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Abstract

We present a discovery of the radiative recombination continua from a supernova remnant (SNR) 3C
391. The X-ray spectrum can be fitted with a plasma of neither in collisional equilibrium nor ionizing,
leaving hump-like residuals at around ∼2.5 keV and ∼3 keV. These energies correspond to the radiative
recombination continua of He-like Si and S, and hence the plasma is likely in a recombining state. The
spectrum of 3C 391 is nicely fitted with a plasma model that initially an over-ionized state and is currently
in a recombining phase. The recombining parameter net, where ne and t are electron density and elapsed
time, respectively, is the largest among any recombining plasma in SNRs.
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1. Introduction

3C 391 (G31.9+0.0) is a radio bright Galactic SNR with
diffuse X-rays near the center of the radio shell called an
mixed-morphology SNR (MM SNR) (Reynolds and Mof-
fett 1993). A radio shell with a partial shell of northwest
(NW) and a faint extension to southeast (SE) region sug-
gests a breakout morphology into lower density region.

Unresolved GeV gamma-ray emission from SNR 3C
391 with Fermi-LAT was reported by Castro and Slane
(2010) with 13 σ significance. The radio rim of NW
region and the closer OH maser spot indicating the in-
teraction with molecular clouds are apart from the GeV
emission peak in the test statistic map with 4’ (Frail et al.
1996). GeV emission associated with 3C 391 probably
arises from accelerated cosmic-rays in the shock-heated
molecular clouds.

The previous X-ray observation of 3C 391 with ASCA
concluded the plasma has already reached the ionization
equilibrium with net ∼ 2.5 × 1012 s cm−3 (Kawasaki et
al. 2005). Spatially resolved X-ray analysis performed
with Chandra showed clumpy structures of the remnant
and column densities gradually increase from the SE to
the NW regions (Chen et al. 2004).

Thus interaction with the molecular gas and gamma-

ray emission would be keys for morphology and spec-
trum of the thermal plasma. Using the low and stable
background and high sensitivity of Suzaku, we intend to
discover RP plasma and to unveil the origin of the re-
combining plasmas using a GeV gamma-ray source SNR
3C 391.

2. Observations and Results

The observation of SNR 3C 391 was performed with
the Suzaku satellite from 2010 October 22-24 during the
AO5 cycle. Observation instrument is the X-ray Imaging
Spectrometer (XIS) of CCD cameras on the focal plane
of the X-Ray Telescope (XRT).

3C 391 is located on the Galactic plane, and hence the
major background component is the Galactic ridge X-ray
emission (GRXE), whose X-ray flux strongly depends on
the position (e.g. Uchiyama et al. 2013). Since the
photon statistics of the background region (surrounding
region of 3C391 in the same XIS filed) is not good enough
due to limited exposure time and effective area, simple
background subtraction cause large statistics errors in
the SNR spectrum. We therefore made the background
model for the GRXE.

The NXB-subtracted spectrum in the entire region of
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Fig. 1. NXB subtracted spectra of 3C 391 (black crosses) with the
best-fit models (solid lines) and the residuals (lower panel) of the
NEIJ model. For visibility, only merged FI spectrum is displayed.
The plasma model for 3C 391, background and Gaussian for Fe-L
are shown with the dashed, doted dash-dotted lines, respectively.

3C 391 is fitted with several plasma models. We first
try to fit with VAPEC model in the XSPEC package,
a single-temperature (kT ) optically thin thermal plasma
model in CIE state. This model is rejected with large χ2

/ d.o.f value (710.84/311).

One of the most prominent residuals are around 1.2
keV, possibly due to the complex Fe L-shell transitions
from highly excited states. In the atomic database of
the current plasma codes, the higher Rydberg series of
Fe-L lines are incomplete. Brickhouse et al. 2000 showed
that the transitions (e.g. n=6,7,8 to n=2) are missing.
Since these are multiple lines around 1.2 keV, we added
a board Gaussian line with free parameters of center en-
ergy, width and flux. Then the fit is improved to χ2 /
d.o.f = 510.62/309.

This CIE model still leave significant residuals at Si
XIV Lyα line (2.006 keV) and hump-like features at ∼
2.5 keV and ∼ 3 keV. The latter energies correspond to
the radiative recombination continua (RRC) of He-like
Si and S (Yamaguchi et al. 2008). This may be is a sign
of the existence of the recombining plasma by an analogy
of other MM SNRs (e.g. Sawada and Koyama 2012).

We then fit the NEIJ model in the SPEX package.
This model describes a transition plasma that initially
in the CIE state with the temperature kT1 then only the
electron temperature dropped to kT . The recombination
phase is given by the parameter net, where ne and t are
the number density of electrons and the elapsed time
after the electron cooling, respectively. The NEIJ model
give nearly acceptable fit with χ2 / d.o.f = 371.47/310 as
is shown in Figure. 1. Best-fit parameter are summarized
in Table. 1.

Table 1. Best fit parameters of the whole region∗

Parameter VAPEC NEIJ

NH (1022 cm−2) 2.47+0.08
−0.05 2.74+0.16

−0.07

kT1 (keV) – 3.0 (fix)
kT (keV) 0.578+0.005

−0.008 0.474+0.017
−0.024

net (10
11 cm−3 s) – 14.3+0.5

−0.4

Abundance (solar)

Ne (= O) 0.96+0.27
−0.18 0.66+0.36

−0.14

Mg 0.80+0.11
−0.08 0.69+0.22

−0.09

Si 0.71+0.07
−0.06 0.73+0.20

−0.08

S 0.71+0.08
−0.07 0.74+0.21

−0.09

Ar 0.73+0.16
−0.14 0.78+0.36

−0.17

Ca 1.7+0.6
−0.5 1.9+0.8

−0.6

Fe (= Ni) 0.14+0.07
−0.07 0.12+0.08

−0.11

χ2 / d.o.f 510.62/309 371.47/310

∗ The uncertainties are the 90% confidence range.

3. Conclusion

Chen & Slane (2001) and Kawasaki et al. (2005), re-
ported that the 3C 391 spectrum is given by IP with
very large ionization parameter of net ≥ ×1012 cm−3 s,
or near CIE plasma. We discovered new fact that the X-
ray spectrum of 3C 391 has the radiative recombination
continua of He-like Si and S, and the plasma is in recom-
bining phase. The recombination parameters net (∼ 1.4
× 1012 cm−3 s) is the largest among any RP discovered
so far in MM-SNRs. This is not inconsistent with the
previous observation of near CIE plasma.
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