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Abstract

The discoveries of recombining plasma pose a new scenario of SNR evolution. To understand the origin,
we performed Suzaku observations of W28. Our spatially resolved analysis provides the first quantitative
test of two plausible mechanisms responsible for the peculiar thermal structure. We further present the
first systematic comparison of the recombining SNRs, which gives another clue to the origin. Our study
is a nice illustration of spectral capability of Suzaku, forming the basis for definitive spectroscopy with
ASTRO-H.
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1. Introduction

Mixed-morphology supernova remnants (MM SNRs:
Rho & Petre 1998) are a growing class of the Galactic
SNRs with centrally peaked thermal X-ray emission in-
side radio shells. The common features are, the locations
near the Galactic plane, shock interaction with adjacent
molecular clouds, and γ-ray emission in GeV/TeV en-
ergy bands. The origin of the peculiar morphology has
not been understood. It would be related to the dense
and inhomogeneous environment.

Recent X-ray observations with Suzaku have discov-
ered strong recombination X-rays from several bright
MM SNRs (e.g. Yamaguchi et al. 2009). This spec-
tral feature indicates that the plasma are over-ionized
and thus recombining. Atoms in these SNR plasmas
have much higher ionization states than expected from
an observed temperature of electrons. In other words,
an ionization temperature (Tz) is higher than an elec-
tron temperature (Te).

Suzaku spectroscopy of recombining SNRs shows that
the cause of over-ionization would be rapid cooling of
electrons after initial heating and ionization (Sawada &
Koyama 2012). Two scenarios have been proposed. One
is conduction cooling by an interacting molecular cloud
(Kawasaki et al. 2002). Another is adiabatic cooling due
to rarefaction of plasma after shock break-out of dense
circumstellar shell (Itoh & Masai 1989; Yamaguchi et
al. 2009). These may result in different evolution and
distribution of recombining plasma.

The aim of this paper is to observationally constrain
the origin of the recombining plasma in MM SNRs by an-
alyzing X-ray spectra with X-ray Imaging Spectrometer.
For this purpose, we performed spatially resolved spec-
troscopy for the MM SNR W28. We also compared ther-
mal structures of the brightest four recombining SNRs
with different sizes to search for systematic trends that
represent the evolutionary stages.
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Fig. 1. Ionization and electron temperatures in W28 derived from
spatially resolved spectroscopy.
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2. Spatial distribution of recombining plasma in W28

The SNR W28 was covered by three pointing observa-
tions with exposure times of ∼70, 100, and 150 ks. The
entire region was coaxially divided into 25 sectors. Us-
ing recombining plasma model in SPEX, we fitted the
background-subtracted spectra in 1.2–5.0 keV. Figure 1
shows the derived ionization and electron temperatures.
All sectors have higher ionization temperatures than
electron temperatures. This means that the entire ob-
served region has recombining plasma (Tz > Te).

Figure 2 (a) shows a map of electron temperature (Te)
in W28. The value of Te has lower values in outer regions.
In particular, Te is lowest near the northeastern edge of
the SNR, where the molecular interaction is observed. To
test the conduction model quantitatively, we compared
Te with the line intensity ratio of CO J = 2–1 to J = 1–0
in Figure 2 (b). A negative correlation is found.

The correlation infers that electron cooling operates
where strong molecular interaction occurs. This would
be the first evidence of conduction cooling in SNRs.
However, conduction alone can not explain the fact that
the recombining plasma distributes across the entire rem-
nant. The cooling timescale is proportional to the square
of the scale length (see equation 5 of Kawasaki et al.
2002). To cool electrons in the western part by the CO
cloud at eastern edge (∼ 30 pc away), it takes a few Myr,
which is much longer than the recombination timescale
of 3 × 104/ne (cm−3) yr.
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Fig. 2. (a) Distribution of Te values with contours of 12CO J =2–1
map. (b) Correlation between Te and 12CO J =2–1 to J =1–0
line intensity ratio.

3. Systematic trend among recombining SNRs

We then need another process that cools the entire rem-
nant. The rarefaction model is a candidate. In this
model, plasma is initially heated and quickly reaches col-
lisional ionization equilibrium because of the dense envi-
ronment. The drastic decrease of plasma density occurs
when blast wave breaks out a circumstellar shell into
tenuous outer region. Since the rarefaction lasts several
thousand years after the break out, it may also affect the
subsequent evolution of plasma.

The evolution of recombining plasma is traced by a
recombination age,

∫
nedt ∼ net, a product of elec-

tron density and elapsed time after cooling. Using non-
equilibrium ionization model in SPEX, the recombination
ages have been estimated for the four brightest samples
of recombining SNRs. Figure 3 shows the derived net
as a function of the physical sizes that would trace the
dynamical ages. While their sizes spread over a factor
of four, the recombination ages do not show significant
dependence on the sizes.

We argue that this trend is possible evidence of rar-
efaction. If a plasma density is nearly constant, the re-
combination age is almost proportional to the elapsed
time t, then we expect a positive correlation between the
sizes and the recombination ages. On the other hand, if
rarefaction operates, the density decreases as ne ∝ t−3.
In this case, net quickly reaches a large value in early
stage of evolution and is saturated at some value due
to low density realized in the later stage. Since rarefac-
tion is expected to occur in ∼100 yr after the explosion,
any recombining SNR with an age older than ∼1000 yr
(∼ 10 pc in size) would have a similar recombination age.

Fig. 3. The derived recombination ages (IC443: Yamaguchi et al.
2012; W44: Uchida et al. 2012, W28: Sawada & Koyama 2012;
W49B: this work, preliminary) for the four brightest recombining
SNRs, plotted as a function of the sizes.

4. Concluding remarks

Our study shows that the conduction cooling model
alone can not explain the observed spectral properties.
The key parameter would be the recombination ages,
in particular of dynamically young SNRs like W49B.
Both increasing samples with Suzaku and future high-
resolution spectroscopy with ASTRO-H are expected.
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