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ABSTRACT

We present deep observations of the Galactic supernova remnant IC 443 with the Suzaku X-ray satellite. We find
prominent K-shell lines from iron and nickel, together with a triangle residual at 8–10 keV, which corresponds to the
energy of the radiative recombination continuum (RRC) of He-like iron. In addition, the wavy residuals have been
seen at ∼5.1 and ∼5.5 keV. We confirm that the residuals show the first enhanced RRCs of He- and H-like calcium
found in supernova remnants. These facts provide robust evidence for the recombining plasma. We reproduce the
plasma in the 3.7–10 keV band using a recombining plasma model at the electron temperature 0.65 keV. The
recombination parameter net (ne is electron density and t is elapsed time after formation of a recombining plasma)
and abundances of iron and nickel are strongly correlated, and hence the errors are large. On the other hand, the
ratio of nickel to iron relative to the solar abundances is well constrained to 11+4

−3 (1σ ). A possibility is that the large
abundance ratio is a result of an asymmetric explosion of the progenitor star.
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1. INTRODUCTION

Thermal X-rays from the supernova remnants (SNRs) are
due to shock-heated plasma. Electrons are first heated to high
temperatures (Te), and then the atoms are gradually ionized.
Therefore, the plasmas in young and intermediate-aged SNRs
are often described by a non-equilibrium ionization plasma
(NEI), or more specifically an ionizing plasma (IP). Electron
temperature (Te) is higher than that predicted from the mean
ionization states of elements (ionization temperature: Tz). As
SNRs age, the ionization rate decreases and is balanced by the
recombination rate; therefore, the plasma reaches collisional
ionization equilibrium (CIE) with Te = Tz. The reverse case
is a recombination-dominant process (Te < Tz)—recombining
plasma (RP). Previous studies on thermal X-ray spectra in SNRs
have used IP to describe young SNRs and CIE plasma to describe
old SNRs. This canonical scenario for SNR plasma evolution
has been challenged by the recent Suzaku discoveries of RP from
several mixed-morphology SNRs (Rho & Petre 1998), IC 443,
W49B, G 359.1−0.5, W28, W44, G 346.3−0.2, and G348.5+0.1
(Yamaguchi et al. 2009; Ozawa et al. 2009; Ohnishi et al. 2011;
Sawada & Koyama 2012; Uchida et al. 2012; Yamauchi et al.
2013, 2014). As evidence of the existence of RP, the authors
cite the detection of enhanced radiative recombination continua
(RRCs), X-ray emissions that are made when free electrons are
directly recombined with atoms in a bound state (free–bound
transition).

RRC is most conspicuous for the transition of free electrons
to the ground state of either He- or H-like atoms. Most RRCs
discovered so far are those of He-like magnesium (Mg), silicon
(Si), and sulfur (S) below ∼4 keV, a clouded energy band in
which many emission lines from abundant elements overlap on
the RRC structures. Thus, the RRC signatures are only revealed
as saw-teeth like residuals when fit to the IP or CIE model. On
the other hand, RRC structures should be more conspicuous in

the energy band 4–10 keV, because the RRC structures—those
of iron (Fe) and calcium (Ca)—are more sparsely spaced,
with no overlap of emission lines from the relevant elements
in this energy band. However, no RRC structures of Ca and
Fe have been reported—except Fe from W49B (Ozawa et al.
2009)—mainly due to the limited statistics in the high-energy
band. Therefore, we conducted deep observations on IC 443,
the most robust RP SNR and only the RRCs of Mg, Si, and S
but no other higher Z elements have been found (Yamaguchi
et al. 2009).

IC 443 (G 189.1+3.0) is located on the Galactic anti-center
at a distance of 1.5 kpc (Welsh & Sallmen 2003). The rem-
nant is associated with a dense giant molecular cloud (Cornett
et al. 1977) near the Gem OB1 association (Humphreys 1978).
Thus, IC 443 is likely a remnant of a core-collapse supernova.
Using the ASCA satellite, Kawasaki et al. (2002) found that the
K-shell intensity ratios of H-like Si and S relative to
He-like Si and S were significantly higher than those expected
in the CIE plasma of the electron temperature determined from
the bremsstrahlung continuum. They concluded that the plasma
in IC 443 was RP. Yamaguchi et al. (2009) found RRCs of Mg,
Si, and S and estimated that kTe and kTz were, respectively,
∼0.6 and ∼1.0–1.2 keV, confirming the existence of RP. In this
paper, we report further evidence of RP on the basis of the new
discoveries of RRCs from Ca and Fe based on Suzaku deep
observations. We discuss the characteristic features of RP.

2. OBSERVATION AND DATA REDUCTION

We used the X-ray Imaging Spectrometer (XIS; Koyama et al.
2007) on board the Suzaku satellite (Mitsuda et al. 2007) to
perform multiple observations of IC 443. The first observation
was made during the Announcement of Opportunity cycle 1
(AO1) phase and the results were reported by Yamaguchi et al.
(2009). Then deep observations of ∼370 ks exposure were
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Figure 1. Vignetting-corrected XIS image of IC 443 in the 3.7–10 keV band in
logarithmic intensity scale. Data from XIS 0, 1, and 3 are combined. The white
circle indicates the source region.

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

Table 1
Observation Logs

ID Cycle Obs. Data (α, δ)J2000.0 Exposurea

501006010 AO1 2007 Mar 6 (6h17m11s, +22◦46′32′′) 42.0 ks
507015010 AO7 2012 Sep 27 (6h17m11s, +22◦45′12′′) 101.8 ks
507015020 AO7 2013 Mar 27 (6h17m11s, +22◦45′12′′) 59.3 ks
507015030 AO7 2013 Mar 31 (6h17m11s, +22◦45′12′′) 131.1 ks
507015040 AO7 2013 Apr 6 (6h17m12s, +22◦44′52′′) 75.5 ks

Note. a Effective exposure of the screened XIS data.

performed in the AO7 phase. The log of these observations
is given in Table 1.

XIS comprises four X-ray CCD cameras located at the foci
of individual X-ray Telescopes (Serlemitsos et al. 2007); three
(XIS 0, 2, 3) are front-illuminated (FI), while the other (XIS 1)
is back-illuminated (BI) CCDs. XIS 2 has not been functioning
since 2006 November, and one quadrant of XIS 0 has been
unavailable since 2009 June, both possibly damaged by the
micro-meteorites. For data reduction and spectral analysis, we
used HEAsoft version 6.12 and SPEX (Kaastra et al. 1996)
version 2.02.04, respectively. XIS data were reprocessed using
xispi software and the calibration database was updated in 2013
March. After screening with standard criteria,5 the total effective
exposure time was 409.7 ks.

3. ANALYSIS

Figure 1 shows the vignetting-corrected XIS image in the
3.7–10 keV energy band after the subtraction of the non-X-ray
background (NXB) constructed with the xisnxbgen software
(Tawa et al. 2008). This energy band includes the major spectral
structures from argon (Ar) to nickel (Ni). We make spectra
from the solid circle of 8′ radius, excluding the regions of
calibration sources (Figure 1). We then subtract the NXB, which
is made using all night-Earth observational data. The spectra of
the two FI CCDs (XIS 0 and 3) are merged to improve the
statistics, because their response functions are almost identical.

5 http://heasarc.gsfc.nasa.gov/docs/suzaku/processing/criteria_xis.html
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Figure 2. XIS spectrum in the 3.7–10 keV energy band. The best-fit CIE model
is shown by the black solid line. The CIE and CXB components are given by
the red and green lines, respectively. The lower panel shows the residuals from
the best-fit model.

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

We analyze only the merged FI spectrum because the NXB of
the BI in the 6–10 keV band is higher than that of the source
counts; therefore, NXB subtraction significantly degrades the
source spectrum of BI.

Figure 2 shows the merged FI spectrum in the 3.7–10 keV
band. We see prominent lines at 6.7 and 7.8 keV, which are,
respectively, He α of Fe and He β of Fe plus He α of Ni.
Here we define the transition lines from the first excited to the
ground states (the principle quantum number n = 2 → 1)
in He- and H-like atoms as He α and Lyα, respectively, and
the transition line from the second excited to the ground state
(n = 3 → 1) in He-like atoms as He β. In addition, a triangle
residual at 8–10 keV corresponds to the energy of RRC of He-
like Fe (see, e.g., Ozawa et al. 2009). The Ni line and RRC of
Fe are the first detection with our deep observations. We fit the
spectrum with a model of optically thin thermal plasma in CIE.
The abundances of Ar, Ca, Fe, and Ni are free parameters, while
those of the other elements are fixed to the solar abundances
of Lodders et al. (2009). The cosmic X-ray background (CXB)
spectrum is approximated by a power-law model with a photon
index Γ = 1.412 and the surface brightness in the 2–10 keV
band of 6.38 × 10−8 erg cm−2 s−1 sr−1 (Kushino et al. 2002).
Because IC 443 is located in the Galactic anticenter direction,
the contribution of Galactic ridge X-ray emission is negligible.
This CIE fit is completely rejected with the large χ2/degrees of
freedom (dof) of 1080/271 (=3.98).

As is shown in Figure 2, the CIE model fails to reproduce
the energies of the He α of Fe and Ni at ∼6.7 and ∼7.8 keV,
respectively. The line-like residuals at ∼7.0 and ∼4.1 keV are
the Lyα of H-like Fe and Ca, respectively. The other large
residual is a triangle-shaped structure at 8–10 keV. Considering
the energy resolution of approximately 300 eV (at 8–10 keV),
the energy of leading edge of the triangle is ∼8.9 keV, which
corresponds to the binding energy of the ground state of He-like
Fe, and thus the triangle would be an RRC of He-like Fe.

In Figure 2, we also see a wavy residual at 5–6 keV. The
leading edge energies of the wave are ∼5.1 and ∼5.5 keV,
which are likely the RRCs of He- and H-like Ca. To examine
these possible RRCs of Ca, we magnify the spectrum in
the 4.6–6.2 keV band and fit it with a model of bremsstrahlung
emission plus fixed CXB. This model is not accepted with the
χ2/dof = 113/85 (=1.33), leaving a wavy excess at 5–6 keV,
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Figure 3. Top panel (a) shows XIS spectrum in the 4.6–6.2 keV energy band
with the best-fit bremsstrahlung emission (red), RRCs from He- and H-like Ca
(blue), and CXB (green). Middle panel (b) represents the residuals from the
models of bremsstrahlung emission and CXB. Bottom panel (c) is the same as
(b), except that it is taken from the RRCs of He- and H-like Ca. Blue dotted line
in panel (b) is to guide the eye.

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

Table 2
Best-fit Parameters of RRC Model

Component Parameter Valuea

Bremsstrahlung kTe (keV) 0.627+0.060
−0.070

RRC of He-like Ca Edge (keV) 5.13 (fixed)
VEM (1051 cm−3)b 1.47+0.23

−0.27
RRC of H-like Ca Edge (keV) 5.48 (fixed)

VEM (1050 cm−3)b 4.44+2.09
−2.38

χ2/dof 82/83 (0.99)

Notes.
a The errors are at 1σ .
b Volume emission measure at the distance 1.5 kpc. The unit is

∫
nenzdV ,

where ne, nz, and V are the electron and Ca ion density (cm−3), and the
emitting volume (cm3), respectively.

as shown in Figure 3(b). We then add two RRC models for this
wavy structure with the leading edges at 5.13 and 5.48 keV,
which are the predicted values of He- and H-like Ca RRCs,
respectively. For the RRC model, an exponential decay tail of
an e-folding temperature is added above the edge energy. The
temperature for the RRC and that of the bremsstrahlung are
free parameters but are linked with each other. This RRC model
significantly reduces χ2/dof to 82/83 (=0.99), which yields an
F-test probability of 2×10−6. The best-fit result and parameters
are shown in Figures 3(a) and (c) and in Table 2. Thus, in the
spectrum of IC 443, we confirm for the first time the presence
of enhanced RRCs of Ca. Taken together, these facts provide
good evidence for a RP.

Therefore, we fit the 3.7–10 keV spectrum with an NEIJ
model (Kaastra et al. 1996; Yamaguchi et al. 2012; Sawada
& Koyama 2012; Uchida et al. 2012), which represents a
recombination-dominant phase starting from an initial ioniza-
tion temperature kTz0 and an electron temperature kTe, after the
recombination time scale of net , where ne and t are the density
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Figure 4. Same as Figure 2, but with the best-fit NEIJ model.

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

Table 3
Best-fit Parameters of the NEIJ Model

Parameter Valuea

kTe (keV) 0.65 ± 0.02 ± 0.02
kTz0 (keV) 10(fixed)
net (1011 cm−3 s) 9.8 ± 0.6+0.5

−0.6

ZAr (solar) 0.76+0.46
−0.32

+0.70
−0.17

ZCa (solar) 1.7+0.5
−0.3

+0.9
−0.2

ZFe (solar) 2.7+1.6
−1.0

+4.5
−0.6

ZNi (solar) 30+26
−14

+57
−5

VEMb (1057 cm−3) 6.7+0.8
−1.2

+0.4
−0.9

χ2/dof 302/270 (1.12)

Notes.
a The errors are at 1σ of statistical and systematic.
b Volume emission measure at the distance of 1.5 kpc. The
unit is

∫
nenpdV , where np is proton density (cm−3).

of electrons and elapsed time, respectively. In the fitting, kTz0
cannot be constrained, with a lower limit of ∼3 keV. We there-
fore fit the spectrum by fixing kTz0 to 10 keV. The other
parameters—normalization, kTe, net , and abundances of Ar,
Ca, Fe, and Ni—are free parameters. This NEIJ model is ac-
ceptable with χ2/dof = 302/270 (=1.12). The best-fit model
is given in Figure 4 and the parameters in Table 3. Because
the CXB intensity has a fluctuation 6.49% (1σ ) in a ∼0.5 deg2

area (Kushino et al. 2002), which corresponds to ∼20% in the
region of the SNR spectrum, we check for possible system-
atic error due to this CXB fluctuation changing the intensity
of the CXB by ±20%. We find no significant change of the
best-fit results, except some incrementing of the error ranges
(systematic errors).

4. DISCUSSION

Based on deep observations, we discover a strong He α of Fe
at ∼6.7 keV. Because the electron temperature is very low—at
most ∼0.7 keV—it is almost impossible to emit He α of Fe
by collisional excitation, a dominate process to produce this
line in IP or CIE plasma. Therefore, the presence of this line
itself already indicates that the plasma is neither IP nor CIE.
Furthermore, we discover RRCs of He-like Fe and Ca and H-like
Ca, which is robust evidence for RP. The RRC of He-like Fe
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Figure 5. Solid lines show the error contours for the Fe abundance–net space
(left y-axis) and dashed lines show the abundance ratio of ZNi/ZFe–net space
(right y-axis), both in double-logarithmic scale. Confidence levels are at 1σ

(red), 2σ (green), and 3σ (blue). The crosses show the best-fit parameters.

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

is the second sample after W49B, while the RRCs of He- and
H-like Ca are the first discoveries in SNRs.

Although the line flux of Fe He α has sufficient statistics,
the best-fit 1σ error of the Fe abundance is significantly large.
This situation is somewhat similar to those of Ca and Ni. This
apparent “inconsistency” is due to the RP proper characteristic,
and thus is not found in IP.

The ionization rate from less ionized atoms is higher than that
from more ionized atoms, and thus the number of charges in IP
increases monotonically as net increases. At any net , no large
dispersion of the charge number appears. Unlike the ionization
rate, the recombination rate does not strongly depend on the
charge number, and thus a broad distribution of different ions
is achieved in RP at a large net . In our case, H-like Fe can
survive in a wide range of net , significantly varying from 1011

to 1012 cm−3 s. Near ∼1012 cm−3 s, the fraction of H-like
Fe decreases to almost 0%. RRCs of He-like atoms occur due
to the recombination of free electrons to the ground states of
H-like ions. At low electron temperature (0.65 keV), collisional
excitation rate of He-like atoms from ground to excited states
is far smaller than that of the recombination process. The
contribution of the cascade line, which originates from electrons
captured at the excited levels of ions by free–bound transition
(Ozawa et al. 2009), is significantly larger than that of the
line flux that originates from collisional excitation. Therefore,
the flux of He-like K-shell lines and RRC are approximately
proportional to the fraction of H-like ions. Accordingly, in RP,
atomic abundances and net are strongly correlated—larger net
leads to greater abundance. We plot the confidence contour in
the two-dimensional space of the relaxation parameter net and
the metal abundance of Fe (Figure 5).

The detection of the Ni He α line and a large ratio of ZNi/ZFe
relative to the solar abundances of ∼10 are also discoveries
from IC 443 and are shown in Figure 5. To check this high ratio

of ZNi/ZFe, we compare SPEX with the other sets of atomic
data concerned (Masai 1997; Bryans et al. 2009) and estimate
the uncertainty to be 20%. We thus conclude that the ratio of
ZNi/ZFe relative to the solar abundances is in the range of ∼8–12.
Unlike the absolute value of the abundance for each element, this
high ratio of ZNi/ZFe is valid in the error range of net . However,
such a high ratio is not predictable from any theoretical model
of spherically symmetric explosion in core-collapse supernovae
(e.g., Woosley & Weaver 1995). Recently, a similarly high ratio
of Ni to Fe relative to the solar abundances ∼8 was obtained from
core-collapse SNRs, G 350.1−0.3 and G 349.7+0.2, suggesting
that a significant fraction of Ni is ejected from the core region
of their progenitors (Yasumi et al. 2014). For SN 2006aj, Maeda
et al. (2007) proposed a model in which a large amount of
58Ni might be ejected from the core as a result of asymmetric
explosion. A possibility is that IC 443 is also a remnant of an
asymmetric explosion of a core-collapse supernova.
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