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ABSTRACT

Thin nonthermal X-ray filaments are often seen in young supernova remnants. We used data from the 1 Ms
Chandra observation of Cassiopeia A to study spectral properties of some of the filaments in this remnant. For all
the cases that we examined, the X-ray spectrum across the filaments hardens, at about 10% level, going outward,
while observed filament widths depend only weakly on the photon energy. Using a model that includes radiative
cooling, advection, and diffusion of accelerated particles behind the shock, we estimated the magnetic field, turbu-

lence level, and shock obliquity.
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1. INTRODUCTION

Young supernova remnants (SNRs) have long been thought
to be the main source of galactic cosmic rays (Shklovskii 1953).
Evidence for the existence of high-energy electrons in SNRs
first came with the detection of nonthermal emission in the
radio and later in X-rays (e.g., Koyama et al. 1995; Bamba
et al. 2000; Slane et al. 2001). With the use of the Chandra
X-Ray Observatory, detailed images of SNRs have revealed very
thin structures (Long et al. 2003) near the forward shock. The
spectral and spatial properties of such structures, often referred
to as filaments, are consistent with synchrotron emission from
highly relativistic electrons. High-energy protons and nuclei
are also believed to be produced within SNRs, although no
direct evidence has been conclusively found. However, a recent
analysis of the Fermi-LAT spectrum of the SNR W51C suggests
that the main component of emission in the GeV band from this
object is produced through interactions of high-energy hadrons
(Abdo et al. 2009).

In SNRs, charged particles may gain energy by repeatedly
crossing the shock (Bell 1978b; Blandford & Ostriker 1978;
Drury 1983). The process is thought to be facilitated by scatter-
ing off magnetic turbulences downstream and magnetic irreg-
ularities upstream (Blandford & Eichler 1987). Such diffusive
shock acceleration (DSA) naturally leads to a power-law distri-
bution of particles, which is seen for cosmic rays. However, little
is known about the precise nature of the magnetic turbulences.
The scattering of particles by circularly polarized MHD waves
with a frequency equal to the gyrofrequency of the particles re-
sults in diffusion (Blandford & Eichler 1987). Quantifying the
magnetic diffusion, therefore, offers a way to probe the turbulent
wave spectrum in SNRs.

Many issues regarding DSA are still unresolved (for a
summary, see Reynolds 2008, and references therein). For
instance, some of the observed electron spectral distributions
have indices that are either too high or too low to be accounted
for by the mechanism of DSA alone and may require that
other effects be considered, such as nonlinear processes (for
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example, the deceleration of the incoming fluid with respect
to the shock (Eichler 1979) or the excitation of MHD waves
by the accelerated particles themselves (Bell 1978a)), as well
as the effects of second-order Fermi acceleration (Ostrowski &
Schlickeiser 1993).

The injection problem is another unresolved issue. One of
the requirements of DSA is that particles have enough initial
energy to be able to pass through the shock without being
significantly deflected and, therefore, that their gyroradii be
greater than the shock thickness. Since the electron gyroradii
in the thermal plasma of SNRs are typically smaller than the
shock thickness, this poses a problem for explaining the initial
acceleration mechanism for these particles (for a discussion on
this problem, see Malkov & Drury 2001).

The understanding of DSA requires knowledge of magnetic
field. There is evidence for magnetic field amplification in SNRs
(Berezhko et al. 2002; Vink & Laming 2003; Berezhko & Volk
2004) with respect to pre-existing ambient field. A mechanism
for explaining such amplification has been treated for the case
where the magnetic field is parallel to the shock normal (i.e., with
an obliquity angle of zero, see Bell & Lucek 2001), although
much is still unknown about the possible dependence of this
amplification with obliquity angle, shock speed, or composition
of the upstream medium.

Another feature of shock acceleration that has been debated
is the so-called shock precursor, a region supposedly formed by
scattering of high-energy particles upstream of the shock. Since
DSA requires that particles cross the shock back and forth it is
possible that particles with very high energy scatter in a region
ahead of the shock. It is expected that the scale of the precursor
will depend on properties such as the particle density and the
diffusion coefficient. The existence of such a precursor is still
debated and its properties are largely unknown (Ellison et al.
1994).

To gain insights into some of these unresolved issues, we
studied X-ray synchrotron emission from Cassiopeia A (Cas A),
a young SNR with an age of approximately 300 yr (Hughes
1980). Much has already been learned about this remnant, from
the identification of the forward and reverse shocks (Gotthelf
et al. 2001) to the measurements of the magnetic field (Vink
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Figure 1. Exposure-corrected image of Cas A in the 0.3-10 keV energy
range. The selected nonthermal filaments are indicated, along with source and
background regions for spectral extraction.

(A color version of this figure is available in the online journal.)

& Laming 2003) as well as the observed proper motion of
the forward shock (DeLaney & Rudnick 2003; DeLaney et al.
2004; Patnaude & Fesen 2009). The expansion rate of the SNR
seems to be lower than expected, due probably to more efficient
particle acceleration (Patnaude & Fesen 2009) or to a more
complicated density profile of the ambient medium (Hwang &
Laming 2009). As will be seen, our analysis does not allow us to
draw conclusions regarding these possibilities, partly because it
only deals with the leptonic component of cosmic rays in Cas
A, and partly because we do not consider the dynamics of the
expansion.

In this work, we used data from the 1 Ms exposure on Cas
A with Chandra (Hwang et al. 2004) to carry out a detailed
spectral analysis of nonthermal filaments in the outermost region
of the remnant. Specifically, we are interested in the energy
dependence of the width of the filaments and spectral variation
across them. In the context of advection and synchrotron
radiative cooling, the widths are expected to decrease with
increasing energy and the spectrum softens going downstream.
However, diffusion may significantly modify the behaviors.

2. THE OBSERVATION

We extracted spectra from nine nonthermal filaments of
Cas A from the archival Chandra 1 Ms observation, taken with
the backside-illuminated S3 CCD chip of the Advanced CCD
Imaging Spectrometer (ACIS). The observation consists of nine
segments, the first was taken in 2004 February and the rest
between 2004 April and May (see Hwang et al. 2004). For our
analysis, we used level 2 archival data products and reduced the
data with the standard Chandra software package CIAO v3.4
and Chandra calibration database (CALDB) version 3.5.2. Data
were accumulated in GRADED mode to avoid telemetry loss,
therefore the effects of charge transfer inefficiency in the spectra
cannot be corrected. This loss of charge affects the measured
pulse-height distribution and the energy resolution, although the
effect is small for the backside-illuminated CCDs (Townsley
et al. 2000).
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Figure 2. Linear intensity profile of Filament 5 in the energy band 0.3-10 keV.

The top panel shows a Chandra image of the filament with the inner and outer
regions labeled and the position of the shock indicated.

(A color version of this figure is available in the online journal.)

The image of Cas A, shown in Figure 1, was obtained by
combining events in the energy range of 0.3 to 10 keV and
then correcting the count map by effective exposures. Since
the effective area is energy dependent, weighted exposure
maps were calculated at different energies and combined. We
focused on regions that had previously been identified as being
nonthermal (Stage et al. 2006) and been thought to be associated
with the forward shock (Gotthelf et al. 2001). However, due
to low statistics (even with a 1 Ms exposure), faint filaments
mainly located in the western and eastern sides of the remnant
were not included in the analysis. The image also shows the nine
filaments chosen for this work along with off-source regions for
background estimates.

2.1. Dividing the Filaments

Each of the nonthermal filaments was divided into an “inner”
and an “outer” region, with the “inner” region being closer to
the interior of the remnant. The division between the inner and
outer regions for each filament was set at the peak of its linear
intensity profile. This division made it possible for us to quantify
the difference in the spectral properties of the radiation emitted
by the electrons at different locations. One may naively attribute
the difference to the fact that electrons in the inner region have
had more time to evolve after interacting with the forward shock
than the electrons in the outer region. However, as we will show,
there seems to be a fair amount of mixing, implied by the inferred
diffusion coefficients.

As an example, Figure 2 shows the linear profile of Filament
5 (for the 0.3—10 keV band). This profile was obtained from a
1’5 x 679 region running perpendicular across the filament with
a bin size of 0”5. The top panel shows the division between the
inner and outer emitting zones.

2.2. Energy Dependence of Filament Widths

The widths of each filament in different energy bands were
estimated. In order to quantify the width of a linear profile,
we fitted the profile around the peak with a Gaussian function,
as shown in Figure 3. The results of the fits are summarized
in Table 1. No strong dependence of the widths on energy is
apparent.
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Figure 3. Linear profiles of the filaments near the peak, for three energy bands
(from top to bottom): 0.3-2.0 keV, 3.0-6.0 keV, and 6.0-10.0 keV. The solid
lines show the best-fit Gaussian functions.

Table 1
Widths of Linear Profiles of Nonthermal Filaments
Filament 0.3-2.0 keV 3.0-6.0 keV 6.0-10.0 keV
1 1.58+0.0% 1.234007 1.244941
2 149991 Lo7 12597
3 1.4619% 1.03+0.97 1.08+94L
4 2.34+020 1.64+926 1.65%3%,
5 0.95+9.9, 0.78+9.% 0.77+91%
6 1.2840.0% 0.98+008 12541,
7 1.357008 1.0874% 1.267%%
8 L1075, 0.92:90% 0.929%,
9 201924 1507 174,

Note. Error intervals at the 90% confidence level and widths are in arcseconds.

We should note that the overall linear profiles of the filaments
are highly non-Gaussian (see, e.g., Figure 2). Nevertheless, we
think that the derived Gaussian widths reflect fairly accurately
the widths of the filaments.

2.3. Spectral Evolution of Filaments

To carry out the spectral analysis, we reprojected the event
2 files to a common tangent point and used the CIAO tool
acisspec to extractevents between 0.3 keV and 10 keV from each
region shown in Figure 1, calculate weighted auxiliary response
functions, and combine the spectra from the individual segments
of the observation. Consistent calibration was used separately
to produce the exposure-weighted responses by applying time-
dependent gain corrections appropriate for —120°C GRADED
mode data on the back-illuminated S3 chip. After the individual
files were combined, we binned each spectrum such that each
bin contained at least 100 counts and proceeded to individually
model them with XSPEC version 11.3.2 (Arnaud 1996).

All spectra show, with varying degrees of prominence, the
presence of emission lines (see Figure 4), indicating the exis-
tence of thermal photons in the regions. For most cases, we
added two Gaussian components to model the lines at around
1.85 and 2.38 keV, which we attribute to Si K x111 and S K xv,
respectively. Other weaker lines also appear to be present in
some filaments. Filaments 5 and 6 show two additional lines
at 1.3 keV and 1.0 keV, most likely associated with Mg x1 and
Fe xx1, respectively. Filament 9 also shows the line at 1.0 keV.

Vol. 714
Table 2
Best-fit Spectral Power Laws
Filament Inside Outside
y? Norm?  x?2/dof° y? Norm?  x2/dof°
1 249701 458 045 24171 283 0.45
2 2593, 2.0l 061 2169 3.6l 0.34
0.09 X
3 251190 685 046 216711 338 0.42
4 3.0%% 2.54 0.84  2507%13 358 0.45
5 2714915 398 040 2557k 521 0.45
6 3.8 8.19 036  2.997%13  6.07 0.43
7 264712 522 035 2497918 246 0.50
8 2.89%015 733 042 2617918 548 0.43
9 2517926 477 043 2317948 198 0.51

Notes. Error intervals at the 90% confidence level.

2 Power-law index.

b power-law normalization, in units of 10™> photons keV~! cm? s.
¢ Reduced chi-squared of the fit.

The inner and outer extraction regions have a typical exten-
sion of about 7” each, which corresponds to a physical size of
roughly 0.1 pc (assuming a distance of 3.4 kpc to the remnant;
see Reed et al. 1995). The regions for Filaments 2 and 5 are
smaller (4” and 3", respectively) since there seems to be a con-
siderable amount of thermal emission in these areas. To assess
possible “contamination” from thermal emission, we also ex-
perimented with thinner extraction regions for each filament as
well as on-source background regions. In the first case, we failed
to remove the lines seen, while in the second one it becomes
difficult to determine the appropriate locations of background
regions necessary to avoid subtraction of nonthermal photons.
The resulting lack of statistics after the subtraction generally
does not allow to carry out a satisfactory analysis of the non-
thermal X-rays. It is possible that the thermal and nonthermal
emissions are cospatial, but we do not rule out that the detection
of thermal photons might be due (at least partly) to scattered
X-rays.

The photon spectra of all filaments were satisfactorily fitted
with an absorbed power law, with indices ranging from 2.2 to
3. Figure 4 shows the spectral fits, as well as residuals, for both
the inner and outer regions of each filament. The results are
summarized in Table 2.

Although in most cases the error intervals of the photon
indices for the inner and outer regions overlap, we note that
the spectrum of the inner region is in general softer than that
of the outer one. The difference in photon indices between the
inner and outer regions is on the order of 10%.

The hydrogen absorption column values obtained from the
fits are typically (0.7-0.9) x 10?> cm~2 in all regions except
for a larger value of 1.3 x 10?> cm™2 found for Filament 8, at
the western edge of the remnant, where it is believed that it is
interacting with a molecular cloud (Keohane et al. 1996).

3. THEORETICAL MODELING

We developed a model to explain the observational results.
The model takes into account synchrotron radiative losses
and diffusion of particles in the forward shock region. We
assumed that the injected particles follow a power-law spectral
distribution with index I" and the particle spectrum subsequently
evolves.

We approximated Cas A as a sphere with radius R = 10" cm
(Reed et al. 1995). The nonthermal emission is assumed to come
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Figure 4. Spectra of the inner and outer regions of nonthermal filaments. The solid lines show the best power-law fits to the spectra. The residuals of the fits are also

shown.

from a thin shell near the edge of the sphere and integrated
along the line of sight. The evolution of the nonthermal electron
distribution is given by the diffusion-loss equation. We used
the solution derived by Syrovat-skii (1959), but also included
the advection process. For Cas A, the advection speed of the
plasma downstream of the shock is V,g, = 1300 km s1, equal
to the shock speed Vi, divided by a shock compression ratio
of 4 (Vg ~ 5200kms~'; Vink et al. 1998). This value agrees
with X-ray Doppler shift measurements, which imply a velocity
relative to the shock of about 1400kms~' (Willingale et al.
2002).

We note that we neglected energy loss due to adiabatic
expansion, because it is expected to have little effect on the
distribution of particles in thin filaments. Similarly, energy
losses due to Bremsstrahlung radiation and inverse Compton
are not considered, since the synchrotron loss is expected to
dominate. To derive analytical solutions, we approximated the
synchrotron radiative power for an electron as

P,(y) = (o7cB*y?/6m)8(v — v,), (1

where v, = 3gBy?/4mmc = 3v.y?/2, and v, is the Larmor

frequency; here, y is the Lorentz factor of the particle, m is its
mass, ¢ is its charge, and B is the magnitude of the magnetic field.
We will discuss the effects of this approximation in Section 5.

We assumed that all of the emission originates behind the
shock, where the magnetic field is believed to be amplified with
respect to the ambient field. The diffusion coefficient was taken
as

mcly

3gB’

D(y) =« 2

where k is a proportionality constant to be determined. The
case when « = 1 is referred to as Bohm diffusion. Other types
of diffusion are also being studied, including Kolmogorov and
Kraichnan turbulences (Kolmogorov 1941; Kraichnan 1965),
but will be discussed in detail elsewhere (D. Lomiashvili et al.
2010, in preparation).

There are four main parameters in the model: magnetic
field, spectral index of electrons (I'), diffusion length (I4;¢), and
advection length (/,4y). The diffusion and advection lengths are
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Table 3 factor, y, is given by
Key Parameters of the Diffusion—Advection Model
Filament B(1G) K r (l dy =—yB%y. (7
A A dt
I 722 0.12+92 27492 V@t Joss
+10 +0.01 +0.3 . .

2 3711101 0'02:(?-8]18 2.63 o A maximum energy will be reached by the particle when this
3 53T 0.02%50:5 266715 loss becomes equal to the acceleration rate. If we assume that
4 40*15 0.02+%% . 3.6'03 the mean magnetic field is perpendicular to the shock normal,
5 52% 0.025+9%% 32401 then for a compression ratio of 4 we can write the acceleration
6 5672 0.1+9% 4.0191 rate as (Jokipii 1987)
7 66740 0.151%2 3.0%G! s L d V2
g e 5 (__V> = ®)
9 29+19 0.02002 2.6+0.06 v dt ) 32Dp
Note. Error intervals at the 90% confidence level. where Dp = r 8 ¢/3 is the Bohm diffusion coefficient and

defined as
kme3 \ 2
lif = | —— , 3
o (qu3) ®
gy () = — )
advY) = )
v B2y
respectively, where ¥ = or/6mwmc. For convenience, we

combined these quantities to define two new parameters, Agif =
lyir/ R and ¢ = logv(1 keV)/ lgir, which can be determined from
the data.

4. RESULTS

We implemented the model in XSPEC as a table model and
applied it to the spectra of the filaments. For each spectral
fit, the line features and the hydrogen column density were
fixed to values found in the corresponding power-law fits. The
quality of the model fits is the same as that of the fits by this
phenomenological (power-law) model.

4.1. Magnetic Field and Diffusion Coefficient

From the best-fit Agir and ¢, we derived the magnetic field
and diffusion coefficient for each filament (see Equations (3)
and (4)):

Aae\ P e\ Vaav 3
B~ 56uG (240 o v
” <0.02> 5.0 1.3 x 108cms!

R \23
x ( 1019 cm) ’ ©)

) 2
Vadv
e~ 005(S) (—Yav ) )
5.0 13 % 108cms !

The results are summarized in Table 3. The indices of the
injected electron spectrum found vary from 2.6 to 4 and the
magnetic field ranges from ~30 uG to 70 uG, while « stays
around 0.02 (but can reach up to 0.1-0.15). We should stress,
however, that the error bars for the last two quantities are
considerable. The magnetic fields for Filaments 1 and 7 are
most uncertain, due to the difficulty in constraining .

4.2. Maximum Energy of Electrons

The accelerated electrons will lose their energy due to
synchrotron radiation. The evolution of the particle’s Lorentz

re = (mc*/qB)y is the particle gyroradius.

Our assumption about the direction of the magnetic field is
justified by our estimates of the diffusion coefficient, which
constrain the obliquity angle to be nearly 90° (see below).

The maximum energy for an electron then is given by

K \-12( B \'?
Emax ~ (660TeV) (0 05) 30 4G

x Vi )
52 x 108cms~! /)’

4.3. Shock Obliquity and Turbulence Level

We considered diffusion in the radial direction, with a
corresponding diffusion coefficient given by Jokipii (1987) and
Blandford & Eichler (1987):

D = Djcos’6 + D, sin® 6, (10)

where 0 is the angle between the mean magnetic field and the
normal direction of the shock. Here, we assumed that the kinetic
theory relations, D = nDjp for the diffusion coefficient along
the mean direction of the field and D, = nDg/(1 + %) for
the component of the diffusion coefficient perpendicular to the
mean direction of the field, hold (e.g., Forman et al. 1974).
In these equations, n = Amg /7, is the particle’s gyrofactor,
which is the ratio of the scattering mean free path, Ay, to
the particle gyroradius, r, (Hayakawa 1969; Melrose 1980).
Since isotropic Bohm-type diffusion is assumed here, we can
rewrite Equation (2) in the form D = x Dp. From Equation (10),

we have
2 sin? 6
k =1n|cos’6 + - (11)
1+n

When diffusion is taken as a perturbation in the particle orbits,
the fraction n can be written in terms of the energy content
in the resonant MHD waves (e.g., Blandford & Eichler 1987),
n=_( B/B)‘z, of amplitude § B. We can then use Equation (11)
to constrain 0 and the level of turbulence. For most cases, we
found that ¥ &~ 0.02 which requires that 86° < 6 < 90° and
6 < n < 16. This implies a relatively high turbulence level,

SB
025 < — <04.
B

4.4. Forward Shock and Precursor

The results indicate that most of the radiation is originated
from behind the forward shock (see Figure 2). However, the
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Figure 5. Fit to the linear profile of Filament 5 (also see Figure 2) obtained by
the model described in Section 4 (dashed line) and calculated with the addition
of a precursor (solid line).

model could not explain the observed linear profile of the
filaments (see Figure 5 for an example). The model predicts
a sharp decline after the peak, which is not observed.

We speculated that some of the emission may come from a
precursor (Ellison et al. 1994). We estimated the contribution
from the precursor by requiring that the distribution function
should be continuous across the shock. The precursor would
consist of particles that have diffused across the shock but
remain energetic. Specifically, it evolves in the presence of a
magnetic field consistent with that of the un-shocked medium
surrounding the SNR, here assumed to be 4 times lower than the
compressed field estimated downstream; however, we assumed
that « remains the same.

Addition of this component substantially improves the pre-
dicted profile shape, as shown in Figure 5. On the other hand,
we found that the inclusion of a precursor hardly affects the
spectral parameters. More details will be discussed in a future
publication (D. Lomiashvili et al. 2010, in preparation).

5. DISCUSSION

From the power-law fits to the spectra of the filaments in
Cas A, it is seen that the emission from the inner regions is
consistently softer, by about 10%, than that from the outer
regions. This seems to be consistent with the effect expected
from radiative cooling, since the outer regions have had less time
since they interacted with the shock. When only synchrotron
losses and advection are taken into account, however, the
predicted difference between the inner and outer photon indices
is the same in all filaments. The data show that this difference
can change from one filament to another.

Also, from a consideration of synchrotron losses, one might
expect that the widths of the filaments get narrower at higher
energies. In fact, if synchrotron cooling and advection were the
only processes controlling the plasma distribution, the width
of a nonthermal filament can be estimated as w = V4,7, Or
the distance the particles are advected before radiating away
their energy. This can also be written as w = Viq4, /¥ B2y,
where ¢ = or/6mwmc, with o7 the Thompson cross section for
electrons, B the magnetic field, and y the Lorentz factor of the
accelerated particle, which when assuming emission peaked at
the Larmor frequency v, can be written as (v/v;)!/2. Therefore,
an important dependence of the widths on the frequency of the
radiation, of the form w « v~2, would result. However, the
data suggest that no dependence exists.

NONTHERMAL X-RAY FILAMENTS IN CAS A 401

These observations seem to point at the existence of additional
mechanisms affecting the evolution of the plasma distribution
and are found to be consistent with the model used. In this
model, the difference between the photon indices of the inner
and outer regions is regulated by diffusion, and it is determined
mostly by the ratio of advection to diffusion lengths, ¢, whereas
it is found that varying Agir (= lqi/ R) produces changes mainly
in the calculated width of the nonthermal filaments without
considerably affecting the model spectra. This was also seen
when carrying out the fits, since the values of x2 did not change
appreciably for a wide range of values of Ay, and therefore
additional constraints on this parameter were necessary. As a
constrain, we used the values of Ag;; that were calculated to
match the filamentary widths at half intensity to the actual data
as initial values for the fits. This parameter ranges from 0.014
to 0.034, while ¢ varies from 3.3 to 8.9.

Due to the role that ¢ plays in the model, it should be possible
to correlate the spatial differences between the photon indices
with the value of the proportionality constant in the diffusion
coefficient, «. It is seen that Filaments 1, 6, and 7 show the
highest values for « (although considerable uncertainties were
obtained) and that the relative change in photon spectral index
from inner to outer regions is the lowest for these filaments
(although Filament 5 shows a similar change). The amount
of diffusion can change by 1 order of magnitude for the
different filaments depending on the degree of spatial spectral
variation observed. It can be argued that the diffusion of particles
tends to homogenize the plasma distribution and lower the
difference between the inner and outer photon indices. This
was also seen in the simulations where higher values of x were
used.

The particle spectral indices are found close to 3, although
steeper values are also seen (up to 4 for Filament 6). This
index corresponds to the power-law distribution of electrons
resulting from shock acceleration processes. After the parti-
cles evolve in the magnetic field, one might expect to see
steeper spectral indices, especially at higher X-ray energies.
Such steep distributions might have been seen before. For in-
stance, when comparing the 10-32 keV RXTE Proportional
Counter Array (PCA) spectrum of Cas A with the predicted syn-
chrotron emission spectrum dominating the band from 0.3 keV
to 7 keV, the observed excess can be accounted for by an ad-
ditional contribution of nonthermal Bremsstrahlung radiation
from a steep power-law (index ~4.1) population of electrons
interacting with other electrons and with ions (Allen et al.
2008).

Besides accounting for these observations, we estimated the
magnetic field in each filament as well as the level of turbulence.
The derived magnetic field is on average below the values
previously inferred for the NE rim (Filaments 1-3) by assuming
that the width of the filament (taken as 175-4") is determined by
synchrotron losses and advection only (Vink & Laming 2003),
Bgyne ~ 80-160 uG. The difference might be explained by the
fact that our estimates take into account these two processes but
additionally consider diffusion. The turbulent magnetic field is
constrained to be 0.25 < % < 0.4. Moreover, the ordered
field is found to be nearly perpendicular to the shock front
(86° < 6 < 90°), consistent with an expansion inside a toroidal
external field produced originally by the progenitor star. The
inferred magnetic field in the filaments is still higher than that
expected from magnetic field amplification of the interstellar
field (~3 uG), as was also pointed out by Vink & Laming.
Perhaps the interstellar field surrounding Cas A is higher, or the
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Table 4
Equivalent Widths of Si K x11t and S K xv Emission Lines
Filament Inside Outside
Si K xim S Kxv Si K X1 S Kxv

1 130*% 1424129 169+410 1914150
2 17541 18822 99.1*% 1374130
3 96.2+%% 134109 97.5+100 1494170
4 177+ 170+228 99.6+100 145415
5 97.47% 173200, 60.0°79) 133413
6 188+L13 203442 17310 190+2%)
7 85.17% 1414130 104+440 1184220
8 98.5+130 94,0420 68.5%0 75.57370,
9 133+138 95.2+505 153*+4% 91.14%)

Note. Error intervals at the 90% confidence level.

field has been amplified by the high-energy particles near the
shock front through nonlinear wave growth.

In some cases, the magnetic field might be much higher in
other filaments of Cas A (Atoyan et al. 2000). Patnaude &
Fesen (2007) and Uchiyama & Aharonian (2008) have observed
X-ray variability of some of the nonthermal filaments seen in
projection near the reverse shock on a time scale of a few years.
Assuming that this variability is related to synchrotron cooling
and DSA, and that the diffusion is close to the Bohm limit with
the field parallel to the shock front, Uchiyama & Aharonian
estimated that the field required would be ~1 mG. However,
there is still debate as to whether the observed variability is
associated with filaments in the forward shock, and there are
other plausible scenarios for explaining it (e.g., Bykov et al.
2008).

Models describing the non-equilibrium ionization behind an
SNR forward shock recently developed (Ellison et al. 2007;
Patnaude et al. 2009) show that efficient DSA could increase the
ionization fraction of some elements. In their model, Patnaude
et al. (2009) have found that ionization occurs more rapidly and
closer to the shock when the particles experience efficient shock
acceleration, meaning that spatial variations in the intensity of
the thermal emission near the shock might be used to probe the
properties of cosmic rays. We looked at the spectral features and
estimated the equivalent widths of Si K x11 and S K xv in order
to quantify any possible spatial variations in their intensity. In
Table 4, we summarize the results. Unfortunately, the error bars
associated with the equivalent widths that we observed are too
large for us to draw definitive conclusions.

Finally, our model assumes that synchrotron radiation is
monochromatic at v, (see Equation (1)), which is clearly an
oversimplification. When we incorporated the full synchrotron
spectrum into the model, we saw changes in the model param-
eters. For instance, a fit to the spectrum of Filament 5 with the
revised model leads to B =~ 70 uG and ¥ =~ 0.06, which are dif-
ferent to the values shown in Table 3. However, the changes do
not qualitatively modify our conclusions. The obliquity angle is
still close to 90° and the turbulent field is % ~ 0.2. The details
of the full model will be presented in a future publication.

6. SUMMARY

We summarize our main results as follows.

1. Spectral evolution is seen across nonthermal filaments in
Cas A, with the spectra of the outer regions being harder
by about 10% on average.
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2. The widths of the filaments show no significant dependence
on photon energy.

3. To account for the observational results (1 and 2), we
needed to include the effects of diffusion. If we restrict
to Bohm-type diffusion, we could quantify the level of
turbulence (0.25 < % < 0.4) as well as the diffusion itself
(¢ ~ 0.02-0.15). Moreover, we found that the magnetic
field is of the order of tens of uG, varying from filament
to filament, and that the field is nearly perpendicular to the
shock front.

These results are in overall agreement with models of cosmic
ray acceleration in the shocks of SNRs. They imply that there is
a high level of magnetic turbulence in the nonthermal filaments
associated with the forward shock of Cas A as well as magnetic
field amplification. Both of these conditions are necessary to
efficiently accelerate cosmic rays.

Regarding the shock orientation, our analysis of a sampling
of nonthermal filaments, which have good azimuthal coverage
of the remnant, implies that the obliquities are close to 90°,
which is consistent with the expansion of Cas A in the wind
environment produced by the progenitor (Chevalier & Oishi
2003).

Efficient cosmic ray acceleration in the shock of Cas A would
have implications regarding the acceleration of protons (and
heavier ions), which may interact with cold ambient protons
and produce neutral pions that would decay into gamma rays,
leaving a signature in the spectrum of the remnant in the GeV to
TeV energy range. This signature could in principle be detected.

We thank M. Laming, M. Pohl, and S. Reynolds for useful
discussions. This research has made use of data obtained from
the Chandra Data Archive and the Chandra Source Catalog,
and software provided by the Chandra X-ray Center (CXC) in
the application package CIAO. This work has also made use
of NASA’s Astrophysical Data System. We gratefully acknowl-
edge financial support from NASA and Purdue University.

REFERENCES

Abdo, A. A, et al. 2009, ApJ, 706, L1

Allen, G. E., Stage, M. D., & Houck, J. C. 2008, Proc. 30th ICRC, 2, 839

Arnaud, K. A. 1996, in ASP Conf. Ser. 101, Astronomical Data Analysis
Software and Systems V, ed. G. H. Jacoby & J. Barnes (San Francisco,
CA: ASP), 17

Atoyan, A. M., Aharonian, F. A., Tuffs, R. J., & V6lk, H. J. 2000, A&A, 355,
211

Bamba, A., Tomida, H., & Koyama, K. 2000, PASJ, 52, 1157

Bell, A. R. 1978a, MNRAS, 182, 147

Bell, A. R. 1978b, MNRAS, 182, 443

Bell, A. R., & Lucek, S. G. 2001, MNRAS, 321, 433

Berezhko, E. G., Ksenofontov, L. T., & Volk, H. J. 2002, A&A, 395, 943

Berezhko, E. G., & Volk, H. J. 2004, A&A, 419, L27

Blandford, R. D., & Eichler, D. 1987, Phys. Rep., 154, 1

Blandford, R. D., & Ostriker, J. P. 1978, ApJ, 221, L29

Bykov, A. M., Uvarov, Y. A., & Ellison, D. C. 2008, ApJ, 689, L133

Chevalier, R. A., & Oishi, J. 2003, ApJ, 593, L.23

DeLaney, T. A., & Rudnick, L. 2003, ApJ, 589, 818

DeLaney, T. A., Rudnick, L., Fesen, R., Jones, T. W., Petre, R., & Morse, J. A.
2004, Apl, 613, 343

Drury, L. 1983, Space Sci. Rev., 36, 57

Eichler, D. 1979, ApJ, 229, 419

Ellison, D. C., Patnaude, D. J., Slane, P., Blasi, P., & Gabici, S. 2007, ApJ, 661,
879

Ellison, D. C., Reynolds, S. P., Borkowski, K., Chevalier, R., Cox, D. P,, &
Dickel, J. R. 1994, PASP, 106, 780

Forman, M. A., Jokipii, J. R., & Owens, A.J. 1974, AplJ, 192, 535

Gotthelf, E. V., Koralesky, B., Rudnick, L., Jones, T. W., Hwang, U., & Petre,
R. 2001, ApJ, 552,39


http://dx.doi.org/10.1088/0004-637X/706/1/L1
http://adsabs.harvard.edu/abs/2009ApJ...706L...1A
http://adsabs.harvard.edu/abs/2009ApJ...706L...1A
http://adsabs.harvard.edu/abs/2008ICRC....2.839A
http://adsabs.harvard.edu/abs/2008ICRC....2.839A
http://adsabs.harvard.edu/abs/1996ASPC..101...17A
http://adsabs.harvard.edu/abs/2000A&A...355..211A
http://adsabs.harvard.edu/abs/2000A&A...355..211A
http://adsabs.harvard.edu/abs/2000PASJ...52.1157B
http://adsabs.harvard.edu/abs/2000PASJ...52.1157B
http://adsabs.harvard.edu/abs/1978MNRAS.182..147B
http://adsabs.harvard.edu/abs/1978MNRAS.182..147B
http://adsabs.harvard.edu/abs/1978MNRAS.182..443B
http://adsabs.harvard.edu/abs/1978MNRAS.182..443B
http://dx.doi.org/10.1046/j.1365-8711.2001.04063.x
http://adsabs.harvard.edu/abs/2001MNRAS.321..433B
http://adsabs.harvard.edu/abs/2001MNRAS.321..433B
http://dx.doi.org/10.1051/0004-6361:20021219
http://adsabs.harvard.edu/abs/2002A&A...395..943B
http://adsabs.harvard.edu/abs/2002A&A...395..943B
http://dx.doi.org/10.1051/0004-6361:20040130
http://adsabs.harvard.edu/abs/2004A&A...419L..27B
http://adsabs.harvard.edu/abs/2004A&A...419L..27B
http://dx.doi.org/10.1016/0370-1573(87)90134-7
http://adsabs.harvard.edu/abs/1987PhR...154....1B
http://adsabs.harvard.edu/abs/1987PhR...154....1B
http://dx.doi.org/10.1086/182658
http://adsabs.harvard.edu/abs/1978ApJ...221L..29B
http://adsabs.harvard.edu/abs/1978ApJ...221L..29B
http://dx.doi.org/10.1086/595868
http://adsabs.harvard.edu/abs/2008ApJ...689L.133B
http://adsabs.harvard.edu/abs/2008ApJ...689L.133B
http://dx.doi.org/10.1086/377572
http://adsabs.harvard.edu/abs/2003ApJ...593L..23C
http://adsabs.harvard.edu/abs/2003ApJ...593L..23C
http://dx.doi.org/10.1086/374813
http://adsabs.harvard.edu/abs/2003ApJ...589..818D
http://adsabs.harvard.edu/abs/2003ApJ...589..818D
http://dx.doi.org/10.1086/422906
http://adsabs.harvard.edu/abs/2004ApJ...613..343D
http://adsabs.harvard.edu/abs/2004ApJ...613..343D
http://dx.doi.org/10.1007/BF00171901
http://adsabs.harvard.edu/abs/1983SSRv...36...57D
http://adsabs.harvard.edu/abs/1983SSRv...36...57D
http://dx.doi.org/10.1086/156969
http://adsabs.harvard.edu/abs/1979ApJ...229..419E
http://adsabs.harvard.edu/abs/1979ApJ...229..419E
http://dx.doi.org/10.1086/517518
http://adsabs.harvard.edu/abs/2007ApJ...661..879E
http://adsabs.harvard.edu/abs/2007ApJ...661..879E
http://dx.doi.org/10.1086/133442
http://adsabs.harvard.edu/abs/1994PASP..106..780E
http://adsabs.harvard.edu/abs/1994PASP..106..780E
http://dx.doi.org/10.1086/153087
http://adsabs.harvard.edu/abs/1974ApJ...192..535F
http://adsabs.harvard.edu/abs/1974ApJ...192..535F
http://dx.doi.org/10.1086/320250
http://adsabs.harvard.edu/abs/2001ApJ...552L..39G
http://adsabs.harvard.edu/abs/2001ApJ...552L..39G

No. 1, 2010

Hayakawa, S. 1969, Cosmic Ray Physics (New York: Wiley)

Hughes, D. W. 1980, Nature, 285, 132

Hwang, U., & Laming, J. M. 2009, ApJ, 703, 883

Hwang, U., et al. 2004, ApJ, 615, L117

Jokipii, J. R. 1987, ApJ, 313, 842

Keohane, J. W., Rudnick, L., & Anderson, M. C. 1996, ApJ, 466, 309

Kolmogorov, A. N. 1941, Dokl. Akad. Nauk SSSR, 30, 301

Koyama, K., Petre, R., Gotthelf, E. V., Hwang, U., Matsuura, M., Ozaki, M., &
Holt, S. S. 1995, Nature, 378, 255

Kraichnan, R. H. 1965, Phys. Fluids, 8, 1385

Long, K. S., Reynolds, S. P., Raymond, J. C., Winkler, P. E, Dyer, K. K., &
Petre, R. 2003, ApJ, 586, 1162

Malkov, M. A., & Drury, L. 2001, Rep. Prog. Phys., 64, 429

Melrose, D. B. 1980, Plasma Astrophysics, Vol. 1 (New York: Gordon and
Breach)

Ostrowski, M., & Schlickeiser, R. 1993, A&A, 268, 812

Patnaude, D. J., Ellison, D. C., & Slane, P. 2009, ApJ, 696, 1956

NONTHERMAL X-RAY FILAMENTS IN CAS A 403

Patnaude, D. J., & Fesen, R. A. 2007, Astron. J., 133, 1

Patnaude, D. J., & Fesen, R. A. 2009, ApJ, 697, 535

Reed, J. E., Hester, J. J., Fabian, A. C., & Winkler, P. F. 1995, ApJ, 440, 706

Reynolds, S. P. 2008, ARA&A, 46, 89

Shklovskii, I. S. 1953, Dokl. Akad. Nauk SSSR, 91, 475

Slane, P., Hughes, J. P., Edgar, R. J., Plucinsky, P. P., Miyata, E., Tsunemi, H.,
& Aschenbach, B. 2001, ApJ, 548, 814

Stage, M. D., Allen, G. E., Houck, J. C., & Davis, J. E. 2006, Nature Phys., 2,
614

Syrovat-skii, S. I. 1959, Astron. Zh., 36, 17

Townsley, L. K., Broos, P. S., Garmire, G. P., & Nousek, J. A. 2000, ApJ, 534,
L139

Uchiyama, Y., & Aharonian, F. 2008, ApJ, 677, L105

Vink, J., Bloemen, H., Kaastra, J. S., & Bleeker, J. A. M. 1998, A&A, 339, 201

Vink, J., & Laming, J. M. 2003, ApJ, 584, 758

Willingale, R., Bleeker, J. A. M., van der Heyden, K. J., Kaastra, J. S., & Vink,
J. 2002, A&A, 381, 1039


http://dx.doi.org/10.1038/285132a0
http://adsabs.harvard.edu/abs/1980Natur.285..132H
http://adsabs.harvard.edu/abs/1980Natur.285..132H
http://dx.doi.org/10.1088/0004-637X/703/1/883
http://adsabs.harvard.edu/abs/2009ApJ...703..883H
http://adsabs.harvard.edu/abs/2009ApJ...703..883H
http://dx.doi.org/10.1086/426186
http://adsabs.harvard.edu/abs/2004ApJ...615L.117H
http://adsabs.harvard.edu/abs/2004ApJ...615L.117H
http://dx.doi.org/10.1086/165022
http://adsabs.harvard.edu/abs/1987ApJ...313..842J
http://adsabs.harvard.edu/abs/1987ApJ...313..842J
http://dx.doi.org/10.1086/177511
http://adsabs.harvard.edu/abs/1996ApJ...466..309K
http://adsabs.harvard.edu/abs/1996ApJ...466..309K
http://adsabs.harvard.edu/abs/1941DoSSR..30..301K
http://adsabs.harvard.edu/abs/1941DoSSR..30..301K
http://dx.doi.org/10.1038/378255a0
http://adsabs.harvard.edu/abs/1995Natur.378..255K
http://adsabs.harvard.edu/abs/1995Natur.378..255K
http://dx.doi.org/10.1063/1.1761412
http://adsabs.harvard.edu/abs/1965PhFl....8.1385K
http://adsabs.harvard.edu/abs/1965PhFl....8.1385K
http://dx.doi.org/10.1086/367832
http://adsabs.harvard.edu/abs/2003ApJ...586.1162L
http://adsabs.harvard.edu/abs/2003ApJ...586.1162L
http://dx.doi.org/10.1088/0034-4885/64/4/201
http://adsabs.harvard.edu/abs/2001RPPh...64..429M
http://adsabs.harvard.edu/abs/2001RPPh...64..429M
http://adsabs.harvard.edu/abs/1993A&A...268..812O
http://adsabs.harvard.edu/abs/1993A&A...268..812O
http://dx.doi.org/10.1088/0004-637X/696/2/1956
http://adsabs.harvard.edu/abs/2009ApJ...696.1956P
http://adsabs.harvard.edu/abs/2009ApJ...696.1956P
http://dx.doi.org/10.1086/509571
http://dx.doi.org/10.1088/0004-637X/697/1/535
http://adsabs.harvard.edu/abs/2009ApJ...697..535P
http://adsabs.harvard.edu/abs/2009ApJ...697..535P
http://dx.doi.org/10.1086/175308
http://adsabs.harvard.edu/abs/1995ApJ...440..706R
http://adsabs.harvard.edu/abs/1995ApJ...440..706R
http://dx.doi.org/10.1146/annurev.astro.46.060407.145237
http://adsabs.harvard.edu/abs/2008ARA&A..46...89R
http://adsabs.harvard.edu/abs/2008ARA&A..46...89R
http://dx.doi.org/10.1086/319033
http://adsabs.harvard.edu/abs/2001ApJ...548..814S
http://adsabs.harvard.edu/abs/2001ApJ...548..814S
http://dx.doi.org/10.1038/nphys391
http://adsabs.harvard.edu/abs/2006NatPh...2..614S
http://adsabs.harvard.edu/abs/2006NatPh...2..614S
http://adsabs.harvard.edu/abs/1959AZh....36...17S
http://adsabs.harvard.edu/abs/1959AZh....36...17S
http://dx.doi.org/10.1086/312672
http://adsabs.harvard.edu/abs/2000ApJ...534L.139T
http://adsabs.harvard.edu/abs/2000ApJ...534L.139T
http://dx.doi.org/10.1086/588190
http://adsabs.harvard.edu/abs/2008ApJ...677L.105U
http://adsabs.harvard.edu/abs/2008ApJ...677L.105U
http://adsabs.harvard.edu/abs/1998A&A...339..201V
http://adsabs.harvard.edu/abs/1998A&A...339..201V
http://dx.doi.org/10.1086/345832
http://adsabs.harvard.edu/abs/2003ApJ...584..758V
http://adsabs.harvard.edu/abs/2003ApJ...584..758V
http://dx.doi.org/10.1051/0004-6361:20011614
http://adsabs.harvard.edu/abs/2002A&A...381.1039W
http://adsabs.harvard.edu/abs/2002A&A...381.1039W

	1. INTRODUCTION
	2. THE OBSERVATION
	2.1. Dividing the Filaments
	2.2. Energy Dependence of Filament Widths
	2.3. Spectral Evolution of Filaments

	3. THEORETICAL MODELING
	4. RESULTS
	4.1. Magnetic Field and Diffusion Coefficient
	4.2. Maximum Energy of Electrons
	4.3. Shock Obliquity and Turbulence Level
	4.4. Forward Shock and Precursor

	5. DISCUSSION
	6. SUMMARY
	REFERENCES

