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IC 443 is a well-known supernova remnant that stands out due to its interaction with a dense
molecular cloud, creating a complex environment where shocks can efficiently accelerate particles
to high energies. This makes it a key target for investigating the mechanisms of cosmic-ray accel-
eration and gamma-ray production, particularly in the context of supernova remnants as potential
sources of PeV cosmic rays. This work presents a first analysis of the region as observed by
H.E.S.S.. We detect extended very-high-energy gamma-ray emission from IC 443, consistent
with previous observations by VERITAS and MAGIC. A multi-wavelength comparison incor-
porating data from Fermi-LAT, MAGIC, and VERITAS strongly supports a hadronic origin of
the observed emission, and highlights the presence of relativistic protons interacting with the
surrounding molecular cloud. These findings reinforce the role of IC 443 as a key laboratory for
studying supernova remnants as cosmic-ray accelerators and their interaction with their surround-

ing mediums.
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1. Introduction

Supernova remnants (SNRs) are widely regarded as potential sources of Galactic cosmic rays,
capable of accelerating particles to relativistic energies through diffusive shock acceleration. The
interaction of these high-energy particles with ambient gas and radiation fields produces y-ray
emission across a wide energy range, providing a critical probe into the nature and efficiency of
particle acceleration processes.

IC 443 (G189.1+3.0) is a well-studied middle-aged SNR located at a distance of approximately
1.5 kpc in the Galactic anticenter region [1]. The age of the remnant is still discussed, but is
predominantly reported in the range of 20 — 30 kyr [1-3]

Previous observations from instruments such as Fermi-LAT and VERITAS have revealed both
GeV and TeV gamma-ray emission from this source. 1C443 has been first observed in gamma
rays by EGRET [4] and later by Fermi-LAT [5, 6], MAGIC [7], and VERITAS [8]. The source
region derived by MAGIC coincides with a large molecular cloud and is shifted from the center
positions derived by Fermi-LAT and VERITAS. However, the mostly overlapping regions derived
by VERITAS and Fermi-LAT are more spatially extended, incorporating most molecular clouds
and the inner shell of the supernova remnant, as well as the pulsar and the pulsar wind nebula. The
analysis of the Fermi-LAT observations of the source report a broad peak of the emission between a
few 100 MeV and 5 GeV which is consistent with an emission caused by neutral pion decay emitting
y-rays [5—8]. This detection makes the remnant one of the first objects for observationally proving
the interaction between a core-collapse SNR and a dense molecular cloud, which in turn makes it
an excellent candidate for studying hadronic acceleration mechanisms.

This work presents an analysis of data from the High Energy Stereoscopic System (H.E.S.S.),
an Imaging Atmospheric Cherenkov Telescope (IACT) array located in the Khomas Highlands in
Namibia (23° 16* 16.79” S, 16° 30’ 0” E). The results are compared with previous observations
from other y-ray instruments, and the corresponding spectrum of the parent proton population is
derived.

2. H.E.S.S. Data Analysis and Results

The data used in this work were quality selected such that only observations for which all 4
telescopes were operational were included because all data analyzed in this work were taken before
completion of the fifth H.E.S.S. IACT. Additionally, the quality criteria detailed in [9] were applied,
to ensure a good system response as well as good atmospheric conditions for every observation. This
selection yields a dataset with a total deadtime corrected observation time of 11.4 hours between
December 2004 and December 2005. The data include observations of IC 443 in a zenith range of
41.1° to 54.7° with an average of 47.9°. The energy threshold is derived as the energy above the
peak of the background spectrum with an energy bias below 10%. This yields an energy threshold
of 0.56 TeV. The analysis presented in this work is performed using version 1.20.0 of the open
source Python package gammapy [10, 11].

Gamma-hadron separation was performed using a method described in [13] and reconstructed
using the Image Pixel-wise fit for Atmospheric Cherenkov Telescopes algorithm ImPACT (for
more information, see [14]). This modern reconstruction framework offers significantly improved
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Figure 1: Left: Li&Ma significance map of the region around IC 443, computed with a correlation radius of
0.16 deg. The best-fit morphology of the Gaussian and Disk models are shown by the purple and black circle.
Right: The best-fit morphology of both models compared to the emission observed by other instruments.
The uncertainties, depicted as error bars for the position and shaded regions for the extension, include both
statistical and systematic uncertainties (H.E.S.S. systematics from [12]).

Table 1: Best-fit parameters obtained for the analysis of the data above the energy threshold, using a Gaussian
and a Disk model with a power law as spectral model. For the disk model, o gives the radius of the fitted
disk rg. The quoted uncertainties do not include systematics.

‘ Disk Model  Gaussian Model

r 35+05 35406

@y [1072em™2s ' TeV7!] | 22+0.5 24+0.7
R.A. [°] 94.33+0.04  94.38 +0.07
Dec. [°] 22.59+0.03  22.58+0.05
o [°] 0.26 + 0.03 0.17 +0.03

angular resolution and background rejection compared to the analysis methods available at the time
the data were originally taken. As a result, archival observations from 2004 and 2005 can now be
revisited with enhanced sensitivity, allowing us to uncover previously inaccessible signals or faint
excesses. The analysis was cross-checked with an independent reconstruction chain [15, 16]. The
background has been estimated using a background model template derived from a large set of
archival observations [17].

A Li&Ma [18] significance map of the region centered on IC 443 can be seen in the left panel
of Figure 1, showing extended y-ray emission around the nominal SNR position. To assess the
morphology of the y-ray emission, both Gaussian and Disk shaped spatial models were fit to the
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Figure 2: SED of the emission detected from IC 443, assuming a Disk morphology.

observed excess. As a spectral model, a simple power-law model of the form

T
®(E) = ¥, (EEO) (1)

was adopted, with Eg = 1 TeV.

The parameters for both models can be seen in Table 1. Although both models can describe the
emission well, the disk model provided a marginally better fit with higher statistical significance.
The significance of the Disk model is computed as 4.120", compared to 3.970 for the Gaussian
model. After subtracting the emission from the data, a significance map with a correlation radius
of 0.16° was computed. From this map a 1D histogram of the residual significance in the region
was constructed. The histogram was then fitted with a Gaussian model, and the mean and standard
deviation of the residual data were derived. The residual significance in the region after the subtrac-
tion of the emission described by the Disk model is consistent with pure background fluctuations
(u = 0.02, o =~ 0.89), and no significant y-ray emission remains.

The values derived for both spatial models are in good agreement with previous measurements
by Fermi-LAT, and VERITAS. They are also, within a 2 o~ uncertainty, compatible with the results
derived by MAGIC [7]. The best-fit parameters for the preferred disk morphology model were
®y=(22+05)x10"2TeV- ' em2 s~ and I" = 3.5 + 0.5. The right panel of Figure 1 depicts
a morphological comparison with previous analyses by Fermi-LAT, VERITAS, and MAGIC and
includes both statistical and systematic errors for all source models. The H.E.S.S. systematics used
in both panels of Figure 1 are from [12]. The resulting spectral energy distribution (SED) for the
power-law model is shown in Figure 2.

3. Physical Modelling

In order to derive the properties of the parent particle spectrum of the y-ray emission from
IC 443, a hadronic origin via neutral pion decay, resulting from interactions of cosmic-ray protons
with ambient gas in the remnant’s environment, was assumed. Given the well-established association
of 1C443 with molecular clouds and its composite morphology, this is strongly motivated both
observationally and theoretically.
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Figure 3: SED derived in this work compared to the SED derived by EGRET [4], MAGIC [7], VERITAS
[8], and Fermi-LAT [6]. Additionally shown is the expected y-ray spectrum produced by a proton population
injected into the region. The injection parameters of this population have been derived through a fit to the
SED. The SED derived by EGRET has not been used in the fitting process.

To this end, the SED shown in Figure 2, as well as data from Fermi-LAT, MAGIC, and
VERITAS, were used to evolve a proton population and fit the resulting y-ray spectrum to the
observational data using version 0.10.0 of the naima Python package [19]. Due to the differing
sizes of the regions used for spectral analysis, the SED for both MAGIC and VERITAS have
been scaled to correspond to the flux expected for the source region used in this analysis. Two
models were tested: a power law with exponential cutoff, and a broken power law. Both are typical
parameterizations of cosmic-ray source spectra and reflect different underlying physical scenarios.
The exponential cutoff model points towards a maximum energy due to acceleration limits, while
the broken power law suggests a spectral steepening due to propagation effects or energy-dependent
escape.

We find the broken power law describes the data best with a reduced chi-squared value of
x*/dot = 81/31 for the exponential cutoff powerlaw model and x*/dof = 72/31. The broken powerlaw

function is of the form:

A (E/EO)_QI 1 E < Epreak
A (Ebreak/anz_al) (E/EO)_Q? . E > Ebreak

f(E) = { )

The fitted proton spectral indices are a@; = 2.32 £+ 0.02 below the break and a; = 2.89 + 0.04
above it, with a break energy at Epeqx = 1685&) GeV, a reference energy of Eg = 6. 1‘:32‘.% TeV and
a normalization factor of log;,(A) = 46.25 + 0.50. These values are consistent with theoretical
expectations for diffusive shock acceleration at SNR shocks followed by spectral softening due to
energy-dependent diffusion or escape.

The derived proton population implies that IC 443 is accelerating particles to at least several

TeV. With a total energy in cosmic-ray protons (above 1 GeV) that is compatible with expectations
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from a typical supernova explosion (~ 10° erg), depending on the assumed gas density (taken to
be ny = 20cm ™3 based on CO and 21 cm observations [6, 20]). This further strengthens the case
for SNRs as significant contributors to the Galactic cosmic-ray population.

While the hadronic model was strongly favored in previous works, small contributions from
leptonic processes cannot be excluded, particularly in localized regions near the associated pulsar
wind nebula. Future high-statistics observations, especially in the transition region between Fermi-
LAT and current IACT sensitivity, will help refine the spectral shape and disentangle emission
components.

4. Conclusion and Outlook

In this work, we presented the first analysis of y-ray emission from the supernova remnant
IC 443 in which morphology and spectral parameters were derived at the same time. For this
analysis, archival H.E.S.S. data taken between 2004 and 2005, amounting to a total of 11.4 hours
of livetime, was used. Although the limited data results in a detection significance of only 4.127,
this analysis yields results that are fully compatible with previously published measurements by
Fermi-LAT, MAGIC, and VERITAS.

Spectral analysis yielded a steep power-law index of I = 3.5 + 0.5, and the broadband SED
is best described by a broken power-law proton injection spectrum, consistent with pion-decay
y-ray production. The characteristic spectral features support the interpretation of hadronic origin,
confirming previous evidence for IC 443 as a site of cosmic-ray acceleration interacting with a dense
molecular environment.

While this analysis does not provide an independent detection due to the limited exposure
time, it demonstrates the consistency of H.E.S.S. observations with earlier results and validates the
source morphology and spectrum using a fully independent data set and analysis pipeline. In this
way, the study contributes to the reproducibility of gamma-ray astrophysical results, an increasingly
important aspect in a field where complex instrument-specific analysis techniques can lead to subtle
discrepancies. By confirming the presence and characteristics of IC 443 emission across different
instruments, observation periods, and analysis methods, this work supports a broader understanding
of SNRs as sources of Galactic cosmic rays.
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