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LMC N132D: A mature supernova remnant with a power-law
gamma-ray spectrum extending beyond 8 TeV
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ABSTRACT

Context. Supernova remnants (SNRs) are commonly thought to be the dominant sources of Galactic cosmic rays up to the knee of the
cosmic-ray spectrum at a few PeV. Imaging Atmospheric Cherenkov Telescopes have revealed young SNRs as very-high-energy (VHE,
>100 GeV) gamma-ray sources, but for only a few SNRs the hadronic cosmic-ray origin of their gamma-ray emission is indisputably
established. In all these cases, the gamma-ray spectra exhibit a spectral cutoff at energies much below 100 TeV and thus do not reach
the PeVatron regime.

Aims. The aim of this work was to achieve a firm detection for the oxygen-rich SNR LMC N132D in the VHE gamma-ray domain
with an extended set of data, and to clarify the spectral characteristics and the localization of the gamma-ray emission from this excep-
tionally powerful gamma-ray-emitting SNR.

Methods. We analyzed 252 h of High Energy Stereoscopic System (H.E.S.S.) observations towards SNR N132D that were accumu-
lated between December 2004 and March 2016 during a deep survey of the Large Magellanic Cloud, adding 104 h of observations to
the previously published data set to ensure a >50 detection. To broaden the gamma-ray spectral coverage required for modeling the
spectral energy distribution, an analysis of Fermi-LAT Pass 8 data was also included.

Results. We unambiguously detect N132D at VHE with a significance of 5.70~. We report the results of a detailed analysis of its spec-
trum and localization based on the extended H.E.S.S. data set. The joint analysis of the extended H.E.S.S and Fermi-LAT data results
in a spectral energy distribution in the energy range from 1.7 GeV to 14.8 TeV, which suggests a high luminosity of N132D at GeV
and TeV energies. We set a lower limit on a gamma-ray cutoff energy of 8 TeV with a confidence level of 95%. The new gamma-ray
spectrum as well as multiwavelength observations of N132D when compared to physical models suggests a hadronic origin of the VHE
gamma-ray emission.

Conclusions. SNR N132D is a VHE gamma-ray source that shows a spectrum extending to the VHE domain without a spectral cutoff
at a few TeV, unlike the younger oxygen-rich SNR Cassiopeia A. The gamma-ray emission is best explained by a dominant hadronic
component formed by diffusive shock acceleration. The gamma-ray properties of N132D may be affected by an interaction with a
nearby molecular cloud that partially lies inside the 95% confidence region of the source position.

Key words. gamma rays: general — cosmic rays — ISM: supernova remnants
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1. Introduction

Supernova remnants (SNRs) have long been thought to be the
dominant sources of Galactic cosmic rays (CRs). If this is the
case, then 5-10% of the explosion energy needs to be trans-
ferred to the CR particles to explain the CR energy budget
(Ginzburg & Syrovatskii 1964). This concerns atomic nuclei
(hadronic CRs) in particular, which make up ~99% of CRs that
are detected on Earth. Gamma-ray observations provide a probe
of energetic particles accelerated in SNRs. Accelerated elec-
trons can produce gamma rays through their inverse Compton
scattering and bremsstrahlung (the leptonic scenario), and accel-
erated hadrons can produce gamma rays through the production
of short-lived neutral pions by proton-proton (or ion-ion) inter-
actions (the hadronic scenario). In both cases, the gamma-ray
photon energy is typically ~10% of the energy of the acceler-
ated particle. The highest CR energies to be expected in SNRs
are at least 10'*~10"> eV (Lagage & Cesarsky 1983; Berezhko
1996), which should lead to gamma-ray emission in the TeV—sub
PeV range.

To date, 25 sources associated with SNRs' have been firmly
detected in the very-high-energy gamma-ray regime (VHE,
100 GeV < E < 100 TeV, H.E.S.S. Collaboration 2018c), some
of which were even first discovered in VHE gamma rays (e.g.,
H.E.S.S. Collaboration 2018f). These VHE gamma-ray detec-
tions were achieved with ground-based Imaging Atmospheric
Cherenkov Telescope (IACT) arrays. Thirteen of these sources
have been identified as Galactic shell-type SNRs, ten addi-
tional sources are SNRs interacting with molecular clouds, and
a few remaining sources are composite SNRs, containing both a
shock-dominated shell and a pulsar wind nebula (PWN).

In the high-energy regime (HE, 100 MeV < E < 100 GeV),
~30 gamma-ray sources are classified as SNRs in the Fermi-
LAT SNR catalog (Acero et al. 2016). These include the mature
SNRs (25000 yr) 1C443 and W44, whose gamma-ray spectra
display a clear pion bump signature, which provides evidence for
a hadronic origin of the gamma-ray emission (Ackermann et al.
2013). The outer shocks of these two SNRs are interacting with
dense molecular clouds, which act as reservoirs of target mate-
rial for pion production. Their gamma-ray spectra show spectral
breaks, suggesting that the highest-energy accelerated protons
have largely escaped the SNR shell. Further evidence that VHE
emission in mature SNRs originates from CRs that have escaped
the SNR is provided by VHE gamma-ray observations of W28,
for which VHE emission was detected from a nearby molecular
cloud situated outside the shell of the SNR (e.g., Aharonian et al.
2008a; Gabici 2017).

In general, gamma-ray studies show that (i) several young
SNRs (<1000 yr) have prominent VHE gamma-ray emission, but
there is no evidence that the underlying CR spectrum extends to
the CR knee at 3 x 10'3 eV; the bright young SNR, Cassiopeia A
(Cas A, ~340 yr), exhibits a cutoff at a surprisingly low energy
of 3.5 TeV in the gamma-ray spectrum (Ahnen et al. 2017); (ii)
mature SNRs evolving in dense regions are bright GeV sources,
but exhibit a cutoff and/or break in their HE spectra, and they
are therefore not prominent VHE gamma-ray sources; (iii) for
some mature SNRs, it is suggested that the gamma-ray emission
is caused by CRs that have escaped the SNR shell and are now
colliding with dense nearby gas.

The SNR NI132D is a remarkable object located in the
Large Magellanic Cloud (LMC). At a distance of ~50 kpc (e.g.,
Pietrzynski et al. 2019), N132D is the only known extragalactic

I See http://tevcat.uchicago.edu/
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VHE emitting SNR (Abramowski et al. 2015b). SNR N132D
was discovered in gamma rays in the HE and the VHE regimes
(Abramowski et al. 2015b; Ackermann et al. 2016). Its gamma-
ray luminosity was estimated to be about 10* erg s~!, making
it one of the most luminous VHE gamma-ray SNRs detected so
far. It is the brightest X-ray SNR in the LMC of 38 cataloged
LMC SNRs (Maggi et al. 2016). However, unlike many other
VHE-emitting shell-type SNRs, N132D shows only strong ther-
mal X-ray emission (e.g., Mathewson et al. 1983; Hughes et al.
1998; Behar et al. 2001; Borkowski et al. 2007) without evidence
for an X-ray synchrotron component (e.g., Bamba et al. 2018).
It is also a luminous source in the radio (Dickel & Milne 1995)
and infrared (IR) bands (Seok et al. 2013). There is evidence
that N132D was caused by a powerful explosion with an energy
of (3-5)x 10! erg (Dickel & Milne 1995; Hughes et al. 1998),
three to five times more than the canonical supernova explosion
energy.

N132D has a peculiar horseshoe morphology in the X-ray
band (see, e.g., Fig. 2 in Borkowski et al. 2007) and also in the
radio and IR bands, with a typical angular size of 1.4’ by 1.8’.
This corresponds to a physical size of about 20 pc by 26 pc. The
northeast region of the SNR is fainter than the southwest region,
which suggests that the SNR interacts with denser material in the
southwest. Molecular clouds are projected toward the southwest-
ern region of the remnant (e.g., Braiding et al. 2018). HI emission
also shows that N132D is surrounded by relatively dense HI gas,
with a gradient toward the southwest. Sano et al. (2020) esti-
mated an HI density as high as n ~ 30 cm™3. It seems plausible
that in the southern part of the shell, molecular cloud material
has been swept up and heated by a high-speed shock, resulting
in the peculiar morphology of N132D (see Williams et al. 2006;
Tappe et al. 2007, 2012). Sano et al. (2020) also reported that
there are small clouds in the south and in the center of N132D
that shows signs of present or past interaction with the shock.

The age of N132D is estimated to be ~2500yr (Vogt &
Dopita 2011). It is therefore one of the oldest VHE gamma-ray-
emitting shell-type SNRs. It is much older than Cas A (~340 yr),
to which it is often compared in other aspects: both SNRs prob-
ably have evolved in a wind-blown bubble, and both contain
oxygen-rich ejecta, which suggest that their explosions were the
result of core-collapse supernovae of massive stars (>18 Mo, at
the zero-age main sequence). The age of another oxygen-rich
SNR, Puppis A, is similar to that of N132D, but it has not yet
been detected in VHE gamma rays although it is located only
1.3 kpc away (Abramowski et al. 2015a). The difference in VHE
gamma-ray properties of N132D, Cas A, and Puppis A makes a
detailed study of N132D relevant for the important question of
the timescale on which the bulk of CRs are accelerated, and of
the timescale on which the CRs eventually escape the shells as a
function of CR energy.

Abramowski et al. (2015b) reported a gamma-ray excess
from N132D at a statistical significance level of 4.7¢0 and a spec-
trum extending up to 10 TeV, based on H.E.S.S. observations
with an exposure time of 148 h. Our goal is to update this result
by reporting the analysis of H.E.S.S. observations with 252 hours
of total exposure time. The HE gamma-ray counterpart of VHE
emission is also studied with Fermi-LAT Pass 8 data. This joint
study in the HE and VHE gamma-ray bands allows us to place
new constraints on the mechanism of gamma-ray production and
the underlying populations of accelerated particles responsible
for the gamma-ray emission.

The content of this paper is structured as follows: in Sect. 2
the data analysis of both H.E.S.S. and Fermi-LAT observa-
tions are described. In Sect. 3 the H.E.S.S VHE spectrum
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and gamma-ray morphology are presented. In Sect. 4 a multi-
wavelength spectrum modeling is explained. These results are
discussed in Sect. 5 in the context of the environment of N132D
as well as in the context of the VHE-emitting SNR population.
The conclusions of this study are presented in Sect. 6.

2. Observations and data analysis
2.1. H.E.S.S. experiment

The High Energy Stereoscopic System? (H.E.S.S.) is an array
of five IACTs located in the Khomas Highland in Namibia at
an altitude of 1800 m above sea level. It has been operating
since December 2003. In its first phase (“H.E.S.S. I”), the array
consisted of four identical 12 m Cherenkov telescopes (CT1-4)
placed at the corners of a square of 120 m side length. CT1-
4 are equipped with mirrors with a total area of 107 m? and
cameras with 960 photo-multiplier tubes each. The stereoscopic
IACT technique allows determining the energy and direction of
VHE gamma rays through imprints of the Cherenkov light emit-
ted by secondary charged particles of a shower initiated by a
primary VHE photon entering the atmosphere. With the 5° field
of view (FoV) of CT1-4, gamma rays can be reconstructed with
a typical angular resolution of ~(0°1 (68% containment radius).
The energy threshold is ~100 GeV for small zenith angles and
below 1 TeV for zenith angles up to 60°, and the energy reso-
lution is ~15% (for further details, see Aharonian et al. 2006).
The fifth Cherenkov telescope (CTS) with a diameter of 28 m
(mirror area of 614 m?) was added in the center of the CT1-4
array in July 2012, initiating the second phase of the experiment,
“H.E.S.S. II”. This study mostly uses H.E.S.S. I observations
because, for the observations presented here, only about 5% of
the data were taken by the full CT1-5 array. H.E.S.S. perfor-
mance depends on the zenith angle, configuration cuts, and the
number of telescopes considered in the reconstruction (for more
details, see Sects. 2.2 and 2.3).

2.2. Data set: LMC survey

Its location in the southern hemisphere makes H.E.S.S. the only
currently operating IACT array able to observe the LMC in the
VHE band. With its angular size of ~8°, the LMC galaxy is
compact enough for the H.E.S.S. telescopes to perform a sur-
vey. Such a survey was conducted over 13 yr, from 2004 to 2017,
during which the full LMC galaxy was covered with over 325 h
of observations. The exposure of the LMC is rather inhomoge-
neous and mostly concentrated on the central region around the
Tarantula nebula. H.E.S.S. observations from 2003 to 2012 led
to the discovery of three individual VHE gamma-ray-emitting
sources, including SNR N132D, along with the PWN of N 157B
and the superbubble 30 Dor C (Abramowski et al. 2012, 2015b),
as well as the detection of the gamma-ray binary LMC P3
(H.E.S.S. Collaboration 2018g). The data set used for our anal-
ysis was taken between December 2004 and March 2016. It
consists of 252 h of total exposure time, adding 104 h to the
previously published data set. The zenith angle of these observa-
tions spans a range of 45-57°, with a mean of 46°, and a mean
azimuth angle of 182°5. The data set was selected with a maxi-
mum offset of 225 around the source to avoid observations with
large offset angles with respect to the camera center. For N132D,
the observation positions were mostly toward the east side of
the SNR. This is due to the nature of the observations, which
are part of a survey, instead of being dedicated to N132D: the

2 https://www.mpi-hd.mpg.de/hfm/HESS/
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Fig. 1. H.E.S.S. excess map with a size of 126, smoothed with a
Gaussian of width 021. The ON region with a radius of (707, centered
on the N132D X-ray source position, is shown in green, and the 2 and
30 of the best-fit position (see Sect. 3.2) are represented in red.

pointings were mostly directed toward N157B in the Tarantula
nebula, which is situated toward the east of N132D. This results
in offset angles in the range of 0216 to 225 and a mean offset
angle for N132D of 1°213. The observations are thus taken at
rather large offset, for which the acceptance is reduced compared
to sources located closer to the camera center. Observations at
large zenith angles with IACTs in general result in a lower effec-
tive area at energies below 1 TeV, but an increase in effective area
above 1 TeV (e.g., Acciari et al. 2020). Therefore these observa-
tions were particularly well suited for measuring the high-energy
part of the N132D gamma-ray spectrum.

2.3. H.E.S.S. data analysis

Data corresponding to 252 h were recorded in 28-min exposures
that are called runs. Each calibrated run that passed the qual-
ity criteria of a dead time shorter than 30% of the run duration,
a low fluctuation in trigger rate, and acceptable weather condi-
tions (see Aharonian et al. 2006; Hahn et al. 2014) was analyzed
using the ImPACT framework described by Parsons & Hinton
(2014), which includes a boosted decision-tree-based event clas-
sification algorithm to distinguish gamma rays from the charged
particle background (Ohm et al. 2009). This analysis was per-
formed using a special configuration that selected events with a
minimum of three shower images in different telescopes. Using
this event selection cut allowed us to improve the signal-to-
background ratio for this faint gamma-ray source in the presence
of a strong diffuse component, or multiple unresolved sources
constituting an astrophysical background, which may be present
in the vicinity of N132D.

To compute the maps and statistics presented in Sect. 3,
ON events were selected from a circle centered on the geo-
metrical center of the X-ray emission (referred to as the “X-ray
source position”) at RA 5h25m2 28 Dec —69°38’39”. OFF events
were selected according to a ring-background method (Berge
et al. 2007). An additional cut on the energy of reconstructed
gamma-rays was made above 1.3 TeV in order to improve the
signal-to-background ratio for this hard gamma-ray source and
keep only gamma-ray events from a well-determined direction

A7, page 3 of 13
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Fig. 2. Gaussian (0-=022) kernel smoothed Fermi-LAT count map cen-
tered on the position of N132D for the energy range 3-250 GeV. The
central dashed box corresponds to the FoV of the H.E.S.S. excess map
shown in Fig. 1. The bright Fermi-LAT sources at the eastern edge
of the LMC-30 DorWest region are N157B and PSR B0540-69. Their
emissions overlap at this resolution.

because the angular resolution improves by 10% from 800 GeV
to 1.3 TeV using the ImPACT shower reconstruction software.
This resulted in a point spread function (PSF) of 0206, which
corresponds to the 68% containment radius of the fit on the
observation position. The event count excess was computed
using Nexcess = Non — @Nog, With a the normalization factor for
the OFF area with respect to the ON area. The cumulative sta-
tistical significance was calculated using Eq. (17) of Li & Ma
(1983). The excess map is shown in Fig. 1.

For the spectrum, the reflected-background method was
applied with a three-telescope-image selection cut and a low-
energy cut above 1.3 TeV. The spectral background was derived
from background control regions that were defined run-wise and
were chosen to have the same offset to the camera center as the
source region to ensure a nearly identical spectral response. For
maps and the spectrum, the sky areas with known sources or
with excess events above a certain significance threshold were
excluded. For reliability, the results were cross-checked with
an independent analysis and calibration chain (de Naurois &
Rolland 2009).

2.4. Fermi-LAT data analysis

The Large Area Telescope (Fermi-LAT) is a high-energy
gamma-ray telescope installed on the Fermi spacecraft (Atwood
et al. 2009). It uses a pair-conversion technique for gamma-ray
photon detection, and has a large FoV of about 20% of the sky.
The Fermi-LAT has been scanning the entire sky since August
2008, recording astrophysical gamma rays with energies in the
range 30 MeV-300 GeV. Despite the uniform coverage of the
entire LMC galaxy and the excellent spectral capabilities of
Fermi-LAT, the previous analyses of Fermi-LAT observations
were inconclusive regarding the origin of gamma-ray emission
from N132D. In particular, different values of the photon spectral
index were reported: I'= 1.4 £ 0.3 in Ackermann et al. (2016) and
I'=2.07+0.19 in the LAT 8-yr source catalog (the 4FGL cata-
log; Abdollahi et al. 2020). In the latter work, the source 4FGL
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J0524.8-6938 was identified with N132D, and it was argued that
the derived photon index of 2.07 supports the hypothesis of dom-
inantly hadronic emission, while for SNRs exhibiting gamma-ray
spectra with very hard photon indices, I' < 1.6, the gamma-ray
emission is most likely of leptonic origin (Abdollahi et al. 2020).

Pass 8 R3 SOURCE class photon data® (evclass = 128) span-
ning 10.8 yr between August 4, 2008, and May 15, 2019, with
energies between 1 GeV and 250 GeV were selected. For the data
analysis, the FERMITOOLS v1.0.7 package and PSR3_SOURCE_V2
instrument response functions were used. Contamination from
the gamma-ray-bright Earth limb was avoided by removing all
events with zenith angle larger than 90°. The recommended qual-
ity cuts (DATA_QUAL>0 && LAT_CONFIG==1) were applied.
The 10° x 10° square region of interest with spatial bins 0205 in
size was centered on the position of N132D. A Fermi-LAT count
map in the range 3-250 GeV smoothed with a Gaussian kernel
is shown in Fig. 2. The choice of the low-energy limit at 3 GeV
was made for illustration purposes because it provides a narrower
point spread function. The central region of 126 X 1°6 in Fig. 2
indicated with the dashed line corresponds to the H.E.S.S. excess
map shown in Fig. 1. Given the diameter of ~1.6" of N132D in X-
rays, a point-like source model for its counterpart in HE gamma
rays was adopted. Gamma-ray sources from the 4FGL catalog
within a 17° radius from N132D were included to model the
data. To model the diffuse emission from the LMC, the spatial
templates for four diffuse sources, LMC-FarWest, LMC-Galaxy,
LMC-30DorWest, and LMC-North, provided by the Fermi-LAT
collaboration (Ackermann et al. 2016), were used. These sources
are outlined with circles in Fig. 2. To model the Galactic and
isotropic background diffuse emission, the standard templates
gll_iem vO07.fits and iso_P8R3_SOURCE_V2_v1.txt were
used. The spectral shapes of the sources were taken from the
4FGL catalog. The normalization and the photon index of
N132D were derived from the likelihood analysis along with
the normalizations of four strong point sources, including 4FGL
J0537.8-6909 and 4FGL J0540.3-6920, and all diffuse sources,
while the normalizations of fainter point sources were held fixed
at the 4FGL catalog values. A binned likelihood analysis was
applied to the data using the Fermi Science tool gtlike. To
assess the goodness of fit, test-statistic and residual maps were
produced showing some residuals at the position of SNR N63A.
However, the inclusion of a new source corresponding to N63A
in the model negligibly affects the derived spectrum of N132D.
To extract a spectral energy distribution (SED), the photon index
of N132D derived to be 1.86 + 0.25 was fixed at the central value,
the data were rebinned in four broad logarithmically spaced
bands in energy, and a binned likelihood analysis was applied
to the data in each of these bands.

The main analysis with all LMC templates was first per-
formed, providing the best estimate of the SNR N132D HE
emission. A second analysis was then launched to estimate the
uncertainties related to the presence of a molecular cloud near
N132D. For this purpose, LMC-Galaxy and LMC-30DorWest
templates were modified by patching the area enclosing the
molecular cloud, with constant intensities matching those in the
nearby region and keeping their initial spectral shapes. Given
the proximity of N132D and the molecular cloud, the alterna-
tive model predicts a stronger HE gamma-ray signal from N132D
and leads to an expected VHE flux that is higher by about 30%,
which is an estimate of the HE emission of SNR N132D plus
the nearby molecular cloud. The data points obtained from the
Fermi-LAT analysis are shown in Fig. 3 for the main model.

3 https://fermi.gsfc.nasa.gov/ssc/data/
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with 68% error bars in the shaded region, as well as residuals compared to the fit. The flux point error bars represent the statistical uncertainties.

The fit parameters are reported in Table 1.

Table 1. Spectral fit parameters for the H.E.S.S. and Fermi-LAT plus H.E.S.S. data sets.

Data y*/ndof r @y (1 TeV) E./Ey,
x10~¥ TeV cm=2s~!

H.E.S.S. PL 3.9/2 2.32+0.22 13.1+4.3 -

Fermi-LAT + H.E.S.S PL 8.2/6 2.13+£0.05 9.7+1.6 -

Fermi-LAT + H.E.S.S ECPL 6.4/5 2.08 +£0.06 123+29 E.= 19f?8 TeV

Fermi-LAT + H.E.S.S BPL 4.2/4 1.47+043 231+0.14 12.8+2.9 Ey= 24f}é6 GeV

Notes. PL stands for “power law”, ECPL for “power law with an exponential cutoff”, and “BPL” for “broken power law” (see text for details).

3. Results

3.1. Statistics and spectral properties

The H.E.S.S analysis of N132D reveals an excess of 95 gamma-
ray events above an energy of 1.3 TeV, corresponding to a
significance of 5.7¢ for an exposure of 252 h. The VHE gamma-
ray emission from N132D is thus unambiguously detected, for
which there was previous evidence from H.E.S.S. at a lower
significance level of 4.70- (Abramowski et al. 2015b).

The excess corresponds to 337 ON events and 11 179 OFF
events, and a normalization parameter o= 0.0216 established
with the ring-background method with standard settings. ON
events were extracted in a circle of radius 0°07 centered on the
X-ray source position. The corresponding excess map is shown
in Fig. 1.

Figure 3 shows the combined H.E.S.S. and Fermi-LAT pho-
ton energy spectrum spanning an energy range of 1 GeV—-40 TeV,
where H.E.S.S. data points were chosen to start at 1.3 TeV. The
H.E.S.S. spectrum was extracted using the same analysis cuts
as for the maps and the reflected-background method. Spectral
points between 1.3 and 40 TeV were binned in energy bands
requiring a minimum of 2¢ significance per point. The H.E.S.S.
spectrum exhibits a 20 significant spectral bin at ~15 TeV.

The H.E.S.S. spectrum is well fit with a single
power law (dN/dE=®yx(E/1TeV)T) with an index
'=23+0.2 and a differential flux normalization at 1TeV
of ®y=(1.31+043)x10"3TeV-'ecm2s™!, with a y*> of
3.9 for 2 degrees of freedom. The derived photon index is
consistent with the previous estimate by H.E.S.S., yielding
I'=2.4+0.3 (Abramowski et al. 2015b). Systematic errors
on the spectrum parameters are estimated to be +0.3 for T,
and £30% for @,. These systematic uncertainties arise because

the data set spans 13 yr and the LMC is mostly observed during
the rainy season, leading to significant variations in atmospheric
conditions (see Abramowski et al. 2012). The corresponding
luminosity, assuming a distance d =50 kpc to the source, is
L(1-10TeV) = (1.05 £ 0.29) x 103(d/50kpc)? erg s~ . This
value is consistent with previous results and is comparable to the
luminosity of the brightest SNRs in the VHE band: N132D is
as luminous as HESS J1640-465 (Abramowski et al. 2014b) and
~28 times more luminous than Cas A (Aharonian et al. 2001).
A combination of the H.E.S.S and Fermi-LAT data allowed
us to investigate the spectral properties in a wide energy range.
The fits were performed on H.E.S.S and Fermi-LAT eight spec-
trum points, as shown in Fig. 3. The fit parameters are reported in
Table 1. The combined spectrum can be perfectly fit with a sin-
gle power law, resulting in a reduced y? of 8.2 for 6 degrees of
freedom (Fig. 3 left). The derived photon index, I'=2.13 +0.05,
is consistent with the index obtained with the H.E.S.S. data
alone. The fit model with a power law and an exponential cut-
off (Fig. 3 right), dN/dE = @y X (E/1TeV) T exp(—E/E,), is not
preferred over a fit with a simple power law as derived from
this table by means of a likelihood ratio test (1.40, Ay>=1.8
with 1 degree of freedom). Considering the Akaike information
criterion (AIC; Akaike 1974), an AIC value of 12.4 is obtained
while fitting a power law with an exponential cutoff to the data,
which is 12.2 when a power law is fit to the data. The relative
likelihood defined as exp((AICnin — AICnax)/2) shows that the
power-law model is sufficient to describe the data. The result-
ing cutoff energy is quite high, exhibiting large errors (E.=
19f?8 TeV). A cutoff energy lower than 8 TeV can be excluded
at a 95% confidence level (CL). The energy cutoff value is based
on the statistical analysis and does not take into account the
H.E.S.S. systematic error in the energy reconstruction of ~15%.
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A broken power-law fit to the joint Fermi/H.E.S.S. data yields
values (Fig. 3 right) of the break energy between 8 and 140 GeV,
with a best-fit value of 24 GeV, and it is as likely as a sim-
ple power law fit (1.50-, Ay> =4.0 with 2 degrees of freedom,
and an AIC value of 12.2). These lower and upper bounds were
established by fitting the data with a fixed value for the energy
break until a Ay? =1 was reached (68% CL), leaving all other
parameters free.

3.2. Morphology in the VHE gamma-ray band

The position of the VHE gamma-ray source was obtained from a
two-dimensional fit of the H.E.S.S. so-called ON map consisting
of gamma-ray-like events in the source region and a background
map, using the gamma-ray events selected in the OFF region
multiplied by a scaling factor map in order to reach the source
exposure level. The fit was performed using the Sherpa pack-
age (Freeman et al. 2001), with a log-likelihood approach (Cash
statistic; Cash 1979) and the Levenberg-Marquardt algorithm
(Moré 1978). To obtain the source position, a Gaussian source
was convolved with the H.E.S.S. analysis PSF (0°06) multiplied
by the exposure map to take any asymmetry in the exposure
across the analyzed sky region into account, and with the back-
ground amplitude fixed to 1. As there is no evidence for an
extension, a point source assumption was used by fitting the two-
dimensional Gaussian profile with a width of o =02005. The fit
results in a best-fit position of RA 5M24m47% +6.95  and Dec
—69°38"50” + 297, at about 1’ from the X-ray source position.
The uncertainty of the telescope pointing leads to a systematic
error of ~20” per axis. The systematic error arising from the
asymmetrical exposure is negligible. The best-fit position and
the confidence region are shown in Fig. 1 and are consistent with
the center of N132D as seen in X-rays within ~1.20.

Given the diameter of N132D in X-rays of 1.6" and the pres-
ence of a nearby molecular cloud at a distance of ~2 arcminutes,
it is likely that the gamma-ray source has a structure on the
arcminute scale. With the reported data, a two-dimensional fit
with a Gaussian profile centered on the best-fit position provides
only a 99% CL upper limit on the source extension in gamma
rays corresponding to 02p Gauss = 3-3" (49 pc). Because the PSF
is 3.6, the localization of the emitting region is inside this
radius.

4. Modeling the multiwavelength spectrum

The results were analyzed in the context of the multiwave-
length studies of N132D. Radio observations at wavelengths 3
and 6 cm by Dickel & Milne (1995) with the Australia Tele-
scope Compact Array (ATCA), and nonthermal X-ray upper
limits in the 0.2—4 keV band (Hughes et al. 1998) and in the
2-10 keV band provided by Bamba et al. (2018) were added to
the gamma-ray spectrum. This led to a multiwavelength spec-
trum spanning 15 orders of magnitude (see Fig. 4). Radio and
nonthermal X-ray emission can be related to gamma-ray emis-
sion based on two different scenarios. The leptonic scenario
assumes that a single population of CR electrons generates
synchrotron emission in the radio to X-ray range and inverse
Compton emission in gamma rays. Alternatively, in the hadronic
scenario, CR electrons are only responsible for the synchrotron
radio and X-ray emissions, while CR hadrons produce gamma-
ray emission through neutral pions that decay into two photons.
In this case, a ratio of n./n, for CRs is one of the parame-
ters, for which the canonical value is 1/100, based on the ratio
of electron-to-proton CRs measured near the Earth (see, e.g.,

A7, page 6 of 13

Longair 2011; Katz & Waxman 2008). However, the n./nj, ratio
at Earth may not reflect the ratio in SNRs, and there may be
variations in SNRs. Here these radiation processes were mod-
eled using theoretical frameworks developed by Aharonian et al.
(2010) for the synchrotron radiation, by Khangulyan et al. (2014)
for the inverse Compton mechanism, by Baring et al. (1999) for
bremsstrahlung emission, and by Kafexhiu et al. (2014) for the
pion decay. To model the multiwavelength spectrum of N132D
for the two scenarios, the Naima package was employed (Zabalza
2015). We used a single-zone model. In reality, emission may
arise from a number of regions, such as the shocked ejecta, the
main shell of the shocked ambient medium, or even, as we dis-
cuss below, from cosmic rays interacting with nearby molecular
clouds.

4.1. Purely leptonic model

The multiwavelength data can be reasonably well modeled with
a purely leptonic model assuming synchrotron emission with
a magnetic field of 20 pG and inverse Compton emission
with two background radiation components, corresponding to
the cosmic microwave background (CMB) radiation with an
energy density of 0.26 eV cm™ and an IR component intrin-
sic to the remnant itself with a temperature of 145 K and an
energy density of 1 eV cm™ (see Abramowski et al. 2015b).
The latter component is due to dust emission from and around
the SNR. The model assumes an electron distribution follow-
ing a power law with an exponential cutoff. Figure 4 shows
the model, and the corresponding parameters are reported in
Table 2. For this model, the required total electron energy is
W.(>1 GeV)=4.50 x 10* erg, which is significantly higher than
observed in other well-studied SNRs (as discussed in Sect. 5.2).
Even if an initial released energy higher than the canonical value
is considered, for instance, ~5 x 10°! erg (see, e.g., Bamba et al.
2018), then 10% of this energy can be transmitted to CR pro-
tons, which would imply a maximum electron energy of W, =~
5x10% erg if ne/n, = 0.01 is assumed.

Diffusive shock acceleration should lead to an initial parti-
cle distribution that is a power law in momentum (e.g., Malkov
& Drury 2001). This means that the energy distribution breaks
around the rest-mass energy of the particles. Hence, diffu-
sive shock acceleration produces an electron spectrum that is
expected to continue as an unbroken power law to energies well
below 1 GeV (e.g. Asvarov et al. 1990; Vink 2008), unlike
the hadronic CR distribution. For example, if a lower limit
at 10 MeV is considered, then W.(>10 MeV)=1.3 x 10*° erg,
which suggests that an implausibly high fraction of >2% of the
explosion energy would be contained in relativistic electrons.

The value of 20 pG for the magnetic field strength required
by the leptonic model is similar to what was inferred by
Abramowski et al. (2015b) and Bamba et al. (2018). Although
some 1000-3000 yr old SNRs do have similar magnetic fields
(Bamba et al. 2005; Helder et al. 2012; Zeng et al. 2019), such
a magnetic field strength is surprisingly low for a radio source
as luminous as N132D (~38 times more luminous at 1 GHz
than the ~1835 yr old SNR RCW 86, which is a VHE y-ray
source), and this would imply that the magnetic field energy den-
sity is far out of equipartition with relativistic particle energy
density. The equipartition magnetic field strength can be derived
from the minimum energy principle, which minimizes the total
energy of the nonthermal particles plus the magnetic field energy
for a given radio luminosity. The magnetic field strength thus
derived, Buin, is close to the equipartition value (Burbidge 1956).
It leads to the following relation for B, (for a review, see
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Fig. 4. Left: Leptonic model considering an electron distribution following a power law with an exponential cutoff. The parameters are described in
Table 2 and the IR photon density is 1 eV cm™. Right: Hadronic model considering a proton distribution following a power law with an exponential

cutoff. The parameters are described in Table 2.

Table 2. Parameters for the proposed models of the N132D multiwavelength spectrum.

MODEL W.>1GeV) I E.. B W, >1GeV) n, E.,

erg TeV uG erg cm™> TeV
Leptonic 4.5 x 10¥ 22 8 20 - - -
Hadronic 4 x 10*8 2.1 2.5 100 4x 10 10 120

Notes. For details, see text.

Longair 2011; Vink 2020): Byin(G) = 9.3 x 10* (%) 4177, with

L,, the radio luminosity in erg s™' Hz™! at a frequency v in
Hz, V corresponds to 25% of the volume in cm?® of a sphere
with the diameter of N132D (28 pc), and 7 is a parameter tak-
ing into account the ratio of the energy present in CR nuclei
versus electrons (1< n <100). Considering the radio luminosi-
ties reported by Dickel & Milne (1995) (L, =4.3 x 10** erg s~
Hz™' at 5 GHz) and the volume corresponding to a diameter of
28 pc, Bmin ~ 35 nG is obtained for 77 = 1 (the relativistic electron
density equals that of CR nuclei), and 134 pG for n = 100.

Figure A.l shows the purely leptonic model with
bremsstrahlung in addition to the synchrotron and inverse
Compton emission for the electron distribution following a
power law with an exponential cutoff as described above. For
the bremsstrahlung component to be important, the density
of the proton targets has to be as high as n, =3 cm™3. At this
high density, the pion decay process will play a considerable
role, which violates the assumption of a pure leptonic model.
In a purely leptonic scenario, bremsstrahlung emission cannot
explain the data if the proton density remains low. In the case of
a mixed lepto-hadronic model as described in the next section,
a hadronic component would require a lower energy for the
protons and electrons, leading to a higher magnetic field value.
Then bremsstrahlung emission is marginal and not needed to
explain the data. It can be concluded here that a purely leptonic
model is unrealistic for the HE-VHE gamma-ray emission
considering the extreme total energy in electrons required to
explain the measured spectra, and a dominant component of
hadronic origin is required.

4.2. Hadronic model

The HE-VHE gamma-ray spectrum can be well fit with a pion
decay model, assuming a proton distribution following a power
law with an exponential cutoff. The model requires an ambient

proton density of n, = 10 cm™ (Hughes et al. 1998), a total CR
proton energy W,(>1 GeV)=4x 10°° erg, a power-law spectral
index I'=2.1, and a cutoff energy of E. =120 TeV (Table 2).
The cutoff energy value is remarkably high: a lower limit is set
at E. =45 TeV with 95% CL, which is much higher than the
cutoff in the proton spectrum for Cas A, which is estimated to
be at ~10 TeV by Ahnen et al. (2017). The total energy in CR
protons, W,(>1 GeV)=4x 10" erg, is high but not unrealistic
because the energy released in the explosion is thought to exceed
10%! erg (e.g., Dickel & Milne 1995), 10% of which can be trans-
ferred to hadronic CRs. The pion decay fit can be achieved with
a lower CR proton energy and a higher ambient proton density,
for example, W,(>1 GeV)=1 X 10°° erg and n, =40 cm™3, but
higher proton densities would necessitate additional target mate-
rial, other than the SNR itself, for the hadronic interaction to take
place, for example, a nearby molecular cloud.

Radio and X-ray data were fit with a synchrotron emis-
sion model assuming that the electron energy distribution
follows a power law with an exponential cutoff, the nor-
malization being constrained by a total electron energy
W.(>1 GeV) =4 x 10® erg, assuming 1/100 of the proton energy.
The model requires a high magnetic field strength in order to
make the leptonic gamma-ray emission subdominant, set here
to B=100 pG, with a cutoff in the electron distribution at
E (100 uG) < 3.5 TeV, in order to fit the radio data points and
ensure that the X-ray synchrotron component does not exceed
the X-ray upper limits. For the spectrum presented in Fig. 4,
E.=2.5 TeV was chosen (see parameters in Table 2). In this
model, a cutoff energy in the proton distribution is significantly
higher than that in the electron distribution®.

Our model is compatible with similar models in the liter-
ature, such as those proposed for Cas A by Abeysekara et al.

4 In reality, the electron spectrum may even have a break well below

2.5 TeV as a cooling break is expected at ~0.5 TeV for r=2500 yr and
B =100 uG (see Sect. 13.3 Vink 2020).
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(2020), and to some extent, the model for RX J1713.7-3946
(see H.E.S.S. Collaboration 2018d), both of which normalize
the electron distribution to the radio and X-ray synchrotron
emission. The chosen magnetic field strength is close to the
equipartition value of 135 uG. The W./W, ratio depends on the
electron-to-proton (7. /n,) ratio, but also on the respective vol-
umes for integrating proton and electron densities, leading to
total energy values. CR electrons can fiducially be considered
to emit synchrotron radiation within the SNR volume.

If gamma-ray emission from both CR electrons and pro-
tons originates within the SNR, then the assumption of
We/Wp, =ne/n,=1/100 is reasonable. However, if gamma-ray
emission is mainly produced by escaped CR protons interact-
ing with a molecular cloud, then the W, /W, ratio can have a
different value.

5. Discussion

The analysis of 252 h of H.E.S.S. observations of N132D
confirms the previously published result that N132D is an
exceptionally luminous SNR in the VHE band. The well-
determined distance to the LMC makes our luminosity
estimation robust; it is therefore worthwhile to compare the
gamma-ray SED of N132D to the SEDs of the most luminous
SNRs in gamma rays. We found that only one Galactic SNR,
G338.3-0.0, is firmly established to show a VHE luminosity that
is comparable to that of N132D (see Appendix B for details).
G338.3-0.0 is a composite SNR identified with the VHE source
HESS J1640-465, but it is not clear whether the VHE emission
comes predominantly from the central PWN or the SNR shell
(H.E.S.S. Collaboration 2018a).

Another important and new result of the analysis presented
here is that no clear cutoff has been found in the gamma-ray
spectrum, which extends up to 15 TeV. The last bin of the
spectrum presented in Fig. 3 corresponds to gamma rays with
energies of about 10 TeV or beyond, which is remarkable for such
a distant SNR. The spectra of only a few SNR shells reach such a
high energy, and they are younger and more nearby sources than
N132D. Assuming a hadronic origin for the gamma-ray emission
from N132D, this implies that protons are present in N132D with
energies of at least one hundred TeV.

The extremely high VHE luminosity and the extension of
the high-energy power-law tail to 15 TeV are two observational
properties that need to be examined in the context of the physics
of SNRs and their environment. For this purpose, the VHE
gamma-ray properties of N132D were compared with those of
SNRs with similar physical properties, such as age, shock speed,
and circumstellar structure (stellar wind bubbles and vicinity of
molecular clouds).

5.1. Compatrison of properties among SNRs

Supernova remnants are thought to be efficient accelerators dur-
ing time intervals when the shock speed is high and they transit
from the ejecta-dominated phase to the Sedov phase. SNR RX
J1713.7-3946 is one of the brightest VHE-emitting SNR and is
often considered as a prototypical CR accelerator. It is younger
(1600-2100 yr, e.g., Tsuji & Uchiyama 2016) than N132D and
it is a nearby source (at 1 kpc). It has a high shock speed of
~3500 km s~', therefore the conditions are fulfilled for rapid dif-
fusive shock acceleration. Due to its gamma-ray brightness, its
spectrum is measured well beyond 10 TeV, and it exhibits a cut-
off at E.=129=+1.1 TeV (H.E.S.S. Collaboration 2018d). For
this source, the leptonic scenario is as plausible as the hadronic
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Fig. 5. Comparison of differential luminosities, EdL/dE, for VHE
bright SNRs. Luminosities are computed using the differential flux data
points and estimated distances in the following references: N132D, this
work, d=50 kpc; Cas A, Ahnen et al. (2017), d =3.4 kpc; Puppis A,
Abramowski et al. (2015a), d=2.2 kpc; HESS J1640-465, Lemoine-
Goumard et al. (2014), d =10 kpc; and RX J1713.7-3946, H.E.S.S.
Collaboration (2018d), d =1 kpc. The different shapes of the individ-
ual SEDs probably reflect the different emission mechanisms (leptonic
or hadronic) and evolutionary stages. See the original references for
detailed spectral models.

one. For a hadronic scenario, the cutoff in the parent proton dis-
tribution is estimated at E. =88 TeV, which is similar to our
results. With an age of about 2500 yr, N132D is about an order
of magnitude more luminous in the VHE band than SNR RX
J1713.7-3946. Thus, even if the age of SNRs is one of the fac-
tors making N132D a source with a high CR energy content,
other factors should also play a role in making this source so
luminous. The X-ray emission from RX J1713.7-3946 is dom-
inated by synchrotron radiation from 10 to 100 TeV electrons,
whereas there is no evidence for X-ray synchrotron emission
from N132D, whose X-ray emission is dominated by thermal
radiation. Figure 5 shows the differential luminosities for five
SNRs demonstrating that N132D is one of the two most lumi-
nous SNRs, together with HESS J1640-465. In all these VHE
sources, only the distant but luminous N132D and the nearby
RX J1713.7-3946 exhibit flux points above 10 TeV.

The gamma-ray emission properties of SNRs have recently
been compared by Zeng et al. (2019) and Suzuki et al. (2020)
using large SNR samples. A comparison of these results to the
properties of N132D presented here confirms the exceptional
nature of N132D. In particular, the inferred gamma-ray cutoff
energy of E. > 8 TeV is higher than those of the SNRs in Fig. 5b
in Suzuki et al. (2020), who used a spectral model comparable
to the one used by us. Similar conclusion can be drawn from
Fig. 3 of Zeng et al. (2019), however, care should be taken wher-
ever a lower limit to the cutoff energy is provided for spectra
with a broken power-law shape, as this is an additional model
complexity.

N132D belongs to the small class of oxygen-rich SNRs (see
Vogt & Dopita 2011), together with Cas A and Puppis A. These
SNRs are characterized by elevated abundances of oxygen, neon,
and other heavy elements, indicating that this material has its ori-
gin within the helium-burned layers of massive progenitor stars.
For the progenitor of N132D, different values for its mass have
been suggested, for instance, >35 M (France et al. 2009) and
15 +5 M, (Sharda et al. 2020), while the progenitors of Cas A
and Puppis A have masses in the range of 15-25 My (Young
et al. 2006; Hwang et al. 2008). The comparison of N132D with
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Cas A shows that the two remnants have similar properties in the
radio and X-ray bands, and bright oxygen emission. The distance
of Cas A is measured to be 3.4 kpc (Reed et al. 1995), and its age
is =340 yr (Thorstensen et al. 2001). N132D is therefore much
older than Cas A. However, Fig. 5 clearly shows that N132D is
much more luminous than its younger sibling. As already men-
tioned, the Cas A spectrum exhibits a cutoff at 3.5 TeV that is
absent in the N 132D spectrum. Puppis A is an older oxygen-rich
SNR with an age estimated to be 4450 + 750 years and a dis-
tance of 2.2 +£0.3 kpc. It is very similar to N132D in terms of
chemical composition and age, but it is 30 times closer. Pup-
pis A has not been detected in VHE gamma rays (Abramowski
et al. 2015a), and its GeV emission is thought to be due to the
interaction with a nearby molecular cloud. A recent study con-
cluded that there is a spectral break at GeV energies, which could
explain the absence of VHE emission (Xin et al. 2017). In this
regard, Puppis A could be similar to the mature SNRs W44 or
1C443, whereas, as demonstrated by Bamba et al. (2018), N132D
could be in the transition from being young to a intermediate-age
SNR. These facts show that there is significant variation in the
observational gamma-ray properties among the members of the
oxygen-rich SNR class.

5.2. Interstellar environment

For hadronic emission, the VHE luminosity is determined by the
total energy in CRs above ~10 TeV and the local gas density.
The high TeV gamma-ray luminosity of N132D may there-
fore reflect a combination of a high energy in CRs, perhaps
caused by a relatively high explosion energy for this SNR, and
a high gas density. Two possible locations of a dense gas are
discussed below, including the shell of a wind-blown cavity
and a massive molecular cloud near N132D. Our multiwave-
length modeling indeed suggests that the gamma-ray emission
most likely has a hadronic origin. In the case of a leptonic sce-
nario, the required total energy in the electrons is high compared
with other observed SNRs (see also Bamba et al. 2018). For
example, a leptonic model for the gamma-ray emission from
SNRs with a low GeV-to-TeV flux ratio, RX J1713.7-3946 and
RX J0852.0-4622 (e.g., see Fig. 3 in Dermer & Powale 2013),
implies a total electron energy, W.(E > 1GeV), of 3.1 x 10%” erg
(H.E.S.S. Collaboration 2018d) and 2.24 x 10*® erg (H.E.S.S.
Collaboration 2018e), respectively. For HESS J1640-465, a sim-
ilar modeling leads to W, = 10* erg (Abramowski et al. 2014a).
To a lesser extent, the lack of nonthermal X-rays from N132D
is also in favor of a hadronic origin, although nonthermal
X-ray emission may be hidden below the bright thermal
X-ray continuum. An X-ray synchrotron luminosity similar to
that of RX J1713.7-3946 cannot be excluded. Moreover, the radio
luminosity of N132D suggests a high magnetic field strength,
compatible with the 100 uG strength assumed in the hadronic
model presented in Sect. 4.2.

For the preferred hadronic scenario for the gamma-ray emis-
sion of N132D, a high gas density is required, and the question
arises where most of these gamma rays are coming from: from
CRs within the densest portions of the SNR shell, or from
CRs that have escaped the shell and are interacting with the
massive molecular cloud near N132D (Banas et al. 1997; Sano
et al. 2020). While the GeV luminosities of SNRs interacting
with molecular clouds are higher than those of SNRs without
nearby molecular clouds, this tendency does not hold for VHE
gamma rays (e.g., Fernandez et al. 2013). The VHE luminos-
ity enhancement for N132D and its hard gamma-ray spectrum at
VHE energies can be interpreted under the assumptions that (1)

Declination
36:00.0

38:00.0

>
K km/s

-69:40:00.0

42:00.0

30.0 5:25:00.0 30.0

24:00.0
Right Ascension

Fig. 6. Molecular clouds in the vicinity of N132D. The image shows the
CO emission (color scale in K km s™!) from the MAGMA survey (Wong
et al. 2011)°. White contours denote Chandra X-ray emission from
N132D% (Borkowski et al. 2007). The best-fit position of the gamma-
ray emission is denoted by the cross, and the elliptical contours are the
confidence regions of the position at 2 and 30. The dashed circle illus-
trates the 99% CL UL on the extension established at 3.3’. The scale bar
indicates 1’.

the shock accelerates protons until the highest possible energy
is reached, and at this point, the shock can no longer confine
the protons, and (2) the most energetic protons escape then into
the interstellar medium (ISM). The gamma-ray emission created
by the interactions of these escaped protons with a gas cloud
will be strong and hard (Aharonian & Atoyan 1996; Gabici &
Aharonian 2007; Moskalenko et al. 2008). The hadronic scenario
requires a high density of the target material. These high densi-
ties can be found in molecular clouds. SNRs such as W28 or
W44 show gamma-ray emission originating in nearby molecu-
lar clouds (see, e.g., Aharonian et al. 2008a; Cardillo et al. 2014;
Makino et al. 2019), indicating that protons accelerated in the
SNR bombard the molecular cloud. N132D is interacting with
a molecular cloud as well, which has recently been shown by
Sano et al. (2020). Furthermore, the X-ray emission is bright-
est in the southwestern part, where the SNR is interacting with
dense matter.

The molecular clouds near N132D as traced by the CO emis-
sion are shown in Fig. 6. The velocity of the clouds, +264 km s,
agrees with that of N132D, +268 km s~! (Banas et al. 1997). The
best-fit position of the gamma-ray emission (elliptical contours
in Fig. 6) is consistent with the position of the SNR itself and
with parts of the molecular cloud. Therefore these two regions
are potential sites of gamma-ray emission. If the VHE gamma-
ray emission comes from these molecular clouds, a diffusion
coefficient of D = 2x 10% (£/2500 yr)~' cm? s™! for multi-TeV
CRs is required. To determine the spatial origin of the gamma-
ray emission, a higher sensitivity and a finer angular resolution
are needed. Nevertheless, the spectrum with an unbroken power
law from GeV to TeV energies could be taken as evidence for
a single population of emitting particles. This would be diffi-
cult to reconcile with illumination of MCs by CRs originating
from the shell. In that case, the low-energy gamma rays would
likely come from the shell because only the highest-energy CRs
would penetrate the MC and cause gamma-ray radiation at VHE.

5 https://www.atnf.csiro.au/research/MAGMA/DR1/
6 https://chandra.harvard.edu/photo/openFITS/
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In addition to the molecular clouds shown in Fig. 6, Sano et al.
(2020) reported smaller clouds that interact with the SNR, as
indicated by the ratio of CO J =3-2 versus J = 1-0 line emis-
sion. These cloudlets are situated in the south and near the center
of the SNR. They might also be locations of enhanced hadronic
emission, but then directly associated with the SNR itself.

A hadronic scenario involving a wind-blown cavity is also
possible. As suggested by Chen et al. (2003), in case of a very
massive progenitor, a low-density bubble is formed (see also
Weaver et al. 1977). When the SN occurs, the shock propa-
gates with a high velocity (v ~ 5000-10 000 km s~') into the
bubble. When the shock wave reaches the high-density shell
of swept-up material, it heats the dense shell, and the SNR
appears most luminous, but the shock velocity rapidly decreases.
A wind-blown bubble model was considered for G338.3-0.0
in order to explain the high VHE luminosity of HESS J1640-
465 (Abramowski et al. 2014a). Under the assumptions that
the SNR shock freely expands up to the radius of the wind-
blown bubble, and with average shock speeds between 5000 and
10000 km s~!, the authors proposed that the age of SNR G338.3-
0.0 could be 1000-2000 yr in this case, and at least younger than
5000-8000 yr (Slane et al. 2010).

The wind-blown bubble model also fits the properties of
N132D, given the inconsistency between its kinematic age
(2500 yr) and its Sedov dynamical age (6000 yr), indicating
that the supernova explosion occurred within a cavity in the
interstellar medium (Hughes 1987). In addition to the VHE lumi-
nosity enhancement, it is conceivable that this model can also
explain the presence of sub-PeV protons to some extent because
an SNR expanding into a preexisting stellar wind can accelerate
protons to a higher energy than SNRs expanding in a uniform
circumstellar medium (Volk & Biermann 1988). Because the
gamma-ray spectrum of G338.3-0.0/HESS J1640-465 has an
exponential cutoff at 6 TeV, it is unclear so far whether the lumi-
nosity enhancement and the increase in a maximum CR energy
are expected to be observed simultaneously.

Two other SNRs in the LMC, N63A and N49B, have also
been proposed to have evolved in wind-blown cavities (Hughes
et al. 1998). Because N63A and N49B were detected with Fermi-
LAT (Campana et al. 2018) and have massive progenitors, it is
possible that the luminosity enhancement takes place in these
SNRs as well, as suggested, for example, in Sano et al. (2017).
This hypothesis can be tested by observations of N63A and
N49B, which are located in the northern part of the LMC disk
about 4° away from N132D.

In general, the LMC is well suited for studies of SNRs (see
Ginzburg 1972) because its projection is almost face-on (incli-
nation of 35°) and the distance to the LMC SNRs is more
certain than for some Galactic SNRs, allowing us to accurately
derive the VHE luminosity. Galactic PeVatron candidates with
hard (I' ~ 2) and featureless spectra similar to those derived for
N132D in this work can be listed among unresolved H.E.S.S.
sources in the Galactic plane (e.g., Spengler 2020). For example,
SNR G318.2+0.1, one of the two most luminous Galactic SNRs
at VHE, was proposed to be associated with HESS J1457-593
in 2010 (Hofverberg et al. 2010) and is listed among PeVatron
candidates. However, the association of Galactic VHE sources
is often complicated by the presence of several possible source
candidates for a given region within the Galactic plane.

Because of the lack of evidence for an energy cutoff in
the N132D spectrum, N132D remains a PeVatron candidate.
Cristofari et al. (2020) suggested that only the remnants of very
powerful rare supernova explosions such as the one that pro-
duced the N132D remnant can accelerate CR particles to PeV
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energies. Moreover, the LMC has a significant angular size,
allowing a detailed study of individual SNRs resolved in the
VHE band. Identifying the origin of CR hadrons is a long-
standing problem (Ginzburg 1972), and the establishment of
discrete accelerators of CR protons in the LMC, such as N132D,
shows that SNRs are viable sources of CRs in the Milky Way
and the LMC.

The possible role of molecular cloud interaction on the
gamma-ray emission is worth investigating with the next genera-
tion of IACTs, in particular, with the Cherenkov Telescope Array
(CTA; Acharya et al. 2019), which will have a sensitivity that is
an order of magnitude better than H.E.S.S. and its angular resolu-
tion will be higher. Future N132D observations with CTA might
therefore establish whether there is a shift between the SNR cen-
ter and the origin of gamma-ray emission, and moreover, they
might help to determine the energy of the spectral cutoff or even
establish this enigmatic SNR as a CR PeVatron.

6. Conclusion

The LMC SNR N132D is detected with a statistical significance
of 5.70 above 1.3 TeV on the basis of H.E.S.S. observations with
an exposure time of 252 h, which is 104 h longer than the expo-
sure used in the previous publication (Abramowski et al. 2015b).
The inclusion of new observations results in an unambiguous
detection and allowed us to perform a more detailed spectral
analysis.

The Fermi-LAT and H.E.S.S. gamma-ray spectrum extends
up to 15 TeV and is well described with a power-law index
of 2.13+0.05. No cutoff in energy is needed to explain the
spectrum, as a power law with an exponential cutoff fit is sta-
tistically as valid as a simple power-law model. A 95% CL lower
limit on an exponential cutoff is derived at 8 TeV. This lower
limit exceeds the cutoff value of 3.5 TeV established for the
spectrum of ~340-yr-old Cas A by Ahnen et al. (2017), although
N132D is ~2500yr old. N132D is the only extragalactic SNR
detected in gamma rays so far, and its luminosity is compati-
ble with that of the most luminous Galactic SNR G338.3-0.0.
The absence of a clear spectral break and/or cutoff energy and
its high gamma-ray luminosity make N132D a very special
object. It is one of the oldest and most distant SNRs emitting at
VHE.

A purely leptonic model fails to satisfactorily explain the
multiwavelength spectrum of N132D. The main argument is that
the required total energy of electrons is too high compared to the
fraction of explosion energy that is expected to be transferred
to leptonic CRs. An additional but less compelling argument is
that the magnetic field strength in the case of a purely leptonic
scenario is required to be surprisingly low, 20 nuG, which is at
odds with the radio brightness of this SNR. Finally, the cutoff
energy required for the electron distribution is quite low (8 TeV)
compared to the absence of a cutoff observed in the gamma-
ray spectrum. Our conclusion is that gamma-ray emission from
N132D is most likely hadronic in origin.

The hadronic origin of the VHE gamma-ray emission raises
the question whether its high luminosity is due to a very efficient
acceleration at the SNR shock front, perhaps related to the evolu-
tion of the shock inside a wind-blown cavity, or to an interaction
of the SNR with the molecular cloud, which could enhance its
gamma-ray luminosity. A massive molecular cloud is present in
the southwest of the remnant, where enhanced emission in radio,
optical, and X-ray bands is observed. These two scenarios are
possible given the uncertainties in VHE source position. Even
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if some of the emission is caused by CR interaction with the
molecular cloud, the hard power-law spectrum, together with the
lack of evidence for a cutoff energy, makes the gamma-ray SNR
very distinct from mature SNRs that are known to interact with
molecular clouds, such as IC 443, W44, and W28.
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Appendix A: Supplementary material for the
multiwavelength study
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Fig. A.1. Leptonic model including bremsstrahlung emission. The
model considered an electron distribution following a power law with
an exponential cutoff. The parameters are described in Table 2.

Appendix B: Galactic SNRs

The list of luminous (above 20% of the VHE luminosity of
N132D) Galactic SNRs available in the literature includes
CTB 37A, SNR G318.2+0.1, CTB 37B, SNR G359.1-0.5,
SNR G106.3+42.7, SNR G8.7-0.1, and SNR G338.3-0.0,
which are sorted here with increasing VHE luminosity.
While this list consists of seven SNRs, there are counter-
arguments to the high VHE luminosities of five of these
objects. (i) The uncertainties in a background model are
suggestive of a lower flux of CTB 37A (which are illus-
trated in Fig. 5 of H.E.S.S. Collaboration (2018a)) than
that published in Aharonian et al. (2008c), (ii) the estimated
energies of the relativistic particles are too high for the hadronic
and leptonic scenarios applied to CTB 37B, suggesting that the
distance of 13.2 kpc to this source is an overestimate (Xin et al.
2016), (iii) SNR G359.1-0.5 is likely only to be responsible for a
part of the VHE gamma-ray source, HESS J1745-303, given that
the solid angle of region A (Aharonian et al. 2008b) that embeds
a molecular cloud, as viewed from the center of G359.1-0.5,
is about an order of magnitude larger than the angles of the
other emitting regions (also Hayakawa et al. 2012), but the
contribution from region A to the total flux of HESS J1745-303
is subdominant (Aharonian et al. 2008b), (iv) the distance to
SNR G106.3+2.7 is uncertain, and if a distance of 0.8 kpc
instead of 12 kpc is adopted, then its estimated VHE luminosity
decreases significantly (Acciari et al. 2009), (v) HESS 1804-216
is likely to be dominated by a PWN surrounding the pulsar PSR
B1800-21, but not by SNR G8.7-0.1, as demonstrated through
the Fermi-LAT spectral and spatial analyses (Liu et al. 2019) and
on the basis of a comparison of its properties with those of the
established VHE PWN (H.E.S.S. Collaboration 2018b). Finally,
SNR G318.2+0.1 is associated with the VHE source HESS
J1457-593 and is suggested to be originated from an interaction
between G318.2+0.1 and a molecular cloud seen in '>CO data
(Hofverberg et al. 2010), and it therefore cannot be directly
compared to SNR N132D. It can also be noted here that in the
case of the composite SNR G338.3-0.0 associated with HESS
J1640-465, the scenario in which the VHE emission originates
predominantly from the PWN of the subsequently discovered
PSR J1640-4631 is highly rated in the context of the VHE PWN

population (H.E.S.S. Collaboration 2018b); it remains plausible
nonetheless that a significant part of the gamma-ray emission
from HESS J1640-465 originates in the SNR shell (Abramowski
et al. 2014a).
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