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• Cosmic rays dominated by cosmic ray nuclei 
(“hadronic cosmic rays”) 

• ~1% electron (+/-) cosmic rays (“leptonic cosmic rays) 
• > ~1018 eV(?): extragalactic 
• < 3x1015eV: galactic proton cosmic rays

Galactic cosmic rays
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Figure 11.1: The cosmic-ray flux spectrum as measured by various experiments, based
on the compilation of [691], and [72, 69, 75, 3]. The flux points below ⇠ 1014 eV are
based on proton cosmic rays only, and have been multiplied by a factor 3, in order to
match the all-species cosmic-ray spectra at higher energies. Left: The spectrum in flux
units, showing that the spectrum is nearly a power law from 1010 eV to 1019 eV. Right:
The spectrum multiplied by E2.7, which brings out features like the ”Knee” and the
”Ankle”.

fig:cr_spectrum

and other accelerated atomic nuclei are also present. These results also suggested that
the particle acceleration probably took place in the supernova remnant rather than dur-
ing the supernova explosion itself.

Since the 1950ies there has been a lot of progress in understanding particle ac-
celeration in supernova remnants. This progress has been caused by the tremendous
advances in multiwavelength, observational capabilities, which now includes detecting
charged particles with energies in excess of 10 TeV with g-ray and X-ray telescopes. In
addition, our theoretical understanding of particle acceleration by supernova remnant
shocks has greatly advanced. This does not mean that we are absolutely certain that
most cosmic rays bombarding Earth are originating from supernova remnants. As will
be explained in this chapter, there are two main requirements for supernova remnants
to be the primary source of Galactic cosmic rays:

1. supernova remnants have to be able to convert 5-20% of the explosion energy to
cosmic-ray energy (i.e. about 1050 erg per supernova remnant), and

2. supernova remnants have to be capable of accelerating protons to energies of at
least 3⇥1015 eV (3 PeV).

Accelerators that accelerate particles beyond 1 PeV are sometimes called PeVa-
trons. So the second requirement is sometimes rephrased as ”Are supernova remnants
cosmic PeVatrons?”.

In this chapter and the next we will explain where these two requirements come
from and what theoretical considerations and observational data tell us about whether
supernova remnants can indeed be the primary sources of Galactic cosmic rays.

2CHAPTER 1. SUPERNOVA REMNANTS AND COSMIC RAYS: INTRODUCTION AND THEORY

Figure 1.1: The cosmic-ray flux spectrum as measured by various experiments, based
on the compilation of [86], and [16, 15, 18, 3]. The flux points below ⇠ 1014 eV are
based on proton cosmic rays only, and have been multiplied by a factor 3, in order to
match the all-species cosmic-ray spectra at higher energies. Left: The spectrum in flux
units, showing that the spectrum is nearly a power law from 1010 eV to 1019 eV. Right:
The spectrum multiplied by E

2.7, which brings out features like the ”Knee” and the
”Ankle”.

Since the 1950ies there has been a lot of progress in understanding particle ac-
celeration in supernova remnants. This progress has been caused by the tremendous
advances in multiwavelength, observational capabilities, which now includes detecting
charged particles with energies in excess of 10 TeV with g-ray and X-ray telescopes. In
addition, our theoretical understanding of particle acceleration by supernova remnant
shocks has greatly advanced. This does not mean that we are absolutely certain that
most cosmic rays bombarding Earth are originating from supernova remnants. As will
be explained in this chapter, there are two main requirements for supernova remnants
to be the primary source of Galactic cosmic rays:

1. supernova remnants have to be able to convert 5-20% of the explosion energy to
cosmic-ray energy (i.e. about 1050 erg per supernova remnant), and

2. supernova remnants have to be capable of accelerating protons to energies of at
least 3⇥1015 eV (3 PeV).

In this chapter and the next we will explain where these two requirements come
from and what theoretical considerations and observational data tell us about whether
supernova remnants can indeed be the primary sources of Galactic cosmic rays.

1.1.1 The cosmic-ray spectrum

The measured cosmic rays spectrum spans eleven orders of magnitude, from roughly
109 � 1020 eV (Fig. 1.1). For energies around and below 1 GeV the spectrum as ob-
served on Earth is affected by the solar wind, and is, in fact, modulated by the variation
in the solar wind properties, which varies during the 22 year cycle of solar activity.

“knee” ≈ 3x1015eV

xE2.7



3

Constraint B: 
• local energy density CRs  ≈ 1 eV cm-3 

• escape time τ≈15x106 yr 
• Galactic volume ≈1250 kpc3≈3x1067cm3 

• To fill Galaxy: need a power of ·Ecr ≈ 1041 erg s−1

Dominant sources of cosmic rays?

Constraint A: 
• Need to be able to accelerate  protons to 3x1015eV
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2H

R

Figure 11.3: Illustration of the leaky box model for cosmic-ray transport. The cosmic-
ray particles occupy a cylindrical volume (“the box”) with height 2H and radius R�H,
and diffuse within this volume for an average time tesc before escaping.

mean free path, lmfp, of the particles can be as small as the gyroradius. This situa-
tion is referred to as Bohm diffusion. More generally the diffusion coefficient is often
parametrised using the gyroradius:

D =
1
3

lmfpv =
1
3

hrgbc, (11.3)

with h the parametrisation factor, h = 1 indicating Bohm diffusion. Since the gyro-
radius scales with the rigidity, another parametrisation for D that is often employed
is

D(R) = D0

✓
R
R0

◆d
, (11.4)

with d typically found to be 0.3 . d . 0.7 [1084]. Note that a constant (rigidity/energy
independent) h corresponds to d = 1, whereas d = 1/3 corresponds to the Kolmogorov
spectrum of magnetic-field turbulence.

The magnetic-field irregularities themselves are caused by turbulence in the inter-
stellar medium (ISM), which itself is generated by energy input from, among oth-
ers, supernovae and stellar winds. The magnetic-field irregularities are associated
with Alfvén waves, or its close relative, magnetosonic waves (Chapter 4), with ve-
locities given by (4.19). The restoring force for Alfvén waves is the magnetic-field
pressure, which for typically Galactic values of B ⇡ 5 µG is PB = B2/(8p) ⇡ 1 ⇥
10�12 erg cm�3 = 0.6 eV cm�3. This is approximately equal to the local cosmic-ray
energy density/pressure in the Galaxy (Sect. 11.1.1). The gas pressure is also close to
the magnetic pressure. The similarities between these different pressure components
suggests a symbiotic relation between cosmic rays, gas and magnetic fields in the ISM,
resulting in near equipartition.

The overall distribution of cosmic rays in the Galaxy is governed by the cosmic-ray

Talk by S. Celli



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

A65, page 5 of 20
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• 2—3 SNe/century 
• Explosion energy: 1051 erg 
• Power:    !·Esn ≈ 1042 erg s−1 ≈ 10 × ·Ecr

Supernova remnant paradigm 
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5.3. THE REVERSE SHOCK 81
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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).



5

• Supernovae singled out by Baade & Zwicky as srcs of CRs 
• Identifying SNRs as sources of synchrotron radiation -> 

paradigm shift from supernovae to SNRs 
• Identifying Fermi shock acceleration in late 1970s as most 

likely mechanism (diffusive shock acceleration=DSA) 
• X-ray synchrotron 1995+: short lived energetic electrons  

near shocks

Supernovae vs  remnants
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12.2. X-RAY SYNCHROTRON RADIATION 291

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

radio X-ray 
gamma-ray 

Chandra H.E.S.S.
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• Particles gain energy by crossing shock:  

• ΔVplasma  → Lorentz boost of  

• Crossing due to diffusion:  

• Acceleration time:   →  

• Higher energy: B high and 

ΔE
E

≈ ΔV
c

D = 1
3 cλmfp = 1

3 η
E
eB

τ ≈ 8D0
V2s

Emax ∝ η−1BV2
s t

η ≈ 1

Diffusive shock acceleration

M. Scholer

(shocked)(unshocked)
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• Narrow X-ray synchrotron filaments: evidence magnetic-field 
amplification (B~200μG)    -> boosts Emax ! 

• X-ray synchrotron requires large B-turbulence/small η  

 

•SNRs do better than expected in 1980s!

hνcutoff ≈ 3η−1 ( Vsh
5000 km/s )

2
keV

SNRs: the sources of cosmic rays?
e.g. Vink & Laming 03
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12.2. X-RAY SYNCHROTRON RADIATION 299

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
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• Proper motion study Cassiopeia A using Chandra 
• Observations from 2000-2019 used simultaneously 
• Measure Vs forward and reverse shock 
• Reverse shock in West moves back 
• Head on collision with ejecta → Vs>3000km/s 
• Only in West X-ray synchrotron from reverse shock!

Evidence for limiting Vs for X-ray 
synchrotronJacco Vink: The forward and reverse shock motions of Cassiopeia A

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

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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• X-ray Synchrotron: low pol. fraction <5% 
• Implies high B-field turbulent! 
• Residual magnetic field is radially aligned

Implications of  IXPE results Cas A 

7

Figure 3. Left: Maps of �2

2 (or Si,j , see Appendix A) values for the polarization signal for the 3-6 keV band. Right: the
corresponding polarization degree maps. Only pixels with pre-trial confidence levels above 2� (�2

2 > 6.28) are shown. For pixels
with �2

2 > 11.8 (corresponding to 3� confidence level) the polarization angles are indicated with blue arrows. The errors on
these angles are ⇠ 8�. Top row: maps with pixel sizes binned to 4200. Peaks in the �2

2 map are �2

2 = 15.9, 13.6 corresponding to
polarization degrees of 19%, and 14.5%. Bottom row: same plot, but with a larger pixel size of 8400. Peaks in the �2

2 map are
�2

2 = 14.4, 12.3 corresponding to polarization degrees of 12.4% and 3.4%.

to claim a solid detection. Binning into larger pixel sizes456

improves the polarization statistics, but at the expense457

of potential depolarization due to the mixing of regions458

with di↵erent polarization angles. However, given the459

roughly spherical symmetry of Cas A itself, as well as460

the long-known radial symmetry of the magnetic-field461

orientation as inferred from radio observations, one can462

improve the statistics by summing over large regions463

by assuming a circular symmetry to the polarization464

direction. Although the radio polarization measure-465

ments suggest an a priori radial magnetic-field orien-466

tation, shock compression of a highly turbulent mag-467

netic field instead would lead to an enhancement of the468

tangential component (e.g. Jun & Norman 1996; Bykov469

et al. 2020). Note that the polarization direction for syn-470

chrotron radiation is perpendicular to the magnetic-field471

orientation: a tangential polarization signal corresponds472

to a radial magnetic field, and vice versa.473

Assuming a circular symmetry for the polarization di-474

rection, we recalculated the qk and uk values for each475

event, by calculating a new zero for the direction of476

the photo-electron (�) based on the sky coordinate, and477

its position angle with respect to the center of Cas A,478

for which we used the explosion center determined by479

Thorstensen et al. (2001). This procedure results in new480

values q0k and u0
k, which can be summed over large re-481

4.1σ 4.8σ 4.9σ

Outer ring Outer+West Entire SNR

Vink+ 2022b
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• Theory (Bell B-field amplification, CR resonant turbulence): 
• Isotropy in front of shock (upstream) 
• Behind shock: expect tangential field 

• X-ray synchrotron: within 1017cm of shock 
• IXPE: need process to change from tangential to radial <1017cm 
• Turbulence longest mode < 1018cm -> related to longest Bell mode

Implications of  IXPE results Cas A 

unshocked shock shocked

B-field
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• Many SNRs  are found to be gamma-ray sources 
• In several SNRs evidence for pion bumps 
• -> hadronic cosmic rays  

• Young SNRs have spectra up to 10—100 TeV

SNRs: the sources of cosmic rays?
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

A6, page 3 of 25
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Figure 12.19:
fig:w44_ic443_fermi

Spectral-energy disitribution of the supernova remnants W44 and IC
443 as measured by Fermi-LAT and AGILE. (Reproduced from [37].)

However, like in the case of RX J0852.0-4622, the lack of thermal X-ray emis-
sion suggests that the ambient density is low, disfavouring the hadronic scenario [489].
X-ray synchrotron radiation requires shock velocities & 3000 km s�1 (11.50), in agree-
ment with measured proper motions for RX J1713.7-3946 of ⇠ 3500 km s�1[32, 870].
Only with a low ambient density can one explain such a high shock velocity at a ra-
dius of 10 pc. Finally, although there is some narrow spatial substructure in the X-ray
synchrotron emission from RX J1713.7-3946 [879], the X-ray synchrotron emitting
shell of the supernova remnant is quite broad (Fig. ??) resulting in a magnetic field
estimate that is much lower than 1 mG and more consistent with 35 µG [405] (see
Table 12.3). Full modelling of the hydrodynamics of the remnant, coupled with calcu-
lations of particle acceleration and X-ray emission, also favours a leptonic model for
the g-ray emission from RX J1713.7-3946 [294].

One would assume that the discussion could be put to rest by measuring the LE
g-ray emission with the Fermi-LAT instrument, as this would establish whether the
spectrum has a spectral slope G < 2, and establish the presence or absence of a pion
bump. The measurement in fact does exist [20], see Fig. 12.18. And on the face of it,
the Fermi data favour the leptonic scenario: the spectrum is clearly harder than can be
accounted for by simple hadronic models, and there is no indication for a pion bump.
But none of the inverse Compton scattering models provide a perfect fit, in particular
above 1 TeV. In addition, more complex hadronic models, in which the hadronic emis-
sion comes from interstellar medium dense clumps that survived the passage of the
supernova remnant shocks, cannot be excluded [985, 327]. The idea is that the higher
the energy of the cosmic-ray proton, the more deeply the protons can penetrate the
highest density regions of the clumps. As a result the g-ray spectral no longer reflects
the intrinsic power-law slope of the cosmic-rays, but is a combination of spectral slope
of the protons modulated with the energy-dependent penetration depths.

Although the case for pion decay emission from RX J1713.7-3946 is controversial,
very strong evidence for pion-decay emission from supernova remnants does exists:
the pion-bump has been detected in the HE spectra of the mature supernova remnants
IC 443 and W44 [355, 37] (Fig. 12.19). However, what is also clear from these But
the SEDs of these remnants also display spectral breaks at relatively low energies: ⇠
20 GeV for IC 443 and 2 GeV for W44 [37]. Apparently the highest energy cosmic
rays have already largely diffused away from the supernova remnants. Note that several
other g-ray spectra are also consistent with hadronic emission, including Cas A [58],
HESS J1640-465 [23, 553] and W49B [417], the latter also with a break at low energies
(⇠8 GeV).
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• Young SNR spectra have turnovers < 10 TeV 
• Young SNRs do not appear to be PeVatrons! 
• Also theoretically SNRs are unlikely to be PeVatrons 

• Old SNRs even have turnovers below 100 GeV!

But…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

MNRAS 472, 2956–2962 (2017)
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Figure 12.19:
fig:w44_ic443_fermi

Spectral-energy disitribution of the supernova remnants W44 and IC
443 as measured by Fermi-LAT and AGILE. (Reproduced from [37].)

However, like in the case of RX J0852.0-4622, the lack of thermal X-ray emis-
sion suggests that the ambient density is low, disfavouring the hadronic scenario [489].
X-ray synchrotron radiation requires shock velocities & 3000 km s�1 (11.50), in agree-
ment with measured proper motions for RX J1713.7-3946 of ⇠ 3500 km s�1[32, 870].
Only with a low ambient density can one explain such a high shock velocity at a ra-
dius of 10 pc. Finally, although there is some narrow spatial substructure in the X-ray
synchrotron emission from RX J1713.7-3946 [879], the X-ray synchrotron emitting
shell of the supernova remnant is quite broad (Fig. ??) resulting in a magnetic field
estimate that is much lower than 1 mG and more consistent with 35 µG [405] (see
Table 12.3). Full modelling of the hydrodynamics of the remnant, coupled with calcu-
lations of particle acceleration and X-ray emission, also favours a leptonic model for
the g-ray emission from RX J1713.7-3946 [294].

One would assume that the discussion could be put to rest by measuring the LE
g-ray emission with the Fermi-LAT instrument, as this would establish whether the
spectrum has a spectral slope G < 2, and establish the presence or absence of a pion
bump. The measurement in fact does exist [20], see Fig. 12.18. And on the face of it,
the Fermi data favour the leptonic scenario: the spectrum is clearly harder than can be
accounted for by simple hadronic models, and there is no indication for a pion bump.
But none of the inverse Compton scattering models provide a perfect fit, in particular
above 1 TeV. In addition, more complex hadronic models, in which the hadronic emis-
sion comes from interstellar medium dense clumps that survived the passage of the
supernova remnant shocks, cannot be excluded [985, 327]. The idea is that the higher
the energy of the cosmic-ray proton, the more deeply the protons can penetrate the
highest density regions of the clumps. As a result the g-ray spectral no longer reflects
the intrinsic power-law slope of the cosmic-rays, but is a combination of spectral slope
of the protons modulated with the energy-dependent penetration depths.

Although the case for pion decay emission from RX J1713.7-3946 is controversial,
very strong evidence for pion-decay emission from supernova remnants does exists:
the pion-bump has been detected in the HE spectra of the mature supernova remnants
IC 443 and W44 [355, 37] (Fig. 12.19). However, what is also clear from these But
the SEDs of these remnants also display spectral breaks at relatively low energies: ⇠
20 GeV for IC 443 and 2 GeV for W44 [37]. Apparently the highest energy cosmic
rays have already largely diffused away from the supernova remnants. Note that several
other g-ray spectra are also consistent with hadronic emission, including Cas A [58],
HESS J1640-465 [23, 553] and W49B [417], the latter also with a break at low energies
(⇠8 GeV).

SED Cassiopeia A (MAGIC)
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• LHAASO has found Galactic PeVatrons 
• But are these sources? 
• Some pulsars (Crab): leptonic? 

• PeVatrons identified in gamma-ray tend to “messy” 
• Several candidate sources/starforming regions with lots 

going on! 
• But perhaps messiness is not a problem but the answer!

PeVatrons found: what are they?

Extended Data Fig. 5 | Phenomenological fits to the γ−ray observations of 
LHAASO J1908+0621, and previous observations of potential counterparts. 
The inset shows the KM2A significance map, indicating the potential 
counterparts of the UHE γ-ray source. The colour bar shows the significance 
( TS). The green circle indicates the PSF of LHAASO. The Fermi LAT points for 
LHAASO J1908+0621 analysed in this work, as well as ARGO48, HESS49 and 
HAWC4 data, are shown together with the LHAASO measurements. The dotted 
curve shows the leptonic model of radiation, assuming an injection of electron/
positron pairs according to the pulsar’s spin-down behaviour, with a breaking 
index of 2 and an initial rotation period of 0.04 s. A fraction of 6% of the current 
spin-down power of the pulsar PSR J1907+0602 at a distance of 2.4 kpc is 
assumed to be converted to e± pairs to support the γ-ray emission. The injection 
spectrum of electrons is assumed to be N E E E( ) ∝ exp{−[ /(800 TeV)] }e

2
e
−1.75 .  

The solid curves correspond to the hadronic model of radiation. Two types of 
energy distributions are assumed for the parent proton population: (i) a single 
power-law spectrum of parent protons, N(E) ≈ E−1.85exp[−E/(380 TeV)] (thin solid 
curve); (ii) a broken power-law spectrum with an exponential cutoff of parent 
protons, with indices 1.2 and 2.7 below and above 25 TeV, respectively, and a 
cutoff energy of 1.3 PeV (thick solid curve). In the inset sky map, the black 
diamond shows the position of PSR J1907+0602, the black contours correspond 
to the location of supernova remnant SNR G40.5-0.5 and the white circle is the 
position and size of HESS J1908+063. The cyan regions are the dense clumps 
described in Methods. The average density in the whole γ-ray emission region is 
estimated to be about 10 cm−3. γ-ray absorption due to photon–photon pair 
production (see Methods) is taken into account in the theoretical curve.

PoS(ICRC2021)779

MGRO J1908+06 with H.E.S.S. D. Kostunin

2. Observation and analysis

The High Energy Stereoscopic System (H.E.S.S.) is an array of four 12-m and one 28-m
Imaging Atmospheric Cherenkov Telescopes (IACTs) located in the Khomas Highland in Namibia
at an altitude of 1835 m. It is capable of detecting VHE gamma-rays from energies of a few tens
of GeV to 100 TeV. The data used in this work were acquired prior to the installation of the 28-m
telescope.

Compared to the latest H.E.S.S. publication including J1908+063 [12], the present work uses
additional data acquired since the last publication, which adds about 50% more exposure (mostly in
the northern part of the source). The resulting livetime for the central part of the source is almost
80 hours after applying quality cuts. For the low-level reconstruction we use events detected by
four telescopes with maximum o�set of 2� from the center of the camera. Direction and energy
reconstruction and gamma/hadron separation is performed with methods described in Refs. [18, 19].

The high-energy analysis is performed with gammapy v0.17 [20, 21] with an energy threshold
of ⇠ 0.365 TeV and three-dimensional model of residual hadronic background. For the cross-
check with previous H.E.S.S. results and newest ones obtained by Fermi-LAT [11], HAWC [3]
and LHAASO [4], we fitted J1908+063 assuming single Gaussian component with spectrum
described by power law. The preliminary fitted values are (only statistical errors are included):
R.A. = 286.975� ± 0.024�, dec. = 6.432� ± 0.024�, sigma of Gaussian f = 0.524� ± 0.018�. The
spectrum described by the parametrization q(⇢) = q0(⇢/TeV)�� has the following values (only
statistical errors are included): q0 = (1.02± 0.05 ) · 10�11 TeV�1 cm�2 s�1, � = 2.294± 0.027. The
comparison of morphological and spectral fits between di�erent instruments is given in Fig. 1.
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Figure 1: Comparison between single-component morphology and spectra reconstructed by di�erent instru-
ments with H.E.S.S. reconstruction obtained in this work. Left: H.E.S.S. excess map smoothed with radius
of 0.07�. Gray dashed and black solid contours correspond to 3f and 5f Li-Ma significance, respectively.
Circles correspond to morphology fits by H.E.S.S. (black solid with A = fsource, 3D analysis with gammapy
using Gaussian model), Fermi-LAT (blue dashed with A = Adisk, using disk model) [11], HAWC (green
dotted with A = fsource, using Gaussian model) [3] and LHAASO (purple dash-dotted radius corresponding
to containment 68% of source) [4]. Triangles indicate pulsars, magenta circles indicate supernova remnants
(see Tab. 1). Right: comparison of the spectra reconstructed by di�erent instruments using spacial models
described above.
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• Pulsars? 
• yes some are PeVatrons, but leptonic(?) 
• do not provide enough energy 

• Pulsar energy  

• Birth rate < SN rate 

• Galactic power:  

• Insufficient to explain CR energy density

E0 = 1
2 IΩ2 ≈ 1049 ( P0

50 ms )
−2

erg

·Epsr,gal ≲ 1040( P0
50 ms )

−2
erg/s

Alternatives to SNRs as 
dominant sources of cosmic rays
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Stellar winds

• MS winds integrated over IMF: ≪1051=Esn 

• What about Wolf-Rayet stars? 
• Vw≈2000 km/s, ΔM=10Msun → Ewr≈4x1050erg ≲ Esn 
• Only small fraction of massive stars have WR phase 
• NB: WR stars important in early phase of starforming regions! 
• Could explain some PeVatrons 
• Cannot explain Galactic cosmic ray energy density!
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94 CHAPTER 5. SUPERNOVA REMNANT EVOLUTION

Figure 5.6: The time-integrated, main-sequence wind energy of massive stars as a
function of main-sequence mass. The values are based on Table 5.2. The dotted line
indicates the scaling Ewind µ M2.35.

with a constant density r0 or we assumed a stellar wind profile of r(r) µ r�2 (5.18).
The ambient medium can in general be more complex, with hotter regions, molecular
clouds, and low density densities, with still in them cloudlets. A more generic com-
plexity of the ambient medium is that it is likely to have been modified by the wind
of the progenitor star. This is expected to be always the case for core collapse su-
pernovae, but there are also strong indications that Type Ia supernova remnants like
SN 1604 [266, 1175], SN 1572 [1279], and RCW 86 are evolving in wind blown bub-
bles [1229, 211].

We concentrate here on the wind bubbles created by core collapse supernova pro-
genitors, which have main sequence masses of MMS & 8 M�, corresponding to spectral
classes B3 and hotter stars. During the main sequence phase, which lasts for about 90%
of life time of a star, hot stars have fast winds, vw & 500 km s�1, and mass loss rates of
Ṁ ⇡ 10�8–10�4 M� yr�1. The mass loss is driven by the radiation pressure near the
surface of the star, which couples to the gas primarily through metal line absorption.
For that reason the mass loss is strongly metallicity dependent. The radiation pressure
imparts a radially outward momentum to the atoms [e.g. 688, 938, for reviews]. Since
the winds are driven by line absorption, the modeling of the stellar winds depends
sensitively on line and ionisation parameters in the wind, and gives rise to quite some
uncertainties. According to [688] the mass loss rate Ṁ due to line driven winds is

Ṁ =
Dmom

vw

✓
R⇤
R�

◆�1/2
, (5.63)

logDmom = logD0 + x log
✓

L
L�

◆
, (5.64)

with Dmom the modified wind momentum. For main sequence O-stars the parameters
are logD0 = 19.87±1.21 and x = 1.57±0.21 [688]. Table 5.2 provides an overview of
mass loss parameters for supernova progenitors. Note that these numbers, apart from
metallicity dependencies, also have considerable uncertainty [849].

It is interesting to compare the total energy output in stellar winds (based on Ta-
ble 5.2) to the typical explosion energy of a supernova of 1051 erg. Fig. 5.8 shows

Integrated MS wind power 
(Vink 2020)
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Overview of alternatives
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Table 11.1: Powerful Galactic source classes and the total associated mechanical power.

Source type Energy per source or event Frequency Total Galactic Power Remarks
(erg) (yr�1) (erg s�1)

supernova remnants 1051 ⇡ 1/30 ⇡ 1042

pulsars 1049(P/50ms)�2 < 1/30 . 2⇥1040 Eq. (6.3). e+/e� source.
stellar winds ⇡ 2⇥1049 < 1/30 . 5⇥1040 Sect. 5.8.
superbubbles 1051 < 1/30 . 1042 [887]
Novae ⇡ 1046 ⇡ 50 ⇡ 2⇥1040 [1043]
X-ray binaries/micro-quasars < 1049 50�200 sources . 2⇥1040 [347]
Central Black Hole 10�4 1036 �1044? [45, 430, 524, 106]

Vink 2020
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• Take away: SNRs may provide bulk of cosmic rays but are 
not PeVatrons 

• Supernova power is sufficient 
• CR solutions: 
• Use SN power earliest phase (e.g. Marcowith+ 18) 
• Or use SN collectively (Bykov&Fleishman 92, Parizot ’04)

Use supernova power, but when?
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• Escape of CRs important for SNRs 
• Perhaps PeV CRs from earliest phase have long escaped? 
• Only a subclass of dense wind SN valid: 
• high density early on (seed particles, drives up B) 
• very high speeds ~20,000 km/s 

• H.E.S.S. UL in gamma-ray exist 
• Need luck and sensitivity -> CTA

SN/early SNR phase12.3. GAMMA-RAYS OBSERVATIONS 267

Figure 12.23:
fig:rxj1713_escape

The X-ray (XMM-Newton,red) and VHE g-ray (H.E.S.S., data points)
surface brightness profiles of the southeastern region of RX J1713.7-3946, showing
evidence for a population of accelerated particles well upstream of the shock. (Repro-
duced from [416].)

escape of cosmic rays, rather than definitely proving cosmic-ray escape. Nevertheless,
the impression is that of a population of escaping cosmic rays that have been ”caught
in the act”.

The extent of the precursor/escaping population can be used to constrain the dif-
fusion properties of the particles. Given that the g-ray photons have energies around
1 TeV, the primary particles, whether hadrons or electrons, are likely to have energies of
order 10 TeV. Using the expression for the diffusion length scale, either (11.27) or the
more generic ldiff ⇡

p
2Dt can now be used to constrain the combination of magnetic

field strength and magnetic turbulence, which gives according to (11.27)

B1

h
⇡ 0.36

✓
E

10 TeV

◆✓
Vsh

3000 km s�1

◆�1✓ Dr
1 pc

◆
µG. (12.42)

This value is surprisingly low, and more consistent with an inverse Compton origin for
the VHE g-ray emission from RX J1713.7-3946 than hadronic emission. Even for the
case of inverse Compton emission it indicates that h should be much larger than 1,
given that the Galactic magnetic field is ⇠ 5 µG.

In § 12.2 we showed that the detection of X-ray synchrotron radiation from super-
nova remnants implies that h . 10, so a large value of h is a priori inconsistent with the
fact that the X-ray emission from RX J1713.7-3946 is dominated by X-ray synchrotron
emission. However, an increase in h over a time scale of the order of the synchrotron
loss time scale for 10 TeV electrons does can result both in a large value of h upstream
of the shock, whereas the downstream region will still emit X-ray synchrotron radiation
for some time. Finally, one should consider what might cause the particles from RX
J1713.7-3946 to escape. One idea was already implicitly mentioned: there may have
been a relatively recent increase in the diffusion coefficient, i.e. an increase in the value
for h . Another reason may be that the shock encountered recently a positive density
gradient, causing it to rapidly decelerate.

A&A 612, A6 (2018)

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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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

A57, page 8 of 11
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Starforming regions/
superbubbles

• Energy source: SN power + stellar winds + pulsars! 
• Idea: total is more than sum of its parts! 
• Mechanism: power drives turbulence/internal shocks 
• Energy increase: Fermi shock + Fermi turbulent acceleration 
• Acceleration continues for million of year 
• Escape slow: turbulence results in small D 

• Idea fits well with recent LHAASO observations and H.E.S.S. 
observations of e.g. Westerlund 1,  HESS J1908 

• Indeed messiness may be the solution not the problem!

F. Aharonian et al.: A deep spectromorphological study of the �-ray emission surrounding Westerlund 1

(a) Smoothing kernel: 0.22� top hat (b) Smoothing kernel: 0.07� Gaussian

40 pc

E > 1 TeV

A

B

C

(c) Smoothing kernel: 0.22� top hat (d) Smoothing kernel: 0.22� top hat

Fig. 3. Flux maps of the HESS J1646�458 region. The position of Westerlund 1 is marked by the black star symbol; the grey, dashed line shows the
Galactic plane. Coloured symbols indicate objects listed in the legend in panel (a). Dark grey square markers denote positions of sources from the
4FGL-DR2 catalogue (Abdollahi et al. 2020; Ballet et al. 2020), where those sources that are still significant (

p
TS > 3) above 30 GeV are shown

with a diamond marker (^). Grey circles labelled ‘A’ and ‘B’ mark regions defined in Abramowski et al. (2012); region ‘C’ (at R.A. 16h49m4.8s,
Dec. �46�0600000) is newly defined here. The white circle marker indicates the coordinate with respect to which the radial profiles in Fig. 4 and
9a have been computed. The scale bar denotes a projected distance of 40 pc, for the nominal distance to Westerlund 1 of 3.9 kpc. The maps are
for di↵erent energy thresholds (indicated at the bottom of each panel) and were computed using di↵erent smoothing kernels (stated below each
figure). Colour scales are saturated at the maximum observed flux value associated with the HESS J1646�458 region. Contour lines shown in
blue are at flux levels of F = (12.5/20/27.5) ⇥ 10�9cm�2 s�1 sr�1 for panels (a) and (b), at F = (3/5.5/8) ⇥ 10�9cm�2 s�1 sr�1 for panel (c), and at
F = (1/1.5) ⇥ 10�9cm�2 s�1 sr�1 for panel (d).

freely within the Galactic disc, and can be due to bremsstrahlung
or IC emission of CR electrons, or interactions of hadronic CRs
with gas. Due to its di↵use nature, the di↵use �-ray emission
from the Galaxy is challenging to measure directly, and while
it has been detected over large scales in the TeV energy range
(e.g., Abramowski et al. 2014a; Amenomori et al. 2021), these
measurements do not provide a good constraint for the level of
di↵use emission in the region of HESS J1646�458. Therefore, in
order to assess the possible contamination with di↵use emission
of the �-ray signal of HESS J1646�458, we have used a predic-
tion of the di↵use �-ray flux based on the Picard CR propagation
code (Kissmann 2014; Kissmann et al. 2015, 2017). This anal-
ysis is described in more detail in Appendix A, where we show
in Fig. A.2 the same flux maps as in Fig. 3, but with the pre-

dicted flux due to di↵use emission subtracted. We conclude that,
while the Galactic di↵use emission likely contributes at a consid-
erable level – ⇠24% (⇠17%/⇠8%) above a threshold energy of
0.37 TeV (1 TeV/4.9 TeV), according to the Picard template –, it
cannot explain the bulk of the �-ray emission, and does not alter
the source morphology in a significant way. For these reasons,
and because of the rather large uncertainties associated with any
estimate of the Galactic di↵use emission in a particular region of
the sky, we have performed the subsequent analysis without ex-
plicitly taking it into account, noting that none of the conclusions
drawn in this paper are a↵ected by this.

In order to further characterise the morphology of the emis-
sion – and its apparent invariance with respect to energy –
we derived radial profiles of the observed excess. Noting that

Article number, page 5 of 19

H.E.S.S.

Westerlund 1 
H.E.S.S.+ 2022 (arXiv:2207.10921)
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• Search for PeVatrons driven by idea: CR “knee” is maximum 
proton energy 

• New fits to CR data:  spectrum is complex: proton spectrum 
declines above ~1013 eV 

Do  SN/SNRs need to be PeVatrons?

• Fits well with an overall SNR origin of Galactic CRs up to 1013eV 
• There are CRs above 1013 eV, but they could be from additional 

source class (srcs of CR energy≠src of PeV CRs) 

See 
Talks by R. Parvoli 
F. Alemanno

Proton	spectrum	(1	GeV–>	8	TeV)

Important features —> deviation from a single power-law! 
1) confirmation of the hardening in both species at about 200 GeV (propagation?) 
2) softening above 1 TeV (sources?)

Boezio et al., Progress in Particle and Nuclear Physics 112 (2020)
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• Supernovae likely dominant power for Galactic cosmic rays 
• SNRs are excellent accelerators but are not PeVatrons 
• That may be okay: proton CR spectrum steepen >1013eV 

• Zoom on PeVatrons candidates: they are messy 
• Messiness fits with “total>Σ” of superbubble model

Take away points


