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Summary of 2019年度
• Category: A

• Circumbinary disks with MHD simulations
– 2048 cores (52 nodes); large-a queue; >1 

month
– Calculation on-going
– Talk today

• Protostar formation in turbulent cloud cores 
with resistive MHD simulations
– 256 cores (7 nodes); bulk-a queue; 3-4 moths
– Contribution to AMNH’s space show “Worlds 

Beyond Earth” Open today!
– Calculation on-going

• Dynamical models of heliosphere with MHD 
simulations;
– 2048 cores (52 nodes); large-q queue; 2 months
– Publication:  Matsumoto et al.

Journal of Physics 1225 (1), article id. 012008 
(2019) (refereed).
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現状に不満はありません



Introduction: Binary/multiple star formation is 

major mode

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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Chen+ 2013
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More than half of solar-

type MS are menbers of 

multiple systems.

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 5! , 10! , 15! , 20! , and 30! , then increase
in steps of 30! (1! ! 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 "3! , 3! , 6! , 12! , 20! , and 30! , then increase in steps of 20! (1! ! 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 "3! , 3! , 6! , 10! , 15! , 22! , 30! , and 40! , then increase in steps of 15!
(1! ! 2.0 mJy beam"1). (e) SMA 850 µm dust continuum image of IRAS 2A. Contour levels correspond to "3! , 3! , 6! , 10! , 15! , 22! , and 30! , then increase
in steps of 10! (1! ! 4.5 mJy beam"1). (f) SMA 1.3 mm dust continuum image of IRAS 4. Contour levels correspond to "3! , 3! , 6! , 12! , 20! , and 30! , then
increase in steps of 15! (1! ! 12 mJy beam"1). (g) SMA 850 µm dust continuum image of IRAS 4A. Contour levels correspond to "3! , 3! , 6! , 12! , and 20! , then
increase in steps of 10! (1! ! 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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SMA

s = 50 – 5000 au

Lower limit

Many stars low-mass stars 

are formed as multiple 

stars.



Introduction: ALMA reveals diversity in 
binary/multiple formation
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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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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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How to make “initial condition”

6

t
t = –10 rev t = 0 revHD MHD

B0 = (0, 0, Bz)
<latexit sha1_base64="XelYjICEIZw0DJckWoBMAByHo9I="></latexit>

“Initial condition”

Uniform, vertical B

t = 10 rev

Making “steady state”
x-y plane

x-z plane
First simulation with vertical B-field!
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HD model

MHD model

Asymmetric CBD

Extended CBD (MRI)
2 types outflows
outflows from CSDs
outflow from CBD
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Whole comp domain

Central region in rotating frame

x� y plane
<latexit sha1_base64="1SGxZx2PvTK3nNkEHct8wmFBGL4="></latexit>

x� z plane
<latexit sha1_base64="xKT4ND/+HGfDbypPmM0qDX8DBGw="></latexit>

Extended CBD (MRI)
2 types outflows
outflows from CSDs
outflow from CBD



3D magnetic field lines and flows
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Mach 20

Mach 50

Slow outflow
from CBD

Fast outflows 
from CSDs



Outflows from CSDs and CBD
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Low velocity flow from DBD 
making bipolar cavity in envelope

High velocity flows from CSDs

Magnetic fields

50 -100 cs

2 – 5 cs



Outflow from disk edge in BHB07 11 
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Outflows from disk edge Alves+ 17

Matsumoto & Stone in prep.
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<latexit sha1_base64="I2nWsgUqxbb+IvHIbZKNYcH5r38="></latexit>

Alpha parameters:
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Alpha of Maxwell stress Alpha of Reynolds stress

CBD: rho > 100 rho0

>~



Comparison of Reynolds stress 
btw HD and MHD models
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B = 0 model (HD) B = 0.1 model (MHD)

Turbulence is caused by MRI



Alpha parameters for advection
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B = 0 model B = 0.1 model

↵advection � ↵Maxwell � ↵Reynolds

<latexit sha1_base64="DLGsjh4Fm7tawx1hDApNv4G5/e4="></latexit>

Gravitational torque from binary stars is a dominant mechanism in AM redistribution.



Summary

• MHD simulations reproduce two types of outflows; 
slow outflow from CBD and fast outflows from CSDs. 
– Slow flows in simulation probably corresponds to disk-

edge flow in BHB07 11 of B59 core.

• MRI is excited in CBD. Gas advection due to the 
gravitational torque is a dominant mechanism for 
angular momentum redistribution in CBD.

• Real binary systems exist btw HD and ideal MHD 
models because of magnetic diffusion (e.g., Ohmic 
dissipation).
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