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Abstract

Recent Suzaku observations revealed the presence of enhanced radiative recombination continua (RRCs)
in the X-ray spectra of several Mixed-morphology supernova remnants (SNRs) (e.g., Yamaguchi et al.
2009). The strong RRC emission can be observable when the ionization temperature is signi�cantly higher
than electron temperature so that the free-bound transition (recombination process) becomes dominant.
These discoveries are dramatically changing our views on the SNR evolution, since most young- or middle-
aged SNRs have either ionizing plasma or collisional ionization equilibrium plasma. The formation history
of such recombining plasma is still unclear. We performed long-time observations (� 200 ks) of four
SNRs (N49, N49B, N23, DEM L71) in the Large Magellanic Cloud with the Suzaku satellite. The high
resolution spectroscopy by XIS enables us to detect enhanced RRC emission from two SNRs; N49 and
N23, which are the �rst discoveries of the recombining plasmas from extragalactic SNRs. As a result, only
the mixed-morphology SNRs are over-ionized while the other two shell-like SNRs are almost in collisional
ionization equilibrium. Our result indicates that the origin of the recombining plasmas is closely related
with a formation history of these SNRs.
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1. Introduction

In recent years, Suzaku has provided new insight into the
evolution of supernova remnants (SNRs). Enhanced ra-
diative recombination continua (RRCs) found from sev-
eral SNRs (e.g., Yamaguchi et al. 2009; Ozawa et al.
2009) indicate that the recombination process is domi-
nant in their plasmas compared with a collisional ion-
ization equilibrium (CIE). Such ionization state cannot
be obtained by a conventional model of the dynamical
evolution of SNRs. They concluded that these SNRs
are in over-ionized state. So far, signi�cant evidence
of the RRC enhancement have been detected in X-ray
spectra from only seven SNRs which all exist in our
Galaxy. While this new type of SNRs is becoming in-
creasingly common, its formation history is still an open
issue. Since the past discoveries were all made by X-
ray Imaging Spectrometer (XIS; Koyama et al. 2007) on
board Suzaku, it is necessary to reinvestigate the other
SNRs’ spectra comprehensively with Suzaku.

In this paper, we focus on the extra-galactic SNRs
and report on a detailed analysis of two candidates of
the RRC-enhanced (over-ionized) SNRs.

Fig. 1. XIS image of N49 (left) and N23 (right) in the 0.6–10.0 keV
band. The FoVs of XISs are shown with the solid squares. N49B
and DEM L71 are detected in the north of N49 and N23, respec-
tively.

2. Observations and Data Reduction

We investigated Chandra and XMM-Newton archival
data of LMC and SMC SNRs and selected two possi-
ble candidates, N49 and N23, which show clear signs of
the over-ionization in their spectra. We performed two-
pointing observations of them with XIS on board Suzaku
(Mitsuda et al. 2007). Since each �eld of view (FoV) in-
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cludes two SNRs as shown in �gure 1, we also analyzed
the other two SNRs, N49B and DEM L71, detected in
the FoV. These observations were performed in April and
May 2012, during the AO8 observing cycle.

3. Analysis and Results

In the following spectral analysis, we used the SPEX
software version 2.02.02 (Kaastra et al. 1996). To eval-
uate a plasma state of SNRs qualitatively, an ionization
temperature kTz is a useful parameter which is de�ned
as equal to the plasma temperature in CIE (Masai et al.
1994). In most SNRs, kTz should be lower than the elec-
tron temperature (kTe) until the CIE state is achieved
(kTz = kTe). The foregoing over-ionized SNRs, however,
show signi�cantly higher kTz than kTe so that the free-
bound transition (recombination process) becomes dom-
inant — hereafter, we call it a recombination-dominant
plasma (RP).

Figure 2 shows X-ray spectrum of N49. The back-
ground emission was estimated from the vicinity of
the source regions. The middle panel of �gure 2
shows the residuals from the data and a standard CIE
model. The resultant �t was signi�cantly unacceptable
(χ2/d.o.f=1728/655) and a sign of enhanced RRCs of Si,
S and Ar were detected. We also found that the line in-
tensities of Si Lyα and S Lyα can not be explained by
the CIE.

We then �tted the spectrum with the RP (NEIJ)
model. This model describes a plasma state when the
initial plasma is in CIE with the temperature of kTz,
then only the electron temperature dropped to kTe by
a rapid electron cooling in the past. Assuming a con-
stant kTe, the following evolution of the RP is traced
as a function of net, where ne and t are the number
density of electrons and elapsed time, respectively. This
model gave statistically better �t (χ2/d.o.f=1189/687)
and the residuals were drastically improved. The best-
�t parameters were kTz � 9.3 keV, kTe � 0.59 keV, and
net � 7.26×1011 cm�3 s, which is the �rst clear evidence
of the over-ionized plasma discovered in the extragalactic
SNR. In a similar way, we found that N23 also suggests
the over-ionization whereas the other two remnants show
no signi�cant evidence of RP.

4. Discussion

From our results, we concluded that two LMC SNRs,
N49 and N23, are over-ionized, whereas the shell-like
SNRs, N49B and DEM L71, are well explained by the
ordinary ionizing plasma model.

While previous studies proposed a few scenarios in the
formation of the RP, the Suzaku observation of IC 443
(Yamaguchi et al. 2009) suggested that an adiabatic ex-
pansion (rarefaction) had caused a rapid cooling of kTe:
A blast wave in a dense circumstellar medium (CSM)

Fig. 2. X-ray spectrum of N49 fitted with RP (red) plus CIE (orange)
models. We also included blackbody (light green) and power-law
(green) components to explain a soft gamma-ray repeater, SGR
0526-66, located in N49. The bottom panel represents the resid-
uals from the model. The middle panel shows a residuals from
another model using CIE instead of RP for comparison.

broke into a lower-density interstellar medium (ISM) in
the early phase of the SNR evolution (Itoh and Masai
1989). Uchida et al. (2012) estimated that W44 had
been cooled down rapidly from � 1 keV to 0.4–0.5 keV
at � 2 × 104 years ago which is nearly the same as the
dynamical age of the remnant. They concluded that the
most plausible origin of the RP in W44 is the adiabatic
expansion as is the case in IC443. Similar analyses were
performed for the other SNRs (e.g., Sawada et al. 2012;
Ohnishi et al. 2014) and the estimated cooling timescales
of kTe are roughly consistent with their ages.

We note that N49 and N23 are typical mixed-
morphology SNRs. It is remarkable that these two and
the other over-ionized SNRs are categorized into this
type without any exception. The result suggests that
the formation process of the over-ionization is closely re-
lated to the formation mechanism of mixed-morphology
SNRs.
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