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Abstract

We present a new CO observation toward the Type Ia supernova remnant 3C 397 using the Nobeyama 45 m radio
telescope at an unprecedented angular resolution of ~18”. We newly found that the CO cloud at
Visg = 55.7-62.2 km s ! (60kms™ ! cloud) shows a good sPatlal correspondence with the radio continuum
shell. We also found an expanding gas motion of the 60 kms™' cloud with an expansion velocity of ~3kms ',
which is thought to be formed by the pre- and/or postsupernova feedback. By considering the positions of Galactic
spiral arms and the X-ray/HT absorption studies, we concluded that 3C 397 is physically associated with the
60km s~ cloud rather than the prev10usly known CO cloud at Vigg ~ 30kms '. Given that the previously
measured preshock density is ~2-5 cm °, the expanding motion of the 60 km s~ cloud was likely formed by the
presupernova feedback known as optlcally thick wind. The scenario is consistent with the fact that 3C 397

exploded inside a wind-blown bubble as a single degenerate system.

Unified Astronomy Thesaurus concepts: Supernova remnants (1667); Interstellar medium (847); X-ray

sources (1822)

1. Introduction

Identifying progenitor systems of Type Ia supernovae (SNe)
is a pressing issue in modern astrophysics. This is because it is
the standard candle in the Universe due to its constant absolute
luminosity (e.g., I. P. Pskovskii 1977; M. M. Phillips 1993;
M. M. Phillips et al. 1999). “Single-degenerate (SD)” and
“double-degenerate (DD)” are the two most widely accepted
scenarios to describe the progenitor systems of Type Ia SNe.
The SD scenario is the accretion of gas from a companion star
onto a white dwarf, reaching the Chandrasekhar limit, and
an ensuing thermonuclear explosion (e.g., J. Whelan & 1. J.
Iben 1973; K. Nomoto 1982; K. Nomoto et al. 1984). On the
other hand, the DD scenario is an explosion caused by merging
two white dwarfs (e.g., R. F. Webbink 1984; 1. Iben & A.
V. Tutukov 1984). Only for the SD scenario, there exists a
companion star blown away by the explosion, so it is the
simplest evidence to identify the companion star. However,
there is no strong case of observational identification of the
companion star, although many studies have been performed
(e.g., D. Maoz et al. 2014; K. Maeda & Y. Terada 2016).

An alternative way to verify the SD scenario is to find an
expanding shell interacting with a Type Ia supernova remnant
(SNR). Because the expanding gaseous shell surrounding a
Type Ia SNR could be formed by disk winds, referred to as
“optically thick wind (OTW),” from the progenitor of a binary
system comprising a white dwarf and a nondegenerate
companion (e.g., I. Hachisu et al. 1996, 1999a, 2000). When
the mass accretion rate of the interstellar medium from the
companion to the white dwarf exceeds a critical value, strong
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winds blow to stabilize mass transfer, forming a low-density
bubble, and then the SN explosion occurs in it (C. Badenes
et al. 2007). The shell size formed by the OTW depends not
only on the accretion wind parameters but also on the
gas density of the surrounding medium (B.-C. Koo &
C. F. McKee 1992a, 1992b). A series of processes are observed
only in the SD scenario, but not in the DD scenario.

Such attempts to explain SD scenarios in terms of an
expanding shell have been performed in previous studies. The
first detection of an expanding shell was the '>CO obser-
vation of SN 1572 (P. Zhou et al. 2016). They found an
expanding shell with mass ~ 220 M., and expansion velocity
AV ~ 5kms ™" and argued that its momentum is sufficiently
explained by energy injection from the OTW. They concluded
that SN 1572 was produced by the SD scenario. Other Type Ia
SNRs such as N103B, G344.7—0.1, and SN 1006 also showed
expanding shells possibly due to the OTW (H. Sano et al.
2018, 2022; K. Fukushima et al. 2020). To explain the
progenitor systems of Type la SNe in the SD scenario, further
CO observations in other Type Ia SNRs are needed to test the
scenario.

3C397 (G41.1-0.3) is a bright Type Ia SNR in X-ray and
radio wavelengths at (I, b) ~ (4171, —073). The SNR is
classified as a mixed-morphology type whose central region is
bright in thermal X-rays and distributed on a shell in radio
continuum emission, which shows a rectangular shell elongated
in the east-west direction with an apparent size of 4.5 x 2.5
(e.g., R. H. Becker et al. 1985; M. C. Anderson & L. Rudnick
1993; J. Rho & R. Petre 1998; S. Safi-Harb et al. 2005). The
age discrepancies are ~1350—1500 yr for radio (D. A. Leahy
& S. Ranasinghe 2016) and ~5000 yr for X-ray observations
(S. Safi-Harb et al. 2005).

3C397 has been observed in radio, infrared, X-ray, and
gamma rays (e.g., S. Safi-Harb et al. 2000; B. Jiang et al. 2010;
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H. Yamaguchi et al. 2015; Y.-H. Lee et al. 2019; T. Ergin et al.
2021; Y. Ohshiro et al. 2021). Y.-H. Lee et al. (2019)
concluded that the SNR morphology is not due to an
asymmetric explosion but to an explosion within an inhomo-
geneous interstellar medium based on near-infrared [Fe II]
emission and radio continuum observations. H. Yamaguchi
et al. (2015) detected K-shell emission lines from Cr, Mn, Fe,
and Ni using Suzaku that cannot be explained without electron
capture during explosions and found that their mass ratios of
Mn/Fe and Ni/Fe are very high, suggesting that 3C 397 has a
progenitor of the SD scenario.

3C 397 is thought to be associated with the dense molecular
clouds by radio-line observations. S. Safi-Harb et al. (2005)
carried out CO(J =2-1) and CO(J = 1-0) observations with
the Swedish-ESO Submillimeter Telescope and the Mopra
telescope, which have angular resolutions of ~22" and ~45",
respectively. The authors found that the molecular clouds at a
velocity of ~38—40kms ™' are well spatially correlated with
the X-ray brightness on the western shell of the SNR.
Subsequent 'CO(J = 1-0) observations using the 13.7m
telescope at the Purple Mountain Observatory suggested the
cloud association at the velocity range of ~27—35kms ',
except for the southeastern shell of the SNR (B. Jiang et al.
2010). The authors also found possible evidence for a line-
broadening of CO at a velocity of ~32km s '.° Both authors
estimated the kinematic distance of the clouds to be ~10kpc,
which is consistent with a large absorbing column density of
X-rays. On the other hand, there are no detailed CO studies that
focus on the other velocity components and kinematics of
the gas, e.g., an expanding motion of the clouds. Moreover, the
1420 MHz HT absorption studies suggested that the systemic
velocity of 3C397 is ~50-60kms ', corresponding to the
lower and upper limits of kinematic distances to be 6.3 £ 0.1
and 9.7 4+ 0.3 kpc, respectively (D. A. Leahy & S. Ranasin-
ghe 2016). If this is correct, the shock-interacting molecular
clouds with 3C 397 would need to be reconsidered.

In the present paper, we report new millimeter-wavelength
observations using 2CO(J =1-0) line emission with the
Nobeyama 45m radio telescope (NRO45) and archival
2CO(J = 3-2) data using the James Clerk Maxwell Telescope
(JCMT). The CO data sets with unprecedented sensitivity
and high angular resolution of ~20” enable us to identify
interacting molecular clouds and their physical relation to the
high-energy phenomena in 3C 397. Section 2 describes
the observational data sets and their reductions. Section 3
comprises three subsections: Sections 3.1 and 3.2 present
overviews of the distributions of X-rays, the radio continuum,
and CO, and Section 3.3 shows the X-ray hardness ratio (HR).
A discussion and conclusions are given in Sections 4 and 35,
respectively.

2. Observations and Data Reduction
2.1. CO

We performed '?CO(J = 1-0) observations at 115.271202 GHz
with NRO45 on 2022 December 7, (proposal No. G22030, PIL:
H. Sano). We used the on-the-fly mapping mode for a 12 x 12/
rectangular region centered at (/, b) = (4112, —0.31). The front
end was the FOur-beam REceiver System on a 45 m Telescope
(FOREST; T. Minamidani et al. 2016), a dual-polarization, double

6 This line-broadening is also mentioned by C. D. Kilpatrick et al. (2016)
using the Heinrich Submillimeter Telescope.
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sideband, four-beam heterodyne receiver with a superconductor-
insulator-superconductor mixer driven at 80-116 GHz. The back
end was an FX-type digital spectrograph named Spectral Analysis
Machine for 45 m Telescope (SAM45; N. Kuno et al. 2011). The
bandwidth was 125 MHz, and the channel width was 61.04 kHz in
the spectral window mode. The typical system temperature was
~340K for both V and H polarization including the atmosphere.
The final beam size was ~18 in the full-width half-maximum
(FWHM). The pointing accuracy was achieved to be better
than ~2’ through hourly observations of the SiO maser OH39.7
+1.5. We also observed WSI[(aB19SO7 6]31950) = (19h21m2652,
14024’ 43/./0)] for the absolute intensity calibration, and then we
estimated the extended main beam efficiency of ~0.56 through a
comparison with the archival FUGIN data (T. Umemoto et al.
2017). The final data has a noise fluctuation of ~0.11K at the
velocity resolution of 0.65 km s~ '.

We also used archival data of 12CO(J = 3-2) line emission
at 345.795990 GHz observed with JCMT by the '*CO(J = 3-2)
High-Resolution Survey (COHRS DR2; G. Park et al. 2023).
The angular resolution is ~16.6 in the FWHM. We applied the
main beam efficiency of ~0.61 to convert the data from
antenna temperature 7, to main-beam temperature Tpy,
(G. Park et al. 2023). The final data has a noise fluctuation
of ~0.11K at the velocity resolution of 0.65km s .

2.2. Radio Continuum

To compare CO distributions with the SNR shell morph-
ology, we used the 20 cm radio continuum data taken with the
Very Large Array (VLA) as a part of the Multi-Array Galactic
Plane Imaging Survey (D. J. Helfand et al. 2006). The angular
resolution is 6.4 x 5.4 with a position angle of 350°, and the
typical noise fluctuation is ~0.3 mJy beam .

2.3. X-Rays

We used archival X-ray data obtained by Chandra with the
ACIS-I array (Obs ID: 1042), which has been published by
several papers (e.g., S. Safi-Harb et al. 2005; B. Jiang et al. 2010;
B.-C. Koo et al. 2016). We used CIAO version 4.14 (A. Fruscione
et al. 2006) with CALDB 4.9.4 (D. Graessle et al. 2006) for data
reduction and imaging. After reprocessing all data using the
chandra_ repro procedure, we created energy-filtered, expo-
sure-corrected maps using the flux image procedure in the
energy bands of 0.5-7.0 keV (broad band), 1.14-1.27 keV (soft
band), and 3.3-3.7 keV (hard band). The effective exposure time
was ~066ks. We smoothed each image to improve the signal-to-
noise ratio: the final beam size of the soft and medium band
images is to be ~10" and that of the broadband image is ~3” in
the FWHM.

3. Results
3.1. Overview of X-Ray and Radio Continuum

Figure 1 shows the Chandra X-ray image at 0.5-0.7 keV
superposed on the VLA radio continuum contours at 1.4 GHz.
As presented in previous studies, X-rays are concentrated in the
center of the SNR and show the elongated distribution in the
east-west direction (e.g., J. Rho & R. Petre 1998). The radio
continuum shows enhancement in the southeast and southwest,
consistent with an X-ray distribution brighter than ~5 X
10~® photons cm ™ ?s~'. Similarly, in the northeastern part of
the SNR, there is an area of slightly higher intensity in X-rays
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3C397 Chandra X-rays [E: 0.5-7.0 keV]
[contours: VLA radio continuum]
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Figure 1. Distribution of Chandra X-ray intensity (E: 0.5-7.0 keV; e.g.,
S. Safi-Harb et al. 2005) superposed on the VLA radio continuum at 1.4 GHz

(D. J. Helfand et al. 2006). The lowest contour level and intervals are 1.5 and
7.5 mJy beam ', respectively.

(~7 x 10®photons cm s~ '), corresponding to the distribu-
tion of the radio shell. No significant enhancement of radio
emission was observed in the northwest direction. The intensity
distributions of both the radio and X-rays extend east to west
from the center of the SNR, which were mentioned as “jet-like
structures” by S. Safi-Harb et al. (2005).

3.2. Distributions of CO Clouds

Figure 2 shows the velocity channel maps of '>CO(J = 1-0)
toward 3C 397 for two velocity ranges of 27.1-36.8 kms '
(hereafter the “30km s~ ' cloud”) and 55.7-62.2kms ' (here-
after the “60km s ™' cloud”). The 30km s~ ' cloud is believed
to be associated with the SNR (S. Safi-Harb et al. 2005;
B. Jiang et al. 2010), while the 60 km s~ cloud represents the
systemic velocity of 3C397 by the HI absorption study
(D. A. Leahy & S. Ranasinghe 2016).

In the 30km s~ cloud (Figure 2 upper panels), '*CO emission
partially surrounds the northern and western boundaries of the
radio shell in the velocity range of 29.00-32.9kms™'. On the
other hand, the 'CO cloud at the velocity range of
34.9-36.8kms ' is almost filled inside the radio shell. In the
60kms~' cloud (Figure 2 lower panels), we also found that
clumpy and diffuse molecular clouds are distributed along the
northern half of the radio shell. We also noted that a filamentary
CO cloud elongated east and west from the center of the SNR
(Visr: 55.7-58.3kms™ ') seems to overlap with the jet-like
structure of the radio continuum and X-rays (see Figure 1).

Figures 3(a) and (b) show the velocity-integrated intensity
maps of 2COJ =1-0) for the 30 and 60kms~! clouds,
respectively. The 30km s~ cloud extends the western half of
the SNR shell, while the 60 km s~! cloud mainly lies on the
northern half of the SNR. We also find clumpy '“CO(J = 3-2)
clouds in the 60kms™! cloud, some of which are along the
radio shell boundary.

Figures 3(c) and (d) show enlarged maps of the northwestern
and southwestern parts of the SNR using the JCMT CO(J = 3-2)

Ito et al.

line data. The velocity range is 59.6-60.0 kms ™' for Figure 3(c)
and 57.0-58.3 km s~ for Figure 3(d). Both the molecular clouds
are nicely along the radio-bright edge or shell. Particularly, the
dogleg shape of the northwestern radio shell is perfectly along the
clumpy cloud distribution.

Figures 4(a) and (b) show the position—velocity for the two
molecular clouds. The 30 km s~ ' cloud shows no apparent
distribution, which corresponds to the spatial extent of the
SNR. On the other hand, the 60 km s~ ! cloud shows a cavity-
like distribution in the p—v diagram of 2co emission, whose
velocity range is from 56 to 62 km s~ '. It is noteworthy that the
spatial extent of the cavity is roughly consistent with the
diameter of the SNR.

3.3. Comparison with an X-Ray HR

In order to clarify a distance relation between the molecular
clouds in the line-of-sight direction of 3C 397, we examined
the HR of the X-ray. HR is the ratio of X-ray intensities defined
as

HR = Fhlgh Flow ; (1)

F high + F]ow
where Fyigp is the intensity of X-ray in the high energy band
and F,, is that of the low energy band. Since the soft-band
X-rays should be absorbed by dust grains inside a molecular
cloud via photoelectric absorption, we can expect a large HR
value when dense molecular clouds are located between the
SNR and observers in the line-of-sight direction. So, we
searched the dense molecular clouds, which are spatially
corresponding to the larger value of HR.

Figure 5 shows the HR images superposed on the
2CO(J = 1-0) contours for three different velocity ranges.
We found three regions of relatively high HR. These
coordinates are (I, b) ~ (41.13, —0.28), (41.14, —0.31), and
(41711, —0.31), defined in the order as peak A, peak B, and
peak C. The dense molecular cloud (hereafter referred to as
“abs cloud” in Figure 5(c)) shows that the abs cloud aligns well
with all HR peaks, whereas the 30 km s~ ' cloud aligns only
with peaks A and B, and the 60 km s~' cloud with peak B
alone. No other molecular clouds with good spatial counter-
parts other than these in the other velocity ranges are found.

4. Discussion
4.1. Molecular Clouds Associated with 3C 397

Previous studies proposed that the 30km s ' cloud is
physically interacting with the SNR 3C 397 (e.g., S. Safi-Harb
et al. 2005; B. Jiang et al. 2010; C. D. Kilpatrick et al. 2016).
Their argument is based on three observational signatures: (1)
the bow-shaped spatial distribution of "*CO(J = 1-0), (2) the
line broadening of ~7 km s~ " in the '*CO(J = 1-0) spectrum,
and (3) the density of molecular gas assuming a pressure
balance between hot and cold gas. In this section, we discuss
which of the two clouds, the 30kms™' cloud and the newly
found 60 km s~ cloud, is associated with 3C 397 in terms of
spatial /velocity distributions and the positional relation among
the molecular clouds and 3C 397 toward the line of sight.

First, we emphasize that it is very difficult to clarify which
clouds are physically associated with 3C 397 in terms of spatial
comparison alone. Both the 30 and 60 km s~ ' clouds show
good spatial correspondence with the radio continuum shell of
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Figure 2. Velocity channel distributions of the NRO45 '>CO(J = 1-0) for the 30 km s~ ' cloud (upper panels) and the 60 km s~ ' cloud (lower panels). Each panel
shows the CO integrated intensity distribution integrated over the velocity range of 27.1-36.8 km s~ ' every 1.95 km s~ ' for the 30 km s~ cloud and 55.7-62.2 km
s~' every 1.3 km s~ for the 60 km s~' cloud. The superposed contours are the same as those shown in Figure 1.

3C 397. The diffuse gas of the 30 km s~ ' cloud appears to be
along the western half of the shell. The '*CO(J = 3-2) clumpy
structure in the 60 km s~ ' cloud is located in the vicinity of the
nonthermal radio-bright shell, indicating that the shock—cloud
interaction with magnetic field amplification occurred (e.g.,
T. Inoue et al. 2009, 2012; H. Sano et al. 2010, 2013).

Next, we argue that the cavity-like structure in the p—v diagram
of the 60 km s~ cloud represents an expanding gas motion due to
the pre- and/or postsupernova feedback effect. The presupernova
feedback corresponds to strong winds from the massive progenitor
or OTW from a binary star system including a white dwarf (e.g.,
R. Weaver et al. 1977; 1. Hachisu et al. 1996, 1999a, 1999b). The
postsupernova feedback represents the gas acceleration and/or
distraction of SN shocks (e.g., B.-C. Koo et al. 1990; M. Seta
et al. 1998, 2004). In the case of 3C 397, the expansion velocity of
the gas was estimated to be AV ~ 3kms ' centered at the
systemic velocity of ~59 +2 km s~'. The derived expansion
velocity is roughly consistent with those of the Galactic SNR SN
1006 (e.g., AV ~ 4 km s~1: H. Sano et al. 2022), G344.7—0.1
(e.g., AV ~ 4.5 km sfl; K. Fukushima et al. 2020), and G298.6
—0.0 (e.g, AV~ 8kms '; P. K. H. Yeung et al. 2023). On the
other hand, the p—v diagram of the 30 km s~ cloud does not show
such an apparent signature of an expanding gas motion.

Finally, we discuss the positional relation among the 30 km s~
cloud, 60 km s~ cloud, abs cloud (V; sg: 63.5-64.8 km s~ 1), and
3C 397 toward the line-of-sight direction, in order to check
consistency with observational signature, especially in the
HR image. We first examined the velocity distribution of the

1

gas in the line-of-sight direction based on the spiral arm
distribution. Figure 6 shows the large-scale p—v diagram of the
2CO(J = 1-0) obtained using the NANTEN 4 m radio telescope
(A. Mizuno & Y. Fukui 2004). According to M. J. Reid et al.
(2016) the Sagittarius arm, one of the Galactic spiral arms, lies on
the line-of-sight direction of 3C 397, whose systemic velocities
are ~35 km s~ ! (nearside arm) and ~60km s~ ! (farside arm).
This implies that the three molecular clouds discussed in this
paper are likely on the Sagittarius arm, and their locations are
naturally limited to the nearside arm for the 30 km s ! cloud, and
the farside arm for the 60 kms ' cloud and abs cloud. Based on
the Galactic rotation model by J. Brand & L. Blitz (1993), the
kinematic distance is estimated to be ~2.1 kpc for the 30 km s~
cloud, ~8.3 kpc for the abs cloud, and ~8.7 + 0.2 kpc for the
60 km s~ ! cloud (see Figure 7). From the above discussion, the
positional relation among the molecular clouds and 3C 397 in
the line-of-sight direction should be expressed as schematically
shown in Figure 8. This picture is consistent with the HR study as
shown in Section 3.3: the abs cloud is located in front of
the SNR because peak C of HR is only spatially correlated with
the abs cloud. We emphasized that the positional relation is also
consistent with the previous H 1 absorption measurement because
the absorption line is seen up to the tangent velocity and
absence of absorption at Vi sg =50-60kms™ (D. A. Leahy &
S. Ranasinghe 2016).

To summarize the above discussion, we conclude that 3C
397 is likely associated with the 60km s~ ' cloud in terms of
spatial /velocity distributions of gas (including the previous H 1
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(b) CO(J = 1-0) intensity map [V, 4,: 55.7-62.2 km s7']
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Figure 3. (a) and (b) Integrated intensity maps of NRO45 '>CO(J = 1-0) for (a) the the 30 km s~ cloud and (b) the 60 km s~ cloud. The integration velocity range of
27.1-36.8 km s~ for the 30 km s~ cloud and 55.7-62.2 km s~ for the 60 km s~ ' cloud. Horizontal dashed lines represent the integration ranges of Galactic latitude
for each cloud (see Figure 4). (c) and (d) Enlarged maps of the northwestern and southern shells of the 60 km s~! cloud, which were created by using the archival
JCMT ">CO(J = 3-2) data (G. Park et al. 2023). The superposed contours are the same as those shown in Figure 1.
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Figure 4. Position—velocity diagrams of NRO45 12COJ = 1-0) for (a) the 30 km s ! cloud and (b) the 60 km s~ cloud. The integration range of Galactic longitude is
from —0.34 to —0.32. The dashed circle in (b) indicates an expanding gas motion. Horizontal dashed lines represent the integration velocity ranges for each cloud.
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Figure 5. X-ray hardness ratio maps overlaid with the NRO45 12CO(J = 1-0) contours of (a) the 30 km s~ cloud, (b) the 60 km s~ ! cloud, and (c) the abs cloud. The
energy band of the hardness ratio map is 1.14—1.27 keV for the soft band and 3.3-3.7 keV for the hard band. The shaded areas are excluded because of outside the
radio continuum shell. The white contours indicate the '>CO(J = 1-0) integrated intensities, whose lowest contour level and contour intervals are 14.0 and 2.8 K km
s~! for the 30 km s ! cloud; 50.0 and 6.0 K km s~! for the 60 km s ! cloud; and 7.5 and 2.0 K km s~! for the abs cloud, respectively. The green dashed circles, named
peaks A, B, and C, represent the three regions with relatively higher hardness ratios.
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Figure 6. Large-scale position—velocity diagram of '>CO(J = 1-0) obtained with
the NANTEN 4 m radio telescope (A. Mizuno & Y. Fukui 2004). The integration
range in the Galactic longitude is from —1° to 1°. The dashed and solid curves
indicate the near- and farside Sagittarius arms, respectively. The cyan vertical line
represents the line-of-sight direction of 3C 397. We also plotted the 30 km s~' cloud
(red), abs cloud (green), and 60 km s~! cloud (blue).

absorption study) and the positional relation among the
molecular clouds and 3C 397 toward the line of sight.

4.2. Age of 3C 397

The previous section suggested that the distance of 3C 397 is
slightly updated from ~10 to ~8.7 kpc. We here estimated the
dynamical age 7,4, of the SNR based on our revised distance of
3C 397. Since the 3C 397 is believed to be in the Sedov—Taylor
Phase (L. I. Sedov 1959), we can estimate the dynamical age as
below,

2r
5V

where Vg, is the shock velocity of the SNR and r =4.04 pc is
the radius of the SNR shell. By adopting the shock velocity
Vg = 1050-1360 kms ! (D. A. Leahy & S. Ranasinghe 2016),
we obtain the SNR age #,,c = 1100-1400 yr. This value is

@

tage =

® 30 km s cloud
® abs cloud
® 60 km s~ cloud

V g [km s7']

Distance [kpc]

Sagittarus Arm

Galactic Center

Figure 7. Schematic view of the Galactic spiral arm and the distance—velocity
relation. The solid black curve shows the relation between the line-of-sight velocity
and kinematic distance. The red, green, and blue clouds represent the 30 km st
cloud, abs cloud, and 60 km s~ cloud, respectively. The red thick curve indicates
the Sagittarius arm. Ry is the distance from the Galactic center to the Sun.

roughly consistent with the previous age estimation of the
3C 397 that assumed a similar distance (e.g., D. A. Leahy &
S. Ranasinghe 2016).

4.3. A Hint for a Single-degenerate Origin

In this section, we discuss whether the expanding gaseous
shell of the 60 km s~ cloud was formed before or after the SN
explosion of 3C 397, by comparing the physical properties such
as the mass of the evacuated gaseous shell and the preshock
density. The total mass of the evacuated gaseous shell M could
be calculated using the following equations:

M= mPuQDzziNi(Hg), 3)
N(Hy) = X - W(CO), )]

where my, is the mass of atomic hydrogen, p = 2.8 is the mean
molecular weight, €2 is the solid angle for each data pixel, D
is the distance to the SNR, N(H,) is the molecular
hydrogen column density, and W(CO) is the intensity of the
2co(J = 1-0).
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Figure 8. Schematic image of the positional relation between each molecular cloud and 3C 397 in the line-of-sight direction. The red, green, and blue clouds represent

the 30 km s~ cloud, abs cloud, and 60 km s~ ' cloud, respectively.

If the derived mass of the expanding shell was uniformly
distributed over the present volume of the remnant before being
blown out, the preshock density of the neutral gas is estimated to
be ~800 cm . On the other hand, D. A. Leahy & S. Ranasinghe
(2016) calculated the preshock density of ~2—5cm ™ using the
previously derived postshock density from the infrared observa-
tion and X-ray emission measure (S. Safi-Harb et al. 2005;
H. Yamaguchi et al. 2015).

This discrepancy implies that the expanding gaseous shell in
the 60kms™ cloud likely had been formed before the SN
explosion of 3C397. In other words, the SN explosion of
3C 397 occurred inside a low-density cavity with an expanding
velocity of a few km s™'. In the case of a Type Ia progenitor
system like 3C 397, the OTW expected in the SD scenario is
the most promising way to form such an expanding shell
before the SN explosion. In fact, Type Ia SNRs N103B and
G344.7-0.1, which can be understood as the same SD scenario,
actually have very similar physical quantities to 3C 397 (e.g.,
mass and expanding velocity of neutral gas; H. Sano et al.
2018; K. Fukushima et al. 2020). Since there are phases in the
DD channel that are not yet well understood, this study does
not exclude the DD scenario for 3C 397, but it is consistent
with the OTW in the SD scenario. A further careful search for a
companion star surviving the SN explosion will shed light on
distinguishing the SD and DD scenarios.

5. Conclusion
We summarize our conclusions as follows:

(1.) New “CO(J = 1-0) observations using the Nobeyama
45 m radio telescope revealed the spatial distributions of
two CO clouds at Vygg =27.1-36.8 kms ™' (the 30 km
s~ cloud) and 55.7-62.2 km s ™' (the 60 km s~ cloud)
with an unprecedented angular resolution of 18”. We
found that both clouds show good spatial correspon-
dence with the radio continuum shell of the SNR. The
spatial distributions of archival 2CO0(J =3-2) data at
the ~20” resolution also show highly excited cloudlets
in the 60 km s~ cloud, which are nicely along the edge
or boundary of the radio-continuum shell.

(2.) The 60 km s~ ! cloud shows a cavity-like structure in a
position—velocity diagram, the spatial extent of which is
roughly consistent with that of the SNR. This cavity-like
structure is generally thought to be an expanding gas
motion due to the pre- and/or postsupernova feedback,
and hence the 60 km s~ cloud has a systemic velocity of
~59 km s~! and an expansion velocity of ~3 km s .

On the other hand, the 30 km s~! cloud does not show
any such characteristic features.

(3.) The CO cloud at Vi g = 62.8-65.4 km s ! (the abs
cloud) lies in the regions where the X-ray HR shows
higher values. This indicates that the abs cloud is located
in front of the SNR because the larger value of the X-ray
HR represents the higher photoelectric absorption value
toward the line of sight. By considering the distributions
of Galactic spiral arms and X-ray HR, the 30 km s7!
cloud should be located at the nearside arm and the
others lie on the farside arm. The kinematic distance
cloud be derived using the Galactic rotation curve model
to be ~2.1 kpc for the 30 km s~ ' cloud, ~8.3 kpc for the
abs cloud, and ~8.7 = 0.2 kpc for the 60 km s~ ! cloud.
We, therefore, concluded that the 60 km s~ cloud is the
one most likely interacting with the SNR.

(4.) The total gaseous mass within the SNR shell was
estimated to be ~8.6 x 10° M_... If all the expanding gas
was driven by the SN shock waves, the preshock density
was estimated to be ~800 cm . Since the preshock
density is inconsistent with the previously estimated
value of ~2-5cm >, 3C 397 likely exploded inside a
low-density bubble formed by the OTW. We propose a
possible scenario that the progenitor system of 3C 397 is
a white dwarf and its companion star, and then an SD
explosion occurred.
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Appendix
Radius and Thickness of the Expanding Shell

To derive the radius and thickness of the expanding shell, we
fitted the radial profile of the radio continuum surface
brightness using a 3D spherical shell with a Gaussian function
F(r):

F(r) =Aexp[—%], (A1)

where r is the radius of the radio continuum shell and ¢ is the
standard deviation of the Gaussian function. We first fitted with
a radial profile by moving the origin to determine the geometric
center of the SNR. We obtained (I, b) = (41?03, —0?3) as
the geometric center with the minimum chi-square value of the
least-squares fitting. Figure 9 shows the radial profile of the
radio continuum at the center position (I, b) = (41.03, —0.3).
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Figure 9. Radial profiles of the radio continuum centered at (/, b) = (41212,
—0:31). The black dots and steps are the averaged values of the radio
continuum within each annulus. The dashed and solid curves represent the
three-dimensional and projected Gaussian distributions, respectively. These
curves were obtained by least-squares fitting. The gray dashed vertical lines
represent best-fit values for the shell radius and thickness.
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We obtained » ~ 4.04pc (1/60) for the shell radius and
o ~ 1.84pc (0/73) for the shell thickness as best-fit values,
where the shell thickness is defined by the Gaussian FWHM or
20+/21n2. In the present paper, we assumed that the size of the
gaseous expanding shell is roughly consistent with that of the
radio continuum in the SNR (see, H. Sano et al. 2021, 2022;
M. Aruga et al. 2022).
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