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The search for „hadronic“ SNRs 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 

•  Several historic SNRs have been advocated 
in the last years to be hadronic SNRs 
(hadronic = γ-ray emission dominated by π0 
decay) 

•  Examples: IC 443, W44, W49B, W51C, 
Tycho, Cas A 

•  Mostly based on π0-bump detected with 
Fermi-LAT 

•  Interaction with molecular clouds 
•  Young and middle-aged SNRs 
•  TeV emission of these sources (if detected 

and identified as SNR emission) mostly 
unresolved or marginally resolved 

•  GeV-dominated (in the γ-ray band), hard to 
track the highest energy particles (if present) 

TeV image of Tycho‘s SNR 
VERITAS coll. 2017 

π0 bump 



RX J1713.7-3946 

Resolved shell-type 
supernova 

remnants in the 
TeV band 

roughly to scale 

SN1006 

RCW 86 

Young, resolved (in TeV), TeV-dominated (in γ-rays) 
Strong X-ray synchrotron emission, correlated with TeV  
→ just leptonically dominated? 
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HESS J1731-347 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 

•  Similar TeV luminosity as RX J1713.7-3946 
•  First discovered in TeV γ-rays; SNR nature 

through radio synchrotron shell 
•  Object not discovered in ROSAT survey 

(fainter + stronger absorption compared to 
RX J1713.7-3946) 

•  Before this work, partial coverage with XMM-
Newton + Suzaku 
→ pure nonthermal X-rays 

•  SED similar to RX J1713.7-3946 
→ leptonic ? 

•  New: complete XMM-Newton  
coverage of the source 

HESS J1731-347 
G353.6-0.7 

H.E.S.S. coll.,  
A&A 531 (2011) 

V. Doroshenko et al.: XMM-Newton observations of the non-thermal supernova remnant HESS J1731!347 (G353.6-0.7)
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Fig. 1. Pseudo-color mosaic image of all observations corrected only
for the residual proton background (top panel), and central part of the
same image corrected for all identified background components (bot-
tom) panel. All images are presented in equatorial coordinates shown
in a grid in the top image. The scale of uncorrected image has been
adjusted to emphasise the contamination by stray light (mostly seen in
blue) and extended emission towards the western part of the remnant.
Note that the stray light contamination is even more severe in individ-
ual observations as the location of the single reflection arcs is sensitive
to the pointing of telescope.

2.2. Spatially resolved spectral analysis

A spectral analysis of extended source emission requires care-
ful modeling of the background. We estimated the contribution
of the in-orbit particle background and out-of-time events (for
EPIC PN) based on the count-rate in the unexposed detector ar-
eas using the SAS tasks mos/pn_back and subtracted resulting

spectra from all observed spectra. To estimate the local cosmic
background, we used the source-free regions 0, 1, 2 (only avail-
able in observations 0405680201, 0694030101 and 0722090101
respectively, i.e. the ones with pointings displaced from the shell
center).

The source resides in the Galactic plane, so the cosmic
background is expected to be dominated by the Galactic ridge
emission of unresolved point sources (GRXE, Revnivtsev et al.
2006a). As recently discussed by Yuasa et al. (2012), the 2-
50 keV X-ray spectrum of the GRXE can be represented with
an absorbed two temperature collisional ionisation equilibrium
plasma (CIE) model with temperatures of " 1.5 keV and "
15 keV. We found that the observed local background in our ob-
servations in the 0.4-10 keV energy range is well described with
an absorbed single temperature CIE model with kT " 0.7 keV
(see also Table 2). The discrepancy in the derived temperature
value is not surprising taking into account the di!erence in en-
ergy range and likely spatial variation of spectral properties of
the ridge emission, and, as we verified, has little e!ect on the
derived parameters of the shell spectrum.

The contribution from the local hot bubble (which is also
expected to have kT " 0.7 keV, but is not expected to be ab-
sorbed) and background AGN background were not formally
required by the fit. However, to avoid a possible bias for other
parameters, we still included the well studied AGN background
as a fixed absorbed power law with an absorption column den-
sity linked to that in a given region (which is comparable with
the Galactic absorption column in the direction of the source),
a photon index of " = 1.46 and a scaled normalisation of
4.6 # 10!7photons keV!1cm!2s!1arcmin!2 at 1 keV (Cappelluti
et al. 2009). The actual sky area from which individual spectra
were extracted di!ers between observations, so all model compo-
nents were scaled to unit area with a scaling constant calculated
using the proton_scale task.

We found also that despite the exclusion of the enhanced or-
bital background periods, a residual soft-proton contamination
remained noticeable in all observations, and, in fact, given the
low surface brightness of the remnant, is a major background
component. Therefore, we included a power-law (or a broken
power law if required) not folded through the instrumental re-
sponse in the model to account for it. The normalisation of this
component is known to depend on the position in the detector
plane. However, the relative normalisation for two arbitrary re-
gions can be calculated using the task proton_scale based on
calibration observations. Therefore, we fit the parameters of this
component only for a single arbitrarily chosen sky region in each
observation, and scale it for all other regions using the scaling
calculated with proton_scale.

Observation Observation Duration, Exposure
ID Date ks (M1/M2/PN), ks

0405680201 2007-03-21 25.4 22.5/22.9/12.1
0673930101 2012-03-02 23.7 21.9/21.8/0
0694030101 2013-03-07 72.4 53.1/54.9/42.5
0722090101 2013-10-05 61.3 53.3/54.1/41.6
0722190201 2014-02-24 131.2 88.4/97.4/0

total: 314 239.2/251.1/96.2

Table 1. List of XMM-Newton observations of HESS J1731!347. The
rxposure column reflects the e!ective imaging exposures for each cam-
era (EPIC MOS1, MOS2 and PN). Zero exposure means that PN was
operated in timing mode.
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XMM-Newton complete coverage 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 

Questions (to this data set): 
•  Distance estimate to the source 
•  Co-location with gas/molecular clouds? 
•  Photon index variations? ↔ SNR/density geometry? 
•  Absorption column ↔ X-ray surface brightness? 
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262.6262.8263.0263.2263.4

-3
5.
0

-3
4.
8

-3
4.
6

-3
4.
4

N

E

Fig. 1. Pseudo-color mosaic image of all observations corrected only
for the residual proton background (top panel), and central part of the
same image corrected for all identified background components (bot-
tom) panel. All images are presented in equatorial coordinates shown
in a grid in the top image. The scale of uncorrected image has been
adjusted to emphasise the contamination by stray light (mostly seen in
blue) and extended emission towards the western part of the remnant.
Note that the stray light contamination is even more severe in individ-
ual observations as the location of the single reflection arcs is sensitive
to the pointing of telescope.

2.2. Spatially resolved spectral analysis

A spectral analysis of extended source emission requires care-
ful modeling of the background. We estimated the contribution
of the in-orbit particle background and out-of-time events (for
EPIC PN) based on the count-rate in the unexposed detector ar-
eas using the SAS tasks mos/pn_back and subtracted resulting

spectra from all observed spectra. To estimate the local cosmic
background, we used the source-free regions 0, 1, 2 (only avail-
able in observations 0405680201, 0694030101 and 0722090101
respectively, i.e. the ones with pointings displaced from the shell
center).

The source resides in the Galactic plane, so the cosmic
background is expected to be dominated by the Galactic ridge
emission of unresolved point sources (GRXE, Revnivtsev et al.
2006a). As recently discussed by Yuasa et al. (2012), the 2-
50 keV X-ray spectrum of the GRXE can be represented with
an absorbed two temperature collisional ionisation equilibrium
plasma (CIE) model with temperatures of " 1.5 keV and "
15 keV. We found that the observed local background in our ob-
servations in the 0.4-10 keV energy range is well described with
an absorbed single temperature CIE model with kT " 0.7 keV
(see also Table 2). The discrepancy in the derived temperature
value is not surprising taking into account the di!erence in en-
ergy range and likely spatial variation of spectral properties of
the ridge emission, and, as we verified, has little e!ect on the
derived parameters of the shell spectrum.

The contribution from the local hot bubble (which is also
expected to have kT " 0.7 keV, but is not expected to be ab-
sorbed) and background AGN background were not formally
required by the fit. However, to avoid a possible bias for other
parameters, we still included the well studied AGN background
as a fixed absorbed power law with an absorption column den-
sity linked to that in a given region (which is comparable with
the Galactic absorption column in the direction of the source),
a photon index of " = 1.46 and a scaled normalisation of
4.6 # 10!7photons keV!1cm!2s!1arcmin!2 at 1 keV (Cappelluti
et al. 2009). The actual sky area from which individual spectra
were extracted di!ers between observations, so all model compo-
nents were scaled to unit area with a scaling constant calculated
using the proton_scale task.

We found also that despite the exclusion of the enhanced or-
bital background periods, a residual soft-proton contamination
remained noticeable in all observations, and, in fact, given the
low surface brightness of the remnant, is a major background
component. Therefore, we included a power-law (or a broken
power law if required) not folded through the instrumental re-
sponse in the model to account for it. The normalisation of this
component is known to depend on the position in the detector
plane. However, the relative normalisation for two arbitrary re-
gions can be calculated using the task proton_scale based on
calibration observations. Therefore, we fit the parameters of this
component only for a single arbitrarily chosen sky region in each
observation, and scale it for all other regions using the scaling
calculated with proton_scale.

Observation Observation Duration, Exposure
ID Date ks (M1/M2/PN), ks

0405680201 2007-03-21 25.4 22.5/22.9/12.1
0673930101 2012-03-02 23.7 21.9/21.8/0
0694030101 2013-03-07 72.4 53.1/54.9/42.5
0722090101 2013-10-05 61.3 53.3/54.1/41.6
0722190201 2014-02-24 131.2 88.4/97.4/0

total: 314 239.2/251.1/96.2

Table 1. List of XMM-Newton observations of HESS J1731!347. The
rxposure column reflects the e!ective imaging exposures for each cam-
era (EPIC MOS1, MOS2 and PN). Zero exposure means that PN was
operated in timing mode.
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XMM-Newton complete coverage 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 

•  Strong contamination by stray light from nearby 
LMXB 

•  Exclude most heavily contaminated regions and 
treat residual stray-light as additional 
background component 

•  Residual soft proton/QPB and astrophysical 
background (GRXE) further complicate the 
analysis (different in different observations) 

•  For spatially resolved analysis fit all spectra 
simultaneously:  
•  No evidence for thermal emission 
•  No signifiant variation of the power-law index  
→ mainly probe NH variations with fixed 

power law index Γ 

V. Doroshenko et al.: XMM-Newton observations of the non-thermal supernova remnant HESS J1731!347 (G353.6-0.7)
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Fig. 1. Pseudo-color mosaic image of all observations corrected only
for the residual proton background (top panel), and central part of the
same image corrected for all identified background components (bot-
tom) panel. All images are presented in equatorial coordinates shown
in a grid in the top image. The scale of uncorrected image has been
adjusted to emphasise the contamination by stray light (mostly seen in
blue) and extended emission towards the western part of the remnant.
Note that the stray light contamination is even more severe in individ-
ual observations as the location of the single reflection arcs is sensitive
to the pointing of telescope.

2.2. Spatially resolved spectral analysis

A spectral analysis of extended source emission requires care-
ful modeling of the background. We estimated the contribution
of the in-orbit particle background and out-of-time events (for
EPIC PN) based on the count-rate in the unexposed detector ar-
eas using the SAS tasks mos/pn_back and subtracted resulting

spectra from all observed spectra. To estimate the local cosmic
background, we used the source-free regions 0, 1, 2 (only avail-
able in observations 0405680201, 0694030101 and 0722090101
respectively, i.e. the ones with pointings displaced from the shell
center).

The source resides in the Galactic plane, so the cosmic
background is expected to be dominated by the Galactic ridge
emission of unresolved point sources (GRXE, Revnivtsev et al.
2006a). As recently discussed by Yuasa et al. (2012), the 2-
50 keV X-ray spectrum of the GRXE can be represented with
an absorbed two temperature collisional ionisation equilibrium
plasma (CIE) model with temperatures of " 1.5 keV and "
15 keV. We found that the observed local background in our ob-
servations in the 0.4-10 keV energy range is well described with
an absorbed single temperature CIE model with kT " 0.7 keV
(see also Table 2). The discrepancy in the derived temperature
value is not surprising taking into account the di!erence in en-
ergy range and likely spatial variation of spectral properties of
the ridge emission, and, as we verified, has little e!ect on the
derived parameters of the shell spectrum.

The contribution from the local hot bubble (which is also
expected to have kT " 0.7 keV, but is not expected to be ab-
sorbed) and background AGN background were not formally
required by the fit. However, to avoid a possible bias for other
parameters, we still included the well studied AGN background
as a fixed absorbed power law with an absorption column den-
sity linked to that in a given region (which is comparable with
the Galactic absorption column in the direction of the source),
a photon index of " = 1.46 and a scaled normalisation of
4.6 # 10!7photons keV!1cm!2s!1arcmin!2 at 1 keV (Cappelluti
et al. 2009). The actual sky area from which individual spectra
were extracted di!ers between observations, so all model compo-
nents were scaled to unit area with a scaling constant calculated
using the proton_scale task.

We found also that despite the exclusion of the enhanced or-
bital background periods, a residual soft-proton contamination
remained noticeable in all observations, and, in fact, given the
low surface brightness of the remnant, is a major background
component. Therefore, we included a power-law (or a broken
power law if required) not folded through the instrumental re-
sponse in the model to account for it. The normalisation of this
component is known to depend on the position in the detector
plane. However, the relative normalisation for two arbitrary re-
gions can be calculated using the task proton_scale based on
calibration observations. Therefore, we fit the parameters of this
component only for a single arbitrarily chosen sky region in each
observation, and scale it for all other regions using the scaling
calculated with proton_scale.

Observation Observation Duration, Exposure
ID Date ks (M1/M2/PN), ks

0405680201 2007-03-21 25.4 22.5/22.9/12.1
0673930101 2012-03-02 23.7 21.9/21.8/0
0694030101 2013-03-07 72.4 53.1/54.9/42.5
0722090101 2013-10-05 61.3 53.3/54.1/41.6
0722190201 2014-02-24 131.2 88.4/97.4/0

total: 314 239.2/251.1/96.2

Table 1. List of XMM-Newton observations of HESS J1731!347. The
rxposure column reflects the e!ective imaging exposures for each cam-
era (EPIC MOS1, MOS2 and PN). Zero exposure means that PN was
operated in timing mode.
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Image: observed flux, corrected for all identified 
backgrounds, including (a large fraction of) straylight 
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Fit: residual stray light component 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 

Fit 157 spectra simultaneously to single-out the 
background (stray light, QPB, soft protons, GRXE for 5 
obs, 21 regions, 3 instruments, but not all regions covered 
by all combinations), all linked in a complex way with 
each other to reduce the number of free parameters. 
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Fig. 2. Left panel shows the mosaic pseudo colour image in 0.4-1.8 keV (red), 1.8-2.8 keV (green), and 2.8-10 keV (blue) energy bands corrected
for particle, soft proton, and residual stray light contamination. The definition of regions used for spectral analysis is also shown. The middle panel
shows the combined exposure map in 0.4-10 keV band where regions most heavily contaminated by stray light and excluded from the analysis can
be identified. The right panel shows the derived absorption column density (linear scale in range NH " 1 ! 3 # 1022 atoms cm2).
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Fig. 3. The two panels show average surface brightness of the SNR emission (left) and residual “stray-light” contamination (right) in units of
10!13erg cm!2 s!1 arcmin!2 in the full (0.4-10 keV) energy range. Note that the stray-light emission spectrum is substantially harder, so it has a
factor of two higher energy flux for a given photon flux. Surface brightness roughly correlates with the reduction of exposure due to exclusion of
the most heavily polluted regions shown in Fig. 2. The contours show equal brightness levels for the extended emission for reference.

and energy range was calculated based on the best-fit parame-
ters presented above, and then multiplied by the observed expo-
sure maps to estimate the expected number of stray light photons
in each sky pixel. The resulting count images for the quiescent
particle, soft proton, and stray-light backgrounds were then co-
added and subtracted from the combined net image. The final
image was corrected for uneven exposure and smoothed. The
absorption-corrected image presented in Fig. 8 was smoothed
using a gaussian kernel with constant width of 0.3$. The same
image without the correction for absorption presented in Fig 2
and Fig. 1 was adaptively smoothed using the task adapt_merge
to contain at least 300 counts per pixel in each band.

3. Discussion

3.1. Spectral energy distribution

The broadband spectral energy distribution (SED) of the SNR
has been discussed by several authors (H.E.S.S. Collaboration

et al. 2011; Yang et al. 2014; Acero et al. 2015) based on inte-
grated TeV and radio fluxes and X-ray flux detected from the
eastern half of the remnant scaled by factor of two. The latter
assumption implies that the X-ray flux was significantly over-
estimated as XMM-Newton observations have revealed that the
eastern part is, in fact, much dimmer. The source is not de-
tected in the GeV band which could be useful to discriminate be-
tween leptonic and hadronic TeV emission. However, Acero et al.
(2015) obtained stringent upper limits from Fermi data which
was interpreted to favor leptonic scenario. Here we present an
updated spectral energy distribution fit using the X-ray flux in-
tegrated over the entire remnant, and assuming a simple single
zone synchrotron-inverse Compton model. It is important to em-
phasise that this is probably an oversimplification, as both radio
and X-ray emission clearly show variation of intensity/power law
slope (Nayana et al. 2017) over the remnant. The quality of radio,
X-ray and TeV data does not permit, however, a more detailed
analysis at this stage, so we stick to the model used in previ-
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Fig. 2. Left panel shows the mosaic pseudo colour image in 0.4-1.8 keV (red), 1.8-2.8 keV (green), and 2.8-10 keV (blue) energy bands corrected
for particle, soft proton, and residual stray light contamination. The definition of regions used for spectral analysis is also shown. The middle panel
shows the combined exposure map in 0.4-10 keV band where regions most heavily contaminated by stray light and excluded from the analysis can
be identified. The right panel shows the derived absorption column density (linear scale in range NH " 1 ! 3 # 1022 atoms cm2).
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Fig. 3. The two panels show average surface brightness of the SNR emission (left) and residual “stray-light” contamination (right) in units of
10!13erg cm!2 s!1 arcmin!2 in the full (0.4-10 keV) energy range. Note that the stray-light emission spectrum is substantially harder, so it has a
factor of two higher energy flux for a given photon flux. Surface brightness roughly correlates with the reduction of exposure due to exclusion of
the most heavily polluted regions shown in Fig. 2. The contours show equal brightness levels for the extended emission for reference.

and energy range was calculated based on the best-fit parame-
ters presented above, and then multiplied by the observed expo-
sure maps to estimate the expected number of stray light photons
in each sky pixel. The resulting count images for the quiescent
particle, soft proton, and stray-light backgrounds were then co-
added and subtracted from the combined net image. The final
image was corrected for uneven exposure and smoothed. The
absorption-corrected image presented in Fig. 8 was smoothed
using a gaussian kernel with constant width of 0.3$. The same
image without the correction for absorption presented in Fig 2
and Fig. 1 was adaptively smoothed using the task adapt_merge
to contain at least 300 counts per pixel in each band.

3. Discussion

3.1. Spectral energy distribution

The broadband spectral energy distribution (SED) of the SNR
has been discussed by several authors (H.E.S.S. Collaboration

et al. 2011; Yang et al. 2014; Acero et al. 2015) based on inte-
grated TeV and radio fluxes and X-ray flux detected from the
eastern half of the remnant scaled by factor of two. The latter
assumption implies that the X-ray flux was significantly over-
estimated as XMM-Newton observations have revealed that the
eastern part is, in fact, much dimmer. The source is not de-
tected in the GeV band which could be useful to discriminate be-
tween leptonic and hadronic TeV emission. However, Acero et al.
(2015) obtained stringent upper limits from Fermi data which
was interpreted to favor leptonic scenario. Here we present an
updated spectral energy distribution fit using the X-ray flux in-
tegrated over the entire remnant, and assuming a simple single
zone synchrotron-inverse Compton model. It is important to em-
phasise that this is probably an oversimplification, as both radio
and X-ray emission clearly show variation of intensity/power law
slope (Nayana et al. 2017) over the remnant. The quality of radio,
X-ray and TeV data does not permit, however, a more detailed
analysis at this stage, so we stick to the model used in previ-
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Fit: residual stray light component 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 
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Fig. 2. Left panel shows the mosaic pseudo colour image in 0.4-1.8 keV (red), 1.8-2.8 keV (green), and 2.8-10 keV (blue) energy bands corrected
for particle, soft proton, and residual stray light contamination. The definition of regions used for spectral analysis is also shown. The middle panel
shows the combined exposure map in 0.4-10 keV band where regions most heavily contaminated by stray light and excluded from the analysis can
be identified. The right panel shows the derived absorption column density (linear scale in range NH " 1 ! 3 # 1022 atoms cm2).
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Fig. 3. The two panels show average surface brightness of the SNR emission (left) and residual “stray-light” contamination (right) in units of
10!13erg cm!2 s!1 arcmin!2 in the full (0.4-10 keV) energy range. Note that the stray-light emission spectrum is substantially harder, so it has a
factor of two higher energy flux for a given photon flux. Surface brightness roughly correlates with the reduction of exposure due to exclusion of
the most heavily polluted regions shown in Fig. 2. The contours show equal brightness levels for the extended emission for reference.

and energy range was calculated based on the best-fit parame-
ters presented above, and then multiplied by the observed expo-
sure maps to estimate the expected number of stray light photons
in each sky pixel. The resulting count images for the quiescent
particle, soft proton, and stray-light backgrounds were then co-
added and subtracted from the combined net image. The final
image was corrected for uneven exposure and smoothed. The
absorption-corrected image presented in Fig. 8 was smoothed
using a gaussian kernel with constant width of 0.3$. The same
image without the correction for absorption presented in Fig 2
and Fig. 1 was adaptively smoothed using the task adapt_merge
to contain at least 300 counts per pixel in each band.

3. Discussion

3.1. Spectral energy distribution

The broadband spectral energy distribution (SED) of the SNR
has been discussed by several authors (H.E.S.S. Collaboration

et al. 2011; Yang et al. 2014; Acero et al. 2015) based on inte-
grated TeV and radio fluxes and X-ray flux detected from the
eastern half of the remnant scaled by factor of two. The latter
assumption implies that the X-ray flux was significantly over-
estimated as XMM-Newton observations have revealed that the
eastern part is, in fact, much dimmer. The source is not de-
tected in the GeV band which could be useful to discriminate be-
tween leptonic and hadronic TeV emission. However, Acero et al.
(2015) obtained stringent upper limits from Fermi data which
was interpreted to favor leptonic scenario. Here we present an
updated spectral energy distribution fit using the X-ray flux in-
tegrated over the entire remnant, and assuming a simple single
zone synchrotron-inverse Compton model. It is important to em-
phasise that this is probably an oversimplification, as both radio
and X-ray emission clearly show variation of intensity/power law
slope (Nayana et al. 2017) over the remnant. The quality of radio,
X-ray and TeV data does not permit, however, a more detailed
analysis at this stage, so we stick to the model used in previ-
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→  Intrinsic X-ray flux variation: drop towards West 
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Fig. 2. Left panel shows the mosaic pseudo colour image in 0.4-1.8 keV (red), 1.8-2.8 keV (green), and 2.8-10 keV (blue) energy bands corrected
for particle, soft proton, and residual stray light contamination. The definition of regions used for spectral analysis is also shown. The middle panel
shows the combined exposure map in 0.4-10 keV band where regions most heavily contaminated by stray light and excluded from the analysis can
be identified. The right panel shows the derived absorption column density (linear scale in range NH " 1 ! 3 # 1022 atoms cm2).
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Fig. 3. The two panels show average surface brightness of the SNR emission (left) and residual “stray-light” contamination (right) in units of
10!13erg cm!2 s!1 arcmin!2 in the full (0.4-10 keV) energy range. Note that the stray-light emission spectrum is substantially harder, so it has a
factor of two higher energy flux for a given photon flux. Surface brightness roughly correlates with the reduction of exposure due to exclusion of
the most heavily polluted regions shown in Fig. 2. The contours show equal brightness levels for the extended emission for reference.

and energy range was calculated based on the best-fit parame-
ters presented above, and then multiplied by the observed expo-
sure maps to estimate the expected number of stray light photons
in each sky pixel. The resulting count images for the quiescent
particle, soft proton, and stray-light backgrounds were then co-
added and subtracted from the combined net image. The final
image was corrected for uneven exposure and smoothed. The
absorption-corrected image presented in Fig. 8 was smoothed
using a gaussian kernel with constant width of 0.3$. The same
image without the correction for absorption presented in Fig 2
and Fig. 1 was adaptively smoothed using the task adapt_merge
to contain at least 300 counts per pixel in each band.

3. Discussion

3.1. Spectral energy distribution

The broadband spectral energy distribution (SED) of the SNR
has been discussed by several authors (H.E.S.S. Collaboration

et al. 2011; Yang et al. 2014; Acero et al. 2015) based on inte-
grated TeV and radio fluxes and X-ray flux detected from the
eastern half of the remnant scaled by factor of two. The latter
assumption implies that the X-ray flux was significantly over-
estimated as XMM-Newton observations have revealed that the
eastern part is, in fact, much dimmer. The source is not de-
tected in the GeV band which could be useful to discriminate be-
tween leptonic and hadronic TeV emission. However, Acero et al.
(2015) obtained stringent upper limits from Fermi data which
was interpreted to favor leptonic scenario. Here we present an
updated spectral energy distribution fit using the X-ray flux in-
tegrated over the entire remnant, and assuming a simple single
zone synchrotron-inverse Compton model. It is important to em-
phasise that this is probably an oversimplification, as both radio
and X-ray emission clearly show variation of intensity/power law
slope (Nayana et al. 2017) over the remnant. The quality of radio,
X-ray and TeV data does not permit, however, a more detailed
analysis at this stage, so we stick to the model used in previ-
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Fig. 2. Left panel shows the mosaic pseudo colour image in 0.4-1.8 keV (red), 1.8-2.8 keV (green), and 2.8-10 keV (blue) energy bands corrected
for particle, soft proton, and residual stray light contamination. The definition of regions used for spectral analysis is also shown. The middle panel
shows the combined exposure map in 0.4-10 keV band where regions most heavily contaminated by stray light and excluded from the analysis can
be identified. The right panel shows the derived absorption column density (linear scale in range NH " 1 ! 3 # 1022 atoms cm2).
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Fig. 3. The two panels show average surface brightness of the SNR emission (left) and residual “stray-light” contamination (right) in units of
10!13erg cm!2 s!1 arcmin!2 in the full (0.4-10 keV) energy range. Note that the stray-light emission spectrum is substantially harder, so it has a
factor of two higher energy flux for a given photon flux. Surface brightness roughly correlates with the reduction of exposure due to exclusion of
the most heavily polluted regions shown in Fig. 2. The contours show equal brightness levels for the extended emission for reference.

and energy range was calculated based on the best-fit parame-
ters presented above, and then multiplied by the observed expo-
sure maps to estimate the expected number of stray light photons
in each sky pixel. The resulting count images for the quiescent
particle, soft proton, and stray-light backgrounds were then co-
added and subtracted from the combined net image. The final
image was corrected for uneven exposure and smoothed. The
absorption-corrected image presented in Fig. 8 was smoothed
using a gaussian kernel with constant width of 0.3$. The same
image without the correction for absorption presented in Fig 2
and Fig. 1 was adaptively smoothed using the task adapt_merge
to contain at least 300 counts per pixel in each band.

3. Discussion

3.1. Spectral energy distribution

The broadband spectral energy distribution (SED) of the SNR
has been discussed by several authors (H.E.S.S. Collaboration

et al. 2011; Yang et al. 2014; Acero et al. 2015) based on inte-
grated TeV and radio fluxes and X-ray flux detected from the
eastern half of the remnant scaled by factor of two. The latter
assumption implies that the X-ray flux was significantly over-
estimated as XMM-Newton observations have revealed that the
eastern part is, in fact, much dimmer. The source is not de-
tected in the GeV band which could be useful to discriminate be-
tween leptonic and hadronic TeV emission. However, Acero et al.
(2015) obtained stringent upper limits from Fermi data which
was interpreted to favor leptonic scenario. Here we present an
updated spectral energy distribution fit using the X-ray flux in-
tegrated over the entire remnant, and assuming a simple single
zone synchrotron-inverse Compton model. It is important to em-
phasise that this is probably an oversimplification, as both radio
and X-ray emission clearly show variation of intensity/power law
slope (Nayana et al. 2017) over the remnant. The quality of radio,
X-ray and TeV data does not permit, however, a more detailed
analysis at this stage, so we stick to the model used in previ-
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Lower limit on distance (renewed) 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 

→  can correlate NH map with CO map 

X-ray absorption Gas column density (to 3.2 kpc)  V. Doroshenko et al.: XMM-Newton observations of the non-thermal supernova remnant HESS J1731!347 (G353.6-0.7)
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Fig. 2. Left panel shows the mosaic pseudo colour image in 0.4-1.8 keV (red), 1.8-2.8 keV (green), and 2.8-10 keV (blue) energy bands corrected
for particle, soft proton, and residual stray light contamination. The definition of regions used for spectral analysis is also shown. The middle panel
shows the combined exposure map in 0.4-10 keV band where regions most heavily contaminated by stray light and excluded from the analysis can
be identified. The right panel shows the derived absorption column density (linear scale in range NH " 1 ! 3 # 1022 atoms cm2).
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Fig. 3. The two panels show average surface brightness of the SNR emission (left) and residual “stray-light” contamination (right) in units of
10!13erg cm!2 s!1 arcmin!2 in the full (0.4-10 keV) energy range. Note that the stray-light emission spectrum is substantially harder, so it has a
factor of two higher energy flux for a given photon flux. Surface brightness roughly correlates with the reduction of exposure due to exclusion of
the most heavily polluted regions shown in Fig. 2. The contours show equal brightness levels for the extended emission for reference.

and energy range was calculated based on the best-fit parame-
ters presented above, and then multiplied by the observed expo-
sure maps to estimate the expected number of stray light photons
in each sky pixel. The resulting count images for the quiescent
particle, soft proton, and stray-light backgrounds were then co-
added and subtracted from the combined net image. The final
image was corrected for uneven exposure and smoothed. The
absorption-corrected image presented in Fig. 8 was smoothed
using a gaussian kernel with constant width of 0.3$. The same
image without the correction for absorption presented in Fig 2
and Fig. 1 was adaptively smoothed using the task adapt_merge
to contain at least 300 counts per pixel in each band.

3. Discussion

3.1. Spectral energy distribution

The broadband spectral energy distribution (SED) of the SNR
has been discussed by several authors (H.E.S.S. Collaboration

et al. 2011; Yang et al. 2014; Acero et al. 2015) based on inte-
grated TeV and radio fluxes and X-ray flux detected from the
eastern half of the remnant scaled by factor of two. The latter
assumption implies that the X-ray flux was significantly over-
estimated as XMM-Newton observations have revealed that the
eastern part is, in fact, much dimmer. The source is not de-
tected in the GeV band which could be useful to discriminate be-
tween leptonic and hadronic TeV emission. However, Acero et al.
(2015) obtained stringent upper limits from Fermi data which
was interpreted to favor leptonic scenario. Here we present an
updated spectral energy distribution fit using the X-ray flux in-
tegrated over the entire remnant, and assuming a simple single
zone synchrotron-inverse Compton model. It is important to em-
phasise that this is probably an oversimplification, as both radio
and X-ray emission clearly show variation of intensity/power law
slope (Nayana et al. 2017) over the remnant. The quality of radio,
X-ray and TeV data does not permit, however, a more detailed
analysis at this stage, so we stick to the model used in previ-
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Lower limit on distance (renewed) 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 

Quantitative correlation analysis independently 
confirms the distance lower limit of ~3.2 kpc 

Correlation between NH and gas map for 
different distances 

V. Doroshenko et al.: XMM-Newton observations of the non-thermal supernova remnant HESS J1731!347 (G353.6-0.7)

ray emission were found to be significantly higher in some cases
(a few 100 µG; Bamba et al. 2003, 2005; Uchiyama et al. 2007).
On the other hand, the filaments in HESS J1731!347 seem to
be not as sharp as in those cases, and rather clumpy, i.e. more
similar to those in RCW 86 (whose age is "2000 yrs; Bamba
et al. 2005). The magnetic field in this SNR can thus indeed be
lower than in other younger SNRs, which would also support a
leptonic origin for the bright VHE gamma-rays.

3.2. correlation of 12CO(J = 1 ! 0) and X-ray absorption

H.E.S.S. Collaboration et al. (2011) estimated the distance to
the source using the velocity spectra of 12CO emission (Dame
et al. 2001) and comparing the integrated 12CO column with the
highest absorption column measured from X-ray data. They con-
cluded that the two values become comparable for velocities in-
tegrated up to a radial velocity relative to the local standard of
rest (LSR) of -25 km s!1. The corresponding peak in integrated
column is located at -18 km s!1, which corresponds to a lower
limit on the distance of " 3.2 kpc. This estimate is qualitative,
and in principle depends on the assumed composition of ISM
and needs a verification.

H.E.S.S. Collaboration et al. (2011) pointed out that for the
same integration velocity the observed CO intensity increases
in the direction of the Galactic plane similarly to the X-ray ab-
sorption. This conclusion can be verified quantitatively using the
XMM-Newton spatially-resolved spectroscopy. To do so we use
the same CfA survey (Dame et al. 2001) as used by H.E.S.S. Col-
laboration et al. (2011), and calculate the Pearson correlation co-
e!cient between the observed X-ray absorption and the 12CO
column integrated up to a given velocity within a given spatial
region. In our case, no additional assumptions on the ISM com-
position are required, as we do not have to convert the observed
12CO line intensity to the absorption column density and only
rely on a spatial correlation of the two quantities. To estimate the
significance of the correlation in each case we compare the ob-
served correlation coe!cient with a respective sample of values
obtained by shu"ing the regions (i.e. a bootstrapping technique
with 105 realisations). As illustrated in Fig. 6, the correlation is
indeed significant for integration velocities !LS R ! !20 km s!1,
i.e. the absorbing material is associated mostly with the 12CO
peak at -18 km s!1. This confirms the suggested similarity of
X-ray absorption and 12CO maps (H.E.S.S. Collaboration et al.
2011) and reinforces their conclusions on the lower distance
limit.

It is interesting to note that a similar distance estimate can
be obtained independently based on the analysis of the opti-
cal extinction known to be correlated with absorption in X-rays
(Vuong et al. 2003). Using the 3-D dust extinction mapping re-
sults presented by Schultheis et al. (2014), we estimated the av-
erage absorption as a function of distance in the direction of
the remnant as shown in Fig. 7. Most of the absorbing mate-
rial is concentrated at around 3 kpc, i.e. it coincides with the
12CO emission peak at !LS R " !18 km s!1. Unlike the radio
data, this result does not depend on the Galactic rotation curve
model. Finally, a distance of about 3.4 kpc for the remnant is also
suggested from the red-clump method (Zhu et al. 2015) (priv.
comm).

3.3. TeV, radio and X-ray morphology of the shell

With the full remnant now covered also by X-ray observations,
it becomes possible to compare the morphology of the shell in
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Fig. 6. Significance of the correlation between the absorption column
density derived from XMM-Newton X-ray observations and the inte-
grated CO temperature for di#erent regions based on a permutation test
(red dotted line indicates the 3" level). Note the rapid drop of the corre-
lation significance for !LS R " !25 km s!1 corresponding to a lower limit
on distance of " 3 kpc.
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Fig. 7. Mid-infrared extinction as a function of distance in the direction
of the remnant. The points and uncertainties correspond to mean and
standard deviation of values reported by Schultheis et al. (2014), aver-
aged within a circle with radius of 0.25# centered on the CCO. The red
line shows the extinction as a function of distance for the dense filament
marked in Fig. 10 (the respective uncertainties are not shown for clarity,
but are a factor of two smaller than for the black points).

TeV, radio and X-ray bands. The TeV and radio shells have been
reported to have relatively flat azimuthal profiles (H.E.S.S. Col-
laboration et al. 2011), which does not seem to be the case for
X-rays with western part of the remnant being dimmer than the
rest of the shell.

For a meaningful comparison, however, it is important to ac-
count for non-uniform absorption. The apparent blue tint of the
false-color mosaic image (Fig 1) is mostly due to the absorption
of the soft flux by interstellar medium and not to a significant
change in hardness of the SNR emission, so the absorption is
important. However, the overall impact of the absorption on the
observed X-ray flux is rather minor as the shell spectrum is rel-
atively hard and the absorption only varies by a factor of three.
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Fig. 7. Left: X-ray absorption map derived from a spectral fit to XMM-Newton data assuming an absorbed power-law model. A significant increase
of NH towards the Galactic plane is observed. Right: absorption column map derived from atomic and molecular hydrogen when integrating over
radial velocities from 0 km s!1 to !25 km s!1 (see Sect. 4.3 for more details). The Galactic plane is represented by the white dashed line. In both
panels, the XMM-Newton field of view is represented by a dashed circle and the X-ray contours obtained from Fig. 5 (center) are overlaid.

Fig. 8. Top: cumulative absorbing column density (solid line) as a func-
tion of radial velocity at the position of highest X-ray absorption (see
Sect. 4.3). The relative contributions from the atomic and molecular hy-
drogen are represented by the dashed and dash-dotted lines respectively.
Middle: rotation curve towards the same direction as derived from the
model of Galactic rotation of Hou et al. (2009). Bottom: 12CO (dashed
line) and HI (dash-dotted line) spectra obtained the region highest X-ray
absorption.

4.4. GeV !-rays

In the Fermi-LAT first year catalog (Abdo et al. 2010) the source
1FGL J1729.1!3452c is found in the neighborhood of HESS
J1731!347 as shown in Fig. 9. The Fermi source has an analysis

flag that indicates that the source position moved beyond its 95%
error ellipse when changing the model of di!use emission. The
12CO map in Fig. 9 shows that the Fermi source is located near
a small scale gas clump that could be not well represented in the
di!use emission model. The position of the source presented in
the catalog is to be used with caution and is therefore possibly
not incompatible with HESS J1729!345.

The Fermi source has a photon spectral slope of 2.26±0.08
and shows neither indication for spectral curvature nor time vari-
ability on a time scale of months (the catalog does not address
shorter or longer time variations). This source is the closest
Fermi detection near the newly discovered SNR and the flux de-
rived in the Fermi catalog is used as an upper limit in the SED
of the SNR in Fig. 10.

4.5. Multi-wavelength counterparts for HESS J1729!345

At radio wavelengths, the !-ray contours of HESS J1729!345
lie near the HII region G353.381-0.114. Using HI radio recom-
bination line data, the LSR velocity corresponding to this source
is either !54 km s!1 or !82 km s!1 (Caswell & Haynes 1987).
In the latter case this HII region could be associated with the
molecular cloud observed around velocities of "!80 km s!1 (see
Fig. 9). At X-ray energies, no archival dedicated observations
were found, and no emission is detected in the ROSAT all sky
survey, probably due to the high absorption in the line of sight.
As discussed in the previous section, a Fermi source is found to
lie close to HESS J1729!345.

5. Discussion

The newly discovered SNR HESS J1731!347 is in several ways
comparable to RX J1713.7!3946 and RX J0852.0!4622. Those
objects are X-ray synchrotron emitters and exhibit no thermal
emission lines. A CCO is also found within those three SNRs
indicating a core collapse SN. Moreover at a distance of 3.2 kpc
(see Sect. 4.3), the TeV luminosity of HESS J1731!347 in the
1–30 TeV energy band is 1.07 # (d/3.2 kpc)2 1034 erg s!1 which
is similar to the luminosity of RX J1713.7!3946 (the bright-
est TeV shell SNR detected until now), of 0.81 # 1034 erg s!1

A81, page 6 of 9

image from H.E.S.S. coll.,  
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Optical extinction 
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Optical extinction is well correlated with X-ray absorption 
→ independent check of validity of X-ray analysis 
→ alignment with other gas tracers and SNR boundary in the N-W  
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Fig. 10. Correlation of the absorption column measured from the spatially resolved spectral analysis of XMM-Newton data and the relative
reddening derived from VVV photometry (left panel). The outlier point corresponds to region 2 where the optical extinction is underestimated due
to the lack of stars in the optical data. We find NH ! 1 + AV,rel/4 from a linear fit including a 10% systematic uncertainty for the column measured
in X-rays. A composite image of calibrated absorption column density map derived from optical extinction (red) and ATLASGAL 0.87 mm (green)
maps is shown together with the X-ray 0.4-10 keV image (blue) for reference in the right panel. Note the enhanced absorption along the western
rim of the remnant, particularly along its north-western part.

Alternatively, the absence of bright filaments in the western
part could be explained with the projection e!ects. However, this
also requires interaction with the inhomogeneous medium. We
conclude, therefore, that the remnant most likely is indeed inter-
acting with the cloud and this region is, therefore, a plausible
target to search for high energy hadronic emission.

4. Conclusions

XMM-Newton observations of the SNR HESS J1731"347 cov-
ered for the first time the entire shell visible in TeV and radio
bands. In the X-ray band, the morphology of the remnant is
rather irregular with the eastern part being considerably brighter
than the western part (which is closer to the Galactic plane). The
emission from the eastern part is dominated by narrow, well de-
fined filaments correlated with radio emission, whereas western
part is dimmer and more di!use. A spatially resolved spectral
analysis confirmed the previously reported (H.E.S.S. Collabora-
tion et al. 2011) non-thermal origin for the X-rays. The increase
of the absorption column towards the Galactic plane is corre-
lated with the CO emission observed in radio, which allows to
put a lower limit on distance to the source of ! 3.2 " 4 kpc. This
estimate is consistent with the observed velocities of dense CS
clumps reported by Maxted et al. (2015) which indeed seem to
be tracing the western rim of the shell.

Based on the updated X-ray and radio fluxes we find that
the broadband spectral energy distribution is consistent with syn-
chrotron in the radio to X-ray and inverse Compton in the TeV
bands, although the morphology of the shell in the respective
bands seems to be slightly di!erent. In particular, the X-ray and
radio continuum emission is suppressed towards the Galactic
plane, which is not the case for the TeV emission, where the
shell shows a flat azimutal profile. Taking into account the CS
emission and enhanced optical extinction along western part of
the remnant we conclude that the remnant is most likely interact-
ing with the nearby dense molecular cloud. This conclusion sup-
ports the SNR evolution scenario outlined by Cui et al. (2016),

and might signify that part of the observed TeV emission actually
has hadronic origin.

Based on the spatially resolved spectral analysis of the ex-
tended emission we do not find, however, any significant varia-
tions of the intrinsic X-ray spectrum of the shell, which could be
anticipated for a remnant interacting with the non-uniform ISM.
On the other hand, minor variations of the X-ray spectrum still
can not be completely excluded due to the strong stray light con-
tamination a!ecting the XMM-Newton data. Furthermore, the
brightness of the shell in the western part is not su"cient for
detailed spectral analysis. The fact that it is so low can be inter-
preted as an argument supporting the interaction of the shell with
the cloud. Finally, we also find no evidence for thermal emission
from the ejecta or reverse shock. The latter is not surprising given
amount of cold dust observed within the shell.
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part could be explained with the projection e!ects. However, this
also requires interaction with the inhomogeneous medium. We
conclude, therefore, that the remnant most likely is indeed inter-
acting with the cloud and this region is, therefore, a plausible
target to search for high energy hadronic emission.

4. Conclusions

XMM-Newton observations of the SNR HESS J1731"347 cov-
ered for the first time the entire shell visible in TeV and radio
bands. In the X-ray band, the morphology of the remnant is
rather irregular with the eastern part being considerably brighter
than the western part (which is closer to the Galactic plane). The
emission from the eastern part is dominated by narrow, well de-
fined filaments correlated with radio emission, whereas western
part is dimmer and more di!use. A spatially resolved spectral
analysis confirmed the previously reported (H.E.S.S. Collabora-
tion et al. 2011) non-thermal origin for the X-rays. The increase
of the absorption column towards the Galactic plane is corre-
lated with the CO emission observed in radio, which allows to
put a lower limit on distance to the source of ! 3.2 " 4 kpc. This
estimate is consistent with the observed velocities of dense CS
clumps reported by Maxted et al. (2015) which indeed seem to
be tracing the western rim of the shell.

Based on the updated X-ray and radio fluxes we find that
the broadband spectral energy distribution is consistent with syn-
chrotron in the radio to X-ray and inverse Compton in the TeV
bands, although the morphology of the shell in the respective
bands seems to be slightly di!erent. In particular, the X-ray and
radio continuum emission is suppressed towards the Galactic
plane, which is not the case for the TeV emission, where the
shell shows a flat azimutal profile. Taking into account the CS
emission and enhanced optical extinction along western part of
the remnant we conclude that the remnant is most likely interact-
ing with the nearby dense molecular cloud. This conclusion sup-
ports the SNR evolution scenario outlined by Cui et al. (2016),

and might signify that part of the observed TeV emission actually
has hadronic origin.

Based on the spatially resolved spectral analysis of the ex-
tended emission we do not find, however, any significant varia-
tions of the intrinsic X-ray spectrum of the shell, which could be
anticipated for a remnant interacting with the non-uniform ISM.
On the other hand, minor variations of the X-ray spectrum still
can not be completely excluded due to the strong stray light con-
tamination a!ecting the XMM-Newton data. Furthermore, the
brightness of the shell in the western part is not su"cient for
detailed spectral analysis. The fact that it is so low can be inter-
preted as an argument supporting the interaction of the shell with
the cloud. Finally, we also find no evidence for thermal emission
from the ejecta or reverse shock. The latter is not surprising given
amount of cold dust observed within the shell.
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Spectral energy distribution 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 

•  Updated SED: no scaling due to 
partial coverage necessary any 
more 

•  SED parameters not much affected 
wrt. earlier analyses 

•  Favours leptonic interpretation (?)  
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Fig. 4. Definition of source and background regions used to probe vari-
ations of the photon index across the remnant (top, the image is in the
0.4-10 keV band, adaptively smoothed and corrected for exposure and
quiescent particle background), and the best-fit values of the photon
index for each region (bottom, 1! uncertainties). The dashed line rep-
resents the mean value, and the shaded area corresponds to the photon
index estimated using entire shell. The region names correspond to the
larger regions introduced in Fig. 2 for consistency.

ous investigations to ease comparison of the results. Fitting and
modeling of the SED was carried out using the naima package
(Zabalza 2015).

Besides the updated X-ray flux estimate we also include the
additional radio flux measurement at 325 Mhz obtained recently
by Nayana et al. (2017), and an additional seed photon compo-
nent associated with the optical star located close to the centre
of the remnant with a temperature of 9 ! 104 K and a density of
0.02 eV cm"3 (Doroshenko et al. 2016). The best fit presented in
Fig. 5 yields values similar to that reported by Yang et al. (2014)
with an electron population index of se = 1.85(1) and a cuto! at
11.2 TeV, background field of B = 23(1) µG, and an electron pop-
ulation energy above 1 GeV of We = 0.20(1) ! 1048 erg (again,
assuming a distance of 3.2 kpc). The derived magnetic field is

Parameters common for all regions
"S NR 2.66(1)
FS NR,2"10 3.77(7) ! 10"11 erg s"1 cm"2

"S tray 1.54(1)
kTCIE,Ridge 0.74(1)
"2

red/do f 1.03/20227
Region specific parameters

Reg. Areaa nHb, Fc
S NR,2"10 Fc

stray,2"10
0 272.3 1.11(3) - 6.9(4)
1 233.1 1.06(2) - 1.25(8)
2 326.1 3.0(2) - 7.1(5)
3 24.3 1.16(2) 0.57(4) 0.0020(2)
4 31.6 1.21(1) 2.6(1) 0.76(5)
5 44.2 1.29(2) 1.7(1) 0.25(2)
6 36.1 1.6(3) 0.83(7) 0.37(2)
7 33.1 1.44(2) 3.8(2) 2.4(2)
8 32.1 1.68(6) 0.50(0) 0.75(5)
9 22.3 1.44(2) 1.0(1) 0.67(4)
10 66.1 1.297(1) 4.7(2) 0.005(4)
11 80.5 1.53(2) 2.3(1) 0.007(5)
12 44.7 1.14(1) 3.7(1) 0.004(3)
13 25.3 1.49(2) 1.24(8) 0.63(4)
14 44.9 1.93(4) 1.2(1) 2.1(1)
15 94.2 1.59(5) 0.30(2) 2.1(1)
16 33.9 1.1(2) 1.5(1) 0.065(4)
17 33.3 1.02(1) 2.4(2) 1.6(1)
18 36.4 1.21(2) 3.0(2) 2.4(2)
19 61.0 1.95(9) 0.90(3) 3.8(2)
20 25.1 1.81(5) 1.5(1) 1.22(8)
21 60.1 1.41(2) 3.9(3) 2.5(2)

Table 2. Spectral extraction region parameters and best fit results as-
suming pure power-law with constant index for all regions. a–arcmin2,
b–atoms cm"2, c–10"12 erg cm"2 s"1 arcmin"2
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Fig. 5. Broadband spectral energy distribution and the best-fit leptonic
scenario model. The X-ray spectrum used here is a simulated PN spec-
trum with exposure adjusted to yield the same spectral index and flux
uncertainties as the best-fit result presented in Table 2 (i.e. the flux is
integrated over all extraction regions with contribution of point sources
removed).

consistent with earlier estimates and seems indeed to be rather
low compared with other young SNRs. Indeed, fields derived
from thin X-ray filament structures or the time variation of X-
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•  TeV emission azimuthally flat 
•  X-rays show strong E-W asymmetry 
•  Leptonic picture for γ-rays? Possibilities: 

•  Inverse Compton in the West enhanced by 
higher target photon field  

•  Lower B-field and higher electron density 
in the West 

•  Or: additional hadronic component? 
•  Consistent with gas in the West if SNR is 

indeed co-located with gas 

radio (red, GMRT), X-ray (green, XMM), TeV (blue, H.E.S.S.) 
yellow contours: sub-mm 
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ations of the photon index across the remnant (top, the image is in the
0.4-10 keV band, adaptively smoothed and corrected for exposure and
quiescent particle background), and the best-fit values of the photon
index for each region (bottom, 1! uncertainties). The dashed line rep-
resents the mean value, and the shaded area corresponds to the photon
index estimated using entire shell. The region names correspond to the
larger regions introduced in Fig. 2 for consistency.

ous investigations to ease comparison of the results. Fitting and
modeling of the SED was carried out using the naima package
(Zabalza 2015).

Besides the updated X-ray flux estimate we also include the
additional radio flux measurement at 325 Mhz obtained recently
by Nayana et al. (2017), and an additional seed photon compo-
nent associated with the optical star located close to the centre
of the remnant with a temperature of 9 ! 104 K and a density of
0.02 eV cm"3 (Doroshenko et al. 2016). The best fit presented in
Fig. 5 yields values similar to that reported by Yang et al. (2014)
with an electron population index of se = 1.85(1) and a cuto! at
11.2 TeV, background field of B = 23(1) µG, and an electron pop-
ulation energy above 1 GeV of We = 0.20(1) ! 1048 erg (again,
assuming a distance of 3.2 kpc). The derived magnetic field is
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Fig. 5. Broadband spectral energy distribution and the best-fit leptonic
scenario model. The X-ray spectrum used here is a simulated PN spec-
trum with exposure adjusted to yield the same spectral index and flux
uncertainties as the best-fit result presented in Table 2 (i.e. the flux is
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consistent with earlier estimates and seems indeed to be rather
low compared with other young SNRs. Indeed, fields derived
from thin X-ray filament structures or the time variation of X-
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Fig. 8. The X-ray image screened for point source contribution and corrected for the identified background components and absorption represents
the intrinsic source flux (left panel). The bright blob in the centre of the X-ray shell is due to residual emission from the bright CCO. A comparison
of the SNR shell morphology in radio (red, GMRT), X-ray (green, XMM-Newton) and TeV (blue, HESS) bands as shown in middle and right
panels. Note that the bright radio and X-ray filaments seem to be well correlated (middle panel). However, the radio shell is more symmetric
and extends further towards the Galactic plane. There seems to be a correspondence between the continuum radio and sub-mm emission (yellow
contour) tracing the cold dense region also noted by Maxted et al. (2015) in the CS MOPRA data. The right panel shows all three bands smoothed
with a 0.06" Gaussian, corresponding to the PSF of the HESS data. Note the region 15 at l # 353.5, b # !0.5 where the shell is only bright in TeV.
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Fig. 9. Shell azimutal surface brightness profile in TeV, X-ray and radio
bands. The shell is assumed to be centered on the CCO and have radius
from 0.18 to 0.24 degree. The radio and X-ray images were smoothed
with HESS psf to allow meaningful comparison. Note that both X-ray
and radio emission is suppressed towards galactic plane (i.e. west di-
rection or spectral extraction regions 15,19), whereas the TeV profile is
consistent with being flat.

less, the larger filament in the south-east marked with a circle in
Fig. 10 has a comparable size to and is aligned with one of the 3-
d extinction map sky pixels presented by Schultheis et al. (2014).
As shown in Fig. 7, the distribution of matter in this direction is
similar to that within the entire remnant, which suggests that the
bulk of the absorbing material in the filament must be relatively
close to the larger cloud. The distribution seems to be, however,
slightly skewed to the front, which could explain why the fila-
ments appear dark in the infrared.

On the other hand, as concluded above, the filament seems
to be aligned with the western rim of the SNR and thus shall be
at the same distance as the remnant itself. The remnant must be,
however, in the background of the material absorbing X-ray and
optical emission. There is, therefore, an apparent contradiction
since the remnant and the filament can not be in front and be-

hind of the molecular cloud at the same time. This can be either
if the apparent alignment is still a chance coincidence, or if the
remnant and the molecular cloud responsible for the absorption
of the observed X-ray emission are actually at the same distance
and interact with each other. In this case the fact that part of the
shell appears in the foreground could be explained by irregulari-
ties in the distribution of material within the absorbing cloud.

This conclusion is supported by the fact that no significant
X-ray emission is detected from the western part of the remnant.
Indeed, there is an apparent di!erence in the X-ray morphology
in the eastern and western parts which needs to be explained.
The easiest explanation is then that the SNR shock encountered
dense material in the West and slowed to the point when syn-
chrotron falls out of the X-ray band (note that radio emission is
still observed from the region). This scenario has been in fact
discussed by Cui et al. (2016), who suggested that the observed
X-ray synchrotron emission from the shell requires high shock
velocities which can only be retained if the remnant expands into
an essentially empty stellar bubble blown by the progenitor. The
absence of X-ray emission from the western part suggests that
the shock velocity is much lower there, pointing to interaction
with dense molecular clouds. Note that if it is indeed the case,
the interaction must have started relatively recently, since other-
wise the circular shape of the radio and TeV shells would have
also been distorted. Furthermore, once the interaction starts the
strong shock must start heating the swept-up material, eventually
producing thermal X-ray emission which is yet not detected.

We remark that in the case of the SNR RX J1713.7!3946
which displays a similar large-scale X-ray intensity trend, a dif-
ferent scenario has been invoked. There, the X-ray brightening
has been interpreted to come from an interaction with molecular
clouds, while the dimmer part has been associated with lower-
density surrounding material Cassam-Chenaï et al. (2004). In the
case of HESS J1731!347, such an interpretation is not supported
by the available gas density tracers. Also, the TeV emission in
the West of the SNR which is not following the dimming trend
would need to be explained by processes not directly related to
the SNR. A more straight-forward explanation is therefore op-
posite to RX J1713.7!3946, namely that the SNR shock encoun-
tered dense material in the X-ray dim regions.
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Fig. 2. Left panel shows the mosaic pseudo colour image in 0.4-1.8 keV (red), 1.8-2.8 keV (green), and 2.8-10 keV (blue) energy bands corrected
for particle, soft proton, and residual stray light contamination. The definition of regions used for spectral analysis is also shown. The middle panel
shows the combined exposure map in 0.4-10 keV band where regions most heavily contaminated by stray light and excluded from the analysis can
be identified. The right panel shows the derived absorption column density (linear scale in range NH " 1 ! 3 # 1022 atoms cm2).
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Fig. 3. The two panels show average surface brightness of the SNR emission (left) and residual “stray-light” contamination (right) in units of
10!13erg cm!2 s!1 arcmin!2 in the full (0.4-10 keV) energy range. Note that the stray-light emission spectrum is substantially harder, so it has a
factor of two higher energy flux for a given photon flux. Surface brightness roughly correlates with the reduction of exposure due to exclusion of
the most heavily polluted regions shown in Fig. 2. The contours show equal brightness levels for the extended emission for reference.

and energy range was calculated based on the best-fit parame-
ters presented above, and then multiplied by the observed expo-
sure maps to estimate the expected number of stray light photons
in each sky pixel. The resulting count images for the quiescent
particle, soft proton, and stray-light backgrounds were then co-
added and subtracted from the combined net image. The final
image was corrected for uneven exposure and smoothed. The
absorption-corrected image presented in Fig. 8 was smoothed
using a gaussian kernel with constant width of 0.3$. The same
image without the correction for absorption presented in Fig 2
and Fig. 1 was adaptively smoothed using the task adapt_merge
to contain at least 300 counts per pixel in each band.

3. Discussion

3.1. Spectral energy distribution

The broadband spectral energy distribution (SED) of the SNR
has been discussed by several authors (H.E.S.S. Collaboration

et al. 2011; Yang et al. 2014; Acero et al. 2015) based on inte-
grated TeV and radio fluxes and X-ray flux detected from the
eastern half of the remnant scaled by factor of two. The latter
assumption implies that the X-ray flux was significantly over-
estimated as XMM-Newton observations have revealed that the
eastern part is, in fact, much dimmer. The source is not de-
tected in the GeV band which could be useful to discriminate be-
tween leptonic and hadronic TeV emission. However, Acero et al.
(2015) obtained stringent upper limits from Fermi data which
was interpreted to favor leptonic scenario. Here we present an
updated spectral energy distribution fit using the X-ray flux in-
tegrated over the entire remnant, and assuming a simple single
zone synchrotron-inverse Compton model. It is important to em-
phasise that this is probably an oversimplification, as both radio
and X-ray emission clearly show variation of intensity/power law
slope (Nayana et al. 2017) over the remnant. The quality of radio,
X-ray and TeV data does not permit, however, a more detailed
analysis at this stage, so we stick to the model used in previ-
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Fig. 8. The X-ray image screened for point source contribution and corrected for the identified background components and absorption represents
the intrinsic source flux (left panel). The bright blob in the centre of the X-ray shell is due to residual emission from the bright CCO. A comparison
of the SNR shell morphology in radio (red, GMRT), X-ray (green, XMM-Newton) and TeV (blue, HESS) bands as shown in middle and right
panels. Note that the bright radio and X-ray filaments seem to be well correlated (middle panel). However, the radio shell is more symmetric
and extends further towards the Galactic plane. There seems to be a correspondence between the continuum radio and sub-mm emission (yellow
contour) tracing the cold dense region also noted by Maxted et al. (2015) in the CS MOPRA data. The right panel shows all three bands smoothed
with a 0.06" Gaussian, corresponding to the PSF of the HESS data. Note the region 15 at l # 353.5, b # !0.5 where the shell is only bright in TeV.
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Fig. 9. Shell azimutal surface brightness profile in TeV, X-ray and radio
bands. The shell is assumed to be centered on the CCO and have radius
from 0.18 to 0.24 degree. The radio and X-ray images were smoothed
with HESS psf to allow meaningful comparison. Note that both X-ray
and radio emission is suppressed towards galactic plane (i.e. west di-
rection or spectral extraction regions 15,19), whereas the TeV profile is
consistent with being flat.

less, the larger filament in the south-east marked with a circle in
Fig. 10 has a comparable size to and is aligned with one of the 3-
d extinction map sky pixels presented by Schultheis et al. (2014).
As shown in Fig. 7, the distribution of matter in this direction is
similar to that within the entire remnant, which suggests that the
bulk of the absorbing material in the filament must be relatively
close to the larger cloud. The distribution seems to be, however,
slightly skewed to the front, which could explain why the fila-
ments appear dark in the infrared.

On the other hand, as concluded above, the filament seems
to be aligned with the western rim of the SNR and thus shall be
at the same distance as the remnant itself. The remnant must be,
however, in the background of the material absorbing X-ray and
optical emission. There is, therefore, an apparent contradiction
since the remnant and the filament can not be in front and be-

hind of the molecular cloud at the same time. This can be either
if the apparent alignment is still a chance coincidence, or if the
remnant and the molecular cloud responsible for the absorption
of the observed X-ray emission are actually at the same distance
and interact with each other. In this case the fact that part of the
shell appears in the foreground could be explained by irregulari-
ties in the distribution of material within the absorbing cloud.

This conclusion is supported by the fact that no significant
X-ray emission is detected from the western part of the remnant.
Indeed, there is an apparent di!erence in the X-ray morphology
in the eastern and western parts which needs to be explained.
The easiest explanation is then that the SNR shock encountered
dense material in the West and slowed to the point when syn-
chrotron falls out of the X-ray band (note that radio emission is
still observed from the region). This scenario has been in fact
discussed by Cui et al. (2016), who suggested that the observed
X-ray synchrotron emission from the shell requires high shock
velocities which can only be retained if the remnant expands into
an essentially empty stellar bubble blown by the progenitor. The
absence of X-ray emission from the western part suggests that
the shock velocity is much lower there, pointing to interaction
with dense molecular clouds. Note that if it is indeed the case,
the interaction must have started relatively recently, since other-
wise the circular shape of the radio and TeV shells would have
also been distorted. Furthermore, once the interaction starts the
strong shock must start heating the swept-up material, eventually
producing thermal X-ray emission which is yet not detected.

We remark that in the case of the SNR RX J1713.7!3946
which displays a similar large-scale X-ray intensity trend, a dif-
ferent scenario has been invoked. There, the X-ray brightening
has been interpreted to come from an interaction with molecular
clouds, while the dimmer part has been associated with lower-
density surrounding material Cassam-Chenaï et al. (2004). In the
case of HESS J1731!347, such an interpretation is not supported
by the available gas density tracers. Also, the TeV emission in
the West of the SNR which is not following the dimming trend
would need to be explained by processes not directly related to
the SNR. A more straight-forward explanation is therefore op-
posite to RX J1713.7!3946, namely that the SNR shock encoun-
tered dense material in the X-ray dim regions.
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Asymmetry:  
HESS J1731-347 vs. RX J1713.7-3946 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 

HESS J1731-347 (rotated) RX J1713.7-3946 

•  RX J1713.7-3946: High (non-thermal) X-ray emissivity explained with high gas density 
•  HESS J1731-347: similar X-ray geometry as RX J1713.7-3946, still possibly a different 

explanation: 
•  TeV emissivity pattern is different ! 
•  X-ray - dim part in region of high gas density (if co-location interpretation is correct) 

Images by F. Acero 
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A blend of leptonic and hadronic TeV emission? 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 

North-West (region 19): 
TeV excess modeled by 
additional hadronic 
component 

Full SNR 

Not a complete model, 
just for illustration 
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Conclusion 

XMM-Newton view of the SNR HESS J1731-347                                         X-ray Universe 2017, Rome, June 6-9 

•  SNR age: Age of 27 kyrs (Tian et al. 2008) was most likely overestimated (simple Sedov 
SNR solution) 
→ Cui, GP et al. 2016: 2.4 – 6.1 kyrs 
→ Doroshenko, GP et al. 2016: ~4.5 kyrs 

•  Distance: most likely 3.2 kpc (this work); see also  
→ Maxted et al. 2015, 2017 submitted 
→ distance to companion star (Doroshenko, GP et al. 2016): 3.8±0.7 kpc (Vickers et al. 2015) 

•  SNR likely in a wind bubble (Cui, GP et al. 2016) 
•  SNR likely co-located with dense gas material at 3.2 kpc (this work) 
•  SNR possibly interacting with dense cloud in the West; dimming of non-thermal X-rays due 

to slowing shocks? No thermal X-rays detected yet ... 
•  TeV emissivity and X-ray (intrinsic) non-thermal emissivity different (on large scale across 

the SNR):  
→ TeV emission possibly a blend of leptonic and hadronic emission? 


