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ABSTRACT

Supernova remnants exhibit shock fronts (shells) that can accelerate charged particles up to very high energies. In the past decade, measurements of
a handful of shell-type supernova remnants in very high-energy gamma rays have provided unique insights into the acceleration process. Among
those objects, RX J1713.7-3946 (also known as G347.3—0.5) has the largest surface brightness, allowing us in the past to perform the most
comprehensive study of morphology and spatially resolved spectra of any such very high-energy gamma-ray source. Here we present extensive
new H.E.S.S. measurements of RX J1713.7-3946, almost doubling the observation time compared to our previous publication. Combined with
new improved analysis tools, the previous sensitivity is more than doubled. The H.E.S.S. angular resolution of 0.048° (0.036° above 2 TeV)
is unprecedented in gamma-ray astronomy and probes physical scales of 0.8 (0.6) parsec at the remnant’s location. The new H.E.S.S. image
of RX J1713.7-3946 allows us to reveal clear morphological differences between X-rays and gamma rays. In particular, for the outer edge of
the brightest shell region, we find the first ever indication for particles in the process of leaving the acceleration shock region. By studying the
broadband energy spectrum, we furthermore extract properties of the parent particle populations, providing new input to the discussion of the
leptonic or hadronic nature of the gamma-ray emission mechanism.
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1. Introduction

Highly energetic particles with energies up to 10% electron volts
(eV, 1 eV = 1.6 x 107'° J) hit the atmosphere of the Earth from
outer space. These cosmic rays (CRs) are an important part of the
energy budget of the interstellar medium. In our Galaxy the CR
energy density is as large as the energy density of thermal gas or
magnetic fields, yet the exact connection and interaction between
these different components is poorly understood (Grenier et al.
2015).

Among the measured properties of CRs is the energy spec-
trum measured at Earth, which extends over many orders of
magnitude. At least up to a few times 10" eV, these parti-
cles are likely of Galactic origin — there must be objects in the
Milky Way that accelerate charged particles to these energies.
The composition of Galactic CRs is also known (Olive et al.
2014): at GeV to TeV energies, they are dominantly protons. Al-
pha particles and heavier ions make up only a small fraction of
CRs. Electrons, positrons, gamma rays and neutrinos contribute
less than 1%.

Establishing the Galactic sources of charged CRs is one of
the main science drivers of gamma-ray astronomy. The standard
paradigm is that young supernova remnants (SNRs), expanding
shock waves following supernova explosions, are these acceler-
ators of high-energy Galactic CRs (for a review, see for example
Blasi 2013). Such events can sustain the energy flux needed to
power Galactic CRs. In addition, there exists a theoretical model
of an acceleration process at these shock fronts, known as dif-
fusive shock acceleration (DSA; Krymskii 1977; Axford et al.
1977; Bell 1978; Blandford & Ostriker 1978), which provides a
good explanation of the multiwavelength data of young SNRs.
In the past decade, a number of young SNRs have been es-
tablished by gamma-ray observations as accelerators reaching
particle energies up to at least a few hundred TeV. It is dif-
ficult to achieve unequivocal proof, however, that these accel-
erated particles are protons, which emit gamma rays via the
inelastic production of neutral pions, and not electrons, which
could emit very high-energy (VHE; Energies E > 100GeV)
gamma rays via inverse Compton (IC) scattering of ambi-
ent lower energy photons. For old SNRs, for which the high-
est energy particles are believed to have already escaped the
accelerator volume, the presence of protons has been estab-
lished in at least five cases. For W28, the correlation of TeV
gamma rays with nearby molecular clouds suggests the pres-
ence of protons (Aharonian et al. 2008). At lower GeV ener-
gies, four SNRs (IC 443, W44, W49B, and W51C) have re-
cently been proven to be proton accelerators by the detection
of the characteristic pion bump in the Fermi Large Area Tele-
scope (Fermi-LAT) data (Ackermann et al. 2013; Jogler & Funk
2016; H.E.S.S. Collaboration 2018c¢). At higher energies and for
young SNRs, this unequivocal proof remains to be delivered. It
can ultimately be found at gamma-ray energies exceeding about
50 TeV, where electrons suffer from the so-called Klein-Nishina
suppression (see for example Aharonian 2013b, for a review),
or via the detection of neutrinos from charged pion decays pro-
duced in collisions of accelerated CRs with ambient gas at or
near the accelerator.

RX J1713.7-3946 (also known as G347.3—-0.5) is the best-
studied young gamma-ray SNR (Aharonian et al. 2004, 2006b,
2007; Abdo et al. 2011). It was discovered in the ROSAT all-
sky survey (Pfeffermann & Aschenbach 1996) and has an es-
timated distance of 1kpc (Fukuietal. 2003). It is a promi-
nent and well-studied example of a class of X-ray bright and
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radio dim (Lazendic et al. 2004) shell-type SNRs!. The X-ray
emission of RX J1713.7-3946 is completely dominated by a
non-thermal component (Koyama et al. 1997; Slane et al. 1999;
Cassam-Chenai et al. 2004; Uchiyama et al. 2003; Tanaka et al.
2008), and in fact, the first evidence for thermal X-ray line emis-
sion was reported only recently (Katsuda et al. 2015). Despite
the past deep H.E.S.S. exposure and detailed spectral and mor-
phological studies, the origin of the gamma-ray emission (lep-
tonic, hadronic, or a mix of both) is not clearly established. All
scenarios have been shown to reproduce the spectral data under
certain assumptions (as discussed by Gabici & Aharonian 2014
and references therein). In addition to such broadband mod-
elling of the emission spectra of RX J1713.7-3946, correlation
studies of the interstellar gas with X-ray and gamma-ray emis-
sion are argued to show evidence for hadronic gamma-ray emis-
sion (Fukui et al. 2012).

We present here new, deeper, H.E.S.S. observations, anal-
ysed with our most advanced reconstruction techniques yielding
additional performance improvements. After a detailed presen-
tation of the new H.E.S.S. data analysis results and multiwave-
length studies, we update the discussion about the origin of the
gamma-ray emission.

2. H.E.S.S. observations and analysis

The High Energy Stereoscopic System (H.E.S.S.) is an array of
imaging atmospheric Cherenkov telescopes located at 1800 m al-
titude in the Khomas highlands of Namibia. The H.E.S.S. array
is designed to detect and image the brief optical Cherenkov flash
emitted from air showers, induced by the interaction of VHE
gamma rays with the atmosphere of the Earth. In the first phase
of H.E.S.S., during which the data used here were recorded,
the array consisted of four 13 m telescopes placed on a square
of 120 m side length. Gamma-ray events were recorded when
at least two telescopes in the array were triggered in coinci-
dence (Funk et al. 2004), allowing for a stereoscopic reconstruc-
tion of gamma-ray events (for further details see Aharonian et al.
2006a).

Recently H.E.S.S. has entered its second phase with the ad-
dition of a fifth, large 28 m telescope at the centre of the array.
The addition of this telescope, which is able to trigger both inde-
pendently and in concert with the rest of the array, increases the
energy coverage of the array to lower energies. The work pre-
sented in the following sections does not use data recorded with
the large telescope.

The RX J1713.7-3946 data used here are from two
distinct observation campaigns. The first took place during
the years 2003-2005 and resulted in three H.E.S.S. publica-
tions (Aharonian et al. 2004, 2006b, 2007). The second cam-
paign took place in 2011 and 2012 and is published here for the
first time. In this new combined analysis of all H.E.S.S. observa-
tions the two-telescope data from 2003 (Aharonian et al. 2004)
from the system commissioning phase are omitted to make the
data set more homogeneous. These initial H.E.S.S. data have
very limited sensitivity compared to the rest of the data set and
can therefore be safely ignored. Details of the different cam-
paigns are given in Table 1. Only observations passing data qual-
ity selection criteria are used, guaranteeing optimal atmospheric
conditions and correct camera and telescope tracking behaviour.
This procedure yields a total dead-time corrected exposure time
of 164 h for the source morphology studies. For the spectral stud-

! Another example with very similar properties is RX J0852.0-4622
(Vela Junior); see H.E.S.S. Collaboration (2018a).



H.E.S.S. Collaboration: Observations of RX J1713.7-3946

H.E.S.S. (2016) RX J1713.7-3946, E > 250 GeV

-39°00"

20

40'

Dec (J2000)
Excess counts

-40°00"

20"

() 68% PsF
L n | n n n

n | n " n n | n n n n n n n n | n n n n
16m 14m 17h10m
RA (J2000)

'H.ES.S. (2016) RX J1713.7-3946,E > 2 TeV

Dec (J2000)
Excess counts

i (O 68%PSF

Tl T o R e, N T ne e N
18m 16m 14m 17h10m

RA (J2000)

Fig. 1. H.E.S.S. gamma-ray excess count images of RX J1713.7-3946, corrected for the reconstruction acceptance. On the left, the image is made
from all events above the analysis energy threshold of 250 GeV. On the right, an additional energy requirement of £ > 2TeV is applied to improve
the angular resolution. Both images are smoothed with a two-dimensional Gaussian of width 0.03°, i.e. smaller than the 68% containment radius
of the PSF of the two images (0.048° and 0.036°, respectively). The PSFs are indicated by the white circles in the bottom left corner of the images.
The linear colour scale is in units of excess counts per area, integrated in a circle of radius 0.03°, and adapted to the width of the Gaussian function

used for the image smoothing.

ies of the SNR, a smaller data set of 116 h is used as explained
below.

The data analysis is performed with an air-shower tem-
plate technique (de Naurois & Rolland 2009), which is called
the primary analysis chain below. This reconstruction method is
based on simulated gamma-ray image templates that are fit to the
measured images to derive the gamma-ray properties. Goodness-
of-fit selection criteria are applied to reject background events
that are not likely to be from gamma rays. All results shown
here were cross-checked using an independent calibration and
data analysis chain (Ohm et al. 2009; Parsons & Hinton 2014).

3. Morphology studies

The new H.E.S.S. image of RX J1713.7—-3946 is shown in Fig. 1:
on the left, the complete data set above an energy threshold of
250 GeV (about 31 000 gamma-ray excess events from the SNR
region) and, on the right, only data above energies of 2 TeV.
For both images an analysis optimised for angular resolution
is used (the hires analysis in de Naurois & Rolland 2009) for
the reconstruction of the gamma-ray directions, placing tighter
constraints on the quality of the reconstructed event geome-
try at the expense of gamma-ray efficiency. This increased en-
ergy requirement (E > 2TeV) leads to a superior angular res-
olution of 0.036° (68% containment radius of the point-spread
function; PSF) compared to 0.048° for the complete data set
with E > 250 GeV. These PSF radii are obtained from simu-
lations of the H.E.S.S. PSF for this data set, where the PSF is
broadened by 20% to account for systematic differences found
in comparisons of simulations with data for extragalactic point-
like sources such as PKS 2155-304 (Abramowski et al. 2010).
This broadening is carried out by smoothing the PSF with a
Gaussian such that the 68% containment radius increases by
20%. To investigate the morphology of the SNR, a gamma-
ray excess image is produced employing the ring background
model (Berge et al. 2007), excluding all known gamma-ray emit-
ting source regions found in the latest H.E.S.S. Galactic Plane

Table 1. Overview of the H.E.S.S. observation campaigns.

Year Mean offset!  Mean zenith angle Livetime
(degrees) (degrees) (h)
2004 0.74 30 42.7
2005 0.77 48 421
2011 0.73 42 65.3
2012 0.90 28 13.4

Notes. The livetime given in hours corresponds to the data fulfilling
quality requirements. " Mean angular distance between the H.E.S.S.
observation position and the nominal centre of the SNR taken to be at
RA: 17"13™33.6°%, Dec: —39445™36°.

Survey catalogue (H.E.S.S. Collaboration 2018b) from the back-
ground ring.

The overall good correlation between the gamma-ray and
X-ray image of RX J1713.7-3946, which was previously found
by H.E.S.S. (Aharonian et al. 2006b), is again clearly visible
in Fig. 2 (top left) from the hard X-ray contours (XMM-
Newton data, 1-10 keV, described further below) overlaid on
the H.E.S.S. gamma-ray excess image. For a quantitative com-
parison that also allows us to determine the radial extent of the
SNR shell both in gamma rays and X-rays, radial profiles are
extracted from five regions across the SNR as indicated in the
top left plot in Fig. 2. To determine the optimum central posi-
tion for such profiles, a three-dimensional spherical shell model,
matched to the morphology of RX J1713.7-3946, is fit to the
H.E.S.S. image. This toy model of a thick shell fits five param-
eters to the data as follows: the normalisation, the x and y co-
ordinates of the centre, and the inner and outer radius of the
thick shell. The resulting centre point is RA: 17"13™25.2¢, Dec:
—-39946™15.6°. As seen from the figure, regions 1 and 2 cover the
fainter parts of RX J1713.7-3946, while regions 3 and 4 con-
tain the brightest parts of the SNR shell, closer to the Galactic
plane, including the prominent X-ray hotspots and the densest
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Fig. 2. Gamma-ray excess map and radial profiles. Top left: the H.E.S.S. gamma-ray count map (E > 250 GeV) is shown with XMM-Newton X-ray
contours (1-10 keV, smoothed with the H.E.S.S. PSF) overlaid. The five regions used to compare the gamma-ray and X-ray data are indicated
along with concentric circles (dashed grey lines) with radii of 0.2° to 0.8° and centred at RA: 17%13™25.2%, Dec: —39946™15.6°. The Galactic plane
is also drawn. The other five panels show the radial profiles from these regions. The profiles are extracted from the H.E.S.S. maps (black crosses)
and from an XMM-Newton map convolved with the H.E.S.S. PSF (red line). The relative normalisation between the H.E.S.S. and XMM-Newton
profiles is chosen such that for regions 1, 2, 4 the integral in [0.3°,0.7°] is the same, for regions 3, 5 in [0.2°,0.7°]. The grey shaded area shows
the combined statistical and systematic uncertainty band of the radial gamma-ray extension, determined as described in the main text. The vertical
dashed red line is the radial X-ray extension. For the X-ray data, the statistical uncertainties are well below 1% and are not shown.
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molecular clouds (Maxted et al. 2013; Fukui et al. 2012). Re-
gion 5 covers the direction along the Galactic plane to the north
of RX J1713.7-3946.

3.1. Production of radial profiles

The H.E.S.S. radial profiles shown in Fig. 2 are extracted from
the gamma-ray excess image. To produce the X-ray radial
profiles, the following procedure is applied. One mosaic im-
age is produced from all available archival XMM-Newton data
following the method described by Aceroetal. (2009). All
detected point-like sources are then removed from the map, re-
filling the resulting holes using the count statistics from an-
nular regions surrounding the excluded regions. The cosmic-
ray-induced and instrumental backgrounds are subtracted from
each observation using closed filter wheel data sets. To sub-
tract the diffuse Galactic astrophysical background from the
XMM-Newton map, the level of the surface brightness at large
distances (>0.7°) from the SNR centre, well beyond the SNR
shell position, is used. Through comparison with the ROSAT all-
sky survey map (Snowden et al. 1997), which covers a much
larger area around RX J1713.7-3946, it is confirmed that the
baseline Galactic diffuse X-ray flux level is indeed reached
within the field of view of the XMM-Newton coverage of
RX J1713.7-3946 (see Fig. D.1 in the appendix). An energy
range of 1-10keV is chosen for the XMM-Newton image to com-
pare to the H.E.S.S. data to suppress Galactic diffuse emission at
low energies <1 keV as much as possible while retaining good
data statistics.

To compare the X-ray profiles to the H.E.S.S. measurement,
the background is first subtracted from the XMM-Newton mo-
saic. In a second step, the X-ray map is then convolved with the
H.E.S.S. PSF for this data set to account for the sizeable dif-
ference in angular resolution of the two instruments. The result-
ing radial X-ray profiles are shown in red in Fig. 2. The relative
normalisation of the H.E.S.S. and XMM-Newton profiles, chosen
such that the integral from 0.3° to 0.7° is identical for regions 1,
2, and 4 and 0.2° to 0.7° for regions 3 and 5, is arbitrary and
not relevant for the following comparison of the radial shapes,
where only relative shape differences are discussed.

3.2. Comparisons of the gamma-ray and X-ray radial profiles

A number of significant differences between X-rays and gamma
rays appear in the radial profiles in all five regions. In region 1,
the supposed gamma-ray shell appears as a peak around 0.5°
distance from the SNR centre whereas it is at 0.4° in X-rays. In
region 2, pronounced differences appear below 0.3°. The cen-
tral X-ray emission in this region is brighter than the rather
dim X-ray shell, which is a behaviour that is not present in the
gamma-ray data. In region 3, the X-ray shell peak between 0.3°
and 0.4° is relatively brighter and stands out above the gamma-
ray peak, as was already noted by Tanaka et al. (2008; see their
Fig. 18 and related discussion) and later by Acero et al. (2009).
The X-ray peak is also falling off more quickly: the decline be-
tween the peak position and a radius of 0.7° is significantly dif-
ferent. The gamma-ray data are entirely above the X-ray data
between 0.4° and 0.7°. Regions 4 and 5 show similar behaviour;
for instance, in region 3 the X-ray peak is above the gamma-ray
peak, but the X-ray data fall off more quickly at radii beyond
the peak. The gamma-ray data are then above the X-ray data for
radii 20.5°.

3.3. Determination of the SNR shell extent

Besides the general notion that the hotspots in X-rays are rela-
tively brighter than those in VHE gamma rays, the profiles in all
regions seem to suggest that the radial extension of the gamma-
ray data exceeds that of the X-ray data: gamma rays are mea-
sured from regions beyond the X-ray shell. To quantify this ef-
fect, an algorithm was developed to measure the radial extent of
the SNR emission in both data sets. For this purpose, the simple
differentiable function P(r),

ey

P(r):{ AX|rg—r"+c forr<r
c for r > ry,
is fit to the radial profiles.

Here, r is the distance from the centre, ry is the parameter de-
termining the radial size of the emission region, A is a normalisa-
tion factor and c is a constant to account for eventual flat residual
surface brightness in the map. The exponent is fixed empirically
at a value of n = 3 in all fits and a systematic bias due to this
choice is not found (see below). The fit ranges are chosen such
that the start always coincides with the beginning of the falling
edge of the profiles. We verified that the exact choice of the start-
ing value of the fit has no impact on the results as long as it is
beyond the peak or the rising part of the profile. Validation plots
demonstrating the excellent match of the best-fit model with the
gamma-ray profiles are shown in the appendix (see Fig. A.1).

Table 2 lists the best-fit results with statistical uncertainties.
In regions 1-4, the constant ¢ is compatible with zero within
errors, showing that no large-scale flat excess emission beyond
the SNR shell is seen towards these regions. The parameter ¢
is significantly positive only for region 5, hinting at a diffuse
gamma-ray excess flux along the Galactic plane in this region.

The systematic uncertainty of the absolute normalisation of
the ring background map is at the 1-2% level (see Berge et al.
2007). To investigate its influence on the best-fit parameters, the
background normalisation is varied by +2% before subtraction
from the raw event map and the fit is repeated. The only pa-
rameter that shows a change at a comparable level to the statis-
tical uncertainties is the constant ¢, whereas ry remains largely
unaffected. The resulting systematic uncertainty is at a negligi-
ble level of 0.002°. This demonstrates that the free parameter ¢
helps to mitigate the effects of systematic background uncertain-
ties on the value of ry. The parameter offsets due to background
normalisation are quoted as systematic uncertainties in Table 2.
The choice of the exponent n has a systematic effect on the re-
sults, such that higher values of n lead to higher values of ry.
To avoid biassing the gamma-ray to X-ray comparison of the r
values, the exponent is fixed at n = 3 for both the H.E.S.S. and
XMM-Newton fits. The exact choice of n influences the abso-
lute values of ry in both wavelength regimes to a similar degree
without affecting the relative difference. The combined statisti-
cal and systematic uncertainty for the H.E.S.S. data is indicated
in the radial profiles in Fig. 2 as a grey shaded band.

A fit with the same function (Eq. (1)) is performed to de-
termine the radial extent of the X-ray profiles from the PSF-
convolved XMM-Newton map. Similar to the H.E.S.S. profiles,
the model describes the data very well (see Fig. A.1) and the fit
results for r are listed in Table 2. Statistical uncertainties are not
given in this case because the fit is performed on profiles from
an oversampled PSF-convolved map. The statistical quality of
the XMM-Newton data is in any case very high such that the un-
certainties (well below 1%) are negligible compared to those of
H.E.S.S.
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Table 2. Results from the radial extension measurement.

H.E.S.S. XMM-Newton
Region | Fit range c o OT1/e Fit range 70 Or1/e
(degrees) (1072 counts / pixel) (degrees) (degrees) (degrees) (degrees) (degrees)
1 0.54-1.0  —3.4 £ 1.9 £ 2.0y  0.82 £ 0.024 - 0.54-1.0 0.79 -
2 0.40-1.0  —1.1 £ 1.9 £ 2.05ys  0.78 £ 0.035,¢  0.14 £ 0.025 | 0.42-1.0 0.74 0.10
3 0.35-1.0 0.6 £ 1850t + 3.05ys  0.76 £ 0.0255c  0.11 £ 0.01, | 0.35-1.0 0.57 0.06
4 0.43-1.0 22+ 1840+ 2.0y 0.71 £0.0255c  0.07 £ 0.01, | 0.43-1.0 0.63 0.06
5 0.49-1.0 9.9 + 1644 + 3.05ys  0.63 £ 0.02415 - 0.49-1.0 0.64 -

Notes. The quoted errors indicate statistical uncertainties from the fit and systematic uncertainties from background normalisation.

The two dominant sources of systematic effects when mea-
suring ry in the XMM-Newton data are uncertainties in the true
angular resolution of H.E.S.S. (relevant for the PSF smearing),
and the estimation of the level of the Galactic diffuse background
in the X-ray map. The first issue is addressed using a conserva-
tive H.E.S.S. PSF model that is broadened to cover systematic
uncertainties. The latter issue is again taken into account by the
constant ¢ in the fit function (Eq. (1)) that compensates for flat
homogeneous offsets in the map.

An additional parameter, dry/,, is listed in Table 2 for re-
gions 2, 3, and 4. This parameter is defined as the radial distance
between the peak shell emission, which is assumed to be the po-
sition of the shock, and the position where the peak emission has
dropped to 1/e of its value. This parameter is used because it is
robust against systematic uncertainties of the PSF tails and be-
cause it is often used as a measure of the diffusion length scale
of particles (see below). The difference of this parameter 6r/,
between X-rays and gamma rays is used in Sect. 6.2 below in
the discussion of the radial differences in terms of particle diffu-
sion. For regions 1 and 5, the shock position in X-rays in the raw
un-smoothed map is not clearly defined. We are therefore only
quoting dry,, values for regions 2, 3, and 4.

In all regions we also tested for differences in the extent of
the gamma-ray and X-ray profiles in energy bands, splitting up
the datainto E < 1 TeV, 1 < E < 3TeV, E > 3TeV. There is no
additional significant energy dependent difference visible in the
data: the H.E.S.S. data behaviour is identical in the entire energy
range covered. We also verified that this energy independence
persists when using larger radii of the ring background model
(1.1°) to make sure that the standard ring radius (0.8°) does not
cancel any energy dependence.

In the appendix, we also present an independent approach to
measure the extension of the SNR shell using a border-detection
algorithm (see Appendix C). The same conclusions are reached
with this algorithm: the gamma-ray emission extends beyond
the X-ray emission. We also note that the procedure described
above when performed on H.E.S.S. maps extracted from two
subsets of the data of roughly equal exposure (years 2004/2005
and 2011/2012) shows no significant variation of the best-fit pa-
rameters of more than 20~ between the two independent data sets.

3.4. Summary of the morphology studies: emission beyond
the X-ray shell

Figure 2 demonstrates very clearly that there are signifi-
cant differences between the X-ray and gamma-ray data of
RX J1713.7-3946. While some of the differences within the
bright western shell region were seen before (Tanaka et al. 2008;
Acero et al. 2009), we find for the first time significant differ-
ences between X-rays and gamma rays in the radial extent of the
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emission associated with the SNR RX J1713.7-3946. These dif-
ferences do not depend on energy; we find the same behaviour
for E < 1TeV, 1 < E < 3TeV, and E > 3TeV. As seen from
Table 2, the TeV gamma-ray emission extends significantly be-
yond the X-ray emission associated with the SNR shell in re-
gion 3, and there is also similarly strong evidence in region 4.
We see the same tendency in regions 1, 2, and 5, although the
algorithm we chose to measure the radial extent does not result
in a significant radial extension difference in these regions. The
border-finder algorithm, on the other hand, yields a larger TeV
gamma-ray extension of the entire SNR (see Appendix C).

We interpret these findings as gamma rays from VHE parti-
cles that are in the process of leaving the main shock region. The
main shock position and extent are visible in the X-ray data, as
discussed below in Sect. 6.2, the gamma-ray emission extending
further is either due to accelerated particles escaping the acceler-
ation shock region or particles accelerated in the shock precursor
region. This is a major new result as it is the first such finding for
any SNR shell ever measured.

4. Energy spectrum studies

The gamma-ray energy spectrum of RX J1713.7-3946 is in-
vestigated here in two different ways: we first present the new
H.E.S.S. spectrum of the whole SNR region, and second we
present an update of the spatially resolved spectral studies of the
SNR region.

4.1. Spectrum of the full remnant

The large H.E.S.S. data set available for a spectral analysis of
RX J1713.7-3946 comprises observation positions that vary
over the years because the data are from both dedicated pointed
campaigns of RX J1713.7-3946 and the H.E.S.S. Galactic plane
survey (H.E.S.S. Collaboration 2018b). When applying the stan-
dard H.E.S.S. spectral analysis, only 23 h of observations are re-
tained because in the standard procedure the cosmic-ray back-
ground in the gamma-ray source region (the ON region) of
radius 0.6° is modelled with the reflected-region background
model (Berge et al. 2007). In this approach, a region of the same
size and shape as the ON region (the so-called OFF region)
is reflected about the centre of the array field of view and all
events reconstructed in the OFF region constitute the cosmic-
ray background to be subtracted from the ON region. How-
ever, for the RX J1713.7-3946 data set and sky field, close
to the Galactic plane with other gamma-ray sources nearby,
many observation runs in which OFF regions overlap partly with
known gamma-ray sources are excluded from the analysis. These
23 h of exposure resulting from the standard H.E.S.S. proce-
dure are even below the exposure of our previous publication
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(Aharonian et al. 2007) because we exclude more nearby
gamma-ray source regions from the prospective OFF re-
gions. These new excluded gamma-ray sources were un-
known at the time that we performed the previous analysis of
RX J1713.7-3946. The dramatic exposure loss (23 h remaining
from an initial 164 h of observation time) is therefore calling for
a new, modified approach.

For this purpose, we employed the reflected-region technique
on smaller subregions of the SNR. The circular ON region of
0.6° radius, centred on RA: 17213™33.6°, Dec: —39945™36° as in
Aharonian et al. (2006b, 2007), is split into 18 subregions each
of similar size. The exposures of these regions vary between 97
and 130 h. For each of the subregions, the ON and OFF en-
ergy spectra are extracted using the reflected-region-background
model, and then they are combined yielding the spectrum of the
full SNR with improved exposure and statistics.

During the combination procedure, we need to account for
partially overlapping OFF background regions. This is carried
out by correcting the statistical uncertainties for OFF events that
are used multiple times in the background model (60% of the
events). Moreover, the exposure is not homogeneous across the
subregions, which may lead to biasing effects towards more ex-
posed regions in the combined spectrum. To deal with this issue,
the spectrum of the whole SNR is determined as the exposure-
weighted sum of all subregion spectra, rescaled to the average
exposure of the SNR before merging, and conserving the orig-
inal statistical uncertainties through error propagation. The re-
sulting spectrum of the full SNR is shown in Fig. 3, and the
energy flux points are listed in Appendix F. This spectrum cor-
responds to a livetime of 116 h, an improvement of more than
a factor of two over our previous publications. This final energy
spectrum and in particular the split-ON-region spectral analy-
sis has been cross-checked with an independent analysis us-
ing the reflected-pixel background technique, as described in
Abramowski et al. (2011). This cross-check yields a comparable
gain in livetime and provides consistent results.

The new spectrum shown here is fit with a power-law model
without and with exponential cut-off. A best-fit model with a
cut-off at 12.9TeV is preferred at 13.50 over a pure power-
law model as can be seen from Table 3. The cut-off models
are also fit as super and sub-exponential versions (models (3)
and (4) in the table) motivated by Kelner et al. (2006) who have
derived analytical expressions for the gamma-ray spectra from
inelastic proton-proton interactions, and these expressions sug-
gest such exponential cut-offs at varying degrees. While the sub-
exponential cut-off, model (4), is statistically disfavoured, both
the super-exponential model (3) and the simple exponential cut-
off model (2) describe the data well. The latter is used below and
in Fig. 3 as a baseline model to describe our data.

Owing to the high statistical quality of the spectrum, the
statistical errors of the best-fit spectral parameters are smaller
than the systematic uncertainties discussed below. Taking both
types of uncertainties into account, these new results are com-
patible with our previous spectrum (Aharonian et al. 2007) ex-
cept for a moderate discrepancy at the highest energies. The
systematic tendency of all new flux points above about 7 TeV
to lie below the previous fit seen in Fig. 3 was traced down to
the optical efficiency correction procedure in the old analysis
(Aharonian et al. 2007). The procedure is now improved and
avoids a bias above 10 TeV.

This experimental systematic uncertainty on the absolute re-
constructed flux is +32% for the analysis and data set used here.
This uncertainty is conservatively determined as the quadratic
sum of the H.E.S.S. flux uncertainty of +20% for a point

source (Aharonian et al. 2006a) and an extended source uncer-
tainty that is mainly due to the analysis method employed. This
extended-source uncertainty is found to be 25%, and is deter-
mined by analysing energy spectra in 29 regions across the SNR
with the primary analysis chain (de Naurois & Rolland 2009)
and the cross-check chain (Ohm et al. 2009; Parsons & Hinton
2014). These are two completely different analysis approaches
with independent calibration, reconstruction, analysis selection
requirements, and with the same reflected-region-background
model. For this purpose, both energy spectra are compared in
each region by taking the difference between the best-fit models
((2) from Table 3) as measure for the systematic uncertainty at a
given energy. This is carried out for all 29 regions. The resulting
differences are averaged in energy bins, and the largest average
deviation seen for any energy in the range covered (200 GeV to
40TeV) is 25%, which is added conservatively as an additional
+25% systematic uncertainty to a total flux uncertainty A Fyy of

AFgyy = \/ (AFSeb = 20%)2 + (A FEXended = 959,) = 32%.
@)

For validation purposes, energy spectra were also extracted from
two subsets of the data (years 2004/2005 and 2011/2012 sepa-
rately) to test for a temporal evolution of the flux and spectral
parameters of RX J1713.7-3946 as suggested by the model in
Federici et al. (2015). We find that all spectral parameters agree
within their 10 uncertainty intervals during the eight years cov-
ered by the H.E.S.S. observations.

4.2. Spatially resolved spectroscopy

The unprecedented angular resolution and much improved sen-
sitivity of H.E.S.S. has now allowed us to produce high statistics
spectra of the SNR in 29 small non-overlapping boxes with 0.18°
or 10.8 arcmin side lengths as shown in Fig. 4 (left)>. These re-
gions are identical to those chosen in Tanaka et al. (2008) for the
comparison of Suzaku X-ray and H.E.S.S. gamma-ray data. For
each box, the spectrum is extracted by employing the reflected-
region-background model, and the resulting data are fit by a
power-law model with an exponential cut-off ((2) in Table 3).
The results are shown in Table 4. For some of the regions with
low surface brightness we cannot derive tight constrains on the
exponential cut-off energy. In these regions, a pure power-law
model without a cut-off yields a similarly good fit.

The following procedure is employed to test for spatial vari-
ation of the spectral shapes measured with H.E.S.S. Each subre-
gion is fit with a power law with an exponential cut-off, leaving
the normalisation and the photon index free, but fixing the cut-
off at 12.9 TeV. This is the average value obtained by fitting the
energy spectrum of the whole SNR (see (2) in Table 3). We ver-
ified that the free exponential cut-off fit shown in Table 4 does
not provide a statistically preferred best-fit model compared to
the model with the cut-off fixed in any region. This fit proce-
dure with a fixed cut-off allows us to directly probe all regions
for a difference in the photon index I'; fit parameter correlations
between the index and the cut-off can then be ignored.

The resulting photon index comparison is shown in
Fig. 4 (right). Region to region, the statistical spread around the
region average is at most 3o~. A y? test for a constant index re-
sults in a p value of 0.02%, i.e. the index fluctuations around the

2 We also verified that the current analysis yields consistent spectral
results for the 14 regions analysed in Aharonian et al. (2006b).
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Energy (TeV)

Fig. 3. H.E.S.S. energy flux spectrum. Up-
per panel: the black data points with statistical
1o error bars are the energy spectrum of the
full SNR RX J1713.7-3946, using an extrac-
tion radius of 0.6° centred on RA: 17"13™33.6%,
Dec: —39945m36°. The binning is chosen to
match the energy resolution, requiring a min-
imum significance of 20~ per bin. The grey
solid line shows the best-fit exponential cut-
off power-law model, (2) from Table 3. The
dashed red line shows the corresponding best-fit
model from the previous H.E.S.S. publication
(Aharonian et al. 2007). The experimental flux
systematic uncertainty of +32%, described fur-
ther in the main text, is indicated as a light red
band. Lower panel: the residuals are shown in-
cluding statistical and systematic uncertainties.

Table 3. Results of the spectral fitting procedure on the full remnant analysis for a number of spectral models.

Spectral model r Eu F(>1TeV) Fo, at 1 TeV x2/ndf
(TeV) 107" em2 sy (107 M em™2 57! TeV)

(1): FoET 232+£0.02 - 1.52 +0.02 2.02 + 0.08 304/118

(2): FoEVexp (—(E/Ecm)l) 206002 129+1.1 1.64+0.02 23+0.1 120/ 117

(3): FoEVexp (—(E/Ecm)2) 217+£0.02 165+1.1 1.63+0.02 2.08 +0.09 114 /117

4): FoEVexp (—(E/Ecm)l/z) 1.82+0.04 27+04 1.63+0.02 40+02 142/ 117

Notes. The fits are performed using a finely binned SNR energy spectrum, whereas the spectrum shown in Fig. 3 has coarser binning for presen-
tation purposes.
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Fig. 4. Results of the spatially resolved spectral analysis. On the left-hand side, the 29 regions used for this study are shown, overlaid on the
H.E.S.S. gamma-ray significance contours at 3, 5, 7, and 90 coloured in black, red, orange, and green. The resulting photon index distribution
is shown on the right-hand side. The ON region used for the full SNR spectrum is also shown as a grey circle, the vertical grey line bisects
the ON region into the western and eastern half also used for the spectral analysis. The error bars on the right-hand side are 1o statistical fit
uncertainties, and the additional red error intervals indicated for each point correspond to the systematic uncertainty on the reconstructed photon
index of Al'yys = 0.1, which is also shown as light red band around the forward folded SNR photon index.
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Table 4. Spectral fitting results for the 29 Suzaku regions.

Reg. T E.u F(>1TeV) Xz/ndf
(TeV) (107 B em™2s7h
1 1.99+0.16 20+ 17 34+0.6 74 /78
2 1.95+0.15 109+6.3 4.7+ 0.9 70/76
3 1.66+022 42+1.7 46+13 58 /717
4 1.84+0.17 10.1 £55 41+0.8 73/ 81
5 2.06+0.13 25+ 18 34405 94 /83
6 1.72+0.10 8.1+2.1 83+1.0 74 /80
7 165+011 58+14 86+1.2 97/79
8 195+0.08 13.2+39 9.6 £ 0.8 84 /81
9 181+008 73+1.6 120+ 1.1 82/82
10 1.90 +0.10 11.1 +£3.9 6.8 +0.8 80/ 82
11 1.87+0.11 98+3.3 6.0+0.7 119/80
12 1.57+0.13 60+1.5 6.6 +1.2 79 /81
13 1.69+0.12 70+1.9 6.8+ 1.0 62/82
14 1.97+0.10 126 +4.6 6.6 +0.7 67/83
15 1.99+0.09 84+25 84 +0.9 89 /77
16 2.02+0.09 147 +54 7.6 +0.7 88 /81
17 1.80+0.11 93 +28 6.4+0.8 76/ 80
18 1.34+022 2.8+0.8 51+1.5 83 /80
19 1.82+0.12 103 +4.1 54+08 73778
20 1.77+0.13 8.0+28 53+0.9 85/ 81
21 1.98+0.09 92+27 89+0.9 74 /82
22 2.14 +£0.10 24 + 15 59+0.6 99 /78
23 191 +0.12 14.0+6.0 50+0.6 81/80
24 1.99 +0.11 45+ 42 40+0.5 80/83
25 1.88+0.15 62+24 52+09 83/76
26 176 £0.12 6.0+1.6 73+1.0 78 /79
27 1.79+0.09 62+1.3 100+ 1.0 84 /81
28 145+0.17 44+12 55+1.2 60/ 80
29 2.05+0.09 17.3+7.7 6.2 +0.6 78 / 80

Notes. A power law with exponential cut-off, (2) of Table 3, was fit to
the gamma-ray H.E.S.S. data.

region average are not compatible with statistical fluctuations
alone. To evaluate whether the indices also vary significantly
when taking the systematic uncertainties into account, these un-
certainties on the reconstructed photon index are again deter-
mined by comparing all energy spectra, region by region, be-
tween the primary analysis chain (de Naurois & Rolland 2009)
and the cross-check chain (Ohm et al. 2009; Parsons & Hinton
2014). This approach is already applied above for the system-
atic uncertainty of the full SNR energy spectrum. For each re-
gion, both reconstructed energy spectra are fit with a power law
with the same fixed cut-off of 12.9 TeV. For all 29 regions,
the resulting best-fit photon index difference distribution has an
rms spread of 0.09. This exceeds the statistical spread expected
from the largely correlated data of the two independent analysis
chains, and we take this value as the systematic index uncer-
tainty. A small part of this spread may still be from statistical
uncertainties, but we conservatively take the full rms as system-
atic uncertainty.

Since this approach covers only the uncertainty related to
the calibration and analysis method, but not, for example, the
atmospheric transmission uncertainties, which are potentially as
large as 0.05 (Hahn et al. 2014), we conclude that AT'sy, = 0.1 is
the systematic photon index uncertainty for the H.E.S.S. data set
shown here. With this, the y? test reveals a p value of 57%, the
photon index does therefore not vary significantly across differ-
ent regions of the SNR.

As confirmation of the systematic photon index uncertainty,
the energy spectrum of the whole SNR is determined in two dif-
ferent ways, which demonstrates how the analysis and fitting
method impacts the spectral index reconstruction. For this, the
energy spectrum of the primary analysis chain (see Sect. 4.1),
determined by splitting the whole SNR into subregions, merging
the spectra and fitting a spectral model by forward folding it with
the instrument response functions, is compared to an alternative
approach. For this, as described above at the expense of expo-
sure, we use the entire SNR ON region without further splitting.
We furthermore fit the flux points that were unfolded from the
instrument response functions to derive the best-fit photon in-
dex. The resulting two photon index measurements of the SNR
are shown in Fig. 4 (right) by the difference of A" = 0.05 of the
grey solid and blue long-dashed lines, which are well contained
within the quoted systematic uncertainty. The same is true for
the average subregion index of 1.98 (purple short dashed line in
the right panel of Fig. 4), which is compatible with the photon
index of the entire SNR fit, 2.06, at the <logy level.

To conclude, there is no evidence for a spatial variation of
the photon index, either from region to region or from any re-
gion to the entire SNR energy spectrum, within our statistical
and systematic uncertainties.

5. Broadband modelling

The H.E.S.S. results presented above provide a new op-
portunity to study the origin of the VHE emission from
RX J1713.7-3946. Even though RX J1713.7-3946 is one
of the best-studied young SNRs with non-thermal emis-
sion, which clearly indicates the acceleration of VHE par-
ticles by the shell of the remnant, the hadronic or lep-
tonic nature of the VHE gamma-ray emission remains a
source of disagreement in the literature (Berezhko & Volk
2006; Morlino et al. 2009; Zirakashvili & Aharonian 2010;
Ellison et al. 2010; Finke & Dermer 2012; Gabici & Aharonian
2014), as discussed in detail for example in Gabici & Aharonian
(2016). Below, we add new information for this discussion. We
use Suzaku X-ray, Fermi-LAT gamma-ray and H.E.S.S. VHE
gamma-ray data to model the broadband energy spectrum of
RX J1713.7-3946 and derive the present-age parent particle
spectra from the spectral energy distribution (SED) of the SNR
in both emission scenarios. We also model the broadband energy
spectra, which are spatially resolved into the 29 boxes described
above, using the Suzaku and H.E.S.S. data only.

5.1. Suzaku data analysis

Tanaka et al. (2008) have presented a detailed analysis of the
Suzaku data that cover most of the SNR RX J1713.7-3946.
We performed additional Suzaku observations in 2010, adding
four pointings with a total exposure time of 124 ks after the
standard screening procedure, to complete the coverage of
RXJ1713.7-3946 with Suzaku. After combining the Suzaku XIS
data set from Tanaka et al. (2008) with these additional point-
ings, we perform a spatially resolved spectral analysis for the
29 regions shown in Fig. 4 to combine the synchrotron X-ray
spectrum in each region with the corresponding TeV gamma-ray
spectrum in the broadband analysis below.

5.2. GeV data analysis

For the Fermi-LAT analysis, 5.2 years of data (4 August 2008
to 25 November 2013) are used. The standard event selection,
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employing the reprocessed PZREP_SOURCE_V 15 source class,
is applied to the data, using events with zenith angles less than
100° and a rocking angle of less than 52° to minimise the con-
tamination from the emission from the Earth atmosphere in the
Fermi-LAT field of view (Abdo et al. 2009). Standard analy-
sis tools, available from the Fermi-LAT Science support cen-
tre, are used for the event selection and analysis. In particular,
a 15° radius for the region of interest and a binned analysis with
0.1° pixel size is used. The P7REP diffuse model (Acero et al.
2016a)* and background source list, consistent with the official
third source catalogue (3FGL, Acero et al. 2015) with the ad-
dition of Source C from Abdo et al. (2011), are employed in
the analysis. The binned maximum-likelihood mode of gtlike,
which is part of the ScienceTools?, is used to determine the inten-
sities and spectral parameters presented in this paper. Further de-
tails of the analysis are provided in the description in Abdo et al.
(2011).

For the spectral analysis, we adopt the spatial extension
model based on the H.E.S.S. excess map. In the first step of
the spectral analysis, we perform a maximum-likelihood fit of
the spectrum of RX J1713.7-3946 in the energy range between
200 MeV and 300 GeV using a power-law spectral model with
integral flux and spectral index as free parameters. To accurately
account for correlations between close-by sources, we also al-
low the integral fluxes and spectral indices of the nearby back-
ground sources at less than 3° from the centre of the region of
interest to vary in the likelihood maximisation. In addition, the
spectral parameters of identified Fermi-LAT pulsars, the normal-
isation and the index of an energy-dependent multiplicative cor-
rection factor of the Galactic diffuse emission model, and the
normalisation of the isotropic diffuse model are left free in the
fit. This accounts for localised variations in the spectrum of the
diffuse emission in the fit which are not considered in the global
model. For the Galactic diffuse emission, we find a normalisation
factor of 1.007 + 0.001 in our region of interest. The normal-
isation factor for the remaining isotropic emission component
(extra-galactic emission plus residual backgrounds not fully sup-
pressed by the analysis requirements) is 1.17 + 0.02. These fac-
tors demonstrate the reasonable consistency of the local bright-
ness and spectrum of the diffuse gamma-ray emission with the
global diffuse emission model. The LAT spectrum for the emis-
sion from RX J1713.7-3946 is well described by a power law
with I' = 1.58 + 0.06 and an integrated flux above 1GeV of
I = (4.1 +04) x 107 cm™2 s~!. When fitting with different
Galactic diffuse models based on alternative interstellar emis-
sion models (Acero et al. 2016b), the systematic uncertainty on
the photon index is approximately 0.1 and on the normalisation
above 1 GeV approximately 0.7x 10~ cm™2 s~! (consistent with
the previous study of this object, see Abdo et al. 2011).

To test for spatial differences in the emission, we split the
H.E.S.S. template in an eastern and a western half: the spectrum
in the west yields ' = 1.74+0.11,1 = (3.1+£0.8)x10™° cm™2 57!,
intheeastT’ = 1.41+0.12,7 = (1.8+0.5)x 107 cm™2 s~!. These
results show a shape agreement at the 20~ level when taking the
statistical uncertainties into account. In addition there is a sys-
tematic error of ACLZ" AT = 0.1 from the choice of the diffuse
model as tested for the overall remnant.

In a second step we perform a maximum-likelihood fit of
the flux of RX J1713.7-3946 in 13 independent logarithmi-

3 gll_iem_v05.fit and iso_source_v05.txt from http://fermi.gsfc.

nasa.gov/ssc/data/access/lat/BackgroundModels.html
4 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
software/
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cally spaced energy bands from 280 MeV to 400 GeV (using
the spectral model and parameters for the background sources
obtained in the previous fit) to obtain an SED for the SNR.
We require a test statistic value of 7S > 4 in each band to
draw a data point corresponding to a 20~ detection significance
(see Fig. 5 below).

5.3. Derivation of the present-age parent particle distribution

To understand the acceleration and emission processes that pro-
duce the observed data, the present-age particle distribution can
be derived by fitting the observed energy spectra. We present
below the results of the derivation of the parent particle pop-
ulation for both a hadronic and leptonic model for the whole
remnant, for the two halves of the remnant, and for the spa-
tially resolved spectra extracted from the 29 regions described
above in Sect. 4.2. For the full and half remnant spectra, the
gamma-ray spectra from Fermi-LAT and H.E.S.S. are used in
the fitting, whereas only the H.E.S.S. spectra are used for the
29 spatially resolved regions because the Fermi-LAT data lacks
sufficient statistics when split into these regions. For leptonic
models, X-ray spectra from the Suzaku observations are also fit-
ted simultaneously with the gamma-ray data. We used the ra-
diative code and Markov Chain Monte Carlo (MCMC) fitting
routines of naima’ (Zabalza 2015) to derive the present-age
particle distribution, using the parametrisation of neutral pion
decay by Kafexhiu et al. (2014), and of IC up-scattering of di-
luted blackbody radiation by Khangulyan et al. (2014). For the
leptonic models, the magnetic field and exponential energy cut-
off are treated as independent parameters. The magnetic field is
constrained by the ratio of synchrotron to IC flux magnitude,
whereas the cut-off in the parent electron spectrum is constrained
by the cut-off in the VHE part of the IC gamma-ray spectrum.
In the MCMC fit, the seed photon fields considered for the IC
emission are the cosmic microwave background radiation and
a far-infrared component with temperature 7 = 26.5K and a
density of 0.415eV cm™>. These latter values are derived from
GALPROP by Shibata et al. (2011) for a distance of 1kpc. For
hadronic gamma-ray emission, the solar CR composition is used
to take the effects of heavier nuclei into account.

We note that the assumption that the emission in each of the
extraction regions arises from a single particle population un-
der homogeneous ambient conditions might not hold for several
of the regions selected. In particular, whereas the IC emissiv-
ity samples the electron density, keeping in mind that the tar-
get photon field density for IC emission does not vary on small
scales, the synchrotron emissivity samples the product of elec-
tron density and magnetic field energy density. Considering the
inhomogeneity of magnetic field in supernova remnants, and
in RX J1713.7-3946 in particular (Uchiyama et al. 2007), this
means that the X-ray emission typically samples smaller vol-
umes than IC emission.

5.3.1. Full remnant

The full-remnant SED at gamma-ray energies shown in Fig. 5
exhibits a hard spectrum in the GeV regime, a flattening be-
tween ~100 GeV and a few TeV, and an exponential cut-off
above ~10 TeV. In a hadronic scenario, this spectrum is best
fit with a particle distribution consisting of a broken power law
and an exponential cut-off at high energies. The results of the fit
can be seen in Table 5 and Fig. 5 (top left) and Fig. 6, where

3 http://www.github.com/zblz/naima
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Fig. 5. Comparison of hadronic and leptonic models to the data. Top left: the hadronic gamma-ray model obtained with our broadband fit is
compared to data. Bottom left: the same plot of the leptonic gamma-ray model compared to data including lower-energy X-rays and radio data.
The thick blue and red lines indicate the maximum-likelihood models, and the grey lines surrounding them are the models for 100 samples of
the MCMC chain and serve to illustrate the fit uncertainties. The energy flux data points shown from high to low energy are the H.E.S.S. and
Fermi-LAT gamma-ray data as solid and open circles, the Suzaku X-ray data and ATCA radio data (Lazendic et al. 2004). The latter flux was
determined for the northwest part of the SNR shell only and was scaled up by a factor of two here to represent the whole SNR. Owing to this ad
hoc scaling, these points are not included in the fit, but are shown for illustration only. Right-hand side: both leptonic and hadronic models are
compared to the Fermi-LAT and H.E.S.S. data points including statistical and systematic uncertainties. In addition to the preferred best-fit models
of a broken power law with a cut-off (BPL), a power law without cut-off is also shown for the leptonic model to demonstrate that this model cannot

describe the Fermi-LAT gamma-ray data.

the resulting best-fit gamma-ray models (left) and parent parti-
cle energy spectra (right) are shown. In Table 5, the difference
between the two particle indices of the broken power law is sig-
nificant, indicating a break in the proton energy distribution at an
energy of 1.4+0.5 TeV. For a target density of ny/1 cm™3, a total
energy in protons of W, = (5.80£0.12) x 10¥(ny/1 cm™) ! erg
above 1 TeV is required to explain the measured gamma-ray
flux.

As in the hadronic scenario, the observed gamma-ray spec-
trum cannot be explained with an electron population described
by a single power law. This is clearly seen on the right-hand side
of Fig. 5, where the best-fit power-law electron model is shown
to be incompatible with the gamma-ray data even when taking all
uncertainties into account. Fitting a broken power-law electron
distribution to the X-ray and gamma-ray emission from the full
remnant results in a break at £, = 2.4 +0.3 TeV and a difference
between the particle indices of Al = 1.16 + 0.14 (see Table 5).
The magnetic field strength required to reproduce the X-ray and
gamma-ray spectra is B = 14.2 + 0.2 uG.

To illustrate the need for a low-energy break in the par-
ticle energy spectrum, the Akaike information criterion (AIC;
Akaike 1974) is also given in Table 5 as measure for the rela-
tive quality of both spectral models, the simple power law with
exponential cut-off and the broken power law with exponen-
tial cut-off. A lower AIC value corresponds to the more likely
model, the relative likelihood also given in the table is defined as
exp ((AICwin — AIChax)/2). In all cases, the broken power law
is clearly preferred over the simple power law. We also tested

fitting a broken power law with a smooth instead of a hard
transition,

1_r2
)‘rpr )—13

plus a high-energy exponential cut-off, but find that the addition
of one more parameter to our results is not justified. The hard
transition, 8 — 0, is mildly favoured at the 1-20 level over a
smoother transition, Bs; ~ 0.3, for the SED of the entire SNR
in both the hadronic and leptonic models. The data cannot thus
discriminate between these two versions of a broken power law.
We therefore use the simpler version with a hard break, which
has one parameter less.

To test the impact of the X-ray data and see which fit pa-
rameters are affected more by these than the gamma-ray data,
we have also performed the broadband leptonic fits only to the
gamma-ray data (losing any handle on the magnetic field). The
resulting parameters are shown in Table 5. Also in this case, a
broken power law instead of a single power law is needed to fit
the gamma-ray data, the resulting particle indices and break en-
ergy are compatible with the full broadband fit. The exponential
cut-off of the parent particle spectrum, on the other hand, is sig-
nificantly lower: 65 + 7 TeV compared to 88.4 + 1.2 TeV when
including the X-ray data.

From the particle spectra shown in Fig. 6, one can
see that electrons via IC emission are much more efficient

dN
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Table S. Results from the hadronic and leptonic model fits.

Model Parameter Full West East
Fpl, 1.53 £0.09 1.34f8:§8 1.2+0.3
. Egreak (TeV) 1.4f8:Z 0.78+£0.19 0.44 +0.12
'g Fé 1.94 £0.05 2.26+0.03 2.20+0.05
'§ E;”‘Off (TeV) 93+15 280 + 70 350f%88
= Wy ( 10¥°(ny/1em™>) ! erg) 5.81+0.12 3.93+0.08 3.15+0.09
AIC (broken PL) 87.0 101.5 79.3
AIC (simple PL) 106.2 153.1 96.3
Relative likelihood (simple vs. broken) 7 %1073 0 2x 107
r! 1.78 £0.12  1.83 +£0.05 1.921’8:??
= EPeak (TeV ) 25+03 2.15+0.11 1.79f8;é2
E ? 2 293+£0.02 3.10+0.02 297+0.03
g_ -g ES (TeV ) 884 +1.2 84.8+1.5 120+ 3
3 ;: We (10% erg) 11.9+£0.5 9.0+04 7.0+£04
T B(uG) 1426+0.16 167+02 12.0+0.2
AIC (broken PL) 116.2 157.0 112.8
AIC (simple PL) 345.5 250.2 127.1
Relative likelihood (simple vs. broken) 0 0 8 x 107
r! 1.6 £0.2 1.9+0.3 2.1+0.3
03 Ebreak (TeV ) 2.0+£0.3 1.7+£0.3 1.6 £0.3
'g T 2 2.82+0.04 3.12+0.03 3.05+0.04
&2z EMT(Tev) 65+7 140 + 30 210743000
—e W, (10 erg) 11.8£0.5 10.1 £ 0.6 7.8+£0.5
AIC (broken PL) 80.8 104.5 83.5
AIC (simple PL) 142.9 177.3 98.8
Relative likelihood (simple vs. broken) 0 0 5% 107

Notes. For the leptonic model, the fit was performed to the full available broadband data from X-rays to gamma rays and restricted to the GeV
to TeV gamma rays alone. The parameters are given for the full remnant, the western half, and the eastern half. To compare the fits of the simple
and broken power-law models with exponential cut-off, the Akaike information criterion (AIC, Akaike 1974) is also given. The relative likelihood
(see main text), set to O for values below 1 x 1073, illustrates clearly that in all cases the broken power law is statistically favoured over the simple
power law. The total energy in protons is given for a target density of n; = 1 cm™, and both the proton and electron total energy are given above
1 TeV (for graphical versions see Figs. 5 and E.1). The 1o statistical errors are asymmetric, unless the difference between the up- and downward

errors is less than 25%; in that case they are given as symmetric errors.

in producing VHE gamma rays than protons via n° de-
cay (Gabici & Aharonian 2016). A proton spectrum about
100 times higher is needed to produce nearly identical gamma-
ray curves as shown in Fig. 5.

5.3.2. Half remnant

Splitting the remnant ad hoc into the dim eastern and bright west-
ern halves, we can test for spatial differences in the broadband
parent particle spectra within the remnant region while including
the Fermi-LAT data. Using similar models to those described
above, we find that for a hadronic origin of the gamma-ray emis-
sion a broken power law is statistically required to explain the
GeV and TeV spectra for both halves of the remnant. The corre-
sponding plots are shown in the appendix (Fig. E.1). As can be
seen in Table 5, the particle indices for the power laws from the
remnant halves are compatible with the high-energy particle in-
dex of the full-remnant broken power-law spectrum, confirming
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that, like for the gamma-ray spectra, there is no spectral variation
seen in the derived proton spectra either.

Assuming a leptonic scenario, the western half of the rem-
nant shows a slightly stronger magnetic field strength with By =
16.7 £ 0.2 4G, compared to a strength of Bg = 12.0 £ 0.2 uG
in the eastern half (Table 5). In addition, the electron high-
energy cut-off measured is significantly lower in the western
half, Ez,w = 88.4 + 1.2 TeV, compared to EEE = 120 + 3TeV
in the eastern half. The inverse dependency between the mag-
netic field strength and cut-off energy is consistent with electron
acceleration limited by synchrotron losses at the highest ener-
gies. Given that the X-ray emission is produced by electrons of
higher energies than the TeV emission, the energy of the expo-
nential cut-off is constrained strongly by the X-ray spectrum. To
demonstrate the impact of this, we also fit the electron spectrum
only to the gamma-ray data, see Table 5. From this fit the cut-off
energy increases and has much larger uncertainties. This can be
explained by synchrotron losses constrained by the X-ray data.
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the right, the corresponding best-fit parent particle energy spectra are shown. The electron model is derived from a combined fit to both the X-ray

and gamma-ray data.

If some small regions have a magnetic field strength that is sig-
nificantly higher than the average field strength, these regions
can dominate the X-ray data and cause differences in the cut-off
energies.

5.3.3. Spatially resolved particle distribution

The deep H.E.S.S. observations allow us to fit the broadband
X-ray and VHE gamma-ray spectra from the 29 smaller subre-
gions defined in Sect. 4.2 to probe the particle distribution and
environment properties by averaging over much smaller physical
regions of 1.4 pc (for a distance to the SNR of 1 kpc). However,
in VHE gamma rays the resolvable scale is still much larger than
some of the features observed in X-rays (Uchiyama et al. 2007).
It is therefore unlikely that the regions probed here encompass
a completely homogeneous environment, and information is lost
due to the averaging. In addition, the projection of the near and
far section of the remnant, and in fact the interior, along the line
of sight into the same two-dimensional region adds an uncer-
tainty when assessing the physical origin of the observed spec-
trum. This degeneracy is only broken for the rim of the remnant
where the projection effects are minimal, and we know that the
observed spectrum is emitted close to the shock. As before, we
consider both the leptonic and hadronic scenarios for the origin
of VHE gamma-ray emission.

In the leptonic scenario, the Suzaku X-ray spectra are used
together with the H.E.S.S. gamma-ray data in the fits. This al-
lows us to derive the magnetic field per subregion in addition
to the parameters of the electron energy distribution. Given that
the Fermi-LAT GeV spectra cannot be obtained in such small
regions, only electrons above ~5TeV are probed by the VHE
gamma-ray and X-ray spectra, and we can only infer the proper-
ties of the high-energy part of the particle spectra, i.e. the power-
law slope and its cut-off. No information about the break en-
ergy or the low-energy power law can be extracted in the sub-
regions. In the leptonic scenario, the VHE gamma-ray emission
probes the electron spatial distribution, whereas the X-ray emis-
sion probes the electron distribution times B2, causing regions
with enhanced magnetic field to be over-represented in the X-ray
spectrum.

We find that in all regions the emission from an electron dis-
tribution with a power law and an exponential cut-off reproduces
the spectral shape in both X-ray and VHE gamma-ray energies.

Table 6. Electron distribution and magnetic field parameters derived
from the VHE and X-ray spectra of the 29 regions under the assumption
of an IC origin of the gamma-ray emission.

Reg. Part.index E. W, (>1TeV) B
(TeV) (10% erg) (uG)

1 259+0.18 102+15 1.7%93 77£08

2 278+0.14 93+9 3.4+0.7 83+0.7

3 284+0.13 66% 3.7+0.7 10.6 0.7

4 275+0.14 100+10 2.8+06 10.5*99

5 294x0.11 290*18  33+0.6 83+0.6

6 256+0.11 100+7 4.1+06 113406

7 268+009 112+8 49+0.7 11.4 +0.6

8§ 268+008 643 6.5+0.7 13.6 + 0.5

9 273+006 87+3 78+0.8 149 +0.5
10 2.60+0.09 90+4 4.2407 12.9*97
11 285+0.09 140*'7  4.6+0.6 9.5+0.5
12 2.74+£0.10 137ﬂ§ 4.1+0.6 10.2 £ 0.6
13 259+0.09 66+3 40+0.5 11.4+0.5
14 274+009 58+3 4.9+07 14.1 £0.6
15 326+0.10 83% 124+ 1.8 182+ 1.0
16 3.06+0.10 88+6 84+12 16.0 + 1.0
17 2.80+0.08 129+13 4.6+0.6 9.3+93
18 291013 1447  3.9x0.8 10.8 +0.9
19 272+0.10 106+8 3.7+0.5 11.7+0.7
20 2.89+0.14 89+8 4.8+0.9 124+1.0
21 2.94%00 77 + 4 8.6+0.9 184 £0.6
22 321015 73] 85+1.7 164 1.5
23 280+0.09 144+16 4.0+0.5 10.8 £ 0.6
24 264+013 108+11 24+05 9.8+0.7
25 291+0.10 624 4.8+0.6 152 +0.8
26 299+0.13 71x4 8.6%17 145+ 1.0
27 291+0.09 75+4 8.6+ 1.1 16.7 + 0.8
28 2.6+02 78+ 9 2.8+11 10.2+17
29 2.69+0.10 49+3 45+0.6 12.8£0.7

Notes. The total energy in electrons W, is computed for electron ener-
gies above 1 TeV.

Table 6 and Fig. 7 show the results of these fits. The electron par-
ticle index for all the regions is in the range 2.56 to 3.26 and is
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compatible with the average full-remnant particle index of 2.93.
Such steep particle indices, which are significantly larger than
the canonical acceleration index of about 2, indicate that the
accelerated electron population at these energies (E. 2 5TeV)
has undergone modifications, i.e. cooling through synchrotron
losses. However, neither the age of the remnant of O(1000 years)
nor the derived average magnetic field are high enough for the
electrons to have cooled down to such energies. Explaining this
spectral shape is thus a challenge for the leptonic scenario, which
is discussed further in Sect. 6.1. Figure 7 (bottom left) shows
that the spatial distribution of the electron index is not entirely
uniform, even when taking the statistical uncertainties given in
Table 6 into account the indices in the brighter western part of the
shell tend to be larger. Such a trend is also seen in the distribu-
tion of the high-energy exponential cut-off energy (in the range
50-200TeV) and the average magnetic field strength (in the
range 8—20 uG) shown in the same figure. The western half of the
remnant shows higher values of the magnetic field strength and
lower values of the cut-off with the opposite behaviour seen in
the eastern half (see top left and right of Fig. 7). In a synchrotron-
loss-limited acceleration scenario, the maximum energy achiev-
able at a given shock is proportional to B~/ so that the anti-
correlation between cut-off energy and magnetic field strength is
to be expected.

In a hadronic scenario we only consider radiation from pri-
mary protons without considering secondary X-ray emission
from charged pions produced in interactions of protons with am-
bient matter (Aharonian 2013a). Using only the H.E.S.S. spec-
tra, we find that the proton cut-off energy is not constrained for
many of the regions. We therefore fix the cut-off energy when fit-
ting the subregions spectrum to the value found for the full SNR
spectrum: E. = 93 TeV. Under this assumption, all the regions
are well fit by a neutral pion decay spectrum with the parameters
shown in Table 7. The proton particle indices for all the regions
cover a range between 1.60 and 2.14 as shown in Fig. 7 (bot-
tom right) and listed in Table 7. As already found above for the
gamma-ray spectral fits (Sect. 4.2), the maximum difference be-
tween the particle spectral indices of different regions is at the
level of 30 — the indices do not vary across the SNR when taking
the H.E.S.S. spectral index systematic uncertainty in addition to
the statistical uncertainties given in Table 7 into account. In the
hadronic scenario proposed by Gabici & Aharonian (2014) for
RX J1713.7-3946, these particle index values are from energy
spectra of protons that have completely diffused within dense
small clumps of interstellar matter and are therefore altered by
diffusion effects resulting in a hardening of the spectral shapes
compared to the standard index of 2 expected from DSA.

6. Interpretation
6.1. Leptonic versus hadronic origin

The observational data presented in this work provide the deep-
est data set available to date to evaluate the physical origin
of the VHE gamma-ray emission from the shell-type SNR
RX J1713.7-3946 to find out whether the emission has a lep-
tonic (IC upscatter of external radiation fields by relativistic
electrons) or hadronic (pion decay emission from interaction
of relativistic protons with ambient gas) origin. The discus-
sion of the origin is intimately tied to the question of whether
the present-age electron or proton distribution required by the
observed gamma-ray spectra can be achieved considering the
physical properties of the supernova remnant. Therefore, the
derivation of the relativistic parent particle energy distributions
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presented in Sect. 5.3 is a crucial tool to evaluate theoretical sce-
narios for the VHE radiation of RX J1713.7-3946.

A notable feature in both the electron and proton en-
ergy distributions inferred in Sect. 5.3 is the spectral
break at a few TeV. Gabici & Aharonian (2014), following
Zirakashvili & Aharonian (2010) and Inoue et al. (2012), put
forward an explanation for such a break in the hadronic sce-
nario as the result of diffusion of protons in high-density cold
clumps within the SNR: higher energy protons diffuse faster
and interact with the highest density regions within the clumps,
whereas lower energy protons only probe the outer, lower den-
sity regions and therefore have a lower emissivity. This sce-
nario would arise from a massive star exploding in a molecular
cloud that itself has been swept away by a wind of the progen-
itor star, resulting in a rarefied cavity with dense clumps. On
the passage of the SNR shock, the high density ratio between
the clumps and cavity effectively stalls the shock at the surface
of the clumps avoiding their disruption (Inoue et al. 2012). The
break energy depends on the age of the SNR and the density
profile of the clouds (Gabici & Aharonian 2014). Considering a
density within the clumps of 10° cm™, the break energy is of
the order of 1-5TeV for the age of RX J1713.7-3946, which is
consistent with the best-fit value of EJ** = 1.4 + 0.5TeV as
shown in Sect. 5.3.1. This scenario would explain the very low
level of thermal X-ray emission recently reported (Katsuda et al.
2015), and it is also consistent with the average density of
130 cm™? integrated over the SNR and the cavity walls reported
in Fukui et al. (2012). In this cold clump scenario, the proton en-
ergetics given in Table 5 for n = 1 cm™ would only correspond
to the protons interacting within these clumps of n = 10° cm™.
To obtain the total energy in protons, a filling factor correc-
tion based on the combined clumps and SNR shell volume ratio
(Vclumps/vshell) is needed.

In the leptonic scenario, a break in the electron spectrum
could arise due to synchrotron losses: electrons at higher ener-
gies suffer faster synchrotron cooling and therefore a break is in-
troduced at the energy for which the synchrotron loss timescale
and SNR age are equal,

B =152 ) (o) Tev 3
b (IOOMG) (103yr) o )
Considering an SNR age of the order of 1000 yr, a magnetic field
of ~70 uG would be required for a cooling break at 2.5 TeV, the
best-fit value found in Sect. 5.3.1. While there are indeed in-
dications for such high magnetic fields from X-ray variability
measurements of small filaments (Uchiyama et al. 2007), or the
X-ray width of the filaments itself (see for example Vink 2012,
and references therein), the residence time of electrons in these
small regions is much shorter than the age of the SNR and thus
too short for significant synchrotron cooling. The best probe we
have of the relevant magnetic field strength that may explain
such a cooling break, averaged over a volume large enough so
that the electron residence time is sufficiently long, is the simul-
taneous fitting of X-ray and gamma-ray data of the whole SNR
presented here. The results in Sect. 5.3.1 indicate a present-age
average magnetic field strength of B = 14.3 + 0.2 uG for the
SNR, which is much less than the 70 4G required to explain the
energy break according to Eq. (3). This remains a challenge in
the leptonic scenario. In particular, experimental systematic un-
certainties are also unable to explain this energy break, as clearly
shown in Fig. 5 (right).

Two alternative explanations of the flattening between
10GeV and a few TeV of the SED of RX J1713.7-3946 are
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Fig. 7. Spatial distribution of physical best-fit parameters across the SNR, overlaid on the H.E.S.S. gamma-ray significance contours at 3, 5, 7, and
90 in black, red, orange, and green. For the leptonic model, colour codes are shown for the magnetic field strength (top left), exponential cut-off
energies (fop right), and particle indices (bottom left). For the hadronic models, only the particle indices (bottom right) are relevant and shown
here. The 29 subregions labelled with grey numbers are boxes of side lengths 0.18° or 10.8 arcmin. To judge whether the differences region to
region are significant, the statistical uncertainties listed in Tables 6 and 7 have to be taken into account, and ultimately the H.E.S.S. systematic
measurement uncertainties discussed above as well. When doing this, the spectral indices show no variation across the SNR 1in either scenario.

discussed in the literature. Firstly, a second population of VHE
electrons is suggested for example by Finke & Dermer (2012).
With different electron populations the relevant physical param-
eters may be tuned in a way that would exactly reproduce the
flat spectral shape of RX J1713.7-3946. Alternatively, a single
power-law electron population in the presence of an additional
optical seed photon field, as discussed in Tanaka et al. (2008),
could produce the broad measured shape. We argue that this
explanation is unlikely since such a photon field would require
an unrealistically large energy density of ~140eV cm™3, which
is more than two orders of magnitude above the standard es-
timates, for example implemented in GALPROP (Porter et al.
2006) at the position of the remnant. Beyond such simplified
models, approaches taking the temporal and spatial SNR evolu-
tion into account have also been shown to reproduce the GeV
to TeV gamma-ray data in a leptonic scenario (see for example
Ellison et al. 2012).

6.2. Particles beyond the shock

The X-ray synchrotron emission from RX J1713.7-3946 is ex-
pected to be mostly confined to the region within the shock
front. Very high-energy electrons must also be present beyond
the shock, but the magnetic field in the unshocked medium is a
factor Rg = 3 (see for example Parizot et al. 2006) smaller than
in the shocked medium. Rp is the magnetic field compression
ratio. It depends on the magnetic field orientation and is gen-
erally comparable but smaller than the shock compression ratio
R, which is R = 4 for a strong shock. Since the synchrotron
emissivity scales with B' (Ginzburg & Syrovatskii 1965), where
I' = 2 (Acero et al. 2009) is typically the synchrotron X-ray pho-
ton index here, the X-ray synchrotron emissivity is expected to
drop by a factor Rg = 9 at the shock. The boundary of the X-ray
emission therefore traces the shock front of RX J1713.7-3946.
The evidence presented in Sect. 3.3 for gamma-ray emission
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outside the X-ray boundary requires the presence of accelerated
particles beyond the shock front.

Since the electrons outside the shock experience the same
radiation energy density as those within the shock boundary,
the emissivity does not sharply drop at the shock in the case
that the leptonic emission scenario (IC scattering) applies to the
VHE gamma-ray emission of RX J1713.7-3946. For standard
hadronic emission scenarios, the emissivity should change at the
shock boundary as the density of the ambient medium increases
across the shock and drops again beyond it. But this standard
hadronic scenario is not relevant for RX J1713.7-3946 since it
fails to explain the hard gamma-ray emission in the GeV band.
The alternative scenario mentioned in Sect. 6.1 requires the pres-
ence of dense clumps, which are to first order not affected by the
passage of the shock. The ambient density within, at, and be-
yond the shock boundary in this case is therefore constant. The
gamma-ray emissivity in both the leptonic and the considered
hadronic scenario is therefore constant across and beyond the
shock. The gamma-ray emission measured from the unshocked
medium beyond the shock front then solely traces the density of
accelerated particles, be it electrons or protons.

The existence of such accelerated particles in the un-
shocked medium producing gamma-ray emission beyond the
SNR shell is a long-standing prediction and might be inter-
preted either as the detection of the so-called CR precursor
ahead of the shock, characteristic of DSA (Malkov et al. 2005;
Zirakashvili & Aharonian 2010), or as the result of the escape of
particles from the SNR (Aharonian & Atoyan 1996; Gabici et al.
2009; Casanova et al. 2010; Malkov et al. 2013).

In fact, even though the mechanism of particle escape from
shocks is far from being understood, it is clear that it has to be in-
timately connected to the process of acceleration itself, i.e. to the
way in which particles are confined upstream of the shock (Drury
2011; Bell et al. 2013). While the shock wave is decreasing in
velocity the particles upstream of the shock have a smaller prob-
ability of re-entering the SNR shell. There is thus a gradual tran-
sition from acceleration to escape, which is expected to be en-
ergy dependent: in general, the highest energy particles have a
larger mean free path length and detach earlier from the shock.
The escape and CR precursor scenarios are therefore not com-
pletely distinct. With our new results from deep H.E.S.S. ob-
servations we can now probe these highly unknown aspects of
shock acceleration for the first time.

The extraction of the three-dimensional spatial distribution
of the charged particles ahead of the shock from the measured
two-dimensional gamma-ray data would require an accurate and
realistic modelling of the physical shock and its direct environ-
ment, which is clearly beyond our scope here. We therefore re-
strict the discussion to some general considerations. We also em-
phasise here that the extent of gamma-ray emission from around
RX J1713.7-3946 varies considerably, which likely reflects dif-
ferent particle acceleration conditions around the shell.

The observations reveal the presence of gamma rays from
parsec scale regions of size Ar upstream of the shock. If the
VHE gamma rays are from IC scattering of electrons, the spatial
distribution of the gamma-ray emission simply traces the distri-
bution of electrons (the target photon field density is not likely
to vary on such small scales). If the emission is due to neutral
pion decay, its morphology results from the convolution of the
spatial distributions of CR protons and interstellar medium gas.
In both cases, a rough estimate of the maximal extension of the
TeV emission outside of the SNR can be obtained by computing
the diffusion length of multi-TeV particles ahead of the shock.
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Table 7. Proton distribution parameters derived from the VHE gamma-
ray spectra of the 29 subregions, assuming a neutral pion decay origin
of the gamma-ray emission.

Reg. Part.index W, (>1TeV)
(10¥ ergem™)
1 1.60f8:i§ 0.91 +0.09
2 1.82+0.11 1.51+0.11
3 195+0.10 1.52+0.12
4 1.76+0.11 1.24+0.10
5 196+0.11 1.27+0.10
6 1.70+0.09 2.37+0.17
7 1.74+008 2.48+0.15
8 1.81+0.05 3.07+0.13
9 194+006 39+0.2
10 1.78+0.10 2.29+0.15
11 1.85+0.08 191=+0.11
12 1.72+0.09 191+0.13
13 1.74+0.07 2.07+0.11
14 1.87+0.06 2.19+0.11
15 2.14+0.07 33+02
16 2.01+0.08 2.71+£0.19
17 1.79+0.07 196+0.11
18 191+0.10 156+0.14
19 1.80+0.09 1.72+0.10
20 1.83+0.11 1.79+0.15
21 1.98+0.05 3.19+0.15
22 2.13+0.10 24+0.2
23 1.80+0.08 1.74+0.10
24 1.63+0.14 1.18 +£0.09
25 1.92+0.07 1.72+0.11
26 1.99+0.08 3.0+0.2
27 1.87+0.07 3.21+0.19
28 1.62+0.16 1.44+0.19
29 1.89+0.07 2.09+0.12

Notes. The total energy in protons is computed for proton energies
above 1 TeV. The cut-off energy is fixed to 93 TeV, which is the value
obtained for the full-remnant spectrum, to overcome fit convergence
problems due to limited statistics in dim regions of the SNR.

To do this, we use dry, listed in Table 2 as the typical extent
of the particle distribution upstream of the shock. In theoretical
assessments the diffusion length scale is usually taken to be the
distance from the shock at which the particle density has dropped
to 1/e. Even though the physical diffusion length scale is in ad-
dition subject to projection effects, for our purpose of an order
of magnitude assessment we assume that the difference in 6ry/,
between X-rays and gamma rays is equivalent to the diffusion

length scale. From Table 2, this angular difference in regions 2,
3,and 4is Ar = (6r‘;’72“m“ays - 6r¥_rays), and we therefore obtain
a maximum of Ar = 0.05° for region 3, which corresponds to
0.87d; pc, where d; is the distance to the SNR in units of 1 kpc.

In the precursor scenario, the diffusion length scale is given by

L D),

Ushock

& “

For the escape scenario the typical length scale over which the
particles diffuse is given by the diffusion length scale

e ~ \2 D(E) At- )
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Here, ugnock is the shock velocity, and At is the escape time. D(E)
is the energy dependent diffusion coefficient, which we parame-
terise as

1cE
D(E) = n(E)3 - (6)
n is the ratio between the mean free path of the particles and
their gyroradius. In general, 17 is an energy dependent parameter
that expresses the deviation from Bohm diffusion, which itself
is thus defined as = 1. Its value in regions associated with the
SNR should in any case be close to 17 = 1 for particle energies of
10—100 TeV in order to explain the fact that RX J1713.7-3946
is a source of X-synchrotron emission (see Aharonian & Atoyan
1999).
Assuming that the diffusion length scale in both cases is
equal to the measured parameter Ar we arrive at

Ushock

-1 -1
B E Ar

5 036 ( )( ) (—) G
n 10Tev /\3000kms) \pc) *

for the precursor scenario. For the escape scenario we should
take into account that the shock itself will also have displaced
during a time At. So we have Ar = €, — ugockAt. However, for
escape it holds that £, > ugockAt, since escape implies that dif-
fusion is more important than advection, and even more so since
during the time At the shock slows down and hence ugyocx de-
creases. Dropping terms with u? , A”*/Ar* we find that

B E At \[Ar\7 Al
—zl.l( ) ! ar 1_,.”S“th uG, ®)
n 10TeV/\500yr/\ pc Ar

with B the magnetic field upstream of the shock and n again
the mean free path of the particles in units of the gyrora-
dius. The factor in square brackets is <1.5. For the shock ve-
locity of RX J1713.7-3946, an upper limit of 4500 kms™!
has been derived from Chandra data (Uchiyama et al. 2007)
and from Suzaku data the velocity is estimated to be
330017'/2 kms~! (Tanaka et al. 2008). For particles in the shock
or shock precursor region, RX J1713.7-3946 therefore operates
at or close to the Bohm regime since the synchrotron X-ray data
require 7 = 1-1.8 for shock velocities of 33004500 kms~".
Taking this into account, for 7 = 2, we obtain for region 3: B =
0.8 uG in the precursor scenario. In the escape scenario where
the particles have left the shock region, 7 is not constrained by
the X-ray emission any more and in particular it can be larger
(n > 1). We therefore derive in more general terms B < 2.8 uG
in the escape scenario. In the standard DSA paradigm, and in the
absence of further magnetic field amplification through turbu-
lences (discussed for example in Giacalone & Jokipii 2007), the
expected magnetic field compression at the shock would result
in downstream magnetic fields a factor of Rg = 3—4 higher than
those upstream, that is, up to B = 3.2 G and B = n11.2 uG for
region 3 in the precursor and escape scenario, respectively.
Whilst the escape scenario is compatible with our broad-
band leptonic fits, in the precursor scenario the downstream mag-
netic field value is lower than the values obtained with these
fits (see Fig. 7 and Table 6). In particular, B = 3.2 uG down-
stream is somewhat lower than expected in the DSA paradigm,
unless we invoke a recent sudden increase of 1 to values well
above 2 or a decrease of ugo to well below 3300 kms™! to
recover higher downstream magnetic field values. Such sudden
changes must occur on timescales smaller than the synchrotron
radiation loss time of the downstream electrons, since p < 5 is
needed to explain X-ray synchrotron radiation from the shell in

)

these regions (Tanaka et al. 2008). We therefore require that the
timescale for substantial changes in the upstream diffusion prop-
erties, Af, must satisfy

Tloss = ﬁ s > At,
with 7o = |E/(dE/d?)| (Ginzburg & Syrovatskii 1965). The
typical X-ray synchrotron photon energy is given by € =
7.4E*BkeV (Ginzburg & Syrovatskii 1965), so that the condi-
tion for the presence of X-ray emission from the shell at 1 keV
for a given timescale At is

At -2/3
500 yr) HG:

€))

B§23( (10)

This condition is fully consistent with the leptonic emission sce-
nario, but requires for the hadronic emission scenario timescales
shorter than Ar = 500 yr.

To summarise, the significant extension of the gamma-ray
emission beyond the X-ray defined shock in some regions of
RX J1713.7-3946 requires either low magnetic fields or diffu-
sion length scales much larger than for Bohm diffusion, irrespec-
tive of whether the gamma rays are from particles originating in
the shock precursor or escaping the remnant diffusively. In both
cases, the length scales are in fact governed by diffusion.

The relative length scale of the gamma-ray emission mea-
sured beyond the shock is rather large, Ar/rsxg = 13%, for a
precursor scenario. One can estimate the typical relative length
scale of a shock precursor by starting from Eq. (3.39) of Drury
(1983) for the particle acceleration time Tp:

3 (Dl D2)
JRN— + —,
uy —uy U up

(11)

Tacc =

with the subscript 1 and 2 referring to the diffusion coefficients
and velocities of the upstream and downstream regions, respec-
tively. We note that ugocx = u;. With the compression ratio at
the shock R = u;y/u», we obtain

3 R D
D, (1+—2R).
D,

-2 12
Tacc u% R_1 (12)
Assuming Bohm diffusion for D and D, their ratio is D,/D; =
1 for a parallel shock and D,/D; = 1/R for a perpendicular
shock. With this, and a compression ratio of R = 4, we get

D,
Tace = K —5»
uy

13)

with k = 8 for a perpendicular and « = 20 for a parallel shock.
The following relation connects the shock velocity of SNRs
with their radius over long stretches of time (Chevalier 1982;
Truelove & McKee 1999):

- r
F O Lyge = Ushock = M—

, (14)
tage

where m = 0.4 for the Sedov-Taylor phase and m = 0.5-0.7
for younger remnants like RX J1713.7-3946. Since the age of
the SNR 7, corresponds to the maximum possible acceleration
time of particles, and hence Tycc < fyge, the maximum precursor
length scale can now be calculated as

tage Ushock m

_ Dy(E) _ Tacclshock < = —r=0.0875r,
K

Ushock K K

¢

15)
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with m = 0.7 and « = 8 for a perpendicular shock. This estimate
of the maximum precursor size of about 10% of the SNR radius
is conservatively large as most particles have not been acceler-
ated from the date of the explosion, but considerably later, and
thus Tyec < fage. We therefore conclude that the measured length
scale of 13% is of the order of the maximum possible scale ex-
pected for a shock precursor. More precise measurements and
modelling of the precursor or diffusion region, including line of
sight effects, are needed to assess whether the extended emis-
sion we measure is from the shock precursor or from particles
escaping the shock region.

This discussion only pertains to certain regions of
RX J1713.7-3946; there are other regions where the gamma-
ray size does not exceed the X-ray size. Keeping in mind that
RX J1713.7-3946 is argued to be a supernova remnant evolv-
ing in a cavity (Zirakashvili & Aharonian 2010), the shock wave
could be starting to interact with a positive density gradient as-
sociated with the edges of the cavity in those regions where the
gamma-ray emission extends farther out. As a result of the den-
sity gradient, the shock wave velocity and/or the magnetic field
turbulence are decreasing and the VHE particles start diffusing
out farther ahead of the shock, close to, or already beyond the
escape limit.

The above analysis is somewhat simplified, and we are left
with one surprising observational fact: within the current uncer-
tainties, the gamma-ray emission beyond the shell is energy in-
dependent (Sect. 3.3), whereas one would expect that the dif-
fusion length scale is larger for more energetic particles. This
is true for both the precursor and the escape scenario. The en-
ergy dependence is therefore either too small to be measurable
with H.E.S.S.; for instance, only for pure Bohm diffusion would
one expect that D o E. More generically, one expects D = E°,
so perhaps 6 < 1 in the regions with extended emission. Or
else the energy dependence of the diffusion coefficient could be
suppressed as recently argued in Malkov et al. (2013), where a
model is developed for older SNRs interacting with molecular
clouds. Elements of this model may also be relevant for the in-
teraction of RX J1713.7-3946 with the cavity wall. Given the
potential evidence for escape and the surprising lack of any en-
ergy dependence of the gamma-ray emission and therefore the
diffusion coefficient, RX J1713.7-3946 will remain a key prior-
ity target for the future Cherenkov Telescope Array (CTA) ob-
servatory (Acharya et al. 2013; Nakamori et al. 2015).

7. Summary

The new H.E.S.S. measurement of RX J1713.7-3946 reaches
unprecedented precision and sensitivity for this source. With an
angular resolution of 0.048° (2.9 arcmin) above gamma-ray en-
ergies of 250 GeV, and 0.036° (2.2 arcmin) above energies of
2 TeV, the new H.E.S.S. map is the most precise image of any
cosmic gamma-ray source at these energies. The energy spec-
trum of the entire SNR confirms our previous measurements at
better statistical precision and is most compatible with a power
law with an exponential cut-off, both a linear power-law model
at gamma-ray energies of 12.9TeV and a quadratic model at
16.5 TeV.

A spatially resolved spectral analysis is performed in a regu-
lar grid of 29 small rectangular boxes of 0.18° (10.8 arcmin) side
lengths, confirming our previous finding of the lack of spectral
shape variation across the SNR.

The broadband emission spectra of RX J1713.7—-3946 from
various regions are fit with present age parent particle spectra
in both a hadronic and leptonic scenario, using Suzaku X-ray
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and H.E.S.S. gamma-ray data. From the resolved spectra in the
29 small boxes in the leptonic scenario, we derive magnetic
field, energy cut-off, and particle index maps of the SNR. For
the latter parameter, we do the same for the hadronic scenario.
The leptonic and hadronic parent particle spectra of the entire
remnant are also derived without further detailed assumptions
about the acceleration process. These particle spectra reveal that
the Fermi-LAT and H.E.S.S. gamma-ray data require a two-
component power-law with a break at 1-3 TeV, challenging our
standard ideas about diffusive particle acceleration in shocks. In
either leptonic or hadronic scenarios, approaches more involved
than one or two zone models are needed to explain such a spec-
tral shape. Neither of the two scenarios (leptonic or hadronic),
or a mix of both, can currently be concluded to explain the data
unambiguously. Either better gamma-ray measurements with the
future CTA, with much improved angular resolution and much
higher energy coverage, or high sensitivity VHE neutrino mea-
surements will eventually settle this case for RX J1713.7-3946.
Comparing the gamma-ray to the XMM-Newton X-ray image
of RX J1713.7-3946, we find significant differences between
these two energy regimes. As concluded before by Tanaka et al.
(2008), the bright X-ray hotspots in the western part of the shell
appear relatively brighter than the H.E.S.S. gamma-ray data. The
most exciting new finding of our analysis is that in some regions
of RX J1713.7-3946 the SNR is larger in gamma rays than it
is in X-rays — the gamma-ray shell emission extends radially
farther out than the X-ray shell emission in these regions. We
interpret this as VHE particles leaking out of the actual shock
acceleration region — we either see the shock precursor or parti-
cles escaping the shock region. Such signs of escaping particles
are a longstanding prediction of DSA, and we find the first such
observational evidence with our current measurement.
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H.E.S.S. Collaboration: Observations of RX J1713.7-3946

Appendix A: Fits to radial profiles

Figure A.1 shows the radial profiles from the H.E.S.S and
XMM-Newton maps separately together with the best-fit model

functions discussed in Sect. 3.
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Fig. A.1. HE.S.S. radial profiles from RX J1713.7-3946 compared to the XMM-Newton data. For wedges 1 and 2, the profiles are shown on the
left in both panels. On the right, the PSF-convolved XMM-Newton profile is shown. For both profiles, the empirical best-fit function is overlaid as

red solid line, see Sect. 3 for more details.
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Fig. A.1. continued. For wedges 3—5, the H.E.S.S. radial profiles from RX J1713.7-3946 are shown on the left in all three panels. On the right,
the PSF-convolved XMM-Newton profile is shown. For both profiles, the empirical best-fit function is overlaid as red solid line; see Sect. 3 for
more details.
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Appendix B: H.E.S.S. image with overlaid XMM contours
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Fig. B.1. H.EE.S.S. gamma-ray excess image of RX J1713.7-3946 with overlaid XMM-Newton contours (1-10keV).

L {280
L {260
bl 1240

i {220

[
o
o

[
N
o

[
N
o
Excess counts

[
o
IS]

80
60
40

20

‘ ‘ -20
12m 17h10m

[ XMM RX J1713.7-394
5

I T T Ao
14m 17h10m
RA (J2000)

Fig. C.1. Results of the border-finder algorithm. On the left, the H.E.S.S. gamma-ray excess image of RX J1713.7-3946 is shown with overlaid
borders of the gamma-ray (red) and X-ray (grey) data detected by the border-finder algorithm described in Chan & Vese (2001). The wedges in
which the radial profiles in Sect. 3.2 are studied are also shown along with the Galactic plane. On the right, the same two borders are overlaid on

the XMM-Newton X-ray image for comparison.

Appendix C: Results from a border-detection
algorithm

As an alternative method to determine the extent of the SNR
shell the border-detection algorithm described by Chan & Vese
(2001) was used on the XMM-Newton and H.E.S.S. maps. This
method is widely used in image analysis to separate complex fea-
tures from backgrounds. Figure C.1 shows the H.E.S.S. image
together with the contours of the detected borders. The largest
differences between the radial sizes appear towards the south-
west and towards the north. In the south-west the radial fitting
method (Region 3, see Sect. 3)shows the largest differences be-

tween X-rays and VHE gamma rays. However, towards the north
(Region 5), the radial sizes are consistent in the fitting method.
In this area, the radial profiles are the most complex, and a dif-
fuse emission component along the Galactic plane may play an
important role. While the radial fitting approach tries to find the
absolute outer edge of the shell, the border-finder algorithm in-
terprets fainter outer structures in the X-ray map as background
not belonging to the SNR shell.

Tests with the H.E.S.S. map showed that the results from the
border-detection algorithm are very stable against a large range
of different signal-to-noise levels as well as systematic changes
of the normalisation of the H.E.S.S. background by up to 2%.
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Appendix D: Comparison of the radial profile
between XMM-Newton and ROSAT

Figure D.1 shows a comparison between radial profiles

from XMM-Newton and ROSAT (Snowden et al. 1997). The
wider coverage of ROSAT is used here to confirm that the
baseline Galactic diffuse surface brightness level is already
reached within the XMM-Newton FoV.
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Fig. D.1. Radial profiles (full azimuth range) extracted from the XMM-Newton and ROSAT maps and normalised to the peak flux.

Appendix E: Spectral energy distributions of the western and eastern half
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Fig. E.1. For the western (top) and eastern (bottom) halves of RX J1713.7-3946, the hadronic (left) and leptonic (right) gamma-ray models
obtained by our broadband fit are shown in these figures compared to the data. The thick blue and red lines indicate the maximum-likelihood
models, and the grey lines surrounding them are the models for 100 samples of the MCMC chain and serve to illustrate the fit uncertainties. The
ATCA radio data (Lazendic et al. 2004) of RX J1713.7-3946 plotted as magenta upper limits are determined for the north-west part of the SNR
shell only and are scaled up by a factor of two here and included in the fit by constraining the model to stay below these values.
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H.E.S.S. Collaboration: Observations of RX J1713.7-3946

Appendix F: H.E.S.S. energy flux points

Table F.1. The energy flux points shown in Fig. 3 are given below.

E (TeV) Elow (TeV) E high(TeV) Flux (ergcm™2s™!) Flux error (erg cm™2s™!)

0.23 0.21 0.25 4.44e-11 8.35e-12
0.27 0.25 0.29 3.99-11 5.17e-12
0.32 0.29 0.35 4.28e-11 3.52e-12
0.38 0.35 0.41 3.92e-11 241e-12
0.45 0.41 0.49 3.96e-11 2.04e-12
0.53 0.49 0.58 3.38e-11 1.73e-12
0.63 0.58 0.69 3.43e-11 1.41e-12
0.75 0.69 0.81 3.41le-11 1.34e-12
0.89 0.81 0.96 3.21e-11 1.22e-12
1.05 0.96 1.14 2.94e-11 1.12e-12
1.25 1.14 1.36 3.02e-11 1.09e-12
1.48 1.36 1.61 3.25e-11 1.07e-12
1.76 1.61 1.91 2.99e-11 1.01e-12
2.08 1.91 2.26 3.09e-11 1.19e-12
247 2.26 2.68 2.62e-11 1.24e-12
2.93 2.68 3.18 2.54e-11 1.17e-12
3.47 3.18 3.77 2.5%-11 1.18e-12
4.12 3.77 4.47 2.3%-11 1.28e-12
4.88 4.47 5.29 2.50e-11 1.23e-12
5.79 5.29 6.28 2.34e-11 1.31e-12
6.86 6.28 7.44 2.0le-11 1.38e-12
8.14 7.44 8.83 1.74e-11 1.51e-12
9.65 8.83 10.47 1.42e-11 1.53e-12
11.44 10.47 12.41 1.58e-11 1.59%¢-12
13.56 12.41 14.71 8.34e-12 1.70e-12
16.08 14.71 17.45 9.67e-12 1.67e-12
19.99 17.45 22.53 3.82e-12 1.41e-12
24.62 22.53 26.71 5.68e-12 1.75e-12
29.19 26.71 31.67 2.79%-12 1.57e-12
34.61 31.67 37.55 5.08e-12 1.27e-12
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