
SFUMATOを用いた 
連星系形成の研究	

松本倫明（法政大学人間環境学部）	



今年度に計算したモデル	

•  高密度分子雲コアにおけるアーク構造の起源 
–  分子雲コア MC27 @ ALMA 
–  Matsumoto et al. (2015) submitted  

•  周連星円盤の形成と質量降着 
–  原始連星系 L1551NE @ ALMA 
–  Takakuwa et al. (2014) 

•  分子雲の衝突と乱流が誘発する星形成 
–  巨大分子雲 CygOB7 @ 野辺山45m 
–  Matsumoto et al. (2015),  Dobashi et al. (2014) 
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本講演で紹介	



高密度分子雲コアにおける 
アーク構造の起源 
 
分子雲コア MC27 	
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MC27( or L1521F)、 星形成の初期条件	
中心集中したコンパクトなコア	 ガスの落下の兆候	

Onishi+ 99	



分子雲コア中心部にアーク構造 
これを再現したい	
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アーク構造　2000 AU	

原始星  MMS-1	
ガス塊 MMS-3	

ガス塊 MMS-2	

背景：　 Spitzer 
緑：  ダスト 
赤：  HCO+ (J=3-2)	

Tokuda et al. (2014)	
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Filament → Core → Multiple system 	
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分子雲コア	分子雲	

連星系 
エンベロープ	

星周円盤	



Velocity distribution of the arc	

8 

-1000 -500 0 500 1000
x (AU)

-1000

-500

0

500

1000

z 
(A

U
)

t = 6.90213E+05 yr, step = 214000
offset = (-2.84E+04, 1.05E+04) AU

500 AU

  
 
 
-1.0 -0.5 0.0 0.5 1.0

Velocity (km/s)
The Astrophysical Journal Letters, 789:L4 (6pp), 2014 July 1 Tokuda et al.

Figure 4. Images of HCO+ (J = 3–2) emission of a red velocity component toward MC27/L1521F. Black contour shows an image of velocity-integrated intensity
of HCO+(J = 3–2) with a velocity range of 6.8–7.0 km s−1. Both the lowest contour and subsequent contour step are 0.020 Jy beam−1 km s−1. The first-moment
intensity-weighted velocity map of the red velocity component with a range of 6.5–14.0 km s−1 is shown in color scale. The magenta contour is the image of 1.1 mm
dust continuum emission with the same contour levels as Figure 1. The black cross is the position of the Spitzer source. The angular resolution of the HCO+(J = 3–2)
is given by the ellipse in the lower right corner, 1.′′0 × 0.′′8.

We note that no SiO (J = 6–5) emission was detected, which
means that there is no strong shock to excite the line and is
consistent with the fact that the Spitzer source is very young.

3.3. Arc-like Structure

Figure 3 shows the velocity channel maps of the HCO+

(J = 3–2) and H13CO+ (J = 3–2) emission. The systemic
velocity of MC27/L1521F with single-dish observations is
about 6.5 km s−1 (e.g., Onishi et al. 1999), and we can observe
no significant emission of HCO+ (J = 3–2) around the velocity.
The lack of the emission is due to a combination of the optical
thickness of the line and the extended emission missing due to
the interferometry observation. The striking feature is seen in the
red component around 7 km s−1; we see a long arc-like structure
with a few core-like features (Figure 4). The length of the arc-
like structure is ∼2000 AU, and there is a slight velocity shift
along and across the arc. The arc-like structure of HCO+(J =
3–2) on 1000 AU scale can be considered as a consequence of
the dynamical interaction between the small dense cores and
the surrounding gas on that scale. The typical velocity of the
arc-like structure is ∼0.5 km s−1 with respect to the systemic
velocity, and it is comparable to the dynamical velocity on that
scale, e.g., the Kepler velocity for a mass of 0.1 M⊙ and a radius
of 1000 AU is 0.3 km s−1.

Similar arc-like structures have been reported in the previous
numerical simulations of the turbulent fragmentation models
(Bate et al. 2002; Goodwin et al. 2004; Offner et al. 2008), where
turbulence promotes fragmentation of cloud cores during the
collapse and dynamical interaction of the fragments provide arcs
or spiral arms in the envelopes. This indicates that in MC27 the

turbulence plays an important role in undergoing fragmentation
in the central part of the cloud core, which is different from
the classic scenarios of fragmentation in massive disks (Larson
1987; Boss 2002; Machida et al. 2008). The driving source of the
turbulence may be the complex velocity structure in the larger
scale surrounding gas observed in the previous observation
(Tobin et al. 2011). A possible scenario is an interaction of cloud
cores, which are formed by the fragmentation of a filamentary
cloud. The filamentary structures in many interstellar clouds are
revealed by the recent Herschel observations (Andrè et al. 2013),
and the interaction of the cloud cores is a natural consequence
of fragmentation of the filamentary cloud (Inutsuka & Miyama
1997).

3.4. Possible Site of Multiple Star Formation

All of these facts above indicate that there are many regions
with different evolutionary states even just within ∼1000 AU.
There is a very low-luminosity source with a very compact out-
flow, and there are at least two high-density cores detected both
in dust continuum emission and H13CO+(J = 3–2), indicating
a possible formation site of multiple stars with separations of a
few hundred AU. There are also a few lower-density cores as
shown in the HCO+(J = 3–2) data. Some gas components are
dynamically interacting as seen in HCO+(J = 3–2), and the
compact outflow has an indication of interaction with the sur-
rounding gas. These complex spatial and velocity structures
indicate that the initial condition of low-mass star formation is
highly dynamical. The dynamical interaction of the gas may
be also important for the determination of the stellar mass.
Actually, the lack of intensity enhancement in the observed
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Simulation	 ALMA Observation 
HCO+ (J=3–2)	

Matsumoto+ 15	
Tokuda+ 14	
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A misaligned disk caused by tidal interaction	
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Separation between sink particles	
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(b)Chaotic orbits	
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(a)Triple system	
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周連星円盤の形成と 
質量降着 
 
原始連星系 L1551NE	
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L1551 NE： Class I 天体（質量降着中）	
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Figure 4. Composite color image of L1551 NE. The blue, green, and red colors are assigned to the H, [Fe ii], and H2 filter frames, respectively. North is up and east
is left.

or hourglass geometry for the entire reflection nebulosity. Five
isolated compact features are detected on this side: HP 3 and
HP 3E are [Fe ii] emission features, HP 4 is associated with
both [Fe ii] and H2 emissions, and HP 5 and HP 6 are H2
emission features. These features are aligned on a straight line
that is extrapolated from the jet connecting NE and HP 2 and
are naturally assigned to the features on the counter-jet.

HP 3 is located 18.′′9 away from the H-band peak of NE at a
P.A. = 62◦. HP 3E is a faint feature located close to HP 3 at its
east-northeast. Our observations are the first known detection
of these features. HP 4 is located at 43′′ away from the H-band
peak at a P.A. = 61◦. Its H2 emission peak is shifted by 1.′′0
to the north with respect to the [Fe ii] peak. HP 4 corresponds
to HH 454B (Devine et al. 1999) and the H2 feature number
5 (Hodapp & Ladd 1995). HP 5 and HP 6 are faint, diffuse
H2 emission features located ∼ 66′′ and ∼ 77′′ away from NE,
respectively. A comparison of their locations with respect to the
other features suggests that HP 5 corresponds to the [S ii] knot
HH 454C of Devine et al. (1999) and HP 6 to the H2 feature
number 6 of Hodapp & Ladd (1995), although the absolute
distances between the features are different due to their proper
motions.

A rough estimate of proper motion is available for HP 2, HP 4,
and HP 5, because these knots correspond to HH 454A, B, and C,
respectively, for which the peak positions of the [S ii] emission
were measured on 1997 October 29–31 (Devine et al. 1999).
Measuring the proper motion for each of these knots, however,
will result in a relatively large systematic error. This is because
the [S ii] positions were taken with respect to the radio position
of NE, which is assumed to be the driving source of the jet,
whereas the knot positions were measured with respect to the
H-band peak in the present study (see Table 1). The offset is
likely to be ∼ 1′′, as discussed above. We have derived the
relative proper motions of HP 4 and HP 5 with respect to HP
2, which is moving opposite to HP 4 and HP 5, because the
relative measurement is not affected by the uncertainty of the
offset. Comparing the knot positions detected in [S ii] and [Fe ii]

or H2 causes additional unknown uncertainties, because these
lines are not excited under the same conditions. We will simply
give two proper motions for [Fe ii] and H2 with respect to the
previously measured distances between [S ii] knots below.

The distance between the [Fe ii] peaks of HP 2 and HP 4 is
72.′′3, while the distance between the [S ii] peaks of HH 454A and
B is 67.′′9 (Devine et al. 1999). This gives the proper motion of
HP 4 with respect to HP 2 as 0.′′447 yr−1 or a relative tangential
velocity of 300 km s−1. If we use the H2 peak positions for
HP 2 and HP 4, then the proper motion will be 0.′′559 yr−1,
corresponding to 370 km s−1. Practically the same value of
0.′′552 yr−1 is obtained if we use the H2 peak positions for HP
2 and HP 5 compared with the [S ii] positions of HH 454A
and C. If we attribute an equal amount of tangential velocity
to the knots on the blueshifted and redshifted sides, we obtain
150–185 km s−1 as a tangential velocity for each knot.

If, on the other hand, we assume that the H-band peak should
coincide with the radio position of NE, and we derive the proper
motions, we obtain the tangential velocities of 90–120 km s−1

for HP 2 and 210–260 km s−1 for both HP 4 and HP 5. The actual
radio position is ∼ 1′′ away from the H-band peak, and this offset
increases the tangential velocity of HP 2, while reducing those
of HP 4 and HP 5 by ∼ 70 km s−1. Thus, the actual tangential
velocities may be 160–190 km s−1 for HP 2 and 140–190 km s−1

for HP 4 and HP 5, agreeing well with the value derived above.
With the radial velocities of 100–130 km s−1 for these knots
(Devine et al. 1999), the inclination of the jet axis is estimated
to be 45◦–60◦.

6. L1551 IRS 5

L1551 IRS 5 (hereafter called IRS 5) is a protostellar binary
system (Rodrı́guez et al. 1998) with a spectacular molecular
outflow (Snell et al. 1980) and a pair of jets emanating from
each of the binary protostars (Fridlund & Liseau 1998; Itoh
et al. 2000; Pyo et al. 2002). The two protostars cannot directly
be seen in the near-infrared wavelength because they are deeply

L1551NE 
Hayashi & Pyo 09 
Subaru, MOIRCS	

(4200 AU)	

ジェット	

反射星雲	



ダスト連続波	
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なんだろう？ 
理論モデルと比較しよう	

Near side	

Far side	
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ギャップを分解。渦状腕も見えてきた。	
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ALMAの観測	 理論モデル 
（ALMAシミュレータ）	

理論モデル 
（輻射輸送計算）	

観測的可視化による観測と理論の比較	

Near	

Far	



まとめ	

•  分裂片とガスの重力相互
作用でアークが形成 

•  傾いた円盤が形成 

•  観測と理論の比較は有益
であるとを実証 

•  ダスト：ギャップを検出 

•  C18O: 渦状腕の運動を検
出（本講演ではスキップ）	
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アーク構造の起源	 周連星系円盤	

今年度は観測との比較をたくさん計算した。	

•  観測も理論も高解像度の時代。 
•  物理的に合理的なら場合シミュレーションで再現でき

る。	


