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Abstract

The origin of cosmic rays has been a long standing problem of astrophysics in these 100 years. X-
ray observations of Supernova Remnants (SNRs) and Pulsar Wind Nebulae (PWNe) show us critical
information on particle acceleration on these sources with synchrotron process, as well as thermal emission
from the background plasma. With X-ray observations in these 10 years, we revealed that the electron
acceleration on the shock of SNRs are very efficient up to Bohm limit. However, it is still an open question
on the proton acceleration. It is also unknown that how particles can escape from SNRs without losing
their energy, in order to be cosmic rays. Electron/positron escape from PWNe is again a big problem.
In this paper, we show that new understandings on particle acceleration and escape history in SNRs and
PWNe with Suzaku observations (including TeV gamma-ray unidentified sources), and possible ideas for
further understandings with ASTRO-H.
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1. Introduction

The origin of cosmic rays is one of the biggest problems
since its discovery 100 years ago (Hess 1912). It is widely
believed that shocks of supernova remnants (SNRs) are
the most prausible acceleration sites of Galactic cosmic
rays below the knee energy via diffusive shock accelera-
tion mechanism (DSA; Bell 1978). Pulsar wind nebulae
(PWNe) are also believed as powerful electron/positoron
accelerators. However, we have no crucial evidence to
confirm it. One of the difficulties is the interstellar mag-
netic field; charged particles, the main component of cos-
mic rays, change their direction due to the Lorentz force
with the interstellar magnetic field, and forget their orig-
inal direction. As a result, we cannot estimate the di-
rection of accelerators from the direction of cosmic rays.
On the other hand, when they emit photons, we can de-
tect the acceleration sites directly. In fact, Koyama et al.
(1995) discovered synchrotron X-rays from the shocks of
the SNR SN 1006 and confirmed that shocks of SNRs are
electron acceleration sites up to ∼TeV range. Bamba et
al. (2003,2005) found that synchrotron X-rays are con-
centrated on the thin filaments on the shock, implying
that the magnetic field on the shock are amplified and
particle acceleration efficiency is higher than expected.
Similar results is also from X-ray time variability detec-
tion (Uchiyama et al. 2007). We, however, still have
several key issues to understand the cosmic ray acceler-
ation.

1. The injection from background thermal plasma to
relativistic particles is not measured yet.

2. The acceleration mechanism including the origin of
turbulence is not clear.

3. Accelerated particles must escape from the acceler-
ation site in order to be cosmic rays, but it is not
known how they escape.

In this paper, we discuss how Suzaku (Mitsuda et al.
2007) and present X-ray satellites solve part of these
problems and how ASTRO-H (Takahashi et al. 2012)
will solve them.

2. Energy injection from the thermal plasma to acceler-

ated particles

The shock of SNRs have huge kinetic energy of ∼
1051 erg. It is divided into the thermal energy of down-
stream plasma, the kinetic energy of shock, and the en-
ergy of accelerated particles. The ratio is determined by
the Rankine-Hugoniot relation;

kT =
2(γ − 1)

(γ + 1)2
µvs

2 , (1)

γ = 5/3 for ideal gas , (2)

where vs is the shock velocity. If the gas is ideal, or
the acceleratation efficiency is negligible, about ∼ 20%
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Fig. 1. Schematic view of the energy budget in the shocks with efficient accelration.

kinetic energy of the shock goes to the thermal energy
of the downstream plasma. As mentioned in the intron-
duction, on the other hand, it is believed that the energy
injection efficiency from the background thermal plasma
to accelerated particles is rather high. In such a case, γ
becomes smaller up to 4/3, and as a result, the down-
stream plasma cannot heat up compared with the plasma
without acceleration. In other words, accelerated parti-
cles steals energy from the downstream plasma as shown
in Figure 1. The precise measurement of thermal energy
of downstream plasma leads the measurement of the en-
ergy injected to the accelerated particles.

2.1. Energy injection measurement using gratings

Recently, Katsuda et al. (2013) showed precise measure-
ment of the doppler shift and broadening of oxygen line
from the Puppis A ejecta knots using XMM-Newton
grating (RGS). From the doppler shift, it is estimated
that the velocity of oxygen is around 1500 km s−1. If the
plasma is ideal gas (no acceleration), the oxygen temper-
ature can be estimated to be ∼ 130 keV. On the other
hand, the estimated temperature from line broadening
is less than 30 keV, which is significantly smaller than
the expected value. This result may suggest the efficient
energy injection to the accelerated particles. However,
we have to care about the non-equilibrium state of su-
pernova remnant plasma; the density of the plasma is
too small to be in equilibrium in the age of supernova
remnants.

2.2. Energy injection measurement using ASTRO-H

How to solve this problem? The problem with XMM-
Newton grating is that we can measure such a line shift
and broadening only for oxygen due to the limited energy
band and statistics. If we can make similar measure-
ments for other lines, we can check the element depen-
dence of the discrepancy. With the wide energy coverage
and large effective area of ASTRO-H SXS (Takahashi et
al. 2012), we will be able to determine the tempera-
ture decrease for various elements in the same plasma.
The ratio of the temperature decrease should be same
among elements if it is due to the stolen energy by the
accelerated particles, and we will determine the energy
injection for the first time. The precise determination of
the plasma condition in non-equilibrium is also impor-
tant for this study (Sawada et al. 2014, for example).

3. Acceleration efficiency and maximum energy of accel-

erated particles

3.1. acceleration efficiency and background plasma

It is unknown that the background depencdency for the
acceleration efficiency. Shocks running into dence mat-
ter will have more amplified magnetic field, on the other
hand, those in low density will have longer time scale
before deacceleration. RCW 86 is an ideal target to un-
tangle these problems; it is a young SNR with its age of
∼1800 years, with clumpy thermal and nonthermal X-
ray shells (Bamba et al. 2000). Tsubone et al. (2014)
has made the spatially-resolved spectroscopy of RCW 86
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with Suzaku for the first time. They divided the SNR
into a few tens regions and examined the thermal and
nonthermal X-ray parameters. As a result, they found a
weak positive correlation between the emission measure
of thermal plasma emission and photon index of non-
thermal X-ray emission from accelerated electrons. The
former is propotional to the square of plasma density,
whereas the latter reflects the inverse of the maximum
energy of accelerated electrons. In other words, the max-
imum energy of accelerated electrons, or acceleration effi-
ciency, might be higher on shocks running in low density
materials.

These results may related to the fact that sev-
eral famous SNRs with bright synchrotron X-rays
(RX J1713−3946 Koyama et al. 1997; Vela Jr. Tsunemi
et al. 2000; HESS J1731−347 Bamba et al. 2012) has
no thermal X-rays, implying the expansion in the low
density medium, Many of such sources have a central
compact object and suggested to be core-collapsed su-
pernova origin. Such a star explodes into the low density
medium blown by the stellar wind Before the explosion,
which may make such a tendency

3.2. What determines the maximum energy?

The synchrotron X-rays from accelerated electrons are
basically power-law since the accelerated particles fol-
lows power-law distribution in DSA. The cut-off of the
power-law is determined with the maximum energy of
electrons, Emax, with the following relation;

N(E) ∝ E−p exp{−(E/Emax)α} , (3)

where p and α is the photon index and the cutoff shape.
As for p, it should be 2 in the test particle case, but recent
studies suggests p > 2 in Tycho and Cas A (Abdo et al.
2010), implying the efficient particle acceleration. On
the other hand the value of α depends on what determine
the Emax; α = β +1 in the cooling limit case (Yamazaki
et al. 2014), α = 2β in the age limit case (Kang et al.
2009), and α = β in the escape limit case (Ptuskin and
Zirakashvili 2005; Yamazaki et al. 2014), where β is the
diffusion coefficient.

How to determine the p and α? For p, we need ra-
dio observations since it is below the cutoff. For α,
X-ray observations should be very strong tool since the
cutoff comes around X-ray band (c.f., Nakamura et al.
2012). However, the synchrotron emission smoothed
out the cutoff shape, so we need wideband observations
like Suzaku, NuStar, and ASTRO-H. Yamazaki et al.
(2014) showed that the photon index — photon index
plot in the 2–10 keV and 10–50 keV band with various
p and α, and that we can distinguish these models when
we can carry out sensitive observations with wide en-
ergy range. Suzaku has already done a great work with
RX J1713−3946 (Tanaka et al. 2008); They detected
synchrotron X-rays up to ∼ 30 keV and measured the

photon indices in wide energy range for the first time.
With the Suzaku result and the plot by Yamazaki et al.
(2014), the weak magnetic field case (week synchrotron
loss case) is failed with various p. On the other hand,
the strong magnetic field case (synchrotron loss limited
case; Katz and Waxman et al. 2008) has a solution with
α of larger than 2 and β of larger than 1. This result is
consistent with the Bohm limit, or very turbulent mag-
netic field case, which is suggested from the flickering of
synchrotron X-ray knots (Uchiyama et al. 2007). Cas A
is, on the other hand, not so simple. Suzaku has de-
tected hard X-rays up to ∼ 30 keV with the constant
photon index of ∼3 from ∼ 2–∼ 30 keV (Maeda et al.
2009). We have no theoretical point for Cas A in the
plot by Yamazaki et al. 2014), which means we have
no theoretical solution for Cas A. One possibility is the
accleration in Cas A cannot be well described with the
one-zone model. On the other hand, the hard X-rays are
not synchrotron X-rays, but nonthermal bremsstrahlung
(Vink 2008). Recently, Takeda et al. (2014) suggested
that wide-band spectrum of Vela Jr. (Tsunemi et al.
2000) is also similar to that of Cas A using Suzaku.

With NuStar and ASTRO-H, we will have much more
SNR samples with synchrotron X-ray detection above
10 keV. We will resolve what determine the maximum
energy of accelerated particles on the SNR shocks with
this plot and new samples.

4. Escape from shocks to be cosmic rays

In the previous sections we concentrated on the acceler-
ation in the acceleration sites. On the other hand, they
should escape from the site in order to be cosmic rays.
In this section, we discuss on the escape from the accel-
eration sites.

4.1. Escape from supernova remnants

Recently, Fermi discovered GeV gamma-rays from sev-
eral SNRs (Funk 2011, for the review). They are rather
old, and interacting with molecular clouds. These find-
ings arisen a new question; The spectra of SNRs de-
tected with Fermi has the cut-off on the energy range of
∼ 10 GeV, implying that the maximum energy of par-
ticles on the shock is around ∼ 10 GeV which is much
lower than the knee energy (1015.5 eV). Even the most fa-
mous accelerator, RX J1713−3946, has the cutoff in the
TeV range (Aharonian et al. 2007). These results may
suggest that higher energy particles are already escaped
from the acceleration sites.

Escape from young SNRs is rather difficult due to the
strong magnetic field. The efficient acceleration sug-
gested from Chandra observations (Bamba et al. 2003,
2005, Uchiyama et al. 2007) amplifies the magnetic field,
and the gyro radius and diffusion coefficient of acceler-
ated particles become very small. However, ones SNRs
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become older, the shocks collide with molecular clouds
and the magnetic field dumps. As a result, the parti-
cles can escape from the acceleration sites (Ptuskin and
Zirakashvili 2003, Ohira et al, 2010). This scenario is
quantitatively consistent with the observational results
detecting soft gamma-rays from colliding with molecular
clouds. However, the physical parameters such as the
escape time scale or energy dependence are not unclear.

The excellent sample comes from XMM-Newton ob-
servation of W28 Northeastern (NE) shell (Nakamura et
al. 2014). W28 has a center-filled morphology in X-rays
(Rho and Borkowski 2002), whereas the NE region has
a shell-like X-ray emission. From this region, interaction
of the SNR matter with the molecular cloud is estab-
lished (Wootten 1981). This interaction was revealed by
a lot of OH meser spots (Frail et al. 1994, Claussen
et al. 1997, Hoffman et al. 2005), which are signposts
of molecular interaction and the location of high den-
sity shocked gas (n > 104 cm−3; Arikawa et al. 1999).
The detection of GeV and TeV gamma-rays (Abdo et al.
2009, Aharonian et al. 2008, Giuliani et al. 2010) shows
us the good evidence of accelerated particles. Nakamura
et al. (2014) revealed that such gamma-ray emission is
not from the shock but just outside of the shock, where
we have dense material. One can say that the gamma-
ray emission is not from the accelerating particles but
escaped particles from the shock. The northern half of
the gamma-ray emitting region is detected only in TeV
range. This region is dominated by unshocked molecular
cloud (Arikawa et al. 1999), implying that the time scale
of collision is still small. On the other hand, the southern
half is also detected in GeV or even MeV range, implying
that the particles there has softer spectrum than those in
the northern part. This region is dominated by shocked
molecular cloud (Arikawa et al. 1999), which is left after
the collision with long time scale. The density of X-ray
knots on the shocks are consistent with the scenario of
the collision; northern part has smaller density, whereas
the southern part has larger density (Nakamura et al.
2014).

Ohira et al. (2010) suggests that the escape time scale
is smaller for particles with higher energy. It is consistent
with their result. This is the only case with visible energy
dependence of escape. On the other hand, future works
with Cherenkov Telescope Array (CTA; Acharya et al.
2013), which is the next generation telescopes scoped on
the very high energy gamma-rays, will be expected to
observe the halos around the SNRs with very high en-
ergy gamma-rays, which is from the escaped high energy
particles. With these observations, we will judge whether
the knee energy particles is really accelerated in the SNR
shocks.

It should be needed to measure the time scale of es-
cape for the understandings of the physics of escape. The

X-ray knots in W28 NE shell can be a stop watch after
the shock-cloud interaction. These knots have thermal
X-ray emission and we can measure the plasma parame-
ters. Unfortunately, XMM-Newton could not determine
the ionization time scale due to the lack of the energy
resolution (Nakamura et al. 2014) On the other hand,
ASTRO-H SXS will resolve emission lines from these
knots and measure their ionization time scale. The size
of knots fits the spatial resolution of SXS. With the mea-
sured density and the time scale, we can estimate the
difference of the age of these knots, which should reflect
the time difference of the shock-cloud interaction. We
expect that it is ∼ 2000 years from the shock position
differences of the knots.

4.2. Escape from pulsar wind nebulae

PWNe are very efficient electron/positron accelerators
with strong synchrotron and inverse Compton emission
from radio to TeV gamma-rays. However, the studies
were concentrated on the young PWN systems up to ∼
10 kyrs (Kargaltsev and Pavlov 2007, for example), since
they rapidly become fainter when their central pulsars
get older (Mattana et al. 2009).

The situation changed serendipitously with Suzaku.
Suzaku carried out a few tens of follow-up observations
of unidentified TeV gamma-ray sources (e.g., Matsumoto
et al. 2007, Bamba et al. 2007). They expected to
find a new SNRs with synchrotron X-rays, but half of
observed targets has a center-filled synchrotron X-rays
with possible pulsars (Uchiyama et al. 2009, for exam-
ple). This means that Suzaku found that the majority
of TeV unidentified sources is PWNe.

The discovered PWNe have older pulsars with the
characteristic age of up to ∼ 100 kyrs, and they are
largely extended. The low surface brightness and the
large extension made very difficult to detect by previ-
ous observations. Bamba et al. (2010a) summarized the
X-ray spatial properties of eight PWNe, and found that
they keep expansion up to ∼ 100 kyrs. Figure 2

With the assumption that electrons and positrons are
accelerated on the vicinity of pulsars, they escape from
the pulsars with loosing their energy via synchrotron
emission. The energy-loss time scale is estimated as;

2

(

B

10 µG

)

−3/2
( ǫsyn

1 keV

)

−1/2

kyr, (4)

where B and ǫsyn are the magnetic field strength and the
characteristic energy of synchrotron X-rays. In the case
of young PWNe, the magnetic field strength is around
100 µG (Marsden et al. 1984, Hillas et al. 1998, de
Jager et al. 1996). This is also supposed that the size of
the X-ray emitting termination shocks of young PWNe
are much less than ∼1 pc (Bamba et al. 2010b). Then,
if the magnetic field of older PWNe are similar to that
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Fig. 2. Correlation between the characteristic age of the pulsar tc and the X-ray physical size of the PWNe. Nine of the samples are
summarized in Bamba et al. (2010a), others are from Kishishita et al. (2012) and Izawa et al. (2014).

of younger systems, the older PWNe have much smaller
than the observed because the synchrotron cooling time
scale of such electrons would be much smaller than ∼kyr.
Therefore, the magnetic field strength of PWNe should
decrease with time to explain the expansion. Particles
cannot escape in the straight way due to the turbulence
of the magnetic field, which also constrain the size of
PWNe. Magnetic field in young PWNe are expected to
be turbulent (Nakamura and Shibata 2007), thus we need
some turbulence dumping with the aging of the systems
to make the extended nebulae. This is similar to the
magnetic field/turbulence dumping on shocks of SNRs
(Bamba et al. 2005), and there may be some common
physics.

Bandiera (2014) proposed a different scenario to make
the evolution; the evolution is not a real evolution of
typical PWNe but a combined effect of PWNe evolv-
ing under different ambient conditions. PWNe becomes
brighter when the reverse shocks of SNRs hit them. This
scenario need very low density interstellar medium for
older samples to make reverse shock time scale longer.
Izawa et al. (2014) examined a new old PWN system

with Suzaku (HESS J1356−645; tc = 7.3 kyr), and found
the thermal X-ray emission of the host SNR. They esti-
mated the density of the plasma to be ∼0.6 cm−3, which
is typical value for the compressed interstellar medium.
Therefore, it is hard to illustrate the evolution to be ap-
parent at least for this target.

5. Summary

It is presented that it is still open issue the energy injec-
tion, mechanism, and escape of cosmic ray acceleration
on shocks. X-ray observations are one of the strong tool
to study it, and, Suzaku and ASTRO-H will do a lot of
achievement on this issue.
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