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The supernova remnant LMC N132D is a remarkably luminous gamma-ray emitter at ~50 kpc
with an age of ~2500 years. It belongs to the small group of oxygen-rich SNRs, which includes
Cassiopeia A (Cas A) and Puppis A. N132D is interacting with a nearby molecular cloud. By
adding 102 hours of new observations with the High Energy Stereoscopic System (H.E.S.S.)
to the previously published data with exposure time of 150 hours, we achieve the significant
detection of N132D at a 5.7¢ level in the very high energy (VHE) domain. The gamma-ray
spectrum is compatible with a single power law extending above 10 TeV. We set a lower limit
on an exponential cutoff energy at 8 TeV with 95% CL. The multi-wavelength study supports
a hadronic origin of VHE gamma-ray emission indicating the presence of sub-PeV cosmic-ray
protons. The detection of N132D is remarkable since the TeV luminosity is higher than that of
Cas A by more than an order of magnitude. Its luminosity is comparable to, or even exceeding
the luminosity of RX J1713.7-3946 or HESS J1640-465. Moreover, the extended power-law tail
in the VHE spectrum of N132D is surprising given both the exponential cutoff at 3.5 TeV in the
spectrum of its 340-year-old sibling, Cassiopeia A, and the lack of TeV emission from a Fermi-
LAT 2FHL source (E > 50 GeV) associated with Puppis A. We discuss a physical scenario leading
to the enhancement of TeV emission via the interaction between N132D and a near molecular

cloud.
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PRELIMNARY Figure 1: H.E.S.S. excess events map of a
1.6°by 1.6° region centered on N132D. The
map has been smoothed with Gaussian with

a kernel width of o = 0.1°. The position

— of N132D is indicated by the diamond, and

@' the best fit position is indicated by the red
«,é’ _

20 and 30 contours. In magentaJ =1 — 0

line emission from carbon-monoxide (CO)
is indicated, as obtained by the MAGMA
survey [13]

1. Introduction

Since the 1960s supernova remnants (SNRs) are suspected to be the dominant contributors to
the Galactic cosmic-ray spectrum [1]. The main arguments are that the Galactic cosmic-ray energy
budget fits well with the power provided by supernovae, if 10% of the explosion energy is used
for accelerating cosmic rays. Moreover, SNRs are prominent radio synchrotron sources, indicating
that SNRs contain ample amounts of electron (leptonic) cosmic rays. The cosmic-ray spectrum is
nearly featureless from ~ 10 GeV up to ~ 3 PeV, which implies that if SNRs are the dominant
sources of cosmic rays, and they must be able to accelerate protons to ~ 3 PeV and more heavy
atomic nuclei to even higher energies (hadronic cosmic rays).

Some two decades ago the hope was that gamma-ray observation would be able to provide evi-
dence that SNRs are indeed the sources of hadronic cosmic rays. Despite the wealth of information
gamma-ray observations have since then provided, it is still uncertain whether SNRs are indeed
the dominant sources of cosmic rays, and capable of accelerating protons up to 3 PeV. Broad-band
spectral energy distributions (SEDs) of some SNRs have provided clear evidence for the presence
of hadronic cosmic rays in several SNRs. But many of the more mature SNRs have gamma-ray
spectra with broken power-law distributions, indicating that the highest energy cosmic rays have
already diffused away from the SNR shells. Examples are IC 443 and W44, whose spectra clearly
display the "pion bump" feature, but also have spectral breaks indicating that a large fraction of the
protons above energies of ~ 20-200 GeV have escaped [2]. The situation for young SNRs is even
more puzzling. Among the young SNRs, the two best candidates for hadronic gamma-ray emission
are Tycho’s SNR [3] and Cassiopeia A (Cas A) [4, 5], and for both SNRs the gamma-ray spectra
indicate cutoff energies of 1.7 TeV ( but at 1.80 level) and 3.5 TeV, respectively.

Our understanding of the cosmic-ray spectrum itself is evolving as well: the different spec-
tral shape of the helium and proton cosmic rays suggests multiple origins for the overal cosmic-
ray spectrum [6], and there is evidence for spectral steepening of the proton spectrum starting
around 10 TeV [7]. Both features suggest that multiple populations of cosmic-ray sources may
contribute to the cosmic-ray spectrum — either very different types of sources, or subclasses of
supernovae/SNRs [c.f. 8, 9]. Those supernovae (SNe) that produce multi-PeV protons may do so
shortly after the SN explosion, provided the SN is surrounded by a dense stellar wind [e.g. 10—12].

In light of these discussions the Large Magellanic Cloud (LMC) SNR N132D is a very inter-
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esting gamma-ray source. Here we present updated gamma-ray observations by H.E.S.S. of this
luminous SNR [14], together with data obtained by the Fermi-LAT instrument. With an estimated
age of ~ 2500 yr [15], N132D is considerably older than Cas A and Tycho’s SNR (~340 yr and
449 yr respectively). We report here that N132D has, despite its age, a gamma-ray spectrum that
can be well fit by a single power law extending beyond 10 TeV.

N132D is labeled as an "oxygen-rich SNR", a category that includes Cas A and Puppis A,
but the latter is not a luminous TeV gamma-ray source [16]. N132D is among the most luminous
SNRs in the radio domain [17]. The SNR has a radius of approximately 0.8', corresponding to
3.7 pc at the distance of the LMC (50 kpc). X-ray measurements suggest that N132D was created
by a SN with an unusually large explosion energy of 6 x 10! erg [18]. In [18] it was argued
that the SNR has been evolving in a wind-blown cavity, and that the shock has relatively recently
started interacting with the surrounding wind shell. The SNR, or its progenitor star, has carved out
a hole on the northeastern edge of an extended HI cloud, in which several dense molecular cloud
are present southwest of the SNR [19]. The presence of enhanced COJ =3 —2overJ=1—0
emission at southern edge of the SNR as well as toward the center of the SNR shows that the SNR
shock is interacting with molecular gas in some locations of the SNR [19].

N132D was first detected by H.E.S.S. at the 4.7c level (pre-trial) [14]. Additional observations
by H.E.S.S. have now increased the significance to 5.70. These proceedings summarise the results
of a publication recently submitted to a refereed journal.

2. Observations

The measurements presented here were made with H.E.S.S., an imaging atmospheric Cherenkov
telescope array of four 12 m telescopes (CT1-4) and one 28 m telescope (CT5), located in the
Khomas Highland of Namibia. H.E.S.S. observed the LMC region containing N132D for 252
hours using the CT1-4 telescopes. Apart from N132D, this region also contains the Doradus region,
which contains two other gamma-ray sources, the pulsar wind nebula N157D and the superbubble
30DorC [14]. Also SN1987A is located in this region, but has not yet been detected.

As the LMC is observed at large zenith angles, the energy threshold is rather high, and we have
used only gamma-ray events with reconstructed energies above 1.3 TeV. As is common practice
with the H.E.S.S. collaboration the data were analysed by two independent analysis chains. Here
we present the results obtained with the ImPACT algorithm for event reconstruction [21]. We
produced excess maps using the ring background method, whereas for spectral extraction we used
the reflected background method [22].

Fig. 1 shows the resulting event excess map, clearing indicating a large excess coinciding with
the position of N132D. The nominal position of the gamma-ray source, obtained assuming a point
source convolved with the H.E.S.S. point spread function gives RA and DEC as 5h24m47s (£6.9s)
and DEC -69°38'50" (+29”), which is about 1’ from the X-ray source position. But the gamma-ray
position is consistent with the center of N132D at the 20 level.

Fig. 2 shows the spectral energy distribution augmented with the spectral data of the Fermi-
LAT [23] experiment, based on 10.8 yr of observations, and using the FERMITOOLS v1.0.7 soft-
ware package for modeling the maps and performing spectral extractions, using the PSR3_SOURCE_V2
instrument data.
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Figure 2: Left panel: H.E.S.S. (solid circles) and Fermi-LAT (open circles) spectral energy density points.
The red line and shaded area shows the best fit unbroken power-law fit to the combined data points and its
uncertainty, respectively. Right panel: Broad-band SED with a model for which the gamma-ray emission is
dominated by pion production and decay—i.e. a hadronic model. The radio data points are taken from [17],
and the upper limits on non-thermal X-ray emission from [24].

The broad gamma-ray spectrum is well fit with a single power-law distribution with spectral
index T = 2.13 £+ 0.05, and a flux normalisation at 1 TeV of (9.7+1.6) x 10~!* TeV—lecm2s~!
(Fig. 2). The fit statistic is y2/d.o.f = 8.2/6. We also tested a broken power-law spectrum and
found a best fit for the power-law indices of I'j = 1.47£0.43 and I'; = 2.31 - 0.14, with a break
energy of Ep, = 24171166 GeV. The fit statistic of y2/d.o.f = 4.2/4 indicates that the improvement is
only marginal (Ay? = 2 per additional degree of freedom). Therefore, a single power-law is to be
preferred, based on the current data sets.

Finally, we tested for power-law spectrum with exponential cutoff, a model that best fits the
Cas A very-high energy spectrum. Also in this case a single power-law in preferred. Assuming that
there is an exponential cutoff, we constrained the cutoff to be E.y¢ = 19i61% TeV. Also in this case the
statistical improvement over a single power-law distribution is marginal, with y?/d.o.f. = 6.4/5.
Moreover, the best fit value for E. is larger than the fitted energy range.

The observed spectrum itself indicates that N132D is indeed a very luminous SNR in gamma
rays. The inferred luminosity of L(1 — 10 TeV) = (1.05£0.03) x 10 erg s~! is comparable to
HESS J1640-465 and ~ 28 times more luminous than Cas A.

3. Discussion

The combined H.E.S.S. and Fermi-LAT data discussed here show that also in gamma-rays
N132D has some remarkable properties. In order to understand these better we relied on physically
modelling the radio to gamma-ray SED.

3.1 The nature of the gamma-ray emission mechanism

First of all, the gamma-ray spectral index for the joint H.E.S.S. and Fermi-LAT spectral points
of I' = 2.2 suggests already that most likely the gamma-ray emission has a hadronic origin. For a
leptonic model, dominated by inverse Compton scattering, the photon spectral index is related to
the radio spectral energy density index ¢ as I' = ¢ + 1. The radio spectral index of & = 0.7 [17] of
N132D therefore predicts an inverse Compton scattering photon index of I' = 1.7. Moreover, it is
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worth noting that the X-ray observations of N132D do not provide evidence for X-ray synchrotron
emission [24], unlike younger, TeV gamma-ray emitting SNRs like Cas A, Kepler’s, Tycho’s SNR,
SN 1006, etc. [e.g. 25, for a review], or even 30DorC, which is also located in the LMC [14, 26].

For a hadronic origin of the gamma-ray emission—i.e. pion decay—the photon index corre-
sponds roughly with the spectral index of the primary cosmic-ray spectrum. The measured photon
index of I' = 2.3 is comparable to those of other SNRs with hadronic gamma-ray emission, as well
as the expected spectral index for Galactic cosmic-ray sources.

A more detailed modelling! of the SED of N132D with a leptonic model shows that matching
both the radio synchrotron flux points with the gamma-ray data points requires a relatively low
magnetic field strength of B ~ 20 uG and a total electron cosmic-ray energy of W, ~ 5 x 10*° erg.
This requires a very high conversion efficiency of explosion energy to electron cosmic-ray energy
of just ~ 2%. Another way to look at it is that if the flux ratio between proton- and electron cosmic
rays observed at Earth of n, /n. = 100 holds also for N132D, the total cosmic-ray energy in N132D
would be 102 erg, much larger than the inferred explosion energy of 5 x 103! erg.

Given the problems of the leptonic model for explaining the gamma-ray emission from N132D,
a hadronic model seems much more plausible—a conclusion also reached by [24]. In Fig. 2(right)
we show such a hadronic SED model. The total hadronic cosmic-ray energy for this model is
W, =4x 1()50(np /10 cm™3)~! erg, with n, the local plasma density in the source. This value for
W, corresponds to roughly 10% of the available explosion energy, with fits well with the general
requirement that SNRs should have an explosion energy to cosmic-ray energy of 5-10% in order
to explain the cosmic-ray energy budget of the Milky Way.

For the hadronic model the average magnetic-field strength is a free parameter, provided that
the strength is substantially larger than the best fit value for the leptonic model—i.e. B> 20 uG. In
the model shown in Fig. 2 B = 100 uG, which corresponds to a hadronic over leptonic cosmic-ray
energy ratio of W, /W, = 100(n,/10 cm—3) 1.

3.2 Peossible interactions with local molecular clouds

N132D is located near a molecular cloud complex, and it has recently been shown that the
SNR is interacting with some of the molecular gas [19]. For the hadronic model, preferred by

our analysis, the local gas density has to be high n, > 10 cm ™3

in order to explain the gamma-ray
Iuminosity of N132D. The analysis of observations of HI and CO line emission by [19] shows that
the density requirements are easily met. The HI gas cloud around the SNR has a typical density of
ny ~ 30 cm~3, implying Wy~ 1 x 10°° erg. The HI cloud has, however, a positive gradient from
the northeast to the southwest surrounding N132D.

The molecular clouds, in general, are located further away from N132D (Fig. 1), but a few
smaller, shocked clouds are present at the southern edge N132D and at the center of the remnant,
with estimated densities ranging from 100 cm 3 t0 900 cm 3 [19]. Sano et al. [19] argue that the
shocked cloudlets toward the center of N132D are also physically located within the SNR shell,
and have survived shock passage due to their high density.

The question is whether the gamma-ray emission comes from the shell of SNR itself, which

is mainly interacting with the dense 10—30 cm—> HI gas, or from a few of the small dense clouds

'We used the Naima package [27] to perform both the leptonic and hadronic modeling. For the leptonic model we
toke into account both the cosmic-microwave background and local infrared radiation energy density.
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described above. Yet another possibility is that the gamma-ray emission originates from cosmic
rays that have escaped the shell and are now engulfing the larger CO clouds toward the southwest
of the SNR. A hint in favor of the latter scenario is that the gamma-ray emission appears not be
centered on N132D, but about an arcminute southwest of the SNR. Such a scenario would be
reminiscent of the situation around the older SNR W28 [28]. However, we stress that the offset
between N132D and the gamma-ray source is statistically not significant.

Which of the above scenarios is correct, is important given that the broad gamma-ray SED is
best fit with a single power law with no hint of an exponential cutoff. If the gamma-ray emission is
from the shell of N132D, the SED implies that despite its age of ~ 2500 yr, N132D has been able
to accelerate cosmic rays at least up to ~ 100 TeV, and been able to retain these. In contrast, if the
gamma-ray emission comes from the molecular clouds in the vicinity of N132D, ongoing cosmic-
ray acceleration in N132D is probably low, and the gamma-ray emission gives us a window on the
cosmic-ray acceleration history of N132D.

The fact that a single power-law distribution seems to fit the broad gamma-ray SED best, is
in favour of the scenario in which the emission is dominated by the SNR itself, because escape
of cosmic rays is an energy-dependent process. So one expects in that case that the low-energy
gamma-ray emission must come from the SNR itself, and the higher energy gamma-rays from
further away from the SNR. It is difficult in that situation to not have a more complex spectral
distribution than a single power-law distribution [29].

For now the most likely scenario appears to be one in which N132D seems to be a an efficient
accelerator and is able to either still be able to accelerate particles up to at least 100 TeV, or has
been able to retain these very high energy cosmic rays. One could speculate that the evolution
in a cavity may have delayed the slowing down of the shock velocity to later ages, resulting in
a rather late conversion of explosion energy to cosmic ray energy. The lack of a clear spectral
cutoff below 10 TeV is in contrasts to the situation for N132D’s Galactic counterpart, Cas A, which
shows a cutoff in the primary cosmic-ray spectrum around 10 TeV: when it comes to its gamma-ray
spectrum, the 2500 yr old N132D appears more youthful than its 340 yr old Galactic cousin.

4. Conclusions

We reported here that the LMC SNR N132D is now detected by with H.E.S.S. at the 5.7c
level. A joint analysis of the H.E.S.S. and Fermi-LAT spectra shows that the gamma-ray spectrum
is well-fitted with a single power law distribution with photon index I' = 2.13 +0.05. The centroid
of gamma-ray emission is located ~ 1 arcmin southwest of N132D, but is statistically consistent
with the location of the N132D SNR. The SED is best fit with a hadronic emission model, with a
total implied cosmic-ray energy content of W, =4 x 1050(np /10 cm~3)~! erg. The lack of a clear
cutoff in the spectrum below 10 TeV is of interest, given that the much younger Galactic SNR Cas
A, to which N132D is often compared, has a cutoff around 3.5 TeV.

It is possible that all, or some, of the gamma-ray emission is not coming from the shell of
N132D, but from nearby molecular clouds. However, it will require CTA [30], with its better
angular resolution and much higher sensitivity, to pinpoint the location of the gamma-ray emission,
and improve the determination of the spectral shape, both of which will provide new insights into
the cosmic-ray acceleration properties of this very powerful SNR.
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