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Abstract

Diffusive shock acceleration at shockwaves in supernova remnants (SNRs) is widely accepted as the
mechanism producting the Galactic cosmic rays. However, it is unknown what determines the acceleration
efficiency, and the surrounding environment should be one of the key parameters.

The SNR RCW 86 shows both thermal and non-thermal X-ray emission with different spatial mor-
phologies. These emission arise from hot plasma and accelerated electrons, and the intensities reflect
their density distributions. Thus, the remnant provides a suitable laboratory to test possible association
between the acceleration efficiency and the environment.

In this paper, the Suzaku results of the spatially resolved spectroscopy of the entire remnant are
presented. The spectra are well reproduced with a combination of a power-law for synchrotron emission
and two-component optically thin thermal plasma for shocked interstellar medium (ISM: ∼ 0.3 keV) and
Fe dominated ejecta (∼ 2 keV). Systematic trends of the synchrotron X-rays are discovered that they
become more predominant and the photon indices become flatter with decreasing the emission measure of
the shocked ISM. These results imply that cosmic rays are accelerated more efficiently in the low-density
regions.
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1. Introduction

X-ray and GeV/TeV γ-ray observations have revealed
that the shocks of supernova remnants (SNRs) are the
acceleration sites of the Galactic cosmic rays up to the
TeV range (e.g., Koyama et al. 1995; Ackermann et
al. 2013). The diffusive shock acceleration (e.g., Bell
1978) is believed to be the relevant mechanism, which
can explain the power-law energy distribution. However
it is unknown what determines the efficiency. The sur-
rounding environment should be one of the key param-
eters. Typical X-ray spectra of SNRs show either syn-
chrotron emission from high-energy electrons, thermal
from shock-heated interstellar medium (ISM), or combi-
nation of these. Therefore, by comparing these emissions
spatially, we may reveal association between the acceler-
ation efficiency and the environment.

RCW 86 is a Galactic SNR with the age of ∼ 2000 yr
(Vink et al. 2006). The distance is estimated to be
∼ 1 kpc (Kaastra et al. 1992). The X-ray spectra of the
SNR show thermal X-rays from high temperature plasma
and synchrotron X-rays (Bamba et al. 2000). Thus, this
SNR provides a suitable laboratory to test a possible
association between the acceleration efficiency and the

environment. In this paper, we present the systematic
analysis of spatially resolved spectra obtained with the
X-ray Imaging Spectrometer (XIS: Koyama et al. 2007)
onboard Suzaku (Mitsuda et al. 2007). The uncertainty
is given at the 1-σ confidence interval.
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Fig. 1. The entire image of RCW 86 with XIS: 0.5–2.0 keV in red
and 3.0–5.5 keV in blue. Background and source regions are
respectively shown in white with and without ’B’ marks.
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Fig. 2. The ratios SBNT/EM1/2 as a function of EM1/2. The
colors indicate different FOVs (see Figure 1)

2. Observations and Analysis

The entire region of RCW 86 is covered by six observa-
tions with XIS, with the exposure times of 53.5–100.8 ks
(figure 1). We first analyzed the integrated spectrum for
each field of view (FOV) to characterize overall prop-
erties like temperatures and chemical abundances. We
subtracted non–X-ray background from each. Accord-
ing to Yamaguchi et al. (2008), we fitted the spec-
tra with two-component optically thin thermal plasma
model (vpshock and vnei in Xspec) plus a power-law as
synchrotron emission. These three components are com-
monly attenuated by interstellar absorption (wabs). The
low-temperature plasma represents shocked ISM while
the high-temperature one is Fe dominated ejecta (Yam-
aguchi et al. 2008).
Then we divided the entire remnant into 44 small re-

gions to analyze spatial variations. Background emis-
sion may not be negligible for some of the regions with
low surface brightness. Hence, we estimated background
emission from a blank-sky region for each FOV, and sub-
tracted it from the source spectra in the same field. In
the spectral fitting, temperatures and abundances were
fixed to those obtained in the integrated analysis, while
the intensities of the three components as well as the
photon indices of the power-law were the free parame-
ters. We successfully obtained acceptable fits for all the
regions with the above three component model.

3. Results and Discussion

We can treat emission measure (EM) of thermal emis-
sion as square of the plasma density, while the surface
brightness of the synchrotron emission (SBNT) is propor-
tional to the density of the accelerated electrons. With
these observational parameters, we discuss the environ-
ment of the acceleration sites.
First, we investigate the condition that produces more

non-thermal electrons. The ratio SBNT/EM1/2 gives
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Fig. 3. The photon indices of the power-law component as a function
of EM1/2. The colors indicate different FOVs (see Figure 1)

a rough measure of relative density of the accelerated
electrons compared to the ambient plasma. Figure 2
shows SBNT/EM1/2 as a function of EM1/2. We see
a negative correlation. The correlation coefficient is
−0.39±0.15.We also investigate the dependence of hard-
ness of synchrotron emission on the plasma density. Fig-
ure 3 shows the photon indices of the power-law compo-
nent as a function of EM1/2. We see a positive correla-
tion with the coefficient of +0.37± 0.16.
We find that both the ratios SBNT/EM1/2 and the

photon indices show hints of correlations to the plasma
density. One possible explanation is that the effective
acceleration occurs in the low-density region. High ac-
celeration efficiency would enhance the relative numbers
of accelerated electrons and also the hardness in the en-
ergy distribution.
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