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連星・多重星形成
観測
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連星周期（連星間距離）の頻度分布
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Duchêne & Kraus 2013
https://doi.org/10.1146/annurev-astro-081710-102602
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Equal-mass binaries are frequent for all 
binary parameters (mass and separation)
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El-Badry+ 19
Gaia DR2

Data includes only 
binaries not higher order 
multiples.

Disk fragmentation scales
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For OB stars (Moe+ 17)

統一的な描像の形成メカニズムが必要



太陽近傍の太陽型星の連星間距離頻度
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サンプル：近隣の太陽型星（G-dwarf）
破線：補正なし
実践：補正あり

対数正規分布

Duquennoy & Mayor 1991



Mathieu 1994
doi:10.1146/annurev.aa.32.090194.002341３重星は連星2個とカウント

PMSとMSにおける連星間距離の頻度分布
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Introduction: Binary/multiple star formation 
is major mode

Chen+ 2013
doi:10.1088/0004-637X/768/2/110

The Astrophysical Journal, 768:110 (31pp), 2013 May 10 Chen et al.

Figure 5. (a) JCMT/SCUBA 850 µm dust continuum image of the NCG 1333 central region. Contour levels correspond to 5σ , 10σ , 15σ , 20σ , and 30σ , then increase
in steps of 30σ (1σ ∼ 42 mJy beam−1). The SCUBA FWHM beam is shown as a gray circle in the bottom right corner of the image. (b) SMA 1.3 mm dust continuum
image of SVS 13. Contour levels correspond to −3σ , 3σ , 6σ , 12σ , 20σ , and 30σ , then increase in steps of 20σ (1σ ∼ 2.5 mJy beam−1). (c) Enlarged view of source
SVS 13A. (d) SMA 1.3 mm dust continuum image of IRAS 2. Contour levels correspond to −3σ , 3σ , 6σ , 10σ , 15σ , 22σ , 30σ , and 40σ , then increase in steps of 15σ
(1σ ∼ 2.0 mJy beam−1). (e) SMA 850 µm dust continuum image of IRAS 2A. Contour levels correspond to −3σ , 3σ , 6σ , 10σ , 15σ , 22σ , and 30σ , then increase
in steps of 10σ (1σ ∼ 4.5 mJy beam−1). (f) SMA 1.3 mm dust continuum image of IRAS 4. Contour levels correspond to −3σ , 3σ , 6σ , 12σ , 20σ , and 30σ , then
increase in steps of 15σ (1σ ∼ 12 mJy beam−1). (g) SMA 850 µm dust continuum image of IRAS 4A. Contour levels correspond to −3σ , 3σ , 6σ , 12σ , and 20σ , then
increase in steps of 10σ (1σ ∼ 24 mJy beam−1). The synthesized SMA beam is shown as a gray oval in the bottom right corner of each SMA dust continuum image.

multiplicity frequency (MF) = B + T + Q

S + B + T + Q
, (4)

companion star fraction (CSF) = B + 2T + 3Q

S + B + T + Q
, (5)

where S, B, T, and Q are the numbers of single, binary, triple, and
quadruple systems, respectively. The “multiplicity frequency,”
suggested by Reipurth & Zinnecker (1993), represents the prob-

ability that any system is a binary/multiple system. The “com-
panion star fraction,” on the other hand, looks at the individual
stars and counts the number of companions relative to the sam-
ple size. It should be noted that many previous works used
“companion star fraction” rather than “multiplicity frequency”
in their analysis (see, e.g., Haisch et al. 2004; Duchêne et al.
2004; Connelley et al. 2008b). Actually, as noted by Reipurth
& Zinnecker (1993), the most precise description of multiplic-
ity consists of explicitly listing the number of singles, binaries,
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The Astrophysical Journal, 768:110 (31pp), 2013 May 10 Chen et al.
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Figure 19. Distribution of separations for protobinary systems in this SMA survey (see Table 6), binned in intervals of linear values of 1000 AU (top left) and 1600 AU
(top right), and binned in intervals of log values of 0.25 (bottom left) and 0.40 (bottom right). The two dashed lines shown in the top panels mark the median linear
resolution (600 AU) and median (projected) separation (1800 AU) in this survey, while the four dashed lines shown in the bottom panels mark the peak values in the
distributions of separations for main-sequence stars (30 AU; see Duquennoy & Mayor 1991) and pre-main-sequence stars (60 AU; see Patience et al. 2002), and the
median linear resolution and separation in this survey. We note that the “separations” shown here are observed projected separations.

Figure 20. Observed multiplicity frequencies (left) and companion star fractions (right) with separations from 50 AU to 5000 AU for Class 0 protostars (this work),
Class I young stellar objects (data from Connelley et al. 2008a, 2008b), and main-sequence stars (data from Duquennoy & Mayor 1991). It must be noted that the
SMA survey for Class 0 protobinary systems is incomplete across the observed separations range, and the derived values should be considered as lower limits.
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Embedded 
protostars
(sub-mm/mm)

Protostars
(IR)

MS (solar type)
（Optical）

More than half of solar-
type MS are members 
of multiple systems.

SMA

Many stars low-mass 
stars are formed as 
multiple stars.

Multiple frequency s = 50 ‒ 5000 au
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Binary/multiple depends on stellar 
masses for MS
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CF

MF

MF: fraction of multiple systems
CF: average number of companions per target

Very low mass

Duchêne & Kraus 2013
https://doi.org/10.1146/annurev-astro-081710-102602

https://doi.org/10.1146/annurev-astro-081710-102602


Class I 原始星の連星頻度
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Connelley+ 2008
http://dx.doi.org/10.1088/0004-6256/135/6/2526

Wide binary に超過 超過は進化とともに減少

力学進化の過程で判星の放出

http://dx.doi.org/10.1088/0004-6256/135/6/2526


Liu+ 2003
doi:10.1086/377620

HST/NCMOSで
NGC2024

星形成領域間の比較

集団的星形成では
連星頻度は低い
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連星・多重星形成
形成理論
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連星・多重星の形成シナリオ

• 円盤分裂
◦ 星周円盤が分裂して判星を形成
◦ 星周円盤が重いとき（中心星が軽いとき）に起こる： Mdisk/M＊> 0.1

• 乱流分裂
◦ 乱流が擾乱を作り、ガス雲が分裂する

現状：「円盤分裂と乱流分裂のどっちが正しい？」というテー
マが散見される。

円盤分裂と乱流分裂は共存するのでは？排他的ではない。

12
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Disk fragmentation

Matsumoto & Hanawa 2003
doi:10.1086/377367
Vizualization: 4D2U

初期条件：分子雲コア
回転、バーゆらぎ
磁場なし



Disk Ring-bar type

Disk bar type Satellite type Dumbell type

Matsumoto & Hanawa 2003
doi:10.1086/377367

Disk fragmentation
をサブタイプに分類

初期条件：分子雲コア
回転、バーゆらぎ
磁場なし
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回転円盤の安定性
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臨界ジーンズ波長とToomore Q-パラメータ
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渦状腕の幅 = λcr
渦状腕は重力不安
定で形成

分裂片の大きさ = 
λcr
重力不安定で円盤分
裂

Q = 1

Q = 1

Matsumoto & Hanawa 2003
doi:10.1086/377367

※ Q = 2でも渦状
腕が形成すること
が知られている
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Bate+ 19
doi:10.1093/mnras/stz103 Turbulent fragmentation, w/ radiation, w/o B-field
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Bate+ 19
doi:10.1093/mnras/stz103 Turbulent fragmentation, w/ radiation, w/o B-field



連星形成のメカニズムは様々

20

近接連星 (s < 10 au, M1 = 0.1 ‒ 1.5 M⦿) の形成メカニズムの分類

Bate+ 19
doi:10.1093/mnras/stz103 

Separate-SD: 別々のコア/フィラメントで形成し、星-円盤相互作用で連星に
Filament-SD: 同じフィラメントで形成し、星-円盤相互作用で連星に
Exchange: 多重星系同士が相互作用
Filament-Network: フィラメントネットワークで分裂し、力学相互作用で近接連星に
Disc-Frag: 円盤分裂



Disk fragmentation in turbulent fragmentation
w/ very high resolution.

21

Wurster, Bate, Price 19
doi:10.1093/mnras/stz2215

Sink radius = 0.5 au

0.01 pc

These simulations reproduce 
large disks and fragmentation 
even for initial strong B-fields. 

No magnetic braking 
catastrophe!



ALMA reveals diversity in binary/multiple 
formation (turbulent fragmentation)
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Credit: ALMA (ESO/NAOJ/NRAO), 
Lee et al., ESA/Herschel/PACS

Credit: ALMA (ESO/NAOJ/NRAO)

Lee+ 2017
https://doi.org/10.1038/s41550-017-0172

https://doi.org/10.1038/s41550-017-0172


ALMA reveals diversity in binary/multiple 
formation (disk fragmentation)
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kinematics, but the value of 0.085 M⊙ derived from the surrounding 
dust emission can be considered a lower limit. Note that the C18O 
 emission does not trace the entire disk structure seen in the dust 
because any emission at velocities around ± 1 km s−1 of the system 
velocity (approximately 4.5 km s−1) is filtered out along with the large, 
surrounding envelope.

With these physical parameters in hand, we can now assess whether 
L1448 IRS3B hosts a gravitationally unstable disk that recently 

fragmented to form IRS3B-c. Gravitational instabilities arise in 
protostellar disks when the self-gravity of the disk becomes non- 
negligible  compared with the gravity of the central protostar(s). 
Although disk fragmentation is the nonlinear outcome of a com-
plex hydrodynamic instability, the canonical analytic estimate 
for when instability occurs is that the Toomre Q parameter19 is of 
order unity (see Methods for details). For Keplerian disks, Q can be  
expressed as:
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Figure 1 | ALMA and VLA images of the disk and triple protostar 
system L1448 IRS3B. a, ALMA 1.3 mm image of the extended disk, 
showing an evident bright source on the left (IRS3B-c) in the outer disk 
and another blended source on the right near the centre of the disk 
(IRS3B-a and IRS3B-b). The positions of the three protostars identified 
from the VLA data are shown by red crosses. b, VLA 8 mm image 
smoothed to a similar resolution as the ALMA image, capturing some of 
the faint, extended disk at longer wavelengths. The contours in b are from 
a higher-resolution VLA 8 mm image and clearly show the individual 

protostars with corresponding designations. All three protostars are 
embedded within apparent spiral arms that emerge from IRS3B-a/IRS3B-b 
and extend to IRS3B-c in the outer disk. The contours start at and increase 
by 5σ, where σ =  0.009 mJy per beam. The resolution of each image is 
shown with an ellipse(s) drawn in the lower right corner: 0.27″  ×  0.16″  
(62 au ×  37 au) for the ALMA image in a, 0.24″  ×  0.20″  (55 au ×  46 au) 
for the VLA image in b and 0.18″  ×  0.16″  (41 au ×  37 au; blue ellipse) for 
the contour image in b. J2000 refers to the coordinate epoch.
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Figure 2 | Images of the C18O emission and its corresponding velocity 
maps from the disk around L1448 IRS3B, showing a rotation signature. 
a, Redshifted and blueshifted C18O (J =  2 →  1) emission is overlaid on 
the ALMA 1.3 mm continuum image (greyscale) as red and blue contours 
that start at 4σ and increase in 1σ intervals. b, Line-centre velocity map 
of the C18O emission with 1.3 mm continuum contours overlaid in grey 
(the contours start at and increase by 10σ; at 100σ the levels increase in 
steps of 30σ and at 400σ the levels increase by 100σ steps; σ =  0.14 mJy 
per beam). The C18O traces higher-velocity emission near IRS3B-a and 
IRS3B-b, consistent with the centre of mass of the system being near these 

protostars. Lower-velocity gas is found to be associated with the outer 
spiral arm detected in dust emission. The molecular line emission does 
not fully trace the disk owing to spatial filtering of emission with velocities 
close to that of the system (around 4.5 km s−1). The source positions are 
marked with white or yellow crosses. The outflow direction is denoted by 
the blue and red arrows. The angular resolution of these data is given by 
the ellipse in the lower right corners: 0.36″  ×  0.25″  (83 au ×  58 au). The 
C18O emission was integrated over 1.25–4.0 km s−1 and 5.5–7.0 km s−1 for 
the blueshifted and redshifted maps, respectively. The noise levels for C18O 
are σBlue =  2.25 K km s−1 and σRed =  1.65 K km s−1.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

L1448 IRS3B
Tobin+ 16
Nature
ALMA 1.3 mm

Q ⇠ 1
<latexit sha1_base64="YcbziXa2orcClhjHXsrhCH3yCDc="></latexit>

A
BC

A + B = 1 M_sun
(from rotation)

C > 0.085 M_sun
(from dust emission)

Disk is gravitational unstable.



ALMA reveals diversity in binary/multiple 
formation (disk fragmentation?)

24

The observed velocities are consistent with
the filament accretion rate estimated above.
Figure 2B shows the CO spectrum with the
high-velocity channels used to compute the
CO emission peaks.
We used the VLA to observe the protobi-

nary in continuum emission at 34.5 GHz (11)
and at lower frequencies (10, 15, and 22 GHz)
(9). The centimeter-wavelength data are con-
sistent with thermal free-free emission from
partially ionized collimated jets produced by
angular momentum redistribution in the disk-
star system. This type of emission correlates

with the momentum rate, so the radio flux is
also correlated with the disk-star accretion rate
(19). The radio jet–like emission along the east-
west direction associated with [BHB2007] 11A
(Fig. 3) suggests that this source has a higher
(circumstellar) disk-star accretion rate than
[BHB2007] 11B. In addition, [BHB2007] 11A
has an ionized mass loss rate that is a factor of
~2 higher than that of [BHB2007] 11B [e6:4!
10"10 M⊙ year"1 and e3:7 ! 10"10 M⊙ year"1,
respectively (9)]. The stronger radio jet and
higher ionized mass loss rate support the
proposition that [BHB2007] 11A is the primary

object in the binary system. The infalling gas
onto [BHB2007] 11B suggests a hgher accre-
tion from the circumbinary disk onto this
object than onto [BHB2007] 11A. This prefer-
ential accretion onto the lower-mass stellar
object in a binary system matches theoretical
predictions (4–6).
In summary, the small-scale structure seen

in our observations includes streamers of gas
and dust accreting from a circumbinary disk
onto small circumstellar disks around the in-
dividual components of a protobinary system.
Their disks have a dust mass equivalent to a few

Alves et al., Science 366, 90–93 (2019) 4 October 2019 2 of 4

Fig. 1. Dust distribution in [BHB2007] 11 on scales from the core to the cir-
cumstellar disks. (A) The core of Barnard 59 observed at 250 mm with the
Herschel space telescope (20). (B) The [BHB2007] 11 disk and envelope observed
at 1.3 mm with ALMA (8). The contours indicate intensity levels of 30, 60, 70, and
450 times the map noise of 62 mJy per beam (1 Jy = 10−26 W m−2 Hz−1). Intensity

levels are scaled logarithmically in (A) and (B). (C) Zoomed-in view of the circum-
binary disk, revealing the dust filaments surrounding the protobinary system,
where [BHB2007] 11A is the northern component and [BHB2007] 11B is the southern
and brighter component. The dashed lines are the intensity contours from (B). In (B)
and (C), the ALMA synthesized beam is shown in the bottom left corner.
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Diversity: Observed asymmetry in CBDs

25

The Astrophysical Journal, 793:10 (14pp), 2014 September 20 Tang et al.

Figure 1. (a) Continuum emission at 1.4 mm in white contours at levels 1, 4, 7, 15, and 25 × 0.54 (3σ ) mJy per 0.′′55 × 0.′′34 with position angle (P.A.) 24◦ beam. (b)
Continuum emission at 3 mm in black contours at 1, 5, 10, 20, 30, and 40 × 0.11 (3σ ) mJy per 0.′′97 × 0.′′54 beam with P.A. 45◦. (c) Residual continuum emission
after removing two Gaussian fits at UY Aur A and B. Contour steps are 3σ (0.323 mJy per 1.′′9 × 1.′′7 beam). In all panels, the H-band coronagraphic image by
SUBARU (Hioki et al. 2007) is shown in color scale. The white ellipse marks the 2.1 µm peak intensity of the disk with a semi-major axis of 3.′′7 and inclination of
42◦ determined by Close et al. (1998). Note that the ellipse center is 0.′′7 off in Declination from the phase center. The white square marks the peak at 2.1 µm and
labeled as NIR 1 component by Hioki et al. (2007). The gray triangle marks the SO southeast peak (see Section 3.2.2). The crosses mark the locations of UY Aur A
and B determined using our 1.3 mm continuum image at the epoch of observation.
(A color version of this figure is available in the online journal.)
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Figure 2. Spectral energy distribution plots of UY Aur A and B. The triangle
marks the 3σ upper limit of SA and SB at 6 cm.

Table 1
Flux Densities toward UY Aur A and B

λ SA SB Reference
(mm) (mJy) (mJy)

0.85 48.40 ± 0.66 18.27 ± 0.72 ALMA; Akeson & Jensen (2014)
1.4 22.78 ± 0.09 6.81 ± 0.09 PdBI; this work
3.4 5.4 ± 0.1 1.7 ± 0.1 PdBI; this work
36 0.12 ± 0.03 0.11 ± 0.03 VLA; Contreras & Wilkin (2006)
60 <0.12 <0.12 VLA; data archive

Notes. Columns are wavelengths (λ) in millimeters, flux density in mJy of
UY Aur A (SA) and UY Aur B (SB), and the references.

discussed in Contreras & Wilkin (2006), the 3.6 cm emission is
consistent with the stellar location of the binary. At 6 cm, we
obtained the archival data of the VLA and analyzed them. There
is no emission detected within the field of view, suggesting an
upper limit of 0.12 mJy at 3σ . We derive a spectral index α, de-
fined as S(ν) = S(ν0)(ν/ν0)α , below 2 for both sources (≈1.6;
see Figure 2).

At 1.4 mm, the emission around UY Aur A is well repre-
sented by a circular Gaussian of deconvolved size ∼0.′′2. The
deconvolved size of ∼0.′′2 probably reflects the residual seeing
after self-calibration. On the other hand, the emission around
UY Aur B appears more extended: an elliptical Gaussian fit
yields a major axis ranging from 0.′′34 to 0.′′45, oriented along
the AB line. Using uniform disk models would yield larger sizes
of the disks, i.e., 0.′′34 and 0.′′47 for A and B, respectively. At
3 mm, UY Aur B also appears slightly more extended (0.′′17)
than UY Aur A (0.′′08), although we have to fix the relative
positions because of the more limited angular resolution.

Assuming the whole system is coplanar with the CB ring, we
deproject the visibilities of the 1.4 mm continuum data with an
inclination angle (i) of 42◦ along P.A. 135◦ in order to ease the
comparison with previous studies. The emission from UY Aur A
again appears compatible with a circular Gaussian of size of
0.′′22 (30 AU), which, as mentioned in the previous paragraph, is
most likely an upper limit due to seeing limitations. The 1.4 mm
emission around UY Aur B is fitted by an elliptical Gaussian
with a best-fit major axis of 0.′′46 (65 AU) at P.A. 243◦ ±7◦, i.e.,
18◦ ± 7◦ away from the rotation axis of the system. The fitting
results are listed in Table 2.

We also derive a (deprojected) separation between the mil-
limeter emissions around A and B of 1.′′26 ± 0.′′013 at P.A. =
229.◦6 ± 0.◦3. This separation can be compared to the optical
measurements reported over the last decades (see Table 3),
which are compatible with a circular orbit of radius ∼1.′′19
(167 AU Hioki et al. 2007). The millimeter separation is thus
larger by 0.′′07 at a 5σ level. If we allow the orbit to be elliptical
by fitting a linear slope in the deprojected separation, the best-fit
slope is 1.2 ± 0.4 mas yr−1 (Figure 3) and the 1.4 mm position
still deviates by ∼0.′′05 (4σ ) from the extrapolated optical posi-
tion. We note, however, that the inclination angle is uncertain.
A more detailed assessment of the UY Aur system inclinations
will be presented in Section 4.4.

3.1.2. Extended Continuum Emission

At high spatial resolution, there is no visible emission
outside the stellar positions, in particular around the CB

3

UY Aur (Tang+ 14, Hioki+ 07)
SUBARU H-band

L1551 NE (Takakuwa+ 17)
ALMA Cycle-2

CSD around Source A derived from the ALMA and JVLA
observations are 144°±3° and 151°±4°, and those around
Source B are 147°±11° and 152°±5°, respectively.
Considering the above-mentioned differences and the statistical
errors, there is no significant difference in the disk position
angles between the ALMA and JVLA results. The centroid
positions of the CSDs derived from the two-dimensional
Gaussian fittings to the ALMA image are (04h31m44 509,
+18°08′31 396) toward Source A and (04h31m44 475, +18°
08′31 622) toward Source B. These positions are within ∼50
mas from the corresponding centroid positions of the JVLA
image. The typical astrometric precision of ALMA observa-
tions is reported as ∼angular resolution/20, which is 0 18/
20∼10 mas in the present observation. We do not consider,
however, that the apparent offsets between the ALMA and
JVLA positions are significant, but they may reflect internal
structures of the CSDs, which are not well resolved with the
present ALMA observations. Hereafter in this paper we will
adopt the ALMA positions for Sources A and B.

Our Cycle 2 observations have also revealed detailed
structures of the CBD in L1551 NE. There is an arm-like
feature to the south of the protobinary. The emission ridge of
this feature exceeds 10σ, and it clearly shows a curling
structure from the southeast to the south, and then to the
northwest. At the northwestern tip, this arm smoothly connects
with the CSD around Source B. Hereafter we call this feature
“Arm B.” To the north there is another feature (we call this
“Arm A”), whose emission ridge above 6σ also curls from the
northwest to the north, and then to the northeast. These two
arm-like features compose the CBD around the protostellar
binary. Compared to our previous lower-resolution 0.9 mm
image taken at the Cycle 0 stage, the new Cycle 2 image
presents the curling, arm-like features more unambiguously and
unveils the connecting feature of Arm B to the CSD of Source
B for the first time. Furthermore, it is also clear that the western
side of the CBD is much brighter than the eastern side. Thus,
there is a non-point-symmetric, m=1 mode of the material

distribution in the CBD. In Figures 1(b) and (c), the simulated
theoretical continuum images after and before the CASA
observing simulation are shown (for the details of the
numerical simulation and the radiative transfer calculations,
see Takakuwa et al. 2014). As described above, our time-
dependent numerical simulation shows that after a period of
∼20 orbits, such an m=1 mode in the CBD is developed and
is then present continuously. In Figures 1(b) and (c) we show
the simulation result of the 73rd orbit. Our simulation
reproduces the observed curling features of Arms A and B,
connection of Arm B to the CSD around Source B, and the
brightness distribution skewed to the west.
From kinematical model fitting of Keplerian rotation to the

C18O (3–2) velocity channel maps of L1551 NE observed with
the SMA, the position and inclination angles of the CBD have
been estimated to be q = n- n

+ n167 27
23 and = n- n

+ ni 62 25
17 , respec-

tively (Takakuwa et al. 2012). These values are adopted in our
simulation, which reproduces the observed features of the CBD
(Figure 1). From the 0.9 mm dust-continuum image taken with
the ALMA Cycle 2 observation, we have also attempted to
reestimate θ and i and their uncertainties. Since the structure of
the CBD is complicated, it is not straightforward to make a
fitting of any simple geometrical shape (such as a two-
dimensional Gaussian) to the observed CBD image and to
derive the fitting uncertainties. We have thus made the
following simplification. First, the CSD components as derived
from the two-dimensional Gaussian fittings described above
were subtracted from the observed 0.9 mm image, and the
CBD-only image was generated. Then, inside and outside the
regions with the image intensities higher than 5σ, the intensities
were replaced with a uniform intensity of unity and zero,
respectively. We then regarded the simplified structure of the
CBD as a uniform circular ring and performed c2 model fitting
with θ, i, the ring inner diameter, and the ring width as the
fitting parameters. The fitting result is shown in Figure 2. The
estimated position and inclination angles are q = n- n

+ n160 14
12 and

Figure 1. (a) 0.9 mm dust-continuum image of L1551 NE observed with ALMA. Contour levels are 3σ, 6σ, 9σ, 12σ, 15σ, 20σ, 50σ, 100σ, 200σ, 400σ
(1σ=0.48 mJy beam−1). Lower left and upper right plus signs indicate the centroid positions of the two-dimensional Gaussian fittings to the central two dusty
components, which we regard as the positions of Sources A and B. A filled ellipse at the bottom-right corner shows the synthesized beam (0 190×0 169; P.
A.=−1°. 9). (b, c) Theoretically predicted 0.9 mm dust-continuum images of L1551 NE. We performed the radiative transfer calculation with the gas distribution
computed from our 3D hydrodynamic model to produce the theoretical image shown in panel (c). Then we conducted the ALMA observing simulation to make the
theoretically predicted ALMA image shown in panel (b). Contour levels in panel (b) are the same as those in panel (a). Contour levels in panel (c) are 15 μJy
pixel−1×6, 9, 12, 15, 20, 50, 100, 200, 400 (1 pixel=5 au2).
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L14-2 M. Fukagawa et al. [Vol. 65,

Fig. 1. Dust continuum map at 336 GHz (890 !m) for the disk of
HD 142527. The color scale shows the brightness temperature on
a logarithmic scale. The black contours denote Tb = 5, 10, 15, and
20 K, while the white one denotes the 5 " level. The size of the synthe-
sized beam is shown at the left corner of the image with a white ellipse
of 0:0039 ! 0:0034 (= 55 au ! 48 au) with a major-axis PA of 57ı.

Cycle 0. The maximum and minimum baselines were 380 m
and 20 m, respectively, and the latter corresponded to the
largest angular scale of the detectable component of 1000. The
observations reported in this letter consisted of four scheduling
blocks over the period from 2012 June to August. The corre-
lator was configured to store dual polarizations in four separate
spectral windows with a bandwidth of 469 MHz and with
3840 channels, providing a channel spacing of 0.122 MHz
(0.11 km s"1). Note that the effective spectral resolution is
lower by a factor of # 2 (#0.2 km s"1) because of Hanning
smoothing. The central frequencies for these four windows are
330.588, 329.331, 342.883, and 342.400 GHz, respectively,
allowing us to observe molecular lines of 13CO J = 3–2,
C18O J = 3–2, and CS J = 7–6. The results of the CS obser-
vations will be reported elsewhere. The quasars 3C 279 and
QSO J1924"2914 were targeted as bandpass calibrators, whereas
the amplitude and phase were monitored through observations
of the quasar QSO B1424"41. The absolute flux density was
determined from observations of Titan and Neptune.

The data were calibrated and analyzed by using the Common
Astronomy Software Applications package, version 3.4. After
flagging the aberrant data and calibrating the bandpass, gain,
and flux scaling, the corrected visibilities were imaged and
deconvolved by using the CLEAN algorithm with Briggs
weighting with a robust parameter of 0.5. In addition, to
improve the sensitivity and image fidelity, the self-calibration
was performed for the continuum the distinct structure of
which was detected with a very high signal-to-noise ratio
(S=N ). We started with the CLEAN-ed image as an initial
model of the source brightness distribution. The phase alone
was first corrected via six iterative model refinements; then, the
calibration was obtained for the phase-plus-amplitude without
iteration. The solution for the continuum was applied to 13CO
and C18O data. The final CLEANing was performed with
Uniform weighting for both the continuum and emission lines.
The self-calibration reduced the fluctuation in the continuum to
a level that 2–3 times the brightness of the theoretical thermal
origin can account for, resulting in clear detection of compact
emission at the stellar position.

Uncertainty associated with the absolute flux density is 10%.

Fig. 2. Moment 0 (left) and 1 (right) maps in 13CO (upper) and C18O
J = 3–2 (lower). The contours in the left panels show the 5 " levels.
In the right panels, the first moment maps are presented for the emis-
sion detected above 5 " . The contours for the integrated intensity are
overplotted, starting from 5 " and increasing by 5 " steps. The cross
in each panel denotes the position of the central star. The synthesized
beam size is displayed with a white ellipse in each panel, and is 0:0043
! 0:0037 with a PA of 50ı for both 13CO and C18O.

Fig. 3. Peak-intensity maps of 13CO (left) and C18O J = 3–2 (right).
The peak intensity denoted by color includes the underlying continuum.
The white contour shows the 5 " level. Tb for the continuum is also
plotted with black contours, indicating 5, 10, 15, and 20 K. The cross
denotes the stellar position. The faint armlike feature is seen in the
13CO map in the northwest at the disk outer edge, which corresponds
to the arm detected in scattered light (Fukagawa et al. 2006).

The synthesized beam size for the continuum is 0:0039 ! 0:0034 at
a position angle (PA) of 57ı for the major axis; those for 13CO
and C18O are 0:0043 ! 0:0037 at PA = 50ı. The rms noise is
0.19 mJy beam"1 for the continuum, whereas they are 12 and
15 mJy beam"1 in the 0.11 km s"1 wide channels for the line
emission of 13CO and C18O, respectively. Since the positional
information was lost in the self-calibration, we determined that
the stellar position is the brightness centroid of the compact
continuum detected at around the stellar coordinates.

3. Results

3.1. Continuum at 336 GHz

3.1.1. Outer disk
Figure 1 shows the continuum emission at 336 GHz

(890 !m). The outer disk was readily detected, and the total
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若い連星系の構造; 2重の円盤構造
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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

L1551 NE： 原始連星（質量降着中）
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スーパーコンピュータ ATERUI
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理論モデル
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AMR（適合格子細分化法）による高解像シミュレーション
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研究体制： 観測と理論の比較
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ケプラー回転からの残差（C18O 観測）
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速度構造（観測） ケプラー回転との差
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円盤の速度分布（理論）
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まとめ
理論と観測が
直接比較可能。
新しい時代の到来。
・周連星円盤の渦巻きをはじめて検出
・連星へのガスを落下を検出
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連星円盤に渦を観測
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Vortex produces asymmetry in CBD
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Figure 8. Temporal average of the circumbinary disk in the period of 80− 100 revolutions of binary stars for the model with (q, jinf , c) =
(0.2, 1.2, 0.1). The temporal average is calculated in the rotating frame with the angular velocity of 0.266Ω!, which is a mean pattern
speed of the asymmetry mode of the circumbinary disk in the period of 80 - 100 revolutions. The color scales depict the column density
distribution (left panel), the density distribution in the z = 0 plane (middle panel) and the y = 0 plane (right panel). The stream lines
indicate the density-weighted velocity distribution (left panel), the velocity distribution in the z = 0 plane (middle panel) and the y = 0
plane (right panel). In all the panels, the circumbinary disk is rotated so that the maximum surface density lies on the x-axis.

Figure 9. Specific angular momentum distribution (color) and velocity (stream lines) for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1).
The streamlines are plotted in accordance with the velocity measured in the rotating frame with Ωp = 0.266Ω!. The snapshot at the stage
of 100 revolutions is shown in the left panel, while the temporal average in the 80 - 100 revolutions is shown in the right panel. In the
left panel, the red contour lines show the Roche potential. In the right panel, the blue and red contour lines show the specific angular
momentum distribution and the surface density distribution near their peaks, respectively. Their contour levels are j = 1.70, 1.71, · · · 1.74,
and Σ = 3.8, 3.9, · · · 4.1. The white circle denotes the centrifugal radius with a angular velocity of Ωp. The stage and region plotted in the
left panel are same as those of Figure 2 (upper right).
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Centrifugal radius with Wp

Time average btw 80-100 rev in the rotating frame with Wp (rotation with pattern)

Gravitational torque 
➡ j increases
➡ exchange radial position
➡ vortex 
➡ density bump (e.g., RWI)
➡ asymmetry

angular momentum
Surface density

Gas flow

Dust may be trapped in vortex
→ Enhance asymmetry in dust emission
→ Enhance planet formation?

Snapshot

（注釈）もっと低温な場合には secular mode による非
対称性が知られれている (Munoz & Lithwick 20)。

Matsumoto+ 19 
doi:10.3847/1538-4357/aaf6ab



Velocity structure: infall & expansion
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CSD around Source A derived from the ALMA and JVLA
observations are 144°±3° and 151°±4°, and those around
Source B are 147°±11° and 152°±5°, respectively.
Considering the above-mentioned differences and the statistical
errors, there is no significant difference in the disk position
angles between the ALMA and JVLA results. The centroid
positions of the CSDs derived from the two-dimensional
Gaussian fittings to the ALMA image are (04h31m44 509,
+18°08′31 396) toward Source A and (04h31m44 475, +18°
08′31 622) toward Source B. These positions are within ∼50
mas from the corresponding centroid positions of the JVLA
image. The typical astrometric precision of ALMA observa-
tions is reported as ∼angular resolution/20, which is 0 18/
20∼10 mas in the present observation. We do not consider,
however, that the apparent offsets between the ALMA and
JVLA positions are significant, but they may reflect internal
structures of the CSDs, which are not well resolved with the
present ALMA observations. Hereafter in this paper we will
adopt the ALMA positions for Sources A and B.

Our Cycle 2 observations have also revealed detailed
structures of the CBD in L1551 NE. There is an arm-like
feature to the south of the protobinary. The emission ridge of
this feature exceeds 10σ, and it clearly shows a curling
structure from the southeast to the south, and then to the
northwest. At the northwestern tip, this arm smoothly connects
with the CSD around Source B. Hereafter we call this feature
“Arm B.” To the north there is another feature (we call this
“Arm A”), whose emission ridge above 6σ also curls from the
northwest to the north, and then to the northeast. These two
arm-like features compose the CBD around the protostellar
binary. Compared to our previous lower-resolution 0.9 mm
image taken at the Cycle 0 stage, the new Cycle 2 image
presents the curling, arm-like features more unambiguously and
unveils the connecting feature of Arm B to the CSD of Source
B for the first time. Furthermore, it is also clear that the western
side of the CBD is much brighter than the eastern side. Thus,
there is a non-point-symmetric, m=1 mode of the material

distribution in the CBD. In Figures 1(b) and (c), the simulated
theoretical continuum images after and before the CASA
observing simulation are shown (for the details of the
numerical simulation and the radiative transfer calculations,
see Takakuwa et al. 2014). As described above, our time-
dependent numerical simulation shows that after a period of
∼20 orbits, such an m=1 mode in the CBD is developed and
is then present continuously. In Figures 1(b) and (c) we show
the simulation result of the 73rd orbit. Our simulation
reproduces the observed curling features of Arms A and B,
connection of Arm B to the CSD around Source B, and the
brightness distribution skewed to the west.
From kinematical model fitting of Keplerian rotation to the

C18O (3–2) velocity channel maps of L1551 NE observed with
the SMA, the position and inclination angles of the CBD have
been estimated to be q = n- n

+ n167 27
23 and = n- n

+ ni 62 25
17 , respec-

tively (Takakuwa et al. 2012). These values are adopted in our
simulation, which reproduces the observed features of the CBD
(Figure 1). From the 0.9 mm dust-continuum image taken with
the ALMA Cycle 2 observation, we have also attempted to
reestimate θ and i and their uncertainties. Since the structure of
the CBD is complicated, it is not straightforward to make a
fitting of any simple geometrical shape (such as a two-
dimensional Gaussian) to the observed CBD image and to
derive the fitting uncertainties. We have thus made the
following simplification. First, the CSD components as derived
from the two-dimensional Gaussian fittings described above
were subtracted from the observed 0.9 mm image, and the
CBD-only image was generated. Then, inside and outside the
regions with the image intensities higher than 5σ, the intensities
were replaced with a uniform intensity of unity and zero,
respectively. We then regarded the simplified structure of the
CBD as a uniform circular ring and performed c2 model fitting
with θ, i, the ring inner diameter, and the ring width as the
fitting parameters. The fitting result is shown in Figure 2. The
estimated position and inclination angles are q = n- n

+ n160 14
12 and

Figure 1. (a) 0.9 mm dust-continuum image of L1551 NE observed with ALMA. Contour levels are 3σ, 6σ, 9σ, 12σ, 15σ, 20σ, 50σ, 100σ, 200σ, 400σ
(1σ=0.48 mJy beam−1). Lower left and upper right plus signs indicate the centroid positions of the two-dimensional Gaussian fittings to the central two dusty
components, which we regard as the positions of Sources A and B. A filled ellipse at the bottom-right corner shows the synthesized beam (0 190×0 169; P.
A.=−1°. 9). (b, c) Theoretically predicted 0.9 mm dust-continuum images of L1551 NE. We performed the radiative transfer calculation with the gas distribution
computed from our 3D hydrodynamic model to produce the theoretical image shown in panel (c). Then we conducted the ALMA observing simulation to make the
theoretically predicted ALMA image shown in panel (b). Contour levels in panel (b) are the same as those in panel (a). Contour levels in panel (c) are 15 μJy
pixel−1×6, 9, 12, 15, 20, 50, 100, 200, 400 (1 pixel=5 au2).
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Figure 4. Temporal average of surface dneisty and velocity distributions for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1). The
temporal average is taken in the period from 80 to 100 revolutions of the binary stars, and also taken in the rotating frame with the same
angular velocity as the binary stars. The color and streamlines denote the surface density and the density-weighted velocity distribution,
respectively. The right panel is a magnification of the left panel. The Roche potential and the sink particles are shown by the blue lines.

Figure 5. Temporal average of the difference between the rotation velocity and the Keplarian velocity vϕ − vkep, where the Keplarian

velocity is defined by vkep = (GMtot/r)1/2 (left pannel), the radial velocity vr (middle panel), and the radial mass flux Σvr (right pannel)
for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1). The temporal average is calculated in the period from 80 to 100 revolutions of the
binary stars, and in the rotating frame with the same angular velocity as the binary stars. All the values are density-weighted average
along the z-direction. The stages and region plotted here are same as those of Figure 4 (left).
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Figure 6. Accretion rates for the primary (red line) and sec-
ondary (blue line) as a function of time for the fiducial model with
(q, jinf , c) = (0.2, 1.2, 0.1). The accretion rates are normalized by
the mass injection rate of the boundary condition. The time is
normalized by the rotation period of the binary stars. The change
rate of the mass ratio Γ is also shown (black line).

tribution. The position of the vortex center almost coin-
cides with those of the surface density and density peaks,
but it is slightly shifted in the rotational direction. The
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Figure 7. Surface density distribution in the cylindrical shells
as a function of time and azimuthal angle, ϕ, for the model with
(q, jinf , c) = (0.2, 1.2, 0.1). The upper abscissa shows the time in
the unit of the rotation period of the binary stars. The radii of the
cylindrical shells are rcyl = 2, 4, and 6 from top to bottom.

aspect ratio of the vortex (the aspect ratio of the closed
streamlines) is ∼ 2. Although such a thick vortex (a
small aspect ratio) has been suggested to be unstable

7
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Figure 8. Angular velocity of the m = 1 mode Ωp (top), am-
plitude of the m = 1 mode |a1|/|a0| (middle), and mean surface
density |a0| (bottom) as a function of time. The red, green, and
blue lines are for the values which measured in the cylindrical shells
with rcyl = 2, 4, and 6. The abscissa shows the time in the unit of
the rotation period of the binary stars.

(e.g., Lesur & Papaloizou 2009; Richard et al. 2013), the
vortex here remains for a long time. This indicates that
the vortex continues to be excited.
The thickness of the circumbinary disk is almost same

between the dense side and the less dnese side (Figure 9,
right panel). This indicates that asymmetry in the sur-
face density is attributed to the asymmetry in the density
rather than the thickness of the disk.
The left panel of Figure 10 shows the specific angulra

momentum distribution. The stage and spatial scale of
this snaphot is same as those of the upper right panel
of Figure 2. These figures show that the spiral arms has
a high specific augular momentum, especially the out-
ermost spiral arms has the specifc angular moemntum
of j ! 1.8. The high specifc angular momentum is at-
tributed to the gravitational torque of the binary stars.
Just inside this spiral arm, a vortex is excited as shown
in the stream lines around (x, y) ∼ (0,−2).
Similar structure is also observed in the temporal av-

erage (Figure 10, right panel). The center of the vortex
(black stream lines) almost coincide with density peak
(red contours). It is located at the centrifugal radius
with angular velocity of the asymmetry Ωp (see white
circle). These indicate that the asymmetry is caused by
the resonance at this radius, R = 2.42. We also found
that the peak of the specific angular momentum j (blue
contours) is located in the almost same orientation as
the density peak and the center of the vortex with re-
spect to the center of the disk. We confirmed that this
configuration is kept in the other periods, i.e., 30 − 50
and 50 − 70 revolution periods. The region outside the
peak position of j, the radial gradient dj/dr has a large
negative value, suggesting that Rayleigh’s criterion (e.g.,
Chandrasekhar 1961) is highly violated. The violation
of Rayleigh’s criterion is suggested to the sufficient con-
dition for the Rossby wave instability, which causes the
asymmetry associated with a vortex as seen here (Li et
al. 2000; Ono et al. 2016).

4.6. Dependence on Temperature

Figure 11 shows dependence of the surface density dis-
tribution on the temperature of the gas. The cold mod-
els have circumbinarty disks with narrow ring structure,
while the hot models have circumbinary disks extended
in large radii. Moreover a colder disk exhibits sharp con-
trast in the surface density distribution. These depen-
dense on the temperature is due to the change in the
thermal perssure.
The cold models also have asymmetric surface density

distributions in the circumbinary disks. The model with
(q, jinf , c) = (0.2, 1.2, 0.01) has a narrow circumbinary
disk, which is off-centered with respect to the barycenter
of the binary stars (upper left panel of Figure 11). The
circumbinary disk is almost concentric in the early phase,
while it becomes eccentric at ∼ 50 revolution of the bi-
nary stars. The narrow circumbinary disk is fitted by the
elliptic orbit of which focus coincides with the barycenter
of the binary stars (white ellipse in the upper left panel
of Figure 11). The elliptic orbit is parameterized by the
angular momentum, eccentricity, and periapsis. The an-
gular momentum was obtained by the density-weighted
average in the circumbinary disk, and the eccentricity
and periapsis were obtained by the least mean squares
method. The angular momentum and the eccentricity
gradually increase as time proceeds because of the grav-
itational torque of the binary stars. The periapsis of the
circumbinary disk rotates slowly; the angular velocity is
Ωp = 0.00504Ω! in the period of the 80−100 revolutions
as shown in Table 1. This low angular velocity is also
shown in Figure 12, in which diagrams, the peak surface
density shows a shallow slope. Figure 13 shows the low
Ωp in the stages where the asymmetry |a1|/|a0| has large
amplitudes.
The slow rotation of the asymmetry in the cold models

is qualitatively different from those in the above models.
Moriwaki & Nakagawa (2004) derived a formula for the
precession rate of a test particle orbiting a binary by
using secular perturbation theory, and Thun et al. (2017)
modified it as follow (see also Leung & Lee 2013; Dunhill
et al. 2015)

Ωp =
3

4

q

(1 + q)2

(
D

ap

)7/2 (
1− e2p

)−2
Ω! , (2)

where ap and ep is the semi-major axis and eccentricity
of the test particle. Equation (2) is a expressoin for the
case of a circular orbiting binary. For the model with
c = 0.01, we obtained ap = 3.0 and ep = 0.42 as temporal
averages in 80 − 100 revolutions by fitting the surface
density of the circumbinary disk to an ellipse for each
flame, and equation (2) gives Ωp = 0.0032Ω!. For the
model with c = 0.02, we obtained ap = 2.9, ep = 0.40,
and Ωp = 0.0033Ω!. These values are consistent with the
value listed in Table 1, indicating that secular motion of
the ballistic particle causes the rotation of the asymmetry
of the circumbinary disk and the hydrodynamical effects
are minor in the cold models.
The hot models show the circumstellar disks extended

large radii as shown in lower panels of Figure 11. A
circumstellar disk with larger sound speed extends faster.
Half of the outer edge of the circumstellar disk touches
with the computational boundary at R = 12D at the

Resonance 
Wdisk pattern :  Wbinary = 1 : 4

⌦p = 0.266 ⇠ 1/4
<latexit sha1_base64="BehBALnV8mXD46kLbWZylNuvfCI="></latexit><latexit sha1_base64="BehBALnV8mXD46kLbWZylNuvfCI="></latexit><latexit sha1_base64="BehBALnV8mXD46kLbWZylNuvfCI="></latexit><latexit sha1_base64="BehBALnV8mXD46kLbWZylNuvfCI="></latexit>
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Figure 4. Temporal average of surface dneisty and velocity distributions for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1). The
temporal average is taken in the period from 80 to 100 revolutions of the binary stars, and also taken in the rotating frame with the same
angular velocity as the binary stars. The color and streamlines denote the surface density and the density-weighted velocity distribution,
respectively. The right panel is a magnification of the left panel. The Roche potential and the sink particles are shown by the blue lines.

Figure 5. Temporal average of the difference between the rotation velocity and the Keplarian velocity vϕ − vkep, where the Keplarian

velocity is defined by vkep = (GMtot/r)1/2 (left pannel), the radial velocity vr (middle panel), and the radial mass flux Σvr (right pannel)
for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1). The temporal average is calculated in the period from 80 to 100 revolutions of the
binary stars, and in the rotating frame with the same angular velocity as the binary stars. All the values are density-weighted average
along the z-direction. The stages and region plotted here are same as those of Figure 4 (left).
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Figure 6. Accretion rates for the primary (red line) and sec-
ondary (blue line) as a function of time for the fiducial model with
(q, jinf , c) = (0.2, 1.2, 0.1). The accretion rates are normalized by
the mass injection rate of the boundary condition. The time is
normalized by the rotation period of the binary stars. The change
rate of the mass ratio Γ is also shown (black line).

tribution. The position of the vortex center almost coin-
cides with those of the surface density and density peaks,
but it is slightly shifted in the rotational direction. The
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Figure 7. Surface density distribution in the cylindrical shells
as a function of time and azimuthal angle, ϕ, for the model with
(q, jinf , c) = (0.2, 1.2, 0.1). The upper abscissa shows the time in
the unit of the rotation period of the binary stars. The radii of the
cylindrical shells are rcyl = 2, 4, and 6 from top to bottom.

aspect ratio of the vortex (the aspect ratio of the closed
streamlines) is ∼ 2. Although such a thick vortex (a
small aspect ratio) has been suggested to be unstable
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Figure 3. Masses of the circumbinary disk (CBD) and the cir-
cumstellar disk (CSD) for the primary and secondary as a function
of time for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1). The
dashed lines are accreted masses to the primary and secondary for
comparison. The accreted mass is defined by the accumulated mass
of the gas which accretes onto each sink particle.

4.3. Accretion Rates

Figure 6 shows the accretion rates for primary and sec-
ondary for the fiducial model. To reduced short-term
variability of the accretion rates, we measured the accre-
tion rates as an average rates of Ṁi(t) = (Mi(t−∆t/2)−
Mi(t + ∆t/2))/∆t for i = 1, 2 (the parimary and sec-
ondary), where ∆t ∼ 1.5 (∼ 0.25 rotation period). The
accretion rate of the secondary (Ṁ2) reaches a constant
value by the early phase, while that of the primary (Ṁ1)
gradually increases with significant modulation. The sec-
ondary has a higher accretion rate than the primary by
a factor of Ṁ2/Ṁ1 ∼ 4− 6 after t ∼ 300.
Figure 6 also shows the dimension less variable of

Γ =
q̇/q

Ṁtot/Mtot

=
(1 + q)

(
Ṁ2 − qṀ1

)

q
(
Ṁ1 + Ṁ2

) . (1)

The variable Γ is a change rate of the mass ratio q nor-
malized by the accretion rate onto both the stars. The
fiducial model exhibits Γ ∼ 4.5 − 5, in agreement with
a corresponding model in Bate & Bonnell (1997) and
Young et al. (2015a). A temporal average in the last 20
revolution is Γ = 4.76 (Table 1). The positive Γ indicates
an increase in the mass ratio.

4.4. Asymmetry in Circumbinary Disk

For many models, depending on the model parameters,
a circumbinary disk shows asymmetry in distributions of
density and surface density. For the fiducial model with
(q, jinf , c) = (0.2, 1.2, 0.1), as shown in Figure 1b, the
circumbinary disk has higher density on the lower side
in this figure at the stage shown there. In Figure 2, the
surface density of the circumbinary disk is higher on the
lower left side. The position angle of the asymmetry
rotates in the azimuthial direction at a angular velocity
lower than that of the circular orbits of the binary stars
Ω!. This is often called precession of the circumbinary
disk. A relative position angle between asymmetry and
binary stars therefore changes.
In order to evaluate asymmetry of the circumbinary

disk, we measured the surface density in thin cylindri-
cal shells with radii of r = rcyl ± 0.1 for rcyl = 2, 4, 6 as
shown in Figure 7. The most inner shell (rcyl = 2) has
the largest amplitude of asymmetry of the three shells,
indicating that the asymmetry is larger in the inner re-
gion of the circumbinary disk. The inclined stripes in the
figure indicate that the asymmetry rotates with almost
constant angular velocity. Note that the slope of the
stripes coincides with the angular velocity in the figure.
In order to analyze the asymmetry of the circumbi-

nary disk more quantitatively, the Fourier transform is
performed on the azimuthal distribution of the surface
density for each stage, yelding the Fourier components of
the m-th mode , am. The amplitudes of the m-th modes,
|am|, and their phases (or position angles), arg(am), are
therefore evaluated. The time differential of the phase
coincides with the angular velocity of the m-th mode.
The amplitude of m = 0 mode, |a0|, denotes the

azimuthally-mean surface density (Figure 8, bottom
panel). The mean surface density at rcyl = 2 rapidly in-
creases in t ! 100, and after that it gradually increases.
The radial growth of the circumbinary disk is also seen in
the mean values of the surface density at rcyl = 4 and 6.
These values also shows the oscillation with a period of
∼ 10 rovolutions, indicating that the circumbinary disk
oscillates radially with that period.
The ratio of |a1|/|a0| denotes the relative amplitude of

the asymmetry (Figure 8, middle panel). In t " 200, the
relative amplitude reaches ∼ 50% for the surface density
at rcyl = 2 and 4 with considerable oscillation. The m =
1 mode has the largest amplitude among the modes of
m ≥ 1.
The angular velocity of the asymmetry is measured by

Ωp = [φ1(t+ 5T!)− φ1(t− 5T!)] /(10T!), which gives a
temporal mean of the angular velocity over 10 revolutions
(10T!), where φ1(t) = arg [a1(t)] (Figure 8, top panel).
Note that the angular velocity Ωp is for the asymmetry
pattern, and not for the gas velocity. The angular veloc-
ity of the asymmetry exhibits a constant value when the
relative amplitude has a significant value; Ωp ∼ 0.25Ω! in
t " 200 for rcyl = 2 and 4. This angular velocity suggests
that the rotation of the asymmetry pattern is caused by
resonance to binary orbit, showing Ωp : Ω! $ 1 : 4.
More precisely, the angular velocity of the asymmetry
is measured as Ωp = 0.266Ω! in the period of 80 − 100
revolutions as shown in the fourth column of Table 1.
Dependence of Ωp on the model parameters is shown in
section 4.6 and 4.7.

4.5. Vortex in Circumbinary Disk

The rotating assymetric pattern causes the vortex in
the circumbinary disk. Figure 9 shows temporal aver-
ages of the velocity, surface dnensity, and density dis-
tributions. The temporal averages are calculated in the
rotating frame with the angular velocity Ωp, which is the
angular velocity of the asymmetry pattern. As shown
in the face-on view (Figure 9, left and middle panels),
the asymmetry is clearly seen in both the surface density
and density distributions. The peak surface density and
density are ∼ 4 and ∼ 6 times larger than that on the op-
posite sides, respectively, at the stages shown here. The
position of the density peak almost coincides with that
of the surface density, (x, y) $ (−2, 0), in the figure.
The streamlines show the a vortex in the velocity dis-

~ 5 （質量比は増加）
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Figure 3. Masses of the circumbinary disk (CBD) and the cir-
cumstellar disk (CSD) for the primary and secondary as a function
of time for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1). The
dashed lines are accreted masses to the primary and secondary for
comparison. The accreted mass is defined by the accumulated mass
of the gas which accretes onto each sink particle.

4.3. Accretion Rates

Figure 6 shows the accretion rates for primary and sec-
ondary for the fiducial model. To reduced short-term
variability of the accretion rates, we measured the accre-
tion rates as an average rates of Ṁi(t) = (Mi(t−∆t/2)−
Mi(t + ∆t/2))/∆t for i = 1, 2 (the parimary and sec-
ondary), where ∆t ∼ 1.5 (∼ 0.25 rotation period). The
accretion rate of the secondary (Ṁ2) reaches a constant
value by the early phase, while that of the primary (Ṁ1)
gradually increases with significant modulation. The sec-
ondary has a higher accretion rate than the primary by
a factor of Ṁ2/Ṁ1 ∼ 4− 6 after t ∼ 300.
Figure 6 also shows the dimension less variable of

Γ =
q̇/q

Ṁtot/Mtot

=
(1 + q)

(
Ṁ2 − qṀ1

)

q
(
Ṁ1 + Ṁ2

) . (1)

The variable Γ is a change rate of the mass ratio q nor-
malized by the accretion rate onto both the stars. The
fiducial model exhibits Γ ∼ 4.5 − 5, in agreement with
a corresponding model in Bate & Bonnell (1997) and
Young et al. (2015a). A temporal average in the last 20
revolution is Γ = 4.76 (Table 1). The positive Γ indicates
an increase in the mass ratio.

4.4. Asymmetry in Circumbinary Disk

For many models, depending on the model parameters,
a circumbinary disk shows asymmetry in distributions of
density and surface density. For the fiducial model with
(q, jinf , c) = (0.2, 1.2, 0.1), as shown in Figure 1b, the
circumbinary disk has higher density on the lower side
in this figure at the stage shown there. In Figure 2, the
surface density of the circumbinary disk is higher on the
lower left side. The position angle of the asymmetry
rotates in the azimuthial direction at a angular velocity
lower than that of the circular orbits of the binary stars
Ω!. This is often called precession of the circumbinary
disk. A relative position angle between asymmetry and
binary stars therefore changes.
In order to evaluate asymmetry of the circumbinary

disk, we measured the surface density in thin cylindri-
cal shells with radii of r = rcyl ± 0.1 for rcyl = 2, 4, 6 as
shown in Figure 7. The most inner shell (rcyl = 2) has
the largest amplitude of asymmetry of the three shells,
indicating that the asymmetry is larger in the inner re-
gion of the circumbinary disk. The inclined stripes in the
figure indicate that the asymmetry rotates with almost
constant angular velocity. Note that the slope of the
stripes coincides with the angular velocity in the figure.
In order to analyze the asymmetry of the circumbi-

nary disk more quantitatively, the Fourier transform is
performed on the azimuthal distribution of the surface
density for each stage, yelding the Fourier components of
the m-th mode , am. The amplitudes of the m-th modes,
|am|, and their phases (or position angles), arg(am), are
therefore evaluated. The time differential of the phase
coincides with the angular velocity of the m-th mode.
The amplitude of m = 0 mode, |a0|, denotes the

azimuthally-mean surface density (Figure 8, bottom
panel). The mean surface density at rcyl = 2 rapidly in-
creases in t ! 100, and after that it gradually increases.
The radial growth of the circumbinary disk is also seen in
the mean values of the surface density at rcyl = 4 and 6.
These values also shows the oscillation with a period of
∼ 10 rovolutions, indicating that the circumbinary disk
oscillates radially with that period.
The ratio of |a1|/|a0| denotes the relative amplitude of

the asymmetry (Figure 8, middle panel). In t " 200, the
relative amplitude reaches ∼ 50% for the surface density
at rcyl = 2 and 4 with considerable oscillation. The m =
1 mode has the largest amplitude among the modes of
m ≥ 1.
The angular velocity of the asymmetry is measured by

Ωp = [φ1(t+ 5T!)− φ1(t− 5T!)] /(10T!), which gives a
temporal mean of the angular velocity over 10 revolutions
(10T!), where φ1(t) = arg [a1(t)] (Figure 8, top panel).
Note that the angular velocity Ωp is for the asymmetry
pattern, and not for the gas velocity. The angular veloc-
ity of the asymmetry exhibits a constant value when the
relative amplitude has a significant value; Ωp ∼ 0.25Ω! in
t " 200 for rcyl = 2 and 4. This angular velocity suggests
that the rotation of the asymmetry pattern is caused by
resonance to binary orbit, showing Ωp : Ω! $ 1 : 4.
More precisely, the angular velocity of the asymmetry
is measured as Ωp = 0.266Ω! in the period of 80 − 100
revolutions as shown in the fourth column of Table 1.
Dependence of Ωp on the model parameters is shown in
section 4.6 and 4.7.

4.5. Vortex in Circumbinary Disk

The rotating assymetric pattern causes the vortex in
the circumbinary disk. Figure 9 shows temporal aver-
ages of the velocity, surface dnensity, and density dis-
tributions. The temporal averages are calculated in the
rotating frame with the angular velocity Ωp, which is the
angular velocity of the asymmetry pattern. As shown
in the face-on view (Figure 9, left and middle panels),
the asymmetry is clearly seen in both the surface density
and density distributions. The peak surface density and
density are ∼ 4 and ∼ 6 times larger than that on the op-
posite sides, respectively, at the stages shown here. The
position of the density peak almost coincides with that
of the surface density, (x, y) $ (−2, 0), in the figure.
The streamlines show the a vortex in the velocity dis-

論争があった！
(Bate & Bonnell 1997, Young+ 2015, Ochi+ 2005, Hanawa+ 2010)
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if � > 0 then mass ratio increases

if � < 0 then mass ratio decreases

通常は質量比が増加（等質量連星に近づく）



星団形成
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星形成領域

• 大質量星形成領域
◦ 集団的星形成
◦ 大質量～小質量の星が形成
◦ OB型星のフィードバック（UVなど）
◦ 例：オリオン分子雲

• 小質量星形成領域
◦ 孤立的星形成
◦ 「静かな」星形成
◦ 例：おうし座分子雲
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再掲



分子雲(数pc)
103‒104 M◎
102‒3 cm‒3

分子雲コア (0.1～0.01 pc)
0.1～10 M◎
104‒6 cm‒3
重力収縮

ファーストコア (1 au)
原始星 (0.01 au)
星の質量が増加

Tタウリ型星
惑星形成

主系列星(0.01au)

小質量星シナリオ

アウトフロー

原始星円盤（10 au）
原始惑星系円盤 (100 au)

大質量星シナリオ

巨大分子雲(数10pc)
104‒106 M◎

大質量星分子雲コア (1 pc)
10～1000 M◎
集団的星形成

ホットコア
UCHII
星団形成
大質量星形成

OBアソシエーション
星団形成
大質量星形成

再掲
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集団的星形成・星団形成の特徴

• 材料となるガスをどのように集めるか？
◦ ゆっくり集めると、集めている間に孤立的星
形成が起きてしまう。

◦ 短い期間に集める必要がある。
➡ 分子雲の衝突が提案されている。

• 星からのフィードバックで分子雲が散逸
する。
◦ 紫外線による加熱→散逸
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星団形成シミュレーション

53
Fukushima+ 2020
doi:10.1093/mnras/staa2062

• AMR
• 自己重力
• 乱流
• 紫外線



星団形成シミュレーション
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Fukushima+ 2020
doi:10.1093/mnras/staa2062



衝突があると星形成が活発に

55Matsumoto+ 2015  doi:10.1088/0004-637X/801/2/77

衝突が速い衝突が遅い



分子雲の衝突で星団形成

56
9 km/s 14 km/s

速度の異なる分子雲が
相補的な空間分布

➡衝突の証拠

Fukui+ 2020
doi:10.3847/1538-4357/aac217



この分野で残された話題

• 連星形成シナリオ
◦ 乱流分裂 vs 円盤分裂。二項対立なのか？現状は理論研究が主導。
◦ 観測的には円盤分裂が多い。

• 連星形成の高い頻度
◦ 磁場によって円盤分裂が抑制されてしまう

• 連星パラメータの起源
◦ 質量比、連星間距離、軌道離心率…
◦ 多様性の起源
◦ ブラックホール連星、重力波イベントと関連

• 連星における惑星形成・連星円盤におけるダスト進化
• 分子雲の衝突による星団形成

◦ 黎明期だが有力。銀河円盤スケールの理解。
• 星団形成における星形成フィードバック

◦ 銀河形成と関連。金属量依存性
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