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Current generation of HE/VHE/UHE instruments

Fermi-LAT

IACTs

LHAASO

HAWC

H.E.S.S. MAGIC

VERITAS

Satellites

Arrays
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Energy spectrum of cosmic rays (@ Earth)

Galactic origin?
Best source candidates:
SN explosions
Ekin = 1051erg, 1/30 years
Cf. to
LCR = rCRV/tesc = 1041erg/s
® ~ 10% efficiency required
Shock acceleration (1. Fermi) in 
SNRs, Bohm diffusion + B-field 
amplification: 
→ Efficiency up to 50%
→ Emax ~ 1015 eV

Extragalactic origin

Additional galactic process?

Particle spectrum
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Recent Gamma-ray imaging of the diffuse CR sea

Fermi-LAT Tibet ASγ

Aharonian+, Phys Rev D 2020; see also Peron+, ApJL 2021

• Molecular clouds as probes for sea CRs: ok
• 100 TeV – PeV γ-rays from the Galactic plane: ok

Tibet ASγ coll, Phys Rev Lett 2021, image adapted by APS/A. Stonebraker
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Hadronic vs. leptonic sources

Photon energy

Energy
flux
E2 dN/dE proton: p0

γ-ray electron IC ~ ph.-field
γ-ray proton π0 ~ gas density

X-rays 
electron synchrotron ~B²

lepton: IC
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Hadronic vs. leptonic sources

Photon energy

Energy
flux
E2 dN/dE proton: p0

γ-ray electron IC ~ ph.-field
γ-ray proton π0 ~ gas density

X-rays 
electron synchrotron ~B²

lepton: IC

Three expected hadronic spectral signatures in γ-rays:
• E-2 (π0) vs E-1.5 (IC) broadband spectrum
• High-energy cutoff reflecting PeV knee (or non-

detection of it at lower energies), IC cuts off much
faster (cooling)

• π0 bump around few 100 MeV (kinematics)
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RXJ 1713.7-3946: 
towards a consistent leptonic model?

Ellison et al, ApJ 2012
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• TeV emission and (nonthermal) X-
ray emission well correlated
(e.g. Acero et al. 2009)

• Ellison et al, ApJ 2012: Low B-field 
in wind bubble blown by progenitor 
star, with very low (< µG) B-field; 
even with turbulent B-field 
amplification B~10 µG

• Model easily fits GeV data from 
Fermi-LAT

• Model accounts for low thermal X-
ray emission
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RXJ 1713.7-3946: 
towards a consistent hadronic model?

Inoue et al, 
ApJ 2012

Fukui et al, ApJ 2012

• Very good correlation between TeV
emission and gas density (CO+HI)

• Energy-dependent propagation of 
accelerated particles into post-shock 
gas clumps

• Suppression of thermal X-ray emission 
because of clumping
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Gabici & Aharonian 2014
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Spectral cut-offs
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• Young, TeV-selected, resolved SNRs
• Clear detection of cut-offs 

(spectral indices 1.6 ... 1.8) 
→ RX J1713.7–3964: 12.9 ± 1.1 TeV
→ Vela Junior: 6.7 ± 1.2 TeV
→ RCW 86: 3.5 ± 1.2 TeV

• Only up to Ep~ 100 TeV
• These SNRs themselves are currently not 

PeVatrons

HESS 2018, A&A, 612, 6; HESS 2018, A&A 612, 7; HESS A&A 612 (2018) A4 
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Cassiopeia A: escape to explain soft spectrum?

SNR Cassiopeia A (1680?)

Soft X-rays (Chandra)
energy bands
color-coded

TeV data: HEGRA collaboration (2001), A&A, c.a. GP
Model: Berezhko, GP, & Völk (2003), A&A

Soft spectrum: from escape? 
( |||| - escape model ) 

è soft TeV spectrum
confirmed with MAGIC+, 
continues also to lower
energies (Fermi-LAT)

è geometrical model of Cas
A superseded
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G1.9+0.3: probing escape

10-13

10-12

10-11

10-10

10-9

 0.1  1  10  100

E2  d
N

/d
E(

er
g 

s-1
 c

m
-2

)

Energy/Vsh
2(keV/(14000 km/s)2)

G1.9+0.3
RX J1713.7-3946

Chandra

NuStar

Aharonian+, A&A 2017
See also ISAPP 2019 lecture of F. Aharonian

• Youngest known Galactic SNR 
(~100 years)

• Hard X-ray spectrum: no PeV
particles (indirect)

• H.E.S.S. TeV limit: no relevant 
PeV escape

H.E.S.S. coll., A&A 2014
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Characteristic π0-feature with Fermi-LAT 
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• Several SNRs have been advocated in the
last years to be hadronic SNRs, based on 
π0-bump 

• Examples: IC 443, W44, W49B, W51C 
• Middle-aged SNRs, possibly interacting with

molecular clouds
• GeV-dominated, soft spectra: No access to

presence of PeV particles (if present)
• Fresh injection or reacceleration?

π0 bump

LAT coll., Science 2013

H.E.S.S. & Fermi-LAT collaborations, A&A

W49B

H.E.S.S. & Fermi-LAT coll., A&A 612, 2018

Fermi-LAT coll., Science 2013

π0 “bump”

π0 “bump”

• π0-bump also seen in Cas A and Tycho‘s
SNR: young SNRs

• See Lemoine et al. (Fermi symposium 2021)
for a search for new π0-bump sources
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Injection

Image Credit: H. Völk, 2006

Particle spectrum

Image credit: Wardle & Yusef-Zadeh, 2002

Injection from thermal plasma Reacceleration (of escaped or sea CRs)
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Diffusive shock acceleration + Escape
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• Alfvenic vs. Bohm diffusion
• No free boundary layer for escape

Brose et al., A&A 2020

Particle spectra
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Diffusive shock acceleration + Escape
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• An explanation for the typical soft spectra of middle-aged SNR ?
• Constraints on proton maximum energy possible from γ-ray data ?

Brose et al., A&A 2020

Total production spectrum
s ≈ 2.4

Downstream = detectable
inside SNR            s ≈ 2.7
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W 28: 
a middle-aged SNR with likely CR escape
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H.E.S.S. coll., 
A&A 2008

TeV (H.E.S.S.) GeV (Fermi-LAT)Cui, .. GP ApJ 2019

• 8 M☉ progenitor, no wind bubble (could also be Ia), 37 kyr old SNR (snow-
plough, shock ~100 km s-1)

• Escape of ~TeV particles throughout evolution from entire shell, escape of GeV
particles through broken shell; in the „damping“ case, additional escape of GeV
particles from entire shell at late times; both models fit the data

• TeV diffusion coefficient in ICM ~ 10% Galactic standard
• Some constraints on diffusion coefficient index δ (D(E) = 1027(E/10GeV)δ cm2/s)

Cui, .. GP ApJ 2019:
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HESS J1731-347: 
a young SNR with possible CR escape
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HESS J1731-347
G353.6-0.7

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

HESS J1729-345

CCO

Simulated 1 TeV image
(only proton emission)

Cui, GP +,  A&A 2016:
• 20 M☉progenitor, 6 kyr old SNR still inside wind 

bubble (shock ~2000 km s-1)
• SNR emission likely with large leptonic component(IC)
• Only escape of ~TeV++; for a possible escape of

~GeV particles see Cui, …, GP,  ApJ 2019
• Short timescales imply that TeV and MC morphology

don‘t need to match perfectly
• Diffusion coefficient in ICM ~ Galactic standard
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Issues with escape / diffusion
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• Most analyses find lower than Galactic
diffusion coefficient for W28 (factor 10) → ok

• But no guarantee for (isotropic) diffusion on 
pc scales

Morphology of SNRs and 
their halos

R. Brose1,2, M. Pohl2,3, I. Sushch3,4,5
1 Dublin Institute for Advanced Studies, D02 XF86 Dublin 2, Ireland

2 University of Potsdam, 14476 Potsdam, Germany
3 DESY, 15738 Zeuthen, Germany

4 North-West University, 2520 Potchefstroom, South Africa
5 Astronomical Observatory of Ivan Franko National University of Lviv, 79005 Lviv, Ukraine

Introduction and model Morphology

Conclusions

Selected Publications

- Initially: shell like for Pion-

decay (PD) and inverse

Compton (IC) emission

- Shell morphology maintained

for PD-emission Æ target

material distribution

- IC-emission center-filled later

Æ diffusion into interior

- From 2kyrs onwards:

formation of extensive IC-

halo

- Fainter PD-halo of similar

extend

- PD and IC emission produce different morphologies for evolved remnants

- IC-halos are brighter and more likely to be detected even by current-

generation instruments

- The self-generated diffusion coefficient is distributed highly on-uniform 

around SNRs

1. Brose, R., Telezhinsky, I., & Pohl, M. 2016, A&A, 593, A20

2. Brose, R., Pohl, M., Sushch, I., Petruk, O., & Kuzyo, T. 2020, A&A, 634, A59

3. Celli, S., Morlino, G., Gabici, S., & Aharonian, F. A. 2019, MNRAS, 490, 4317

4. Evoli, C., Linden, T., & Morlino, G. 2018, Phys. Rev. D, 98, 063017

Spectral evolution

Reduced Diffusion Zone - The self-regulated escape creates an extensive zone of reduced diffusion

around the SNR

- For the first 5kyrs: diffusion coefficient is reduced by at least a factor of 10

within 5pc of the SNR-shock for 3-TeV-particles.

- 100-GeV-particles are trapped even longer (15kyrs)

- Non-uniform diffusion around the SNR complicates conclusions based on

observational data – similar to the situation in PWNs [4]

Figure 1: Normalized surface brightness maps of a Type-

Ia SNR at 300, 1000, 2000 and 10,000yrs (from top left to 

bottom right). Left hemispheres are IC emission and right 

hemispheres PD emission.

Figure 2: Comparison of emission-spectra for IC (red) and PD (black) emission. Emission from the SNR 

is filled-black and filled-red for PD and IC-emission respectively. The halo-emission is filled-orange and 

filled-gray for IC and PD-emission respectively. Times as in Figure 1. The upper (lower) boundaries of 

the SNR emission represent spectra including (absent of) the project effect. The situation is inverted 

for emission from the Halo.

Figure 3: The left panel shows the reduction upstream of the shock for particles with energies of 

100 GeV, the right panel the distribution for particles with energies of 3 TeV. The lines correspond 

to 0.1 %, 1 % and 50 % of DISM.

Pion-decay emission:
- PD-spectra soften over time:

high energetic CRs escape the remnant, leaving low-energy particles trapped inside [2,3]

- Lack of ambient target material  Æ PD-halo fainter than SNR emission

Inverse-Compton emission:
- Synchrotron-cooling important for electrons from 1-2kyrs  Æ visible cooling break afterwards

- Considerably brighter IC-halo compared to PD-halo  Æ uniform target photon-field distribution

- Halo emission fainter by a factor 3-5 compared to SNR-emission up to 2kyrs

- Halo dominates emission later

Observational prospects:
- IC-emission from brightest known SNRs likely to contain halo-contribution

- Halo-spectra are generally harder than spectra from inside the SNR

- Projection effect complicates everything Æ sources with favorable morphology needed, e.g. SN 1006

Learn more about me at: 

https://homepages.dias.ie/broserob
broserob@cp.dias.ie 

Supernova remnants are known to accelerate particles to relativistic

energies on account of their non-thermal emission. The observational

progress reveals more and more morphological features that need to

be accounted for when modeling the emission from those objects.

Radiation Acceleration Transport Parallel Code (RATPaC) – a numerical

toolset to study particle acceleration in SNRs [1]

Hydrodynamics:
- Gasdynamical equations solved in 1D for a Type-Ia SNR in a

uniform ambient medium

Cosmic rays:
- Kinetic test-particle approach, solved in 1D spherical symmetry

- Synchrotron and IC-cooling for electrons

Magnetic turbulence:
- Passively transported large-scale field

- Self-consistent amplification of Alfvenic turbulence

Powered by

log(D(E)/DISM(E))

From Brose et al., 
Poster shown at  Fermi symposium 2021

• No evidence for a spectral hardening
signature* (maybe HESS J1641-463 next to G338.3-0.0 = HESS J1640-465 ?)

• Data are statistically limited

400 yrs
2.000 yrs

8.000 yrs

32.000 yrs

Gabici & Aharonian, ApJ 665, 2007; 
see also Yamazaki et al. 2006, Lee et al. 
2008, ...Image credit: Lee et al., ApJ 686, 2008

* Can be used to verify proton diffusion
and to discriminate against leptons
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Publications of the Astronomical Society of Japan, (2014), Vol. 66, No. 3 62-3

Fig. 1. Exposure-corrected images of the north-eastern part of W 28 (a) in 0.3–2.0 keV and (b) in 2.0–10.0 keV in logarithmic scale in the galactic
coordinates. The images are binned up to 25.′′6 per pixel. (Color online)

is the brightest. Its shape is twisted in a complex manner.
The inner region of W 28, toward the south-west of
the image, is also enhanced in surface brightness. In the
high-energy band (figure 1b), on the other hand, the shell
region is much fainter than the inner region.

Figure 2 shows intensity contours of CO (J = 3–2) and
CO (J = 1–0) in red and blue (Arikawa et al. 1999) and
those of TeV γ -ray measured with H.E.S.S. in yellow
(Aharonian et al. 2008), overlaid on the 0.3–2.0 keV
gray scale MOS image (figure 1a). The CO (J = 3–2) and
(1–0) contours trace distributions of post-shock and pre-
shock molecular clouds, respectively (Arikawa et al. 1999).
The green dots represent OH maser spots, which also indi-
cate the presence of shock waves (Claussen et al. 1997).
GeV emission is from the same region as TeV emission
(Abdo et al. 2010c; Giuliani et al. 2010). The eastern bunch
of the OH maser sources spatially coincides with the edge
of the X-ray bright shell, as well as the edge of the eastern
molecular cloud. This indicates that the shock is formed
there. The edge of one of the TeV γ -ray peaks seems to
appear at the same position. OH maser spots are also
detected with spatial coincidence with a molecular cloud
region which extends linearly from the X-ray shell toward
the western edge of the image. In the southern part of the
image, the molecular clouds coincide with the other TeV
γ -ray emission peak, where the surface brightness of the
X-ray emission is somewhat reduced. From this region,
several OH maser spots are also detected. They are all
within the error circle of the GeV γ -ray source.

Fig. 2. Gray-scale X-ray image with molecular clouds (the blue and red)
and TeV γ -ray (yellow) contours overlaid. The blue and red molecular
cloud contours are velocity-integrated line intensities of CO (J = 1–0)
and CO (J = 3–2) in logarithmic scale, respectively, which correspond to
0–55 K km s−1 pre-shock cloud and 60–650 K km s−1 post-shock cloud,
respectively. The yellow TeV γ -ray contours are in linear scale from 50
to 70 counts 1.4 arcmin−2. The green points are the positions of OH
maser. (Color online)
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Escape + Diffusion: Data + limitations
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Association of γ-ray emission with
post-shock (=shocked) or pre-shock 
(=unshocked) gas?

Nakamura, … GP … et al, PASJ 2014
TeV image of Tycho‘s SNR

VERITAS coll. 2017

W28 (NE region)Tycho‘s SNR

Association of γ-ray emission with
gas very uncertain
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Surveys and population studies

H.E.S.S. Galactic plane survey

SNR population study (incl. upper limits)

VHE luminosity Proton energy content

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer

H.E.S.S. coll, A&A 2018

H.E.S.S. coll, A&A 2018
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GeV-TeV spectra of supernova remnants

from S. Funk, TeVPA 2011
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GeV-TeV spectra of supernova remnants

from S. Funk, TeVPA 2011
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New SNR (candidates) identified in the
H.E.S.S. Galactic plane survey

H.E.S.S. coll., A&A 2018, 
GP+ 2015, …

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer
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New SNR (candidates) identified in the
H.E.S.S. Galactic plane survey

H.E.S.S.

HESS J1534-571: SNR nature
confirmed w/ radio counterpart

H.E.S.S. H.E.S.S.

HESS J1912+101, HESS J1614-518:
no counterparts that permit identification yet

• Large angular diameters (0.4° .. 0.5°)
• Distances unknown, but in any likely association scenario (spiral arms / molecular

gas, other possible counterparts): 3.5 .. 10 kpc
• Soft TeV spectra (Γ≈2.5)
• A possible scenario: young to middle-aged (~1000 .. >10000 years) SNRs, evolving

in wind-blown cavities (cf. RX J1713.7-3946, Vela Jr., HESS J1731-347, ...)

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer

H.E.S.S. coll., A&A 2018
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Hadrons or relic electrons (cf. PWN halo)?

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer

Suzaku XIS

• No X-ray synchrotron emission
detected from the new TeV shells

→ Hadronic sources?

• Best limit of non-thermal X-rays
with Suzaku-XIS and XMM-
Newton on HESS J1534-571

→ Hardly possible to constrain relic
electron scenario this way

H.E.S.S.

XMM EPIC

In prep.
?

HESS J1534-571

HESS J1534-571
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Pevatrons near SNRs
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H.E.S.S. colL., A&A 2014

HESS J1641-463 @ G338.3-0.0 HAWC J2227+610 @ G106.3+2.7
HAWC

Tibet ASγ
HAWC colL., APJL 2020

Tibet ASγ coll, Nat. Astr. 2021

→ Angular resolution ok, but γ-
energies up to 20 TeV only
(Pevatron candidate!)

→ γ-energies up to 100 TeV, 
but angular resolution not 
sufficient
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Pevatrons near SNRs: first UHE map with LHAASO

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer

• Crab is a pevatron
• Other PWN (halos) 

potential pevatrons
• SNRs?

LHAASO coll, Nature 2021
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Pevatrons near SNRs: first UHE map with LHAASO

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer

LHAASO coll., Nature 2021 HESS J1908+063 @ G40.5-0.5
also MGRO J1908+06 

• Leptonic model from pulsar injection
• Leptonic emission from relic electrons from SNR?
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CTA

Current Galactic
VHE sources 
(with 
distance 
estimates)

HESS/
VERITAS

5°

8°

Survey speed O(100) times 
faster than current IACTs

Surveys of:
• Galactic center
• Galactic plane
• LMC
• Fraction of extragalactic sky

Cherenkov Telescope Array

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer

CTA South

CTA North
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CTA: simulated survey of the galactic plane

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer

cf. CTA consortium, Science with the Cherenkov Telescope Array, 2019
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RX J1713.7-3946 with CTA

Acero et al. (for CTA) 2017

• Simulation of leptonic and
hadronic (pevatron) 
components

• CTA (Cherenkov 
telescope array) key
target

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer
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Conclusions

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer

• Identification of relativistic particle species (leptonic vs. hadronic) in γ-ray emitting
SNRs continues to be an issue; depend on small-scale physics (sub-SNR) 

• New H.E.S.S. TeV SNR shells can be interpreted as proton or lepton sources, 
where SNR shells interact with wind-blown cavities (connecting young TeV shells
with evolved LAT-selected SNRs)

• Search for PeVatrons / PeVatron SNRs to identify accelerators up to knee
energies: success?

• Being a pevatron is not enough to qualify as proton accelerator
• π0-bump in LAT spectra of several SNRs likely identifies them as proton sources, 

but not as PeVatrons; many are evolved/interacting with molecular clouds
• Soft SNR GeV-TeV spectra can be explained with evolution and escape, PeV

particles are observationally unconstrained
• Mapping CR escape from SNRs might be used as a tool to

• identify them as proton accelerators (search for spectral + morphological
signature)

• identify them as PeVatrons (SNR PeVatron lifetime is short)
• study the ISM through CR propagation
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Galactic Center with H.E.S.S.: a pevatron

Diffusion regime,
Continuous injection

Wind advection regime,
Continuous injection

H.E.S.S. data

§ Point like, central source on top of extended (ridge) emission
§ Origin of diffuse emission: Interaction of CR (from central BH) 

with interstellar medium
§ Central point source: cut-off @ 10 TeV
§ Diffuse emission shows no cut-off well above 10 TeV
§ Emission profile consistent with propagation of protons 

accelerated around central black hole and diffusing away 
§ Parent proton population up to 1 PeV (2.9 PeV @ 68% CL)
§ Central accelerator located within 10 pc and injecting CRs 

continuously for > 1 kyrs

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer
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HESS J1731-347: Similar TeV SNR but some extras

Cosmic Rays and Supernova remnants: an observational challenge           ISCRA 2021 G. Pühlhofer

North-West:
TeV excess modeled by additional 
hadronic component

Full SNR

• Total γ-ray spectrum possibly a 
blend of hadronic and leptonic
emission

• Large-scale asymmetry
because of gas environment

• Spatial separation of hadronic
and leptonic emission possible? 

• Available γ-ray statistics not yet
sufficient for a test

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)

262.6262.8263.0263.2263.4
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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 difference in en-
ergy range and likely spatial variation of spectral properties of
the ridge emission, and, as we verified, has little effect 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 Γ = 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 differs 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 effective imaging exposures for each cam-
era (EPIC MOS1, MOS2 and PN). Zero exposure means that PN was
operated in timing mode.

Article number, page 3 of 11

XMM-Newton

Doroshenko, GP+, A&A 2017

Not a complete model, just for illustration


