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Abstract

We study sub-relativistic and ultra-relativistic components of high-energy particles as-
sociated with supernova remnants (SNRs) using X-ray imaging and spectroscopic obser-
vations withASCAandChandra. Based on the extensive analysis of two shell-type SNRs,
γ Cygni and RX J1713.7−3946, we have found new X-ray features in SNRs, namely (1)
extremely flat-spectrum X-ray emission, and (2) unexpectedly complex structures in syn-
chrotron X-ray images.

In the SNRγCygni, we found an extremely hard X-ray component from several clumps
located in the northern part of the remnant, in addition to thermal plasma emission with a
temperature ofkTe ∼ 0.8 keV. The energy spectra are described by a power law with a
photon index ofΓ ' 0.8–1.5. Also, in the vicinity of the SNR RX J1713.7−3946, we
discovered a hard X-ray source, which is likely to be associated with a molecular cloud.
The energy spectrum shows a flat continuum that is described by a power law withΓ = 1.0±
0.2. These hard X-ray sources, presumably of nonthermal origin, cannot be explained by
the synchrotron or inverse-Compton mechanisms. Unusually flat spectrum obtained from
these sources can be best interpreted in terms of characteristic bremsstrahlung emission
from the Coulomb-loss-flattened distribution of either sub-relativistic protons or mildly-
relativistic electrons, in the dense environment. The strong shock waves of the both SNRs,
which are interacting probably with the molecular cloud, as evidenced by observations
of CO-lines, seem to be a natural site of acceleration of such sub- or mildly-relativistic
nonthermal particles. Regardless of acceleration sites, the characteristic bremsstrahlung
X-ray spectrum we discovered from these SNRs provides us a new diagnostic tool to study
the largely-unknown component of low-energy cosmic rays in the Galaxy.

Synchrotron X-ray emission from shell-type SNRs enables us to study the highest en-
ergy region of shock-accelerated electrons and production sites of such high energy elec-
trons. We study the northwest rim of the SNR RX J1713.7−3946 based on observations
by Chandra. We found a complex network of nonthermal (synchrotron) X-ray filaments
and hotspots, as well as a curious ’void’ type structure – a dim region of a circular shape –
in the northwest rim. It is remarkable that despite distinct brightness variations, the X-ray
spectra everywhere in this region can be well fitted with a power-law model with a similar
photon index rangingΓ = 2.1–2.5. Spectral analysis implies that the high energy cutoff of
the synchrotron X-ray spectrum extends most likely above 10 keV. The same line of anal-
ysis is performed for SN 1006, which shows also filamentary X-ray structures. We discuss
implications of these results and argue that the resolved X-ray features may challenge the
perceptions of standard (diffusive shock-acceleration) models concerning the production,
propagation and radiation of relativistic particles in supernova remnants.
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Chapter 1

Introduction

The flux of relativistic particles is a major form of the internal energy in diverse astrophys-
ical objects in the Universe, which is one of the most surprising phenomena revealed by
new astronomies in radio, X-ray, andγ-ray wavelengths. High energy particles are pro-
duced very efficiently by celestial accelerators such as supernova remnants, pulsar wind
nebulae, relativistically-moving jets from active galactic nuclei, and hot spots in the lobes
of giant radio galaxies. Despite extremely smallnumber density, relativistic particles are
one of the primary components in terms ofenergy density. One of the most challenging
topics in contemporary high energy astrophysics is the understanding of the mechanisms by
which a huge amount of energies can be effectively transferred to ultra-relativistic particles
in the celestial accelerators.

Best examples of the relativistic particles of extraterrestrial origin are cosmic rays ar-
riving at the Earth. They exhibit many characteristics common to the high energy particles
assumed to be present in astrophysical objects. In this context, therefore, the origin of
cosmic rays remains an important problem since their discovery in 1912 not only in its
own right, but also in general interests of enigmatic phenomena associated with the particle
acceleration in cosmic environments.

Supernova remnants (SNRs) are commonly believed to be major sites for the accelera-
tion of Galactic cosmic rays, because they are almost the only objects satisfying the energy
budget needed to explain the cosmic-ray production rate in the Galaxy. Radio observa-
tions of synchrotron emission provided evidence that shell-type SNRs are indeed sources
of relativistic electrons. Furthermore, a breakthrough has recently came from the discovery
of synchrotron X-ray emission from the northeast and southwest rims of the remnant of
SN 1006 by theASCAX-ray observatory (Koyama et al. 1995), and subsequent detection
of TeV γ-rays from the northeastern part by the CANGAROO Cherenkov telescope (Tani-
mori et al. 1998). These results have unambiguously demonstrated the presence of particles
with energies to several 10 TeV (multi-TeV particles) there, which implies that the particle
acceleration can effectively continue into multi-TeV energies in the strong shock waves of
supernova remnants.

One mechanism, first-order Fermi acceleration (usually called diffusive shock accel-
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2 CHAPTER 1. INTRODUCTION

eration) operating in strong shocks, seems to explain what we observe in these objects.
In particular, the diffusive shock acceleration mechanism naturally accounts for the hard
power-law production spectra of cosmic rays in their sources. It is now widely considered
to be thestandardmodel of particle acceleration in cosmic shock waves.

Even though we have observational evidences of acceleration of multi-TeV electrons
in supernova remnants, as well as an attractive theory that appears to account for many
basic features of the cosmic-ray acceleration, there remain unsettled fundamental problems
regarding the acceleration of the Galactic cosmic rays in the SNR shock waves. The key
questions to be clarified are concerning the energy scale, energy contents, and particle
contents of the cosmic-ray acceleration, namely (i) the maximum attainable energy, (ii) the
fraction of supernova mechanical energy which can be transferred to cosmic rays, and (iii)
the ratio of protons and electrons being accelerated.

First, it is very important to answer the question, whether supernova shocks can accel-
erate particles to the “knee” energy around 1015 eV where the spectral steepening of the
energy spectrum of the cosmic-ray particles takes place. Synchrotron X-ray emission is
a key diagnostic tool for this purpose, because it reflects the highest energy electrons in
SNRs. The maximum energy of accelerated electrons in SN 1006, as well as in some other
SNRs showing synchrotron X-radiation, is estimated to be. 100 TeV, substantially below
the knee energy. To further investigate the properties of synchrotron X-rays from the shells
of SNRs, we perform imaging and spectral analyses with theChandraX-ray observatory
for two prototypical “TeV SNRs”, SNR RX J1713.7−3946 (G 347.3−0.5) and SN 1006
(Section§7). An emphasis is placed on the analysis of the fine spatial structure from these
SNRs. For this, a superb imaging spectroscopy capability ofChandraplays a significant
role. Since the cooling time of electrons that emit synchrotron X-rays is much shorter than
that of electrons for radio emission, the structure of the X-ray emitting region is expected
directly to reflect the acceleration sites.

Second, it is of great importance to derive the total energy contained in sub-relativistic
and relativistic particles from observations of the relevant components of nonthermal elec-
tromagnetic radiation, since the current theory does not tell us conclusively what fraction
of the initial kinetic energy of an explosion can be transferred to cosmic rays, as long as the
particle injection remains an unsolved problem. In particular, the flux of thesub-relativistic
component of the accelerating protons is generally inconclusive both on observational and
theoretical grounds, but it is quite possible that this component dominates the total energet-
ics of nonthermal particles. This component is connected with the physics of interstellar
materials; ionization losses of these particles play an essentail role in heating diffuse neutral
gas and generating free electrons in molecular clouds.

The ideal diagnostic tool to probe sub-relativistic cosmic rays could be the nuclear
promptγ-ray line emission at MeV energies (Ramaty & Lingenfelter 1979). However,
conservative estimates show that the fluxes of even most prominentγ-ray lines are only
marginally detectable because of limited sensitivities of gamma-ray instruments in the MeV
band. On the other hand, as we discuss in this thesis, the search for the sites of concentrated
sub-relativistic protons using bremsstrahlung X-rays could be very promising with the help
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of superior sensitivities of current X-ray detectors, even though only a small fraction (∼

10−5) of the nonthermal energy of sub-relativistic protons and electrons is radiated away in
the form of bremsstrahlung X-rays. We propose the scenario that the ionization losses result
in a significant flattening of the low-energy spectra, and thus leading to the characteristic
“1/ε” type bremsstrahlung X-ray spectrum, if the sub-relativistic cosmic rays reside in a
dense gas environment (Section§6). Such an unusually hard X-ray spectrum should, if
exist, serve as a distinct signature of nonthermal bremsstrahlung origin of X-ray emission.

Another important issue concerning the cosmic-ray acceleration is the particle contents.
It has long been pointed out that gamma-rays from the decay ofπ0 mesons produced in
collisions between cosmic-ray protons and ambient matter would provide an information
of the contribution of protons (Drury, Aharonian, & Völk 1994; Naito & Takahara 1994).
Actually, recent results by the CANGAROO Cherenkov telescope suggests that the TeV
gamma-ray from RX J1713.7−3946 might be due to the interactions of accelerated protons
with nearby dense gas targets (Enomoto et al. 2002). In this thesis, we will discuss that the
characteristic “1/ε” type bremsstrahlung X-ray spectrum also gives a clue to discriminate
protons and electrons.
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Chapter 2

Galactic Cosmic-Ray Acceleration

This chapter gives a brief description of current understanding of high energy cosmic rays
in our galaxy and the basic theory of their acceleration and radiation processes1.

2.1 The Origin of Galactic Cosmic Rays

2.1.1 Cosmic Rays

Study of cosmic rays dates back to 1912, when Victor F. Hess succeeded his balloon
flights. He discovered that the ionization of the atmosphere increases with altitude, which
clearly demonstrated the presence ofextraterrestrial ionizing radiation. In 1929, Bothe
and Kolḧorster performed an experiment to study whether the cosmic radiation consisted
of high energyγ-rays or charged particles. Based on the coincidence counting technique,
they succeeded to show that charged particles constitute thecosmic rays.

Currently we know that most of arriving cosmic-ray particles, about 98% in number,
are relativistic protons and nuclei, while the rest are electrons. A surprising characteristic
is their distribution in energy — the energy spectrum of the cosmic rays is spread over a
very wide range of energies, from below 109 eV up to 1020 eV, and can be well represented
by power-law distribution rather than Maxwellian distribution.

The energy spectra of cosmic rays are generally described by a power-law function

N(E)dE = κE−pdE (2.1)

whereE is the kinetic energy per nucleon. The indexp is found to be 2.5–2.7 at the energy
range of 109 to 1015eV per nucleon (Fig. 2.1). Cosmic rayelectrons, on the other hand, have
steeper energy index ofp ' 3.3 for E & 10 GeV. The synchrotron radiation losses during
the propagation in the Galaxy can cause spectral steepening in the higer energy band.

It is now considered that the bulk of cosmic rays come from the Galaxy, except for
the highest energy cosmic rays, for which an extra-galactic origin is possible. What we

1The textbooks by Longair (1994) were helpful in preparing materials throughout this chapter.
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6 CHAPTER 2. GALACTIC COSMIC-RAY ACCELERATION

Figure 2.1:Energy spectrum of cosmic ray particles arriving the Earth. Taken from Hillas (1984).

measure at the top of the atmosphere are considered to be a representative sample of the
population of cosmic rays pervading the whole Galaxy. The local energy density of cosmic
rays with energiesE & 1 GeV is estimated to be about 1 eV cm−3.

Two fundamental problems concerning the origin of cosmic rays are, the sites of ac-
celeration —Where are they coming from?— and the mechanisms of acceleration —
How are they accelerated to such a high energy?Though these long-standing questions are
not yet fully solved, we have some pieces of evidence of the sites (§2.1.2 and§2.1.3) and
mechanisms (§2.2) of the cosmic rays, of galactic origin.

2.1.2 Supernova Remnants as Cosmic-Ray Accelerators

In Fig. 2.1, we can see that the energy spectrum of cosmic-ray particles is represented
by a smooth single power law up to the “knee” energy around 1015 eV. Therefore, it is
generally considered that the bulk of Galactic cosmic rays is produced by a single source
population. Supernova remnants (SNRs) are believed to be the most probable candidate
for the sites of acceleration of Galactic cosmic rays (e.g. Ginzburg & Syrovatskii 1964),
because supernova explosions are almost the only known sources capable of providing
kinetic energy needed to explain the injection rate of the cosmic rays,LCR & 1040 ergs s−1

(see below).
Supernova explosion is one of the most energetic and violent phenomena in the Uni-

verse. (However, supernovae are rare so that we did not see them since Kepler’s in 1604 in
our Galaxy.) After pioneering studies by Zwicky and Baade in the 1930s, supernovae are
classified into two types: Type I are white dwarf stars with large amounts of mass accretion
from a companion star exceeding some limit. Type II are the finale of massive stars, trig-
gered by the gravitational collapse of the central core of a massive star. For several weeks
the light from a supernova can be equal to or even exceed that of all the other stars in its
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host galaxy. Galactic supernovae were recorded before the advent of telescopes, mostly in
the Chinese and Japanese literatures.

The death of a star, supernova outburst, marks its physical record in the interstellar
medium. The material ejected (ejecta) during a supernova explosion expands at a super-
sonic speed into the surrounding interstellar medium, making asupernova remnant (SNR).
The strong shock wave formed ahead of the ejecta heats the interstellar gas to tempera-
tures high enough to give rise to X-ray emission. Supernova remnants are strong sources
of synchrotron radio emission and X-radiation for a long period of more than 104 years.
Figure 2.2 is the radio photograph of a young shell-type SNR, called Tycho. Also, there is
a special class of SNRs, Crab-type SNRs which are brightest towards their centers both in
radio and in X-ray wavelengths. They are powered by central pulsars, more specifically by
the fast rotation of magnetized neutron stars. The Crab Nebula is a prototypical example
of this class. In this thesis, the Crab-type SNRs are out of our scopes, and we use the term
SNR simply for the shell-type SNRs unless otherwise mentioned.

From the observations of the cosmic rays, the injection rate of the cosmic-rays in the
Galaxy can be estimated as

LCR ∼
εCRVgal

τCR
∼ 5× 1040 ergs s−1 , (2.2)

whereεCR ∼ 1 eV cm−3 is the energy density of the cosmic rays in the Galaxy,Vgal ∼

4 × 1066 cm3 is the confinement volume of the Galactic cosmic rays taken to be the disk
with a radius of 15 kpc and a thickness of 200 pc, andτCR ∼ 6 × 106 yr is the resident
time of the cosmic rays within the confinement volume estimated by the observations of
abundances of radioisotope. With typical frequency of supernova explosions in the spiral
galaxies, 1/30 yr−1, and the mechanical explosion energy of one supernova, 1051 erg, the
rate of the energy input by supernova explosions is about 1042 ergs s−1. Thus, if about 10 %
of the total kinetic energy of the explosions is somehow transferred to the cosmic rays on
average, the energy budget for the production of the Galactic cosmic rays can be fulfilled.

The radio spectra of (shell-type) SNRs are of the power-law form with energy index
α ' 0.5, and the radio emission is generally polarized, indicating that it is due to syn-
crotron radiation from relativistic electron populations with a power-law energy distribu-
tion of spectral indexp ' 2. Especially in young SNRs, the radio intensity is so high that
the energy density of relativistic electrons and magnetic fields exceed what could be ob-
tained by shock-compressing the ambient cosmic rays and the interstellar magnetic fields.
Therefore, it is clear that a population of relativistic electrons is produced in SNRs. For
the magnetic field strength of the order of 10µG, the synchrotron radio GHz emission ob-
served in relatively young SNRs is an observational evidence of acceleration of relativistic
electrons, with energies 1–10 GeV, there.

2.1.3 Evidence for Acceleration to Multi-TeV Energies

Recently, X-ray and gamma-ray observations of SNRs have revealed evidence for the ac-
celeration of electrons to very high energies, at least to 10 TeV. This brought about a revo-
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Figure 2.2:Radiophotographof Tycho’s SNR at 1375 MHz. Taken from Reynoso et al. (1997).

lution, and set a new standard, in the study of the origin of cosmic rays.
Koyama et al. (1995) have reported spatially resolved X-ray spectra of the remnant of

supernova 1006.., SN 1006, by theASCAsatellite (Fig. 2.3). They found the X-ray spec-
tra in the northeast and southwest rims of SN 1006 show an unusualfeaturelesscontinuum
well represented by a power law, whereas those in the interior regions are dominated by
emission lines indicative of thin thermal plasma as is usual for X-ray emission from SNRs.
The power-law spectra found in the rims are best explained by synchrotron X-ray emis-
sion by ultra-relativistic electrons with TeV energies in the immediate vicinity of the strong
shocks, thus providing the first evidence of acceleration to very high TeV-scale energies in
SNRs.

Comparison of theROSATHRI X-ray and radio images (see Fig. 7.10) shows a close
correspondence in general morphology, especially for the brightest features (Winkler &
Long 1997). This is consistent with the idea that the same population of accelerated elec-
trons is responsible for the production of both the radio and X-ray synchrotron radiation.

Another milestone came from TeVγ-ray observations by atmospheric Cherenkov tele-
scope. Tanimori et al. (1998) reported the discovery of TeV gamma-ray emission from the
northeast rim of the remnant SN 1006 with the CANGAROO 3.8-m telescope (Fig. 2.4).
They attributed the TeV gamma-rays to the results from the inverse Compton up-scattering
of the 2.7 K cosmic microwave background off by multi-TeV electrons. As another possi-
bility, Aharonian and Atoyan (1999) argued that the TeVγ-rays can also be attributed to
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Figure 2.3:(left) X-ray photographand(right) X-ray spectra of SN 1006 revealed byASCA(after
Koyama et al. 1995). Figures are provided by M. Ozaki.

Figure 2.4:(left) Statistical significance map of TeV gamma-rays around SN 1006. The dashed
circle presents the PSF of the CANGAROO telescope within which the significance is larger than
half the maximum value.(right) The same contour map obtained from the 1997 data. Taken from
Tanimori et al. (1998).
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the shock-accelerated protons in the rim through the production and subsequent decay of
π0-mesons. In any cases, the TeVγ-radiation is direct evidence of multi-TeV particles in
the vicinity of SN 1006.

Several other SNRs, such as RX J1713.7−3946 (Koyama et al. 1997) and RX J0852.0−4622
(Slane et al. 2001), have also been found to possess the component of nonthermal, syn-
chrotron X-ray emission. These results encourage us to consider SNRs to be the sources of
cosmic rays, hopefully up to the knee energy of around 1015 eV.

2.2 Theory of Diffusive Shock Acceleration

Since the late 1970’s, one particular mechanism — diffusive shock acceleration — capable
of accounting for efficient acceleration of high energy particles in strong shock waves, has
been well developed, and widely accepted as a standard acceleration theory (see e.g., recent
review by Malkov & Drury 2001). This theory provides an excellent explanation of hard
source spectrum,Q(E) ∝ E−(2.0−2.2), needed to explain the observed spectrum of Galactic
cosmic rays. With typical SNR parameters, this mechanism can accelerate particles up to
100 TeV at the strong supernova shocks (Lagage & Cesarsky 1983). Based on the recent
findings of SN 1006, this is now again a key topic in high energy astrophysics, both for
observational and theoretical aspects. In this section, we will briefly describe the basic
ideas of the diffusive shock acceleration theory, after a short note on strong shock wave
formed in astrophysical environments.

2.2.1 Shock Waves

Shock waves play an important role in many different cosmic environments, such as star
formation in spiral galaxies, the radio galaxy jets, and our present concern, supernova ex-
plosions. Here we describe useful relations for strong (plane) shock waves in a perfect
gas.

By using the shock conditions (see e.g. Landau & Lifshitz 1959), the pressurep, density
ρ, and temperatureT ratio of the gas ahead and behind the shock in the limit of very strong
shocks,M1 � 1, can be derived as:

p2

p1
=

2γM2
1

γ + 1
(2.3)

ρ2

ρ1
=

v1

v2
=
γ + 1
γ − 1

≡ r (2.4)

T2

T1
=

2γ(γ − 1)M2
1

(γ + 1)2
, (2.5)

where subscripts 1 and 2 correspond to upstream and downstream, respectively,γ is the
ratio of specific heats, andM1 = v1/c1 is the Mach number (see Fig. 2.5a). Herec =

√
γp/ρ

is the sound velocity of the undisturbed gas. For a monoatomic gas,γ = 5/3, the density
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Figure 2.5:(a) The flow of gas through the shock front in the frame of reference in which the shock
front is at rest. (b) A shock wave propagating through a stationary gas at a supersonic velocity.

(or shock compression) ratio becomes a constant value ofr = ρ2/ρ1 = 4, whereas the
temperature ratioT2/T1 = (5/16)M2

1. In the case of supernova shocks the Mach number
M1 can be 100, and therefore the strong shock can heat the gas to very high temperatures.

Commonly observed is the case that an object is driven supersonically into a stationary
gas, or equivalently a supersonic gas flow overrun a stationary object. For example, a
supernova explosion drives hot ejecta supersonically into a surrounding ISM. When an
object moves at a velocityV (= v1 − v2) in a stationary gas, a shock wave is formed ahead
of the object, which moves at a velocityvs (= v1):

vs =
γ + 1

2
V for V � c1. (2.6)

The post-shock temperaturekTs (= kT2) can be determined by the shock velocity:

kTs =
2(γ − 1)µv2

s

(γ + 1)2
=

3
16
µv2

s (2.7)

whereµ is the mean atomic weight. The latter equality is forγ = 5/3.
Cosmic plasmas are generally quite tenuous, so that we must consider acollisionless

shock wave. The effective friction and viscosity needed to transfer momentum and energy
through the shock wave are provided by magnetic field frozen into the plasma gas, rather
than by Coulomb collisions. In this case, the thickness of the shock front, or the distance
over which energy and momentum are transferred, is of the order of the gyroradius of a
proton in the plasma. This is because the momentum and kinetic energy in the shock wave
is dominated by protons. It is important to note that the post-shock electron temperature,
kTe, is not well defined, because the temperature equilibration with the protons (or ions)
through Coulomb collisions proceeds quite slowly. Nevertheless, thermal X-ray emissions
from shocked plasma largely reflect the electron temperature rather thankTs.
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2.2.2 The Standard Model of Diffusive Shock Acceleration

In 1949, Enrico Fermi proposed the acceleration mechanisms by which particles could
be accelerated to high energies in a stochastic manner through collisions with magnetized
clouds in the interstellar medium. Fermi considered that charged particles are reflected
from magnetic mirrors associated with (randomly moving) irregularities in the Galactic
magnetic field, and demonstrated that the charged particles gain energy statistically through
a large number of these reflections. If accelerating particles can reside within the accelera-
tion region only for some characteristic timescaleτesc, a power-law type energy distribution
is formed. However, the original version of Fermi acceleration is a very slow acceleration
process which is difficult to explain the acceleration of cosmic rays.

In the late 1970’s, a number of theorists independently proposed that by considering re-
flections at strong shock waves, Fermi’s statistical acceleration becomes an efficient mech-
anism accounting for the acceleration of high energy particles in many astrophysical en-
vironments. To illustrate the basic ideas of the mechanism, we describe an approach in
which individual nonthermal particles are traced (Bell 1978). Assumptions here are: (i)
steady state (ii) plane parallel non-relativistic shock (iii) no backreaction (“test particle ap-
proximation”), i.e. ignoring the reaction of the accelerated particles on the flow structure.
For simplicity, we consider nonthermal particles in relativistic energies.

MHD waves, which act as ’scattering center’, propagate at the Alfvén speedvA (assum-
ing vA � V) in the plasma frame. The magnetic fields change the direction of the particle
motion but not its energy. In the shock frame of reference, let the flow velocity in upstream
bev1 and that of downstreamv2 to bev1/r (see Fig. 2.5). If particles with energyE, which
distribute isotropically in the upstream frame of reference, move into the downstream gas,
its energy in the downstream frame can be derived by performing a Lorentz transformation:

E′ = γV(E + V px) (2.8)

where thex-axis is perpendicular to the shock. The shock is assumed to be non-relativistic,
γV = 1, and the particle is relativisticE = cp andpx = (E/c) cosθ, whereθ is the angle of
particle momentum from thex-axis. Then, the increase of energy becomes

∆E = E′ − E = E
(V

c
cosθ

)
. (2.9)

The average energy gain is calculated as〈
∆E
E

〉
=

∫ π/2

0

∆E
E

2 sinθ cosθdθ =
2
3

V
c
. (2.10)

In the downstream region, the motion of the particle is randomized (without energy losses)
by resonant-scattering from background MHD waves. Eventually, the particle again cross
the shock entering into the upstream region. Because the upstream gas approaches with
a velocity ofV in the downstream frame, the particles again get same fractional energy
increase as before, (2/3)(V/c). Therefore a round trip across the shock gives the particle the
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Figure 2.6: Schematic drawing of the scattering of particles in the diffusive shock acceleration
model.

average fractional energy increase of〈∆E/E〉 = (4/3)(V/c). Note that the energy increase
by one round trip is very tiny. Afterl-times round trips, the average energy increases as:

El = E0

(
1+

4
3

V
c

)l

(2.11)

≈ E0 exp

(
4
3

V
c

l

)
(2.12)

whereE0 is an initial energy. Note that the energy of particles increases exponentially with
the number of round trips,l.

In addition, the particles will escape out from this acceleration process with a certain
probability per one round trip. In order to obtain the energy distribution of the particles,
we must know the (probability) distribution of the number of round trips for one particle.
The flux of cosmic-ray particles crossing the shock (in either direction) isnc/4, wheren
is the number density of particles. In the downstream, the particles are escaping by the
convective motion coupled with the fluid element. The convective flux isnv2. Therefore,
the probability of the escape per one round trip becomes (nv2)/(nc/4) = 4v2/c. This is
quite small value for non-relativistic shocks. Then, the probability that the particles escape
from the acceleration process just afterl round trips is

Pl =

(
1−

4v2

c

)l

×
4v2

c
(2.13)

≈ exp

(
−

4v2

c
l

)
×

4v2

c
. (2.14)
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Note that the probability that the particle remains in the acceleration process decreases
exponentially with the number of round trips,l.

Hence, the differential energy spectrum of the particles is derived as

Q(E)dE ∝ Pldl = Pl(dl/dE)dE ∝ Pl(dE/E) ∝ E−
3v2
V −1dE = E−

r+2
r−1 dE (2.15)

wherer = (γ + 1)/(γ − 1) is the compression ratio. This model offers a natural explanation
why accelerated particles obey the energy distribution of the power law form. Remarkably,
the spectral indexs effectively takes a universal value, provided that it is determined only
by the compression ratior. With r = 4 for strong shocks, the index iss = 2, which agrees
well with that observed in supernova remnants in radio wavelengths, extragalactic radio
sources, and the estimated source spectrum of Galactic cosmic rays.

In this scheme, high-energy particles are assumed to be scattered in both the upstream
and downstream region. In the downstream (shocked gas) region, the presence of turbu-
lence which can scatter the particles is quite natural. On the other hand, in the upstream
(unperturbed gas) region, the particles are considered to be scattered by the MHD waves
generated by the counterstreaming particles themselves (Bell 1978).

2.2.3 Maximum Attainable Energy

One of the most important concern with diffusive shock acceleration theory applied for
SNRs is the maximum energy of acceleration.

Acceleration Timescale

The acceleration timescale (the time for the accelerating particle to gain roughly twice
energy) can be estimated as

tacc= tcyc

〈 E
∆E

〉
cyc
, (2.16)

wheretcyc is the time for particles to undergo one round trip, and〈E/∆E〉cyc = (3/4)(c/V)
is the inverse of the fractional energy increase in one round trip.

The time needed for one round trip can be estimated as

tcyc =
4D1

v1c
+

4D2

v2c
(2.17)

whereD stands for the diffusion coefficient. Indeed the steady-state solution of the diffu-
sion equation in the upstream region shows that the upstream particles have an exponential
distribution with ane-folding distance ofD1/v1. And also the probability of a downstream
particle returning to the shock falls off exponentially withe-folding distance ofD2/v2,
which is a characteristic penetration length ofacceleratingparticles from a shock front.
Then, we obtain the acceleration timescale

tacc=
3
V

(
D1

v1
+
D2

v2

)
, (2.18)
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whereV = v1 − v2.
In order to estimatetacc, we then need to know the diffusion coefficient. At the effective

acceleration site, the diffusion coefficient is considered to be determined by MHD wave
generation associated with the acceleration processes. It should be small enough to accel-
erate particles to high energies. From standard diffusion theory, the diffusion coefficient
can be written asD = (1/3)λmfpc whereλmfp is the mean free path of particle scattering.
Here, the velocity of the particle is taken to bec, the speed of light. In the framework of
the diffusive shock acceleration, the usual choice is to take the mean free path proportional
to gyroradiusrg

λmfp = ηrg, (2.19)

with the so-calledgyrofactorη. The gyrofactorη reflects the energy density in MHD waves
resonant with particles of the appropriate energy,η = (B/δB)2. It is generally presumed that
the mean free path can be no less than the gyroradius, i.e.,η ≥ 1, with equality implying
a level of turbulence such that wave amplitudes are comparable to the static magnetic field
strength,δB ∼ B, i.e. the Bohm limit. Usingη, we can write the diffusion coefficient as

D =
crg

3
η. (2.20)

Then, if we takeD1 = D2 for simplicity, and usevs = v1 = 4v2 = (4/3)V, equations (2.18)
and (2.20) yield

tacc=
20
3

crg

v2
s

η. (2.21)

Maximum Energy Expected for SNRs

Let us estimate the maximum attainable energy in the case of supernova strong shocks.
Lagage & Cesarsky (1983) found that the maximum energy to which particles can be ac-
celerated is limited by the remnant age as long as the shock has not decelerated appreciably.
The maximum energyEmax is set by equating the acceleration timesaletacc and the remnant
agetage, tacc= tage. By using equation (2.21), and takingtage= R/vs, we obtain

Emax =
3
20

1
η

vs

c
ZeBR (2.22)

' 460
Z
η

( vs

104 km s−1

) ( B
10µG

) (
R

10 pc

)
TeV (2.23)

whereZe is the charge of the particle. Since this is proportional to the inverse ofη, the
highest attainable energies occur at the Bohm limit, i.e.,η ∼ 1.

Concerning the maximum energy, there is an additional possibility argued by Jokippi
(1987). He has pointed out that for large shock obliquity angles,θBn, between the upstream
magnetic field and the shock normal, more efficient acceleration via the “shock drift” mech-
anism begins to raise the acceleration rate above the isotropic diffusive shock acceleration
value. Since the improvement factor varies roughly as

√
η, in very strong turbulence the

rates are the same.
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2.3 Radiation and Energy Losses of High Energy Elec-
trons

The shock-accelerated particles in SNRs can be studied, first of all, by their nonthermal
photon emissions. The broadband energy distribution of parent particles yields multiwave-
length photon spectrum through various radiation processes. Thesenonthermalspectra are
very different from thermal radiation, whose spectrum generally concentrates in a charac-
teristic narrow energy bandpass.

For simplicity, the production of photons by shock-accelerated particles can be divided
into three parts: (i) the acceleration of particles, (ii) the temporal evolution of the particle
energy and spatial distributions, and (iii) the production of photons. Although there is a
well-established model of particle acceleration in SNRs, diffusive shock acceleration, as
we see in§2.2, we do not specify the acceleration process itself. We will assume that
particles are being accelerated with the energy distribution ofQ(E). What we observe is
the photon emissions, in particular X-rays in this thesis, from energetic particles produced
in SNRs. The proper treatment of both (ii) and (iii) is a key issue to inquire possible
acceleration processes from the observational data. Nevertheless, little attention has been
given to the effects of the evolution of energy and spatial distribution of particles when one
interpret the observations. The present thesis is written in part with the aim of taking these
effects into account to shed new light on the cosmic-ray origins.

In this section we briefly review the energy loss and radiation processes of high-energy
electrons, together with possible evolution of the energy distribution of electrons. Here we
are concerned only withelectrons, because in most cases the electrons play a major role
to produce electromagnetic waves. Sturner et al. (1997) presents detailed descriptions of
these subjects in the case of supernova remnants.

2.3.1 Electron Energy Losses

High energy electrons suffer from a number of energy loss processes as they propagate
from their production sites. The energy loss processes deform the energy distribution of
electrons,N(E), from the original acceleration spectrum,Q(E). As emphasizing below,
the energy dependencies of the energy-loss rate determine the way of the spectral defor-
mation. The energy loss mechanisms for electrons include synchrotron radiation, Compton
scattering, bremsstrahlung, Coulomb collisions, and adiabatic losses. Energy loss rate by
these processes,

b(E) = −

(
dE
dt

)
(2.24)

is an important factor to determine the temporal evolution ofN(E).
Generally, at low energies, the energy-loss of electrons is dominated by Coulomb col-
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lisions between energetic electrons and a background electrons (Rephaeli 1979):(
dE
dt

)
coulomb

' −
3
2

cσT
nemec2

β
lnΛ (2.25)

whereσT is the Thomson cross-section,ne is the ambient electron density, andβ is the
velocity of an energetic electron in units of the speed of lightc. lnΛ ≈ 40 is the Coulomb
logarithm with

Λ = 1.12γ1/2β2 α√
4πner3

e

(2.26)

wherere is the classical electron radius andα is the fine structure constant. In the relativistic
case, i.e.,γ & 1, the loss-rate becomes nearly constant.

In the intermediate energy regime, the energy losses of energetic electrons via brems-
strahlung can be dominant, which results from collision between a fast electron and an
effectively rest proton. The bremsstrahlung loss rate of electrons in a fully ionized hydro-
gen plasma is given by(

dE
dt

)
brems

' −2αcσTnHmec
2βγ (ln γ + 0.36), (2.27)

wherenH is the hydrogen density (Skibo et al. 1996). In the ultrarelativistic regime, the
loss-rate is proportional to electron energy,dE/dt ∝ E. In addition, the electron-electron
bremsstrahlung contribution becomes comparable to the usual electron-proton bremsstrahl-
ung.

At high energies, synchrotron radiation becomes an important channel to lose energy
radiatively.h The energy-loss rate of relativistic electrons via synchrotron radiation, aver-
aged over pitch angle, is given by (see e.g., Rybicki & Lightman 1979)(

dE
dt

)
synch

= −
4
3

cσTβ
2γ2UB (2.28)

whereUB = B2/(8π) is the energy density of magnetic fields.
Relativistic electrons lose their energies also by Compton upscattering off seed soft pho-

tons. In the interstellar medium, the seed photon fields include the cosmic microwave back-
ground (CMB) and Galactic infrared (IR) and optical fields. In general, the photon fields
produced locally by the SNR itself would not contribute to the target soft photons (Gaisser,
Protheroe, & Stanev 1998) and Compton scattering of CMB photons should dominate the
others. In the Thomson regime, the energy-loss rate via inverse Compton scattering of the
CMB field is given by (

dE
dt

)
IC

= −
4
3

cσTβ
2γ2UCMB (2.29)

whereUCMB ' 0.26 eV cm−3 is the energy density of CMB photons. Note that the energy
loss rate due both to synchrotron and inverse Compton radiation is proportional to the
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square of electron energy,dE/dt ∝ E2. This is because these are based on similar physical
processes.

The adiabatic-loss rate for the electrons due to expansion of the volume is calculated as
(e.g., Longair 1994) (

dE
dt

)
adiabatic

= −
1
R

dR
dt

E ≈ −
ζE
t

(2.30)

where we assume the SNR radius obeys the relationR ∝ tζ. Here, for example,ζ is
analytically derived to be 2/5 in the “Sedov phase”, or in the adiabatic expansion phase,
where the SNR has an age of around 103–104 years. In this process the energetic electron
gas does work adiabatically as it expands, and consequently lose its internal energy. The
electron population produced in the early phase of the SNR evolution would significantly
suffer from the adiabatic losses.

In Fig.2.7, we present an example of cooling timescale in a typical environment in
supernova remnants. Because the SNRs in our concern has an age of∼ 103 yrs, we should
take account of the synchrotron loss and Coulomb loss in the higher energy and lower
energy domains, respectively.

Figure 2.7:Energy-loss timescales of electrons due to Coulomb collisions, bremsstrahlung, and
synchrotron radiation, fornH = ne = 1 cm−3 andB = 10µG. UnlessB . 3µG, the synchrotron
losses overwhelm the IC losses in the CMB field over the entire energy band.

2.3.2 Deformation of Electron Spectrum

Let us consider a volume containing the accelerator(s) that produces the nonthermal parti-
cles at a rate ofQ(E). When the spatial transportation of particles is unimportant, temporal
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evolution of the energy distribution of particles is governed by the following Fokker-Planck
equation:

∂N

∂t
=
∂

∂E
[b(E)N ] +

1
2
∂2

∂E2
[d(E)N ] −

N

τesc(E)
+ Q (2.31)

whereb(E) = −d 〈E〉 /dt is systematic energy losses,d(E) = d
〈
(δE)2

〉
/dt is the mean

square change in energy per unit time describing diffusion in energy space, andτesc for
catastrophic energy losses such as pion production. In most circumstances relevant to this
thesis, the second and third processes are small compared to the other two, and the above
equation can be reduced to a simple form

∂N

∂t
=
∂

∂E
[b(E)N ] + Q (2.32)

In a steady state, this can be reduced to

d
dE

[b(E)N(E)] = −Q(E) , (2.33)

N(E) = −

∫ ∞
E
Q(E)dE

b(E)
. (2.34)

Assuming a power-law type injection,Q(E) ∝ E−s with s> 1, then we find a solution

N(E) =
EQ(E)

(s− 1)b(E)
=

1
s− 1

τ(E)Q(E) , (2.35)

Thus, the effects of energy losses on the injection spectrum of relativistic electrons can be
summarized as follows:

1. if Coulomb loss is dominant, the energy spectrum becomes flatter by one power of
E,N(E) ∝ E−(s−1), namely “loss-flattening” ;

2. if bremsstrahlung or adiabatic losses are dominant, the spectral shape is unchanged;

3. if synchrotron or inverse Compton losses are dominant, the electron spectrum be-
comes steeper by one power ofE,N(E) ∝ E−(s+1), namely “loss-steepening”,

These are theequilibriumspectra when the continuous injection of electrons take place over
a timescale longer than the lifetimes of high-energy electrons. From Fig. 2.7, for instance,
if an accelerator injects high-energy electrons over a timescale of 104 years (as a typical
SNR), the energy spectrum below 100 keV becomes loss-flattened by Coulomb collisions
and above 10 TeV becomes loss-steepened by synchrotron radiation, fornH = 1 cm−3 and
B = 10µG.

Figure 2.8 shows the electron energy distributions, represented in the form ofE2N(E),
after the continuous electron injection oft0 = 100,1000,10 000 years. At higher enegies,
the lifetime of electrons due to synchrotron losses,τsynch(E) = E/|dE/dt| ∝ 1/(B2E), is
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shorter than the duration of injection, which results in the formation of the equilibrium
spectrum, i.e.,N(E) ' τsynch(E)Q(E) [see Eq. (2.35)]. The conditionτsynch(Eb) = t0 gives
the break energyEb ∝ 1/(B2t0) above which the equilibrium can be established. BelowEb,
the energy distribution evolves with time roughly asN(E) = t0Q(E) which is indeed an
exact solution in the case ofs= 2.

Figure 2.8:Energy spectra of high energy electrons accumulated over timescales of 100, 1000,
10 000 years with a (time-constant) injection spectrum ofQ ∝ E−2.2, in a magnetic field ofB =
50µG. In multi-TeV energies, the electron spectrum reaches an equilibrium state set by electron
injection and synchrotron losses.

Once the energy distribution of electrons is determined from, for instance, the Fokker-
Planck equation, it is generally straightforward to calculate the energy spectra of the photon
emission, an observable quantity. Three main mechanisms of nonthermal radiation include
synchrotron radiation (§2.3.3), inverse Compton scattering (§2.3.4), and bremsstrahlung
(§6).

2.3.3 Synchrotron Radiation

Synchrotron radiation is the radiation of electromagnetic waves resulting from the acceler-
ation of the electron in the magnetic field by Lorentz force. It is one of the most important
radiation mechanisms for high-energy astrophysics. Supernova remnants are strong sources
of synchrotron radiation at the radio wavelength in our Galaxy. Some SNRs, furthermore,
show strong synchrotron X-ray radiation. Here we briefly describe the general features
of synchrotron radiation (for details, see e.g. Ginzburg & Syrovatskii 1964; Rybicki &
Lightman 1979).
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The total power of synchrotron radiation is given by Eq. (2.28):

Psynch=
4
3

cσTβ
2γ2UB, (2.36)

which can be worked out using Larmor’s formula.
The emissivity of a single electron by synchrotron radiation is given by

P(ε) =

√
3e3Bsinθ
2πmec2

F

(
ε

εc

)
, (2.37)

whereθ is the pitch angle, and the characteristic synchrotron photon energyεc is

εc =
3~γ2eBsinθ

2mec
, (2.38)

and the functionF(x) gives the spectral energy distribution from a single electron expressed
as (Ginzburg & Syrovatskii 1964)

F(x) = x
∫ ∞

x
K5/3(ξ)dξ (2.39)

with a modified Bessel functionK5/3.
The synchrotron radiation spectrum of any energy distribution of electrons can be cal-

culated from the single-electron spectrum. We take an electron distribution of power-law
form,N(E) = κE−p. By integrating the contributions of electrons of different energies to
the synchrotron intensity at photon energyε:

εI (ε) =
∫

dEN(E)P(ε) (2.40)

=

√
3e3Bsinθ
2πmec2

κ

p+ 1
Γ

(
p
4
+

19
12

)
Γ

(
p
4
−

1
12

) (
mecε

3~eBsinθ

)−(p−1)/2

(2.41)

∝ κB(p+1)/2ε−(p−1)/2 (2.42)

whereΓ(y) is the gamma function of argumenty. If the electron energy spectrum has
power-law indexp, the spectral index of the synchrotron emission of these electrons is
(p− 1)/2. In the X-ray regime, a photon fluxI (ε) is useful rather than an energy fluxεI (ε).
Then a photon indexΓ of a power law of the synchrotron spectrum, defined byI (ε) ∝ ε−Γ,
is

Γ =
p+ 1

2
. (2.43)

Note that the spectral shape is determined by the shape of the electron energy distribution
rather than by the shape of the emission spectrum of a single-electron. The quadratic
dependence of a characteristic synchrotron photon energy on the electron energy, namely
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εc ∝ E2, accounts for the difference in slopes of the emission spectrum and the parent
electron spectrum.

In Fig. 2.9, we schematically present the synchrotron spectrum as a result of a power-
law type injection of electrons that reaches an equilibrium state at higher energies. A broken
power-law is formed in the evolved energy distribution of electrons, and correspondingly
the synchrotron spectrum.

Figure 2.9: (left) Loss-steepened electron distribution with an acceleration indexp = 2.2, and
(right) resulting synchrotron spectrum. AboveEb the electron spectrum is synchrotron-loss-
steepened, resulting in the steeper spectrum in synchrotron radiation aboveεb.

2.3.4 Inverse Compton Scattering

Inverse Compton scattering is one of the most important mechanisms for astrophysics. It
appears in diverse astrophysical settings. In this process, low energy photons (seed photons)
are scattered by high energy electrons to higher energies.

The total power radiated by high energy electron is given by (see also Eq. 2.29)

PIC =
4
3

cσTβ
2γ2Uph (2.44)

whereUph = nphε0 is the energy density of seed photons. This formula is valid as long as
in the Thomson regime, namelyγε0 � mec2.

The number of photons scattered per unit time iscσTnph. Dividing Eq. (2.44) by this,
one can obtain the average energy of the scattered photons:

ε̄ =
4
3
γ2ε0, (2.45)

where we setβ = 1. The photon obtain one factor ofγ in transforming into the electron
rest frame, and then obtain anotherγ in transforming back to the laboratory frame.
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Inverse Compton scattering offers an excellent means of producing X-ray and gamma-
ray emissions in various astrophysical environments. For instance, far-infrared photons
(some galaxies are powerful emitters of far-infrared photons) become hard X-rays with
several hundreds keV being scattered by high energy electrons of 10 GeV.
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Chapter 3

Instrumentation

This thesis utilizes the data from theASCAandChandrasatellites. Both are X-ray observa-
tories equipped with X-ray mirror optics and perform X-ray imaging spectroscopy. In this
chapter, we briefly summarize the basic properties and standard data analysis procedures
of these satellites.

3.1 TheASCAObservatory

ASCAis the fourth Japanese astronomical X-ray satellite, afterHakucho, Tenma, andGinga.
TheASCAsatellite was successfully launched on 20 February, 1993, with the three stage
solid-propellant M-3SII-7 rocket from the Kagoshima Space Center of Institute of Space
and Astronautical Science (ISAS). It was thrown into low-Earth orbit with a perigee of 520
km and an apogee of 625 km, an inclination of 31.◦1, and an orbital period of about 96
minutes. Figure 3.1 shows the schematic in-orbit configuration of theASCAobservatory.
The satellites has a length of 4.7 m and weights 420 kg. The satellite’s re-entry into the
atmosphere has occurred on March 2, 2000, ending its successful 7-years life.

Figure 3.1:In-orbit configuration of theASCAsatellite.

TheASCAsatellite is equipped with four identical X-ray reflective mirrors (X-Ray Tele-

25
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scope; XRT, Serlemitosos et al. 1995), pointing along the satellitez-axis with a focal length
of 3.5 m (Fig. 3.1). Two gas scintillation imaging proportional counters (Gas Imaging
Spectrometer: GIS, Ohashi et al. 1996, Makishima et al. 1996) and two CCD detectors
(Solid-state Imaging Spectrometer: SIS, Burke et al. 1994) are located at the four foci of
the X-ray telescopes. The GIS and SIS detectors cover the energy range of 0.7–10 keV and
0.5–10 keV, respectively. TheASCASIS is the first X-ray CCD cameras which are thrown
into orbit.

ASCAcan be characterized by its wide bandpass up to 10 keV, modest spatial resolution
of ∼ 3′, and its lowest and stable instrumental background, particularly of the GIS. There-
fore, the satellite is useful to investigate the spectral properties of, particularly, diffuse hard
sources, which are indeed the main topic of the present thesis. Considering the low back-
ground together with its larger field of view of∼ 50′ diameter, we use the data only from
the GIS detectors in this thesis. In the following sub-sections, we briefly summarize the
properties of the the telescope optics of the XRT and the properties of the GIS detectors.

3.1.1 X-ray Telescope (XRT)

The ASCAXRT utilize total reflection under the Wolter type-I configuration, which em-
ploys paraboloidal and hyperboloidal surfaces as the primary and secondary mirrors as
shown in Fig. 3.2. The X-ray mirror assembly focuses X-rays onto a focal plane detector.
Each of the four XRT assemblies is comprised of a large number (120) of nested 0.12-mm
thin aluminum foils which are coated with 10 micron acrylic and 50-nm gold. These foils
reflect X-ray photons at incident angles between 0.◦24 and 0.◦70 into the focus at 3.5 m, at
which 1 mm corresponds to 0.9822 arcmin. The XRT is characterized by its large effective
area, comparable to that of the large mirror equiped onChandra, while its weight is 150
times lighter. Design parameters and performance of the XRT are summarized in Table 3.1.

Figure 3.2:Wolter type I X-ray reflecting optics.

Figure 3.3 shows the effective area of oneASCAXRT as a function of energy and off-
axis angle. In general, the effective area decreases with energy, as well as off-axis angle.
The dependence of effective area on incident angle is generally called “vignetting” effect.
Figure 3.4 shows the image of a point source of the focal plane, i.e. the point spread function
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Table 3.1: Design parameters and performance of theASCAXRT

Mirror substrate Aluminum foil (127µm)
Mirror surface Acrylic lacquer (10µm) + Au (50 nm)
Mirror length 100 mm
Number of foils per quadrant 120 foils
Inner/ outer diameter 120 mm/ 345 mm
Focal length 3500 mm
Incident angle 0.24◦ – 0.7◦

Total weight of four XRTs ∼ 40 kg
Geometrical area 558 cm2 / telescope
Field of view ∼ 24′ (FWHM at 1 keV)/ ∼ 16′ (FWHM at 7 keV)
Energy range . 10 keV
Effective area of four XRTs ∼ 1300 cm2 (1 keV) / ∼ 600 cm2 (7 keV)
Half power diameter ∼ 3 arcmin

Figure 3.3:ASCAXRT effective area,(left) as a function of incident X-ray energy, and
(right) as a function of off-axis angle.
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(PSF) of the telescope, at various incident angles. One can see four-leaves pattern in a
point source image, which comes from the four-quadrants structure of the XRT. The PSF
is both energy-dependent and incident-angle-dependent. The deformations of the image
are significant at larger off-axis angles. The “encircled energy function” of the XRT is
shown in Fig. 3.5, which demonstrates the fraction of X-ray photons collected in a circular
region as a function of a diameter. The diameter that encircles 50% energy is called Half
Power Diameter (HPD). For a point source, about 50% of X-ray photons are gathered into
3′-diameter region (namely HPD is about 3′), and 80% into 6′-diameter.

3.1.2 Gas Imaging Spectrometer (GIS)

The Gas Imaging Spectrometer (GIS; Ohashi et al. 1996; Makishima et al. 1996) is an
imaging gas scintillation proportional counter, developed mainly by the University of Tokyo,
Tokyo Metropolitan University, Meisei Electric Co. Ltd., and Japan Radio Corporation Co.
Ltd. It is characterized by a wide field-of-view, good timing resolution, quite low detector
background, and moderate energy and spatial resolution. Design parameters and perfor-
mance of the GIS are summarized in Table 3.2.

Table 3.2: Design parameters and performance of the GIS

Energy band 0.7–15 keV
Energy resolution 14% at 1.5 keV/ 8% at 5.9 keV (FWHM)
Effective area 50 mm (50′) diameter
Entrance window 10-µm beryllium
Absorption material Xe (96%)+ He (4%), 10-mm depth, 1.2 atm at 0◦C
Positional resolution 0.5 mm (FWHM)
Time resolution 61µsec (Minimum in PH Mode)
Weight 4.30 kg (GIS2), 4.16 kg (GIS3)
Typical instrumental background∼ 1× 10−7 cts/s/keV/cm2/arcmin2 at 5 keV

The GIS consists of two detector assemblies, namely GIS2 and GIS3. Figure 3.6 illus-
trates a schematic diagram of the GIS detector. The GIS detector is comprised of a gas cell,
Imaging Photo-Multiplier Tube (IPMT), and front-end electronics. The gas cell is made of
a ceramic cylinder with a beryllium entrance window and a quartz exit window, filled with
a mixture of 96% xenon and 4% helium gas. The gas cell is divided into two regions: a
drift region where an X-ray photon is absorbed and then generating electron clouds, and a
scintillation region where the electron cloud is accelerated by the high voltage of about 5
kV. The accelerated electron cloud excites the xenon atoms in the scintillation region, and
then the excited atoms produce a large number of scintillation UV photons. The UV pho-
tons are collected by the IPMT attached beneath the gas cell. The quantum efficiency and
energy resolution of the GIS as a function of incoming X-ray energy is shown in Fig. 3.7.
The GIS sensitivity covers 0.7–10 keV with a spectral resolution of 8% at 6 keV.
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Figure 3.4:ASCAXRT point spread function (PSF). A circle and square shows the field of
view for GIS and SIS, respectively.
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Figure 3.5: Encircled energy function of theASCAXRT, normalized at 12′.
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Figure 3.6: Schematic diagram of the GIS detector.
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Signals from the two GIS detectors are processed by the main electronics. The last
dynode signals are transferred through a charge amplifier and converted into digital signals
with 12 bits analog-to-digital convertor (ADC) for pulse-height (PH) and rise-time (RT)
information. The signals from 32 anode wires (16 multi-anodes each forx-axis andy-
axis) are transferred through multiplexers and digitized with four 8-bits flash ADCs. These
two-dimensional position informations are converted by CPU-based calculation into pre-
cise values (RAWX, RAWY), with a standard algorithm of linearized fitting to a Lorentzian
distribution. The spread (SP) of the positional distribution is also calculated, and events are
discriminated against a preset SP acceptance window. Utilizing the RT and SP informaiton,
the background events such as the particle and photon events absorbed in the scintillation
region can be effectively discarded. This results in a low and stable background character-
izing the GIS.
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Figure 3.7:(left) Quantum efficiency of the GIS detector. Energy dependence of the thermal shield
transmission (thin solid line), 10.5-µm thick Be window transmission (dashed line), and total GIS
quantum efficiency including thermal shield, plasma shield, Be window, and meshes (thick solid
line). (right) Energy dependence of the energy resolution (FWHM) of the GIS.

3.1.3 The GIS Background

We should properly subtract the background components from on-source image and spec-
trum, particularly when the X-ray source of interest is faint. Generally background events
include (i) the residual instrumental background which is induced by high energy particles
and gamma-rays in orbit, and (ii) cosmic X-ray background (CXB) coming almost isotrop-
ically from the sky. Figure 3.8 shows typical GIS background spectra accumulated over
the whole detector area. Above 2 keV, the CXB is highly isotropic on large angular scales
and is considered to originate from numerous faint extragalactic sources (see Kushino et
al. 2002 and references therein). Below 2 keV, it is a mixture of Galactic diffuse emission,
heliospheric and geocoronal diffuse component, and extragalactic flux from point sources
and, possibly, from intergalactic warm gas.

The GIS achieves rather low instrumental background level thanks to effective discrim-
inations of particle-induced events with pulse height, rise time, spread of light, and the
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position information. Most of particle events are rejected in orbit, and further in the data
processing on ground.

Figure 3.8: Long exposure GIS2+GIS3 spectra accumulated over the whole field of view from
day-earth pointings (representing the instrumental background plus scattered solar X-rays), night-
earth pointings (almost the instrumental background component), and blank-sky observations (the
CXB with the instrumental background)
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3.2 TheChandraObservatory

The ChandraX-ray Observatory (formerly known as AXAF, the Advanced X-ray Astro-
physics Facility) was launched on the Space ShuttleColumbiaon July 23, 1999. The
satellite is thrown into an elliptical high-Earth orbit with the perigee altitude of 10,000 km,
the apogee altitude of 140,000 km, with the orbital period of about 64 hours. The satellite
is more than 10 m long and weighs about 5 tons. The schematic view of the satellite is
shown in Fig. 3.9.

TheChandrasatellite carries a high resolution X-ray mirror, two imaging detectors, and
two sets of transmission grating filters. Remarkable features ofChandraare more than an
order of magnitude improvement in spatial resolution, and the capability for high spectral
resolution, although mainly for point sources, with the grating facilities.

Figure 3.9:The schematic drawing of theChandraobservatory (credit NASA/CXC/SAO).

The X-ray mirror, High Resolution Mirror Assembly (HRMA), consists of 4 pairs of
nested reflecting surface with the Wolter type-I geometry, achieving a superb angular res-
olution of 0.5′′. There are two focal plane instruments mounted on a rotation table, to
be located in the foci one at once. One is a microchannel plate, High Resolution Cam-
era (HRC), and another is an X-ray CCD camera, Advanced CCD Imaging Spectrometer
(ACIS). The two grating instruments are designed to perform very high resolution spec-
troscopy. They are dispersive spectrometer which is suitable mainly for the observations
of a point source. The gratings are not used in the observations relevant to the present the-
sis. Indeed we focus on diffuse, extended X-ray sources, which are difficult to study with
the grating instruments. Combination of HRMA and ACIS enables us to obtain arcsecond
imaging capability with moderate spectroscopy in the broad (0.5–10 keV) energy band.
Although the detector background for extended objects is rather high compared to that of
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the ASCAGIS, the sharp imaging quality up to 10 keV has a great advantage in order to
identify truely diffuse sources and to study their fine spatial structures.

3.2.1 High Resolution Mirror Assembly (HRMA)

TheChandraHRMA has four pairs of Wolter Type-I mirrors, which were fabricated from
Zerodur glass. They were coated with iridium on a binding layer of chromium (Fig. 3.10).
The outer diameters of mirrors are 1.23, 0.99, 0.87, and 0.65 meter, and the focal length is
10.066 meter. Figure 3.11 shows the effective area of HRMA as a function of X-ray energy
and of off-axis angle. On-axis effective area is about 800 cm2 at 0.25 keV, and declines to
400 cm2 at 5.0 keV, 100 cm2 at 8.0 keV. The effective area also decreases as source position
departs from on axis.

Figure 3.10:Schematic of(left) grazing X-ray optics and(right) the HRMA assemblies. Credit
NASA/CXC/SAO.

The point-spread function (PSF) is so sharp that most of X-ray photons are focused
onto a detector within a 1′′-radius. The encircled energy function of HRMA is shown in
Fig 3.12a. At 4.51 keV, the 50% photons are included in a radius of about 0.′′35. The
encircled energy radius increase, or PSF becomes broad, at the larger off-axis angle, as
represented in Figure 3.12b.

3.2.2 Advanced CCD Imaging Spectrometer (ACIS)

The Advanced CCD Imaging Spectrometer (ACIS) is comprised of ten 1024× 1024 pixel
CCDs; 2× 2 array of ACIS-I (I0–I3) for imaging and 1× 6 array of ACIS-S (S0–S5) for
imaging and grating spectroscopy. The pixels are 24µm (' 0.′′5) square. Two CCDs (S1
and S3) are back-side-illuminated (BI) and the others are front-side-illuminated (FI). The
layout of CCD chips is shown in Fig. 3.13. The CCD chips of ACIS-I and ACIS-S are
tilted to follow the HRMA focal surface and the focal surface of the gratings, respectively
(Fig. 3.14).
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Figure 3.11:The HRMA effective area as a function of(left) X-ray energy and(right) off-axis
angle. In the left panel, shells 1, 3, 4, and 6 indicate the mirror layers from outside to inside. Taken
from Proposers’ Handbook.

Figure 3.12:Encircled energy function. Taken from Proposers’ Handbook.
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ACIS has many observing modes to accommodate variety of observational objectives,
but the data we analyzed are only Timed-Exposure mode with the readout time of 3.24 s.
An X-ray event detected on the CCD usually splits into several neighboring pixels. They are
classified into several “grades” according to the pixel patterns. Events with grades which
show a high possibility of particle-induced events are discarded as background events.
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Figure 3.13:A schematic overhead view of the ACIS focal plane; the legend of the terminology is
given in the lower left. Nominal aimpoints of ACIS-I and ACIS-S are shown by ’x’ and ’+’ mark,
respectively. Taken from Proposers’ Handbook.

Figure 3.15a shows the energy resolution of the ACIS CCDs before launch. The energy
resolution of FI chips reaches near the theoretical limit, while BI chips exhibit poorer reso-
lution. After the launch, the CCD chips are damaged with low energy cosmic-ray protons,
reflected and focused by the X-ray telescope onto the focal plane during radiation belt pas-
sages. Low energy protons deposited their energies in the buried channels at the HRMA
side of the FI chips, thereby increasing Charge Transfer Inefficiency (CTI), and conse-
quently degrading the energy resolution. Hence the energy resolution becomes a function
of the row number as shown in Fig. 3.15(b). Since the gate structure of BI chips are at
opposite side to the HRMA, the energy resolution of BI CCDs remains at their prelaunch
values. In the present operation, the ACIS is not left at the focal position during radiation
belt passages, and no further degradation in performance has been encountered. The CTI
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Figure 3.14:A schematic perspective view of the layout of (a) ACIS-I and (b) ACIS-S; note that
vertical axes are not to scale. The aimpoints are indicated in ’+’ marks. Taken from Proposers’
Handbook.

effect is managed to be reduced by decreasing the CCD temperature from−90◦C (before
damaged) to−120◦C.

Figure 3.15: (a) The prelaunch energy resolution of ACIS FI chips (solid lines) and BI chips
(dashed and dotted lines). (b) The energy resolution of proton damaged ACIS CCDs (I3 and S3) as
a function of row number. The energy resolution of FI chip (I3) is shown by data points (diamonds,
open circles, filled circles), and that of BI chip is shown by lines (dashed, dash-dotted, solid). These
data were taken at−120◦C.

The quantum efficiency of ACIS is shown in Figure 3.16. Low-energy X-rays are
largely absorbed by Optical Blocking Filter (OBF) and by the gate structure of the CCD
chips. Since BI chips have the gate at the opposite side to HRMA, the quantum efficiency
of BI CCDs are larger than those of FI CCDs in low-energy band. Owing to the increase of
the CTI effect, the quantum efficiency becomes smaller at the farther side from the readout.
Basic parameters of ACIS are summarized in Table 3.3.
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Figure 3.16:The quantum efficiency of the ACIS CCDs. Note that values are including the trans-
mission rate of the OBF.

Table 3.3: Design parameters and performance of the ACIS

Energy band 0.2–10 keV
Energy resolution 0.5 % at 1.5 keV/ 2 % (120 eV) at 5.9 keV (FWHM)
Field of view 16.9× 16.9 arcmin (ACIS-I)/ 8.3×50.6 arcmin (ACIS-S)
Pixel size 25×24µm
Time resolution 3.2 sec (nominal)
Operation temperature −120◦C
Typical instrumental background∼ 1× 10−6 cts/s/keV/cm2/arcmin2 at 5 keV



Chapter 4

Discovery of Flat Spectrum X-ray
Sources (I)

The EGRETγ-ray detector on board CGRO satellite discovered more than 50γ-ray sources
in the Galactic plane; most of them are still remained unidentified (Hartman et al. 1999).
The origin of these sources is one of the most important problem in high energy astronomy
since their discovery. Possible origin for some of the unidentified sources is the emission
from accelerated cosmic rays at the shock of SNRs. It is reported that the probability to
find EGRET unidentified sources in the vicinity of shell-type SNRs is significantly high
(Sturner & Dermer 1995). Although the relatively young SNRs seem to be natural sites of
high energyγ-ray production through electron bremsstrahlung and hadronic interactions,
it has been recognized that in most cases the expectedγ-ray fluxes at MeV/GeV energies
are too low to be detected by EGRET (Drury, Aharonian, & Völk 1994). However, the
γ-ray fluxes can be dramatically enhanced in SNRs having dense gas environments, e.g.,
in large molecular clouds overtaken by supernova shells (Aharonian, Drury, & Völk 1994).
Remarkably, among the SNRs possibly detected by EGRET are the radio-bright and nearby
objects, includingγ Cygni, IC 443, W44, and W28 (Esposito et al. 1996) that are all asso-
ciated with molecular clouds.

The “supernova remnant–molecular cloud” interaction system is an ideal environment
that enables us to study particle accelerators in the Galaxy. Observation of the non-thermal
X-rays from these systems is crucial, because it is closely related to the emission from
ultra-relativistic and sub-relativistic electrons. Here we present results from ourASCAand
Chandraobservations of theγ Cygni SNR.

4.1 Overview ofγ Cygni from Previous Studies

Theγ Cygni (G78.2+2.1) SNR has a clear position-correlation with the brightest uniden-
tified γ-ray source 3EG J2020+4017 (2EG J2020+4026 in the second EGRET catalog). It
is a nearby (1–2 kpc) shell-type SNR with the radio shell of∼ 60′ diameter (Higgs et al.
1977). The radio flux density of 340 Jy at 1 GHz ranks it as the fourth brightest SNR in the

39
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sky at this frequency (Green 2001). Almost 60% of the radio flux comes from southeastern
part which has been known as DR4 (Downes & Rinehart 1966). The spectral index of the
radio spectrum averaged over the whole remnant is measured asα ' 0.5 (Green 2001). Its
variation across the remnant is as small as∆α ∼ ±0.15 (Zhang et al. 1997).

In the gamma-ray energy band, the EGRET source has the steady flux ofF(E >
100 MeV)= (12.6±0.7)×10−7 photon cm−2 s−1 and a best-fit power-law index of 2.07±0.05
(Esposito et al. 1996). The location of the gamma-ray source is constrained with an error
circle (95%) of 10′ radius, which is the smallest error circle among the unidentified EGRET
sources. However, the point spread function of the EGRET pair-production telescope does
not allow us to clearly determine whether the source is a point source or a diffuse source.
Prior to the EGRET detection, aγ-ray source 2CG078+2 was detected in the vicinity of
γ Cygni with theCOS-Bsatellite (Pollock 1985). Brazier et al. (1996) found a point-like
X-ray source RX J2020.2+4026 close to the remnant center and within the EGRET error
circle and argue that the source is a possible candidate for a radio-quietγ-ray pulsar. De-
spite extensive searches for TeVγ-ray emission, significant excesses have not been detected
so far (Buckley et al. 1998). Since a simple extrapolation of the EGRET flux exceeds the
Whipple upper limit by an order-of-magnitude, the spectrum must have a cutoff or steepen
well below the TeV energy (Gaisser et al. 1998; Buckley et al. 1998).

Yamamoto et al. (1999) reported a very high CO(J=2–1)/CO(J=1–0) ratio of' 1.5
at the Galactic coordinate (l,b)=(78◦,2.◦3), suggestive of an interacting cloud with theγ
Cygni SNR. This position coincides with 3EG J2020+4017 (Fig. 4.1). Torres et al. (2002)
have re-analyzed the same set of data used by Yamamoto et al. (1999), and found two
other positions with a high ratio of CO(J=2–1)/CO(J=1–0): (l = 77.◦875,b = 2.◦25) and
(l = 78.◦00, b = 2.◦25). These positions coincide with theγ-ray source and with a fairly
well-defined CO cloud. Torres et al. (2002) estimated the molecular mass of this cloud is
about 4700M� with a distance of 1.7 kpc adopted from Lozinskaya et al. (2000). This mass
is, however, rather uncertain sinceγ Cygni lies in the so-called Cygnus X region where the
CO emission features are very complex.

Higgs et al. (1977) derived the distance toγ Cygni as 1.8± 0.5 kpc based on theΣ–D
relation which is a statistical property of the radio brightness of SNRs. Landecker, Roger,
& Higgs (1980) estimated the distance as 1.5 ± 0.5 kpc and pointed out the progenitor of
theγ Cygni remnant was possibly a member of the Cyg OB 9 association at 1.2± 0.3 kpc.
The absorbing column density provides additional information about the distance. Maeda
et al. (1999) reported that the Wolf-Rayet binary V444 Cyg, located close to theγ Cygni
sky field, is attenuated by the interstellar column density ofNH = (1.1± 0.2)× 1022 cm−2,
similar to the value obtained for theγ Cygni remnant. Thus, we expect that the distance
to γ Cygni is not very different from the distance to V444 Cyg, 1.7 kpc. In view of these
arguments, we take the distanceD = 1.5 kpc as the most probable value.
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Figure 4.1: Radio emission at 2.7 GHz (Fürst et al. 1990) of the SNRγ Cygni (G78.2+2.1) is
shown in black contours. The white levels represent the error contours for the unidentified gamma-
ray source 3EG J2020+4017 (Hartman et al. 1999). The CO(J=1–0) map, integrated over the range
v = −20 to 20 km s−1, is shown in color scale. Taken from Torres et al. (2002)

4.2 ASCAObservations ofγ Cygni SNR and Results

4.2.1 Observations

We performedASCAobservations ofγ Cygni SNR twice in 1996 and 1997 (Principal
Investigator: T. Takahashi). The northern part of the remnant was observed for 40 ks in
1996 May. The observations were planned to cover the whole region ofγ Cygni with
an emphasis on covering the error circle given by the EGRET telescope. Observations
were carried out in 1997 May with three pointings toward the north, south, and east of
γ Cygni with 60, 16, and 12 ks duration, respectively. The data from two Gas Imaging
Spectrometer (GIS) detectors were acquired in the standard pulse-height mode. Two Solid-
state Imaging Spectrometer (SIS) detectors were operated in 4-CCD mode. Once combined
all observations, field of view (FOV) of GIS covers almost all part of the remnant.

The data from the detectors were screened by standard procedures by following the pre-
scription given in§3.1. The strict rise-time screening was not applied in the GIS analysis,
because of the mode we chose for the operation. The observed count rate for the north of
γ Cygni was 0.57 (0.59) counts s−1 within a central 20′ radius in the 0.7–10 keV energy
band with GIS2 (GIS3). The degradation of the SIS performance due to the accumulated
radiation damage in orbit is found to be substantial in our data. Even for the data taken
with faint mode, in which RDD (Residual Dark Distribution) correction can be applied, the
spectral resolution of SIS is found to be of no advantage to that of GIS. In addition, the
smaller effective area at high energies and the narrower FOV for SIS than those for GIS
do not serve our purpose. Therefore we decided not to use the SIS data for the present
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analysis. The results presented here are from the GIS data.

4.2.2 Image Analysis

TheASCAGIS data for the four pointings were combined to construct the X-ray images in
selected energy bands. We discard the data outside the central region of the detector with
a radius greater than 20′. By utilizing the night-earth observation data set, we subtract the
instrumental background from each pointing data. Since we did not obtain the rise-time
information, the normalization of the background image is increased by 30% as compared
with the nominal case. The background-subtracted images are combined with corrections
for the exposure time and the vignetting effects. Finally the images are smoothed with a
function comprised of a narrow core (. 1′) and a broad wing to simulate the point spread
function (PSF) of the telescope. Figure 4.2 shows the resultant X-ray images in the 1–3 keV
and 4–7 keV energy bands, respectively.
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Figure 4.2:ASCAGIS X-ray images of theγ Cygni supernova remnant in the(left) 1–3 keV and
(right) 4–7 keV energy bands. Two GIS detectors (GIS2, GIS3) are summed. The brightness level
indicated at the top of the images is in units of the surface brightness of the cosmic X-ray background
of the relevant energy interval. Radio contour map (NRAO 4.85 GHz: 7′ FWHM) is superposed on
theASCAimages. A central part of strong emission around an HII region calledγ Cygni nebula at
southeast is blanked from the radio map. Also shown are the EGRET 95% confidence error circles
(dotted circle: 2EG J2020+4026;thick circle: 3EG J2020+4017).

We find strikingly different appearances of the SNR in these energy bands. In the soft-
band image, clumpy sources appear in the north and limb-brightened emission is seen in
the south. Diffuse widespread emission distributed from north to southeast is also found.
In the hard energy band, several clumpy sources in the north region stand out dramatically
(Fig. 4.2b). Hereafter, we refer to the clump centered at a celestial coordinate (J2000.0) of
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R.A.= 20h21m12s, decl.= 40◦47′55′′ as C1 and the other one atR.A.= 20h20m00s, decl.=
40◦40′03′′ as C2. Since another hard source, C3, is located at the western edge of the FOV,
we do not report a spectral study of C3.

The hard source, C2, appears to be extended by a few arcminutes. In order to evaluate
quantitatively, we compared the count-rate profile centered on clump C2 with the detector
PSF in the 3–10 keV band, as plotted in Fig. 4.3. The background level shown there is
taken from the southern part of the remnant. It is obvious that the hard X-ray emission
extends up to 4′–6′ beyond the radial profile of a single point source. In Fig. 4.3, we also
plot the simulated profile of a circular source that has uniform surface brightness with a
radius of 4′ centered on C2. On the other hand, we obtain no sign of spatial extension of
source C1 withASCA.

Figure 4.3:GIS radial count rate profile of clump C2 in the 3–10 keV energy band. The histogram
represents the simulated radial profile of a point source. Estimated background level is taken from
the southern part of the remnant.

In order to compare the X-ray distribution with radio synchrotron emission, the X-ray
images are overlaid with the 4850 MHz radio contours in Fig. 4.2. The X-ray sources at
the north coincide with the radio-bright region and the southern X-ray shell with a fainter
radio arc. The X-ray morphology in general bears a close resemblance to the radio on large
scales, but the X-ray emission in the proximity of region R2 appears to anticorrelate with
the radio emission. DR4, the brightest radio region, is quite dim in the X-ray band. It is
noticeable that there are enhancements of radio emission possibly associated with the hard
sources C1 and C2.

The second (Thompson et al. 1995) and third (Hartman et al. 1999) EGRET catalog
report somewhat different positions for the unidentifiedγ-ray source insideγ Cygni. In
Fig. 4.2 we superpose their 95% confidence error contours, which are approximated as
circles. Within the EGRET error circle, Brazier et al. (1996) reported a point-like X-ray
source RX J2020.2+4026 byROSATclose to the remnant center. This source is located
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in the field-of-view of theASCAobservations. However, the flux of RX J2020.2+4026,
estimated to be∼ 4 × 10−14 ergs cm−2 s−1 assuming a photon index of 2, is indeed below
the sensitivity of our observation.

4.2.3 Spectral analysis

For the purpose of spectroscopic studies of the hard X-ray emissions, contaminating emis-
sion that is overlapping the remnant must be taken into account adequately because the line
of sight towardγ Cygni passes along the Orion-Cygnus spiral arm. Because of the lack
of a blank field in our observations, we analyzed fourASCAarchive data in neighboring
fields (Field 1–4 in Table 4.1) to estimate the X-ray emission at theγ Cygni field unre-
lated to the SNR itself. For each field, the GIS spectrum is obtained by integrated over
the central detector region with a radius of 20′ after eliminating resolved sources. Each
spectrum is subtracted by the high-latitude blank-sky spectrum as a sum of the cosmic X-
ray background and the instrumental background. Figure 4.4 shows the resulting spectra
in the 1.2–2.5 keV and 3.5–8 keV bands, after the correction for the integration sky area.
We find similar energy spectra from these neighborhood fields, except for field 2 where
the Galactic latitude is highest and the Galactic column density is lowest as compared with
the other fields. Once field 2 is excluded, field-to-field variations of spectral data in the
soft band are found to be insignificant. The hard 3.5–8 keV spectrum of the southern field
of γ Cygni is in agreement with those of fields 3 and 4 within their statistical uncertain-
ties. Consequently, we consider that fields 3 and 4 provide us a good approximation of
the contaminating emission that should be subtracted from the spectral data ofγ Cygni.
Since no bright sources are found in theASCAdata of field 4, we have chosen field 4 as a
“background” field.

Table 4.1: Summary of theASCAarchive fields near theγ Cygni SNR

Coordinates (l,b) Distancea

Field Target (deg) (deg)

γ Cygnib 2EG J2020+4026 2 ( 77.◦92, 2.◦22 ) 0.0
Field 1 V444 Cyg ( 76.◦66, 1.◦43 ) 1.5
Field 2 NGC 6888 ( 75.◦55, 2.◦42 ) 2.4
Field 3 GRO J2019+37 ( 75.◦45, 0.◦61 ) 2.9
Field 4 GEV 2035+4213 ( 81.◦22, 1.◦02 ) 3.5

a Angular distance from (l,b) = (77.◦92, 2.◦22).
b This pointing covers the southern part of theγ Cygni
SNR.

We have derived energy spectra of regions R1–R3 and clumps C1 and C2. The clump
spectra are extracted from the circular regions of a radius of 6′. We exclude photons falling
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Figure 4.4:Comparison between the energy spectra integrated over the GIS field of view in the
1.2–2.5 keV energy band (top) and the 3.5–8 keV band (bottom); Filled circles: southγ Cygni;open
circles: field 1; rectangles: field 2;diamonds: field 3; trianles: field 4.

within the 6′ radius centered on C1 and C2, from the spectrum of region R1. Each accumu-
lated on-source spectrum is subtracted by the background field 4 spectrum that is extracted
from an identical detector region to each on-source data point. To improve statistics, spec-
tra of two GIS detectors are always added. Background-subtracted spectra of R1/R3 and
C2 are shown in Figures 4.5 and 4.6 respectively. Several emission lines of Mg K (' 1.4
keV) and Si K (' 1.9 keV) are evident in every spectra, indicative of thin thermal plasma
with a typical temperature of≈ 1 keV. Remarkably, the spectrum of C2 exhibits very flat
continuum emission above 3 keV. There are known errors in the calibration of the conver-
sion of the photon energies to the pulse-invariant channels of the GIS detector below the
xenon-L edge of 4.8 keV. In the following spectral fitting, an artificial energy shift of−50
eV to each applied model is introduced to alleviate these errors (see, e.g. Buote 1999).

We attempt first to fit the 0.7–8 keV spectrum of R3 by a thin thermal plasma model
(Mewe, Gronenschild, & van den Oord 1985; Liedahl et al. 1990) in which collisional
equilibrium ionization (CEI) is realized. Photoelectric absorption along the line of sight
is taken into account using the cross-sections from Morrison & McCammon (1983). Ele-
mental abundances are fixed to the solar values of Anders & Grevesse (1989) throughout
this thesis unless otherwise mentioned. The CEI plasma model cannot give an acceptable
fit owing to a large discrepancy between the actual data and the model between Mg and
Si K emission lines. Even when the abundances of alpha elements Ne, Mg, Si, S, and Fe
are individually allowed to vary ranging from 0.1 to 10 solar, the spectral data cannot be
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Figure 4.5:GIS energy spectra extracted from regions R1 (filled circles) and R3 (open circles),
with linear scale. The R3 spectrum is multiplied by a factor of 0.3 for display purpose only. The
curves show best-fit models, folded through the response function of the instrument. The bottom
panels plot the residuals of data compared with the thermal emission models.

Figure 4.6: GIS energy spectra extracted from clump C2 (filled circles), where the background
data are taken from field 4. The curve shows only the thermal component of the best-fit model,
folded through the response function of the instrument. The bottom panel plots the residuals of
data compared with the thermal component. Also shown is the high-energy part of the C2 spectrum
whose background data are taken from the southern portion ofγCygni (open circles), demonstrating
that the high-energy continuum is hardly affected by the choice of the background data.
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described properly. In order to model emission line features, we take account of the ef-
fects of non-equilibrium ionization (NEI; e.g. Itoh 1979) by adopting a plasma emission
code based on Masai (1994). In an NEI plasma, degree of ionization and consequently line
emissivities depend on the ionization timescalenet, wherene represents the electron density
and t the passage time after being shocked. The NEI plasma model yields an acceptable
fit with a reducedχ2(d.o.f) = 1.19(26). The best-fit temperature and ionization timescale
with 1σ errors arekTe = 0.76+0.10

−0.09 keV andnet = 5.8+1.2
−1.4 × 1010 cm−3s, respectively.

We found the R1 spectrum, as compared with R3, shows distinctive features, namely, a
strong emission around 0.9 keV and a hard continuum above 3 keV. The former is consistent
with the fact that R1 is very bright, particularly in the 0.7–1 keV energy band; the latter
could be contamination by the hard sources C1 and C2. Regarding the spectral fit of R1, we
include helium-like neon (NeIX) Kα line (0.923 keV), in addition to the CEI plasma model
that predominantly describes the 1–3 keV emission. The CEI plasma plus NeIX line model,
however, cannot give a statistically acceptable fit, owing to residuals by the hard continuum.
Then, by adding power-law as a third component to describe the hard continuum, we obtain
an acceptable fit for the R1 spectrum as summarized in Table 4.2. The best-fit temperature
is kTe = 0.56+0.03

−0.05 keV; the photon index of the power-law component isΓ = 1.2 +1.1
−0.8.

Table 4.2: Results of Spectral Fits to theASCAdata ofγ Cygni

Parameter R3 R2 R1 C2 C1

Power Law:
Photon IndexΓ . . . . . . 1.2+1.1

−0.8 0.8±0.4 1.5±0.5

F2−10 keV
a . . . . . . 1.8+0.6

−0.5 0.98+0.21
−0.20 1.7+0.5

−0.4

Thermal Plasma:
kT (keV) 0.76+0.10

−0.09 0.53±0.07 0.56+0.03
−0.05 0.56fixed 0.56fixed

EM (1012cm−5) b 3.5+1.0
−0.7 3.0+1.5

−0.8 1.3+0.3
−0.5 0.47±0.02 0.97+0.07

−0.08

net (1010cm−3s) 5.8+1.2
−1.4 . . . . . . . . . . . .

Neon Line:
INe (10−3 ph cm−2s−1) c . . . . . . 7.9+4.5

−5.2 0.83+0.03
−0.04 5.5+1.1

−1.0

Photoelectric Absorption:
NH (1022cm−2) 1.1±0.1 1.2+0.2

−0.1 0.84+0.10
−0.23 0.84fixed 0.84fixed

χ2
ν (ν) 1.19(26) 0.80(14) 0.96(34) 1.21(40) 1.25(14)

N. — Best-fit values and their 1σ errors.
a Unabsorbed flux (2–10 keV) in units of 10−12 ergs cm−2 s−1.
b Emission Measure:

∫
nenHdV/4πD2.

c Photon flux of herium-like Ne K emission line (0.92 keV).

The spectrum of region R2 is fitted by a CEI plasma model alone. The simple model
yields an acceptable fit with the temperature ofkTe = 0.53± 0.07 keV, which is in good
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agreement with the value obtained for region R1.
The spectral data of clump C2 indicate the presence of a hard continuum emission in

the 3–8 keV energy band. The hard emission is found in the spectrum of C1 as well.
As in the case of R1, we employ a three-component model comprised of the NeIX line
(0.92 keV), CEI thermal plasma, and power-law spectrum. We find that a good fit cannot
be obtained if we omit the power-law component. We fit the three-component model to
the 0.7–8 keV spectral data of clumps C1 and C2 by freezing the plasma temperature to
the best-fit value of region R1 and attenuating all components with a common absorption
column ofNH = 0.84× 1022 cm−2 that is also obtained for R1. The power-law components
are found to be very flat; the best-fit photon indices areΓ = 1.5± 0.5 and 0.8± 0.4 for C1
and C2, respectively. Instead of adding a power-law, we attempted also to add a thermal
bremsstrahlung component to model the high-energy part of the C2 spectrum. The 90%
lower-limit on the temperature of the thermal bremsstrahlung emission is set to bekTe = 5.8
keV.



4.3. CHANDRA OBSERVATIONS OF γ CYGNI SNR AND RESULTS 49

4.3 ChandraObservations ofγ Cygni SNR and Results

With ASCA, we found a hard X-ray component from several clumps (hard X-ray clumps)
localized in the northern part of theγ Cygni SNR. The X-ray spectrum of clump C2 is
described by a power law with a photon index ofΓ = 0.8 ± 0.4. The spatial extension of
clump C2, about 4′–6′ somewhat elongated west to east, is apparent even withASCA. The
spectrum of the brightest clump C1 is also hard, withΓ ≈ 1.5. However, since clump C1 is
located at the edge of theASCAGIS field-of-view, it is very hard to examine whether it is
spatially extended or not by usingASCAdata only.

In order to clarify the nature of the hard X-ray clumps, we have performedChandra
observations of clumps C1 and C2 as a part of a Guest Observer (GO) program (Principal
Investigator: Y. Uchiyama). High resolution X-ray imaging withChandraobservations is
crucial to investigate the spatial structures of the hard components. Below, we present the
results from ourChandraobservations, focusing on the hard X-ray clumps.

4.3.1 Observations

During Chandracycle 3, hard X-ray clumps C1 and C2 in the north ofγ Cygni were
observed with the ACIS-I on boardChandra. Observation of clump C1 was carried out on
2002 March 15 (OBSID 2827), and clump C2 on 2002 July 9 (OBSID 2826). ACIS chips
I0, I1, I2, I3, S2, and S3 were turned on and operated in Very Faint (VF) mode.
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Figure 4.7:(left) The rate of events in the 0.3–3 keV and 5–10 keV energy band accumulated over
the entire ACIS-I field in the case of OBSID 2827 (C1), and(right) in the case of OBSID 2826
(C2).

GenerallyChandraobservations suffer from “background flares”1, which are high

1See the calibration page, http://cxc.harvard.edu/cal/Links/Acis/acis/Cal prods/bkgrnd/current/background.html
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background periods induced by charged particles in orbit. The background count rate can
increase by a factor of up to 100. Such flares have been observed anywhere in the orbit,
including near the apogee.

We examined the overall light-curves (total event rate as a function of time) for possible
background flares. The light-curves in the 5–10 keV band, which are dominated presum-
ably by the background events, are constant at the level of a quiescent state (' 0.6 c s−1)
during the whole observation periods, in the both cases of OBSIDs 2826 and 2827. There-
fore, we do not discard any time interval. After the standard data reduction processes, the
effective exposures were 9.4 ks and 19.7 ks for C1 and C2, respectively.

4.3.2 Image Analysis

The smoothed X-ray images in the 0.7–1 keV, 1–2.5 keV, and 2.5–6 keV bands of the
C1 and C2 regions from theChandraACIS-I observations are presented in Fig. 4.8. The
images are adaptively smoothed by the CIAO toolcsmooth. The bandpasses of the images
are chosen for the following purposes: the soft 0.7–1 keV band for the intensity map of the
' 0.9 keV peak revealed byASCA, the medium 1–2.5 keV band for thermal components
including Mg and Si lines, and the hard 2.5–6 keV band for the hard nonthermal continuum
discovered byASCA.

Far better angular resolution ofChandraconfirms the clumpy nature of X-ray emissions
in the north of the SNR. The differences among three energy bands are apparent in both the
C1 and C2 regions. In the C1 region, the soft and medium band images appear to be anti-
correlated. In the medium band, the bright clumps are distributed mainly at the center of
the field, where the soft 0.7–1 keV emission is rather weak. This would imply the presence
of at least two thermal plasma components, a “cool” plasma (kT . 0.5 keV) responsible for
neon lines, and a “hot” plasma (kT ∼ 1 keV) that produces magnesium and silicon emission
lines. The interactions of the blast wave shock with the clumpy dense clouds in the north
of the remnant would be responsible for the observed spectral and spatial sub-structures of
the diffuse X-ray emission.

One of the most remarkable results is the definitive conclusion concerning the spatial
extent of clump C1. It is now confirmed byChandrathat the hard X-rays of clump C1 are
localized (centered on a celestial coordinate ofR.A. = 20h21m19.s5, decl. = 40◦48′52.′′5)
but indeed extended with a radius of about 1′.

On the other hand, clump C2 is, possibly, resolved into multiple clumps. At the east of a
relatively compact and bright clump located at a celestial coordinate ofR.A. = 20h20m00.s0,
decl. = 40◦43′04.′′6, a weak and diffuse hard source can be seen. This would explain the
fact that theASCAclump C2 appears to be elongated by several arcminutes.

4.3.3 Spectral Analysis

Very sharp point spread function of theChandraHRMA and high spatial resolution of the
ACIS allow us to extract a spectrum from the hard X-ray clump with high signal to noise
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Figure 4.8:ChandraX-ray images of clumps(left) C1 and(right) C2 at the north ofγ Cygni in
three energy bands, soft 0.7–1 keV, medium 1–2.5 keV, and hard 2.5–6 keV intervals (from top to
bottom), with linear scale from 0 to 0.5× 10−2 counts s−1 arcmin−2. North is up, and east is left.
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ratio, because the contamination from the neighboring sources can be suppressed. We focus
on the hard X-ray emission from the clumps, in particular the brightest C1 spectrum which
was poorly constrained by the previousASCAobservations owing to an angular offset from
the on-axis position.

We extract the C1 spectrum from the small circular region with a radius of 1.5′, centered
on the hard X-ray clump C1. We also extract the spectrum integrated over the entire ACIS-I
chips (entire spectrum). In Fig. 4.9, we compare these spectra by normalizing the entire
spectrum to the C1 spectrum by a ratio of the integration area. In the entire spectrum,
below 2 keV the spectrum is dominated by thermal emissions, while above 3 keV by the
instrumental background. On the other hand, we can see the significant excess emission
from 2 to 7 keV in the C1 spectrum.

We fit first the 1.2–7 keV spectrum of the entire ACIS-I chip with a thin thermal plasma
model (MEKAL code) with interstellar absorption, together with a constant responsible for
the background in the 3–7 keV band.

This model gives the entire spectrum a good description with a parameter set of
kT = 0.85 keV andNH = 1.0 × 1022 cm−2. Then, we apply this model, by allowing
only the normalization of the thermal component to vary, to the spectrum extracted from
neighboring regions of clump C1. The neighborhood spectra can be well fitted with this
simple model as shown in Fig. 4.10, demonstrating the applicability of our approach.

In the case of the C1 spectrum, the same procedure of spectral fitting fails to provide an
acceptable result, owing to the hard excess. We therefore add another (third) component, a
power law, to the model. The absorption column for a power law is constrained to be com-
mon to that of the thermal component. We obtain a statistically acceptable fit (Fig. 4.10)
with a photon index ofΓ = 0.7 ± 0.7. The 2–10 keV flux of the power-law component is
found to be 0.65+0.27

−0.19 × 10−12 ergs cm−2 s−1. For various assumed temperatures of thermal
plasma ranging 0.7–1.0 keV, and absorbing column density ranging (0.7–1.3)× 1022 cm−2,
the best-fit photon index is stable, well within the statistical uncertainties. (If the the sources
have significant intrinsic X-ray absorption withNH & 2×1022 cm−2, however, the hardness
of the X-ray sources could be attributed to the absorption rather than the flat spectrum.)
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Figure 4.9:ChandraX-ray spectrum of clump C1 (red), together with the normalized spectrum
that is accumulated over the whole ACIS-I chips (blue). In the both spectra, the instrumental back-
ground, dominating the whole chip spectrum above 3 keV, is not subtracted.

Figure 4.10:Spectral fits to theChandraX-ray spectrum of(left) clump C1 and(right) a neigh-
boring region. The neighborhood spectrum is fitted with the model comprised of a thermal plasma
with kT = 0.85 keV (a blue histogram) and a constant (without applying ARF) instrumental com-
ponent (a dotted line). The spectral model for the C1 spectrum includes the third component, i.e., a
power law (a red histogram), that is employed to characterize the hard emission from clump C1.
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Chapter 5

Discovery of Flat Spectrum X-ray
Sources (II)

We have found hard X-ray clumps in the north of theγ Cygni SNR where the supernova
shock wave and ambient clouds are presumably interacting. The remarkable characteristics
of the hard X-ray clumps, namely their flat spectrum, have not yet been found in other
objects. As we discuss later, the flat spectrum would originate from nonthermal activities,
triggered by the interaction between SNR shocks and dense clouds. In order to find similar
X-ray sources, we analyzed the data ofASCAobservations of SNR RX J1713.7−3946,
because it is known to be themost luminous nonthermal SNR in the X-ray domainand
associated with molecular clouds.

5.1 Overview of RX J1713.7−3946 from Previous Studies

The supernova remnant (SNR) RX J1713.7−3946 has proven to be a prominent source of
nonthermal X-rays and presumably alsoγ-rays, thus providing strong evidence that shell-
type SNRs are sites of acceleration of galactic cosmic rays. This source was discovered
during theROSATAll-Sky Survey (Pfeffermann & Aschenbach 1996). Observations with
ASCAhave revealed intense synchrotron X-ray emission from the entire remnant (Koyama
et al. 1997; Slane et al. 1999; Tomida 1999). Unlike SN 1006, no evidence for thermal
X-ray components has yet been found.

Figure 5.1 shows the intensity map of the CO line in the vicinity of RX J1713.7−3946.
At the north perimeter of RX J1713.7−3946, a molecular cloud (cloud A) has been found
with a high CO(J=2–1)/CO(J=1–0) ratio that suggests possible interaction between the
cloud and the SNR shell (Slane et al. 1999; Butt et al. 2001). The cloud has positional
association with the unidentifiedγ-ray source 3EG J1714−3857 (Butt et al. 2001).

For the preferred distance to SNR RX J1713.7−3946 ofd ' 6 kpc (Slane et al. 1999),
based on the kinematic distance to cloud A, the age of the remnant is estimated to be
& 10 000 yr. A younger age of∼ 2000 yr cannot be, however, excluded ifd = 1–2 kpc.

The CANGAROO collaboration (Muraishi et al. 2000) reported the detection of TeV

55
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Figure 5.1:Intensity map of the CO(J=1–0) transitions in the region around RX J1713.7−3946,
from Butt et al. (2001). Two massive clouds, called cloud A and cloud B, are indicated. The X-ray
contours of the SNR (Slane et al. 1999) are superposed in black, as well as the confidence contours
of the GeVγ-ray source 3EG J1714−3857 (coincident with cloud A) and the significance map of
the TeV signal by Enomoto et al. (2002), mostly coincident with the X-ray radiation.

γ-ray emission from the direction of the northwest (NW) rim, the brightest region of syn-
chrotron X-rays in RX J1713.7−3946. If confirmed, the TeVγ-radiation would provide
direct and unambiguous evidence for the presence of particles (electrons and/or protons)
accelerated to very high energies. Recently Enomoto et al. (2002) published the spectrum
of TeV emission based on the new CANGAROO observations. The spectrum is claimed
to be quite steep with a power-law photon indexΓ = 2.8 ± 0.2 between 400 GeV and 8
TeV. They argued that the steep spectrum is inconsistent with the inverse Compton (IC)
model, but could be explained byπ0-decay gamma-rays. If true, for the canonical shock-
acceleration spectrum of protons with power-law indexs ' 2, this would imply a cutoff
energy in the proton spectrum around 10 TeV.

Subsequently, Reimer & Pohl (2002) and Butt et al. (2002) argued that this interpre-
tation would violate theγ-ray flux upper limits set by the EGRET instrument. However,
this is not a sufficiently robust argument to be used to dismiss the hadronic origin of the
reported TeV emission. Adopting a slightly harder proton spectrum, e.g., with spectral
index s ≤ 1.9, it is possible to avoid the conflict with the EGRET data. Even for proton
spectra steeper thans= 2, it is still possible to suppress the GeVγ-ray flux, if one invokes
the effects of energy-dependent propagation of protons while traveling from the accelera-
tor (SNR shocks) to the nearby clouds [see e.g. Aharonian (2001)]. Moreover, the lack of
GeVγ-rays can be naturally explained by confinement of low-energy (GeV) protons in the
supernova shell, in contrast to the effective escape of high-energy (TeV) protons.
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5.2 ASCAStudy of RX J1713.7−3946

5.2.1 Observations

The SNR RX J1713.7−3946 was partially observed with theASCAsatellite on 1996
September (Koyama et al. 1997), as a part of a galactic survey project. The overall remnant
was then covered on 1997 March. The data were screened by standard procedures, except
that strict rise-time screening was not applied to the data taken on 1997 March. See Slane
et al. (1999) and Tomida (1999) for detail information about the relevantASCAobserva-
tions. Before we present the results of our discovery of a new X-ray feature found in the
immediate vicinity of the SNR, we first describe the results of the SNR itself, by using data
from the Gas Imaging Spectrometer (GIS).

5.2.2 Image Analysis

Figure 5.2 shows the X-ray images of the SNR RX J1713.7−3946 region in the soft 1–3
keV and hard 5–10 keV energy bands. After subtracting the instrumental background and
correcting vignetting effect, images are smoothed with a Gaussian of standard deviation of
0.′75 and 1.′0 for the soft and hard band, respectively.

As it has been noted by previous studies (Koyama et al. 1997; Slane et al. 1999), shell-
like synchrotron X-ray images are seen in both energy bands. The outline of the SNR
seems to be distorted; it does not show a clear circular shape. The brightest features are the
northwest (NW) rim and southwest (SW) rim in the soft energy band, whereas the surface
brightness of northeast (NE) rim becomes comparable to that of the NW rim in the hard
energy band. This implies the difference of the spectral shape between these features.

In the hard X-ray image, we discovered that a new spatial component is coincident
with the direction of cloud A (Uchiyama et al. 2002b). It is barely seen in the soft X-ray
band. Approximate center of this new source is at a celestial coordinate (J2000.0) ofR.A. =
17h14m7.s0 anddecl. = −39◦12′12.′′0.We thus refer to this source as AX J1714.1−3912. We
will describe the detail of the source in the late section.

5.2.3 Spectral Analysis: Synchrotron X-ray Emission

The X-ray spectrum integrated over the SNR is represented by featureless continuum. As
already discussed by Koyama et al. (1997), this is best interpreted by synchrotron radiation
from ultra-relativistic electrons. With the spatial and spectral resolutions ofASCA, the
whole region of the SNR is completely dominated by the nonthermal emission (Slane et al.
1999).

The X-ray spectra extracted from the bright features, i.e., NW, NE, and SW shells,
are shown in Fig. 5.3, where background subtraction is not applied. For comparison, we
superimpose a nearby source-free spectrum in the figure. In order to make direct com-
parison, we accumulated photons from each sky region with the same solid angle of 284
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Figure 5.2:X-ray surface brightness of the SNR RX J1713.7−3946 region in (a) 1–3 keV and (b)
5–10 keV energy bands obtained with theASCAGIS detectors. The SNR has an angular radius
of about 40 arcmin. A transient X-ray source (Koyama et al. 1997) is blanked out. Depicted are
the 68% confidence error contour of the EGRET unidentified source 3EG J1714−3857 (Butt et al.
2001).
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arcmin2. Since the remnant is placed at the Galactic plane, the background is mainly due
to diffuse X-ray emissions associated with the Milky Way. Below 6 keV, the photon counts
from the contamination of the background component are negligible for the spectrum of
the bright features. We therefore analyze the X-ray spectra in the 0.8–6 keV band without
background subtraction. [See also Slane et al. (1999) and Uchiyama et al. (2002b) for the
background-subtracted spectra, which gives essentially same results.]

Figure 5.3:ASCAGIS spectra extracted from bright features, i.e. NW (black), NE (blue), and SW
(red), and a nearby field (green). The extraction regions have the same area of 284 arcmin2.

We fit X-ray spectrum of each bright shell with a photoelectric-absorbed power-law
model described as:

I (ε) ∝ ε−Γ exp[−NHσ(ε)] , (5.1)

whereΓ is a power-law photon index. The photoelectric cross-sectionσ(ε) from Morrison
& McCammon (1983) and the equivalent hydrogen column densityNH take account of the
absorption of low-energy (. 2 keV) X-rays by intervening, e.g. interstellar, gas. All three
spectra were well-fitted by a simple power law with absorption. The best-fit parameters
and their 90% confidence limits are summarized in table 5.1. The energy spectra with the
best-fit models of the brightest NW rim and hardest NE rim are displayed in Fig. 5.4.

The power-law index rangingΓ = 2.0–2.3 is consistent with the other published results
(Koyama et al. 1997; Slane et al. 1999; Tomida 1999). The total synchrotron flux (1–10
keV) integrated over the remnant is estimated to be 5× 10−10 erg cm−2 s−1 (Tomida 1999).

5.2.4 Newly Discovered Source: AX J1714.1−3912

In Fig. 5.5, we demonstrate close-up images of the proximity of AX J1714.1−3912 in
the 0.7–3.0 keV and 5–10 keV energy bands. Apparently, AX J1714.1−3912 cannot be
accounted for by a single point source, nor an assembly of a few point sources; the X-
ray emission shows diffuse nature within the imaging capability ofASCA. The count rate
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Table 5.1: Spectral fits to the ASCA data.

Region NH Γ F1−10 keV χ2
ν(ν)

(1022cm−2) (10−11 erg cm−2 s−1)

NW rim 0.64+0.07
−0.06 2.28± 0.08 12.7± 0.4 0.85(89)

SW rim 0.63± 0.05 2.21± 0.07 11.0± 0.3 0.88(100)

NE rim 0.48± 0.05 2.05± 0.06 9.1± 0.2 0.68(92)

Note. — Best-fit parameter values and 90% confidence intervals;NH is equivalent hydrogen column
density,Γ is photon index, andF1−10 keV is the unabsorbed flux in the 1–10 keV band.χ2

ν is the
reduced chi-square for the best-fit model andν is the number of degrees of freedom of the fit. The
area of extracted regions is 284 arcmin2 for all cases.

Figure 5.4:ASCAGIS spectra extracted from the NW rim (black) and the NE rim (blue) together
with the best-fit power-law models.
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Figure 5.5:ASCAX-ray image of AX J1714.1−3912. Close up images, that are vignetting un-
corrected, are in the 0.7–3 keV and 5–10 keV bands. The photon extraction regions for spec-
tral analysis are depicted:BGD for the estimation of the background GRXE, andsource for
AX J1714.1−3912.

in the 5–10 keV band of AX J1714.1−3912 is 0.029 c s−1, which corresponds to a 34σ
statistical significance in the excess of the background in this region. The total number of
source photons detected in the 1–10 keV band is derived to be 3340. Unfortunately, the
source lies near to the edge of the observed field. It is therefore difficult to determine exact
morphology of the source.

In order to examine the spectral properties of such a low surface brightness source,
particularly in the soft band, we must take account of thebackgroundemission associated
with the Galactic plane because there exists diffuse X-ray emission components distributed
along the Milky Way. This emission is often called “Galactic Ridge X-ray Emission”
(GRXE). Kaneda et al. (1997) performed the spectral analysis of GRXE withASCAin
the Scutum arm region, and found that the GIS spectra are fairly well fitted by a two-
temperature non-equilibrium ionization (NEI) plasma model with temperatures ofkT ∼ 0.8
keV andkT ∼ 7 keV. Through the Galactic plane survey withASCA, Kaneda (1997) found
that this two-temperature NEI model can be applied for the GRXE almost everywhere on
the Galactic plane. Therefore, we use this two-temperature model to describe the GRXE in
the vicinity of RX J1713.7−3946.

As a background spectrum, we extract the X-ray spectra from a source-free region
near the NW rim of RX J1713.7−3946 (see Fig. 5.5), and then fitted them with a two-
temperature NEI plasma model. Except for the normalization of both low and high tem-
perature components being left free, all the parameters are fixed to the values taken from
Kaneda et al. (1997). This model yields an acceptable fit. The surface brightness of low-
temperature component, after correcting for the absorption, is 3.1× 10−6 ergs cm−2 s−1 sr−1
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in the 0.5–10 keV energy band. The high temperature component is quite smoothly dis-
tributed along the inner Galactic plane. The surface brightness of the low temperature
component is known to have larger variations, as large as a factor of 2 on large (degree)
angular scales (Sugizaki 1999). Since we extract the GRXE spectrum from a blank field
quite close to AX J1714.1−3912, the uncertainty of the brightness of the low-temperature
component is estimated to be less than±50%.

We then fitted the X-ray spectrum of AX J1714.1−3912 region with a power-law model,
together with the fixed GRXE component obtained above. The power law function is to
describe AX J1714.1−3912 itself, and the latter to take account of the background com-
ponents associated with the Milky Way by neglecting CXB (§3.1.3) and the instrumental
background. We obtained an acceptable fit with the best-fit photon index ofΓ = 1.0± 0.2.
The 2–10 keV flux of the power law component is∼ 3.5× 10−11 ergs cm−2 s−1. Figure 5.6b
shows theASCAspectrum of AX J1714.1−3912 together with the best-fit model.

In order to see how the assumed background can affect the fitting results, we fit the
spectrum by changing the normalization of the low-temperature component of GRXE. As
shown in Fig. 5.7, the power-law index is quite stable,Γ ' 1.0, against the variation of the
background normalization, unless the normalization is not larger than 150% of the value
from the nearby field. If we change the GRXE normalization large enough to change the
photon index, all soft X-ray emission of AX J1714.1−3912 has to originate completely
from the GRXE component. The soft-band image suggests that this would not be the case.
We thus conclude that the X-ray spectrum of AX J1714.1−3912 can be described by the
power-law with a photon index ofΓ ' 1.0±0.2. The absorbing column is, however, largely
affected by the normalization, rangingNH = (0.1− 1.0)× 1022 cm−2.
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Figure 5.6:ASCAX-ray spectrum of AX J1714.1−3912, with the best-fit models (red lines), con-
sisting of an absorbed power law (blue lines) and a background GRXE component (green lines).
The normalization of the low-temperature GRXE component is set to be:(a) by a factor 2 lower
than a nearby field;(b) the best-fit value for the nearby field;(c) by a factor 2 higher than the nearby
field.
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Figure 5.7: Best-fit parameters of a power-law model for AX J1714.1−3912, as a function of
the normalization of the low-temperature GRXE component. The normalization is in units of the
best-fit value obtained for the nearby blank field. (top) NH, absorbing column density (middle) Γ,
a power-law photon index (bottom) F2−10 keV, the 2–10 keV flux of a power-law model, in units of
10−11 ergs cm−2 s−1.



Chapter 6

Discussion on Flat Spectrum X-ray
Sources

In the SNRγ Cygni and in the vicinity of the SNR RX J1713.7−3946, we have discovered
diffuse hard X-ray emission. The spectra obtained from these regions are extremely hard,
represented by a power law function with a photon indexΓ . 1.5 for clump C1 and C2
of γ Cygni, andΓ = 1.0 ± 0.2 for AX J1714.1−3912. Such a hard X-ray spectrum is
quite difficult to explain in terms of synchrotron and inverse Compton emission. Here,
we propose “1/ε bremsstrahlung” emission resulting from loss-flattened electron or proton
distribution as the origin of the hard X-ray emission. If our interpretation is correct, the
characteristicX-ray spectrum with a power-law index ofΓ = 1.0 should provide a powerful
tool to inquire the population of sub-relativistic electrons and also protons in the Galaxy.
In this chapter, we describe the derivation of the 1/ε bremsstrahlung spectrum and apply it
to theγ Cygni and AX J1714.1−3912. Discussion on the energetics will also be given.

6.1 The Case ofγ Cygni

6.1.1 On the Origin of Hard X-ray Emission

The overall flux of the hard X-ray components in the north ofγ Cygni in the 2–10 keV
interval is estimated asFX ' 4.5 × 10−12 ergs cm−2 s−1, which corresponds to the source
luminosity LX ' 1.2 × 1033D2

1.5 ergs s−1. The thermal-bremsstrahlung interpretation of
the high-energy part of the C2 spectrum requires very high temperature (kTe > 5.8 keV).
Since the shocks of an evolved SNR are not sufficiently energetic to heat the gas to such
temperatures, the nonthermal origin of the hard X-ray emission seems a more favorable
option.

The hard sources C1 and C2 reside in the northern region where the shock-cloud inter-
action is likely to occur. It would be natural to identify the hard X-ray clumps with shocked
dense cloudlets. This speculation may be encouraged by the presence of high-velocity HI

cloudlets with a density of 10–100 cm−3 and an apparent radius of 4′–6′ in the southeast of

65
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the remnant (Landecker et al. 1980).
Below we assume that accelerated particles are continuously injected in the clumps, by

the accelerator(s) being located either outside or inside the clumps. Possible internal ac-
celerator could be the secondary shocks generated by the interaction between the primary
blast wave and the dense cloudlets. Indeed, Bykov et al. (2000) considered particle accel-
eration at a slow shock (the order of 100 km/s) transmitted inside a dense cloudlet. A tail
shock could be formed behind the cloudlets (Jones & Kang 1993) as well, although an ef-
ficient particle acceleration at the tail shock is not obvious. On the other hand, the external
accelerator should be the primary shock of the SNR. The energy spectrum of accelerated
paritcles depends on the acceleration mechanism, the discussion of which is beyond the
scope of this thesis. For simplicity we assume the particle production rate in the kinetic
energy space can be described by a single power-law functionQ(E) ∝ E−s. In the case of
diffusive shock acceleration at the shock front, according to the standard model, the spec-
tral index is determined by the compression ratio of the shock ass= (r + 2)/(r − 1) in the
relativistic regime. For strong shocks withr ' 4 the spectral index is close to 2.

Formally, there are also several options for the nonthermal X-ray production mecha-
nisms: synchrotron radiation and inverse Compton (IC) scattering by relativistic electrons,
and bremsstrahlung by high-energy electrons. Also, we investigate the possibility of brems-
strahlung by high energy protons. Concerning radiation mechanisms, we can draw some
definitive conclusions.

6.1.2 Difficulties of Interpretation by Synchrotron and Inverse Comp-
ton Emissions

Synchrotron X-ray emission by multi-TeV electrons could not explain the flat X-ray spec-
trum. Because of the fast synchrotron cooling (compared with the age of the accelerator) of
X-ray-emitting electrons (see§2.3 and§8.1), the photon index of the synchrotron spectrum
at X-ray energies becomesΓ = s/2+ 1, wheres' 2–2.2 is the electron acceleration index.
Thus, the differential spectrum of synchrotron X-radiation cannot be flatter thanε−2.

Second, the hard X-rays could be produced also by inverse-Compton (IC) scattering of
seed photons off relativistic electrons. In theγ Cygni SNR, the cosmic microwave back-
ground (CMB) radiation dominates over other ambient photon fields like the diffuse Galac-
tic infrared/optical radiation and the infrared emission from shock-heated dust (Gaisser et
al. 1998). Relativistic electrons which boost the CMB photons up to X-rays also emit syn-
chrotron radiation in the radio band. Characteristic energies of synchrotron photonεsyn and
IC photonεic (in keV) produced by the same electrons are related as (e.g., Aharonian et al.
1997)

εsyn ' 0.7× 10−7εicB−5 eV (6.1)

for the CMB seed field. The ratio of the spectral powerf (ε) ≡ ε2 × I (ε) of the IC X-ray
emission to the synchrotron emission at the relevant radio frequency is

fic(εic)
fsyn(εsyn)

=
UCMB

UB
, (6.2)
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whereUCMB = 0.25 eV cm−3 is the energy density of the CMB radiation. The spectral
power of the observed radio emission from the whole remnant, in the frequency range from
408 MHz to 4.8 GHz (Wendker et al. 1991; Higgs et al. 1977) is well described as

fradio(ε) = 5× 10−12
(
ε

10−5 eV

)0.5

ergs cm−2 s−1. (6.3)

Since almost 60% of the radio flux comes from the southeast ofγ Cygni, from Eqs. (6.1)
and (6.2) we find that the IC spectral power cannot exceed 1.7×10−14ε0.5ic B−1.5

−5 ergs cm−2 s−1.
This upper-limit is less than 1% of the flux of the hard X-ray emission detected. Thus, the
IC radiation hardly can explain the flux of the hard X-ray clumps, unless the magnetic field
is extremely weak (< 1 µG).

6.1.3 Nonthermal Electron Bremsstrahlung

Extremely flat X-ray spectrum with a photon indexΓ ≤ 1.5 found in hard X-ray clumps
cannot be readily explained by synchrotron radiation or inverse Compton scattering. In
this section, we show nonthermal bremsstrahlung from energetic electrons can naturally
account for the extremely flat spectrum provided that the sources are likely to be associated
with dense gas regions.

Characteristic 1/ε Spectrum

For simplicity we suppose that the electrons are effectively trapped in the clumps; thus
the electron spectrum is formed by accumulation of freshly accelerated (or arriving from
external accelerators) electrons during the entire history of the clumps. The turbulent
plasma excited by internal shocks may make scattering efficient, and thus quite small dif-
fusion coefficient. If the energy-losses can be neglected, the electron spectrum becomes
N(E) ∼ τageQ(E), where the age of the accelerator is approximated by the age ofγ Cygni,
i.e.τage' 7000 yr (see§6.1.5). It is valid, however, only in the intermediate energy region,
typically between 300 MeV to 10 GeV, where the bremsstrahlung dominates the radiative
losses. Indeed, the characteristic lifetime of electrons against the bremsstrahlung losses,
τbr = E/(−dE/dt)br ' 4.3 × 107(n/10 cm−3)−1 yr is considerably larger than the age of
γ Cygni as long as the gas density does not exceed 6× 104 cm−3.

The high density and presumably strong magnetic field in the hard clumps make, how-
ever, the cooling processes crucial in the formation of the electron spectrum at low and
very high energies. The relevant cooling processes are the Coulomb (or, in the neutral
gas, ionization) losses for low-energy electrons and the synchrotron losses for high-energy
electrons. The inverse-Compton losses could be omitted if the magnetic field in the clumps
exceeds 10µG. Also, it should be noticed that even in case of significant bremsstrahlung
losses (τbr ≤ τage), the process does not modify the electron spectrum.

Below several hundreds MeV, the energy losses of electrons are dominated (indepen-
dent of the gas density) by the Coulomb losses (see, e.g., Hayakawa 1969). The cooling
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time of electrons due to the Coulomb interactions is [from Eq. (2.25)]

τcou =
Ee

(3/2)necσT(mec2)β−1 lnΛ
(6.4)

≈ 4.3× 103 β
( n
10 cm−3

)−1 ( Ee

MeV

)
yr, (6.5)

whereσT is the Thomson cross-section,c is the velocity of light,E andβ are the kinetic
energy and the velocity of nonthermal electrons in units ofc, me is the electron mass, and
lnΛ is the Coulomb logarithm which is set to be 40 here. Equatingτcou andτage gives the
break energyEcou, “Coulomb break”, below which the electron spectrum is flattened (see
also§2.3.1 and§2.3.2).

The Coulomb break energy in the relativistic regime is given by

Ecou ∼ 1.6
( n
10 cm−3

) ( τage

7000 yr

)
MeV, (6.6)

where we use the approximation ofβ ∼ 1. At energies belowEcou the Coulomb losses sig-
nificantly modify the acceleration spectrum,N(E) ∼ τcou(E)Q(E); therefore, at relativistic
energies,N(E) ∝ E−s+1. At the cooling regime belowEcou, the equilibrium between the
supply and depletion of nonthermal electrons is established.

The differential energy spectrum of the bremsstrahlung emission from these electrons
is calculated as (see, e.g., Blumenthal and Gould 1970)

I(ε) '
∫

dEeN(Ee)cβ

(
nH

dσeH

dε
+ nHe

dσeHe

dε
+ ne

dσee

dε

)
, (6.7)

wherenH, nHe, andne are hydrogen, helium, and electron number densities, respectively,
and dσ/dε is the differential cross-section for emitting a bremsstrahlung photon in the
energy intervalε to ε + dε. We adopt ratiosnHe/nH = 0.1 andne/nH = 1.2. In the
ultrarelativistic regime the electron-electron bremsstrahlung becomes comparable to the
electron-proton bremsstrahlung.

Since the bremsstrahlung cross-section is in inverse proportion to the emitted photon
energy,dσ/dε ∝ ε−1, and only slightly (logarithmically) depends on the electron energy in
the relativistic regime, the bremsstrahlung photon spectrum almost repeats the power-law
spectrum of parent electron distribution ofN(E) = κE−p, i.e.I(ε) ∝ ε−p if p ≥ 1. Then, we
should expect a broken power-law spectrum withI(ε) ∝ ε−p atε ≥ Ecou, andI(ε) ∝ ε−p+1

at ε < Ecou in the relativistic domain. The energy spectrum of bremsstrahlung photons is
essentially determined by the gas density and the age. Below the “Coulomb break”, for any
reasonable acceleration index ofs≤ 2.5, we see a hard differential spectrum with a photon
index less than 1.5. It should be stressed that, for the electron spectrum harder thanE−1

(E−1/2 in the non-relativistic case), the bremsstrahlung photons obey a standardε−1 type
spectrum. In this case, the bremsstrahlung spectrum, which essentially follows the power-
law energy distribution of its parent electrons, saturates in the single-electron spectrum of
the 1/ε form. In the X-ray band, we should always expect the universal spectrum, which
agrees well with the results of the hard X-ray clumps.
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Gamma-ray Emission

The nonthermal luminosity of this SNR peaks at high energyγ-rays, if the association with
the EGRET source is real. Theγ-ray spectrum measured by EGRET is shown in Figure 6.1,
together with the combined hard X-ray spectrum. The observed photon flux of the EGRET
source is translated into a luminosity ofLγ ' 1.4× 1035D2

1.5 ergs s−1 (100 MeV–2 GeV) for
the photon index 2.1. The reported positions of the EGRETγ-ray source 2EG J2020+4026
and 3EG J2020+4017 do not coincide exactly with the hard X-ray clumps. However the
large systematic errors in the EGRET position, which strongly depend on the chosen diffuse
γ-ray emission model (Hunter et al. 1997), do not allow certain conclusions concerning the
location of theγ-ray production region. Therefore it is interesting to test whether the hard
X-ray clumps can be a counterpart of the unidentified GeVγ-rays source on theoretical
ground.

Figure 6.1: Broadband spectral power of theγ Cygni SNR. The range of the power-law fit of
the hard X-ray component is shown together withγ-ray data (≥ 100 MeV) of 2EG J2020+4026
taken from Esposito et al. (1996) and the Whipple TeV upper limit from Buckley et al. (1998). The
bremsstrahlung photon spectra from the loss-flattened electron distribution are calculated for the
electron indexs = 2.1 and the gas densityn = 34 cm−3 (a thin line), s = 2.3 andn = 130 cm−3 (a
thick line), ands= 2.3 andn = 10 cm−3 (a dashed line). Thedotted linesshow the bremsstrahlung
spectra corresponding to the acceleration spectra of electrons, i.e., ignoring the Coulomb losses of
electrons.

In Fig. 6.1 we show the results of numerical calculations for two sets of parameters
which describe the gas density and the acceleration spectrum of electrons, by assuming the
electron bremsstrahlung is responsible for both theASCAhard X-ray and the EGRETγ-ray
fluxes. For the electron spectrum with the acceleration indexs= 2.1, the best fit is achieved
for a gas density ofn = 34 cm−3. A steeper acceleration spectrum withs = 2.3 requires
larger gas density,n = 130 cm−3. Note that the adopted acceleration spectra are consistent
with the reported radio spectral indexα = 0.5 ± 0.15. We also suppose an exponential
cutoff in the electron spectrum at 10 TeV.

If the electron distribution withs = 2.3 (2.1) extends beyond GeV energies, for the
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magnetic field 10−5 G the calculated radio flux density amounts to about 10% (60%) of the
measured radio flux density integrated over the whole remnant. Furthermore, if the electron
distribution extends beyond TeV, we found the bremsstrahlung spectrum withs = 2.1
exceeds the Whipple upper-limit, whereas the spectral index ofs= 2.3 is still in agreement
with the Whipple data. Meanwhile both combinations of model parameters satisfactorily
fit the spectral shape and the absolute flux of hard X-rays. The ignorance of energy losses
of electrons would lead to significantly steeper X-ray spectra, and would also result in
overproduction of absolute X-ray fluxes. Note thatthe main contribution to X-rays comes
from relatively high energy electrons with energies close to 1–10 MeV.

Because of poor angular resolution, the EGRET measurements do not provide a clear
information about the site(s) of production of high energyγ-rays. Nevertheless, it is likely
that only a part (perhaps, even only a small part) of the reported high energyγ-ray fluxes
originates in the hard X-ray clump regions. Theγ-ray fluxes could be suppressed by assum-
ing lower gas densities. Indeed, such an assumption would lead to the shift of the Coulomb
break energy in the electron spectrum to lower energies, and the predicted high energyγ-
ray spectra would appear significantly below the reported EGRET fluxes (Fig. 6.1,solid
curve).

A more likely candidate for production of the bulk of high energyγ-rays is the region
called DR4 from which most of the radio emission emerges. A massive cloud with a
density of∼ 300 cm−3 occupying∼ 5% of the SNR volume has been suggested to exist in
the vicinity of DR4 to explain theγ-ray flux (Pollock 1985). Actually the EGRET error
circle reported is somewhat away from the clumps but closer to DR4. A gas density of
∼ 300 cm−3 implies a high (about 50 MeV) Coulomb break energy in the electron spectrum,
and therefore considerable suppression of X-ray flux. This could naturally explain the lack
of noticeable hard X-ray fluxes from the DR4 region which is bright in radio and possibly
γ-rays.

Energy Consumption

We briefly discuss the power consumption due to the rapid Coulomb losses. For the
gas density of about 100 cm−3 in the clumps, the X-ray flux is produced predomi-
nantly by electrons with energies of about 10 MeV. The X-ray flux is roughly propor-
tional to the product of the gas density and the number of relativistic electrons, because
the relativistic bremsstrahlung cross-section depends only logarithmically on the elec-
tron energy. On the other hand, the Coulomb energy loss rate of relativistic electrons,
dE/dt ∝ −(E/τcou), is proportional to the gas density and almost independent of the elec-
tron energy. Thereforethe energy loss rate of the bulk of the X-ray-emitting relativis-
tic electrons can be uniquely determined by the X-ray luminosity. The measured X-ray
luminosity, LX ' 1.2 × 1033D2

1.5 ergs s−1, can be converted to the energy loss rate of
Le ∼ 5 × 1037D2

1.5 ergs s−1. The energy released in relativistic electrons is roughly esti-
mated asWe ∼ τageLe ∼ 1049 ergs. This enormous energy deposition due to Coulomb
collisions would heat the emission region of the clumps. Subsequently the heat would be
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radiated away in the far-infrared band by molecular line emission, if the gas is comprised
of molecules. The observed infrared luminosity ofγ Cygni (Saken et al. 1992) is compara-
ble to the energy loss rate estimated above. On the other hand, if the emission regions are
shock-ionized plasmas, the deposited energies by the accelerated electrons would heat up
the plasmas.

6.1.4 Proton Bremsstrahlung (Inverse Bremsstrahlung)

Here we demonstrate potential importance of the process ofproton bremsstrahlung(or in-
verse bremsstrahlung), the emission of photons through collisions between high energy
protons and ambient stationary electrons. Generally in tenuous cosmic plasmas the flux
of proton bremsstrahlung is a minor contributor compared with the flux of electron brems-
strahlung (Baring et al. 2000). However, we show that ionization or Coulomb losses in a
dense gas environment would render proton bremsstrahlung detectable as well as electron
bremsstrahlung, provided that the ionization/Coulomb losses deplete the low-energy part
of particle spectrum. Detections of proton bremsstrahlung would be helpful to understand
largely-unknown injection processes of particle acceleration, and the particle content of
accelerated particles.

For energetic protons, Coulomb loss rate is practically given by Eq. (2.25) and the
cooling time is by Eq. (6.5), butcβ should be the velocity of an energetic proton there. In
the nonrelativistic case, if the velocity of an energetic proton is equal to that of an electron,
the Coulomb loss rate is same and consequently the cooling time of the proton ismp/me

times longer than that of the electron. Indeed the Coulomb loss timescaleboth for protons
and electrons can be written as (see Eq. 6.5):

τcou ≈ 4× 104 n−1
cm−3 β EMeV yr, (6.8)

whereE andβ are the kinetic energy and the velocity of particles (protons and electrons).
The physical process of proton bremsstrahlung is very similar to that of normal electron

bremsstrahlung (see, e.g. Hayakawa 1969). In the non-relativistic regime, for either proton
bremsstrahlung or electron bremsstrahlung, the differential cross-section can be obtained
from the nonrelativistic specialization of the Bethe-Heitler formula (Bethe & Heitler 1934)
:

dσBH

dε
=

2ασT

πεβ2
ln
β +

√
β2 − 2ε

β −
√
β2 − 2ε

(6.9)

whereα = 1/137 is the fine structure constant, andβ is the relative speed in units ofc
between the projectiles and the stational target. Note thatε is the emitted photon energy in
units ofmec2. The applicability of this formula for both proton and electron bremsstrahl-
ung follows from the effective invariance of photon angles and energies in nonrelativistic
Lorentz transformation between the proton and electron rest frames. If the velocities of
energetic electrons and protons are same, the cross-sections of electron and proton brems-
strahlung are also same. Note that characteristic bremsstrahlung photon energiesεbrems
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produced by high-energy electrons (kinetic energyEe) and protons (kinetic energyEp) are
given by

εbrems=

 Ee , electron bremsstrahlung

(me/mp)Ep , proton bremsstrahlung.
(6.10)

Here we introduce a characteristic time for the production of bremsstrahlung photons in the
energy intervalε ∼ ε + dε:

τbrem ≡

[
ncβ

dσBH

dε
dε

]−1

(6.11)

≈ 1× 107 n−1
cm−3

ε1.2

dε
(6.12)

where, for simplicity, the logarithmic term in the cross section is approximated by the form
∝ βε−0.2, which has good accuracy (within a factor of 2) in case ofβ & 0.14.

In the cooling regime,τcou < τage, the number of particles (protons/electrons) at a certain
energy is given by

N ∼ τcouQ, (6.13)

whereQ stands for the injection rate of particles. The bremsstrahlung intensity (within an
energy intervalε ∼ ε + dε) is then calculated as

Idε ∼
N
τbrem

∼
τcou

τbrem
Q (6.14)

Let us define the bremsstrahlung luminosity in the X-ray band byLX ≡ (mec2)ε2I and
the particle injection power byLe/p ≡ EQ. From Eqs. (6.8) and (6.12), we obtain the
following relation

LX ∼ 5× 10−5 β ε0.85 keV Le/p. (6.15)

This useful relation shows that the conversion efficiency of particle power to bremsstrahl-
ung X-rays is about 5× 10−5 β, demonstrating the low efficiency of the bremsstrahlung
mechanism relative to the ionization losses. It also shows that the spectral shape becomes
the power-law form with a photon indexΓ = 1.2. The slope is slightly steeper than that
obtained before for the relativistic electrons, but still quite flat. We obtain this relation by
considering mono-energetic particle withE. However, sinceβ × Le/p is most likely to be
an increase function of energy, this relation is applicable for any energy distribution of par-
ticles if we take the injection power at the highest energy satisfying cooling regime. This
highest energy is the Coulomb break energy that we introduced before. An important im-
plication of this relation is that, if the injection power of protons is much larger than that
of electrons, the proton bremsstrahlung could overwhelm the electron bremsstrahlung at
X-ray domain.

In Fig. 6.2, we show the numerical calculations of proton and electron bremsstrahl-
ung spectra assuming continuous particle injection, with the injection luminosity ofLe/p =
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Figure 6.2: Proton and electron bremsstrahlung spectra after continuous particle injection over
timescales of 100, 1000, 10 000 years in a dense cloud ofn = 100 cm−3. The acceleration spectrum
is (top panel) Q ∝ E−1.7 (middle panel) Q ∝ E−2.0 (bottom panel) Q ∝ E−2.3, with an injection
luminosity of 3× 1038 ergs s−1. In all cases, the maximum energy is assumed to be 100 GeV.
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dEEQ(E) = 3× 1038 ergs s−1 over timescales of 100, 1000, 10 000 years with the accel-

eration spectrum ofQ ∝ E−s with s = 1.7,2.0,2.3 (1 keV≤ Ee ≤ 100 GeV and 1 MeV
≤ Ep ≤ 100 GeV) in a dense cloud ofn = 100 cm−3.

The energy distribution, for either accelerated protons or electrons within the cloud,
is characterized by the position of the break energy,Ecou, which is set by equating the
lifetime against the ionization losses and the age of the accelerator,τcou = τage. At energies
below Ecou, for which τcou < τage, the particle distribution becomes loss-flattened due to
Coulomb or ionization losses, resulting in flat bremsstrahlung belowεbr. Forn = 102 cm−3

andτage = 104 yr, the break appears atEp,cou ' 20 MeV in the proton distribution, and
correspondingly atεp,cou = (me/mp)Ep,cou ' 11 keV in the proton bremsstrahlung spectrum.
On the other hand, the breaks areEe,cou = εe,cou ' 7 MeV for electrons (see Fig. 6.2). At
photon energies anywhere belowεcou, the characteristic 1/ε power-law is predicted. Note
that the 1/ε bremsstrahlung photons belowεcou are produced predominantly by particles in
a narrow energy interval aroundEcou. The spectral shape of the hard X-ray clumps agrees
with the 1/ε emission of either proton bremsstrahlung (PB) or electron bremsstrahlung
(EB) from the loss-flattened distribution.

However, the production rate of high-energy electrons/protons seems to be problematic.
In order to account for the X-ray luminosity ofLX ∼ 1033 ergs s−1, the particle luminosity of
Le/p ≈ 1038 ergs s−1 is needed regardless of the density and particle spectrum, which would
be comparable to the cosmic ray production rate of a typical supernova remnant. Given the
compactness of the hard X-ray clumps, (unknown) local enhancement of the acceleration
luminosity seems to be necessary.

6.1.5 Estimation of Age and Interaction with Clouds

Here we briefly comment on the interpretation concerning thermal features inγ Cygni. The
X-ray distribution of region R3 shows clear arclike morphology along the outer boundary
of the shell structure observed at radio frequencies. The X-ray spectrum was modeled
by a single-temperature thermal emission with the solar abundance. These features are
indicative of a thin thermal plasma in the immediate postshock region of the primary blast
wave propagating through the interstellar matter. Assuming the equipartition between the
shocked electrons and ions and Rankine-Hugoniot jump conditions for a strong shock,
the electron temperature is related to the shock velocityvs askTe = (3/16)µmpv2

s, where
µ = 0.6 is a mean mass per particle in units of the proton massmp. The best-fit value of
kTe = 0.76+0.10

−0.09 keV corresponds to the shock velocityvs = 800+50
−60 km/s. Provided that the

remnant is in the Sedov adiabatic expansion phase, the age ofγ Cygni can be estimated to
beτage= (2/5)R/vs, whereR is the radius of the supernova shock front. Given the angular
radius ofθ ' 30′, we have the physical radiusR = Dθ ' 13.5D1.5 pc, whereD1.5 is the
distance in units of 1.5 kpc. Thus, we obtain an age estimate ofτage' 6600D1.5 yr.

On the basis of the HI line emission and absorption toward theγ Cygni SNR, Lan-
decker et al. (1980) suggested that the supernova explosion took place in the slab of an
interstellar cloud oriented north to southeast. The soft (1–3 keV) X-ray emission “belt”
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from north to southeast appears to agree fairly well with the spatial distribution of the HI

line features. The presence of low temperature (. 0.5 keV) plasma and very clumpy ap-
pearance of the thermal emissions in the northern part of the SNR are also suggestive of
the interactions between the supernova blast wave and dense clouds. A possible scenario is
that the X-ray emission belt is due to thermal evaporation of clouds (White & Long 1991)
as a consequence of the collision between the supernova blast wave and the dense clouds.

6.2 The Case of AX J1714.1−3912

The luminosity of AX J1714.1−3912 is estimated to beLX = 1.7×1035d2
6 erg s−1, whered6

is the distance to the source normalized to 6 kpc. It cannot be the radiation of thermal gas,
unless we assume an extremely hot optically thin plasma with a temperature significantly
exceeding 10 keV. Attempts at fitting a thermal-bremsstrahlung model to the spectrum
gave a lower-limit temperature of 35 keV (90% confidence). Since the formation of such
a thermal source seems to be quite problematic, given its extended character, below we
assume that the X-radiation has a nonthermal origin. AX J1714.1−3912 has a good spatial
association with cloud A. In the following discussion, therefore, we assume that the X-ray
emission actually comes from cloud A. If so, this would be a new striking nonthermal
phenomenon in molecular clouds.

Nonthermal particles that are illuminating cloud A in the X-ray band could be supplied
by either internal or external accelerators. A potential candidate for an external accelerator
is the strong shock of SNR RX J1713.7−3946, which is likely to interact with cloud A, as
evidenced by a very high ratio of CO(J=2–1)/CO(J=1–0) (Butt et al. 2001). The particles
can be accelerated in the shell of RX J1713.7−3946 and afterwards enter cloud A, given
that the shell is a certain site of particle acceleration, which follows from synchrotron X-ray
emissions. It is possible that particle acceleration also takes place at the secondary shocks
inside (or in the vicinity of) cloud A initiated by the main shock of the SNR. Finally, if
there is nophysicallink between cloud A and SNR RX J1713.7−3946, this would imply the
existence of unseen internal accelerators inside the molecular cloud. Although we cannot
exclude any of these possibilities, the preferred option seems to be the “cloud interacting
with SNR” scenario.

Again, there are several options for the nonthermal X-ray production mechanisms: syn-
chrotron radiation, inverse Compton (IC) scattering, and electron and/or proton brems-
strahlung. By following the same line of discusson as the case ofγ Cygni, the synchrotron
and inverse Compton models can be ruled out. Inverse Compton scattering is precluded
by low brightness of synchrotron radio emission. Relatively low-energy (GeV) electrons
that produce X-rays via scattering off the cosmic microwave background photons, also emit
synchrotron radiation at radio frequencies. Thus, assuming that the X-ray flux is due to IC
scattering, we can calculate the radio flux density of the associated synchrotron emission.
For a magnetic field of 25µG the latter is expected at a level of 104 Jy at 843 MHz, which
is higher, by three orders of magnitudes, than the upper limit on the radio flux from the



76 CHAPTER 6. DISCUSSION ON FLAT SPECTRUM X-RAY SOURCES

direction of cloud A (Slane et al. 1999). Therefore, we can safely exclude the IC origin of
the observed X-radiation.

Also, the spectral shape of the flat X-ray spectrum of AX J1714.1−3912 agrees per-
fectly with the 1/ε emission of either proton bremsstrahlung (PB) or electron bremsstrahl-
ung (EB) from the loss-flattened distribution. The large flux of hard X-rays and presumable
large density, however, may argue against the EB mechanism. Whereas the PB and EB
mechanisms are expected to give rise to the same 1/ε X-ray spectrum, the PB luminosity
peaks at (hard) X-rays and the EB peaks at gamma-rays for typical parameters. In the case
of the 1/ε EB emission, the photon flux per each logarithmic interval in photon energy any-
where up toεe,cou ∼ 7 MeV is constant. Then, the observed X-ray flux of 4× 10−3 photon
cm−2 s−1 in the 1–10 keV band implies that the 1–10 MeV flux should be comparable to the
Crab. This is inconsistent with non-detection by the COMPTEL instrument (Schönfelder
et al. 1996) onboard the Compton Gamma Ray Observatory. Moreover, unless we intro-
duce a sharp cutoff in the electron distribution at an energy of around 100 MeV, the EB
model overshoots theγ-ray flux reported by the EGRET instrument. Therefore, we may
conclude that the gamma-ray data favor proton bremsstrahlung, rather than the electron
bremsstrahlung scenario.

The X-ray luminosity of the 1/ε bremsstrahlung emission of either protons or electrons
can be converted to the particle injection rate by using Eq. (6.15). (Eq. (6.15) is derived
assuming sub-relativistic particles, but it is also applicable to the electron bremsstrahlung
in relativistic energies within a factor of two.) From the observed X-ray luminosity, the
injection power can be estimated to be 1039–1040d2

6 erg s−1.
If the particles are accelerated in the shell of SNR RX J1713.7−3946, and only a rela-

tively small (10% or so) fraction of these particles enter cloud A, the total kinetic energy,
which is transferred to subrelativistic protons, should be at least 1051 erg; the electron
bremsstrahlung model alleviates the total energy by a factor of about 3 compared to the
proton bremsstrahlung. Given the limited energy budget of a supernova shock of about
1051 erg, we face a serious problem to support the required X-ray luminosity, unless the
system is closer to the Earth than estimated by the radial velocity of cloud A. For exam-
ple, a distance of 2 kpc would reduce the energy requirement to a quite comfortable level
of ∼ 2 × 1050 erg. Several other scenarios may be invoked to overcome the energy bud-
get problem. The simplest assumption would be that the explosion energy significantly
exceeds 1051 erg, and that more than 10% of this energy is released in the form of subrela-
tivistic particles. It is also possible that the nonthermal particles are accelerated inside the
cloud, e.g. by the shock initiated at the collision of the blast wave of RX J1713.7−3946
with cloud A (Bykov et al. 2000). Finally, we may speculate that the essential part of the
energy which goes into the ionization and heating of gas, and also the excitation of plasma
waves, is returned to subrelativistic protons through acceleration on these plasma waves.
Apparently, all of these assumptions need detailed quantitative studies.

AX J1714.1−3912 and cloud A are located within the error box of the unidentifiedγ-
ray source 3EG J1714−3857 (Hartman et al. 1999). The GeVγ-ray flux may be explained
by π0 gamma-rays by collisions between the shock-accelerated protons and cloud A. Butt
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et al. (2001) argued that an electron-bremsstrahlung origin for the GeV flux is less likely
because of the faint synchrotron radio emission of cloud A. The total energy liberated in
γ-rays through the decay of neutral pions is roughly estimated to beLγ ∼ (1/3)σppncWrel

p

whereσpp ' 30 mb is the proton–proton inelastic cross-section, andWrel
p is the energy

content in GeV protons, within cloud A. The EGRET luminosity,Lγ = 6.5×1035d2
6 erg s−1,

corresponds toWrel
p = 2.2×1048d2

6(n/103cm−3)−1 erg. Thus, with the proton-bremsstrahlung
model for AX J1714.1−3912, the energy content in subrelativistic protons far exceeds that
in relativistic protons,Wsub

p ' 80 Wrel
p . In this case, it would appear that the accelera-

tion/injection mechanisms allow a small fraction of protons to be accelerated to relativistic
energies. Another possibility could be that the bulk of accelerated relativistic protons have
already diffused away, while the subrelativistic protons are still being captured within the
molecular cloud.

6.3 1/ε Bremsstrahlung: New Diagnostic Tool

The discovery of extremely hard X-rays fromγ Cygni and AX J1714.1−3912 opens a new
channel in X-ray astronomy, which to study the energetics in subrelativistic particles —
either electrons or protons — and therefore to get some information about the particles
injected into acceleration process. The shock acceleration theory itself cannot tell us con-
vincingly how injection particles should look like. Therefore, it is of great importance to
investigate this (yet unknown) component by any observational means. Flat bremsstrahlung
X-radiation may serve as a new diagnostic tool to probe the concentration of sub-relativistic
particles.

The energy distribution, for either accelerated protons or electrons residing in dense
cloud, can be characterized by the position of the break energy,Ecou, which is set by equat-
ing the lifetime against the Coulomb (ionization) losses and the age of the accelerator,
τcou = τage. At energies belowEcou, for which τcou < τage, the particle distribution be-
comes loss-flattened due to Coulomb or ionization losses. As a result, the bremsstrahlung
spectrum obey a characteristic energy distribution close toI (ε) ∝ 1/ε, almost indepen-
dent of the details of the acceleration spectrum, provided that the energy spectrum of the
subrelativistic particles becomes very hard. Importantly, the characteristic bremsstrahlung
is distinguishable from other emission mechanisms such as synchrotron X-ray radiation,
which enable us to unambiguously identify the bremsstrahlung component.

Another important aspect of this radiation feature is possible dominance of proton
bremsstrahlung. As shown by Eq. (6.15), if the injection power of protons overwhelms
that of electrons, the proton bremsstrahlung could appear as a primary radiation compo-
nent in the X-ray wavelength, rather than the electron bremsstrahlung.
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Chapter 7

Multi-TeV Electrons in Supernova Shells

In this chapter we describe the observational results from the spectral and image analysis
of two SNRs, RX J1713.7−3946 and SN 1006, using the archival data of theChandraX-
ray observatory. These two SNRs, “TeV SNRs” , are unique objects in the sense that TeV
γ-rays are detected by the CANGAROO Cherenkov telescope. In the TeV SNR, the X-ray
spectrum characterized by a featureless continuum presumably corresponds to the highest
energy end of the synchrotron radiation, formed by the highest energy end (TeV regime)
of the shock-accelerated electrons. Therefore we can obtain information about several key
questions, in particular maximum attainable energy of electrons accelerated in SNRs, as
well as the emission mechanisms of the detected TeV radiation which are still open prob-
lem. Important point is that the synchrotron X-ray spectra reliably “control” the predictions
of inverse Compton emission at TeV energies. Given extremely rapid synchrotron cooling
of the highest energy electrons, their spatial distribution may serve as a good tracer of
the production sites of high-energy particles. In this regard, high resolution imaging with
Chandrais crucial for the study of TeV SNRs. Here we present the results obtained by
Chandra, which allow us to perform spatially-resolved, with a spatial resolution of down
to 0.01 pc, spectroscopic studies of these two TeV SNRs.

7.1 RX J1713.7−3946

7.1.1 Observations withChandra

The observation of the northwest (NW) rim of the SNR RX J1713.7−3946 was carried out
on 2000 July 25 (ObsId 736) with the Advanced CCD Imaging Spectrometer (ACIS) on
boardChandra. The data were obtained with the ACIS-I array consisting of four front-side-
illuminated CCD chips. As shown in Fig. 7.1, the array was placed to cover the brightest
portion of the remnant, the NW rim. We analyzed the processed level 2 event data (pro-
cessing version R4CU5UPD14.1), with a new gain map applied. In addition to the four
ACIS-I chips, data were received from two ACIS-S chips. In the analysis that follows, we
use the data from the ACIS-I chips.

79
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Figure 7.1:Field-of-view of theChandraobservation (17′ × 17′), placed on the northwest rim of
the SNR RX J1713.7−3946.

7.1.2 Data Processing

Since observations withChandraoften suffer from high background periods, namely back-
ground flares, we should discard the event data taken during such high background peri-
ods. The overall light-curve was examined to find possible background flares. As shown
in Fig. 7.2, no significant flares were found. Therefore, in the following analysis, we use
the entire observation period. It is also known that there are long-term variations in the
instrumental background level1. Indeed, the count rate in the 8–10 keV energy interval,
where the instrumental background dominates over the source photons, is typically several
percent lower than the (standard) blank-sky data sets (see Fig. 7.3). Since we found this
difference does not affect our results presented in this thesis within the statistical uncertain-
ties, the instrumental background component is taken from the blank sky data. After the
standard data processing, we obtained an effective exposure time of 29.6 ks.

In order to study the diffuse emission in the SNR, we search for point sources and
removed from the data for further analysis. Based on a wavelet decomposition using the
CIAO softwarewavdetect (Freeman et al. 2002), we identified 34 point sources in the
whole ACIS-I field, each with 10–192 photons.

7.1.3 Image Analysis

Figure 7.4 shows theChandra image of the NW rim of SNR RX J1713.7−3946 in the
energy range of 1–5 keV with the photon counts summed in pixels of 4′′×4′′. We extracted
the profile of photon counts from the rectangular region, summed over the vertical narrow

1For details, see http://cxc.harvard.edu/contrib/maxim/bg/
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Figure 7.2:Total event rate accumulated over the ACIS I3 chip as a function of time(left) in the
0.3–8 keV energy band(right) in the 8–10 keV energy band. Quiescent background level (8–10
keV) taken from the blank sky observations is indicated with a horizontal line.

Figure 7.3:Eneryg spectrum integrated over the ACIS I3 chip and that accumulated during the
blank sky observations (red histogram).
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dimension of the rectangle (Fig. 7.4). Figure 7.5 shows the smoothed X-ray images in the
soft 1–3 keV and hard 3–5 keV bands. The images are adaptively smoothed with the CIAO
softwarecsmooth, where the local photon counts are utilized to determine the width of
the Gaussian smoothing kernel at each position. The map of kernel widths was calculated
based on the broad 1–5 keV image. In Fig. 7.6, we show the spatial distribution of the
hardness ratio, (3–5 keV)/(1–3 keV), of the smoothed images, after corrections for the
mirror vignetting and exposure time.

Figure 7.4:(left) ChandraACIS-I image of the NW rim of RX J1713.7−3946 in the broad energy
band (1–5 keV) with the photon counts (linear scale from 0 to 15 counts) accumulated in 8× 8
pixels. The coordinates are R.A. and decl. (J2000).(right) Horizontal profile of the photon counts
(1–5 keV) for the rectangle region shown in the left panel, integrated over the vertical dimension.
Distance is in units of 4′′, from east to west.

As clearly shown in Figs. 7.4 and 7.5, dozens of compact and extended emission fea-
tures have been detected throughout this ACIS-I field. The previousASCAimage of the
NW rim now is resolved to distinctive components. In particular, chains of brightfilaments
are evident within a more diffuse and fainterplateau(see Fig. 7.5). The surface brightness
of the filaments is on average about two times higher than that of the surrounding plateau,
although the latter constitutes the bulk (∼ 80%) of the X-ray photon flux detected from the
rim region comprised of the filaments and plateau; the filament and plateau regions include
about 27 200 and 104 100 counts, respectively. The most prominent and largest filament
located near the center of the image and running from north to south, has an apparent width
of θ ' 20′′, which corresponds to linear scale of∆R ' 0.58d6 pc, whered6 is the distance
in units of 6 kpc. Adjacent to the west side of the prominent filament, there can be seen an
interesting morphology – a “void”, i.e. a dim circular region with a radius of 3′. South of
this circular void, we can see another void structure which seems to be extending beyond
the observed field.

The features mentioned above are observed both in the soft and hard images. The two
images are strikingly similar, thus implying small spectral variations across the NW rim
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Figure 7.5:Smoothed image of the NW rim of RX J1713.7−3946 in(a) soft 1–3 keV band and(b)
hard 3–5 keV band, obtained with four (each with 8.′4× 8.′4) CCD chips. The scales are in units of
counts s−1 arcmin−2. The corrections for the inter-chip gaps and vignetting have not been applied.
Brighter regions (≥ 0.05 counts s−1 arcmin−2) arefilamentsandhotspots.

Figure 7.6:The spatial distribution of the smoothed hardness ratio, (3–5 keV)/(1–3 keV), in the
NW rim, obtained by dividing the brightness map (in units of photons s−1 arcmin−2) in the 3–5 keV
energy band to that in the 1–3 keV band.
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including the filament, plateau, and dark void regions. This is quantitatively shown in
the smoothed hardness-ratio map (Fig. 7.6). At the northwest corner of the hardness-ratio
map, (presumably) outside the boundary of this SNR, enhanced hardness-ratio can be seen,
which would originate in hot optically thin thermal plasmas pervading the Galactic plane.

7.1.4 Spectral Analysis

We have examined the X-ray spectra extracted from various regions in the NW rim, as
shown in Fig. 7.7, including the filaments, plateau, and void regions. The instrumental
background components are constructed from the blank sky observations and subtracted
(see Fig. 7.3 for the blank sky spectrum). We restrict the energy interval in the range of 0.8–
7 keV for our spectral analysis, to exclude the intervals where signal-to-noise ratio is worse.
In the final spectrum, the contribution of diffuse Galactic X-ray emission to the spectra is
estimated to be about 5% and 10% for the filament and plateau regions, respectively. The
contamination has negligible effects on the spectral properties derived from these regions.
Note, however, that for the void regions, the contamination could go up to 20%.

Figure 7.7:The regions selected for the spectral analysis, overlaying the same image as Fig. 7.4.
The rectangular regions were selected for the bright filaments (1–4), plateau (5–7), and dark voids
(8–10).

Like theASCAspectrum integrated over the rims in Fig. 5.4, the spectra from individual
features can be represented asfeatureless continuum. We fit the spectrum in the 0.8–7 keV
interval individually with a power-law model taking account of photoelectric absorption
along the line-of-sight (see Eq. 5.1). We obtain statistically acceptable fits in all cases.
In Fig. 7.8, we present the energy spectra extracted from the selected regions, together
with the best-fit model. We show the spectral parameters for these regions in Fig. 7.9. It
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is demonstrated that the best-fit values of photon indexΓ and absorbing column density
2 NH are remarkably similar to each other, despite substantial brightness variations, with
average values ofΓ ' 2.3 andNH ' 0.9 × 1022 cm−2. These parameters agree fairly
well with the reportedASCAspectrum integrated over the NW rim:Γ = 2.4 ± 0.1 and
NH ' (0.81± 0.06)× 1022 cm−2 (Koyama et al. 1997).

7.1.5 Determination of the Cutoff in the Spectrum

Generally, a simple power-law function provides very convenient and meaningful
parametrizations, especially for nonthermal X-ray in limited energy intervals. However,
the synchrotron origin of X-ray emissiona priori implies the presence of spectral cutoffs
associated with the unavoidable cutoff (see§8.2) in the acceleration spectrum of parent
electrons. More specifically, in the case of SNRs the spectrum of synchrotron X-rays is
formed by the highest-energy electrons distributed in the cutoff region. Although, the cur-
rent models of diffusive shock acceleration do not provide definite predictions about the
spectral form of electron distribution in the cutoff region, anexponential cutoff is com-
monly believed to be a natural assumption. Below we will adopt a more relaxed (general-
ized) form for the electron distribution, namely

N(E) ∝ E−s exp

− (
E
Em

)β , (7.1)

with β =1/2, 1, and 2, whereEm is the maximum energy of accelerated electrons.
For this energy distribution of electrons, theδ-functional approximation gives a simple

analytical presentation for the differential spectrum of synchrotron radiation:

F(ε) ∝ ε−Γ exp

[
−

(
ε

ε0

)a]
, (7.2)

wherea = β/2, Γ = (s+ 1)/2 is the photon index andε0 is the cutoff energy. Generally,
ε0 = ζεc, where

εc ' 5.3

(
B

10µG

) ( Em

100 TeV

)2

keV , (7.3)

is the characteristic energy of synchrotron photons emitted by an electron of energyE =
Em, andζ is a parameter introduced to adapt this presentation to the results of the accurate
numerical calculations. These calculations show that forζ = 1 (but not forζ ' 0.3 as often
used in literature), Eq. (7.2) gives an adequate description of the synchrotron spectrum with
accuracy≤ 25% in a rather broad energy band, including the cutoff region (e.g., Aharonian
2000).

2Here we do not take account of the degradation of the quantum efficiency of the ACIS at lower enegies
below 1 keV caused by the molecular contamination. The absorbing column density obtained here includes
a small value ofNH = 0.05× 1022 cm−2 from the effect of the molecular contamination.
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Figure 7.8: ACIS-I energy spectra extracted from rectangular regions; namely bright filaments
(1–4), plateau (5–7), and dark voids (8–10) shown in Fig 7.7. Superposed on the data points is
histogram of the best-fit power-law model with interstellar absorption.
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Figure 7.9:Results of spectral fits with an absorbed power-law model for several selected regions:
the bright filaments (region 1–4), plateau (region 5–7), and dark voids (region 8–10). From top
to bottom panels, plotted are best-fit values (with their 90 % errors) of photon indexΓ, absorbing
column densityNH in units of 1022 cm−2, surface brightness in units of 10−12 erg cm−2 s−1 arcmin−2,
and reducedχ2

ν.
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Table 7.1: Cutoff photon energy

NW filament
Γ a ε0 (keV) χ2(ν = 127)

Γ = 1.5 a = 1 5.2+1.1
−0.8 130

a = 1/2 2.0+1.0
−0.6 131

a = 1/4 0.08+0.09
−0.04 131

Γ = 1.75 a = 1 8.4+3.4
−1.9 128

a = 1/2 5.0+5.6
−1.9 130

a = 1/4 0.44+1.8
−0.26 133

Γ = 2.0 a = 1 ≥ 12.2 · · ·

a = 1/2 ≥ 11.7 · · ·

a = 1/4 ≥ 2.8 · · ·

Therefore below we invoke the spectral presentation given by Eq. (7.2) in order to esti-
mate the allowed range for the cutoff-energy position in theChandradata. We treated the
cutoff energyε0 as a free parameter, and derived the best-fit values for different combina-
tions of fixed parametersΓ anda, namelyΓ = 1.5,1.75,2.0 anda = 1,1/2,1/4. We note
that for the standard shock-acceleration spectrum withs = 2, one should expectΓ = 1.5,
provided that the spectrum of electrons is not suffered deformation due to radiative and
non-radiative (e.g., escape) losses. However, typically the cooling time of highest energy
electrons responsible for synchrotron X-ray emission is shorter than the source age, even
for young, 1000 yr old SNRs. This leads to the spectral steepening, thus,Γ ' 2.0 (corre-
sponding tos= 3) would be a more realistic choice.

We have performed spectral fits using the model defined by Eq. (7.2) together with in-
terstellar absorption. We present the results for the spectral data of the NW filament (region
2) obtained withChandra. We have obtained good fits for each set of parameters. The best-
fit cutoff energies are presented in Table 7.1. Except fora = 1/4 (which actually implies
very slow steepening of the electron spectrum rather than a cutoff), the synchrotron cutoff
energies are high. In particular for the most realistic case withΓ = 2.0, the synchrotron
cutoff energy exceeds 10 keV.
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7.2 The Remnant of SN 1006

Prompted by the discovery of the complex structure in the synchrotron X-ray shell of TeV
SNR RX J1713.7−3946 (in the previous section), we investigate also another TeV SNR,
SN 1006, by using theChandradata, focusing on the nonthermal synchrotron component
in order to compare these two SNRs.

7.2.1 Overview of SN 1006 from Previous Studies

The supernova remnant SN 1006 is the first shell-type SNR that shows evidence of particle
acceleration to TeV energies (see§2.1.3). It is the remnant of the supernova explosion that
took place in 1006... The supernova in 1006.. is thought to be the brightest stellar
event in recorded history.

The remnant of SN 1006 was first recognized by Gardner & Milne (1965) as a limb-
brightened radio source with an almost perfect circular shape of a 30′ diameter. Radio
maps of SN 1006 (e.g., Reynolds & Gilmore 1986) show a barrel-shaped remnant that is
brightest and most limb-brightened in the northeast and southwest (Fig. 7.10).

The properties of X-ray emission in SN 1006, especially a featureless energy spectrum
(very weak emission lines above 1 keV), were quite enigmatic, leading a controversy con-
cerning the production mechanisms for the featureless X-ray spectrum (e.g., Becker et al.
1980; Reynolds & Chevalier 1981; Hamilton et al. 1986). A solution to the puzzlement
has come from observations withASCA; Koyama et al. (1995) have shown that the X-ray
spectrum of the bright rim of SN 1006 can be well modeled by a power law (together with
emission lines from OVII and OVIII ) although the spectrum of the inner part of the rem-
nant has prominent emission lines arising from a thin thermal plasma. They interpreted the
power-law type spectrum is the synchrotron radiation from electrons accelerated to ener-
gies& 100 TeV in the supernova shock. After theASCAdiscovery, several theorists (Pohl
1996; Mastichiads & de Jager 1996) predicted detectable fluxes of inverse Compton TeV
radiation from the electron population that is responsible for synchrotron X-ray emission.
Remarkably, SN 1006 has been detected as a TeV source by the CANGAROO Cherenkov
telescope (Tanimori et al. 1998) as predicted. The synchrotron-Compton emission model
— the same population of ultra-relativistic electrons is responsible for production of both
nonthermal X-rays and gamma-rays via synchrotron radiation and inverse Compton scat-
tering, respectively — provides, if correct, a robust estimate of magnetic field of∼ 6 µG,
from the flux ratio of the synchrotron X-rays and inverse Comptonγ-rays.

The estimations of the distance to SN 1006 lie in the range 1.5–2.5 kpc in litera-
tures. Most recently, Ghavamian et al. (2002) studied optical filaments of SN 1006,
which lead to a precise measurement of the shock velocity in the NW region of SN 1006,
vs = 2890± 100 km s−1. Then Winkler et al. (2002) combined their precise proper motion
measurements with this shock velocity and obtained the distance of 2.17± 0.08 kpc. We
adopt a distance of 2 kpc in this thesis.
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Figure 7.10:(left) ROSATHRI X-ray images (in gray scale with contours) of SN 1006 (Winkler
& Long 1997),(right) VLA image at 1370 MHz of SN 1006 (Reynolds & Gilmore 1986) in gray
scale, overlaid on the X-ray contours in the left panel. Taken from Winkler & Long (1997).

7.2.2 Observations withChandra

The northeastern rim of SN 1006 was observed with the Advanced CCD Imaging Spec-
trometer (ACIS) on board theChandra X-Ray Observatoryon 2000 July 10, duringChan-
dra cycle 1 (OBSID 732). The X-ray brightest portion of the remnant is covered by the
ACIS-S3 chip which has the best sensitivity and energy resolution in the low energies. The
observation time was 68.96 ks.

We have excluded the data during the time intervals when background flares occur in
each ACIS-S chip, by finding the background flares in the 7–10 keV energy band as shown
in Fig. 7.11. After data screening, the effective exposures were 62.0 ks, 56.7 ks, 62.8 ks,
and 57.7 ks for S1, S2, S3, and S4, respectively.

7.2.3 Image Analysis

The Chandra image of the eastern portion of SN 1006 in the energy range 0.3–10 keV
with the photon counts summed in pixels of 2′′ × 2′′ is presented in Fig. 7.12. The image
is not corrected for vignetting effects. Apparent discontinuities between the images of
neighboring chips are caused by a very different sensitivity at lower energies (< 1 keV)
between the back-side-illuminated (BI) chips (S1 and S3) and the front-side-illuminated
(FI) chips (S2 and S4), and also by different background levels between the BI and FI
chips. In general, the BI chips suffer higher particle background rates than the FI chips do.
At first glance, the prominent sharp filamentary structures are revealed by superb angular
resolution withChandra, particularly in the S3 chip.

Figure 7.13 shows adaptively smoothed images in the 0.4–0.7 keV and 1–2 keV energy
bands. The soft 0.4–0.7 keV image is chosen to trace the shocked thermal plasma via
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Figure 7.11:Event rate (7–10 keV) accumulated over each chip as a function of time as represen-
tative of particle-induced events. Intervals above horizontal dotted lines are discarded because of
high background rate.
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Figure 7.12:ChandraACIS-S (S1, S2, S3, S4 chips from bottom to top) image of the eastern part
of SN 1006 in the broad energy band (0.3–10 keV) with the photon counts accumulated in 4× 4
pixels.



7.2. THE REMNANT OF SN 1006 93

oxygen lines, whereas the hard 1–2 keV image is to figure nonthermal X-ray emission.
In constructing the images, we corrected for the exposure and vignetting, after adaptive
smoothing, thus resulting in theflat-fieldedimages. The selection of the energy interval
does not take account of the spatial variation of the gain across the detector.

In Fig. 7.13, it is clearly shown that the structure of the remnant significantly changes
between the two energy band. The soft X-rays distribute across the east of the remnant and
are somewhat clumpy in appearance, whereas the hard X-rays concentrate in the outer part
of the NE rim showing narrow shell-like structure. The apparent widths of the hard X-ray
shell are wider in the northeast than those observed in the east.

Striking results from theChandraview are the remarkable fine-structure in the hard
band image at the northeast, particularly very thin (on angular scales< 10′′) and smooth
ridges, namelyfilaments, aligned nearly tangentially with the outer boundaries where sharp
outer edges appear. Notably, hard X-ray (> 1 keV) emission forms not only fine filaments
but also more diffuseplateauappearance, as similar to the case (see Fig. 7.5) of the NW
rim of RX J1713.7−3946.

7.2.4 Spectral Analysis: Nonthermal Component

In Fig 7.14, we show the typical energy spectra of the outer shell in the S3 field, together
with the background component normalized by the respective extraction area. The back-
ground spectra are extracted from two different source-free regions outside the remnant in
the S3 chip. The spatial variations of the background spectra taken from the source-free
field are at most about 20% (see Fig 7.14). Even in the brightest region, the background
spectrum overwhelms the source spectrum at energies& 8 keV. We discard the energy
range above 6 keV in the following spectral analysis because of the worse signal-to-noise
ratio in that regime. Systematic uncertainties of about 20% for the background component
does not meaningfully affect our results.

We found that the energy spectra above 1 keV in the outer portion of the NE rim show
a featureless continuum, although oxygen lines are evident around 0.6 keV except for the
very periphery of the remnant. Unlike the case of the NW rim of RX J1713.7−3946, the
spectral slope of the continuum definitely varies from region to region; with a photon index
rangingΓ ' 2–3. It should be noted that the moderately flat spectra (Γ ' 2.2–2.6) found
mainly in the filamentary regions were hidden in the overall steep spectrum (Γ ' 3.0)
integrated over the entire NE rim (Koyama et al. 1995; Ozaki 1998).

Below, we presume that the power-law type spectra found in the outer NE rim are
synchrotron radiation by ultra-relativistic electrons. Here we perform the spectral analysis
for the synchrotron spectra that show a harder continuum, extracted from outer filaments,
because the thermal oxygen lines are not significant there. Figure 7.15 shows the spectra
of the X-ray emission together with the model functions (see below). Because the spectral
response of the S3 chip has relatively large uncertainties below 0.5 keV, we restricted our
spectral analysis to the 0.5–6 keV energy range; the upper bound is determined by the
cross-over between the source and the background spectrum. In order forχ2 statistics to be
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Figure 7.13:Flat-fielded X-ray images (S3 chip) of the eastern part of SN 1006 in(top) 0.4–0.7
keV band and(bottom) 1–2 keV band with an adaptive smoothing. The corrections for vignetting
have been applied. The rectangles indicate the locations of filament 1 and 2, for which we presented
the spectral analysis.
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Figure 7.14:Comparison between typical source and background spectra in the NE rim, taken
from the S3 chip data. Background-subtracted synchrotron X-ray spectra (red points), without
subtraction (black points), background spectra extracted from two different regions (blue and green
histograms).

valid, the spectra are grouped into at least 15 counts per spectral bin.

The ACIS detector suffers from an instrumental absorption (or degradation of quantum
efficiency) at lower energies below 1 keV due to the build-up contaminants on the detector.
The degree of absorption increases with time from the launch. We take account of this
absorption by including the modelacisabs into spectral fitting. We find that the interstellar
absorption, which is the only parameter affected by this inclusion, is reduced by about
0.5× 1021 cm−2.

We first fit the background-subtracted spectra by a simple power-law function with
the interstellar absorption. Secondly, as was done for RX J1713.7−3946 (see§7.1.4), we
employ the cutoff power-law model defined by Eq. (7.2), witha = 1/2. The results for the
simple power-law model and the cutoff power-law model are summarized in Tables 7.2 and
7.3, respectively. Both models can equally well describe the energy spectra in theChandra
bandpass. Indeed, despite the inclusion of the cutoff, the spectral model convolved with
the instrumental responses of these two models are quite similar in this limited energy
band. Therefore, it is difficult to investigate whether the cutoff (or continuous steepening)
is present in theChandradata, solely by the X-ray spectral fitting.

We found the absorbing column density in the rage (0.2–0.8)× 1021 cm−2. This is
consistent withROSATobservations, (0.39–0.57)× 1021 cm−2, reported by Willingale et
al. (1996) and also with Vink et al. (2000) who reported (0.88± 0.05)× 1021 cm−2 with
BeppoSAXobservations. Koyama et al. (1995), however, found a somewhat larger value of
1.8× 1021 cm−2.
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Figure 7.15:Synchrotron spectra extracted from(a) filament 1 and(b) filament 2, together with
the best-fit power-law model (red lines) and power-law with a cutoff model (blue lines). Both of
the models include the interstellar absorption along the line-of-sight, which slightly attenuates the
low-energy spectra. See Table 7.2 and 7.3 for the model parameters.

Table 7.2: Spectral fits by a simple power law

Region NH Γ F0.5−5 keV χ2(ν)
(1021 cm−2) (10−12 erg cm−2 s−1)

filament 1 0.41+0.20
−0.19 2.18+0.09

−0.08 0.52+0.04
−0.02 130.8 (150)

filament 2 0.74+0.17
−0.16 2.33± 0.07 0.78± 0.03 161.9 (168)

Note. — Best-fit parameter values and 90% confidence intervals;NH is equivalent hydrogen column density,
Γ is photon index, andF0.5−5 keV is the unabsorbed flux in the 0.5–5 keV band.χ2 is the chi-square for the
best-fit model andν is the number of degrees of freedom of the fit.

Table 7.3: Spectral fits by a power law with a cutoff

Region Γ NH ε0 K1 keV χ2(ν)
(1021 cm−2) (keV) (10−4 ph cm−2 s−1 keV−1)

filament 1 1.6 < 0.24 1.77+0.69
−0.39 2.97+0.48

−0.42 126.4 (150)

1.8 0.22+0.14
−0.16 4.01+2.70

−1.24 2.39+0.38
−0.37 127.6 (150)

2.0 0.34+0.14
−0.17 16.1+37.3

−7.8 1.92± 0.30 129.1 (150)

filament 2 1.6 0.37+0.09
−0.18 1.10+0.35

−0.14 5.63+0.67
−0.94 153.6 (168)

1.8 0.45± 0.13 2.16+0.76
−0.29 4.37± 0.57 155.1 (168)

2.0 0.57± 0.13 5.34+3.47
−1.54 3.52± 0.47 157.1 (168)

Note. — Best-fit parameter values and 90% confidence intervals;NH is equivalent hydrogen column density,
Γ is frozen photon index, andK1 keV is the normalization.χ2 is the chi-square for the best-fit model andν is
the number of degrees of freedom of the fit. The cutoff power-law model is given by Eq. (7.2), witha = 1/2.
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7.2.5 Example of Spectral Change

We found that the spectral slope of the synchrotron component varies across the eastern
rim, providing an interesting contrast to the case of the SNR RX J1713.7−3946. In order
to show the spectrum changes across the rim, for a characteristic example, we divide the
rectangular region shown in Fig. A.1(a) into several strips and then fit the spectra extracted
from these strips individually with a power law in the energy interval of 1–6 keV (Fig. 7.16).
We fixed the absorption column to the value ofNH = 0.5×1021 cm−2. It is clearly shown that
the spectrum becomes steeper towards the inner region. There is a contrast of a factor of
10 in the synchrotron X-ray flux. We should note that the X-ray emission behind filaments
drops off very rapidly, whereas radio emission drops more or less gradually.

Figure 7.16: Changes of spectral parameters along the bright filament.



98 CHAPTER 7. MULTI-TEV ELECTRONS IN SUPERNOVA SHELLS



Chapter 8

Discussion on Synchrotron X-ray
Emission

A striking result in the previous chapter is the discovery of inhomogeneous structures in the
synchrotron X-ray emission of the TeV SNRs. The brightfilamentsandhot spotsembedded
in the diffuseplateauemission, cannot be easily explained by the standard diffusive shock
acceleration theory. Surprisingly, in the SNR RX J1713.7−3946, the X-ray spectra do not
show noticeable variations over the entire rim, in spite of the strong gradient of the surface
brightness distribution. Here, we first briefly formulate the various timescales which are
important to understand the properties of ultrarelativistic electrons and their synchrotron
emission in the X-ray band. Then we discuss about the implications of the observational
results, hard power-law spectra and fine spatial structures.

8.1 Cooling and Propagation of Multi-TeV Electrons

Prior to the discovery of synchrotron X-ray emission in the NE and SW shells of SN 1006
(Koyama et al. 1995), the synchrotron emission in the radio wavelength was the only effec-
tive way to investigate the cosmic-ray acceleration in SNRs. Now the synchrotron X-ray
emission becomes a new window; growing numbers of SNRs show the signatures of non-
thermal X-ray radiation explained by synchrotron mechanism. The TeVγ-ray emissions
from SN 1006 and RX J1713.7−3946 have further provided the unambiguous evidence of
the presence of multi-TeV particles there.

In order to interpret the X-ray data of synchrotron X-radiation from multi-TeV (typi-
cally 100 TeV) electrons in SNRs, we must realize the striking, five orders of magnitude,
differences between the energies of radio-emitting electrons (typically 1 GeV) and multi-
TeV, X-ray-emitting, electrons. The behavior of multi-TeV electrons can be very different
from that of GeV electrons.

First, the cooling (via radiative energy losses) time of an electron is very different.
The synchrotron cooling time of an electron of energyEe in the ambient magnetic field of

99
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strengthB is:

tsynch ' 1250

(
B

10µG

)−2 (
Ee

100 TeV

)−1

yr , (8.1)

' 880

(
B

10µG

)−3/2 (
εsyn

3 keV

)−1/2

yr , (8.2)

where the synchrotron photon energyεsyn is the mean synchrotron photon energy emitted
by a relativistic electron with energyEe in a magnetic fieldB:

εsyn = 1.5

(
B

10µG

) (
Ee

100 TeV

)2

keV. (8.3)

While the radio-emitting electrons do not cool during the lifetime of SNRs, the X-ray-
emitting electrons must radiatively lose their energy even in a 1000-yr-old young SNR.
The synchrotron cooling of multi-TeV electrons leads to the steepening of the electron
energy distribution, from their parent acceleration spectrum (see also§2.3). Since the X-
ray synchrotron cooling time is most likely shorter than the source age, an equilibrium can
be quickly established between the TeV electron injection and synchrotron losses. This
implies that the synchrotron radiation saturates to the maximum possible rate determined
by the electron injection rate,Lsynch ' Ẇe. In other words, the kinetic energy of multi-
TeV electrons are converted into the synchrotron X-radiation with a 100% efficiency. In
this cooling regime, the synchrotron X-ray luminositydoes not dependon the strength
of magnetic field. Yet the strength of the B-field may have an impact on the position
of the synchrotron cutoff, as∝ B. (However, in the case of diffusive shock acceleration
that proceeds in the Bohm diffusion limit, this dependence also disappears as long as the
acceleration and radiation regions coincide.)

Next we consider the propagation of high-energy electrons. Although the speed of
a ultra-relativistic electron is of course almost the speed of light, the propagation speed
should be significantly suppressed owing to the magnetic fields. In particular, in the vicinity
of the sites where the diffusive shock-acceleration is effectively operating, the turbulent,
shocked plasma should confine the particles through the effective scattering by the MHD
waves within the fluid element. Then, the relativistic electrons are conveyed by the fluid
motion. The convective propagation time in the downstream of the shock front is

tconv ∼ ρL/V (8.4)

∼ 2000

(
ρ

4

) (
L
pc

) (
V

2000 km s−1

)−1

yr, (8.5)

whereρ is the shock-compression ratio,V is the shock velocity, andL is the length scale
of interest. The energy-independent convection is an important effect for delivery of low-
energy, e.g. radio-emitting, particles.
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In the case of multi-TeV electrons with a large gyroradius, diffusive (random-walk-like)
motion can be more important than the convective motion, particularly on small scales. The
diffusive propagation timescale is given by

tdiff ∼
L2

2D
(8.6)

whereD is the diffusion coefficient. The diffusion coefficient is generally highly unknown
parameter, but it is convenient to parametrize the diffusion coefficient in terms of the Bohm
diffusion coefficient

DB =
ηrgc

3
, (8.7)

whererg = Ee/eB andη ≥ 1 are the so-called gyroradius and gyrofactor, respectively.
Then, the diffusive-escape timescale is given by

tdiff ∼ L2/2DB (8.8)

∼ 500η−1

(
L
pc

)2 (
B

10µG

) (
Ee

100 TeV

)−1

yr. (8.9)

This energy-dependentescape from compact regions is another important factor for modi-
fication of the electron spectrum, which leads to the steepening of higher energy spectrum
of the electrons.

8.2 Implications of Hard Synchrotron X-ray Spectra

8.2.1 Synchrotron Cutoff Energy

We foundhard power-law X-ray spectra withΓ = 2.0–2.2 in RX J1713.7−3946 and also in
SN 1006. The derived hard power-law spectra of synchrotron X-rays imply that the electron
acceleration continues effectively to≥ 100 TeV, unless we assume very strong magnetic
field exceeding 100µG. Even so, as we explain below, independent of the strength of
magnetic field, the standard shock acceleration theory predicts a cutoff in the spectrum of
synchrotron radiation around 1 keV or below, and correspondingly – steep X-ray spectra.

In the framework of diffusive shock acceleration model, the synchrotron cutoff energy
is set by the conditionacceleration rate= synchrotron loss rate. Note that the radiative
energy losses of relativistic electrons in the environment with magnetic field exceeding
3 µG is dominated by synchrotron cooling (taking into account that the electron cooling
on the diffuse galactic optical and infrared radiation fields is significantly reduced due to
the Klein-Nishina effect). The synchrotron cooling time of an electron of energyEe in the
ambient magnetic field of strengthB is

tsynch= 1.25× 103
( Ee

100 TeV

)−1 (
B

10µG

)−2

yr . (8.10)
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The diffusive shock acceleration time (see e.g. Malkov and Drury 2001) can be written,
with accuracy of about±50 %, in a simple formtacc = 10D/V2, whereD is the diffusion
coefficient in the upstream region, andV is the upstream velocity into the shock. If one
requires acceleration of particles to highest energies allowing synchrotron radiation up to
X-ray energies, we must assume that the diffusion proceeds in the so-called Bohm diffusion
regime. Therefore we parametrize the diffusion coefficient in terms of the Bohm diffusion
coefficientDB = ηrgc/3, whererg = Ee/eB andη ≥ 1 are the so-called gyroradius and
gyrofactor, respectively. The valueη = 1 implies the smallest possible value of the diffusion
coefficient, and correspondingly the shortest possible acceleration time,

tacc≈ 2.7× 103
( Ee

100 TeV

) ( B
10µG

)−1 (
V

2000 km/s

)−2

η yr . (8.11)

From Eqs. (8.10) and (8.11) we find the maximum energy of accelerated electrons,

Em ≈ 67

(
B

10µG

)−1/2 (
V

2000 km/s

)
η−1/2 TeV . (8.12)

Now, substitutingEm from Eq. (8.12) into Eq. (7.3), we find that the synchrotron cutoff

energy depends only on the shock speed and the gyrofactor,

ε0 ≈ 2

(
V

2000 km/s

)2

η−1 keV . (8.13)

This simple treatment does not tell us much how far the electron spectrum can be ex-
tended beyondEm, and correspondingly how looks like the synchrotron spectrum in the
cutoff region aroundε0. The assumption that the electron acceleration spectrum is de-
scribed by the “canonical” Eq. (7.1) is indeed a rough approximation. In fact, the highest
energy electrons from the cutoff region may have more complicated distributions, which,
for example, may contain a pronounced pile-up just proceeding the cutoff (e.g. Melrose &
Crouch 1997). However, this may only shift the position of the synchrotron cutoff to lower
energies (Aharonian 2000). Finally, we should note that the position of the synchrotron
cutoff given by Eq. (8.13) should be considered as an absolute upper limit because it does
not take into account other possible losses.

We compare the radiative loss timescale of ultra-relativistic electrons with the accel-
eration timescale at a given synchrotron photon energy (Fig. 8.1,left panelfor ε = 3 eV
andright panelε = 3 keV). The radiative losses include the synchrotron and also the IC
mechanism. The latter becomes dominant below 3µG. The acceleration time is shown for
V = 2000 km s−1 andη = 1. At optical regime (ε = 3 eV), the acceleration time is much
shorter than the radiative loss time. On the other hand, at X-ray regime, (ε = 3 eV), the
acceleration time becomes comparable to , even longer than, the radiative loss time. Both
timescales have the same dependency of the magnetic field strength,t ∝ B−1.5. In Fig. 8.1,
we also show the escape timescale given bytesc≡ (t−1

conv+ t−1
diff)
−1.
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Figure 8.1:Timescale of radiation losses and escape losses of high-energy electrons, together with
the acceleration timescale by the diffusive shock acceleration.(left) optical regime, and(right)
X-ray regime.

8.2.2 Difficulty in Explaining the Observed Spectra

Our analysis in the previous chapter indicates that the synchrotron cutoff in the nonthermal
X-ray spectra observed from RX J1713.7−3946 is, most likely, located above 10 keV. In-
deed, the hardest power-law spectrum withΓ = 2.05± 0.06 obtained from the NE rim of
RX J1713.7−3946 is in good agreement with the synchrotron spectra from loss-steepened
electron distribution (i.e.p = s+ 1 = 3 for the canonical acceleration indexs = 2) that
is still free from the gradual steepening by the high-energy cutoff. From the unavoid-
able theoretical cutoff described by Eq. (8.13), the high cutoff energy of 10 keV requires
Vs & 5000η1/2 km s−1 which for any reasonable shock speed in RX J1713.7−3946 is quite
a tough condition and hardly could be fulfilled even when the acceleration proceeds in the
extreme Bohm diffusion regime (η = 1).

A possible solution to this difficulty could be found if one assumes that the electron
acceleration and radiation regions are effectively separated. Indeed, assuming that the ac-
celeration takes place in sites of low-magnetic field, then the electrons quickly escape the
acceleration region, enter into regions with significantly enhanced magnetic field, and there
produce the bulk of the observed X-ray flux with a synchrotron cutoff well above 1 keV.

Otherwise, one should invokefaster (yet unknown) electron acceleration than the stan-
dard shock-acceleration model provides,in order to account for the observed hard syn-
chrotron X-ray spectra. We may need some non-trivial modifications for the standard ac-
celeration theory in SNRs.

Yet another possibility to avoid the difficulty would be if the electrons are of secondary
(π±-decay) origin produced at interactions of accelerated protons and ions with the ambi-
ent gas. This hypothesis requires very strong magnetic field and acceleration of protons to
energies≥ 1015 eV. Such a model recently was suggested by Bell & Lucek (2001). This
hypothesis implies very hard spectrum ofπ0-decay TeVγ-rays with energy flux compa-
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rable to the energy flux of synchrotron X-ray emission. Therefore, the “hadronic” origin
of electrons would be turned down, if the TeVγ-ray spectrum indeed breaks at sub-TeV
energies as has been claimed by Enomoto et al. (2002).

Some filaments (and a hotspot) in SN 1006 also show hard synchrotron spectra. Since
this remnant is young and the hard spectra are found only in very compact regions, we
cannot claim convincingly the cutoff energy as high as 10 keV. Even so, the cutoff around
1 keV requires the shock-acceleration should proceed close to the Bohm limit ofη = 1.

8.3 Implications of Filament–Plateau Structure

A remarkable feature found both in RX J1713.7−3946 and SN 1006 is the bright filaments,
together with fainter plateaus, embedded in the synchrotron X-ray shell. In the case of
RX J1713.7−3946, the spectral shapes are quite similar amongst these features despite
strong brightness variation. On the other hand, in the case of SN 1006, we found the
significant change of spectral slope. In what follows, we argue possible implications from
these results.

8.3.1 The Case of RX J1713.7−3946

Bright features like the filaments and hotspots are formally due to a local concentration of
the electron density and/or a local enhancement of the magnetic field. At first glance, it is
possible to relate the bright compact features simply to the enhancement of the magnetic
field. In the (most likely) cooling regime when the synchrotron cooling time is less than the
source age, the synchrotron X-ray luminosity does not depend on the strength of magnetic
field. Therefore, the brightness variations across the remnant on large scales, giving rise to
the bright NW, NE, and SW shells, are attributable to inhomogeneous spatial distribution
of the injection of high-energy electrons. The brightness variations on small scales, such as
bright filaments, would also be ascribed to the inhomogeneous injection, although the es-
tablishment of equilibrium is unclear. Furthermore, since the propagation speed in different
parts of the rim could be very different depending on the magnetic field and the developed
turbulence, we should expect significant spatial variation of the density of particles even in
those cases when they are injected into the rim almost homogeneously. The acceleration
of electrons in selective regions of the rim would make the X-ray synchrotron image of the
rim even more irregular and clumpy.

In this context, it is interesting to examine whether the bright filaments/hotspots can
be ascribed to, first of all, the enhanced production of ultra-relativistic electrons there.
Note that the NW portion of the remnant where the X-ray luminosity and consequently
the injection power are largest, involves many prominent filaments/hotspots. This may
encourage the idea that the filaments are the supplier of multi-TeV electrons.

We leave the question concerning the acceleration mechanism unspecified here. Given
the irregular appearance of the filaments/hotspots, it would not be straightforward to pre-
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sume the association between the shock front and the filamentary structure, and conse-
quently the shock-acceleration there. In addition, as mentioned in§8.2.2, the standard
acceleration theory cannot give a satisfactory explanation of the hard power law. The ques-
tion of the nature of the mechanism of particle acceleration is beyond the framework of
this thesis. Therefore we will adopta priory an acceleration spectrum extending well be-
yond 100 TeV at the presence of relatively large field – a condition dictated directly by the
X-ray observations – and explore the spectral and spatial features of synchrotron radiation
associated with the propagation effects of electrons in the rim.

To simplify the problem, and to clarify the basic relations, here we adopt a “two-zone”
model applied earlier to SN 1006 by Aharonian & Atoyan (1999). This model takes into
account the effects related to the diffusive and convective escape of electrons from one
homogeneous region (zone 1: acceleration site, i.e. filaments) to another (zone 2: the rest of
the rim, i.e. plateau, where electrons coming from zone 1 are accumulated without escape)
with essentially different physical parameters such as magnetic field, diffusion coefficient,
etc., and gives time-dependent solutions for energy distributions of electrons in both zones.
In the Chandraimage of the NW rim, the classification of the filament/hot-spot (zone 1)
and plateau (zone 2) regions is based on the surface brightness. The overall (integrated over
the volumes) fluxes in the 2–10 keV band are estimated to be 1.1× 10−11 erg cm−2 s−1 and
4.2× 10−11 erg cm−2 s−1 for zone 1 and 2, respectively. Figure 8.2 shows the X-ray spectra
from zone 1 and 2 characterized by a power-law function with a photon indexΓ = 2.2.
Below, we try to reproduce the observed fluxes and spectra of synchrotron X-rays from the
filament and plateau, simultaneously, in the framework of the “two-zone” model, in order
to examine the “filaments/hot-spots= accelerator” scenario.

For the case of an old (τ0 = 10 000 yr) and distant (d = 6 kpc) SNR, we found that
a satisfactory fit is possible assuming strong and similar magnetic fields in the filaments
and plateau,Bfil = Bpla = 50µG. Since the strong magnetic field implies fast synchrotron
cooling, in order to get large X-ray fluxes from the plateau we should require an adequately
fast escape of electrons from the filaments, namelytdiff < tsynch, or η > 16 (Bfil/50µG)3d2

6.
In Fig. 8.2a we assumedη = 83 andtconv = 1000 yr. The X-ray slope of the filament is ex-
plained by synchrotron radiation from thediffusive-escape-steepeneddistribution of high-
energy electrons, while that of the diffuse plateau – from thesynchrotron-loss-steepened
distribution. The derived parameters lead to quite similar X-ray spectra for two zones. The
total energy of electrons accumulated in the plateau,Wpla = 4.2 × 1047 erg, appears one
order of magnitude larger than that in the filaments.

On the other hand, if the SNR is much younger (τ0 = 1000 yr) and closer (d = 2
kpc), a good fit is possible assuming that the magnetic field is stronger in the filaments,
namelyBfil = 20µG, but weaker in the plateau,Bpla = 6µG. Since in this case the diffusive
escape is very fast (tdiff ∝ ∆R2 ∝ d2), we must assume Bohm diffusion regime,η = 1, in
order to keep electrons within the filaments. We also assumetconv = 500 yr. Due to the
smaller magnetic field in the plateau region and the smallτ0/tconv ratio, the radio emissivity
of the plateau is considerably suppressed. The radio flux coming from the NW rim region
plotted in Fig. 8.2 should not exclude this model because the population of radio-emitting
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Figure 8.2:Multiwavelength synchrotron (solid lines) and IC (dashed lines) spectra of the fila-
ments and the plateau regions calculated within the “two-zone” model, assuming that the electron
acceleration takes place in the filaments. The ATCA flux of 4 Jy at 1.36 GHz (square) is from El-
lison et al. (2001). The X-ray spectra from the filaments and the plateau region are from this work,
and the TeVγ-ray flux is from the CANGAROO observations (Enomoto et al. 2002). The EGRET
upper limit corresponds to 3EG J1714−3857 (Butt et al. 2001). The following parameter sets have
been used in calculations:a) τ0 = 10 000 yr andd = 6 kpc. tconv = 1000 yr. Acceleration spectrum
of electrons with the spectral indexs = 1.84, exponential cutoff at E0 = 125 TeV, and acceleration
rateL = 2.8 × 1036 erg s−1. Bfil = Bpla = 50µG andη = 83. b) τ0 = 1000 yr andd = 2 kpc,
tconv = 500 yr,s = 1.95, E0 = 200 TeV, andL = 1.6× 1037 erg s−1. Bfil = 20µG, Bpla = 6µG and
η = 1.
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electrons and that of X-ray-emitting electrons could be very different; the high quality data
of the radio fluxes would be needed prior to definitive conclusions.

Modeling of the observed synchrotron X-ray emission is crucial for predictions of the
spatial and spectral distributions of the associated ICγ-rays produced by the same electrons
upscattering 2.7 K CMBR. In Fig. 8.2 we also present the IC spectra from the filaments and
the plateau. In both cases, we found that it is quite difficult to reproduce the flux and spectral
shape of TeVγ-rays reported by the CANGAROO collaboration, in the synchrotron-IC
model.

It should be noticed that the time-dependent treatment of the problem requires very
effective acceleration of electrons. The exponential cutoffs in theacceleration spectrum
were assumed at 125 TeV (casea) and 200 TeV (caseb) in order to fit the X-ray data. As it
follows from Eq. (8.12) these assumptions hardly could be accommodated by the standard
diffusive shock acceleration model.

8.3.2 The Case of SN 1006

In the case of SN 1006, it is quite natural to relate the outermost filaments to the shock front
of the blast wave. Furthermore, since X-ray emission behind the brightest filament drops
off much faster than the radio emission, an enhanced magnetic field strength alone can
not explain the compact filamentary structure observed in the X-ray band, and the density
of multi-TeV electrons should be high in the bright filaments compared with the fainter
regions like the plateau. Thus it seems reasonable to assume that the bright filaments are
the sites of shock-acceleration.

The steep X-ray spectrum in some filaments is considered to represent the emission
from highest energy electrons around cutoff energy. The standard theory of shock accelera-
tion does not convincingly tell us how looks like the spectral shape and spatial distribution
of electrons in the cutoff regime. Nevertheless, as we briefly describe below, one can expect
that highest energy electrons would be observed essentially only in their birthplace.

A diffusion length (in the downstream region) is defined by:

LD ≡ D/v2 = ρD/V . (8.14)

Note that the diffusion length is a spatial scale where the diffusive escape time and convec-
tive escape time becomes equal,

tdiff

∣∣∣L=LD ≈ tconv

∣∣∣L=LD (8.15)

(more specificallytdiff = tconv/2 with our definitions).
In the framework of diffusive shock acceleration, the acceleration timescale can be

obtained by:
tacc≈ tdiff or conv

∣∣∣L=LD . (8.16)

Diffusively-accelerating particles should be distributed within a diffusion length from the
shock front. If the maximum energy by the shock acceleration mechanism is limited by
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the source age, all highest-energy electrons we observe would be still accelerating and thus
can be distributed as far as one diffusion length from the shock front. This interpretation
is adopted by Bamba et al. (2002). On larger scales thanLD, the diffusive escape is an
unimportant factor to determine the energy and spatial distributions of partilces.

If the acceleration of maximum energy electrons is limited by the synchrotron losses,
tacc

∣∣∣E=Em = tsynch

∣∣∣E=Em , the high-energy electrons around maximum energies lose their
energies via synchrotron radiation within one diffusion length. Therefore, again, the highest
energy electrons are found only in the immediate vicinity of the shock front owing to the
fast synchrotron losses, whereas low-energy (e.g. radio-emitting) electrons move far away
through convective motion.

With these considerations, the observational fact that the bulk of synchrotron X-rays
from highest-energy electrons seen in theChandra image of SN 1006 comes from the
plateau-like regions particularly in the northeastern part of the remnant, might challenge
the standard picture of the diffusive shock acceleration.



Chapter 9

Conclusions

We studied sub-relativistic and ultra-relativistic components of cosmic rays in shell-type
SNRs using X-ray observations withASCAandChandra. Based on the analysis of three
SNRs,γ Cygni, RX J1713.7-3946, and SN 1006, we arrived at the following two main
conclusions.

(1) We have discovered flat spectrum X-ray emission from several localized clumps in
the northern part of the SNRγ Cygni, and from AX J1714.1−3912 at north of the SNR
RX J1713.7-3946, with theASCAandChandraX-ray observatories. The energy spectra
are described by a power law with a photon index ofΓ . 1.5 for the hard X-ray clumps in
γ Cygni andΓ = 1.0± 0.2 for AX J1714.1−3912.

Both the absolute flux and the spectral shape of the nonthermal X-rays cannot be ex-
plained by the synchrotron or inverse-Compton mechanisms. Unusually flat spectrum ob-
tained from these sources can be best interpreted in terms of characteristic bremsstrahlung
emission from the Coulomb-loss-flattened distribution of either sub-relativistic protons or
mildly-relativistic electrons, in the dense environs. Characteristic X-ray spectrum we dis-
covered from these SNRs provides us a new diagnostic tool to study the largely-unknown
component of cosmic rays in the Galaxy.

(2) The Chandra image has revealed that the synchrotron X-ray emission from the
northwestern rim of SNR RX J1713.7−3946 has remarkable fine-structure: the complex
network of synchrotron X-ray filaments surrounded by fainter diffuse plateau. By examin-
ing individual spectra, we found that despite significant brightness variations, the spectral
shapes of the X-ray spectra everywhere in this region are more or less similar, being well
fitted with a power-law model of photon indexΓ ' 2.3.

The observed hard power law requires rather high synchrotron cutoff energy, set by the
condition “acceleration rate= synchrotron loss rate”, which is most likely to be& 10 keV
taking account of the effects of spectral steepening due to synchrotron losses. We need
unreasonably high shock speed exceeding 5000 km s−1 to explain such a high cutoff en-
ergy within the standard formalism of the diffusive shock acceleration model. A possible
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solution to this difficulty could be obtained if one assumes low magnetic field in the accel-
eration sites, and high magnetic field in the emission regions. Otherwise we should invoke
faster, as yet unknown, electron acceleration mechanism.

The Chandra image of the synchrotron X-ray component of the northeast rim of
SN 1006, that is another “TeV SNR” , also shows similar fine structures such as thin fila-
ments and diffuse plateau.Chandraenable us, for the first time, to extract energy spectra
from many individual components like bright filaments and plateaus. We found that the
spectral shape has variations across the rim. In particular, we found harder power-law
(Γ ' 2.1–2.5) spectra from the filamentary regions. Provided that the synchrotron X-ray
emission is due to the highest energy end of the electron distribution, the nonthermal X-ray
fluxes of the plateau regions of SN 1006 cannot be easily explained by the standard picture
of diffusive shock acceleration.



Appendix A

Some Curious Features in SN 1006

A.1 Sharp Filament and Edge

Bamba et al. (2002) has reported detailed study on the one-dimensional structure of the
filaments. They characterize the spatial structure of the filaments by an exponential rise
and exponential drop. We also extract one-dimensional profiles of the X-ray emission from
some selected regions shown in Fig. A.1. Since we are concerned with the synchrotron X-
ray emission in the filaments, we constructed the profile in the 1–4 keV band. Figure A.2
displays the profiles of the filaments. The morphology of the filaments seems to be com-
plex. The smallest scale structures are thin filaments with a thinness of 5′′, and as is noted
by Bamba et al. (2002), extremely sharp turn-on of the X-ray emission at the remnant out-
ermost edge, with as small as 2′′ scales, implying that the synchrotron emissivity rises in
less than 0.02 pc. We can see extremely rapid turn-on of synchrotron X-ray emission at the
remnant’s outer edge in the brightest quadrant.

Figure A.1: Selected regions for extraction of one-dimensional profiles.
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Figure A.2: One dimensional plots of brightness (photon counts in 1–4 keV) for the rect-
angle region shown in Fig. A.1, averaged over the narrower dimension.
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A.2 Break Out Morphology

We found extremely intriguing structures at the outer boundary of the SE rim – “break out”
– as shown in Fig. A.3. The spectra of these regions are the mixture of thermal component
and the non-thermal component, suggesting the very active interactions of ultra-relativistic
particles are taking place. Multi-TeV electrons might be blown up from the shock surface
there.

Figure A.3:ChandraACIS-S image of the NE rim of SN 1006 in the 0.4–2.0 keV band.
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