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Entwicklung von SN-Überresten
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Entwicklung von
SN-Überresten

Figure 1.3: The evolutionary stages in the life of a supernova remnant From: Cioffi, 1990,
in: Physical Processes in Hot Cosmic Plasmas, W. Brinkmann, A.C. Fabian & F. Giovannelli
(Eds.), NATO ASI Vol. 305, p. 1, Kluwer Academic Publishers.
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Supernova-Überrest RX J1713.7-3946
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Figure 7
The SED of RX J1713.7−3946 at γ -ray energies. Three curves are shown in comparison to the dark gray
HESS data (Aharonian et al. 2007e) and EGRET upper limit: (a) the best-fit γ -ray spectrum arising from
interacting protons with an energy distribution following a power-law with exponential cutoff (see Kelner,
Aharonian & Bugayov 2006) (solid orange line), (b) hadronic emission as calculated by Berezhko & Völk
(2006) (dashed blue line), and (c) IC emission as calculated by Porter, Moskalenko & Strong (2006) (dotted
green line). Reproduced from Hinton (2009).

is presumably inefficient, since particles spiral along field lines and are immediately overrun by
the shock. In the polar regions, injection is more effective, resulting in significant CR current
and most likely in turbulent magnetic field amplification, rendering the acceleration process even
more efficient.

Explaining the VHE emission from RX J1713.7−3946—probably the best-studied case—as IC
emission of electrons requires magnetic fields of around 10 µG (Aharonian et al. 2006b). These
magnetic fields are at variance with the significantly higher fields of at least 50 µG determined
from the width of X-ray emitting filaments, translated into an electron cooling time (e.g., Berezhko
& Völk 2006), and from the temporal variations observed in X-ray structures (Uchiyama et al.
2007), which directly measure the cooling time. Questions remain, though, on whether these high
magnetic fields are characteristic of the entire SNR, and if the observed structures are due to
variations in electron density rather than magnetic fields; only if this is the case, is an IC origin
of the γ rays firmly ruled out. There are no significant variations of γ -ray spectral shape across
the TeV SNRs, and the observed spectra are well described by hadron acceleration models that
generate a power-law distribution with an index close to 2, with a gradual high-energy cutoff
(Figure 7). Leptonic models tend to generate spectra that are too hard at low energy, reflecting
the fact that the index of IC γ rays is 1.5, for an electron index of 2 (see Section 2.2). This problem
can be solved to a limited extent by adjusting the composition of target radiation fields and by
introducing multizone models with different cutoffs, where different IC peaks are superimposed
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Figure 6
Four SNRs imaged in
(dominantly)
nonthermal X-rays
(left) and resolved in
VHE γ rays with
HESS (right). (a) RX
J1713.7 − 3946 with
1–3 keV data from
ASCA (Uchiyama,
Takahashi &
Aharonian 2002),
(b) RX J0852.0 − 4622
with ROSAT (1.3–
2.4 keV) (Aschenbach
1998), (c) RCW 86
with 2–4 keV data
from XMM-Newton
(Vink et al. 2006), and
(d ) SN 1006 with
Chandra archive data
(0.5–10 keV). The
HESS data are taken
from Aharonian et al.
(2006b, 2007d, 2009b)
and Naumann-Godo
et al. (2008). The
white scale bars are
0.5◦ long.

536 Hinton · Hofmann

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

00
9.

47
:5

23
-5

65
. D

ow
nl

oa
de

d 
fr

om
 a

rjo
ur

na
ls

.a
nn

ua
lre

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 K
ar

ls
ru

he
 o

n 
05

/1
9/

10
. F

or
 p

er
so

na
l u

se
 o

nl
y.

1.2 The case of RX J1713.7−3946

Fig. 1.3, where he noted:

“A guest star appeared within the asterism Wei during the second
lunar month of the eighteenth year of the Tai-Yuan reign period
(February 27–March 28, AD393), and disappeared during the ninth
lunar month (October 22–November 19, AD393).”

Other references are given in Wang et al. (1997). The asterism Wei is shown in Fig. 1.4,
on the right-hand side. The word “Wei” means that it looks like the tail of a dragon,
hence the stars indicated in the figure correspond to the stars that form the constellation
Scorpius, an image of which can be seen in Fig. 1.4 (left). The stars that form Scorpius
are highlighted, the approximate position of RX J1713.7−3946 is marked by a red cross.
From the positional coincidence, Wang et al. (1997) suggested the AD393 guest star to be
the supernova that created the remnant of RX J1713.7−3946.

Figure 1.3: Historical record of the AD393 guest star in Sung Shu (Shen 500), taken
from Wang et al. (1997).

The suggested relatively young age of the SNR is supported by the high surface brightness
of this object in non-thermal X-rays, which suggests that it is close to the evolutionary
phase where the shocks are most powerful. While hardly a conclusive argument, this
implies that the remnant is observed at the sweep-up time when the ejecta are interacting
with approximately their own mass of swept-up ambient material and the energy flux

7

1 Gamma-ray astronomy and the quest for the origin of Galactic cosmic rays

Figure 1.4: Left: Optical image of the Constellation Scorpius. The stars that form
the constellation are highlighted. The approximate position of RX J1713.7−3946 is
marked with a red cross. The rectangle is the area pictured in the ancient image
drawn on the right (from Wang et al. 1997), which shows the asterism Wei. The
Chinese character in the circle is “Wei”, which means “tail”.

through the shocks (both forward and reverse) peaks. Normally this would be at an age
of a few hundred to a thousand years, which indeed supports the closer distance estimate.

The radio emission of RX J1713.7−3946 is very faint (Lazendic et al. 2004) which puts
it into a peculiar class of shell-type SNRs with dominantly non-thermal X-ray and only
very faint radio emission. The only other known object of this type is RX J0852.0−4622
(G266.2−1.2) (Aschenbach 1998; Slane et al. 2001).

RX J1713.7−3946 was detected in VHE gamma rays by the CANGAROO collaboration in
1998 (Muraishi et al. 2000) and re-observed by CANGAROO-II in 2000 and 2001 (Enomoto
et al. 2002). Recently H.E.S.S., a new array of imaging atmospheric Cherenkov telescopes
operating in Namibia, has confirmed the detection (Aharonian et al. 2004b). This was
the first independent confirmation of VHE gamma-ray emission from an SNR shell. Fur-
thermore, the H.E.S.S. measurement provided the first ever resolved gamma-ray image at
very high energies. The complex morphology of RX J1713.7−3946 was clearly unraveled.
Deep follow-up observations confirmed the previous measurement and enabled detailed
spatially resolved studies (Aharonian et al. 2005a). Together with the H.E.S.S. detection
of RX J0852.0−4622 (Aharonian et al. 2005c) there are currently two spatially resolved
VHE gamma-ray SNRs with a shell-like structure which agrees well with that seen in X-
rays. These two objects may well be the brightest SNRs in the VHE gamma-ray domain
in the whole sky; anything equally bright in the Northern sky would have been clearly seen
in the Milagro survey (Atkins et al. 2004), and the H.E.S.S. Galactic plane survey (Aharo-
nian et al. 2005e) reveals no SNRs brighter than RX J1713.7−3946 or RX J0852.0−4622
in the region covered.

It is worth mentioning that there are two more shell-type SNRs which have been reported
to emit TeV gamma rays. One is the remnant of SN 1006, which was claimed by CANGA-
ROO (Tanimori et al. 1998), but could not be confirmed with H.E.S.S. (Aharonian et al.
2005f). The other one is Cassiopeia A (Aharonian et al. 2001), a classical core-collapse
SNR, whose northern location makes it inaccessible to H.E.S.S..
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Figure 7
The SED of RX J1713.7−3946 at γ -ray energies. Three curves are shown in comparison to the dark gray
HESS data (Aharonian et al. 2007e) and EGRET upper limit: (a) the best-fit γ -ray spectrum arising from
interacting protons with an energy distribution following a power-law with exponential cutoff (see Kelner,
Aharonian & Bugayov 2006) (solid orange line), (b) hadronic emission as calculated by Berezhko & Völk
(2006) (dashed blue line), and (c) IC emission as calculated by Porter, Moskalenko & Strong (2006) (dotted
green line). Reproduced from Hinton (2009).

is presumably inefficient, since particles spiral along field lines and are immediately overrun by
the shock. In the polar regions, injection is more effective, resulting in significant CR current
and most likely in turbulent magnetic field amplification, rendering the acceleration process even
more efficient.

Explaining the VHE emission from RX J1713.7−3946—probably the best-studied case—as IC
emission of electrons requires magnetic fields of around 10 µG (Aharonian et al. 2006b). These
magnetic fields are at variance with the significantly higher fields of at least 50 µG determined
from the width of X-ray emitting filaments, translated into an electron cooling time (e.g., Berezhko
& Völk 2006), and from the temporal variations observed in X-ray structures (Uchiyama et al.
2007), which directly measure the cooling time. Questions remain, though, on whether these high
magnetic fields are characteristic of the entire SNR, and if the observed structures are due to
variations in electron density rather than magnetic fields; only if this is the case, is an IC origin
of the γ rays firmly ruled out. There are no significant variations of γ -ray spectral shape across
the TeV SNRs, and the observed spectra are well described by hadron acceleration models that
generate a power-law distribution with an index close to 2, with a gradual high-energy cutoff
(Figure 7). Leptonic models tend to generate spectra that are too hard at low energy, reflecting
the fact that the index of IC γ rays is 1.5, for an electron index of 2 (see Section 2.2). This problem
can be solved to a limited extent by adjusting the composition of target radiation fields and by
introducing multizone models with different cutoffs, where different IC peaks are superimposed
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Figure 6
Four SNRs imaged in
(dominantly)
nonthermal X-rays
(left) and resolved in
VHE γ rays with
HESS (right). (a) RX
J1713.7 − 3946 with
1–3 keV data from
ASCA (Uchiyama,
Takahashi &
Aharonian 2002),
(b) RX J0852.0 − 4622
with ROSAT (1.3–
2.4 keV) (Aschenbach
1998), (c) RCW 86
with 2–4 keV data
from XMM-Newton
(Vink et al. 2006), and
(d ) SN 1006 with
Chandra archive data
(0.5–10 keV). The
HESS data are taken
from Aharonian et al.
(2006b, 2007d, 2009b)
and Naumann-Godo
et al. (2008). The
white scale bars are
0.5◦ long.
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1.2 The case of RX J1713.7−3946

Fig. 1.3, where he noted:

“A guest star appeared within the asterism Wei during the second
lunar month of the eighteenth year of the Tai-Yuan reign period
(February 27–March 28, AD393), and disappeared during the ninth
lunar month (October 22–November 19, AD393).”

Other references are given in Wang et al. (1997). The asterism Wei is shown in Fig. 1.4,
on the right-hand side. The word “Wei” means that it looks like the tail of a dragon,
hence the stars indicated in the figure correspond to the stars that form the constellation
Scorpius, an image of which can be seen in Fig. 1.4 (left). The stars that form Scorpius
are highlighted, the approximate position of RX J1713.7−3946 is marked by a red cross.
From the positional coincidence, Wang et al. (1997) suggested the AD393 guest star to be
the supernova that created the remnant of RX J1713.7−3946.

Figure 1.3: Historical record of the AD393 guest star in Sung Shu (Shen 500), taken
from Wang et al. (1997).

The suggested relatively young age of the SNR is supported by the high surface brightness
of this object in non-thermal X-rays, which suggests that it is close to the evolutionary
phase where the shocks are most powerful. While hardly a conclusive argument, this
implies that the remnant is observed at the sweep-up time when the ejecta are interacting
with approximately their own mass of swept-up ambient material and the energy flux

7

1 Gamma-ray astronomy and the quest for the origin of Galactic cosmic rays

Figure 1.4: Left: Optical image of the Constellation Scorpius. The stars that form
the constellation are highlighted. The approximate position of RX J1713.7−3946 is
marked with a red cross. The rectangle is the area pictured in the ancient image
drawn on the right (from Wang et al. 1997), which shows the asterism Wei. The
Chinese character in the circle is “Wei”, which means “tail”.

through the shocks (both forward and reverse) peaks. Normally this would be at an age
of a few hundred to a thousand years, which indeed supports the closer distance estimate.

The radio emission of RX J1713.7−3946 is very faint (Lazendic et al. 2004) which puts
it into a peculiar class of shell-type SNRs with dominantly non-thermal X-ray and only
very faint radio emission. The only other known object of this type is RX J0852.0−4622
(G266.2−1.2) (Aschenbach 1998; Slane et al. 2001).

RX J1713.7−3946 was detected in VHE gamma rays by the CANGAROO collaboration in
1998 (Muraishi et al. 2000) and re-observed by CANGAROO-II in 2000 and 2001 (Enomoto
et al. 2002). Recently H.E.S.S., a new array of imaging atmospheric Cherenkov telescopes
operating in Namibia, has confirmed the detection (Aharonian et al. 2004b). This was
the first independent confirmation of VHE gamma-ray emission from an SNR shell. Fur-
thermore, the H.E.S.S. measurement provided the first ever resolved gamma-ray image at
very high energies. The complex morphology of RX J1713.7−3946 was clearly unraveled.
Deep follow-up observations confirmed the previous measurement and enabled detailed
spatially resolved studies (Aharonian et al. 2005a). Together with the H.E.S.S. detection
of RX J0852.0−4622 (Aharonian et al. 2005c) there are currently two spatially resolved
VHE gamma-ray SNRs with a shell-like structure which agrees well with that seen in X-
rays. These two objects may well be the brightest SNRs in the VHE gamma-ray domain
in the whole sky; anything equally bright in the Northern sky would have been clearly seen
in the Milagro survey (Atkins et al. 2004), and the H.E.S.S. Galactic plane survey (Aharo-
nian et al. 2005e) reveals no SNRs brighter than RX J1713.7−3946 or RX J0852.0−4622
in the region covered.

It is worth mentioning that there are two more shell-type SNRs which have been reported
to emit TeV gamma rays. One is the remnant of SN 1006, which was claimed by CANGA-
ROO (Tanimori et al. 1998), but could not be confirmed with H.E.S.S. (Aharonian et al.
2005f). The other one is Cassiopeia A (Aharonian et al. 2001), a classical core-collapse
SNR, whose northern location makes it inaccessible to H.E.S.S..
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Figure 7
The SED of RX J1713.7−3946 at γ -ray energies. Three curves are shown in comparison to the dark gray
HESS data (Aharonian et al. 2007e) and EGRET upper limit: (a) the best-fit γ -ray spectrum arising from
interacting protons with an energy distribution following a power-law with exponential cutoff (see Kelner,
Aharonian & Bugayov 2006) (solid orange line), (b) hadronic emission as calculated by Berezhko & Völk
(2006) (dashed blue line), and (c) IC emission as calculated by Porter, Moskalenko & Strong (2006) (dotted
green line). Reproduced from Hinton (2009).

is presumably inefficient, since particles spiral along field lines and are immediately overrun by
the shock. In the polar regions, injection is more effective, resulting in significant CR current
and most likely in turbulent magnetic field amplification, rendering the acceleration process even
more efficient.

Explaining the VHE emission from RX J1713.7−3946—probably the best-studied case—as IC
emission of electrons requires magnetic fields of around 10 µG (Aharonian et al. 2006b). These
magnetic fields are at variance with the significantly higher fields of at least 50 µG determined
from the width of X-ray emitting filaments, translated into an electron cooling time (e.g., Berezhko
& Völk 2006), and from the temporal variations observed in X-ray structures (Uchiyama et al.
2007), which directly measure the cooling time. Questions remain, though, on whether these high
magnetic fields are characteristic of the entire SNR, and if the observed structures are due to
variations in electron density rather than magnetic fields; only if this is the case, is an IC origin
of the γ rays firmly ruled out. There are no significant variations of γ -ray spectral shape across
the TeV SNRs, and the observed spectra are well described by hadron acceleration models that
generate a power-law distribution with an index close to 2, with a gradual high-energy cutoff
(Figure 7). Leptonic models tend to generate spectra that are too hard at low energy, reflecting
the fact that the index of IC γ rays is 1.5, for an electron index of 2 (see Section 2.2). This problem
can be solved to a limited extent by adjusting the composition of target radiation fields and by
introducing multizone models with different cutoffs, where different IC peaks are superimposed
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Figure 6
Four SNRs imaged in
(dominantly)
nonthermal X-rays
(left) and resolved in
VHE γ rays with
HESS (right). (a) RX
J1713.7 − 3946 with
1–3 keV data from
ASCA (Uchiyama,
Takahashi &
Aharonian 2002),
(b) RX J0852.0 − 4622
with ROSAT (1.3–
2.4 keV) (Aschenbach
1998), (c) RCW 86
with 2–4 keV data
from XMM-Newton
(Vink et al. 2006), and
(d ) SN 1006 with
Chandra archive data
(0.5–10 keV). The
HESS data are taken
from Aharonian et al.
(2006b, 2007d, 2009b)
and Naumann-Godo
et al. (2008). The
white scale bars are
0.5◦ long.
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1.2 The case of RX J1713.7−3946

Fig. 1.3, where he noted:

“A guest star appeared within the asterism Wei during the second
lunar month of the eighteenth year of the Tai-Yuan reign period
(February 27–March 28, AD393), and disappeared during the ninth
lunar month (October 22–November 19, AD393).”

Other references are given in Wang et al. (1997). The asterism Wei is shown in Fig. 1.4,
on the right-hand side. The word “Wei” means that it looks like the tail of a dragon,
hence the stars indicated in the figure correspond to the stars that form the constellation
Scorpius, an image of which can be seen in Fig. 1.4 (left). The stars that form Scorpius
are highlighted, the approximate position of RX J1713.7−3946 is marked by a red cross.
From the positional coincidence, Wang et al. (1997) suggested the AD393 guest star to be
the supernova that created the remnant of RX J1713.7−3946.

Figure 1.3: Historical record of the AD393 guest star in Sung Shu (Shen 500), taken
from Wang et al. (1997).

The suggested relatively young age of the SNR is supported by the high surface brightness
of this object in non-thermal X-rays, which suggests that it is close to the evolutionary
phase where the shocks are most powerful. While hardly a conclusive argument, this
implies that the remnant is observed at the sweep-up time when the ejecta are interacting
with approximately their own mass of swept-up ambient material and the energy flux

7

1 Gamma-ray astronomy and the quest for the origin of Galactic cosmic rays

Figure 1.4: Left: Optical image of the Constellation Scorpius. The stars that form
the constellation are highlighted. The approximate position of RX J1713.7−3946 is
marked with a red cross. The rectangle is the area pictured in the ancient image
drawn on the right (from Wang et al. 1997), which shows the asterism Wei. The
Chinese character in the circle is “Wei”, which means “tail”.

through the shocks (both forward and reverse) peaks. Normally this would be at an age
of a few hundred to a thousand years, which indeed supports the closer distance estimate.

The radio emission of RX J1713.7−3946 is very faint (Lazendic et al. 2004) which puts
it into a peculiar class of shell-type SNRs with dominantly non-thermal X-ray and only
very faint radio emission. The only other known object of this type is RX J0852.0−4622
(G266.2−1.2) (Aschenbach 1998; Slane et al. 2001).

RX J1713.7−3946 was detected in VHE gamma rays by the CANGAROO collaboration in
1998 (Muraishi et al. 2000) and re-observed by CANGAROO-II in 2000 and 2001 (Enomoto
et al. 2002). Recently H.E.S.S., a new array of imaging atmospheric Cherenkov telescopes
operating in Namibia, has confirmed the detection (Aharonian et al. 2004b). This was
the first independent confirmation of VHE gamma-ray emission from an SNR shell. Fur-
thermore, the H.E.S.S. measurement provided the first ever resolved gamma-ray image at
very high energies. The complex morphology of RX J1713.7−3946 was clearly unraveled.
Deep follow-up observations confirmed the previous measurement and enabled detailed
spatially resolved studies (Aharonian et al. 2005a). Together with the H.E.S.S. detection
of RX J0852.0−4622 (Aharonian et al. 2005c) there are currently two spatially resolved
VHE gamma-ray SNRs with a shell-like structure which agrees well with that seen in X-
rays. These two objects may well be the brightest SNRs in the VHE gamma-ray domain
in the whole sky; anything equally bright in the Northern sky would have been clearly seen
in the Milagro survey (Atkins et al. 2004), and the H.E.S.S. Galactic plane survey (Aharo-
nian et al. 2005e) reveals no SNRs brighter than RX J1713.7−3946 or RX J0852.0−4622
in the region covered.

It is worth mentioning that there are two more shell-type SNRs which have been reported
to emit TeV gamma rays. One is the remnant of SN 1006, which was claimed by CANGA-
ROO (Tanimori et al. 1998), but could not be confirmed with H.E.S.S. (Aharonian et al.
2005f). The other one is Cassiopeia A (Aharonian et al. 2001), a classical core-collapse
SNR, whose northern location makes it inaccessible to H.E.S.S..
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to mimic an E−2 spectrum (e.g., Porter, Moskalenko & Strong 2006). In hadronic models, on the
other hand, the strong X-ray/γ -ray correlation is nontrivial to obtain. In the case of high B-fields,
electron lifetimes are comparable to acceleration timescales and the X-ray flux is influenced both
by the energy input in accelerated electrons and by the strength of B-fields. Hadronic γ rays, on the
other hand, reflect proton flux—which should scale with the (injected) electron flux—multiplied by
the gas density. A strong correlation between X-rays and γ rays requires a link between gas density
and B-field strength; magnetic field amplification (see Section 2.1) may provide a mechanism for
this.

A final demonstration of CR origin in SNRs may be achieved by a combination of wider
spectral γ -ray coverage, improved resolution or morphology, and larger-scale measurements of
magnetic fields. Detection of neutrinos from SNRs would also demonstrate hadronic origin, but
is challenging even for the largest instruments such as ICECUBE, and suffers similarly from the
fact that, for a quantitative analysis, the target gas density needs to be known. Investigation of
global CR energetics and spectra will in any case certainly require the γ -ray detection and spectral
analysis of a representative sample of SNRs.

Another approach toward demonstrating CR acceleration in SNRs is to look for dense molec-
ular clouds adjacent to, or interacting with, an SNR. In clouds, interactions of accelerated protons
and nuclei will give rise to an enhanced γ -ray flux proportional to the cloud’s mass (Equation 15),
whereas IC radiation from electrons is not enhanced. Two candidate systems where this might
be occurring are W 28 (Aharonian et al. 2008e) and IC 443 (Albert et al. 2007a) (Figure 8).
W 28 is an old remnant (30–150 kyr) that has most likely released most of its CRs. VHE γ -ray
data show four emission hot spots coincident with enhancements of gas density; if interpreted as
proton interactions in passive clouds, their masses imply a CR flux that is 10 to 30 times the flux
near Earth, a plausible value given the proximity (at least in projection) of the remnant. A similar
situation is seen in IC 443, where TeV emission coincides with a massive molecular cloud, with
OH maser emission indicating that the SNR shock wave is hitting the cloud.

I (˚)

Excess events (sr x 10
–5)

b 
(˚)

–20

0

20

40

60

80

100

120

140

160

188.5189.0189.5

PSF2.6

2.8

3.0

3.2

3.4 a b

1˚

Figure 8
Multiwavelength views of IC 443 (a) and W 28 (b). Molecular tracer 12CO ( J = 2 → 1) is shown (cyan contours) in comparison to TeV
data (color scale) from HESS (Aharonian et al. 2008e) and MAGIC (Albert et al. 2007a).
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Problems of simplest SNR shock 

model
• Expected shape of spectrum:

– Differential index !

 

~ 2.1 for 

diffusive shock acceleration

• !observed ~ 2.7"##!source ~2.1;  

$!

 

~ 0.6 ! %esc(E) ~ E-0.6 

• c %esc ! Tdisk ~100 TeV

• ! Isotropy problem 

• Emax ~ &shock Ze x B x Rshock

– ! Emax ~ Z x 100 TeV with 

exponential cutoff of each 

component

– But spectrum continues to 

higher energy:

• ! Emax problem

• Expect p + gas ! ' (TeV) for 
certain SNR

– Need nearby target as shown 
in picture from Nature (April 02)

– Some likely candidates (e.g. 
HESS J1745-290) but still no 
certain example

– ! Problem of elusive (0 '-rays
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Berezhko & Völk: Hadronic vs leptonic γ-rays in SNR RX J1713.7-3946 7

Fig. 2. Spatially integrated, overall nonthermal spectral energy distribution of RX J1713.7-3946 Ṫhe ATCA radio
data (cf. Aharonian et al., 2006)[violet color], ASCA X-ray data (cf. Aharonian et al., 2006), Suzaku X-ray data
(Uchiyama et al., 2008)[red color], and 2006 H.E.S.S.γ-ray data (Aharonian et al., 2007a)[blue color] are shown. The
EGRET upper limit for the RX J1713.7-3946 position (Aharonian et al., 2006) [green color] is shown as well. The solid
curve at energies above 107 eV corresponds to π0-decay γ-ray emission, whereas the dashed and dash-dotted curves
indicate the Inverse Compton (IC) and Nonthermal Bremsstrahlung (NB) emissions, respectively, from the theoretical
model of Berezhko & Völk (2006).

spectrum of the nonthermal emission, that corresponds
to the leptonic (or inefficient) scenario, is almost iden-
tical to the spectrum presented by Porter et al. (2006),
even though they approximate the electron spectrum an-
alytically, whereas we calculate it numerically. Therefore
it is also clear that the quality of the fit achieved by
Porter et al. (2006) with a leptonic model will be consider-
ably lower if one uses the Suzaku X-ray spectrum and the
new HESS γ-ray spectrum instead of older, less accurate
data.

At γ-ray energies of 1 GeV the spectral energy flux
density is a factor of about 30 below the value in the
hadronic scenario. It might be possible to construct a
more or less plausible form of the diffuse radiation field
spectrum to obtain a reasonable fit in the TeV region.
However, it remains very doubtful in our view whether
this can avoid the sharp decline towards the GeV energy
range indicated in Fig.3. In any case such a construction
cannot improve the unacceptable fit in the hard X-ray
range.

5. Conclusions

We conclude that a theoretical acceleration model which
takes into account magnetic field amplification and a con-
sistent nuclear energetic particle production is consistent
with the latest H.E.S.S. γ-ray and Suzaku hard X-ray ob-

servations. It is also expected to be consistent with the ob-
served good correlation between X-ray synchrotron emis-
sion and VHE γ-ray emission. In the face of existing gas
density variations in or near the SNR, a purely leptonic
interpretation of the spatial correlation becomes poorer as
this correlation becomes closer empirically. The attempt
to explain the γ-ray emission by leptonic processes cannot
be made consistent with the observed synchrotron spec-
trum. The availability of higher-quality hard X-ray and
γ-ray measurements leads to a better consistency with
the kinetic nonlinear theory prediction, whereas the con-
sistency of the leptonic model becomes much poorer.

Whether a leptonic model can lead to an acceptable fit
of the γ-ray spectrum through a more detailed evaluation
of the local diffuse radiation field is an open question. In
our view, even such a modification would encounter enor-
mous difficulties in attempting to fit the γ-ray spectrum
over the additional two orders in γ-ray energy down from
the VHE range to the GeV range. The leptonic scenario
seems also to be inconsistent with the filamentary X-ray
morphology which suggests substantial field amplification
at least over part of the remnant.
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Fig. 3. The same as in Fig.2, except that a leptonically dominated scenario was assumed (see text).
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Fig. 3.— Energy spectrum of RX J1713.7�3946 in gamma rays. Shown is the Fermi -LAT detected emission

in combination with the energy spectrum detected by H.E.S.S. (Aharonian et al. 2007). The green region

shows the uncertainty band obtained from our maximum likelihood fit of the spectrum of RX J1713.7�3946

assuming a power-law between 500 MeV and 400 GeV for the default model of the region. The gray region

depicts the systematic uncertainty of this fit obtained by variation of the background and source models.

The black error bars correspond to independent fits of the flux of RX J1713.7�3946 in the respective energy

bands. Upper limits are set at 95% confidence level. Also shown are curves that cover the range of models

proposed for this object. These models have been generated to match the TeV emission and pre-date the

LAT detection. The top panel features predictions assuming that the gamma-ray emission predominately

originates from the interaction of protons with interstellar gas (brown: Berezhko & Völk (2008), blue: Ellison

& Vladimirov (2008), cyan (solid/dashed): Zirakashvili & Aharonian (2010)). The bottom panel features

models where the bulk of the gamma-ray emission arises from interactions of electrons with the interstellar

radiation field (leptonic models). (brown: Porter et al. (2006), blue: Ellison & Vladimirov (2008), cyan:

Zirakashvili & Aharonian (2010)). See text for a qualitative discussion of these models.
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low-energy break in IC 443 and 21s for that in
W44, when assuming a nested model with two
additional degrees of freedom.

To determine whether the spectral shape could
indeed be modeled with accelerated protons, we
fit the LAT spectral points with a p0-decay spec-
tral model, which was numerically calculated from
a parameterized energy distribution of relativistic
protons. Following previous studies (15, 16), the
parent proton spectrum as a function of momen-

tum p was parameterized by a smoothly broken
power law in the form of

dNp

dp
º p−s1 1þ p

pbr

! "s2 − s1
b

2

4

3

5
−b

ð1Þ

Best-fit parameters were searched using c2-
fitting to the flux points. Themeasured gamma-ray
spectra, in particular the low-energy parts, matched

the p0-decay model (Fig. 2). Parameters for the
underlying proton spectrum are s1 = 2.36 T
0.02, s2 = 3.1 T 0.1, and pbr = 239 T74GeV c−1 for
IC 443, and s1 = 2.36 T 0.05, s2 = 3.5 T 0.3, and
pbr = 22 GeV c−1 for W44 (statistical errors
only). In Fig. 3 we show the energy distribu-
tions of the high-energy protons derived from
the gamma-ray fits. The break pbr is at higher
energies and is unrelated to the low-energy pion-
decay bump seen in the gamma-ray spectrum.
If the interaction between a cosmic-ray precursor
(i.e., cosmic rays distributed in the shock upstream
on scales smaller than ~0.1R, where R is the SNR
radius) and adjacent molecular clouds were re-
sponsible for the bulk of the observed GeV gamma
rays, one would expect a much harder energy
spectrum at low energies (i.e., a smaller value for
the index s1), contrary to the Fermi observations.
Presumably, cosmic rays in the shock downstream
produce the observed gamma rays; the first index
s1 represents the shock acceleration index with
possible effects due to energy-dependent prop-
agation, and pbr may indicate the momentum
above which protons cannot be effectively con-
fined within the SNR shell. Note that pbr results in
the high-energy break in the gamma-ray spectra
at ~20 GeV and ~2 GeV for IC 443 and W44,
respectively.

The p0-decay gamma rays are likely emitted
through interactions between “crushed cloud” gas
and relativistic protons, both of which are highly
compressed by radiative shocks driven into mo-
lecular clouds that are overtaken by the blast
wave of the SNR (25). Filamentary structures of
synchrotron radiation seen in a high-resolution
radio continuum map of W44 (26) support this
picture. High-energy particles in the “crushed
cloud” can be explained by reacceleration of the
preexisting galactic cosmic rays (25) and/or fresh-
ly accelerated particles that have entered the
dense region (20). The mass of the shocked gas

Fig. 1. Gamma-ray count maps of the 20° × 20° fields around IC 443 (left) and W44 (right) in
the energy range 60 MeV to 2 GeV. Nearby gamma-ray sources are marked as crosses and squares.
Diamonds denote previously undetected sources. For sources indicated by crosses and diamonds,
the fluxes were left as free parameters in the analysis. Events were spatially binned in regions of
side length 0.1°, the color scale units represent the square root of count density, and the colors
have been clipped at 20 counts per pixel to make the galactic diffuse emission less prominent.
Given the spectra of the sources and the effective area of the LAT instrument, the bulk of the
photons seen in this plot have energies between 300 and 500 MeV. IC 443 is located in the
galactic anti-center region, where the background gamma-ray emission produced by the pool of
galactic cosmic rays interacting with interstellar gas is rather weak relative to the region around
W44. The two dominant sources in the IC 443 field are the Geminga pulsar (2FGL J0633.9+1746)
and the Crab (2FGL J0534.5+2201). For the W44 count map, W44 is the dominant source
(subdominant, however, to the galactic diffuse emission).
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Fig. 2. (A and B) Gamma-ray spectra of IC 443 (A) and W44 (B) as measured
with the Fermi LAT. Color-shaded areas bound by dashed lines denote the best-
fit broadband smooth broken power law (60 MeV to 2 GeV); gray-shaded bands
show systematic errors below 2 GeV due mainly to imperfect modeling of the
galactic diffuse emission. At the high-energy end, TeV spectral data points for IC
443 from MAGIC (29) and VERITAS (30) are shown. Solid lines denote the best-

fit pion-decay gamma-ray spectra, dashed lines denote the best-fit bremsstrah-
lung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra
when including an ad hoc low-energy break at 300 MeV c−1 in the electron
spectrum. These fits were done to the Fermi LAT data alone (not taking the TeV
data points into account). Magenta stars denote measurements from the AGILE
satellite for these two SNRs, taken from (31) and (19), respectively.
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Figure 1: Gamma-ray count maps of the 20◦ × 20◦ fields around IC 443 (left panel) and W44
(right panel) in the energy range 60 MeV to 2 GeV. Nearby gamma-ray sources are marked as
crosses and squares. Diamonds denote previously undetected sources. For sources indicated
by crosses and diamonds, the fluxes were left as free parameters in the analysis. Events were
spatially binned in regions of side length 0.1◦, the units of the color bar is the square root of
count density, and the colors have been clipped at 20 counts per pixel to make the galactic
diffuse emission less prominent. Given the spectra of the sources and the effective area of the
LAT instrument, the bulk of the photons seen in this plot have energies between 300 and 500
MeV. IC 443 is located in the galactic anti-center region, where the background gamma-ray
emission produced by the pool of galactic cosmic rays interacting with interstellar gas is rather
weak relative to the region around W44. The two dominant sources in the IC 443 field are the
Geminga pulsar (2FGL J0633.9+1746) and the Crab (2FGL J0534.5+2201). For the W44 count
map, W44 is the dominant source, sub-dominant, however, to the galactic diffuse emission.

.

Gamma rays released from supernovae are highlighted on this map (2014).



Abgeleitete Protonflüsse

11

Energy (eV)
810 910 1010 1110 1210

)
-1

 s
-2

 d
N

/d
E 

(e
rg

 c
m

2
G

am
m

a-
ra

y 
flu

x 
E

-1210

-1110

-1010

-910
W44

IC 443

 decay model0πFitted 
Derived Proton spectrum
VERITAS (Acciari et al. 2009)
MAGIC (Albert et al. 2008)

4610

4710

4810

4910

 dN
/dE (erg)

2
Proton Spectrum

 E

Figure 3: Proton and gamma-ray spectra determined for IC 443 and W44. Also shown are
the broadband spectral flux points derived in this study, along with TeV spectral data points for
IC 443 from MAGIC (29) and VERITAS (30). The curvature evident in the proton distribution
at ∼ 2 GeV is a consequence of the display in energy space (rather than momentum space).
Gamma-ray spectra from the protons were computed using the energy-dependent cross section
parameterized by (32). We took into account accelerated nuclei (heavier than protons) as well
as nuclei in the target gas by applying an enhancement factor of 1.85 (33). Note that models
of the gamma-ray production via pp interactions have some uncertainty. Relative to the model
adopted here, an alternative model of (6) predicts∼ 30% less photon flux near 70 MeV; the two
models agree with each other to better than 15% above 200 MeV. The proton spectra assume
average gas densities of n = 20 cm−3 (IC 443) and n = 100 cm−3 (W44) and distances of 1.5
kpc (IC 443) and 2.9 kpc (W44).
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17



18



Interpretation von Pulsaren 
 als Neutronensterne
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P1: SFN Trim: 246mm × 189mm Top: 10.193 mm Gutter: 18.98 mm

CUUK1326-13 CUUK1326-Longair 978 0 521 75618 1 August 13, 2010 1:3

411 13.5 The discovery of neutron stars

Fig. 13.16 A plot of
.

P versus P for pulsars, known as the P–
.

P diagram (Manchester, 2005, from data described in Manchester
et al., 2005). The di!erent symbols refer to di!erent large pulsar surveys. The symbols enclosed in circles represent
pulsars which are members of binary systems. Lines of constant age derived from the formula τ = P/2

.
P are shown.

The magnetic "ux densities are derived from (13.43), assuming the deceleration of the pulsar is due to magnetic
braking. The upper limit to the spin-up periods for dead pulsars according to the models of van den Heuvel is also
shown (van den Heuvel, 1987).

to X-ray astronomy and carried out the first systematic survey of the whole sky. Observations
of the source Centaurus X-3 (Cen X-3) were first made in January 1971 and showed a clear
periodicity with a pulse period of about 5 s, longer than that of any known radio pulsar. The
pulsation period was not stable but seemed to vary with time (Giacconi et al., 1971). The
source was reobserved in May 1971 and it was found that the period of the X-ray pulsations
varied sinusoidally with a period of 2.1 days. This suggested that the X-ray source was a
member of a binary system, the change in period of the pulses being due to the Doppler
shift of the X-ray pulses in the binary orbit. Then, on 6 May, the source disappeared, only to
reappear half a day later. This pattern repeated roughly every two days – the X-ray source
was being occulted by the primary star in the binary system (Schreier et al., 1972). With
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Erhaltung des mag. Flusses
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70 5 Acceleration Mechanisms

The gravitational collapse of stars conserves the angulargravitational collapse
momentum. Therefore, because of their small size, rotating
neutron stars possess extraordinary short rotational periods.

Assuming orbital periods of a normal star of about one
month like for the Sun, one obtains – if the mass loss during
contraction can be neglected – pulsar frequencies ωPulsar ofpulsar periods
(Θ – moment of inertia)

Θstar ωstar = Θpulsar ωpulsar ,

ωpulsar = R2
star

R2
pulsar

ωstar (5.18)

corresponding to pulsar periods of

Tpulsar = Tstar
R2

pulsar

R2
star

. (5.19)

For a stellar size Rstar = 106 km, a pulsar radius Rpulsar =
20 km, and a rotation period of Tstar = 1 month one obtains

Tpulsar ≈ 1 ms . (5.20)

The gravitational collapse amplifies the original magnetic
field extraordinarily. If one assumes that the magnetic flux,
e.g., through the upper hemisphere of a star, is conserved
during the contraction, the magnetic field lines will be tightly
squeezed. One obtains (see Fig. 5.6)

∫

star
Bstar · dAstar =

∫

pulsar
Bpulsar · dApulsar ,

Bpulsar = Bstar
R2

star

R2
pulsar

. (5.21)

For Bstar = 1000 Gauss magnetic pulsar fields of 2.5 ×
1012 Gauss = 2.5 × 108 T are obtained! These theoretically
expected extraordinary high magnetic field strengths have
been experimentally confirmed by measuring quantized en-
ergy levels of free electrons in strong magnetic fields (‘Lan-
dau levels’). The rotational axis of pulsars usually does not
coincide with the direction of the magnetic field. It is ob-
vious that the vector of these high magnetic fields spinning
around the non-aligned axis of rotation will produce strong
electric fields in which particles can be accelerated.

Fig. 5.6
Increase of the magnetic field
during the gravitational collapse of
a star

For a 30 ms pulsar with rotational velocities of

v = 2πRpulsar

Tpulsar
= 2π × 20 × 103 m

3 × 10−2 s
≈ 4 × 106 m/s
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Magnetosphäre von Neutronensternen
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Ansatz: Elektromagn. Dipolstrahlung!
   (Jackson, Elektrodynamik)!
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ANRV352-AA46-05 ARI 15 July 2008 10:36

Shock driven by
pressure of combined
Synchrotron nebula

Torus

Jet

Explosion center

Shock velocity
relative to freely
expanding ejecta

vs = vobserved – vfree.expansion

Synchrotron nebula
interior

Prominent
“classical filaments”

in cusps of bubble-like
shock structures,

possibly formed by
thin-sheet instabilities

Pulsar

Pulsar
proper
motion

R-T fingers

Cooled post-
shock gas

([O III],
[Ne V]”skin”)

The outer shock
driven by ejecta into
a low-density cavity

is currently undetected

Southeast:
•  Higher preshock density
  low vs

•  Short cooling time
•  Skin present /still forming
•  More [S II] in skin
•  More, younger R-T filaments
•  Synchrotron nebula confined
 within skin and thermal filaments

Northwest:
•  Lower preshock density
  high vs

•  Long cooling time
•  Skin absent /no longer forms
• Fewer, older R-T filaments
•  Synchrotron nebula appears to
 “break out” beyond filaments but is
  still confined by the shock.

Figure 7
A summary of the structure of the Crab Nebula. The visible Crab consists of the synchrotron nebula, which is confined by thermal
ejecta from the explosion. The pressure of the synchrotron nebula drives a shock into the surrounding freely expanding ejecta. This
shock is radiative around most of the SE portion of the Crab and can be seen as a thin skin of [O III] and especially [Ne V] emission.
The shock is nonradiative in the NW, where the synchrotron nebula extends beyond the boundary of the filaments. The SE-NW
asymmetry can be understood as a consequence of the off-center location of the pulsar due to the velocity kick received by the pulsar at
the time of the explosion. Rayleigh-Taylor (R-T) instabilities at the interface between the synchrotron nebula and the swept-up ejecta
concentrate ejecta into small finger-like structures. The overall scalloped structure of the nebula may result from a thin-shell instability.
The shock at the outer edge of the freely expanding ejecta has not been detected. (Features are not shown to scale.)

All core collapse supernovae that have been studied with techniques such as spectropolarimetry
have proven to be strongly aspherical and frequently bipolar (e.g., Wheeler, Maund & Shizuka
2007; Wheeler & Wang 2008, in this volume), so such asymmetries are to be expected in the
ejecta from SN1054. Further, the spin axes of neutron stars formed in these events need not be
aligned with the symmetry axis of the explosion itself. Misalignment between the spin axis and
kick velocity of the Crab pulsar provides direct evidence of such asymmetries. It is to be expected,
therefore, that the pulsar wind powering the Crab expanded outward through a bipolar pattern
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Sprünge in der Umlaufzeit (Glitches)
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P1: SFN Trim: 246mm × 189mm Top: 10.193 mm Gutter: 18.98 mm

CUUK1326-13 CUUK1326-Longair 978 0 521 75618 1 August 13, 2010 1:3

423 13.8 Pulsar glitches

Fig. 13.22 Illustrating the phenomenon of glitches. The pulse period increases smoothly as the rotation rate of the neutron star
decreases but there are sudden discontinuities in the pulse period, following which the steady increase in period
continues. The variation of the pulse period with time during the glitches provides information about the internal
structure of the neutron star (Shapiro and Teukolsky, 1983).

with time,

!(t) = !0(t) + "!0
[
Qe−t/τc + 1 − Q

]
, (13.46)

where Q is a healing parameter which describes the degree to which the angular frequency
returns to its extrapolated value !0(t) = !0 − αt/I , the pulsar angular frequency in the
absence of the glitch where !0 is a constant. The significance of these quantities is illustrated
in Fig. 13.22. The expression (13.46) is called the glitch function and can give a good
description of the behaviour of the angular frequency of the neutron star following a glitch.
The values of τc are related to the physical processes of coupling between the superfluid
and normal components of the neutron star. For the Vela pulsar, τc is of the order of months
while for the Crab pulsar, it is of the order of weeks. These are very long time-scales and
indicate that a considerable fraction of the neutron fluid must be in the superfluid state. The
two-component model can provide a good explanation of the glitches observed in the Crab
and Vela pulsars. Of particular interest is the fact that the values of τc and Q for different
glitches in the same pulsar seem to be more or less the same, as required by the model.

One mechanism by which the moment of inertia of the neutron star can change is as
a result of a starquake, by analogy with the deformations of the Earth’s crust which take
place during an earthquake. The crust takes up an equilibrium configuration in which the
gravitational, centrifugal and the solid state forces in the crust are in balance. As the pulsar
slows down, the centrifugal forces weaken and the crust then attempts to establish a new
equilibrium figure with a lower moment of inertia. In a starquake, the crust establishes its
new shape by cracking the surface. Since the moment of inertia decreases, this results in a
speed-up of the normal component, that is, the crust, the normal component, the charged
particles and the magnetic field. As these components are weakly coupled to the neutron
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