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We report on the discovery of a jet-like bipolar motion of Fe-rich ejecta in 
a Galactic SNR G0.61+0.01. This remnant is located near Sgr B and 
known to be a remnant of a core-collapse SN (Koyama et al. 2007). 
Based on our XMM-Newton observations, we revealed that G0.61+0.01 
has an elongated east-west bipolar structure, whose length exceeds ~15 
pc. They are likely ejected from the core of a massive star. We also found 
a possible bipolar motion by measuring the line centroid of the Fe Ka line 
in each spectrum. We further discovered a clear anti-correlation between 
the plasma and a previously-reported high-velocity compact cloud 
(HVCC; Oka et al. 2022), suggesting an SNR-cloud interaction. Our 
follow-up survey for shock tracers such as SiO J=2-1 and HCN J=4-3 
shows convincing evidence of gas motions with an opposite velocity 
direction toward the east and west. All the results support the idea that 
G0.61+0.01 is a remnant of a theoretically proposed jet-induced explosion 
(e.g., Maeda & Nomoto 2003; Tominaga et al. 2009). While similar 
scenarios have also been drawn for several SNRs (e.g., W49B; Lopez et 
al. 2013) based on their morphologies, our findings provide more direct 
evidence. Taking into account the lack of the detection of a compact 
object, we speculate that G0.61+0.01 was formed by a jet explosion 
driven by a central black hole in a massive star. This scenario is also 
consistent with the fact that G0.61+0.01 is located in the central molecular 
zone, where the star formation activity is relatively high. We conclude that 
G0.61+0.01 is a remnant of a jet-induced explosion, possibly an energetic 
hypernova or a low-energy faint supernova (Nomoto et al. 2006).

NH 

( ×1023 cm-2)
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(= Si = S = Ar)
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 ( ×1010 s cm-3)

East 2.7 ± 0.3 4.2 ± 1.2 2.9 ± 0.8 6.5 ± 0.9 9 ± 1

West 1.8 ± 0.1 2.9 ± 0.4 1.4 ± 0.2 5.8 ± 0.7 9 ± 1
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Figure 8. Cont.

CO 3-2/1-0 強度比
CO J=3-2 (JCMTデータ; Eden+20) とCO J=1-0 (野辺山データ; Tokuyama+19) 
の強度比の速度チャネル図

視線速度 > 100 km/s
でG0.61+0.01に付随
して見える成分は 
比が高い

(赤がCO 3-2/1-0比が高い部分)

(CO 3-2/1-0比のCMZ全体
での平均は0.7程度なの
で、明らかに比が高いガ
スが付随して見えます)

→ 高温・高密度

(HVCC id131は
特に比が高い)km s-1

No. 1] Discoveries of Diffuse Iron Line Sources from the Sgr B Region S223

Fig. 3. The 6.7 keV line map (the 6.58–6.74 keV band map) showing
bright spot at the northwest corner. The fluxes are normalized by the
6.7 keV flat-field image. The source and background regions are shown
by the solid and dotted ellipses, respectively.

6.4, 6.7, and 6.9 keV lines (Kα lines of Fe I, XXV, and XXVI)
in the source and the background regions, by applying a
phenomenological model (a bremsstrahlung continuum and
many Gaussian lines) in the raw data (no background subtrac-
tion). The resulting 6.4, 6.7, and 6.9 keV line fluxes are 2.22,
5.17, and 0.48 for the G0.61 + 0.01 (source) region, and 0.61,
0.68, and 0.30 for the background region, where the flux unit
is 10−6 photons cm−2 s−1 arcmin−2. In contrast to the 6.7 keV
line, we see no significant excess in the 6.9 keV line from the
source region compared to the background region. Thus we
confirm that G0.61 + 0.01 emits strong 6.7 keV line, but very
weak 6.9 keV line. The small excess of the 6.4 keV line makes
the low energy tail in the 6.7 keV line.

The FIs and BI spectra were simultaneously fitted with
a plane parallel shock model (VPSHOCK in the XSPEC
package) adding two Gaussian lines at 6.4 keV and 7.06 keV.
These two lines represent the Kα and Kβ lines of Fe I, where
the flux of latter line is fixed at 12.5% of the former (Kaastra,
Mewe 1993). The best-fit results and parameters are shown in
figure 4 and table 1. Although we detected the 6.4 keV line
from G0.61 + 0.01, it is very difficult to judge whether this line
is really attributable to G0.61 + 0.01, due to spilled-over flux
from the adjacent source Sgr B2, or due to a fluctuation of a
larger scale structure in the 6.4 keV line. As for the last possi-
bility, we see a large scale 6.4 keV enhancement in the north-
west compared to the background region in the southeast (see
figure 5). In any case, we ignore this line in the discussion of
G0.61 + 0.01 because the 6.4 keV line flux is only 3% of that in
Sgr B2 (see tables 1 and 3). Since the Suzaku spatial resolution
is not good enough, there may be possible contamination of
unresolved point sources. To check this problem, we searched
for point sources using the Chandra archival data (OBSID: 944,
99 ks exposure time) and found no point source in the source
region. On the other hand, in the background region, there are
48 point sources. The total flux in the 2–10 keV band is 5 ×
10−13 erg cm−2 s−1, which is only ∼ 2% of the CXB + GCDX
flux of 2.6× 10−11 erg cm−2 s−1, and hence can be ignored in

Fig. 4. Top: the X-ray spectrum of the sum of 3 FI CCDs (XIS 0, 2,
and 3) for the new SNR (G0.61 + 0.01) with the best-fit VPSHOCK
model. Bottom: same as the top, but of the BI CCD (XIS 1).

the present data analysis and discussion.
The best-fit temperature of ∼ 3 keV and overabundance of

Fe are consistent with an ejecta of a SNR and are similar
to those found in the central region of Sgr A East, a young
SNR near the GC. The high temperature component of Sgr A
East is kT ∼ 4–6 keV (Sakano et al. 2004; Park et al. 2005;
Koyama et al. 2007c), and iron is overabundant by factor of
4–5 (Maeda et al. 2002; Sakano et al. 2004; Park et al. 2005;
Koyama et al. 2007c). Thus G0.61 + 0.01 is likely an ejecta
dominant central region of an SNR. We note that Sgr A
East has a low temperature component of about 1 keV, while
G0.61 + 0.01 has not. The absence of a softer plasma may be
due to the large absorption. The NH value of 1.6×1023 Hcm−2

is larger than that of typical value to the GC (6× 1022 Hcm−2)
(Sakano et al. 2002). Therefore, G0.61 + 0.01 could be located
behind or at the rim of the Sgr B2 cloud. Since G0.61 + 0.01
is located in the south of an expanding radio shell (Oka et al.
1998), which is probably interacting with the Sgr B2 cloud
rim, we regard that the distance of G0.61 + 0.01 is the same
as that of Sgr B2 and is assumed to be 8.5 kpc (Reid et al.
1988). Then the 2–10 keV band luminosity is estimated to
be 1.5 × 1034 erg s−1, which is typical for an ejecta plasma
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With Suzaku, Koyama et al. (2007) reported 
that an ionized Fe-rich plasma (G0.61+0.01) 
is found near the Galactic center. 
Although the X-ray spectrum suggests a 
supernova remnant (SNR), no clear shell 
structure is found and a peculiar elliptical 
morphology cannot be explained by a 
standard SNR categories.

 Thanks to a better angular resolution of XMM-Newton than that of Suzaku, we revealed that G0.61+0.01 has a bipolar structure 
elongated from the east to west with a length of ~15 pc: highly unusual morphology. 
 The spectra obtained from the east and west regions are quite similar to each other, suggesting G0.61+0.01 is a single SNR.  
 The Fe-rich abundance implies its origin is a core-collapse SN.

CO J=3-2: 
JCMT (Eden et al. 2020)

CO J=1-0: 
Nobeyama (Tokuyama et al. 2019)

SiO J=2-1, CS J=2-1: 
Nobeyama (Takekawa et al., in prep.)

SiO/CSCO J=3-2/1-0 SiO

The intensity of this region is above ~1.0  
(cf., an average in the CMZ is ~0.7)

high SiO/CS 
= highly affected by a shockSiO: Shock Tracer

Peculiar SNR, G0.61+0.01

We found a spatial anti-correlation between high-velocity 
compact clouds (HVCC; Oka et al. 2022) and G0.61+0.01. 
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HVCC id131 
CO J=3-2 (VLSR ～ 140 km/s)

G0.61+0.01 
X-ray

Is G0.61+0.01 interacting with HVCC id131? 
or 

Is HVCC id131 a foreground object? Is G0.61+0.01 obscured by id131?

CO J = 3-2 
(VLSR～140km/s)

G0.61+0.01 
(6.7 keV)

Interaction with a High-Velocity Compact Cloud

X-ray spectroscopy with XMM-Newton

Koyama et al. 2007 
Yamaguchi et al. 2014

G0.61+0.01: a remnant of a jet-like explosion?

He-like Fe Kα (6.7 keV)

Red: 0.5‒1.0 keV 
Green: 1.0‒2.0 keV 
Blue: 2.0‒7.0 keV

Sgr A*

X-ray (0.5–7.0 keV)

Suzaku: He-like Fe Kα (6.7 keV)

XMM-Newton: He-like Fe Kα (6.7 keV)

MeerKAT 1284 MHz
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~15 pc

We found strong evidence of shock-cloud interaction in G0.61+0.01.

We performed additional radio observations.
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We discovered molecular clouds with opposite line-
of-sight velocity components in East and West. 
We also measured a Doppler velocity from line 
centroids of the Fe Kα lines in West and East 

→ significant difference is detected.

Discovery of a bipolar motion
He-like Fe

G0.61+0.01 has a bipolar outflowing structure!

East

West

G0.61+0.01 is possibly first evidence for faint (je-like) SNe.
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Fig. 1. The explosion energy and the ejected 56Ni mass as a function of the main sequence mass of the progenitors for
several supernovae/hypernovae.

The new ingredients taken into account in the present nucleosynthesis models are: (i) the
variation of E (hypernovae, normal SNe, and faint SNe), (ii) the mixing and fallback, and (iii)
neutrino processes that affects neutron excess near the mass cut.

3.1. Energy dependence

In core-collapse supernovae/hypernovae, stellar material undergoes shock heating and subse-
quent explosive nucleosynthesis. Iron-peak elements are produced in two distinct regions, which
are characterized by the peak temperature, Tpeak, of the shocked material. For Tpeak > 5 × 109 K,
material undergoes complete Si burning whose products include Co, Zn, V, and some Cr after

K. Nomoto et al. / Nuclear Physics A 777 (2006) 424–458 427

Fig. 1. The explosion energy and the ejected 56Ni mass as a function of the main sequence mass of the progenitors for
several supernovae/hypernovae.

The new ingredients taken into account in the present nucleosynthesis models are: (i) the
variation of E (hypernovae, normal SNe, and faint SNe), (ii) the mixing and fallback, and (iii)
neutrino processes that affects neutron excess near the mass cut.

3.1. Energy dependence

In core-collapse supernovae/hypernovae, stellar material undergoes shock heating and subse-
quent explosive nucleosynthesis. Iron-peak elements are produced in two distinct regions, which
are characterized by the peak temperature, Tpeak, of the shocked material. For Tpeak > 5 × 109 K,
material undergoes complete Si burning whose products include Co, Zn, V, and some Cr after

Total kinetic energy

X-ray plasma: 4x1049 erg

Molecular clouds: 4x1050 erg

Nomoto et al. 2006

Hayakawa & Maeda 2018Our observations strongly indicate that G0.61+0.01 has a bipolar outflowing structure. 
The Fe-rich, hot and low-ionized plasma strongly supports that G0.61+0.01 is a 
remnant of a core-collapse (but non-standard) SN. 
Estimated total kinetic energy (~1050 erg) suggests that the origin of G0.61+0.01 is a 
jet-like explosion with a relatively low explosion energy. This picture is consistent 
with a theoretically-predicted "faint SN" (e.g., Nomoto et al. 2006).

Possible schematic view of G0.61+0.01

J ishell, is the angular momentum of the ith shell, and J tfb˙ ( ) is the
transfer rate of the angular momentum from the ith shell in the
envelope to the central system.

2.2. After the Disk Formation

If r t r tifb, isco.( ) ( ), the collapsing gases from the envelope
begin to fall onto a disk. The accretion rate and angular
momentum transport onto the disk from the envelope can be
estimated by the same method described in Section 2.1 (e.g.,
Equations (4) and (8)).

Once the disk is formed, accretion timescale is dominated by
viscous evolution of the disk. The disk is supposed to keep
nearly Kepler rotation with viscosity dissipation. We thus use
Shakura Sunyaev’s α-model (Shakura & Sunyaev 1973). The
typical size of the disk (r tdisk ( )) is estimated as follows:

r t
GM t

. 10

J t
M t

disk

2

BH

disk

disk�
( )

( )
( )

( )
( )
( )

Then the viscous timescale (t tacc( )) and the disk accretion rate
onto the BH at r tdisk ( ) are estimated as follows:

t t
2

, 11
GM t

r t

acc
BH

disk
3B

�( ) ( )
( )

( )

M t r
M t
t t

, , 12acc disk
disk

acc
�˙ ( ) ( )

( )
( )

where α is the viscosity parameter (for which we adopt
α=0.1) and M t r,acc disk˙ ( ) is the accretion rate in the disk.
M tdisk ( ) and Jdisk(t) are the disk total mass and angular
momentum, respectively. Here, M t r,acc disk˙ ( ) is not necessarily
equal to the accretion rate onto the BH, because the disk wind
could take a part of the mass away from the disk while the
remaining fraction accretes onto the BH. The treatment for this
effect is discussed in the next section. We introduce the net
accretion rate by using the mass loss rate of the wind as
follows:

M t M t r M t, . 13BH acc disk wind� �˙ ( ) ˙ ( ) ˙ ( ) ( )

Figure 1. Our simulation setups. The BH, disk, and envelope are shown by black, blue, and cyan, respectively. The GRB jet is shown by the yellow region, while the
disk wind is shown by the green region. The situations before and after the launch of the wind-driven SN are shown in (a) and (b, c-I, c-II), respectively. The treatment
of the wind is tested for three situations: (b) a quasi-spherical wind, (c-I) a collimated but laterally expanding wind (Case OUT), and (c-II) a collimated wind with
continuous accretion to the central system (Case IN–OUT). See the text for details.
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