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Supernovae & supernova remnants

• 2-3 SNe/century ( ), E=1051 erg 

•   

• Power sufficient, but can they accelerate to the “knee”? 
• Mechanism: diffusive shock acceleration mostly by forward shock

Δt ≈ 40 yr
dE
dt

≈
E
Δt

≈ 8 × 1041 erg s−1 ≈ 5% − 10 % ·Ecr

2

E. R. Micelotta et al.: Dust destruction in the Cas A supernova remnant

Fig. 3. Left: blast-wave and reverse shock radii as a function of the time elapsed since explosion. Right: zoom of left panel for t  1000 yr.

Fig. 4. Blast-wave and reverse shock velocities (vb and vr, respectively)
as a function of the parameter ↵. The reverse shock velocity (right
y-axis, in units of 103 km s�1) is calculated in the frame of the un-
shocked ejecta ahead of it. We assume that after the reverse shock has
entered the ejecta core (↵ < 0.75), its velocity remains constant and
equal to the value for t

⇤ = t
⇤
core (Eq. (34), see text). For each value of ↵,

the curve for vb (left y-axis, in units of 104 km s�1) provides the velocity
of the blast-wave shock at the moment when the reverse shock hits a
layer ↵ of the ejecta. Vertical line as in Fig. 1.

and the reverse shock velocity is given by

v⇤r =
3 � s

n � 3
v⇤b(t⇤ = t

⇤
core)

`ED
· (34)

We assume that inside the core the reverse shock velocity re-
mains constant and equal to the value for t

⇤ = t
⇤
core.

The radius of the blast-wave shock (Eqs. (24) and (26)) and
of the reverse shock (Eqs. (31) and (33)) as a function of the
time elapsed since the progenitor of Cas A exploded as a super-
nova are shown in Fig. 3. The velocity of the blast-wave shock
(Eqs. (25) and (27)) and of the reverse shock (Eqs. (32) and (34))
as a function of the parameter ↵ are shown in Fig. 4.

3. Application to Cas A

3.1. Ejecta geometry and physical properties

The Cas A supernova remnant is the result of the explosion
of a Type IIb supernova (Krause et al. 2008) with a progeni-
tor mass estimated between 15 and 25 M� (Young et al. 2006;
Vink et al. 1996). The remnant is located at a distance of 3.4 kpc
(Reed et al. 1995) and its age was ⇠333 yr in 2004 (date of the
Chandra observations which have been used to determine some
of the parameters of Cas A used in this work). From our cal-
culations (Sect. 2.3) we obtain the following values for the ra-
dius and velocity of the forward and reverse shock of Cas A in
2004: Rb = 2.5 pc, vb = 5226 km s�1, Rr = 1.71 pc and vr =
1586 km s�1. Our numbers are consistent with the values derived
from observations: Rb = 2.32�2.72 pc, vb = 4000�6000 km s�1,
Rr = 1.52�2.01 pc, vr = 1000�2000 km s�1 (see Table 1 for the
corresponding references).

We obtained this nice match adopting the ejecta mass Mej =
2 M� (consistent with the value of 2.2 M� inferred by Willingale
et al. 2002, 2003), and the explosion energy E = 2.2 ⇥ 1051 erg,
in agreement with the amount of energy expected from a core-
collapse SN (Laming & Hwang 2003), and the circumstellar
(preshock) density n0 = 2.07 H atom cm�3, which is compati-
ble with the value of 1.99 cm�3 from Willingale et al. (2003).

The density distribution of the supernova ejecta is described
in a more realistic and observationally motivated way by a se-
ries of overdense clouds embedded into a smooth and tenu-
ous medium (e.g. Peimbert & van den Bergh 1971; Kamper &
van den Bergh 1976; Chevalier & Kirshner 1978, 1979; Fesen
et al. 2001; Rho et al. 2009, 2012; Wallström et al. 2013).
For the ejecta clouds, we assume a pre-shock density ncloud =
100 cm�3 with a density contrast with respect to the smooth
component � = ncloud/nsmooth = 100. These values allow to
reproduce the optical spectra of the fast moving knots (FMKs)
in Cas A in a fairly accurate way (Sutherland & Dopita 1995).
For the smooth ejecta, therefore, we obtain the pre-shock den-
sity nsmooth = ncloud/� = 1.0 cm�3, which is consistent with
the ambient density of 0.1�10 cm�3 (average ⇠0.25 cm�3) esti-
mated for the X-ray emitting gas on the bases of ram pressure
arguments (Morse et al. 2004). This value for the smooth ejecta
density should be considered as indicative. To evaluate the e↵ect
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Figure 5.1: Schematic view of the forward shock/reverse shock system [after 798].

5.3 The reverse shock
During the supernova explosion the stellar material is heated by the supernova shock
and heat deposition by radioactive decay of freshly synthesised, unstable elements.
However, the fast expansion of the ejecta, result in rapid adiabatic cooling. As a result,
the ejecta will be cold after a few months to years. The adiabatic cooling corresponds
to a rapid decline in internal pressure P. For an ideal gas we have:

PV g =constant (5.4)
)

Pej = P⇤
✓

Rej

R⇤

◆�3g
= P⇤

✓
Rej

R⇤

◆�5
, kTej = kT⇤

✓
Rej

R⇤

◆�2
.

with V the volume, and P⇤ and T⇤ the initial pressure and temperature at a radius R⇤.
The fastest moving, outermost, ejecta will create a shock wave in the CSM/ISM,

creating a shock-heated shell, which decelerates. The outermost, unshocked ejecta will
then move faster than the shell, and will collide with it. If this collision occurs at super-
sonic speeds. a shock wave will form, which (re)heats the adiabatically cooled ejecta
[798]. This shock wave is called the reverse shock (subscript rs), and to distinguish it
from the supernova blast wave, the latter is often referred to as the forward shock (fs).

The reverse shock (re)heats the ejecta, which is the prime reason for the strong
X-ray line emission from metal-rich ejecta in young supernova remnants(chapter 9).
Fig. 5.1 shows a schematic drawing of a young supernova remnant. It shows that the
shock-heated shell consists of two parts, roughly in pressure equilibrium: the outer-
most shell region consists of ISM/CSM heated by the forward shock, whereas more to-
ward the centre is the hot ejecta, heated by the reverse shock. Inside the reverse shock
is the cold freely expanding ejecta. The boundary between the shock-heated ejecta
and shock-heated CSM/ISM is called the contact discontinuity. As the hot ejecta and
shock-heated CSM/ISM are likely to have different densities, Rayleigh-Taylor instabil-
ities are likely to wrinkle this boundary (Sect. 5.9).



Diffusive shock acceleration

• Particles interact w. plasma thru magnetic fields 
• Particles gain energy by crossing shock:  

• ΔVplasma  → Lorentz boost of  

• Diffusion: particles can cross shock  

• Acceleration time:   →  

• , Emax increases for m>0.5 (Sedov m=0.4)  

• Higher energy: keep Vs for long time (t), strong, turbulent B (  )

ΔE
E

≈
ΔV
c

D =
1
3

cλmfp =
1
3

ηrg =
1
3

η
cE
eB

τacc ≈
8D0

V2
s

Emax ∝ η−1BV2
s t ∝ η−1Bt2m−1

R ∝ tm

η ≈ ⟨(δB/B)2⟩−1 ≈ 1

3



Evidence for cosmic-ray acc. by SNRs

• Earliest evidence (50s): radio synchrotron emission (GeV electrons) 
• 1990s (Koyama+95): X-ray synchrotron (10-100 TeV electrons) 
• 2000s: gamma-ray emission (Fermi, IACTs) 

• pion-production and decay → cosmic-ray ions ( ) 
• inverse Compton scattering → electrons  
• bremsstrahlung → electrons (subdominant)

hν ∼ 0.1Ep
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Figure 12.8: X-ray emission from SN 1006 as observed by the Chandra ACIS detec-
tors. The red channel corresponds to O VII line emission around 0.58 keV, the green
channel to 0.85-2 keV, a combination of X-ray synchrotron emission and line emission
from various Ne, Mg and Si ions, and the blue channel to emission between 3 and 6
keV, which is dominated by X-ray synchrotron emission.

sion from the young supernova remnant Cas A, with hard X-ray detectors on board the
Compton Gamma-ray Observatory (CGRO), RXTE, and Beppo-SAX [1110, 70, 374].

Initially there was some debate about the nature of the hard X-ray emission: was
it synchrotron radiation or was it non-thermal bremsstrahlung (Sect. 13.4.5) from the
low-energy part of the electron cosmic-ray spectrum [102, 374, 696, 1171]? How-
ever, after NASA’s Chandra provided evidence for X-ray synchrotron emission from
the shock fronts of Cas A [458, 1183, 504, 904] and other young supernova remnants
[568, 973, 1062], it has become generally accepted that the hard X-ray emission is
caused by X-ray synchrotron radiation. This has been confirmed through hard X-ray
imaging spectroscopy with the NuStar satellite, which showed that the hard X-ray con-
tinuum spatially coincides with the regions of X-ray synchrotron radiation in Cas A
and Tycho’s SNRs [466, 743].

The observed spectral index of X-ray synchrotron radiation from young rem-
nants is steeper than in the radio, typically G=a+1⇡ 3.0±0.5 [e.g. 70, 1058, 132].
This indicates that the synchrotron spectrum is not a continuation of radio spec-
trum, but may have been affected by radiative losses (Sect. 13.3.3) or by other
physical processes, as explained below.

12.2.1 The implication of X-ray synchrotron radiation
For the typical magnetic fields expected for supernova remnants, ranging from a few
µG to 0.5 mG (Sect. 12.1.2), the emission of X-ray synchrotron radiation implies the

SN 1006 (Chandra) SN 1006 (H.E.S.S.)



X-ray synchrotron radiation
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• Requires >10 TeV electrons:  hν ≈ 19 ( B
100 μG ) ( E

100 TeV )
2

keV

• Electrons cool fast: τcool ≈ 12.5 ( B
100 μG )

−2
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yr

• Acceleration needs to be fast
• Electrons “out of contact with shock” will not emit X-rays →Narrow X-ray filaments

• Combining acceleration & cooling : (τacc ≈ τcool) hνcutoff ≈ 1.4η−1 ( Vsh

5000 km/s )
2

keV

SN1572 (Chandra)



X-ray synchrotron radiation
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• X-ray synchrotron: requires  and  η ≈ 1 Vsh ≳ 3000 km/s

SN1572 (Chandra)



Turbulent, amplified magnetic fields

• All young (<2000 yr) SNRs show evidence for X-ray synchrotron 

• Width limitations due to synchrotron cooling:  

•    

• Prediction Bell (2004) instability  

• Very early on in stellar wind interaction: B~50 Gauss  
• e.g SN1993J, Fransson&Björnson ‘98

B2 ≈ 110η1/3 ( Δr
1017 cm )

−2/3

μG

B2 ∼ 20 − 500 μG

UB =
B2

8π
∝ ρ0V−3
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Figure 12.12: The downstream magnetic-field pressure divided by the upstream den-
sity (B2

2/(8pr0)) versus the shock velocity. Labels 1 to 8 refer to the values given in
Table 12.3. The labels 9 and 10 refer to the radio supernova SN 1993J and are based
on the model fits in [1101], with 9 referring to day 100 after the explosion day and 10
to day 1000.

as the estimated magnetic-field strength were larger, the shock velocities used were
lower than based on recent measurements for Cas A and RCW 86. Either way, the
magnetic-field pressure is a minor fraction of the downstream pressure, which should
be of the order of 75% of the ram pressure. It is also less, but perhaps comparable,
to the 5%–10% cosmic-ray pressure expected if supernova remnants are the dominant
sources of Galactic cosmic rays (Sect. 11.1.4).

12.2.4 Magnetic-field amplification near the reverse shock
Cosmic-ray acceleration is usually associated with the forward shock of supernova
remnants. One reason is that over the life time of an supernova remnant more mass
will be heated by the forward shock than by the reverse shocks (Sect. 5.3), so the for-
ward shock is likely to dominate the number of particles being accelerated. Another
reason is that the unshocked ejecta is expected to have a low magnetic-field strength,
as the magnetic field originates from the magnetic field of the star, but magnetic-flux
conservations implies that the magnetic field has been stretched out by the expansion.
Given the expectations of a low magnetic-field strength, and its importance for particle
acceleration, the reverse shock is usually neglected as a source of cosmic rays. How-
ever, X-ray synchrotron emission from the southwestern region of RCW 86 (Fig. 12.10)
appears to come from the interior of the remnant, suggesting that it is perhaps coming
from plasma shocked by the reverse shock [973]. Since the 10-100 TeV electrons re-
sponsible for the emission are short lived (Table 12.3), the electrons must have been
accelerated relatively fast by the reverse shock.

Cas A provides an even clearer case for X-ray synchrotron emission associated with
the reverse shock. As can be seen in Fig. 12.13 hard X-ray spectra are associated with
two regions, one is associated with the forward shock, and another roughly spherical
region lies to the shell. In [504] it was shown that deprojecting the 4-6 keV X-ray
continuum images showed that the emission is indeed consistent with a thin spherical

e.g. Vink 2008
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“exterior” emission features to be those seen near the outside of
the remnant when seen in projection on the sky and “central”
emission features to be those seen toward the center of the
remnant when seen in projection on the sky. We also adopt a
description of “knots” of emission as those regions that are
unresolved by NuSTAR and “filaments” as those that appear to
be linearly extended regions of emission.

We find that above 15 keV the morphology of the remnant
begins to deviate from the emission below 12 keV observed by
Chandra, XMM-Newton, and Suzaku. While the outer filaments
(i.e., the “thin rim” of the forward shock) are clearly visible in
the NuSTAR images, the emission is dominated by two central
unresolved knots in the west. These western central knots
dominate the hard X-ray emission above 15 keV, which is
broadly consistent with the results from Helder & Vink (2008),
who found a global east/west asymmetry in the hardness ratio
of the remnant based on data from Chandra, implying that the
west should be brighter at higher energies. However, we note
that though the central western knots dominate the emission,
the tricolor image above 15 keV (Figure 2) demonstrates that
the exterior filaments are harder (bluer) than the central knots, a
fact we explore quantitatively below.

3.2. Spatially Resolved Spectroscopy

With NuSTAR we can separately analyze the non-thermal
continuum originating from different spatial regions of the
remnant. Figure 4 shows the 8–10 keV NuSTAR image along
with the extraction regions that we used for this work.

We find that all of the regions are well fit by unbroken
power-law models across the 15–50 keV band. The exterior
filaments (the regions labeled “northeast” and “southeast” in
Figure 4) have similar spectra, with power-law indices of Γ ∼
−3.06, while the interior bright knots (the “knot” regions in
Figure 4) also have similar spectra, but in general have a softer
power-law index of Γ ∼ −3.35. We fit all of the regions
independently but, for clarity, show the combined spectra and
best-fit models for the exterior and interior regions in Figure 5
while the best-fit model parameters and 2σ error ranges are
given in Table 2.

At soft X-ray energies (<10 keV), the presence of lines
associated with ionized S, Fe, and Ni (as well as lighter species
below the calibrated NuSTAR band) indicate the presence of a
hot thermal plasma. We do not attempt to model these thermal

plasmas since we know from analysis with Chandra that the
plasma properties may vary on ∼arcsecond spatial scales
(Stage et al. 2006; Hwang & Laming 2012) and the relatively
large NuSTAR regions will sample many regions with different
physical parameters. However, we note that when we
extrapolate the power-law fits from the 15–50 keV band to
soft X-ray energies (<10 keV) we see different behavior for the
exterior filaments and the central knots; the power-law model
for the exterior filaments under predicts the observed spectrum
at soft X-ray energies while the power-law model for the
central knots over-predicts the observed spectrum. We discuss
the implications of this below.

3.3. Multiwavelength Comparisons

Figure 6 shows a comparison between the radio (6 cm
intensity maps obtained with the VLA), soft X-rays (4–6 keV
continuum images taken with Chandra from Hwang
et al. 2004), and the 10–15 keV hard X-ray observed by
NuSTAR.

3.3.1. Hard X-rays and Radio

The hard X-ray and radio morphologies of Cas A are
substantially different (Figure 7). The outer filaments in the
northeast and southeast visible in NuSTAR are coincident with
the edge of faint radio emission in the VLA images, but the
radio morphology is not of thin tangential filaments but simply
is simply described by a broad plateau. Any filamentary
structure could be unobserved due to a lack of dynamic range
in the radio images (i.e., the radio emission from this region is
faint compared to the emission in the bright ring) or to a change
in the shape of the continuum extending to the radio. We do not
see any enhancements in the hard X-ray images near the center
of the remnant where we see the bright ring in the radio
emission. Instead, we see that in the eastern half of the remnant
there is little hard X-ray emission associated with the bright
ring, while in the western half of the remnant the bright central
knots appear to be located near the bright ring.

3.3.2. Hard X-rays and Soft X-rays

We find that the Chandra and NuSTAR images (Figure 8)
generally agree on large spatial scales up to ∼10–15 keV, but
show differences in the higher energy bands observed by
NuSTAR. Up to 15 keV, the exterior filaments in the forward
shock of Cas A in the north, northeast, south, and southeast
seen with Chandra are all clearly visible in the
<15 keV NuSTAR images, as are some of the interior emission
which is likely to be residual flux from hot thermal plasmas
leaking into the NuSTAR band. It is in the relative intensity of
the central knots that we note the major differences, with the
western knots dominating much of the hard X-ray flux in the
10–15 keV band in NuSTAR while they appear relatively
unremarkable in the Chandra images, even when steps are
taken to reduce the impact of the bright thermal emission in
Cas A (e.g., using imaging tomography as per DeLaney
et al. 2004). This difference becomes more apparent in the
images at higher energies (Figures 2 and 3), with the central
knots in the west dominating the emission above 15 keV and
the bright ring completely disappearing in the these energy
bands. At the highest energies (Figure 3) the emission appears
to be mostly attributable to several of the bright knots, with the
outer rims fading away. Several of the central knots are also

Figure 2. Deconvolved NuSTAR images of Cas A: red (15–20 keV), green
(20–25 keV), and blue (25–35 keV).
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the remnant when seen in projection on the sky and “central”
emission features to be those seen toward the center of the
remnant when seen in projection on the sky. We also adopt a
description of “knots” of emission as those regions that are
unresolved by NuSTAR and “filaments” as those that appear to
be linearly extended regions of emission.

We find that above 15 keV the morphology of the remnant
begins to deviate from the emission below 12 keV observed by
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(i.e., the “thin rim” of the forward shock) are clearly visible in
the NuSTAR images, the emission is dominated by two central
unresolved knots in the west. These western central knots
dominate the hard X-ray emission above 15 keV, which is
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who found a global east/west asymmetry in the hardness ratio
of the remnant based on data from Chandra, implying that the
west should be brighter at higher energies. However, we note
that though the central western knots dominate the emission,
the tricolor image above 15 keV (Figure 2) demonstrates that
the exterior filaments are harder (bluer) than the central knots, a
fact we explore quantitatively below.
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up the southwestern jet, whereas the northeastern jet encoun-
tered the boundary layer early enough and pierced through it
unhindered.

The nature of the progenitor of Cas A is still a mystery. In
particular, the cause of its large mass-loss rate is often
attributed to a closely interacting binary system. But there is
no evidence for a surviving companion star (Kerzendorf et al.
2019). Nevertheless, the shock dynamics reported here provide
important hints on the late mass-loss history of the progenitor,
be it in the form of a partial, asymmetric shell from episodic
mass loss, an aspherical cavity created by a brief W-R phase
wind, or perhaps even a combination of both.

4.3. Deceleration versus Acceleration of the Forward Shock

Interestingly, the interaction of the forward shock with a
dense mass-loss shell (Orlando et al. 2022) or the edge of a
W-R wind cavity (van Veelen et al. 2009) initially leads to a
strong deceleration of the forward shock, followed by an
acceleration once the shock has penetrated through the shell.
Indeed, one of the surprising results of the deceleration/
acceleration measurements reported here is that the forward
shock appears to be accelerating around PAs of 180° (south)
and 250° (west), see Figure 4. The latter agrees with the
location of a returning reverse shock, and it also the location
where several tests of the deceleration/acceleration measure-
ments provide robust results (Figure 11).

On the other hand, we do find a rather strong deceleration
toward the northern part of the SNR, an order of magnitude
stronger than expected based on Equation (3). In the
simulations of Orlando et al. (2022) it is assumed that the
mass-loss shell is denser in the west. But the strong
deceleration in the north may potentially indicate that the shell
is not partial, but rather aspherical, and that in the north the
shock is just encountering the shell and decelerating.

Clearly following up the deceleration/acceleration measure-
ments with further monitoring of Cas A with Chandra is
important, to make the measurements more precise and confirm
these results, with even longer expansion base lines.

The reverse shock motion itself could be potentially
explained by the asymmetries in the ejecta distribution, but
with some difficulties. However, the combination of an inward
moving reverse shock coinciding with an acceleration of the
forward shock in the western region is more naturally explained
by a more complex CSM structure.

4.4. Proper Motion of the Northeastern Jet

The measurements of northeastern jet regions reported is the
first measurement of the motion of this jet measured in X-rays.
The X-ray measurement motions reveal more about the
dynamics of the shock heated gas, which is a combination of
shocked ejecta and shocked CSM. Previous measurements of
the jet velocities are based on optical measurements, which rely
on dense optical knots, which are expected to have velocities
close to the free expansion velocities R/t. Indeed, Fesen et al.
(2006) and Fesen & Milisavljevic (2016) report proper motions
up to ∼15,000 km s−1. Note that the optical knots traces the
northeastern jet out to 5 3—further out than the X-ray
counterpart, which goes out to 4′. For our measurement we
used measurements out to a radius of 3 9.
The inclusion of a measurement of the northeast jet region

stands apart from the rest of the measurements here, which focus
on the forward and reverse shock, whereas the X-ray structure of
the jet shows a number of bright streaks, which are likely
associated with ejecta material. For that reason we deviated from
the overall setup for the measurements, and included X-ray
images from 1.75–1.94 keV, dominated by Si XIII line emission.
The measurements in the continuum band and Si-K line emission
band differ substantially, with expansion rates of 0.2% yr−1 for the
continuum band, and 0.24% yr−1 for the Si-K band. This
difference may be real and related to the fact that Si-K is almost
exclusively associated with shocked ejecta, whereas the con-
tinuum emission is likely a mix of thermal bremsstrahlung from
shocked ejecta, plus more diffuse thermal bremsstrahlung from
shocked CSM. Either way, both expansion rates are consistent
with an expansion parameter of m = 0.68–0.8 similar to, or even
larger than, the average expansion parameter of the forward
shock. The similarity of the expansion parameters suggest that the
northeast jet is still moving through the red-supergiant wind of the
progenitor (see Schure et al. 2008).
The tip of the jet in X-rays is around 3 9, which, combined

with the expansion parameter and age of Cas A of 332 yr (in
2004), suggests an expansion velocity of ≈7830–9200 km s−1.

5. Conclusions

We reported here on the proper motion of the forward and
reverse shock regions of Cas A along the entire projected edges
of both shocks using Chandra observations in the 4.2–6 keV

Figure 4. Residual images for ObsID 19903, which consist of the masked data
image with subtracted the combined model image, and then divided by the
square root values of the model image (the expected error per pixel). The
residual images were smoothed with a Gaussian with σ = 3 pixels to bring out
features. On the left: the model is uncorrected for expansion, i.e., using the
uncorrected VLP image as a model. On the right: the model was a composite of
all individual models for each sector. The grayscales for both residuals images
are identical. Figure 5.Measured deceleration rates (defined here as deceleration ≡ − b) as a

function of PA.
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Fig. 4. Same image as Fig. 1 but now with a spider diagram

overlayed that visualises the expansion rate as a function of po-

sition angle. For the forward shock (green) the radial extent of

the spider diagram is linearly proportional to the expansion rate.

For the reverse shock (red) the radial coordinate provides the

expansion relative to the dashed circle–inside the circle indicates

a motion toward the interior.

rameter is very sensitive to misalignments of images of dif-
ferent epochs. We illustrate this by showing in Fig. 3 also
the measured deceleration parameter without solving for
(�x,�y) for each individual epoch (see Sect. 2.3). Clearly
this a rather extreme example, but it does illustrate the ef-
fects of errors in the pointing reconstruction for each epoch.

3.2. The reverse shock region

For the reverse shock region we did not attempt to mea-
sure the deceleration, given the systematic errors involve,
but also because the expansion rates as a function of PA are
varying substantially, making the expansion rate the most
interesting parameter, whereas there is no clear expecta-
tion concerning the deceleration parameter. The results for
the reverse shock expansion rates are listed in Table 5 and
depicted in red in Fig. 2. The most remarkable feature is
that the reverse shock has a negative value—-indicating
that the reverse shock moves toward the center—for PAs
between 260�and 300�, corresponding to the southwestern
and western region, coinciding with and south of the west-
ern jet region.

3.3. Systematic errors

Fig. ??, in the appendix, we show the expansion rates of
both the forward and reverse shock with and without cor-
recting for pointing errors.

4. Discussion
For the shock-heating and particle acceleration ability of a
shock the shock velocity in the frame of the ejecta matters,

Fig. 5. The implied velocities of the forward- (black) and

reverse-shock regions (red), based on the approximate angu-

lar distances of the shock with respect to the expansion center

(Thorstensen et al. 2001), taking into account the shift of the

reverse shock with respect to this center (Arias et al. 2018). The

solid lines are the velocities in the frame of the observer. The

red dashed line shows the reverse shock velocity in the frame of

the freely expanding ejecta.

which is

|Vrs,ef | =
����
Rrs

t
� dRrs

dt

���� , (7)

with t the age of the SNR.
The plasma velocity behind the reverse shock in the

observer’s frame is

vpl,os =
dRrs

dt
+

1

�
Vrs,ef =

1

�

Rrs

t
+

✓
1� 1

�

◆
dRrs

dt
. (8)

For a self-similar expansion—-i.e. Rrs / tm, with m ⇡ 0.7
for Cas A —we obtain:

vpl,os =


1

�
+m

✓
1

�

◆�
Rrs

t
(9)

=(0.25 + 0.75m)
Rrs

t
⇡ 4345 km s�1.

However, we observe that in the west/southwestern re-
gion the reverse shocks moves backward with dRrs/dt ⇡
�2100 km s�1, which roughly corresponds to a plasma ve-
locity of �173 km s�1.

5. Conclusion
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“exterior” emission features to be those seen near the outside of
the remnant when seen in projection on the sky and “central”
emission features to be those seen toward the center of the
remnant when seen in projection on the sky. We also adopt a
description of “knots” of emission as those regions that are
unresolved by NuSTAR and “filaments” as those that appear to
be linearly extended regions of emission.

We find that above 15 keV the morphology of the remnant
begins to deviate from the emission below 12 keV observed by
Chandra, XMM-Newton, and Suzaku. While the outer filaments
(i.e., the “thin rim” of the forward shock) are clearly visible in
the NuSTAR images, the emission is dominated by two central
unresolved knots in the west. These western central knots
dominate the hard X-ray emission above 15 keV, which is
broadly consistent with the results from Helder & Vink (2008),
who found a global east/west asymmetry in the hardness ratio
of the remnant based on data from Chandra, implying that the
west should be brighter at higher energies. However, we note
that though the central western knots dominate the emission,
the tricolor image above 15 keV (Figure 2) demonstrates that
the exterior filaments are harder (bluer) than the central knots, a
fact we explore quantitatively below.

3.2. Spatially Resolved Spectroscopy

With NuSTAR we can separately analyze the non-thermal
continuum originating from different spatial regions of the
remnant. Figure 4 shows the 8–10 keV NuSTAR image along
with the extraction regions that we used for this work.

We find that all of the regions are well fit by unbroken
power-law models across the 15–50 keV band. The exterior
filaments (the regions labeled “northeast” and “southeast” in
Figure 4) have similar spectra, with power-law indices of Γ ∼
−3.06, while the interior bright knots (the “knot” regions in
Figure 4) also have similar spectra, but in general have a softer
power-law index of Γ ∼ −3.35. We fit all of the regions
independently but, for clarity, show the combined spectra and
best-fit models for the exterior and interior regions in Figure 5
while the best-fit model parameters and 2σ error ranges are
given in Table 2.

At soft X-ray energies (<10 keV), the presence of lines
associated with ionized S, Fe, and Ni (as well as lighter species
below the calibrated NuSTAR band) indicate the presence of a
hot thermal plasma. We do not attempt to model these thermal

plasmas since we know from analysis with Chandra that the
plasma properties may vary on ∼arcsecond spatial scales
(Stage et al. 2006; Hwang & Laming 2012) and the relatively
large NuSTAR regions will sample many regions with different
physical parameters. However, we note that when we
extrapolate the power-law fits from the 15–50 keV band to
soft X-ray energies (<10 keV) we see different behavior for the
exterior filaments and the central knots; the power-law model
for the exterior filaments under predicts the observed spectrum
at soft X-ray energies while the power-law model for the
central knots over-predicts the observed spectrum. We discuss
the implications of this below.

3.3. Multiwavelength Comparisons

Figure 6 shows a comparison between the radio (6 cm
intensity maps obtained with the VLA), soft X-rays (4–6 keV
continuum images taken with Chandra from Hwang
et al. 2004), and the 10–15 keV hard X-ray observed by
NuSTAR.

3.3.1. Hard X-rays and Radio

The hard X-ray and radio morphologies of Cas A are
substantially different (Figure 7). The outer filaments in the
northeast and southeast visible in NuSTAR are coincident with
the edge of faint radio emission in the VLA images, but the
radio morphology is not of thin tangential filaments but simply
is simply described by a broad plateau. Any filamentary
structure could be unobserved due to a lack of dynamic range
in the radio images (i.e., the radio emission from this region is
faint compared to the emission in the bright ring) or to a change
in the shape of the continuum extending to the radio. We do not
see any enhancements in the hard X-ray images near the center
of the remnant where we see the bright ring in the radio
emission. Instead, we see that in the eastern half of the remnant
there is little hard X-ray emission associated with the bright
ring, while in the western half of the remnant the bright central
knots appear to be located near the bright ring.

3.3.2. Hard X-rays and Soft X-rays

We find that the Chandra and NuSTAR images (Figure 8)
generally agree on large spatial scales up to ∼10–15 keV, but
show differences in the higher energy bands observed by
NuSTAR. Up to 15 keV, the exterior filaments in the forward
shock of Cas A in the north, northeast, south, and southeast
seen with Chandra are all clearly visible in the
<15 keV NuSTAR images, as are some of the interior emission
which is likely to be residual flux from hot thermal plasmas
leaking into the NuSTAR band. It is in the relative intensity of
the central knots that we note the major differences, with the
western knots dominating much of the hard X-ray flux in the
10–15 keV band in NuSTAR while they appear relatively
unremarkable in the Chandra images, even when steps are
taken to reduce the impact of the bright thermal emission in
Cas A (e.g., using imaging tomography as per DeLaney
et al. 2004). This difference becomes more apparent in the
images at higher energies (Figures 2 and 3), with the central
knots in the west dominating the emission above 15 keV and
the bright ring completely disappearing in the these energy
bands. At the highest energies (Figure 3) the emission appears
to be mostly attributable to several of the bright knots, with the
outer rims fading away. Several of the central knots are also

Figure 2. Deconvolved NuSTAR images of Cas A: red (15–20 keV), green
(20–25 keV), and blue (25–35 keV).
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up the southwestern jet, whereas the northeastern jet encoun-
tered the boundary layer early enough and pierced through it
unhindered.

The nature of the progenitor of Cas A is still a mystery. In
particular, the cause of its large mass-loss rate is often
attributed to a closely interacting binary system. But there is
no evidence for a surviving companion star (Kerzendorf et al.
2019). Nevertheless, the shock dynamics reported here provide
important hints on the late mass-loss history of the progenitor,
be it in the form of a partial, asymmetric shell from episodic
mass loss, an aspherical cavity created by a brief W-R phase
wind, or perhaps even a combination of both.

4.3. Deceleration versus Acceleration of the Forward Shock

Interestingly, the interaction of the forward shock with a
dense mass-loss shell (Orlando et al. 2022) or the edge of a
W-R wind cavity (van Veelen et al. 2009) initially leads to a
strong deceleration of the forward shock, followed by an
acceleration once the shock has penetrated through the shell.
Indeed, one of the surprising results of the deceleration/
acceleration measurements reported here is that the forward
shock appears to be accelerating around PAs of 180° (south)
and 250° (west), see Figure 4. The latter agrees with the
location of a returning reverse shock, and it also the location
where several tests of the deceleration/acceleration measure-
ments provide robust results (Figure 11).

On the other hand, we do find a rather strong deceleration
toward the northern part of the SNR, an order of magnitude
stronger than expected based on Equation (3). In the
simulations of Orlando et al. (2022) it is assumed that the
mass-loss shell is denser in the west. But the strong
deceleration in the north may potentially indicate that the shell
is not partial, but rather aspherical, and that in the north the
shock is just encountering the shell and decelerating.

Clearly following up the deceleration/acceleration measure-
ments with further monitoring of Cas A with Chandra is
important, to make the measurements more precise and confirm
these results, with even longer expansion base lines.

The reverse shock motion itself could be potentially
explained by the asymmetries in the ejecta distribution, but
with some difficulties. However, the combination of an inward
moving reverse shock coinciding with an acceleration of the
forward shock in the western region is more naturally explained
by a more complex CSM structure.

4.4. Proper Motion of the Northeastern Jet

The measurements of northeastern jet regions reported is the
first measurement of the motion of this jet measured in X-rays.
The X-ray measurement motions reveal more about the
dynamics of the shock heated gas, which is a combination of
shocked ejecta and shocked CSM. Previous measurements of
the jet velocities are based on optical measurements, which rely
on dense optical knots, which are expected to have velocities
close to the free expansion velocities R/t. Indeed, Fesen et al.
(2006) and Fesen & Milisavljevic (2016) report proper motions
up to ∼15,000 km s−1. Note that the optical knots traces the
northeastern jet out to 5 3—further out than the X-ray
counterpart, which goes out to 4′. For our measurement we
used measurements out to a radius of 3 9.
The inclusion of a measurement of the northeast jet region

stands apart from the rest of the measurements here, which focus
on the forward and reverse shock, whereas the X-ray structure of
the jet shows a number of bright streaks, which are likely
associated with ejecta material. For that reason we deviated from
the overall setup for the measurements, and included X-ray
images from 1.75–1.94 keV, dominated by Si XIII line emission.
The measurements in the continuum band and Si-K line emission
band differ substantially, with expansion rates of 0.2% yr−1 for the
continuum band, and 0.24% yr−1 for the Si-K band. This
difference may be real and related to the fact that Si-K is almost
exclusively associated with shocked ejecta, whereas the con-
tinuum emission is likely a mix of thermal bremsstrahlung from
shocked ejecta, plus more diffuse thermal bremsstrahlung from
shocked CSM. Either way, both expansion rates are consistent
with an expansion parameter of m = 0.68–0.8 similar to, or even
larger than, the average expansion parameter of the forward
shock. The similarity of the expansion parameters suggest that the
northeast jet is still moving through the red-supergiant wind of the
progenitor (see Schure et al. 2008).
The tip of the jet in X-rays is around 3 9, which, combined

with the expansion parameter and age of Cas A of 332 yr (in
2004), suggests an expansion velocity of ≈7830–9200 km s−1.

5. Conclusions

We reported here on the proper motion of the forward and
reverse shock regions of Cas A along the entire projected edges
of both shocks using Chandra observations in the 4.2–6 keV

Figure 4. Residual images for ObsID 19903, which consist of the masked data
image with subtracted the combined model image, and then divided by the
square root values of the model image (the expected error per pixel). The
residual images were smoothed with a Gaussian with σ = 3 pixels to bring out
features. On the left: the model is uncorrected for expansion, i.e., using the
uncorrected VLP image as a model. On the right: the model was a composite of
all individual models for each sector. The grayscales for both residuals images
are identical. Figure 5.Measured deceleration rates (defined here as deceleration ≡ − b) as a

function of PA.
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Fig. 4. Same image as Fig. 1 but now with a spider diagram

overlayed that visualises the expansion rate as a function of po-

sition angle. For the forward shock (green) the radial extent of

the spider diagram is linearly proportional to the expansion rate.

For the reverse shock (red) the radial coordinate provides the

expansion relative to the dashed circle–inside the circle indicates

a motion toward the interior.

rameter is very sensitive to misalignments of images of dif-
ferent epochs. We illustrate this by showing in Fig. 3 also
the measured deceleration parameter without solving for
(�x,�y) for each individual epoch (see Sect. 2.3). Clearly
this a rather extreme example, but it does illustrate the ef-
fects of errors in the pointing reconstruction for each epoch.

3.2. The reverse shock region

For the reverse shock region we did not attempt to mea-
sure the deceleration, given the systematic errors involve,
but also because the expansion rates as a function of PA are
varying substantially, making the expansion rate the most
interesting parameter, whereas there is no clear expecta-
tion concerning the deceleration parameter. The results for
the reverse shock expansion rates are listed in Table 5 and
depicted in red in Fig. 2. The most remarkable feature is
that the reverse shock has a negative value—-indicating
that the reverse shock moves toward the center—for PAs
between 260�and 300�, corresponding to the southwestern
and western region, coinciding with and south of the west-
ern jet region.

3.3. Systematic errors

Fig. ??, in the appendix, we show the expansion rates of
both the forward and reverse shock with and without cor-
recting for pointing errors.

4. Discussion
For the shock-heating and particle acceleration ability of a
shock the shock velocity in the frame of the ejecta matters,

Fig. 5. The implied velocities of the forward- (black) and

reverse-shock regions (red), based on the approximate angu-

lar distances of the shock with respect to the expansion center

(Thorstensen et al. 2001), taking into account the shift of the

reverse shock with respect to this center (Arias et al. 2018). The

solid lines are the velocities in the frame of the observer. The

red dashed line shows the reverse shock velocity in the frame of

the freely expanding ejecta.

which is
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with t the age of the SNR.
The plasma velocity behind the reverse shock in the

observer’s frame is
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For a self-similar expansion—-i.e. Rrs / tm, with m ⇡ 0.7
for Cas A —we obtain:

vpl,os =
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=(0.25 + 0.75m)
Rrs

t
⇡ 4345 km s�1.

However, we observe that in the west/southwestern re-
gion the reverse shocks moves backward with dRrs/dt ⇡
�2100 km s�1, which roughly corresponds to a plasma ve-
locity of �173 km s�1.

5. Conclusion
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“exterior” emission features to be those seen near the outside of
the remnant when seen in projection on the sky and “central”
emission features to be those seen toward the center of the
remnant when seen in projection on the sky. We also adopt a
description of “knots” of emission as those regions that are
unresolved by NuSTAR and “filaments” as those that appear to
be linearly extended regions of emission.

We find that above 15 keV the morphology of the remnant
begins to deviate from the emission below 12 keV observed by
Chandra, XMM-Newton, and Suzaku. While the outer filaments
(i.e., the “thin rim” of the forward shock) are clearly visible in
the NuSTAR images, the emission is dominated by two central
unresolved knots in the west. These western central knots
dominate the hard X-ray emission above 15 keV, which is
broadly consistent with the results from Helder & Vink (2008),
who found a global east/west asymmetry in the hardness ratio
of the remnant based on data from Chandra, implying that the
west should be brighter at higher energies. However, we note
that though the central western knots dominate the emission,
the tricolor image above 15 keV (Figure 2) demonstrates that
the exterior filaments are harder (bluer) than the central knots, a
fact we explore quantitatively below.

3.2. Spatially Resolved Spectroscopy

With NuSTAR we can separately analyze the non-thermal
continuum originating from different spatial regions of the
remnant. Figure 4 shows the 8–10 keV NuSTAR image along
with the extraction regions that we used for this work.

We find that all of the regions are well fit by unbroken
power-law models across the 15–50 keV band. The exterior
filaments (the regions labeled “northeast” and “southeast” in
Figure 4) have similar spectra, with power-law indices of Γ ∼
−3.06, while the interior bright knots (the “knot” regions in
Figure 4) also have similar spectra, but in general have a softer
power-law index of Γ ∼ −3.35. We fit all of the regions
independently but, for clarity, show the combined spectra and
best-fit models for the exterior and interior regions in Figure 5
while the best-fit model parameters and 2σ error ranges are
given in Table 2.

At soft X-ray energies (<10 keV), the presence of lines
associated with ionized S, Fe, and Ni (as well as lighter species
below the calibrated NuSTAR band) indicate the presence of a
hot thermal plasma. We do not attempt to model these thermal

plasmas since we know from analysis with Chandra that the
plasma properties may vary on ∼arcsecond spatial scales
(Stage et al. 2006; Hwang & Laming 2012) and the relatively
large NuSTAR regions will sample many regions with different
physical parameters. However, we note that when we
extrapolate the power-law fits from the 15–50 keV band to
soft X-ray energies (<10 keV) we see different behavior for the
exterior filaments and the central knots; the power-law model
for the exterior filaments under predicts the observed spectrum
at soft X-ray energies while the power-law model for the
central knots over-predicts the observed spectrum. We discuss
the implications of this below.

3.3. Multiwavelength Comparisons

Figure 6 shows a comparison between the radio (6 cm
intensity maps obtained with the VLA), soft X-rays (4–6 keV
continuum images taken with Chandra from Hwang
et al. 2004), and the 10–15 keV hard X-ray observed by
NuSTAR.

3.3.1. Hard X-rays and Radio

The hard X-ray and radio morphologies of Cas A are
substantially different (Figure 7). The outer filaments in the
northeast and southeast visible in NuSTAR are coincident with
the edge of faint radio emission in the VLA images, but the
radio morphology is not of thin tangential filaments but simply
is simply described by a broad plateau. Any filamentary
structure could be unobserved due to a lack of dynamic range
in the radio images (i.e., the radio emission from this region is
faint compared to the emission in the bright ring) or to a change
in the shape of the continuum extending to the radio. We do not
see any enhancements in the hard X-ray images near the center
of the remnant where we see the bright ring in the radio
emission. Instead, we see that in the eastern half of the remnant
there is little hard X-ray emission associated with the bright
ring, while in the western half of the remnant the bright central
knots appear to be located near the bright ring.

3.3.2. Hard X-rays and Soft X-rays

We find that the Chandra and NuSTAR images (Figure 8)
generally agree on large spatial scales up to ∼10–15 keV, but
show differences in the higher energy bands observed by
NuSTAR. Up to 15 keV, the exterior filaments in the forward
shock of Cas A in the north, northeast, south, and southeast
seen with Chandra are all clearly visible in the
<15 keV NuSTAR images, as are some of the interior emission
which is likely to be residual flux from hot thermal plasmas
leaking into the NuSTAR band. It is in the relative intensity of
the central knots that we note the major differences, with the
western knots dominating much of the hard X-ray flux in the
10–15 keV band in NuSTAR while they appear relatively
unremarkable in the Chandra images, even when steps are
taken to reduce the impact of the bright thermal emission in
Cas A (e.g., using imaging tomography as per DeLaney
et al. 2004). This difference becomes more apparent in the
images at higher energies (Figures 2 and 3), with the central
knots in the west dominating the emission above 15 keV and
the bright ring completely disappearing in the these energy
bands. At the highest energies (Figure 3) the emission appears
to be mostly attributable to several of the bright knots, with the
outer rims fading away. Several of the central knots are also

Figure 2. Deconvolved NuSTAR images of Cas A: red (15–20 keV), green
(20–25 keV), and blue (25–35 keV).
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up the southwestern jet, whereas the northeastern jet encoun-
tered the boundary layer early enough and pierced through it
unhindered.

The nature of the progenitor of Cas A is still a mystery. In
particular, the cause of its large mass-loss rate is often
attributed to a closely interacting binary system. But there is
no evidence for a surviving companion star (Kerzendorf et al.
2019). Nevertheless, the shock dynamics reported here provide
important hints on the late mass-loss history of the progenitor,
be it in the form of a partial, asymmetric shell from episodic
mass loss, an aspherical cavity created by a brief W-R phase
wind, or perhaps even a combination of both.

4.3. Deceleration versus Acceleration of the Forward Shock

Interestingly, the interaction of the forward shock with a
dense mass-loss shell (Orlando et al. 2022) or the edge of a
W-R wind cavity (van Veelen et al. 2009) initially leads to a
strong deceleration of the forward shock, followed by an
acceleration once the shock has penetrated through the shell.
Indeed, one of the surprising results of the deceleration/
acceleration measurements reported here is that the forward
shock appears to be accelerating around PAs of 180° (south)
and 250° (west), see Figure 4. The latter agrees with the
location of a returning reverse shock, and it also the location
where several tests of the deceleration/acceleration measure-
ments provide robust results (Figure 11).

On the other hand, we do find a rather strong deceleration
toward the northern part of the SNR, an order of magnitude
stronger than expected based on Equation (3). In the
simulations of Orlando et al. (2022) it is assumed that the
mass-loss shell is denser in the west. But the strong
deceleration in the north may potentially indicate that the shell
is not partial, but rather aspherical, and that in the north the
shock is just encountering the shell and decelerating.

Clearly following up the deceleration/acceleration measure-
ments with further monitoring of Cas A with Chandra is
important, to make the measurements more precise and confirm
these results, with even longer expansion base lines.

The reverse shock motion itself could be potentially
explained by the asymmetries in the ejecta distribution, but
with some difficulties. However, the combination of an inward
moving reverse shock coinciding with an acceleration of the
forward shock in the western region is more naturally explained
by a more complex CSM structure.

4.4. Proper Motion of the Northeastern Jet

The measurements of northeastern jet regions reported is the
first measurement of the motion of this jet measured in X-rays.
The X-ray measurement motions reveal more about the
dynamics of the shock heated gas, which is a combination of
shocked ejecta and shocked CSM. Previous measurements of
the jet velocities are based on optical measurements, which rely
on dense optical knots, which are expected to have velocities
close to the free expansion velocities R/t. Indeed, Fesen et al.
(2006) and Fesen & Milisavljevic (2016) report proper motions
up to ∼15,000 km s−1. Note that the optical knots traces the
northeastern jet out to 5 3—further out than the X-ray
counterpart, which goes out to 4′. For our measurement we
used measurements out to a radius of 3 9.
The inclusion of a measurement of the northeast jet region

stands apart from the rest of the measurements here, which focus
on the forward and reverse shock, whereas the X-ray structure of
the jet shows a number of bright streaks, which are likely
associated with ejecta material. For that reason we deviated from
the overall setup for the measurements, and included X-ray
images from 1.75–1.94 keV, dominated by Si XIII line emission.
The measurements in the continuum band and Si-K line emission
band differ substantially, with expansion rates of 0.2% yr−1 for the
continuum band, and 0.24% yr−1 for the Si-K band. This
difference may be real and related to the fact that Si-K is almost
exclusively associated with shocked ejecta, whereas the con-
tinuum emission is likely a mix of thermal bremsstrahlung from
shocked ejecta, plus more diffuse thermal bremsstrahlung from
shocked CSM. Either way, both expansion rates are consistent
with an expansion parameter of m = 0.68–0.8 similar to, or even
larger than, the average expansion parameter of the forward
shock. The similarity of the expansion parameters suggest that the
northeast jet is still moving through the red-supergiant wind of the
progenitor (see Schure et al. 2008).
The tip of the jet in X-rays is around 3 9, which, combined

with the expansion parameter and age of Cas A of 332 yr (in
2004), suggests an expansion velocity of ≈7830–9200 km s−1.

5. Conclusions

We reported here on the proper motion of the forward and
reverse shock regions of Cas A along the entire projected edges
of both shocks using Chandra observations in the 4.2–6 keV

Figure 4. Residual images for ObsID 19903, which consist of the masked data
image with subtracted the combined model image, and then divided by the
square root values of the model image (the expected error per pixel). The
residual images were smoothed with a Gaussian with σ = 3 pixels to bring out
features. On the left: the model is uncorrected for expansion, i.e., using the
uncorrected VLP image as a model. On the right: the model was a composite of
all individual models for each sector. The grayscales for both residuals images
are identical. Figure 5.Measured deceleration rates (defined here as deceleration ≡ − b) as a

function of PA.
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Fig. 4. Same image as Fig. 1 but now with a spider diagram

overlayed that visualises the expansion rate as a function of po-

sition angle. For the forward shock (green) the radial extent of

the spider diagram is linearly proportional to the expansion rate.

For the reverse shock (red) the radial coordinate provides the

expansion relative to the dashed circle–inside the circle indicates

a motion toward the interior.

rameter is very sensitive to misalignments of images of dif-
ferent epochs. We illustrate this by showing in Fig. 3 also
the measured deceleration parameter without solving for
(�x,�y) for each individual epoch (see Sect. 2.3). Clearly
this a rather extreme example, but it does illustrate the ef-
fects of errors in the pointing reconstruction for each epoch.

3.2. The reverse shock region

For the reverse shock region we did not attempt to mea-
sure the deceleration, given the systematic errors involve,
but also because the expansion rates as a function of PA are
varying substantially, making the expansion rate the most
interesting parameter, whereas there is no clear expecta-
tion concerning the deceleration parameter. The results for
the reverse shock expansion rates are listed in Table 5 and
depicted in red in Fig. 2. The most remarkable feature is
that the reverse shock has a negative value—-indicating
that the reverse shock moves toward the center—for PAs
between 260�and 300�, corresponding to the southwestern
and western region, coinciding with and south of the west-
ern jet region.

3.3. Systematic errors

Fig. ??, in the appendix, we show the expansion rates of
both the forward and reverse shock with and without cor-
recting for pointing errors.

4. Discussion
For the shock-heating and particle acceleration ability of a
shock the shock velocity in the frame of the ejecta matters,

Fig. 5. The implied velocities of the forward- (black) and

reverse-shock regions (red), based on the approximate angu-

lar distances of the shock with respect to the expansion center

(Thorstensen et al. 2001), taking into account the shift of the

reverse shock with respect to this center (Arias et al. 2018). The

solid lines are the velocities in the frame of the observer. The

red dashed line shows the reverse shock velocity in the frame of

the freely expanding ejecta.

which is

|Vrs,ef | =
����
Rrs

t
� dRrs

dt

���� , (7)

with t the age of the SNR.
The plasma velocity behind the reverse shock in the

observer’s frame is

vpl,os =
dRrs

dt
+

1

�
Vrs,ef =

1

�

Rrs

t
+

✓
1� 1

�

◆
dRrs

dt
. (8)

For a self-similar expansion—-i.e. Rrs / tm, with m ⇡ 0.7
for Cas A —we obtain:

vpl,os =


1

�
+m

✓
1

�

◆�
Rrs

t
(9)

=(0.25 + 0.75m)
Rrs

t
⇡ 4345 km s�1.

However, we observe that in the west/southwestern re-
gion the reverse shocks moves backward with dRrs/dt ⇡
�2100 km s�1, which roughly corresponds to a plasma ve-
locity of �173 km s�1.

5. Conclusion
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X-ray synchrotron



Synchrotron radiation polarization

• Synchrotron radiation intrinsically polarized 
• B-orientation perpendicular to EM E-vector
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Synchrotron radiation polarization

• Synchrotron radiation intrinsically polarized 
• B-orientation perpendicular to EM E-vector

8

intrinsically ~70% polarized



Magnetic field configuration

• X-ray synchrotron → requires turbulent magnetic fields! 
• Theory: CR resonant perturbations + Bell (2004) instability (upstream) 
• Isotropic B (?) 

• Downstream: expect tangential field 
• Radio observations: young SNRs have radial B-fields, old SNRs tangential 

• Magnetic fields radially stretched in young SNRs, but where?

9
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Fig. 4 Radio polarization bars in B-field direction as obtained with the Effelsberg 100-m telescope. Left
SNR Cas A at 32 GHz; right SNR CTB1 at 10.55 GHz (courtesy of W. Reich)

authors proposed that the observed RM pattern is the imprint of an azimuthal magnetic
field in the stellar wind of the progenitor star. The expansion of the remnant into such
a wind can account for the bilateral morphology of G296.5+10.0 as observed in the
radio and X-ray bands.

Even if the radio observations of SNRs are carried out at optimum conditions to
minimize the effects mentioned above, the observed degree of polarization in SNRs
is still considerably lower than the maximum possible theoretical value. This is an
indication that the magnetic fields are primarily disordered. In general, the polarization
degree has been found to be between 10 and 15 % (see references in Reynolds and
Gilmore 1993), with higher values between 35 and 60 % in some few exceptional cases,
as for example in some regions in the Vela SNR (Milne 1980), DA 530 (Landecker
et al. 1999), G107.5−1.5 (Kothes 2003), and SN1006 (Reynoso et al. 2013).

At large spatial scale, it has been proposed that the intrinsic orientation of the
magnetic field in SNRs, as inferred from the radio observations, shows a typical
pattern depending on their age. The earliest observations of the young SNR Cas A
showed a convincingly radial magnetic field with respect to the shock front (Mayer
and Hollinger 1968), while in the case of the old Vela SNR, the radio polarization map
showed a near tangential direction in the brighter emission (Milne 1968). Later on,
polarization measurements carried out by Milne (1987) over 27 SNRs confirmed that
in young remnants the alignment of the magnetic field is predominantly in the radial
direction, whereas the dominant orientation of the field in older remnants is parallel
to the shock front or tangled. Subsequent observations have supported this picture
(Landecker et al. 1999; Fürst and Reich 2004; Wood et al. 2008). In Fig. 4, we show
the intrinsic magnetic field distribution in the SNR Cas A (left) and in CTB1 (right),
illustrating two extreme cases of magnetic field distribution, predominantly radial and
tangential, respectively.

123

Cas A
CTB 1

Dubner&Giacani (2015) 
(B vectors)



Measuring B-field orientations in X-rays with IXPE

• Imaging X-ray Polarimetry Explorer (IXPE) launched Dec. 9 2021 
• Carries 3 gas-pixel detectors 
• Uses photo-electron direction to measure B-field EM wave 
• Effective energy range: 2-7 keV

10
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Figure 11: Example of the image of a photoelectron induced track from a 5.9 keV photon. 10 The color scale represents 
the charge content of each pixel after subtracting a noise floor. The blue line and point represent the principal axis and 
the barycenter of the track, while the green line and point represent the best estimate of the photoelectron direction and 

photon absorption point using the moment analysis. 
 

7.2.1. DU Calibration 

Once constructed and environmentally tested, the DUs and the DSU were ready for X-ray calibration (DUs integrated 
with the DSU are referred to as the Instrument 11.) Each DU, including both the flight and spare units, went through a 
comprehensive calibration to characterize the response to both polarized and unpolarized radiation and to measure the 
spectral, spatial and, timing performance. The DUs were also integrated to the DSU and illuminated with X-ray sources 
to test the operation of the Instrument in the flight configuration. These activities required equipment to generate X-rays 
with known polarization and position angle. Calibration of the Instrument relied on custom calibration 
sources specifically designed and built in Italy for this purpose.  

Calibration of flight units started with DU1 on September 6th, 2019, continued with DU2 and ended with DU3 on 
February 3rd, 2020.  Including the flight-spare unit, 530 measurements were performed over a total of 4052.3 hours and 
involved 2.250 billion counts. 

7.2.1.1. Instrument Calibration Equipment (ICE) and Assembly Integration and Verification Test 
Calibration Equipment (ACE) 

There are two Instrument calibration stations, the ICE and ACE. The two stations are shown in Figure 12 and are 
discussed in detail in the paper by Muleri, et al. 12. X-ray sources can be mounted on both test stations. 
However, the ICE offers a full-fledged set of manual and motorized stages to align and move the source 
beam in a controlled way, even during a measurement, whereas the ACE was equipped only with a subset 
of available sources. Nevertheless, these sources provided the capability to perform tests with ACE and, 
contemporaneously, with ICE. The most time-consuming calibrations are the calibration of the response 
to unpolarized radiation because of statistical considerations.  

 
 

 
 

5 
 

 
Figure 1: The IXPE Observatory highlighting the key scientific payload elements. A second star tracker (not visible) is 

on the back of pointing along the -Z axis. The DSU is a computer that provides the interface between the detector 
electronics and the S/C computer.  

 

 
Figure 2: Photograph of the IXPE Observatory in the stowed position on a vibration table during Observatory 

environmental testing. Photo courtesy of Ball Aerospace. 



IXPE Statistical maps ( )χ2
2
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• ~4-5σ detection of polarization 
• correct for thermal contributions 
• Cas A: only after some tricks: 

• entire SNR only 
• 5% pol. degree 

• high downstream turbulence

Cas A Tycho’s SNR SN1006

RXJ1713 Vela Jr



X-ray polarization overview

• Radial vs tangential: age (or B-field?) dependence in X-rays 
• hydrodynamic instabilities close to shock? (Inoue+ ’13) 

• pol. frac. low (5-10%)/high B turbulence 
• Note: turbulence must be high enough to allow X-ray synchrotron (i.e. η≈ 1) 

• But: low B: long cooling time -> may affect volume of X-ray emission region 
• lack of theory regarding downstreem turbulence

12

Age (yr) B field P.F. Orientation B-field Ref.

Cas A ~350 ~250 μG ~5% radial Vink+ ‘22

Tycho 452 ~200 μG ~10% radial Ferrazzoli+ ‘23

SN1006 1018 ~80 μG ~20% radial Zhou+ ‘23

RX J1713 ~1500 ~20 μG 26%—30% tangential Ferrazzoli+ ‘24

Vela Jr ~3000 ~10 μG 10%—20% tangential Prokhorov+ ‘24



Gamma rays

• In 2 decades big jump in knowledge:  
• GeV gamma rays: Fermi-LAT, Agile 
• TeV gamma rays: H.E.S.S., Veritas, MAGIC 
• TeV-PeV gamma rays: HAWC, LHAASO 

• In the future: Cherenkov Telescope Array Observatory (CTAO), Southern 
Wide-field Gamma-ray Observatory (SWGO), upgrades LHAASO

13



SNRs in gamma rays

• Not always clear whether leptonic or hadronic (or combination) 
• Low B-field (≲30μG): likely leptonic 
• high CSM density: likely hadronic 

• Some clear cases of hadronic emission 
• Older SNRs interacting with dense environment (pion bump) 
• Compact young SNRs (Cas A, Tycho’s SNR, Kepler’s SNR)
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Figure 12.17: Spectral energy distribution of RX J0852.-4622 (Vela jr) with two dif-
ferent g-ray models, as compared to H.E.S.S. g-ray data and various radio and X-ray
data points. The input particle spectral index is q = 2.4. On the left a model domi-
nated by inverse-Compton scattering (dotted red line). Since both the g-ray and radio
to X-ray emission are caused by the same population of electrons the model requires
a specific magnetic-field strength of 6.5 µG. On the right: the g-ray emission is mod-
elled by a dominant pion-decay component (solid blue line), and the magnetic field is
set to B = 80 µG. (Credit: the H.E.S.S. collaboration, reproduced from [46].)

difficult, and has often led to strong debates.
The reason is that g-ray emission can be caused by both hadronic processes (pion

production) and leptonic radiation mechanisms (inverse Compton scattering and brems-
strahlung). The broad g-ray spectral energy distribution (SED) for inverse Compton
scattering dominated spectra and pion-decay dominated spectra are quite different. As-
suming that both the electron and proton spectral index of accelerated particles have
the same power-law slope q (N(E) µ E�q) with q ⇡ 2 (Sect. 11.2.1), inverse Compton
emission will result in a photon spectral index of G = 1

2 (q+ 1) (G ⇡ 1.5 for q ⇡ 2),
whereas pion-production and decay will result in a spectral index of G ⇡ q ⇡ 2. Brems-
strahlung, which also produces G ⇡ q, is often ignored as it requires relatively high
plasma densities, in which case pion decay is likely to be an even more dominant g-ray
component. However, for Cas A non-thermal bremsstrahlung may be a substantial g-
ray component, also because the ratio between leptonic and hadronic cosmic rays may
be peculiar [12].

Concentrating on inverse Compton scattering and pion decay, one can in principle
distinguish the two processes based on the spectral slope, with G < 2 more likely to be
indicative of inverse Compton scattering and G > 2 more indicative of pion decay. An
even better diagnostic feature is the measurement of the “pion bump”, which consists
of a peak in the spectral-energy distribution between 0.1-1 GeV and a rapid decline
in the emission below ⇠ 200 MeV. A problem is that for some supernova remnants no
reliable spectrum has been measured in the high-energy domain (< 100 GeV), whereas
the VHE g-ray spectrum may be affected by spectral steepening as a result of particle
escape or radiative losses. This limits the use of VHE g-ray emission to infer the
underlying radiation process by itself.

The complications of establishing hadronic versus leptonic emission are illustrated
in Fig. 12.17, which shows the SED of the supernova remnant RX J0852.0-4622 (note
that updated data is available in [520]). Clearly the model SED for hadronically domi-
nated g-ray emission is quite different from the leptonic models, but the available VHE

H.E.S.S. Collaboration: RX J0852.0�4622: Morphology studies and resolved spectroscopy

Fig. 1. Left: exposure-corrected excess map for RX J0852.0�4622. The data were binned in bins of 0.01� on each coordinate and smoothed with
a Gaussian function of width 0.08�. The white dashed line shows the position of the Galactic plane; the inset shows the PSF of the analysis at the
same scale for comparison. Right: same as in the left panel, but additionally the boundary of the ON region is shown as a white circle and the
significance contours at 3, 5, 7, 9, and 11� are shown in black with increasing line width for increasing significance. In addition, X-ray contours
from the ROSAT All Sky Survey for energies larger than 1.3 keV are shown in red. The X-ray data were smoothed in the same way as the �-ray
data to allow for a direct comparison. The X-ray contours were derived at 25, 50, 75, and 100 counts. The green star indicates the position of
PSR J0855�4644.
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Fig. 2. Left: smoothed and exposure-corrected excess map with ROSAT X-ray contours, as in Fig. 1. The white annulus denotes the region used for
extraction of the azimuthal profile; the white vertical line denotes the origin of the azimuthal angle (north), which increases in the counterclockwise
direction. The green star indicates the position of PSR J0855�4644. The white dot-dashed line indicates a point-like region around the position of
the southern enhancement. Right: azimuthal profile extracted from the annulus in the skymap on the left panel is shown in blue for the H.E.S.S.
�-ray data (left scale) and in red for the ROSAT X-ray data (right scale). For better visibility, two periods separated by a dashed gray line are
shown. The azimuthal position of PSR J0855�4644 and the center of the region around the southern enhancement are indicated by green and black
vertical dashed lines, respectively. The vertical error bars represent 1� statistical uncertainties; the horizontal bars represent the bin widths.

3.2. Gamma-ray spectrum of the whole supernova

remnant

The increased data set for RX J0852.0�4622 enables a deeper
study of the emission spectrum of the entire SNR. After data
quality selection, the available exposure only amounts to 21.0 h
since a sizable amount of the available observations is not usable
for spectrum determination because of the large extent of the ON
region and the exclusion region for Vela X. Many of the smaller
ON regions used in the spatially resolved spectroscopy analysis
in Sect. 3.3 achieve a better data e�ciency. The statistics and
properties of the ON region encompassing the whole SNR are
shown in row 2 of Table 1. The spectrum was calculated in the
energy range from 0.3 TeV to 30 TeV with the forward-folding
technique assuming the three models listed in Table 2: a plain
power law, a curved power law, and a power law with exponen-
tial cuto↵. In the latter model, the parameter � = 1/Ecut is used

Table 2. Spectrum models.

Model Formula Parameters
PL d�/dE = �0(E/E0)�� �0, �

CPL d�/dE = �0(E/E0)���� log(E/E0) �0, �, �
ECPL d�/dE = �0(E/E0)�� exp(�E/Ecut) �0, �, 1/Ecut

Notes. For each model, the formula and the fit parameters are shown.
The models are power law (PL), curved power law (CPL, also known as
logarithmic parabola), and power law with exponential cuto↵ (ECPL).

in the fit because its error has a more Gaussian-like distribution
than that of Ecut.

The best parameters found for all three models are presented
in Table 3 (central section). A likelihood ratio test (based on the
Wilks theorem from Wilks 1938) is used to select the model that
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leptonic (synchr.+IC) 
B≈7 μG

hadronic (pion decay)



Some “mature” SNRs (≳104 yr)

• Clear pion bumps 
• →Hadronic gamma rays 

• Proton cutoffs 20—200 GeV 
• Highest energy CRs must have 

escaped by t~10,000 yr 
• Direct evidence for escape: 

• W28: nearby TeV source 
associated with MC 

• RX J1713: evidence for TeV 
gamma-rays outside X-ray 
boundary

15

Ackermann+ ’13 
(Fermi-LAT)



Escape of cosmic rays from RX J1713?

• Escape: CRs diffuse ahead with  (no longer in acc. process) 
• RX J1713: measured 13% -> evidence for escape 

• Diffusion inferrence:   

• suggest low B, or sudden dying down of turbulence (η≫1)

Δr ≳ 0.1r

B
η

≈ 1.1 ( E
10 TeV ) ( Δt

500 yr ) ( Δr
pc )

−2

[1 +
ushockΔt

Δr ]
−1

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

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

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

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

3. Morphology studies

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

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

Year Mean o↵set1 Mean zenith angle Livetime
(degrees) (degrees) (h)

2004 0.74 30 42.7
2005 0.77 48 42.1
2011 0.73 42 65.3
2012 0.90 28 13.4

Notes. The livetime given in hours corresponds to the data fulfilling
quality requirements. (1) Mean angular distance between the H.E.S.S.
observation position and the nominal centre of the SNR taken to be at
RA: 17h13m33.6s, Dec: �39d45m36s.

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

The overall good correlation between the gamma-ray and
X-ray image of RX J1713.7�3946, which was previously found
by H.E.S.S. (Aharonian et al. 2006b), is again clearly visible
in Fig. 2 (top left) from the hard X-ray contours (XMM-

Newton data, 1–10 keV, described further below) overlaid on
the H.E.S.S. gamma-ray excess image. For a quantitative com-
parison that also allows us to determine the radial extent of the
SNR shell both in gamma rays and X-rays, radial profiles are
extracted from five regions across the SNR as indicated in the
top left plot in Fig. 2. To determine the optimum central posi-
tion for such profiles, a three-dimensional spherical shell model,
matched to the morphology of RX J1713.7�3946, is fit to the
H.E.S.S. image. This toy model of a thick shell fits five param-
eters to the data as follows: the normalisation, the x and y co-
ordinates of the centre, and the inner and outer radius of the
thick shell. The resulting centre point is RA: 17h13m25.2s, Dec:
�39d46m15.6s. As seen from the figure, regions 1 and 2 cover the
fainter parts of RX J1713.7�3946, while regions 3 and 4 con-
tain the brightest parts of the SNR shell, closer to the Galactic
plane, including the prominent X-ray hotspots and the densest
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Fig. 2. Gamma-ray excess map and radial profiles. Top left: the H.E.S.S. gamma-ray count map (E > 250 GeV) is shown with XMM-Newton X-ray
contours (1–10 keV, smoothed with the H.E.S.S. PSF) overlaid. The five regions used to compare the gamma-ray and X-ray data are indicated
along with concentric circles (dashed grey lines) with radii of 0.2� to 0.8� and centred at RA: 17h13m25.2s, Dec: �39d46m15.6s. The Galactic plane
is also drawn. The other five panels show the radial profiles from these regions. The profiles are extracted from the H.E.S.S. maps (black crosses)
and from an XMM-Newton map convolved with the H.E.S.S. PSF (red line). The relative normalisation between the H.E.S.S. and XMM-Newton

profiles is chosen such that for regions 1, 2, 4 the integral in [0.3�, 0.7�] is the same, for regions 3, 5 in [0.2�, 0.7�]. The grey shaded area shows
the combined statistical and systematic uncertainty band of the radial gamma-ray extension, determined as described in the main text. The vertical
dashed red line is the radial X-ray extension. For the X-ray data, the statistical uncertainties are well below 1% and are not shown.
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Figure 1. Spectral energy distribution measured by the MAGIC telescopes
(black dots) and Fermi (blue squares). The red solid line shows the result of
fitting the MAGIC spectrum with equation (1). The black solid line is the
broken power-law fit applied to the Fermi spectrum.

3 R ESULTS

Fig. 1 shows the reconstructed SED obtained with the MAGIC tele-
scopes (black solid points). Red solid line is the curve obtained that
best fits the MAGIC data assuming a power law with an exponential
cut-off (EPWL):

dN

dE
= N0

(
E

E0

)−!

exp
(

− E

Ec

)
(1)

with a normalization constant N0 = (1.1 ± 0.1stat ± 0.2sys) ×
10−11 TeV−1 cm−2 s−1 at a normalization energy E0 = 433 GeV,
a spectral index ! = 2.4 ± 0.1stat ± 0.2sys and a cut-off energy
Ec = 3.5(+1.6

−1.0)stat(+0.8
−0.9)sys TeV. The spectral parameters of the tested

models θ = {N0, !, Ec} are obtained via a maximum likelihood
approach. The data inputs are the numbers of recorded events (after
background suppression cuts) in each bin of estimated energy Ei

est,
both in the source direction (NON

i ) and in the three OFF regions
(NOFF

i ). An additional set of nuisance parameters µi for modelling
the background are also optimized in the likelihood calculation. In
each step of the maximization procedure, the expected number of
gammas in a given bin of estimated energy (Eest) is calculated by
folding the gamma spectrum with the MAGIC telescopes response
(energy-dependent effective area and energy migration matrix). The
background nuisance parameters and the statistical uncertainties in
the telescopes response are treated as explained in Rolke et al.
(2005).

The probability of the EPWL fit is 0.42. We tested the model
against the null hypothesis of no cut-off, which is described with a
pure power law (PWL). The probability of the PWL fit is 6 × 10−4.
A likelihood ratio test between the two tested models favours the
one that includes a cut-off at ∼3.5 TeV with 4.6σ significance.

Fig. 2 compares the fit residuals for the two tested models: PWL
and EPWL. The residuals are here defined as Nobs

ON/N
exp
ON − 1, where

Nobs
ON is the number of observed events (including background) in

the ON region and N
exp
ON is the number of events predicted by the fit

in the same region. All the bins in estimated energy which contain
events are used in the fits, but only those with 2σ significance
gamma-ray excess are shown as SED points in the upper panel of
Fig. 1.

The systematic uncertainty due to an eventual mismatch on the
absolute energy scale between MAGIC data and Monte Carlo (MC)

Figure 2. Relative fit residuals for the two tested models fitting the MAGIC
spectrum: power law with an exponential cut-off (EPWL, upper panel) and
power law (PWL, lower panel). The error bars are calculated such that they
correspond to the total contribution of each estimated energy bin to the final
likelihood of the fit.

simulations was constrained to be below 15 per cent in Aleksić et al.
(2016). By conservatively modifying the absolute calibration of the
telescopes by ±15 per cent, and re-doing the whole analysis, we
can evaluate the effect of this systematic uncertainty in the esti-
mated source spectrum. This does not produce a simple shift of
the spectrum along the energy axis, but also changes its hardness.
Even in the unlikely scenario in which, through the 158 h of ob-
servations, the average Cherenkov light yield was overestimated by
15 per cent relative to the MC, by applying the corresponding cor-
rection the resulting spectrum is still better fit by an EPWL at the
level of 3.1σ . Also, in the unlikely scenario in which the light yield
was underestimated, the EPWL is preferred over the PWL at the
6.5σ level. The systematic uncertainties in the flux normalization
and spectral index were retrieved from the publication reporting the
performance of the MAGIC telescopes during moonlight (MAGIC
Collaboration 2017). The systematic errors in the cut-off energy
were estimated from the values of Ec obtained when modifying the
absolute light scale by ±15 per cent.

For the Fermi-LAT analysis, a broken power-law function with
normalization No = (8.0 ± 0.4) × 10−12 MeV−1 cm−2 s−1 and in-
dices !1 = 0.90 ± 0.08 and !2 = 2.37 ± 0.04 is obtained and shown
in Fig. 1 as blue solid squares. The light grey shaded area shows
the statistical errors of the obtained broken power-law fit whereas
the dark one marks the uncertainty coming from the imperfect-
ness in the Galactic diffuse emission modelling, dominating the
Cas A flux uncertainties at low energies. The latter was obtained by
modifying the galactic diffuse flux by ±6 per cent. Note that the sys-
tematic error due to the diffuse background is greatly reduced above
300 MeV.

4 D ISCUSSION

MAGIC observations of the youngest GeV- and TeV-bright known
SNR have allowed us to obtain the most precise spectrum of Cas A
to date, extending previous results obtained with Cherenkov instru-
ments up to ∼10 TeV. In the MAGIC energy range, the spectrum
is best fitted with a power law with an exponential cut-off function
with an index of ∼2.4 and an energy cut-off at Ec ∼ 3.5 TeV. These
findings provide a crucial insight into the acceleration processes in
one of the most prominent non-thermal objects in our Galaxy.

We also analysed more than 8 yr of LAT data and obtained
a spectrum that confirms the one by Yuan et al. (2013). Below
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Figure 1. Spectral energy distribution measured by the MAGIC telescopes
(black dots) and Fermi (blue squares). The red solid line shows the result of
fitting the MAGIC spectrum with equation (1). The black solid line is the
broken power-law fit applied to the Fermi spectrum.

3 R ESULTS

Fig. 1 shows the reconstructed SED obtained with the MAGIC tele-
scopes (black solid points). Red solid line is the curve obtained that
best fits the MAGIC data assuming a power law with an exponential
cut-off (EPWL):
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(
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)−!

exp
(
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)
(1)

with a normalization constant N0 = (1.1 ± 0.1stat ± 0.2sys) ×
10−11 TeV−1 cm−2 s−1 at a normalization energy E0 = 433 GeV,
a spectral index ! = 2.4 ± 0.1stat ± 0.2sys and a cut-off energy
Ec = 3.5(+1.6

−1.0)stat(+0.8
−0.9)sys TeV. The spectral parameters of the tested

models θ = {N0, !, Ec} are obtained via a maximum likelihood
approach. The data inputs are the numbers of recorded events (after
background suppression cuts) in each bin of estimated energy Ei

est,
both in the source direction (NON

i ) and in the three OFF regions
(NOFF

i ). An additional set of nuisance parameters µi for modelling
the background are also optimized in the likelihood calculation. In
each step of the maximization procedure, the expected number of
gammas in a given bin of estimated energy (Eest) is calculated by
folding the gamma spectrum with the MAGIC telescopes response
(energy-dependent effective area and energy migration matrix). The
background nuisance parameters and the statistical uncertainties in
the telescopes response are treated as explained in Rolke et al.
(2005).

The probability of the EPWL fit is 0.42. We tested the model
against the null hypothesis of no cut-off, which is described with a
pure power law (PWL). The probability of the PWL fit is 6 × 10−4.
A likelihood ratio test between the two tested models favours the
one that includes a cut-off at ∼3.5 TeV with 4.6σ significance.

Fig. 2 compares the fit residuals for the two tested models: PWL
and EPWL. The residuals are here defined as Nobs

ON/N
exp
ON − 1, where

Nobs
ON is the number of observed events (including background) in

the ON region and N
exp
ON is the number of events predicted by the fit

in the same region. All the bins in estimated energy which contain
events are used in the fits, but only those with 2σ significance
gamma-ray excess are shown as SED points in the upper panel of
Fig. 1.

The systematic uncertainty due to an eventual mismatch on the
absolute energy scale between MAGIC data and Monte Carlo (MC)

Figure 2. Relative fit residuals for the two tested models fitting the MAGIC
spectrum: power law with an exponential cut-off (EPWL, upper panel) and
power law (PWL, lower panel). The error bars are calculated such that they
correspond to the total contribution of each estimated energy bin to the final
likelihood of the fit.

simulations was constrained to be below 15 per cent in Aleksić et al.
(2016). By conservatively modifying the absolute calibration of the
telescopes by ±15 per cent, and re-doing the whole analysis, we
can evaluate the effect of this systematic uncertainty in the esti-
mated source spectrum. This does not produce a simple shift of
the spectrum along the energy axis, but also changes its hardness.
Even in the unlikely scenario in which, through the 158 h of ob-
servations, the average Cherenkov light yield was overestimated by
15 per cent relative to the MC, by applying the corresponding cor-
rection the resulting spectrum is still better fit by an EPWL at the
level of 3.1σ . Also, in the unlikely scenario in which the light yield
was underestimated, the EPWL is preferred over the PWL at the
6.5σ level. The systematic uncertainties in the flux normalization
and spectral index were retrieved from the publication reporting the
performance of the MAGIC telescopes during moonlight (MAGIC
Collaboration 2017). The systematic errors in the cut-off energy
were estimated from the values of Ec obtained when modifying the
absolute light scale by ±15 per cent.

For the Fermi-LAT analysis, a broken power-law function with
normalization No = (8.0 ± 0.4) × 10−12 MeV−1 cm−2 s−1 and in-
dices !1 = 0.90 ± 0.08 and !2 = 2.37 ± 0.04 is obtained and shown
in Fig. 1 as blue solid squares. The light grey shaded area shows
the statistical errors of the obtained broken power-law fit whereas
the dark one marks the uncertainty coming from the imperfect-
ness in the Galactic diffuse emission modelling, dominating the
Cas A flux uncertainties at low energies. The latter was obtained by
modifying the galactic diffuse flux by ±6 per cent. Note that the sys-
tematic error due to the diffuse background is greatly reduced above
300 MeV.

4 D ISCUSSION

MAGIC observations of the youngest GeV- and TeV-bright known
SNR have allowed us to obtain the most precise spectrum of Cas A
to date, extending previous results obtained with Cherenkov instru-
ments up to ∼10 TeV. In the MAGIC energy range, the spectrum
is best fitted with a power law with an exponential cut-off function
with an index of ∼2.4 and an energy cut-off at Ec ∼ 3.5 TeV. These
findings provide a crucial insight into the acceleration processes in
one of the most prominent non-thermal objects in our Galaxy.

We also analysed more than 8 yr of LAT data and obtained
a spectrum that confirms the one by Yuan et al. (2013). Below
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Figure 1. Spectral energy distribution measured by the MAGIC telescopes
(black dots) and Fermi (blue squares). The red solid line shows the result of
fitting the MAGIC spectrum with equation (1). The black solid line is the
broken power-law fit applied to the Fermi spectrum.

3 R ESULTS

Fig. 1 shows the reconstructed SED obtained with the MAGIC tele-
scopes (black solid points). Red solid line is the curve obtained that
best fits the MAGIC data assuming a power law with an exponential
cut-off (EPWL):

dN

dE
= N0

(
E

E0

)−!

exp
(

− E

Ec

)
(1)

with a normalization constant N0 = (1.1 ± 0.1stat ± 0.2sys) ×
10−11 TeV−1 cm−2 s−1 at a normalization energy E0 = 433 GeV,
a spectral index ! = 2.4 ± 0.1stat ± 0.2sys and a cut-off energy
Ec = 3.5(+1.6

−1.0)stat(+0.8
−0.9)sys TeV. The spectral parameters of the tested

models θ = {N0, !, Ec} are obtained via a maximum likelihood
approach. The data inputs are the numbers of recorded events (after
background suppression cuts) in each bin of estimated energy Ei

est,
both in the source direction (NON

i ) and in the three OFF regions
(NOFF

i ). An additional set of nuisance parameters µi for modelling
the background are also optimized in the likelihood calculation. In
each step of the maximization procedure, the expected number of
gammas in a given bin of estimated energy (Eest) is calculated by
folding the gamma spectrum with the MAGIC telescopes response
(energy-dependent effective area and energy migration matrix). The
background nuisance parameters and the statistical uncertainties in
the telescopes response are treated as explained in Rolke et al.
(2005).

The probability of the EPWL fit is 0.42. We tested the model
against the null hypothesis of no cut-off, which is described with a
pure power law (PWL). The probability of the PWL fit is 6 × 10−4.
A likelihood ratio test between the two tested models favours the
one that includes a cut-off at ∼3.5 TeV with 4.6σ significance.

Fig. 2 compares the fit residuals for the two tested models: PWL
and EPWL. The residuals are here defined as Nobs

ON/N
exp
ON − 1, where

Nobs
ON is the number of observed events (including background) in

the ON region and N
exp
ON is the number of events predicted by the fit

in the same region. All the bins in estimated energy which contain
events are used in the fits, but only those with 2σ significance
gamma-ray excess are shown as SED points in the upper panel of
Fig. 1.

The systematic uncertainty due to an eventual mismatch on the
absolute energy scale between MAGIC data and Monte Carlo (MC)

Figure 2. Relative fit residuals for the two tested models fitting the MAGIC
spectrum: power law with an exponential cut-off (EPWL, upper panel) and
power law (PWL, lower panel). The error bars are calculated such that they
correspond to the total contribution of each estimated energy bin to the final
likelihood of the fit.

simulations was constrained to be below 15 per cent in Aleksić et al.
(2016). By conservatively modifying the absolute calibration of the
telescopes by ±15 per cent, and re-doing the whole analysis, we
can evaluate the effect of this systematic uncertainty in the esti-
mated source spectrum. This does not produce a simple shift of
the spectrum along the energy axis, but also changes its hardness.
Even in the unlikely scenario in which, through the 158 h of ob-
servations, the average Cherenkov light yield was overestimated by
15 per cent relative to the MC, by applying the corresponding cor-
rection the resulting spectrum is still better fit by an EPWL at the
level of 3.1σ . Also, in the unlikely scenario in which the light yield
was underestimated, the EPWL is preferred over the PWL at the
6.5σ level. The systematic uncertainties in the flux normalization
and spectral index were retrieved from the publication reporting the
performance of the MAGIC telescopes during moonlight (MAGIC
Collaboration 2017). The systematic errors in the cut-off energy
were estimated from the values of Ec obtained when modifying the
absolute light scale by ±15 per cent.

For the Fermi-LAT analysis, a broken power-law function with
normalization No = (8.0 ± 0.4) × 10−12 MeV−1 cm−2 s−1 and in-
dices !1 = 0.90 ± 0.08 and !2 = 2.37 ± 0.04 is obtained and shown
in Fig. 1 as blue solid squares. The light grey shaded area shows
the statistical errors of the obtained broken power-law fit whereas
the dark one marks the uncertainty coming from the imperfect-
ness in the Galactic diffuse emission modelling, dominating the
Cas A flux uncertainties at low energies. The latter was obtained by
modifying the galactic diffuse flux by ±6 per cent. Note that the sys-
tematic error due to the diffuse background is greatly reduced above
300 MeV.

4 D ISCUSSION

MAGIC observations of the youngest GeV- and TeV-bright known
SNR have allowed us to obtain the most precise spectrum of Cas A
to date, extending previous results obtained with Cherenkov instru-
ments up to ∼10 TeV. In the MAGIC energy range, the spectrum
is best fitted with a power law with an exponential cut-off function
with an index of ∼2.4 and an energy cut-off at Ec ∼ 3.5 TeV. These
findings provide a crucial insight into the acceleration processes in
one of the most prominent non-thermal objects in our Galaxy.

We also analysed more than 8 yr of LAT data and obtained
a spectrum that confirms the one by Yuan et al. (2013). Below
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MECS observation in the 9Y11 keV band.4 We deconvolved the
BeppoSAX image using the Lucy deconvolutionmethod, following
the procedure described inVink et al. (1999). The results are shown
in Figure 8; for comparison, we also show the 4Y6 keV BeppoSAX
image next to the Chandra image smoothed to roughly the same
resolution (the extrapolationwithout smoothing is shown in Fig. 9).
Qualitatively, the 9Y11 keV image of BeppoSAX agrees with the
extrapolatedChandra image; the southeastern part of the remnant
is relatively less bright, whereas the western and southern parts of
the center are becoming more prominent.

Since for a bremsstrahlung continuum we expect an exponen-
tial cutoff and thus a soft spectrum, and for synchrotron radiation
we expect a hard spectrum, we tentatively identify the hard spec-
tra with synchrotron emission. Although there is a likely overlap
in spectral index between thermal and nonthermal emission,we can
nevertheless estimate the total contribution of nonthermal emission
by noting that in Figure 6 (left), those regions that have abundant
line emission (the eastern part of the shell) have power-law spec-

tra steeper than!3.1. The total flux associated with those power-
law indices amounts to 46% of the total flux in the 4.2Y6 keV
band (Fig. 10), suggesting that the other 54% of the flux is due
to nonthermal radiation. This corresponds roughly to a total non-
thermal flux above 4 keVof 2:7 ; 10!10 erg s!1 cm!2. If we take
a power-law index of !2.8 as an upper limit, this corresponds to
a thermal bremsstrahlung model with kT ¼ 3:5 keV, and the non-
thermal contribution comes down to 33%. This is indeed a large
fraction of the total continuum emission, but not as large as the
93% suggested by extrapolation of the hardX-ray power law. The
reason for this is probably that the true spectral shapes are not
exactly power laws, but that they steepen at higher energies. So
apparently, in the Chandra band the addition of soft thermal and

Fig. 6.—Left: Fitted power-law indices (!) + 3.1, to show the difference between the individual fits and the overall spectrum. Darker color indicates a steeper spectrum.
Right: Map of an image in the 4.2Y6.0 keV continuum bands divided by a broadband image. The lighter color means relatively more continuum and thus a harder spectrum.
Note the similarities between the images: as already noted byDeLaney et al. (2004) the continuum-dominated areas tend to have a harder spectrum. Even so, not all hard spectra
have a lack of line emission.

Fig. 7.—On the x-axis is the ratio of continuumover broadband in arbitrary units
(the same units as in Fig. 6, right panel ), a higher value means relatively more con-
tinuum. On the y-axis are the fitted power-law indices of the corresponding bins.

4 There is also an observation made by XMM-Newton of Cas A up to 15 keV
(Bleeker et al. 2001); because of errors in the exposure map of this observation,
we choose to use the BeppoSAX data.

Fig. 8.—Top row:Chandra image of CasA in the 4Y6 keV band, convolved to
the BeppoSAX resolution (left) and the BeppoSAX image of Cas A in the same
energy band (right).Bottom row: The left side has the image of Fig. 6, extrapolated
to 9Y11 keV (Fig. 9) and convolved to the BeppoSAX resolution. The right image
shows the actual BeppoSAX image in the 9Y11 keV band. The extrapolation
matches qualitatively the BeppoSAX image; therefore, the power-law fits give a
reasonable prediction of the hard X-ray image of Cas A.
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Figure 1. Spectral energy distribution measured by the MAGIC telescopes
(black dots) and Fermi (blue squares). The red solid line shows the result of
fitting the MAGIC spectrum with equation (1). The black solid line is the
broken power-law fit applied to the Fermi spectrum.

3 R ESULTS

Fig. 1 shows the reconstructed SED obtained with the MAGIC tele-
scopes (black solid points). Red solid line is the curve obtained that
best fits the MAGIC data assuming a power law with an exponential
cut-off (EPWL):

dN

dE
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(
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)−!

exp
(

− E

Ec

)
(1)

with a normalization constant N0 = (1.1 ± 0.1stat ± 0.2sys) ×
10−11 TeV−1 cm−2 s−1 at a normalization energy E0 = 433 GeV,
a spectral index ! = 2.4 ± 0.1stat ± 0.2sys and a cut-off energy
Ec = 3.5(+1.6

−1.0)stat(+0.8
−0.9)sys TeV. The spectral parameters of the tested

models θ = {N0, !, Ec} are obtained via a maximum likelihood
approach. The data inputs are the numbers of recorded events (after
background suppression cuts) in each bin of estimated energy Ei

est,
both in the source direction (NON

i ) and in the three OFF regions
(NOFF

i ). An additional set of nuisance parameters µi for modelling
the background are also optimized in the likelihood calculation. In
each step of the maximization procedure, the expected number of
gammas in a given bin of estimated energy (Eest) is calculated by
folding the gamma spectrum with the MAGIC telescopes response
(energy-dependent effective area and energy migration matrix). The
background nuisance parameters and the statistical uncertainties in
the telescopes response are treated as explained in Rolke et al.
(2005).

The probability of the EPWL fit is 0.42. We tested the model
against the null hypothesis of no cut-off, which is described with a
pure power law (PWL). The probability of the PWL fit is 6 × 10−4.
A likelihood ratio test between the two tested models favours the
one that includes a cut-off at ∼3.5 TeV with 4.6σ significance.

Fig. 2 compares the fit residuals for the two tested models: PWL
and EPWL. The residuals are here defined as Nobs

ON/N
exp
ON − 1, where

Nobs
ON is the number of observed events (including background) in

the ON region and N
exp
ON is the number of events predicted by the fit

in the same region. All the bins in estimated energy which contain
events are used in the fits, but only those with 2σ significance
gamma-ray excess are shown as SED points in the upper panel of
Fig. 1.

The systematic uncertainty due to an eventual mismatch on the
absolute energy scale between MAGIC data and Monte Carlo (MC)

Figure 2. Relative fit residuals for the two tested models fitting the MAGIC
spectrum: power law with an exponential cut-off (EPWL, upper panel) and
power law (PWL, lower panel). The error bars are calculated such that they
correspond to the total contribution of each estimated energy bin to the final
likelihood of the fit.

simulations was constrained to be below 15 per cent in Aleksić et al.
(2016). By conservatively modifying the absolute calibration of the
telescopes by ±15 per cent, and re-doing the whole analysis, we
can evaluate the effect of this systematic uncertainty in the esti-
mated source spectrum. This does not produce a simple shift of
the spectrum along the energy axis, but also changes its hardness.
Even in the unlikely scenario in which, through the 158 h of ob-
servations, the average Cherenkov light yield was overestimated by
15 per cent relative to the MC, by applying the corresponding cor-
rection the resulting spectrum is still better fit by an EPWL at the
level of 3.1σ . Also, in the unlikely scenario in which the light yield
was underestimated, the EPWL is preferred over the PWL at the
6.5σ level. The systematic uncertainties in the flux normalization
and spectral index were retrieved from the publication reporting the
performance of the MAGIC telescopes during moonlight (MAGIC
Collaboration 2017). The systematic errors in the cut-off energy
were estimated from the values of Ec obtained when modifying the
absolute light scale by ±15 per cent.

For the Fermi-LAT analysis, a broken power-law function with
normalization No = (8.0 ± 0.4) × 10−12 MeV−1 cm−2 s−1 and in-
dices !1 = 0.90 ± 0.08 and !2 = 2.37 ± 0.04 is obtained and shown
in Fig. 1 as blue solid squares. The light grey shaded area shows
the statistical errors of the obtained broken power-law fit whereas
the dark one marks the uncertainty coming from the imperfect-
ness in the Galactic diffuse emission modelling, dominating the
Cas A flux uncertainties at low energies. The latter was obtained by
modifying the galactic diffuse flux by ±6 per cent. Note that the sys-
tematic error due to the diffuse background is greatly reduced above
300 MeV.

4 D ISCUSSION

MAGIC observations of the youngest GeV- and TeV-bright known
SNR have allowed us to obtain the most precise spectrum of Cas A
to date, extending previous results obtained with Cherenkov instru-
ments up to ∼10 TeV. In the MAGIC energy range, the spectrum
is best fitted with a power law with an exponential cut-off function
with an index of ∼2.4 and an energy cut-off at Ec ∼ 3.5 TeV. These
findings provide a crucial insight into the acceleration processes in
one of the most prominent non-thermal objects in our Galaxy.

We also analysed more than 8 yr of LAT data and obtained
a spectrum that confirms the one by Yuan et al. (2013). Below
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MECS observation in the 9Y11 keV band.4 We deconvolved the
BeppoSAX image using the Lucy deconvolutionmethod, following
the procedure described inVink et al. (1999). The results are shown
in Figure 8; for comparison, we also show the 4Y6 keV BeppoSAX
image next to the Chandra image smoothed to roughly the same
resolution (the extrapolationwithout smoothing is shown in Fig. 9).
Qualitatively, the 9Y11 keV image of BeppoSAX agrees with the
extrapolatedChandra image; the southeastern part of the remnant
is relatively less bright, whereas the western and southern parts of
the center are becoming more prominent.

Since for a bremsstrahlung continuum we expect an exponen-
tial cutoff and thus a soft spectrum, and for synchrotron radiation
we expect a hard spectrum, we tentatively identify the hard spec-
tra with synchrotron emission. Although there is a likely overlap
in spectral index between thermal and nonthermal emission,we can
nevertheless estimate the total contribution of nonthermal emission
by noting that in Figure 6 (left), those regions that have abundant
line emission (the eastern part of the shell) have power-law spec-

tra steeper than!3.1. The total flux associated with those power-
law indices amounts to 46% of the total flux in the 4.2Y6 keV
band (Fig. 10), suggesting that the other 54% of the flux is due
to nonthermal radiation. This corresponds roughly to a total non-
thermal flux above 4 keVof 2:7 ; 10!10 erg s!1 cm!2. If we take
a power-law index of !2.8 as an upper limit, this corresponds to
a thermal bremsstrahlung model with kT ¼ 3:5 keV, and the non-
thermal contribution comes down to 33%. This is indeed a large
fraction of the total continuum emission, but not as large as the
93% suggested by extrapolation of the hardX-ray power law. The
reason for this is probably that the true spectral shapes are not
exactly power laws, but that they steepen at higher energies. So
apparently, in the Chandra band the addition of soft thermal and

Fig. 6.—Left: Fitted power-law indices (!) + 3.1, to show the difference between the individual fits and the overall spectrum. Darker color indicates a steeper spectrum.
Right: Map of an image in the 4.2Y6.0 keV continuum bands divided by a broadband image. The lighter color means relatively more continuum and thus a harder spectrum.
Note the similarities between the images: as already noted byDeLaney et al. (2004) the continuum-dominated areas tend to have a harder spectrum. Even so, not all hard spectra
have a lack of line emission.

Fig. 7.—On the x-axis is the ratio of continuumover broadband in arbitrary units
(the same units as in Fig. 6, right panel ), a higher value means relatively more con-
tinuum. On the y-axis are the fitted power-law indices of the corresponding bins.

4 There is also an observation made by XMM-Newton of Cas A up to 15 keV
(Bleeker et al. 2001); because of errors in the exposure map of this observation,
we choose to use the BeppoSAX data.

Fig. 8.—Top row:Chandra image of CasA in the 4Y6 keV band, convolved to
the BeppoSAX resolution (left) and the BeppoSAX image of Cas A in the same
energy band (right).Bottom row: The left side has the image of Fig. 6, extrapolated
to 9Y11 keV (Fig. 9) and convolved to the BeppoSAX resolution. The right image
shows the actual BeppoSAX image in the 9Y11 keV band. The extrapolation
matches qualitatively the BeppoSAX image; therefore, the power-law fits give a
reasonable prediction of the hard X-ray image of Cas A.
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The puzzle of gamma rays from Cas A

• γ-rays: unresolved
• Inferred proton cutoff: Ec≈3 TeV (MAGIC ’17;Veritas ’20)
• Problem: this is close to electron cutoff, and these are loss limited; expect: Ep>>Ee!
• Possible solutions: 

• most hadronic γ rays from reverse shock region (dense!) with Vs~1500-8000 km/s 
• in addition: most hadrons are not protons: Cas A oxygen dominated!; CSM: He/N!

• CTAO/future: reveal a forward shock component to higher energies
17

A cut-off in the Cas A spectrum 2959

Figure 1. Spectral energy distribution measured by the MAGIC telescopes
(black dots) and Fermi (blue squares). The red solid line shows the result of
fitting the MAGIC spectrum with equation (1). The black solid line is the
broken power-law fit applied to the Fermi spectrum.

3 R ESULTS

Fig. 1 shows the reconstructed SED obtained with the MAGIC tele-
scopes (black solid points). Red solid line is the curve obtained that
best fits the MAGIC data assuming a power law with an exponential
cut-off (EPWL):

dN

dE
= N0

(
E

E0

)−!

exp
(

− E

Ec

)
(1)

with a normalization constant N0 = (1.1 ± 0.1stat ± 0.2sys) ×
10−11 TeV−1 cm−2 s−1 at a normalization energy E0 = 433 GeV,
a spectral index ! = 2.4 ± 0.1stat ± 0.2sys and a cut-off energy
Ec = 3.5(+1.6

−1.0)stat(+0.8
−0.9)sys TeV. The spectral parameters of the tested

models θ = {N0, !, Ec} are obtained via a maximum likelihood
approach. The data inputs are the numbers of recorded events (after
background suppression cuts) in each bin of estimated energy Ei

est,
both in the source direction (NON

i ) and in the three OFF regions
(NOFF

i ). An additional set of nuisance parameters µi for modelling
the background are also optimized in the likelihood calculation. In
each step of the maximization procedure, the expected number of
gammas in a given bin of estimated energy (Eest) is calculated by
folding the gamma spectrum with the MAGIC telescopes response
(energy-dependent effective area and energy migration matrix). The
background nuisance parameters and the statistical uncertainties in
the telescopes response are treated as explained in Rolke et al.
(2005).

The probability of the EPWL fit is 0.42. We tested the model
against the null hypothesis of no cut-off, which is described with a
pure power law (PWL). The probability of the PWL fit is 6 × 10−4.
A likelihood ratio test between the two tested models favours the
one that includes a cut-off at ∼3.5 TeV with 4.6σ significance.

Fig. 2 compares the fit residuals for the two tested models: PWL
and EPWL. The residuals are here defined as Nobs

ON/N
exp
ON − 1, where

Nobs
ON is the number of observed events (including background) in

the ON region and N
exp
ON is the number of events predicted by the fit

in the same region. All the bins in estimated energy which contain
events are used in the fits, but only those with 2σ significance
gamma-ray excess are shown as SED points in the upper panel of
Fig. 1.

The systematic uncertainty due to an eventual mismatch on the
absolute energy scale between MAGIC data and Monte Carlo (MC)

Figure 2. Relative fit residuals for the two tested models fitting the MAGIC
spectrum: power law with an exponential cut-off (EPWL, upper panel) and
power law (PWL, lower panel). The error bars are calculated such that they
correspond to the total contribution of each estimated energy bin to the final
likelihood of the fit.

simulations was constrained to be below 15 per cent in Aleksić et al.
(2016). By conservatively modifying the absolute calibration of the
telescopes by ±15 per cent, and re-doing the whole analysis, we
can evaluate the effect of this systematic uncertainty in the esti-
mated source spectrum. This does not produce a simple shift of
the spectrum along the energy axis, but also changes its hardness.
Even in the unlikely scenario in which, through the 158 h of ob-
servations, the average Cherenkov light yield was overestimated by
15 per cent relative to the MC, by applying the corresponding cor-
rection the resulting spectrum is still better fit by an EPWL at the
level of 3.1σ . Also, in the unlikely scenario in which the light yield
was underestimated, the EPWL is preferred over the PWL at the
6.5σ level. The systematic uncertainties in the flux normalization
and spectral index were retrieved from the publication reporting the
performance of the MAGIC telescopes during moonlight (MAGIC
Collaboration 2017). The systematic errors in the cut-off energy
were estimated from the values of Ec obtained when modifying the
absolute light scale by ±15 per cent.

For the Fermi-LAT analysis, a broken power-law function with
normalization No = (8.0 ± 0.4) × 10−12 MeV−1 cm−2 s−1 and in-
dices !1 = 0.90 ± 0.08 and !2 = 2.37 ± 0.04 is obtained and shown
in Fig. 1 as blue solid squares. The light grey shaded area shows
the statistical errors of the obtained broken power-law fit whereas
the dark one marks the uncertainty coming from the imperfect-
ness in the Galactic diffuse emission modelling, dominating the
Cas A flux uncertainties at low energies. The latter was obtained by
modifying the galactic diffuse flux by ±6 per cent. Note that the sys-
tematic error due to the diffuse background is greatly reduced above
300 MeV.

4 D ISCUSSION

MAGIC observations of the youngest GeV- and TeV-bright known
SNR have allowed us to obtain the most precise spectrum of Cas A
to date, extending previous results obtained with Cherenkov instru-
ments up to ∼10 TeV. In the MAGIC energy range, the spectrum
is best fitted with a power law with an exponential cut-off function
with an index of ∼2.4 and an energy cut-off at Ec ∼ 3.5 TeV. These
findings provide a crucial insight into the acceleration processes in
one of the most prominent non-thermal objects in our Galaxy.

We also analysed more than 8 yr of LAT data and obtained
a spectrum that confirms the one by Yuan et al. (2013). Below
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MECS observation in the 9Y11 keV band.4 We deconvolved the
BeppoSAX image using the Lucy deconvolutionmethod, following
the procedure described inVink et al. (1999). The results are shown
in Figure 8; for comparison, we also show the 4Y6 keV BeppoSAX
image next to the Chandra image smoothed to roughly the same
resolution (the extrapolationwithout smoothing is shown in Fig. 9).
Qualitatively, the 9Y11 keV image of BeppoSAX agrees with the
extrapolatedChandra image; the southeastern part of the remnant
is relatively less bright, whereas the western and southern parts of
the center are becoming more prominent.

Since for a bremsstrahlung continuum we expect an exponen-
tial cutoff and thus a soft spectrum, and for synchrotron radiation
we expect a hard spectrum, we tentatively identify the hard spec-
tra with synchrotron emission. Although there is a likely overlap
in spectral index between thermal and nonthermal emission,we can
nevertheless estimate the total contribution of nonthermal emission
by noting that in Figure 6 (left), those regions that have abundant
line emission (the eastern part of the shell) have power-law spec-

tra steeper than!3.1. The total flux associated with those power-
law indices amounts to 46% of the total flux in the 4.2Y6 keV
band (Fig. 10), suggesting that the other 54% of the flux is due
to nonthermal radiation. This corresponds roughly to a total non-
thermal flux above 4 keVof 2:7 ; 10!10 erg s!1 cm!2. If we take
a power-law index of !2.8 as an upper limit, this corresponds to
a thermal bremsstrahlung model with kT ¼ 3:5 keV, and the non-
thermal contribution comes down to 33%. This is indeed a large
fraction of the total continuum emission, but not as large as the
93% suggested by extrapolation of the hardX-ray power law. The
reason for this is probably that the true spectral shapes are not
exactly power laws, but that they steepen at higher energies. So
apparently, in the Chandra band the addition of soft thermal and

Fig. 6.—Left: Fitted power-law indices (!) + 3.1, to show the difference between the individual fits and the overall spectrum. Darker color indicates a steeper spectrum.
Right: Map of an image in the 4.2Y6.0 keV continuum bands divided by a broadband image. The lighter color means relatively more continuum and thus a harder spectrum.
Note the similarities between the images: as already noted byDeLaney et al. (2004) the continuum-dominated areas tend to have a harder spectrum. Even so, not all hard spectra
have a lack of line emission.

Fig. 7.—On the x-axis is the ratio of continuumover broadband in arbitrary units
(the same units as in Fig. 6, right panel ), a higher value means relatively more con-
tinuum. On the y-axis are the fitted power-law indices of the corresponding bins.

4 There is also an observation made by XMM-Newton of Cas A up to 15 keV
(Bleeker et al. 2001); because of errors in the exposure map of this observation,
we choose to use the BeppoSAX data.

Fig. 8.—Top row:Chandra image of CasA in the 4Y6 keV band, convolved to
the BeppoSAX resolution (left) and the BeppoSAX image of Cas A in the same
energy band (right).Bottom row: The left side has the image of Fig. 6, extrapolated
to 9Y11 keV (Fig. 9) and convolved to the BeppoSAX resolution. The right image
shows the actual BeppoSAX image in the 9Y11 keV band. The extrapolation
matches qualitatively the BeppoSAX image; therefore, the power-law fits give a
reasonable prediction of the hard X-ray image of Cas A.
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A peculiar SNR N132D (LMC)

• Powerful SNR (E~5x1051 erg) evolving in windblown cavity 
• Oxygen-rich: “older version” of Cas A, t~2500 yr 
• Interacting with molecular cloud in SW 
• H.E.S.S. (2021): no need for cutoff ( , not significant) 
• Proton cutoff ~120 TeV 
• Older than Cas A, but cutoff (if any) at much higher energy!

Ec = 19+60
−10 TeV

18
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and gamma-ray morphology are presented. In Sect. 4 a multi-
wavelength spectrum modeling is explained. These results are
discussed in Sect. 5 in the context of the environment of N132D
as well as in the context of the VHE-emitting SNR population.
The conclusions of this study are presented in Sect. 6.

2. Observations and data analysis

2.1. H.E.S.S. experiment

The High Energy Stereoscopic System2 (H.E.S.S.) is an array
of five IACTs located in the Khomas Highland in Namibia at
an altitude of 1800 m above sea level. It has been operating
since December 2003. In its first phase (“H.E.S.S. I”), the array
consisted of four identical 12 m Cherenkov telescopes (CT1-4)
placed at the corners of a square of 120 m side length. CT1-
4 are equipped with mirrors with a total area of 107 m2 and
cameras with 960 photo-multiplier tubes each. The stereoscopic
IACT technique allows determining the energy and direction of
VHE gamma rays through imprints of the Cherenkov light emit-
ted by secondary charged particles of a shower initiated by a
primary VHE photon entering the atmosphere. With the 5� field
of view (FoV) of CT1-4, gamma rays can be reconstructed with
a typical angular resolution of ⇠0.�1 (68% containment radius).
The energy threshold is ⇠100 GeV for small zenith angles and
below 1 TeV for zenith angles up to 60�, and the energy reso-
lution is ⇠15% (for further details, see Aharonian et al. 2006).
The fifth Cherenkov telescope (CT5) with a diameter of 28 m
(mirror area of 614 m2) was added in the center of the CT1-4
array in July 2012, initiating the second phase of the experiment,
“H.E.S.S. II”. This study mostly uses H.E.S.S. I observations
because, for the observations presented here, only about 5% of
the data were taken by the full CT1-5 array. H.E.S.S. perfor-
mance depends on the zenith angle, configuration cuts, and the
number of telescopes considered in the reconstruction (for more
details, see Sects. 2.2 and 2.3).

2.2. Data set: LMC survey

Its location in the southern hemisphere makes H.E.S.S. the only
currently operating IACT array able to observe the LMC in the
VHE band. With its angular size of ⇠8�, the LMC galaxy is
compact enough for the H.E.S.S. telescopes to perform a sur-
vey. Such a survey was conducted over 13 yr, from 2004 to 2017,
during which the full LMC galaxy was covered with over 325 h
of observations. The exposure of the LMC is rather inhomoge-
neous and mostly concentrated on the central region around the
Tarantula nebula. H.E.S.S. observations from 2003 to 2012 led
to the discovery of three individual VHE gamma-ray-emitting
sources, including SNR N132D, along with the PWN of N 157B
and the superbubble 30 Dor C (Abramowski et al. 2012, 2015b),
as well as the detection of the gamma-ray binary LMC P3
(H.E.S.S. Collaboration 2018g). The data set used for our anal-
ysis was taken between December 2004 and March 2016. It
consists of 252 h of total exposure time, adding 104 h to the
previously published data set. The zenith angle of these observa-
tions spans a range of 45–57�, with a mean of 46�, and a mean
azimuth angle of 182.�5. The data set was selected with a maxi-
mum offset of 2.�5 around the source to avoid observations with
large offset angles with respect to the camera center. For N132D,
the observation positions were mostly toward the east side of
the SNR. This is due to the nature of the observations, which
are part of a survey, instead of being dedicated to N132D: the

2 https://www.mpi-hd.mpg.de/hfm/HESS/
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Fig. 1. H.E.S.S. excess map with a size of 1.�6, smoothed with a
Gaussian of width 0.�1. The ON region with a radius of 0.�07, centered
on the N132D X-ray source position, is shown in green, and the 2 and
3� of the best-fit position (see Sect. 3.2) are represented in red.

pointings were mostly directed toward N157B in the Tarantula
nebula, which is situated toward the east of N132D. This results
in offset angles in the range of 0.�16 to 2.�5 and a mean offset
angle for N132D of 1.�13. The observations are thus taken at
rather large offset, for which the acceptance is reduced compared
to sources located closer to the camera center. Observations at
large zenith angles with IACTs in general result in a lower effec-
tive area at energies below 1 TeV, but an increase in effective area
above 1 TeV (e.g., Acciari et al. 2020). Therefore these observa-
tions were particularly well suited for measuring the high-energy
part of the N132D gamma-ray spectrum.

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

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

To compute the maps and statistics presented in Sect. 3,
ON events were selected from a circle centered on the geo-
metrical center of the X-ray emission (referred to as the “X-ray
source position”) at RA 5h25m2.2s, Dec �69�3803900. OFF events
were selected according to a ring-background method (Berge
et al. 2007). An additional cut on the energy of reconstructed
gamma-rays was made above 1.3 TeV in order to improve the
signal-to-background ratio for this hard gamma-ray source and
keep only gamma-ray events from a well-determined direction

A7, page 3 of 13
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Fig. 3. Left: Fermi-LAT (open circles) and H.E.S.S (dots) combined spectrum fit with a power law. Right: Fermi-LAT and H.E.S.S combined
spectrum fit with a power law with an exponential cutoff (blue) and a broken power law (green). For both figures, the best-fit functions are shown
with 68% error bars in the shaded region, as well as residuals compared to the fit. The flux point error bars represent the statistical uncertainties.
The fit parameters are reported in Table 1.

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

Data �2/ndof � �0 (1 TeV) Ec/Eb
⇥10�14 TeV cm�2 s�1

H.E.S.S. PL 3.9/2 2.32± 0.22 13.1± 4.3 –
Fermi-LAT + H.E.S.S PL 8.2/6 2.13± 0.05 9.7± 1.6 –
Fermi-LAT + H.E.S.S ECPL 6.4/5 2.08± 0.06 12.3± 2.9 Ec = 19+60

�10 TeV
Fermi-LAT + H.E.S.S BPL 4.2/4 1.47± 0.43 2.31± 0.14 12.8± 2.9 Eb = 24+116

�16 GeV

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

3. Results

3.1. Statistics and spectral properties

The H.E.S.S analysis of N132D reveals an excess of 95 gamma-
ray events above an energy of 1.3 TeV, corresponding to a
significance of 5.7� for an exposure of 252 h. The VHE gamma-
ray emission from N132D is thus unambiguously detected, for
which there was previous evidence from H.E.S.S. at a lower
significance level of 4.7� (Abramowski et al. 2015b).

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

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

The H.E.S.S. spectrum is well fit with a single
power law (dN/dE =�0 ⇥ (E/1TeV)��) with an index
�= 2.3± 0.2 and a differential flux normalization at 1 TeV
of �0 = (1.31± 0.43)⇥ 10�13 TeV�1 cm�2 s�1, with a �2 of
3.9 for 2 degrees of freedom. The derived photon index is
consistent with the previous estimate by H.E.S.S., yielding
�= 2.4± 0.3 (Abramowski et al. 2015b). Systematic errors
on the spectrum parameters are estimated to be±0.3 for �,
and±30% for �0. These systematic uncertainties arise because

the data set spans 13 yr and the LMC is mostly observed during
the rainy season, leading to significant variations in atmospheric
conditions (see Abramowski et al. 2012). The corresponding
luminosity, assuming a distance d = 50 kpc to the source, is
L(1�10 TeV)= (1.05± 0.29)⇥ 1035(d/50kpc)2 erg s�1. This
value is consistent with previous results and is comparable to the
luminosity of the brightest SNRs in the VHE band: N132D is
as luminous as HESS J1640-465 (Abramowski et al. 2014b) and
⇠28 times more luminous than Cas A (Aharonian et al. 2001).

A combination of the H.E.S.S and Fermi-LAT data allowed
us to investigate the spectral properties in a wide energy range.
The fits were performed on H.E.S.S and Fermi-LAT eight spec-
trum points, as shown in Fig. 3. The fit parameters are reported in
Table 1. The combined spectrum can be perfectly fit with a sin-
gle power law, resulting in a reduced �2 of 8.2 for 6 degrees of
freedom (Fig. 3 left). The derived photon index, �= 2.13± 0.05,
is consistent with the index obtained with the H.E.S.S. data
alone. The fit model with a power law and an exponential cut-
off (Fig. 3 right), dN/dE =�0 ⇥ (E/1TeV)�� exp(�E/Ec), is not
preferred over a fit with a simple power law as derived from
this table by means of a likelihood ratio test (1.4�, ��2 = 1.8
with 1 degree of freedom). Considering the Akaike information
criterion (AIC; Akaike 1974), an AIC value of 12.4 is obtained
while fitting a power law with an exponential cutoff to the data,
which is 12.2 when a power law is fit to the data. The relative
likelihood defined as exp((AICmin � AICmax)/2) shows that the
power-law model is sufficient to describe the data. The result-
ing cutoff energy is quite high, exhibiting large errors (Ec =
19+60
�10 TeV). A cutoff energy lower than 8 TeV can be excluded

at a 95% confidence level (CL). The energy cutoff value is based
on the statistical analysis and does not take into account the
H.E.S.S. systematic error in the energy reconstruction of ⇠15%.
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30 Dor C in LMC: an SNR in a superbubble
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30 Dor C—For the first time, we find HESS J0535−691,
associated with 30 Dor C, to be an extended γ-ray
source. The best-fit Gaussian width is s =Gauss

30 Dor C

( )  ¢1.91 0.40 0.20stat sys , which corresponds to (27.8 ±
5.8stat± 2.9sys) pc at the distance to the LMC. This model is
preferred over one in which 30 Dor C is described as a pointlike
source by 3.3σ. The measured extension is of the same order as
the observed size of the X-ray SB, as can be seen from
Figure 2. The best-fit position deviates by ¢1. 1 from that
previously obtained in H.E.S.S. Collaboration (2015); this is
most likely due to the different analysis method used there (a
two-dimensional, i.e., energy-integrated likelihood fit). We
note that the new position is in better agreement with the center
of the X-ray SB and the compact star clusters located there. The
energy spectrum follows a power law with spectral index
Γ30 Dor C=−2.57± 0.09stat.

R136—Lastly, HESS J0538−691 is detected as a new γ-ray
source with a significance of 6.3σ. The separation between the
best-fit position and the location of the YMC R136 is only ≈20″
(see Figure 3). Because there is no other plausible counterpart,
we associate HESS J0538−691 with R136.37 Similarly to
30 Dor C, we find a preference (3.1σ) for an extended source,
with a Gaussian width of ( ∣ )s =  ¢-

+2.30 0.54Gauss
R136

stat 0.21
0.26

sys ,
or ( ∣ ) -

+33.5 7.9 pcstat 3.1
3.8

sys . For the energy spectrum, we find a
power-law spectral index ΓR136=−2.54± 0.15stat.

3.2. Spectral Results and Energy Requirements

In Figure 4, we show the energy spectra of 30Dor C and
R136 in terms of their γ-ray luminosity. Above the threshold
energy of 0.5 TeV, the integrated luminosities are »gL 30 Dor C

´ -2.9 10 erg s35 1 and » ´g
-L 2.2 10 erg sR136 35 1. Remark-

ably, these values exceed the luminosity of Westerlund 1 above
the same energy, 8× 1034 erg s−1 (H.E.S.S. Collaboration et al.
2022), by a factor of 2–3.
Figure 4 also shows the γ-ray luminosities predicted by a

leptonic and a hadronic model (see Appendix C for details).
For the hadronic case, we find spectral indices of the
primary proton spectrum of G = - 2.64 0.08p

30 Dor C
stat and

G = - 2.59 0.13p
R136

stat. Assuming an extrapolation of the
particle spectrum to 1 GeV with the same spectral index, this
would imply a total energy requirement for protons of

( )» ´ - -W n2.1 10 1 cm ergp
30 Dor C 53 3 1 and » ´W 1.1p

R136

( )- -n10 1 cm erg53 3 1 , respectively, where n is the average
target gas density. However, at least for 30 Dor C, such an
extrapolation would violate the upper limit on the γ-ray flux in
the 1–10 GeV range provided by the Fermi-LAT instrument
(Fermi-LAT Collaboration 2016). To respect the limit, the
primary proton spectrum would, for example, need to
transition to a harder spectral index of −2 below ∼1 TeV. In
this case, one obtains a lower requirement of »Wp

30 Dor C

( )´ - -n1.4 10 1 cm erg52 3 1 (or, for comparison, although no
limit from Fermi-LAT is available, » ´W 9.7p

R136

( )- -n10 1 cm erg51 3 1 ). These values can be treated as lower
limits for the required energy in protons.

Figure 1. γ-ray flux maps of the target region of the analysis. The maps show the γ-ray flux F in units of 10−8 cm−2 s−1 sr−1, integrated above an energy of 0.5 TeV,
assuming a power-law spectrum with index −2.5. Smoothing with a top-hat kernel of 0°. 07 radius has been applied. (a) Entire emission. (b) Residual emission after
subtraction of the emission from N157B predicted by the best-fit ROI model. Dashed blue lines show flux contours at (2.5/7.5/12.5) × 10−8 cm−2 s−1 sr−1 in panel
(a) and (1.5/3) × 10−8 cm−2 s−1 sr−1 in panel (b). Pixels with a negative excess after background subtraction are clipped at zero. The light green contour lines denote
Hα emission as inferred by SHASSA (Gaustad et al. 2001).

37 The position of HESS J0538−691 is also compatible with a nearby “clump”
of stars (separated by a few parsecs; Sabbi et al. 2012) that do not belong to
R136 itself but are part of the encompassing cluster NGC 2070. See also
Section 4.
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Although at this stage we cannot rule out ei-
ther the leptonic or the hadronic scenario, the
H.E.S.S. observations reveal that the conditions
inside the superbubble must be extreme: The
hadronic scenario requires locations with high
densities and a high degree of magnetic turbu-
lence, whereas the leptonic scenario requires the
stellar cluster to be extremely rarified. Moreover,
the g-ray and x-ray observations suggest active
particle acceleration by a very large, fast-expanding
shell. This may provide the right conditions for
accelerating some protons to energies exceeding
3× 1015 eV,which is themaximumenergy detected
for Galactic CRs. These observations, therefore,
lend support to the view expressed in (29, 34, 35)
that superbubbles may provide the right condi-
tions for particle acceleration to very high energies,
because they are thought to contain very turbulent

magnetic fields and they are large enough to
contain VHE particles for up to millions of years.
In the Milky Way, the most closely related

object to 30Dor C is the stellar clusterWesterlund
1 (36), which, however, has a completely different
x-ray morphology. More important, it is not clear
whether the g rays originate from the cluster wind
itself, a PWN, or the numerous supernovae that
exploded inside Westerlund 1 in the recent past.
Because a large fraction of supernovae are thought
to go off in superbubbles, this first unambiguous
detection of VHE g rays from a superbubble may
have broad implications for the circumstances in
which a large fraction of CRs are accelerated.

N 157B

The source HESS J0537-691 is coincident with
the PWN N 157B, which surrounds the pulsar

PSR J0537-6910. PWNe are nebulae of ultra-
relativistic particles driven by highly magne-
tized, fast-rotating neutron stars that convert a
considerable amount of their spin-down energy
into a particle wind. The archetypal Crab nebula
is one of the brightest sources of nonthermal
radiation in the sky and is powered by the pulsar
with the highest spin-down energy known in the
Milky Way (37). With comparably extreme ro-
tational energy loss rates, N 157B (Ė = 4.9 ×
1038 erg s−1) and the Crab nebula (Ė = 4.6 ×
1038 erg s−1) appear to be twins. The study of
N 157B thus provides an opportunity to compare
two extreme PWNe and to disentangle object-
specific and generic properties.
Given a population of ultrarelativistic elec-

trons and positrons forming the PWN, the x-ray
luminosity is determined by the strength of the
magnetic field and the g-ray luminosity by the
intensity of radiation fields, which serve as tar-
gets for the inverse Compton upscattering. If the
radiation fields are known, themagnetic field can
be inferred from the combination of x-ray and
g-ray measurements. N 157B is likely associated
with the LH 99 star cluster (19, 38, 39) and
therefore is embedded in strong infrared radia-
tion fields (see S1.5). In this environment, the
magnetic field in the PWNmust be rather weak,
not larger than 45 mG, in order to explain the
multiwavelength data (Fig. 4). When consid-
ering the region from which the hard x-ray
emission is coming, the total energy in the mag-
netic field is WB,tot = 1.4 × 1047 erg, an order of
magnitude smaller than the energy in >400 GeV
electrons. The derived maximum magnetic field
is alsomuch lower than that inferred for the Crab
nebula [∼124 mG (40)] and suggests at least a
factor ∼7 lower magnetic pressure. Because
most of the electrons that radiate in the Chandra,
x-ray, and H.E.S.S., TeV domains have very short
lifetimes (≤300 years), the energy in ultrarela-
tivistic particles in N 157B can be inferred in-
dependently of the spin-down evolution of the
pulsar. For the model shown in Fig. 4, a con-
stant fraction of 11% of the current spin-down
power of N 157B needs to be injected into
the nebula in the form of relativistic elec-
trons (compared with 50% for the Crab nebula
under the same model). This fraction con-
verted into x-ray and TeV emission is rather
insensitive to the spectral index of injected
electrons and the spin-evolution or braking
index of the pulsar and only relies on the
association of N 157B with LH 99 (see S1.5 for
more information).
In this high-radiation field scenario, the situa-

tion for the Crab nebula is very different from
N 157B. Not only is the best-fit electron spectrum
of N 157B harder (Ge = 2.0 versus 2.35), exhibiting
a lower cut-off energy (Ec= 100TeV versus 3.5 PeV),
but much of the spin-down energy of N 157B is
also hidden and is not carried by ultrarelativistic
particles ormagnetic fields. The remainder of the
available rotational energy is likely to be fed into
electrons with energies ≤400 GeV that radiate at
lower photon energies, adiabatic expansion, and/or
particles escaping into the interstellar medium
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Fig. 3. Spectral energy distribution of 30 Dor C and N 132D. (A) For N 132D, radio data are from (44)
and x-ray limits are from (42) and from reanalyzed Chandra data. (B) The 30 Dor C x-ray data are from
(23). Both leptonic (dashed lines) and hadronic (solid lines)models are shown. For furtherdetails on Fermi-
LATdata and spectral modeling, see S1.2 and S1.3.
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30 Dor C in LMC: an SNR in a superbubble

• H.E.S.S. (2015,2024): detection of a source next to SN1987A: 30DorC 
• Powered by LH 90 stellar cluster

19

30 Dor C—For the first time, we find HESS J0535−691,
associated with 30 Dor C, to be an extended γ-ray
source. The best-fit Gaussian width is s =Gauss

30 Dor C

( )  ¢1.91 0.40 0.20stat sys , which corresponds to (27.8 ±
5.8stat± 2.9sys) pc at the distance to the LMC. This model is
preferred over one in which 30 Dor C is described as a pointlike
source by 3.3σ. The measured extension is of the same order as
the observed size of the X-ray SB, as can be seen from
Figure 2. The best-fit position deviates by ¢1. 1 from that
previously obtained in H.E.S.S. Collaboration (2015); this is
most likely due to the different analysis method used there (a
two-dimensional, i.e., energy-integrated likelihood fit). We
note that the new position is in better agreement with the center
of the X-ray SB and the compact star clusters located there. The
energy spectrum follows a power law with spectral index
Γ30 Dor C=−2.57± 0.09stat.

R136—Lastly, HESS J0538−691 is detected as a new γ-ray
source with a significance of 6.3σ. The separation between the
best-fit position and the location of the YMC R136 is only ≈20″
(see Figure 3). Because there is no other plausible counterpart,
we associate HESS J0538−691 with R136.37 Similarly to
30 Dor C, we find a preference (3.1σ) for an extended source,
with a Gaussian width of ( ∣ )s =  ¢-

+2.30 0.54Gauss
R136

stat 0.21
0.26

sys ,
or ( ∣ ) -

+33.5 7.9 pcstat 3.1
3.8

sys . For the energy spectrum, we find a
power-law spectral index ΓR136=−2.54± 0.15stat.

3.2. Spectral Results and Energy Requirements

In Figure 4, we show the energy spectra of 30Dor C and
R136 in terms of their γ-ray luminosity. Above the threshold
energy of 0.5 TeV, the integrated luminosities are »gL 30 Dor C

´ -2.9 10 erg s35 1 and » ´g
-L 2.2 10 erg sR136 35 1. Remark-

ably, these values exceed the luminosity of Westerlund 1 above
the same energy, 8× 1034 erg s−1 (H.E.S.S. Collaboration et al.
2022), by a factor of 2–3.
Figure 4 also shows the γ-ray luminosities predicted by a

leptonic and a hadronic model (see Appendix C for details).
For the hadronic case, we find spectral indices of the
primary proton spectrum of G = - 2.64 0.08p

30 Dor C
stat and

G = - 2.59 0.13p
R136

stat. Assuming an extrapolation of the
particle spectrum to 1 GeV with the same spectral index, this
would imply a total energy requirement for protons of

( )» ´ - -W n2.1 10 1 cm ergp
30 Dor C 53 3 1 and » ´W 1.1p

R136

( )- -n10 1 cm erg53 3 1 , respectively, where n is the average
target gas density. However, at least for 30 Dor C, such an
extrapolation would violate the upper limit on the γ-ray flux in
the 1–10 GeV range provided by the Fermi-LAT instrument
(Fermi-LAT Collaboration 2016). To respect the limit, the
primary proton spectrum would, for example, need to
transition to a harder spectral index of −2 below ∼1 TeV. In
this case, one obtains a lower requirement of »Wp

30 Dor C

( )´ - -n1.4 10 1 cm erg52 3 1 (or, for comparison, although no
limit from Fermi-LAT is available, » ´W 9.7p

R136

( )- -n10 1 cm erg51 3 1 ). These values can be treated as lower
limits for the required energy in protons.

Figure 1. γ-ray flux maps of the target region of the analysis. The maps show the γ-ray flux F in units of 10−8 cm−2 s−1 sr−1, integrated above an energy of 0.5 TeV,
assuming a power-law spectrum with index −2.5. Smoothing with a top-hat kernel of 0°. 07 radius has been applied. (a) Entire emission. (b) Residual emission after
subtraction of the emission from N157B predicted by the best-fit ROI model. Dashed blue lines show flux contours at (2.5/7.5/12.5) × 10−8 cm−2 s−1 sr−1 in panel
(a) and (1.5/3) × 10−8 cm−2 s−1 sr−1 in panel (b). Pixels with a negative excess after background subtraction are clipped at zero. The light green contour lines denote
Hα emission as inferred by SHASSA (Gaustad et al. 2001).

37 The position of HESS J0538−691 is also compatible with a nearby “clump”
of stars (separated by a few parsecs; Sabbi et al. 2012) that do not belong to
R136 itself but are part of the encompassing cluster NGC 2070. See also
Section 4.
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Although at this stage we cannot rule out ei-
ther the leptonic or the hadronic scenario, the
H.E.S.S. observations reveal that the conditions
inside the superbubble must be extreme: The
hadronic scenario requires locations with high
densities and a high degree of magnetic turbu-
lence, whereas the leptonic scenario requires the
stellar cluster to be extremely rarified. Moreover,
the g-ray and x-ray observations suggest active
particle acceleration by a very large, fast-expanding
shell. This may provide the right conditions for
accelerating some protons to energies exceeding
3× 1015 eV,which is themaximumenergy detected
for Galactic CRs. These observations, therefore,
lend support to the view expressed in (29, 34, 35)
that superbubbles may provide the right condi-
tions for particle acceleration to very high energies,
because they are thought to contain very turbulent

magnetic fields and they are large enough to
contain VHE particles for up to millions of years.
In the Milky Way, the most closely related

object to 30Dor C is the stellar clusterWesterlund
1 (36), which, however, has a completely different
x-ray morphology. More important, it is not clear
whether the g rays originate from the cluster wind
itself, a PWN, or the numerous supernovae that
exploded inside Westerlund 1 in the recent past.
Because a large fraction of supernovae are thought
to go off in superbubbles, this first unambiguous
detection of VHE g rays from a superbubble may
have broad implications for the circumstances in
which a large fraction of CRs are accelerated.

N 157B

The source HESS J0537-691 is coincident with
the PWN N 157B, which surrounds the pulsar

PSR J0537-6910. PWNe are nebulae of ultra-
relativistic particles driven by highly magne-
tized, fast-rotating neutron stars that convert a
considerable amount of their spin-down energy
into a particle wind. The archetypal Crab nebula
is one of the brightest sources of nonthermal
radiation in the sky and is powered by the pulsar
with the highest spin-down energy known in the
Milky Way (37). With comparably extreme ro-
tational energy loss rates, N 157B (Ė = 4.9 ×
1038 erg s−1) and the Crab nebula (Ė = 4.6 ×
1038 erg s−1) appear to be twins. The study of
N 157B thus provides an opportunity to compare
two extreme PWNe and to disentangle object-
specific and generic properties.
Given a population of ultrarelativistic elec-

trons and positrons forming the PWN, the x-ray
luminosity is determined by the strength of the
magnetic field and the g-ray luminosity by the
intensity of radiation fields, which serve as tar-
gets for the inverse Compton upscattering. If the
radiation fields are known, themagnetic field can
be inferred from the combination of x-ray and
g-ray measurements. N 157B is likely associated
with the LH 99 star cluster (19, 38, 39) and
therefore is embedded in strong infrared radia-
tion fields (see S1.5). In this environment, the
magnetic field in the PWNmust be rather weak,
not larger than 45 mG, in order to explain the
multiwavelength data (Fig. 4). When consid-
ering the region from which the hard x-ray
emission is coming, the total energy in the mag-
netic field is WB,tot = 1.4 × 1047 erg, an order of
magnitude smaller than the energy in >400 GeV
electrons. The derived maximum magnetic field
is alsomuch lower than that inferred for the Crab
nebula [∼124 mG (40)] and suggests at least a
factor ∼7 lower magnetic pressure. Because
most of the electrons that radiate in the Chandra,
x-ray, and H.E.S.S., TeV domains have very short
lifetimes (≤300 years), the energy in ultrarela-
tivistic particles in N 157B can be inferred in-
dependently of the spin-down evolution of the
pulsar. For the model shown in Fig. 4, a con-
stant fraction of 11% of the current spin-down
power of N 157B needs to be injected into
the nebula in the form of relativistic elec-
trons (compared with 50% for the Crab nebula
under the same model). This fraction con-
verted into x-ray and TeV emission is rather
insensitive to the spectral index of injected
electrons and the spin-evolution or braking
index of the pulsar and only relies on the
association of N 157B with LH 99 (see S1.5 for
more information).
In this high-radiation field scenario, the situa-

tion for the Crab nebula is very different from
N 157B. Not only is the best-fit electron spectrum
of N 157B harder (Ge = 2.0 versus 2.35), exhibiting
a lower cut-off energy (Ec= 100TeV versus 3.5 PeV),
but much of the spin-down energy of N 157B is
also hidden and is not carried by ultrarelativistic
particles ormagnetic fields. The remainder of the
available rotational energy is likely to be fed into
electrons with energies ≤400 GeV that radiate at
lower photon energies, adiabatic expansion, and/or
particles escaping into the interstellar medium
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Fig. 3. Spectral energy distribution of 30 Dor C and N 132D. (A) For N 132D, radio data are from (44)
and x-ray limits are from (42) and from reanalyzed Chandra data. (B) The 30 Dor C x-ray data are from
(23). Both leptonic (dashed lines) and hadronic (solid lines)models are shown. For furtherdetails on Fermi-
LATdata and spectral modeling, see S1.2 and S1.3.
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30 Dor C in LMC: an SNR in a superbubble

• H.E.S.S. (2015,2024): detection of a source next to SN1987A: 30DorC 
• Powered by LH 90 stellar cluster

• X-rays: big (r≈47pc) round shell emitting X-ray synchrotron (W part) 
• requires V> 3000 km/s: much higher than superbubbles (~50 km/s) 
• requires SNR with t≈6000 yr expanding in low density nH≈5x10-4cm-3 

• long acceleration time → could potentially be a PeVatron!
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30 Dor C—For the first time, we find HESS J0535−691,
associated with 30 Dor C, to be an extended γ-ray
source. The best-fit Gaussian width is s =Gauss

30 Dor C

( )  ¢1.91 0.40 0.20stat sys , which corresponds to (27.8 ±
5.8stat± 2.9sys) pc at the distance to the LMC. This model is
preferred over one in which 30 Dor C is described as a pointlike
source by 3.3σ. The measured extension is of the same order as
the observed size of the X-ray SB, as can be seen from
Figure 2. The best-fit position deviates by ¢1. 1 from that
previously obtained in H.E.S.S. Collaboration (2015); this is
most likely due to the different analysis method used there (a
two-dimensional, i.e., energy-integrated likelihood fit). We
note that the new position is in better agreement with the center
of the X-ray SB and the compact star clusters located there. The
energy spectrum follows a power law with spectral index
Γ30 Dor C=−2.57± 0.09stat.

R136—Lastly, HESS J0538−691 is detected as a new γ-ray
source with a significance of 6.3σ. The separation between the
best-fit position and the location of the YMC R136 is only ≈20″
(see Figure 3). Because there is no other plausible counterpart,
we associate HESS J0538−691 with R136.37 Similarly to
30 Dor C, we find a preference (3.1σ) for an extended source,
with a Gaussian width of ( ∣ )s =  ¢-

+2.30 0.54Gauss
R136

stat 0.21
0.26

sys ,
or ( ∣ ) -

+33.5 7.9 pcstat 3.1
3.8

sys . For the energy spectrum, we find a
power-law spectral index ΓR136=−2.54± 0.15stat.

3.2. Spectral Results and Energy Requirements

In Figure 4, we show the energy spectra of 30Dor C and
R136 in terms of their γ-ray luminosity. Above the threshold
energy of 0.5 TeV, the integrated luminosities are »gL 30 Dor C

´ -2.9 10 erg s35 1 and » ´g
-L 2.2 10 erg sR136 35 1. Remark-

ably, these values exceed the luminosity of Westerlund 1 above
the same energy, 8× 1034 erg s−1 (H.E.S.S. Collaboration et al.
2022), by a factor of 2–3.
Figure 4 also shows the γ-ray luminosities predicted by a

leptonic and a hadronic model (see Appendix C for details).
For the hadronic case, we find spectral indices of the
primary proton spectrum of G = - 2.64 0.08p

30 Dor C
stat and

G = - 2.59 0.13p
R136

stat. Assuming an extrapolation of the
particle spectrum to 1 GeV with the same spectral index, this
would imply a total energy requirement for protons of

( )» ´ - -W n2.1 10 1 cm ergp
30 Dor C 53 3 1 and » ´W 1.1p

R136

( )- -n10 1 cm erg53 3 1 , respectively, where n is the average
target gas density. However, at least for 30 Dor C, such an
extrapolation would violate the upper limit on the γ-ray flux in
the 1–10 GeV range provided by the Fermi-LAT instrument
(Fermi-LAT Collaboration 2016). To respect the limit, the
primary proton spectrum would, for example, need to
transition to a harder spectral index of −2 below ∼1 TeV. In
this case, one obtains a lower requirement of »Wp

30 Dor C

( )´ - -n1.4 10 1 cm erg52 3 1 (or, for comparison, although no
limit from Fermi-LAT is available, » ´W 9.7p

R136

( )- -n10 1 cm erg51 3 1 ). These values can be treated as lower
limits for the required energy in protons.

Figure 1. γ-ray flux maps of the target region of the analysis. The maps show the γ-ray flux F in units of 10−8 cm−2 s−1 sr−1, integrated above an energy of 0.5 TeV,
assuming a power-law spectrum with index −2.5. Smoothing with a top-hat kernel of 0°. 07 radius has been applied. (a) Entire emission. (b) Residual emission after
subtraction of the emission from N157B predicted by the best-fit ROI model. Dashed blue lines show flux contours at (2.5/7.5/12.5) × 10−8 cm−2 s−1 sr−1 in panel
(a) and (1.5/3) × 10−8 cm−2 s−1 sr−1 in panel (b). Pixels with a negative excess after background subtraction are clipped at zero. The light green contour lines denote
Hα emission as inferred by SHASSA (Gaustad et al. 2001).

37 The position of HESS J0538−691 is also compatible with a nearby “clump”
of stars (separated by a few parsecs; Sabbi et al. 2012) that do not belong to
R136 itself but are part of the encompassing cluster NGC 2070. See also
Section 4.
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Although at this stage we cannot rule out ei-
ther the leptonic or the hadronic scenario, the
H.E.S.S. observations reveal that the conditions
inside the superbubble must be extreme: The
hadronic scenario requires locations with high
densities and a high degree of magnetic turbu-
lence, whereas the leptonic scenario requires the
stellar cluster to be extremely rarified. Moreover,
the g-ray and x-ray observations suggest active
particle acceleration by a very large, fast-expanding
shell. This may provide the right conditions for
accelerating some protons to energies exceeding
3× 1015 eV,which is themaximumenergy detected
for Galactic CRs. These observations, therefore,
lend support to the view expressed in (29, 34, 35)
that superbubbles may provide the right condi-
tions for particle acceleration to very high energies,
because they are thought to contain very turbulent

magnetic fields and they are large enough to
contain VHE particles for up to millions of years.
In the Milky Way, the most closely related

object to 30Dor C is the stellar clusterWesterlund
1 (36), which, however, has a completely different
x-ray morphology. More important, it is not clear
whether the g rays originate from the cluster wind
itself, a PWN, or the numerous supernovae that
exploded inside Westerlund 1 in the recent past.
Because a large fraction of supernovae are thought
to go off in superbubbles, this first unambiguous
detection of VHE g rays from a superbubble may
have broad implications for the circumstances in
which a large fraction of CRs are accelerated.

N 157B

The source HESS J0537-691 is coincident with
the PWN N 157B, which surrounds the pulsar

PSR J0537-6910. PWNe are nebulae of ultra-
relativistic particles driven by highly magne-
tized, fast-rotating neutron stars that convert a
considerable amount of their spin-down energy
into a particle wind. The archetypal Crab nebula
is one of the brightest sources of nonthermal
radiation in the sky and is powered by the pulsar
with the highest spin-down energy known in the
Milky Way (37). With comparably extreme ro-
tational energy loss rates, N 157B (Ė = 4.9 ×
1038 erg s−1) and the Crab nebula (Ė = 4.6 ×
1038 erg s−1) appear to be twins. The study of
N 157B thus provides an opportunity to compare
two extreme PWNe and to disentangle object-
specific and generic properties.
Given a population of ultrarelativistic elec-

trons and positrons forming the PWN, the x-ray
luminosity is determined by the strength of the
magnetic field and the g-ray luminosity by the
intensity of radiation fields, which serve as tar-
gets for the inverse Compton upscattering. If the
radiation fields are known, themagnetic field can
be inferred from the combination of x-ray and
g-ray measurements. N 157B is likely associated
with the LH 99 star cluster (19, 38, 39) and
therefore is embedded in strong infrared radia-
tion fields (see S1.5). In this environment, the
magnetic field in the PWNmust be rather weak,
not larger than 45 mG, in order to explain the
multiwavelength data (Fig. 4). When consid-
ering the region from which the hard x-ray
emission is coming, the total energy in the mag-
netic field is WB,tot = 1.4 × 1047 erg, an order of
magnitude smaller than the energy in >400 GeV
electrons. The derived maximum magnetic field
is alsomuch lower than that inferred for the Crab
nebula [∼124 mG (40)] and suggests at least a
factor ∼7 lower magnetic pressure. Because
most of the electrons that radiate in the Chandra,
x-ray, and H.E.S.S., TeV domains have very short
lifetimes (≤300 years), the energy in ultrarela-
tivistic particles in N 157B can be inferred in-
dependently of the spin-down evolution of the
pulsar. For the model shown in Fig. 4, a con-
stant fraction of 11% of the current spin-down
power of N 157B needs to be injected into
the nebula in the form of relativistic elec-
trons (compared with 50% for the Crab nebula
under the same model). This fraction con-
verted into x-ray and TeV emission is rather
insensitive to the spectral index of injected
electrons and the spin-evolution or braking
index of the pulsar and only relies on the
association of N 157B with LH 99 (see S1.5 for
more information).
In this high-radiation field scenario, the situa-

tion for the Crab nebula is very different from
N 157B. Not only is the best-fit electron spectrum
of N 157B harder (Ge = 2.0 versus 2.35), exhibiting
a lower cut-off energy (Ec= 100TeV versus 3.5 PeV),
but much of the spin-down energy of N 157B is
also hidden and is not carried by ultrarelativistic
particles ormagnetic fields. The remainder of the
available rotational energy is likely to be fed into
electrons with energies ≤400 GeV that radiate at
lower photon energies, adiabatic expansion, and/or
particles escaping into the interstellar medium
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Fig. 3. Spectral energy distribution of 30 Dor C and N 132D. (A) For N 132D, radio data are from (44)
and x-ray limits are from (42) and from reanalyzed Chandra data. (B) The 30 Dor C x-ray data are from
(23). Both leptonic (dashed lines) and hadronic (solid lines)models are shown. For furtherdetails on Fermi-
LATdata and spectral modeling, see S1.2 and S1.3.
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30 Dor C in LMC: an SNR in a superbubble

• H.E.S.S. (2015,2024): detection of a source next to SN1987A: 30DorC 
• Powered by LH 90 stellar cluster

• X-rays: big (r≈47pc) round shell emitting X-ray synchrotron (W part) 
• requires V> 3000 km/s: much higher than superbubbles (~50 km/s) 
• requires SNR with t≈6000 yr expanding in low density nH≈5x10-4cm-3 

• long acceleration time → could potentially be a PeVatron!
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30 Dor C—For the first time, we find HESS J0535−691,
associated with 30 Dor C, to be an extended γ-ray
source. The best-fit Gaussian width is s =Gauss

30 Dor C

( )  ¢1.91 0.40 0.20stat sys , which corresponds to (27.8 ±
5.8stat± 2.9sys) pc at the distance to the LMC. This model is
preferred over one in which 30 Dor C is described as a pointlike
source by 3.3σ. The measured extension is of the same order as
the observed size of the X-ray SB, as can be seen from
Figure 2. The best-fit position deviates by ¢1. 1 from that
previously obtained in H.E.S.S. Collaboration (2015); this is
most likely due to the different analysis method used there (a
two-dimensional, i.e., energy-integrated likelihood fit). We
note that the new position is in better agreement with the center
of the X-ray SB and the compact star clusters located there. The
energy spectrum follows a power law with spectral index
Γ30 Dor C=−2.57± 0.09stat.

R136—Lastly, HESS J0538−691 is detected as a new γ-ray
source with a significance of 6.3σ. The separation between the
best-fit position and the location of the YMC R136 is only ≈20″
(see Figure 3). Because there is no other plausible counterpart,
we associate HESS J0538−691 with R136.37 Similarly to
30 Dor C, we find a preference (3.1σ) for an extended source,
with a Gaussian width of ( ∣ )s =  ¢-

+2.30 0.54Gauss
R136

stat 0.21
0.26

sys ,
or ( ∣ ) -

+33.5 7.9 pcstat 3.1
3.8

sys . For the energy spectrum, we find a
power-law spectral index ΓR136=−2.54± 0.15stat.

3.2. Spectral Results and Energy Requirements

In Figure 4, we show the energy spectra of 30Dor C and
R136 in terms of their γ-ray luminosity. Above the threshold
energy of 0.5 TeV, the integrated luminosities are »gL 30 Dor C

´ -2.9 10 erg s35 1 and » ´g
-L 2.2 10 erg sR136 35 1. Remark-

ably, these values exceed the luminosity of Westerlund 1 above
the same energy, 8× 1034 erg s−1 (H.E.S.S. Collaboration et al.
2022), by a factor of 2–3.
Figure 4 also shows the γ-ray luminosities predicted by a

leptonic and a hadronic model (see Appendix C for details).
For the hadronic case, we find spectral indices of the
primary proton spectrum of G = - 2.64 0.08p

30 Dor C
stat and

G = - 2.59 0.13p
R136

stat. Assuming an extrapolation of the
particle spectrum to 1 GeV with the same spectral index, this
would imply a total energy requirement for protons of

( )» ´ - -W n2.1 10 1 cm ergp
30 Dor C 53 3 1 and » ´W 1.1p

R136

( )- -n10 1 cm erg53 3 1 , respectively, where n is the average
target gas density. However, at least for 30 Dor C, such an
extrapolation would violate the upper limit on the γ-ray flux in
the 1–10 GeV range provided by the Fermi-LAT instrument
(Fermi-LAT Collaboration 2016). To respect the limit, the
primary proton spectrum would, for example, need to
transition to a harder spectral index of −2 below ∼1 TeV. In
this case, one obtains a lower requirement of »Wp

30 Dor C

( )´ - -n1.4 10 1 cm erg52 3 1 (or, for comparison, although no
limit from Fermi-LAT is available, » ´W 9.7p

R136

( )- -n10 1 cm erg51 3 1 ). These values can be treated as lower
limits for the required energy in protons.

Figure 1. γ-ray flux maps of the target region of the analysis. The maps show the γ-ray flux F in units of 10−8 cm−2 s−1 sr−1, integrated above an energy of 0.5 TeV,
assuming a power-law spectrum with index −2.5. Smoothing with a top-hat kernel of 0°. 07 radius has been applied. (a) Entire emission. (b) Residual emission after
subtraction of the emission from N157B predicted by the best-fit ROI model. Dashed blue lines show flux contours at (2.5/7.5/12.5) × 10−8 cm−2 s−1 sr−1 in panel
(a) and (1.5/3) × 10−8 cm−2 s−1 sr−1 in panel (b). Pixels with a negative excess after background subtraction are clipped at zero. The light green contour lines denote
Hα emission as inferred by SHASSA (Gaustad et al. 2001).

37 The position of HESS J0538−691 is also compatible with a nearby “clump”
of stars (separated by a few parsecs; Sabbi et al. 2012) that do not belong to
R136 itself but are part of the encompassing cluster NGC 2070. See also
Section 4.
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Although at this stage we cannot rule out ei-
ther the leptonic or the hadronic scenario, the
H.E.S.S. observations reveal that the conditions
inside the superbubble must be extreme: The
hadronic scenario requires locations with high
densities and a high degree of magnetic turbu-
lence, whereas the leptonic scenario requires the
stellar cluster to be extremely rarified. Moreover,
the g-ray and x-ray observations suggest active
particle acceleration by a very large, fast-expanding
shell. This may provide the right conditions for
accelerating some protons to energies exceeding
3× 1015 eV,which is themaximumenergy detected
for Galactic CRs. These observations, therefore,
lend support to the view expressed in (29, 34, 35)
that superbubbles may provide the right condi-
tions for particle acceleration to very high energies,
because they are thought to contain very turbulent

magnetic fields and they are large enough to
contain VHE particles for up to millions of years.
In the Milky Way, the most closely related

object to 30Dor C is the stellar clusterWesterlund
1 (36), which, however, has a completely different
x-ray morphology. More important, it is not clear
whether the g rays originate from the cluster wind
itself, a PWN, or the numerous supernovae that
exploded inside Westerlund 1 in the recent past.
Because a large fraction of supernovae are thought
to go off in superbubbles, this first unambiguous
detection of VHE g rays from a superbubble may
have broad implications for the circumstances in
which a large fraction of CRs are accelerated.

N 157B

The source HESS J0537-691 is coincident with
the PWN N 157B, which surrounds the pulsar

PSR J0537-6910. PWNe are nebulae of ultra-
relativistic particles driven by highly magne-
tized, fast-rotating neutron stars that convert a
considerable amount of their spin-down energy
into a particle wind. The archetypal Crab nebula
is one of the brightest sources of nonthermal
radiation in the sky and is powered by the pulsar
with the highest spin-down energy known in the
Milky Way (37). With comparably extreme ro-
tational energy loss rates, N 157B (Ė = 4.9 ×
1038 erg s−1) and the Crab nebula (Ė = 4.6 ×
1038 erg s−1) appear to be twins. The study of
N 157B thus provides an opportunity to compare
two extreme PWNe and to disentangle object-
specific and generic properties.
Given a population of ultrarelativistic elec-

trons and positrons forming the PWN, the x-ray
luminosity is determined by the strength of the
magnetic field and the g-ray luminosity by the
intensity of radiation fields, which serve as tar-
gets for the inverse Compton upscattering. If the
radiation fields are known, themagnetic field can
be inferred from the combination of x-ray and
g-ray measurements. N 157B is likely associated
with the LH 99 star cluster (19, 38, 39) and
therefore is embedded in strong infrared radia-
tion fields (see S1.5). In this environment, the
magnetic field in the PWNmust be rather weak,
not larger than 45 mG, in order to explain the
multiwavelength data (Fig. 4). When consid-
ering the region from which the hard x-ray
emission is coming, the total energy in the mag-
netic field is WB,tot = 1.4 × 1047 erg, an order of
magnitude smaller than the energy in >400 GeV
electrons. The derived maximum magnetic field
is alsomuch lower than that inferred for the Crab
nebula [∼124 mG (40)] and suggests at least a
factor ∼7 lower magnetic pressure. Because
most of the electrons that radiate in the Chandra,
x-ray, and H.E.S.S., TeV domains have very short
lifetimes (≤300 years), the energy in ultrarela-
tivistic particles in N 157B can be inferred in-
dependently of the spin-down evolution of the
pulsar. For the model shown in Fig. 4, a con-
stant fraction of 11% of the current spin-down
power of N 157B needs to be injected into
the nebula in the form of relativistic elec-
trons (compared with 50% for the Crab nebula
under the same model). This fraction con-
verted into x-ray and TeV emission is rather
insensitive to the spectral index of injected
electrons and the spin-evolution or braking
index of the pulsar and only relies on the
association of N 157B with LH 99 (see S1.5 for
more information).
In this high-radiation field scenario, the situa-

tion for the Crab nebula is very different from
N 157B. Not only is the best-fit electron spectrum
of N 157B harder (Ge = 2.0 versus 2.35), exhibiting
a lower cut-off energy (Ec= 100TeV versus 3.5 PeV),
but much of the spin-down energy of N 157B is
also hidden and is not carried by ultrarelativistic
particles ormagnetic fields. The remainder of the
available rotational energy is likely to be fed into
electrons with energies ≤400 GeV that radiate at
lower photon energies, adiabatic expansion, and/or
particles escaping into the interstellar medium
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Fig. 3. Spectral energy distribution of 30 Dor C and N 132D. (A) For N 132D, radio data are from (44)
and x-ray limits are from (42) and from reanalyzed Chandra data. (B) The 30 Dor C x-ray data are from
(23). Both leptonic (dashed lines) and hadronic (solid lines)models are shown. For furtherdetails on Fermi-
LATdata and spectral modeling, see S1.2 and S1.3.
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Fig. 6. Radial profiles from sectors around 30 Dor C fitted with the postshock model described in Eq. (3). The best fit results are given in Table 2,
with the determined B-fields indicated in the panels.
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Fig. 7. Radial profile from sector S6 fitted with the cap model. The best
fit results are given in Table 3, with the determined B-field indicated.

the shell. Interestingly, comparing the X-ray and H↵ emission
in the NE, NW, and SE suggests that the X-ray and H↵ shells
are not correlated, as was suggested by KS15 using poorer reso-
lution XMM-Newton and MCELS data. Rather, the synchrotron

X-rays fill gaps in the H↵ shell in some regions (NE, NW) and
are located ahead of the H↵ shell in others (NW, SE). There are
notable morphological consistencies in the NE and NW regions
in particular with bright X-ray filaments delineating the edges
of filaments in the H↵ shell, further highlighted in Fig. 9. There
is also little correlation between the colder material revealed in
24 µm and the synchrotron X-ray shell. Rather, the X-rays appear
brighter in regions with comparatively lower levels of infrared
emission.

We show the high spatial resolution 6 cm radio continuum
image along with the 24 µm and MCELS2 H↵ in an RGB image
in Fig. 10. The radio continuum data bear a striking similar-
ity to the H↵ emission, particularly along the filaments of the
NW shell. Indeed, the only deviation along the brightest fila-
ment is in regions where foreground dust, revealed by the 24 µm
emission, absorbs the H↵ emission. Therefore, the radio contin-
uum must be thermal in origin and have little or no relation to
the expanding X-ray synchrotron shell, also seen in other LMC
superbubbles such as LHA 120-N 70 (De Horta et al. 2014).

As discussed in Sect. 3.1, the expansion velocity of the
H↵ shell is <100 km s�1, much less than the expansion veloc-
ity of the interior SNR required to explain the synchrotron
X-rays (&3000 km s�1, Zirakashvili & Aharonian 2007), as
seen, for example, in the prototypical synchrotron-dominated
SNR RX J1713.6-3946 (Acero et al. 2017a). The observed
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30 Dor C in LMC: an SNR in a superbubble

• H.E.S.S. (2015,2024): detection of a source next to SN1987A: 30DorC 
• Powered by LH 90 stellar cluster

• X-rays: big (r≈47pc) round shell emitting X-ray synchrotron (W part) 
• requires V> 3000 km/s: much higher than superbubbles (~50 km/s) 
• requires SNR with t≈6000 yr expanding in low density nH≈5x10-4cm-3 

• long acceleration time → could potentially be a PeVatron!
• X-ray width: B~5-15 μG → gamma ray emission must be leptonic (Kavanagh+ ’19)

19

30 Dor C—For the first time, we find HESS J0535−691,
associated with 30 Dor C, to be an extended γ-ray
source. The best-fit Gaussian width is s =Gauss

30 Dor C

( )  ¢1.91 0.40 0.20stat sys , which corresponds to (27.8 ±
5.8stat± 2.9sys) pc at the distance to the LMC. This model is
preferred over one in which 30 Dor C is described as a pointlike
source by 3.3σ. The measured extension is of the same order as
the observed size of the X-ray SB, as can be seen from
Figure 2. The best-fit position deviates by ¢1. 1 from that
previously obtained in H.E.S.S. Collaboration (2015); this is
most likely due to the different analysis method used there (a
two-dimensional, i.e., energy-integrated likelihood fit). We
note that the new position is in better agreement with the center
of the X-ray SB and the compact star clusters located there. The
energy spectrum follows a power law with spectral index
Γ30 Dor C=−2.57± 0.09stat.

R136—Lastly, HESS J0538−691 is detected as a new γ-ray
source with a significance of 6.3σ. The separation between the
best-fit position and the location of the YMC R136 is only ≈20″
(see Figure 3). Because there is no other plausible counterpart,
we associate HESS J0538−691 with R136.37 Similarly to
30 Dor C, we find a preference (3.1σ) for an extended source,
with a Gaussian width of ( ∣ )s =  ¢-

+2.30 0.54Gauss
R136

stat 0.21
0.26

sys ,
or ( ∣ ) -

+33.5 7.9 pcstat 3.1
3.8

sys . For the energy spectrum, we find a
power-law spectral index ΓR136=−2.54± 0.15stat.

3.2. Spectral Results and Energy Requirements

In Figure 4, we show the energy spectra of 30Dor C and
R136 in terms of their γ-ray luminosity. Above the threshold
energy of 0.5 TeV, the integrated luminosities are »gL 30 Dor C

´ -2.9 10 erg s35 1 and » ´g
-L 2.2 10 erg sR136 35 1. Remark-

ably, these values exceed the luminosity of Westerlund 1 above
the same energy, 8× 1034 erg s−1 (H.E.S.S. Collaboration et al.
2022), by a factor of 2–3.
Figure 4 also shows the γ-ray luminosities predicted by a

leptonic and a hadronic model (see Appendix C for details).
For the hadronic case, we find spectral indices of the
primary proton spectrum of G = - 2.64 0.08p

30 Dor C
stat and

G = - 2.59 0.13p
R136

stat. Assuming an extrapolation of the
particle spectrum to 1 GeV with the same spectral index, this
would imply a total energy requirement for protons of

( )» ´ - -W n2.1 10 1 cm ergp
30 Dor C 53 3 1 and » ´W 1.1p

R136

( )- -n10 1 cm erg53 3 1 , respectively, where n is the average
target gas density. However, at least for 30 Dor C, such an
extrapolation would violate the upper limit on the γ-ray flux in
the 1–10 GeV range provided by the Fermi-LAT instrument
(Fermi-LAT Collaboration 2016). To respect the limit, the
primary proton spectrum would, for example, need to
transition to a harder spectral index of −2 below ∼1 TeV. In
this case, one obtains a lower requirement of »Wp

30 Dor C

( )´ - -n1.4 10 1 cm erg52 3 1 (or, for comparison, although no
limit from Fermi-LAT is available, » ´W 9.7p

R136

( )- -n10 1 cm erg51 3 1 ). These values can be treated as lower
limits for the required energy in protons.

Figure 1. γ-ray flux maps of the target region of the analysis. The maps show the γ-ray flux F in units of 10−8 cm−2 s−1 sr−1, integrated above an energy of 0.5 TeV,
assuming a power-law spectrum with index −2.5. Smoothing with a top-hat kernel of 0°. 07 radius has been applied. (a) Entire emission. (b) Residual emission after
subtraction of the emission from N157B predicted by the best-fit ROI model. Dashed blue lines show flux contours at (2.5/7.5/12.5) × 10−8 cm−2 s−1 sr−1 in panel
(a) and (1.5/3) × 10−8 cm−2 s−1 sr−1 in panel (b). Pixels with a negative excess after background subtraction are clipped at zero. The light green contour lines denote
Hα emission as inferred by SHASSA (Gaustad et al. 2001).

37 The position of HESS J0538−691 is also compatible with a nearby “clump”
of stars (separated by a few parsecs; Sabbi et al. 2012) that do not belong to
R136 itself but are part of the encompassing cluster NGC 2070. See also
Section 4.
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Although at this stage we cannot rule out ei-
ther the leptonic or the hadronic scenario, the
H.E.S.S. observations reveal that the conditions
inside the superbubble must be extreme: The
hadronic scenario requires locations with high
densities and a high degree of magnetic turbu-
lence, whereas the leptonic scenario requires the
stellar cluster to be extremely rarified. Moreover,
the g-ray and x-ray observations suggest active
particle acceleration by a very large, fast-expanding
shell. This may provide the right conditions for
accelerating some protons to energies exceeding
3× 1015 eV,which is themaximumenergy detected
for Galactic CRs. These observations, therefore,
lend support to the view expressed in (29, 34, 35)
that superbubbles may provide the right condi-
tions for particle acceleration to very high energies,
because they are thought to contain very turbulent

magnetic fields and they are large enough to
contain VHE particles for up to millions of years.
In the Milky Way, the most closely related

object to 30Dor C is the stellar clusterWesterlund
1 (36), which, however, has a completely different
x-ray morphology. More important, it is not clear
whether the g rays originate from the cluster wind
itself, a PWN, or the numerous supernovae that
exploded inside Westerlund 1 in the recent past.
Because a large fraction of supernovae are thought
to go off in superbubbles, this first unambiguous
detection of VHE g rays from a superbubble may
have broad implications for the circumstances in
which a large fraction of CRs are accelerated.

N 157B

The source HESS J0537-691 is coincident with
the PWN N 157B, which surrounds the pulsar

PSR J0537-6910. PWNe are nebulae of ultra-
relativistic particles driven by highly magne-
tized, fast-rotating neutron stars that convert a
considerable amount of their spin-down energy
into a particle wind. The archetypal Crab nebula
is one of the brightest sources of nonthermal
radiation in the sky and is powered by the pulsar
with the highest spin-down energy known in the
Milky Way (37). With comparably extreme ro-
tational energy loss rates, N 157B (Ė = 4.9 ×
1038 erg s−1) and the Crab nebula (Ė = 4.6 ×
1038 erg s−1) appear to be twins. The study of
N 157B thus provides an opportunity to compare
two extreme PWNe and to disentangle object-
specific and generic properties.
Given a population of ultrarelativistic elec-

trons and positrons forming the PWN, the x-ray
luminosity is determined by the strength of the
magnetic field and the g-ray luminosity by the
intensity of radiation fields, which serve as tar-
gets for the inverse Compton upscattering. If the
radiation fields are known, themagnetic field can
be inferred from the combination of x-ray and
g-ray measurements. N 157B is likely associated
with the LH 99 star cluster (19, 38, 39) and
therefore is embedded in strong infrared radia-
tion fields (see S1.5). In this environment, the
magnetic field in the PWNmust be rather weak,
not larger than 45 mG, in order to explain the
multiwavelength data (Fig. 4). When consid-
ering the region from which the hard x-ray
emission is coming, the total energy in the mag-
netic field is WB,tot = 1.4 × 1047 erg, an order of
magnitude smaller than the energy in >400 GeV
electrons. The derived maximum magnetic field
is alsomuch lower than that inferred for the Crab
nebula [∼124 mG (40)] and suggests at least a
factor ∼7 lower magnetic pressure. Because
most of the electrons that radiate in the Chandra,
x-ray, and H.E.S.S., TeV domains have very short
lifetimes (≤300 years), the energy in ultrarela-
tivistic particles in N 157B can be inferred in-
dependently of the spin-down evolution of the
pulsar. For the model shown in Fig. 4, a con-
stant fraction of 11% of the current spin-down
power of N 157B needs to be injected into
the nebula in the form of relativistic elec-
trons (compared with 50% for the Crab nebula
under the same model). This fraction con-
verted into x-ray and TeV emission is rather
insensitive to the spectral index of injected
electrons and the spin-evolution or braking
index of the pulsar and only relies on the
association of N 157B with LH 99 (see S1.5 for
more information).
In this high-radiation field scenario, the situa-

tion for the Crab nebula is very different from
N 157B. Not only is the best-fit electron spectrum
of N 157B harder (Ge = 2.0 versus 2.35), exhibiting
a lower cut-off energy (Ec= 100TeV versus 3.5 PeV),
but much of the spin-down energy of N 157B is
also hidden and is not carried by ultrarelativistic
particles ormagnetic fields. The remainder of the
available rotational energy is likely to be fed into
electrons with energies ≤400 GeV that radiate at
lower photon energies, adiabatic expansion, and/or
particles escaping into the interstellar medium
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Fig. 3. Spectral energy distribution of 30 Dor C and N 132D. (A) For N 132D, radio data are from (44)
and x-ray limits are from (42) and from reanalyzed Chandra data. (B) The 30 Dor C x-ray data are from
(23). Both leptonic (dashed lines) and hadronic (solid lines)models are shown. For furtherdetails on Fermi-
LATdata and spectral modeling, see S1.2 and S1.3.
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Fig. 6. Radial profiles from sectors around 30 Dor C fitted with the postshock model described in Eq. (3). The best fit results are given in Table 2,
with the determined B-fields indicated in the panels.

S6B2 = 4.8 (3.7–11.8)  μG

Fig. 7. Radial profile from sector S6 fitted with the cap model. The best
fit results are given in Table 3, with the determined B-field indicated.

the shell. Interestingly, comparing the X-ray and H↵ emission
in the NE, NW, and SE suggests that the X-ray and H↵ shells
are not correlated, as was suggested by KS15 using poorer reso-
lution XMM-Newton and MCELS data. Rather, the synchrotron

X-rays fill gaps in the H↵ shell in some regions (NE, NW) and
are located ahead of the H↵ shell in others (NW, SE). There are
notable morphological consistencies in the NE and NW regions
in particular with bright X-ray filaments delineating the edges
of filaments in the H↵ shell, further highlighted in Fig. 9. There
is also little correlation between the colder material revealed in
24 µm and the synchrotron X-ray shell. Rather, the X-rays appear
brighter in regions with comparatively lower levels of infrared
emission.

We show the high spatial resolution 6 cm radio continuum
image along with the 24 µm and MCELS2 H↵ in an RGB image
in Fig. 10. The radio continuum data bear a striking similar-
ity to the H↵ emission, particularly along the filaments of the
NW shell. Indeed, the only deviation along the brightest fila-
ment is in regions where foreground dust, revealed by the 24 µm
emission, absorbs the H↵ emission. Therefore, the radio contin-
uum must be thermal in origin and have little or no relation to
the expanding X-ray synchrotron shell, also seen in other LMC
superbubbles such as LHA 120-N 70 (De Horta et al. 2014).

As discussed in Sect. 3.1, the expansion velocity of the
H↵ shell is <100 km s�1, much less than the expansion veloc-
ity of the interior SNR required to explain the synchrotron
X-rays (&3000 km s�1, Zirakashvili & Aharonian 2007), as
seen, for example, in the prototypical synchrotron-dominated
SNR RX J1713.6-3946 (Acero et al. 2017a). The observed
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Can SNRs be PeVatrons

• In general not PeVatrons: 
• Not observationally (at best Emax~100 TeV) 
• SNRs V<5000 km/s, B~10 μG, 1000 yr: 

 

• But some hope: special cases (1% of SNe, see Giacinti talk) 
• long t → 30DorC in superbubble? 
• high B → Cas A (now >100 μG) at t=1-30 yr (B amplified, Vs~10000 km/s)  

• example: SN 1993J (B~50 Gauss, V~20000 km/s) 
•  Observationally: target young extragalactic SNe in dense CSM
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Fig. 4. Predicted flux above 1 TeV using Eq. (1) as a function of the distance to the source. Mass-loss rates are given in units of M� yr�1 assuming
uw = 10 km s�1 and the parameters described in Sect. 3.1, for t = 20 days (solid lines) and t = 150 days (dashed lines) after the SN explosion. The
Mass-loss rate is given for each pair of lines of the same color. The expected flux for SN 1993J is computed using Eq. (1) and t = 20 days. The
CTA sensitivity for a 50 h long observation is taken from Acharya et al. (2013). The ten ULs on the flux above 1 TeV derived in this study are also
shown (see text).

circumstellar medium of SN 2008bp was less dense than that
of the rest of the sample. Outlier behaviour was also discovered
for SN 2009js. Gandhi et al. (2013) found the event to be sublu-
minous, suggesting a low ejecta mass and explosion energy. It
follows that the environments of SN 2008bp and SN 2009js are
not likely conducive to the TeV gamma-ray detection sought in
our study, but are consistent with the mass-loss rate upper-limits
of ⇠1.6⇥ 10�3 and ⇠3.1⇥ 10�4 M� yr�1, respectively, as derived
from the H.E.S.S. observations.

3.5. Prospects for future observations

In order to put the flux ULs derived in this work in perspec-
tive, Fig. 4 shows the gamma-ray flux computed with Eq. (2)
as a function of the distance for different values of the pre-SN
mass-loss rate, together with the typical five sigma point-source
sensitivities of H.E.S.S. and of the next generation of IACTs,
the Cherenkov Telescope Array (CTA, Acharya et al. 2013). For
comparison our upper limits are shown, which, as expected,
are close to the 50 h H.E.S.S. sensitivity, '2⇥ 10�13 cm�2 s�1

(Aharonian et al. 2006), bearing in mind the exposure times.
Parameters are chosen as described in Sect. 3.1, with q↵ corre-
sponding to a flat spectral index. Two different values for the
time delay since the SN explosion are considered: t = 150 days
corresponds to a value that is representative of our sample,
whereas t = 20 days roughly corresponds to the optical peak
luminosity of a SN. As seen in Fig. 4, the VHE gamma-ray
flux at t = 20 days from a SN 1993J-like event is within reach
with current IACTs like H.E.S.S., and would clearly be detected

by CTA. At t = 150 days, and for mass-loss rates higher than
10�4 M� yr�1, CTA may detect cc-SNe as far out as the Virgo
cluster (16 Mpc).

Mass-loss rates above 10�4 M� yr�1 are not uncommon,
but are usually confined to Type IIb and IIn SNe. Each of these
types represent, respectively, ⇠10 and ⇠8% of the total cc-SN
rates according to Smith et al. (2011). The number of cc-SNe
occurring in a year can roughly be expressed as a function of
the total available stellar mass in 1010M� units. In our Galaxy,
this implies a cc-SN rate of about two per century (see e.g.
Li et al. 2011). A galaxy cluster in the local Universe, as the
Virgo cluster, has a total stellar mass of the order of 1013M�
(see e.g. O’Sullivan et al. 2017), which would bring the number
of cc-SNe up to ⇠10 per year in a near radius of 16 Mpc. This
number is very similar to the number of objects predicted by
Horiuchi et al. (2011) for a volume of radius .10 Mpc. Another
example is given by Smartt et al. (2009), who identified 5 type
IIP SNe in 1999 within ⇠18 Mpc, which may represent 60–70%
(see e.g. Smartt et al. 2009; Smith et al. 2011) of the whole
sample of cc-SNe of that year. Note that type II objects can also
exhibit enhanced pre-SNe mass-loss rates above 10�3 M� yr�1

(e.g. Das & Ray 2017; Arcavi et al. 2017), and other studies
have shown that such high mass-loss rates are not so rare among
type IIb SNe (Fuller 2017; Ouchi & Maeda 2017). It is then
reasonable to expect ⇠1 to 2 cc-SNe with Ṁ > 10�4 M� yr�1

occurring per year, within a radius of 16 Mpc, whatever the
sub-type. Such nearby cc-SN events offer a great opportunity for
the detection of gamma rays using IACT observations triggered
by observations at optical wavelengths. Such a ToO program
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Take away points

• SNRs are not generally PeVatrons 
• But some may be (when very young and/or in special environments) 

• X-ray synchrotron to study DSA properties: 
• X-ray synchrotron constrains diffusion: close to Bohm for E~10-100 TeV 
• Clear evidence for B-field amplification (and ) 
• IXPE: young SNRs radial & turbulent magnetic fields  

• Gamma-rays 
• Evidence for particles up to 100 TeV in young SNRs 
• Mature SNRs: >1 TeV particles have escaped 
• Direct evidence for escaping cosmic rays 

• Future: 
• Very young SNRs (SNe in dense CSM) 
• Look for SNR haloes of escaping CRs 
• Details in gamma-ray spectrum due to composition

B2 ∝ ∼ ρV3

21

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

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

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

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

3. Morphology studies

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

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

Year Mean o↵set1 Mean zenith angle Livetime
(degrees) (degrees) (h)

2004 0.74 30 42.7
2005 0.77 48 42.1
2011 0.73 42 65.3
2012 0.90 28 13.4

Notes. The livetime given in hours corresponds to the data fulfilling
quality requirements. (1) Mean angular distance between the H.E.S.S.
observation position and the nominal centre of the SNR taken to be at
RA: 17h13m33.6s, Dec: �39d45m36s.

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

The overall good correlation between the gamma-ray and
X-ray image of RX J1713.7�3946, which was previously found
by H.E.S.S. (Aharonian et al. 2006b), is again clearly visible
in Fig. 2 (top left) from the hard X-ray contours (XMM-

Newton data, 1–10 keV, described further below) overlaid on
the H.E.S.S. gamma-ray excess image. For a quantitative com-
parison that also allows us to determine the radial extent of the
SNR shell both in gamma rays and X-rays, radial profiles are
extracted from five regions across the SNR as indicated in the
top left plot in Fig. 2. To determine the optimum central posi-
tion for such profiles, a three-dimensional spherical shell model,
matched to the morphology of RX J1713.7�3946, is fit to the
H.E.S.S. image. This toy model of a thick shell fits five param-
eters to the data as follows: the normalisation, the x and y co-
ordinates of the centre, and the inner and outer radius of the
thick shell. The resulting centre point is RA: 17h13m25.2s, Dec:
�39d46m15.6s. As seen from the figure, regions 1 and 2 cover the
fainter parts of RX J1713.7�3946, while regions 3 and 4 con-
tain the brightest parts of the SNR shell, closer to the Galactic
plane, including the prominent X-ray hotspots and the densest
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