the Gaussian model is
the 68% containment radius, the extension of the disk model is a circle of disk radius rg.

) Excess map .
23°30' - Iy I 23°30' {0
I ‘i' 40
|
00" 4 00
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o
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] B ]
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) g )
00" 4 g H 00
. o -20
5 g, . =
6h20m 18m 16™ 14m 16™
Right Ascension Right Ascension

Figure 10: Significance and excess maps before fitting with the outline of the gaussian model in
lilac and the outline of the disk model in black. The radius of the Gaussian model is Ggg(% while
the radius of the disk model is 5. The cross marker denotes the fitted center position of the disk
model (see Table 2)

For further comparison, significance distribution histograms are examined (see Figure 11).
The fit of both histograms are quite similar as both fitted models describe the source almost
equally well. The medians ¢ = 0.02 and g = 0.03 are almost at the optimal value of y = 0.0
and the excess significance o = 0.89 is also sufficiently close to the optimal value of 0 = 1. With
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Figure 11: Significance distribution histogram for the fit of the Gaussian (a) and the Disk (b)
spatial models. The red line is a fit of the histogram before the spatial model is fitted, while the
yellow line is after model fitting and removing the fitted source. u and o of both models are
sufficiently close to the optimal values of p = 0 and o = 1 for perfect source fitting.

these results it becomes clear that both models are a good fit to the source and they are almost
indistinguishably close in their significance distributions. The quality of the fit can further be
assessed by comparing the test statistic value and the corresponding significance over the null
hypothesis of both models. As the significance of the disk model 4.12¢ is higher than that of the
Gaussian model 3.970, the disk model is preferred and used in the further analysis.

Comparison with literature values

Model R.A. (%) Dec. (°) Extension (°)

Disk 94.36 £ 0.04 £ 0.0065ys 22.56 4= 0.03 4= 0.0065ys 70 = 0.29 £ 0.03 £ 0.006,

Gaussian  94.39 £ 0.07 & 0.0064,, 22.58 £ 0.05 = 0.0065, Hgg}% = 0.25 4 0.05 4= 0.0064y5

MAGIC 94.17 £ 0.04 22.53+0.04 Lot =0.140.01
VERITAS 94.21 £ 0.11 22.51 £0.11 Oset, = 0.24+0.11
Fermi 94.31 4 0.03 22.58 & 0.03 fcxi, = 0.27 £0.04

Table 3: Summary of locations and extensions of the best-fit results derived by different experi-
ments.

For better understanding of the quality of the results, they are compared to IC 443 observations
by MAGIC [4], VERITAS [5], and the Fermi-LAT [20]. The characteristics obtained by the other
experiments as well as those of this study can be seen in Table 3. Furthermore, the extensions
of IC 443 as determined by the fit of disk and gaussian models to H.E.S.S. data, compared to
the results by MAGIC, VERITAS and Fermi-LAT are plotted on significance and excess maps
derived from the H.E.S.S. data with a smaller 1° x 1° FoV for better visibility of the difference
between the individual results as shown in Figure 12.

In Figure 13, the uncertainties of the radius and position are presented for better comparison.
The systematic pointing uncertainties of H.E.S.S. are 20“ per axis and is mainly caused by slight
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Figure 12: Excess and significance maps with a smaller 1° x 1° FoV. The center positions are
denoted by cross markers in green for Fermi-LAT [20], blue for VERITAS [5] and black for
the disk model. The extensions are marked as circles with a radius of 95;};6 for the Gaussian
model (purple), Fermi-LAT [20] (green) and VERITAS [5] (blue). The black circle indicates the
extension with rg of the disk model.

fluctuations in the steel telescope mounts [1]. It is included in Table 3 and in Figure 13. The
extension and the center position of IC 443 derived by the models of this study are closest to the
Fermi-LAT results [20] while the center positions of VERITAS [5] and MAGIC [4] are slightly
shifted. Within errors, the results derived by the analysis of VERITAS data are still compatible
with the H.E.S.S. results as the uncertainties stated by VERITAS are comparatively large. The
MAGIC IC 443 position is within 3o of the Disk and Gaussian positions. The extensions derived
by the different models are also quite similar. MAGIC assumes a point source and therefore the
extension visualized in Figure 13 is the 68% containment radius and the corresponding error of

the PSF 6535 = 0.1 4 0.01° [20][5][4].

Spectral energy distribution

For spectral considerations, the spectral energy distributions (SED) is computed visualizing the
fit of the power law spectral model conducted by iminuit which obtained a flux normalization
of &y = (2.3 £0.5) - 10712 TeV/ems? and a spectral index I' = 3.5 & 0.5 for the best fitting
disk model (see Table 6, Table 5). The so-called flux points of the SED are estimated using
Gammapy’s FluxPointsEstimator class with six logarithmically spaced bins over an energy range
of 0.1 TeV — 100 TeV. The estimator selects the closest to the requested energy edges from the
parent dataset (24 bins over the range 0.1 TeV — 100 TeV) and refits the index and amplitude of
the best fit model in every energy bin. Additionally to the flux points, the power law spectral
model with its corresponding error are plotted given the fitted parameters seen in Table 2. The
flux axis is multiplied with the square of the energy for better visibility. The estimator gives
upper limits for flux points with 20 [24]. The choice of rather large bins is accountable to the
low observation time and therefore low accuracy of the spectral data. A more detailed spectral
analysis as well as a discussion of the results is conducted in the following sections.

17



1 Disk Model
23°00" 4 .
[ Gaussian Model
L__7 Fermi 2010
L__1 VERITAS
L__7 MAGIC
22°45' 4 L
N\
N
Y \\
c LN
o T
- 1 \\
© I
£ B
- 1
o I
[a) 30' 4 I’ 1 L
/ 1
7 1
1
/A
1
/
/
/
/
/
7/
//
15' == A
6h1gm 18m 17m 16m

Right Ascension

Figure 13: Comparison of IC 443 positions, extensions, and their respective uncertainties of
literature values as well as the two fitted models. The plotted uncertainties are the sum of
statistic and systematic uncertainties stated in Table 3. The radius uncertainties are shown as a
shaded band around the respective model outlines. Note that MAGIC models IC 443 as a point
source and therefore the extension is the 0&%{ of the PSF [4].
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Figure 14: Spectral energy distribution of the power-law spectral model. The flux axis is
multiplied with E? for better visibility.
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5 Physical modelling and Discussion

For better understanding of the physical processes leading to the gamma-ray emission observed
from IC 443, physical modelling to the observed spectrum is conducted. This modelling aids
in distinguishing between the emission created from the different parent particle populations
described in section 2.2. The main two subgroups of gamma-ray emission mechanisms are based
on hadronic or leptonic particle populations which create different characteristic spectra in the
gamma-ray observations. To fully understand the observed emission, a larger energy range
than covered in the H.E.S.S. observations needs to be analysed as both the pion decay gamma-
ray emission as well as leptonic interactions are mostly located at lower energies. Therefore,
especially the detection by the Fermi-LAT [20] needs to be considered as its energy range covers
this low-energy range (see section 5.3).

5.1 Naima

A physical model is derived using version 0.10.0 of the naima® [28] Python package which is
developed for modelling and fitting an observed gamma-ray emission from an underlying particle
population. The package is split into two main sections, a set of radiative models and a set of
utility functions. In the naima version used in this analysis, the radiative models of synchrotron,
inverse Compton, non-thermal bremsstrahlung and neutral pion decay as well as the option
of defining custom models are available. The spectral energy distribution resulting from the
gamma-ray production of one of these models can be fitted with a set of utility functions based on
Markov Chain Monte Carle (MCMC) sampling. The fit quality can then be assessed by reviewing
the respective likelihood and uncertainty values. Naima implements the emcee’ package as an
algortihm for MCMC sampling. [29]

Radiative Models

In the further analysis a relativistic proton particle population with neutral pion decay as the
gamma-ray production mechanism is assumed. The pion decay class uses the parameterization
provided by [30] and takes information about the underlying particle distribution as well as
the density of the emission region ny which is assumed to be ng = 20cm™ as stated by the
2013 Fermi-LAT analysis [3]. The evaluated proton distributions are a simple power law for the
modelling of only the H.E.S.S. flux points while a power law with exponential cutoff as well as
broken power law are used for studying the combined spectral model of the before mentioned
gamma-ray observations.
The power law distribution provided by naima is of the shape:

E —Q
E)=A = 8
e =a(5) (3)
with the proton energy F, the reference energy Fy, an amplitude A and a spectral index «

(similar to Equation 5). The broken power law class provided by naima is parameterized by:

B A (E/E‘O)_CYl E < Ebreak
f<E> B { A (Ebreak/anz_al) (E/E'O)_a2 B> Ebreak ’ (9)

®https://naima.readthedocs.io/
"https:/ /emcee.readthedocs.io/
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with Fpeqr the break energy and the two spectral indices a; and as. Furthermore naima’s
exponential cutoff power law can be described by:

J(E) = A(B/E0) " exp (= (B Eauross)” ) (10)

with the exponential cutoff energy Fc,s0rs and the cutoff exponent f.

The fitted observation data computed in the sections before as well as the particle distribution
functions and the gas density of the emission region is taken by the respective radiative models
and a spectrum is simulated for a parameter vector. This vector is made of the parameters taken
by the particle distribution function and gives the starting values for the further fitting process.
The radiative model class then calculates a spectral energy distribution as well as the energy
distribution of the parent proton population.

Markov Chain Monte Carlo sampling

The MCMC sampling is implemented into naima by using the emcee Python package. Naima
assumes the observed spectral data and the corresponding errors to be correct, Gaussian and
independent which is not the case for most data and may be solved by future versions of naima.
For a set of parameters p' with the spectral model S(p, E;) the logarithm of the likelihood can be

written as:
N

lnCoc—%Z (5 (. B) = )" (11)

2
=1

g;

with (Fj,0;) the flux measurements and uncertainty at the energy E; over N spectral mea-
surements. This equation disregards constant terms as the MCMC sampler only deals with
differences in the logarithm of the likelihood which eliminate these terms. The log-likelihood
expressed in Equation 11 can be related to x? by x?> = —2In £ and therefore a maximization
of the log-likelihood is desirable. In the optimization process, prior likelihood parameters are
passed to the MCMC sampler providing information about our knowledge of the value and range
of the respective parameters. This provides the user with a handle to increase the efficiency as
well as the accuracy of the optimization.

The fitting process is handled by naima’s sampler class and takes a parameter vector as the
starting position. This vector is then fitted to the observed spectrum by a number of walkers
and steps which can be defined by the user. Increasing the number of simultaneous walkers
improves the efficiency of the MCMC sampling process as it decreases the number of likelihood
calls which are taken to assess the fit of the current parameters. The steps of the fitting process
are saved in chains which denote the values the respective walkers take while a certain number of
steps are discarded from the chain to reduce the influence of the starting position of the walkers.
Furthermore, the best fit values with the corresponding uncertainties as well as the logarithm of
the maximum likelihood is stored. [28]

5.2 Modelling of the H.E.S.S. data

First, the H.E.S.S. flux points obtained in the previous analysis steps are modelled by utilizing
naima’s power law function as the particle distribution. The observed gamma-ray spectrum
directly mirrors this particle distribution and thus the H.E.S.S. flux points can also be modelled
by this function as done by the previous gammapy analysis (see Figure 14). For the purpose of
limiting the degrees of freedom of the fitted function, the reference energy is frozen to Ey = 1 TeV
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A [TeV] a! Eo [TeV] In(L) X*/dof

8753 x 107 3.0751] 1 035 07/

Table 4: Best fitting proton spectrum and fit quality parameters of the H.E.S.S. flux points

and will therefore not be fitted by the MCMC process. The sampling procedure is run with 256
simultaneous walkers (chains), 100 steps of burn-in and 150 steps of run.

The quality of the fitted model can be assessed by reviewing the resulting log-likelihood
values and thus inferring the corresponding reduced chi-squared value x*/dof. Here, dof are the
degrees of freedom which in the context of fitting the spectral model to the flux points is the
difference between the number of points and the free parameters of the fitted function (dof =1
for the H.E.S.S. model). The resulting reduced chi-squared value for the H.E.S.S. flux points is
X*/dof = 0-69/1. The best fitting parameters as well as the respective uncertainties can be seen in
Table 4 whereas the amplitude is given as the normalization of the particle distribution at 5 TeV.

Furthermore, the SED with the spectrum of the maximum likelihood model as a black line
and the other sampled spectra as gray lines is shown in Figure 15. The lower panel of the figure
shows the deviation of the flux points from the fitted spectrum in Aco. The corresponding energy
distribution of the proton population is shown as an inset. [28]

5.3 Multi wavelength modelling

To obtain an emission model covering a more representative energy range, the combined SED
using results from Fermi-LAT [20], MAGIC [4], VERITAS [5], and H.E.S.S. is considered. The
shape of the SED can best be described by either a power law function with exponential cutoff
(see Equation 10) or a broken power law function (see Equation 9) and thus these functions
will be used as the particle distribution in the naima modelling procedure. The 36 combined
flux points are modelled by the functions with five parameters and thus the resulting degrees of
freedom are dof = 31. For both particle distributions, the MCMC sampling process is run by 256
walkers in 100 burn-in and 150 run steps. The resulting parameters and fit quality parameters
can be seen in Table 5 and Table 6.

log;o(A) a Ey [TeV] Ié; Ecutors [TeV] In(L) x*/dof

449705 16793 163150 0547007 0317053 —48.3  966/31

Table 5: Best fit and fit quality parameters of the power law function with exponential cutoff as
the particle distribution with the amplitude A in TeV ~!. Parameter names from Equation 10.

loglO(A) a1 EQ [TGV] (6% Eb'r’eak [TeV] In ([,) X2/dof

46.4700 2317002 6%39 3137002 0157008 365 /m

Table 6: Best fit and fit quality parameters of the broken power law function as the particle
distribution with the amplitude A in TeV ~!. Parameter names from Equation 10.

Furthermore, the walkers (chains) can be analysed by a set of diagnostic plots provided by
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Figure 15: Spectral energy distribution of the power law fit to the H.E.S.S. flux points. The
black line visualizes the best fit parameters while the gray lines represent the respective sampled
parameters. The lower part of the fits shows the difference of the flux points from the fitted
function in measures of standard deviations o. The inlay shows the proton spectrum simulated
from the fitted spectrum, again with the best fit parameters in black and the gray lines representing
the sampled values. Here, the energy distribution of the proton population is plotted in erg
versus the proton energy in TeV. [28]

naima’s plotting functions. The corner plots visualize the sampling process and the quality of the
fit by showing the distributions of the sampled parameters and scatter plots of parameter pairs.
Thereby the range provided to the prior distributions can be assessed and eventual covariances
between any two parameters can be seen as they would elongate the shape of the respective
scatter plots. This can be seen in Figure 18 as there is a correlation between Ey and norm
and no covariance between the other parameters becomes evident. This only holds for pairs of
Gaussian distributed priors as uniform distributions produce more rectangular shapes in the
scatter plots (see Figure 18, Ecutof f).

The resulting combined energy distributions can be seen in Figure 16 for the power law
distribution with exponential cutoff as the particle distribution and in Figure 17 for the broken
power law distribution. Again, the inset panel shows the corresponding proton energy distribution
which is closely related to the observed gamma-ray spectrum. The proton energy distribution of
Figure 17 shows a kink at E = Ej.eqr while that of Figure 16 falls smoothly at high energies.
In both cases, the resulting spectra follow the SED closely in the lower energy regimes of the
Fermi-LAT data, while Figure 16 shows larger deviations from the observed spectrum in the
higher energy range (E ~ 5TeV)). The broken power law on the other hand follows the SED
more closely in this energy range which is directly mirrored by its lower reduced chi-squared
value (see Table 6). The relatively high reduced chi-squared values can be explained by the large
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Figure 16: Spectral energy distribution of the fit with a power law with an exponential cutoff as
the particle distribution. The fitted SED is given by Fermi [3], MAGIC [4], VERITAS [5] and
the H.E.S.S. analysis conducted in the previous sections. The black lines represent the set of
best fit parameters while the gray lines are the sampled parameters. Note that the inlaid Proton
energy distribution follows the same shape as the SED in the mid- and high-energy range. [28]

scattering of the SED in the higher energy range. Furthermore, the amount of data-points at
higher energies is large enough for fitting a sensible curve but not for taking averages of scattered
points. Therefore the broken power law function is the preferred model of the proton energy
distribution.

For better visualization of the different groups of flux points and the respective errors, the
best fit naima model is added to a combined SED. When comparing the H.E.S.S. data with that
of the other IACTs (MAGIC [4] and VERITAS [5]), it is evident that the flux obtained from
the analysis of the H.E.S.S. data is higher than the flux obtained from the other IACTs (see
Figure 19). Furthermore, the VERITAS and MAGIC flux points each cover smaller energy ranges
but on average have larger flux errors. As these statistical fluctuations are mainly caused by the
analysis technique, the lower errors of the H.E.S.S. data-points can be accounted to the newer
analysis procedure using Gammapy which fits the spectrum and morphology of the source at the
same time. This was not possible at the release time of the respective MAGIC and VERITAS
papers.

Furthermore, when comparing the resulting spectrum (Figure 19 to the expected spectra
of the different emission models (Figure 1), the similarity of the observed spectrum with that
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Figure 17: Spectral energy distribution of a broken power law particle distribution fit to the
combined SED from Fermi [3], MAGIC [4], VERITAS [5] and the H.E.S.S. points derived in the
previous sections. The inlaid figure shows the corresponding Proton energy distribution with a
kink at the break energy Fpcqr. Note also the lower deviation of the SED from the fitted model
comparing to the fit of the power law with exponential cutoff. [28]

resulting from the neutral pion decay gamma-ray production mechanism becomes apparent.
Especially the steep gradient of the pion bump at energies of E ~ 1074 — 1073 TeV can be
observed which was also stated by [3]. The alternative gamma-ray production mechanisms of
purely leptonic emission from inverse Compton scattering and bremsstrahlung are rejected on
energetic grounds and issues with fitting the spectrum respectively. The seed photon populations
are not large enough to explain the observed gamma-ray spectrum, making inverse Compton
scattering implausible. The bremsstrahlung models do not fit the observed spectrum unless an
ad-hoc break is introduced which can not be seen in radio emissions when assuming the same
electron population are responsible for this spectrum [3]. The maximum energy is reached at
E ~ 1073 TeV which is similar to Figure 1 with o = 2.25. The change in spectral index of the
observed spectrum towards higher energies also closely resembles the expected shape of the neutral
pion-decay production mechanism presented by [12]. A similar broken power law spectrum is also
reported in the 2013 analysis of Fermi-LAT data which finds oy = 2.354+0.02, as = 3.1+ 0.1 and
Eprear, = 2394174 GeV. The break energy obtained by this analysis Epyeqr = 150fg$ GeV is lower
than that obtained by Fermi-LAT but within errors. Thus the addition of the H.E.S.S. flux points
further confirm the characteristic pion-decay spectrum and the presence of a parent population
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of relativistic protons is evident. However, the other gamma-ray production mechanisms may
still contribute to the observed spectrum at a lower level. [12][28][3]

The observed parent proton population creating pions in collisions with protons and nuclei of
the surrounding matter represent a clear characteristic of an SNR interacting with a molecular
cloud. Thus the observed spectrum supports the theories derived from 21 cm line emissions as

well as the 2013 Fermi-LAT observations. [3][2]
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Figure 18: Corner plot of the fit of a broken power law particle distribution. The distributions of
all free particles as well as the best fit parameter vector, indicated by the blue crosses are plotted.
Note the Gaussian distributions of all parameters except Eppeqr. The prior of Epyeqr follows
a uniform distribution while the others follow a normal distribution. Furthermore, the shape
of the norm versus Fy plot hints to a high covariance. The vertical dashed lines shown in the
distribution histograms visualize the respective parameter edges given to the prior distributions.
28]
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Figure 19: Combined spectral energy distribution with flux points from this H.E.S.S. analysis,
Fermi-LAT [3], MAGIC [4], VERITAS [5] and EGRET [19]. The EGRET flux points have not
been in the naima modelling process since points from Fermi-LAT, the improved successive
project are available. The flux axis has been multiplied with the squared energy for better
visualization and the model line is the best fit broken power law model resulting from the previous
naima analysis. [28] Note the steep slope in the low energy regime until ~ 400 MeV which is
characteristic for the pion-bump. [12]
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6 Conclusion and Outlook

This work presents a first analysis of high energy gamma-ray observation data of the IC 443
supernova remnant taken by the H.E.S.S. telescope array from 2004 to 2006. After excluding
low quality data, likelihood modelling of the spatial and spectral parameters was performed in
the energy range of 0.3 TeV-100 TeV. This study finds that the emission can be described best
by a disk model centered at R.A.= 94.36° + 0.5°, Dec.= 22.56° + 0.04° with an extension of
rog = 0.29° 4+ 0.04° and a simple power law model with spectral index I' = 3.5 + 0.5 and flux
normalization ®g = (2.3 £ 0.5) - 107!2TeV/sem2. From this process, a significant observation of an
extended source around the IC 443 location could be obtained which is consistent with that of
other gamma-ray analyses. The results obtained in this study were then compared to results
obtained from other IACTs, and a general agreement is found. Furthermore, a multi-wavelength
comparison to the morphologies of X-ray and radio observations to the derived model was
conducted to provide further context. After the spatial analysis, flux points fitted by a power
law spectral model were computed over an energy range 0.1 TeV-100 TeV.

Additionally, physical modelling of the gamma-ray production was conducted while assuming
a parent proton population producing gamma rays through the pion-decay mechanism. The
energy distribution of this proton population was modelled by a power law for the H.E.S.S.
flux points. To obtain a more representative energy range, the flux points from other IC 443
gamma-ray observations were considered. These were modelled by a broken power law and a
power law with exponential cutoff as the particle distributions. The fit quality of these models was
then assessed by evaluating the respective reduced chi-squared values, which leads to the selection
of the broken power law fit as the preferred spectral model. The pion-bump, a characteristic
feature of the pion decay production mechanism of gamma rays, could be observed with the
spectral parameters being similar to that of literature models as well as other analyses of 1C 443.
Thus a proton population and therefore interactions of the SNR with the surrounding molecular
clouds is a scenario supported by the analysis, however leptonic gamma-ray production can not
entirely be disregarded as it can contribute minorly to the observed spectrum.

In this work, only 11.4 h of observation time has been used and thus the analysis covered
by the H.E.S.S. data is not very representative. This effects especially the spectral parameters
and thus the physical model of the source and needs to be improved by future gamma-ray
observations. The gap between the Fermi-LAT and TACT observations as well as high energy
bands beyond the analysed IACT data can be covered by future observations conducted by the
H.E.S.S. TACT array. This would improve the assessment of the physical model of the source
significantly and therefore lead to a better understanding of 1C 443.
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