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We present Atacama Large Millimeter/submillimeter Array (ALMA) observations of multiple protostar systems in
the Perseus molecular cloud previously detected by the Karl G. Jansky Very Large Array (VLA). We observed 17
close (<600 AU separation) multiple systems at 1.3 mm in continuum and five molecular lines (i.e., 12CO, C18O,
13CO, H2CO, SO) to characterize the circum-multiple environments in which these systems are forming. We detect at
least one component in the continuum for the 17 multiple systems. In three systems, one companion is not detected,
and for two systems the companions are unresolved at our observed resolution. We also detect circum-multiple dust
emission toward 8 out of 9 Class 0 multiples. Circum-multiple dust emission is not detected toward any of the 8 Class
I multiples. Twelve systems are detected in the dense gas tracers toward their disks/inner envelopes. For these 12
systems, we use the dense gas observations to characterize their formation mechanism. The velocity gradients in the
circum-multiple gas are clearly orthogonal to the outflow directions in 8 out of the 12 systems, consistent with disk
fragmentation. Moreover, only two systems with separations <200 AU are inconsistent with disk fragmentation, in
addition to the two widest systems (>500 AU). Our results suggest that disk fragmentation via gravitational instability
is an important formation mechanism for close multiple systems, but further statistics are needed to better determine
the relative fraction formed via this method.
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Young multiple star systems provide excellent testing grounds for theories of star formation and evolution. EPIC
203868608 was previously studied (David et al. 2016) as a triple star system in the Upper Scorpius OB association,
but the follow-up Keck NIRC2/HIRES/NIRSPAO observations reported here reveal its quadruple nature. We find
that the system consists of a double-lined spectroscopic binary (SB2) Aab (M5+M5) and an eclipsing binary (EB)
Bab with a total mass that is lower than that of the SB2. Furthermore, we measure the obliquity of the EB using the
Doppler tomography technique during the primary eclipse. EPIC 203868608 Bab is likely on an inclined orbit with
a projected obliquity of −57+40

−36 degrees. The inclined orbit is used to constrain the tidal quality factor for low-mass
stars and the evolution of the quadruple system. The analytic framework to infer obliquity that has been developed
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For a binary protostellar outflow system in which its members are located close to each other (the separation being
smaller than the addition of the widths of the flows) and with large opening angles, the collision seems unavoidable
regardless of the orientation of the outflows. This is in contrast to the current observational evidence of just a few
regions with indications of colliding outflows, which could also suggests that the average distance between protostars is
larger than the width of the flows. Here, using sensitive observations of the Atacama Large Millimeter/Submillimeter
Array (ALMA), we report resolved images of carbon monoxide (CO) towards the binary flows associated with the
BHR 71 protostellar system. These images reveal for the first time solid evidence that their flows are partially colliding,
increasing the brightness of the CO, the dispersion of the velocities in the interaction zone, and changing part of the
orientation in one of the flows. Additionally, this impact opened the possibility of knowing the 3D geometry of the
system, revealing that one of its components (IRS 2) should be closer to us.

Accepted by The Astronomical Journal

https://arxiv.org/pdf/1804.00625

Abstract submission deadline

The deadline for submitting abstracts and other
submissions is the first day of the month.

42

58
要旨 

1. 分⼦流と分⼦流が相互作⽤する系(3
例⽬)をALMAでは初めて⾒つけた. 

2.【中⼼星のひとつ；BHR71 IRS1】 

• Lbol = 13.5 +/- 1.0 Lsun 

• Mdusty envelope = 0.215 +/- 0.003 
Msun(ALMA), 19Msun(ハーシェル衛
星) 

• 分⼦流の⼒学年齢の下限値は, 
GREG> say '200*30*au|(25e5)|yr' 
1.1384E+03年くらい, second collapse後
それほど時間は経っていないか？ 
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Figure 2. ALMA 12CO(2-1) intensity-weighted velocity (moment one) (color-scale), 12CO(2-1) integrated
intensity (black contours), and 1.3 mm continuum (grey contours) images of BHR 71. The half-power
synthesized beam size is shown in the bottom left corner. The radial velocity scale-bar is shown in the right.
The black contours are starting from 10% to 80% in steps of 10% of the intensity peak. The CO intensity
peak is 13.9 Jy Beam−1 Km s−1. The grey contours are starting from 2% to 90% in steps of 2% of the
intensity peak. The 1.3 mm continuum intensity peak is 0.4 Jy Beam−1.

× 0.62′′ ± 0.039′′ with a Position Angle1 (PA)
of 94◦ ± 15◦ and a flux density of 547 ± 10 mJy.
For IRS 2, we estimated a deconvolved size of
0.89′′ ± 0.094′′ × 0.84′′ ± 0.099′′ with a PA of
120◦ ± 70◦ and a flux density of 44 ± 5 mJy.
The corresponding physical sizes of these decon-
volved values are between 120 to 180 AU, which
are typical for accreting disks. Assuming that

1 Measured as usual from North to East.

the dust emission is optically thin and isother-
mal, the dust mass (Md) is directly proportional
to the flux density (Sν) as:

Md =
D2Sν

κνBν(Td)
,

where D is the distance to the object, κν the
dust mass opacity, and Bν(Td) the Planck func-
tion for the dust temperature Td. Assuming a
dust mass opacity (κν) of 0.015 cm2 g−1 (tak-
ing a dust-to-gas ratio of 100) appropriated for
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the dust emission is optically thin and isother-
mal, the dust mass (Md) is directly proportional
to the flux density (Sν) as:

Md =
D2Sν

κνBν(Td)
,

where D is the distance to the object, κν the
dust mass opacity, and Bν(Td) the Planck func-
tion for the dust temperature Td. Assuming a
dust mass opacity (κν) of 0.015 cm2 g−1 (tak-
ing a dust-to-gas ratio of 100) appropriated for

輝線強度で重み付け平均した視線速度マップ 
(モーメント計算時の速度範囲は-25 < V-Vsys (km/s) < 20)
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Figure 3. ALMA 12CO(2-1) intensity-weighted square root velocity (moment two) (color-scale), 12CO(2-1)
integrated intensity (black contours), and 1.3 mm continuum (brown contours) images of BHR 71. The
half-power synthesized beam size is shown in the bottom left corner. The radial velocity scale-bar is shown
in the right. The black contours are starting from 10% to 80% in steps of 10% of the intensity peak. The
CO intensity peak is 13.9 Jy Beam−1 Km s−1. The brown contours are starting from 2% to 90% in steps of
2% of the intensity peak. The 1.3 mm continuum intensity peak is 0.4 Jy Beam−1.

the bipolar outflow from IRS 2, which has its
blue-shifted component toward the northwest,
and its red-shifted component to the south-
east. This has been already observed in the
APEX observations (Parise et al. 2006). Fig-
ure 2 clearly reveals the presence of red-shifted
gas inside the otherwise blue-shifted cavity of
the IRS 1 outflow, and also the abrupt change
of orientation in the southeast side of part of
the IRS 2 outflow. The redshifted gas from

the outflow emerging from IRS 2 seems to get
redder after crossing the southwest edge of the
IRS 1 outflow, probably due to an acceleration
process. The morphology and the east-west ve-
locity gradient of this spatially coherent stream
of CO emission can be better seen in Figure
4, where we have only integrated toward red-
shifted velocities from 0 km s−1 to +20 km s−1.
The wide angle and quite disorganized stream
connects the southern lobe of the IRS 2 out-

輝線強度で重み付け平均した視線速度の速度幅マップ 
(モーメント計算時の速度範囲は-25 < V-Vsys (km/s) < 20)



in this paper can be applied to other EB systems as well as transiting planets.
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Hall effect-driven formation of gravitationally unstable discs in magnetized molecular
cloud cores
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We demonstrate the formation of gravitationally unstable discs in magnetized molecular cloud cores with initial mass-
to-flux ratios of five times the critical value, effectively solving the magnetic braking catastrophe. We model the
gravitational collapse through to the formation of the stellar core, using Ohmic resistivity, ambipolar diffusion and
the Hall effect, and using the canonical cosmic ray ionization rate of ζCR = 10−17 s−1. When the magnetic field and
rotation axis are initially aligned, a <

∼ 1 au disc forms after the first core phase, whereas when they are anti-aligned,
a gravitationally unstable 25 au disc forms during the first core phase. The aligned model launches a 3 km s−1 first
core outflow, while the anti-aligned model launches only a weak <

∼ 0.3 km s−1 first core outflow. Qualitatively, we find
that models with ζCR = 10−17 s−1 are similar to purely hydrodynamical models if the rotation axis and magnetic field
are initially anti-aligned, whereas they are qualitatively similar to ideal magnetohydrodynamical models if initially
aligned.

Accepted by Monthly Notices of the Royal Astronomical Society
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On the origin of magnetic fields in stars
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Are the kG-strength magnetic fields observed in young stars a fossil field left over from their formation or are they
generated by a dynamo? We use radiation non-ideal magnetohydrodynamics simulations of the gravitational collapse
of a rotating, magnetized molecular cloud core over 17 orders of magnitude in density, past the first hydrostatic core
to the formation of the second, stellar core, to examine the fossil field hypothesis. Whereas in previous work we found
that magnetic fields in excess of 10 kG can be implanted in stars at birth, this assumed ideal magnetohydrodynamics
(MHD), i.e. that the gas is coupled to the magnetic field. Here we present non-ideal MHD calculations which include
Ohmic resistivity, ambipolar diffusion and the Hall effect. For realistic cosmic ray ionization rates, we find that
magnetic field strengths of <∼ kG are implanted in the stellar core at birth, ruling out a strong fossil field. While these
results remain sensitive to resolution, they cautiously provide evidence against a fossil field origin for stellar magnetic
fields, suggesting instead that magnetic fields in stars originate in a dynamo process.

Accepted by MNRAS

http://adsabs.harvard.edu/pdf/2018MNRAS.481.2450W
http://arxiv.org/pdf/1809.01234
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Figure 1. Evolution of the magnetic field strength against maximum den-

sity, which is a proxy for time. The vertical grey line indicates the formation

density of the stellar core, and the black circles are placed 6 months after

the formation of the stellar core for each model (i.e. dtsc = 0.5 yr). For

both models, the maximum density is coincident with the centre of the sys-

tem (i.e. ρmax = ρcen). In the ideal MHD model, the maximum and central

magnetic field strength are the same for the entire simulation. In the non-

ideal MHD model, the central and maximum magnetic field strengths are

no longer coincident near the end of the first core phase, and at stellar core

formation, are a few orders of magnitude lower than the values in the ideal

MHD model.
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Figure 2. Density (top) and magnetic field strength (bottom) slices through

the first hydrostatic core perpendicular to the rotation axis for the ideal (left)

and non-ideal (right) MHD models once the maximum density has reached

ρmax ≈ 10−8 g cm−3 (near the end of the first core phase). The initial mag-

netic field strength in both models is five times the critical mass-to-flux ra-

tio. The density slices are qualitatively similar. The magnetic field strength

follows the density profile in the ideal MHD model, while the maximum

magnetic field strength in the non-ideal MHD model is in a structured torus

at 1-3 au from the centre of the core.

tio µ(r) also decreases in this region. Outside of this central re-

gion, µ(r) > 5 since the cloud collapses faster along the mag-

netic field lines than perpendicular to them, increasing the mass

as a greater rate than the flux. During this phase in the non-ideal

MHD model, µnon-ideal(r) > µideal(r), indicating that the non-ideal

processes are diffusing the magnetic field, with significant diffu-
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Figure 3. The mass-to-flux ratio in units of the critical value as a function

of radius at six different epochs for the ideal (top) and non-ideal (bottom)

MHD models. The horizontal grey line represents the initial mass-to-flux

ratio, µ0 = 5. At t = 0, µ(r) = µ0 = 5 at r = Rc. The non-ideal MHD

processes diffuse the magnetic field even by ρmax ≈ 10−10 g cm−3, yield-

ing µnon-ideal(r) > µideal(r). There is significant diffusion of the magnetic

field for r ! 10 au in the non-ideal MHD model.

sion for r ! 10 au. The diffusion increases throughout this phase,

yielding an increasing maximum µ(r) as the first core evolves.

During the second collapse phase (10−8 ! ρ/(g cm−3) !
10−4; Larson 1969), the central and maximum magnetic field

strengths of both models grow as B ∝ ρ0.6max, in agreement

with previous studies (e.g. Bate et al. 2014; Tomida et al. 2015;

Tsukamoto et al. 2015a; Wurster et al. 2018a; Vaytet et al. 2018).

During this growth, the maximum magnetic field strength and max-

imum density are coincident for the ideal MHD model, but not the

non-ideal MHD model.

We define the formation of the stellar core, dtsc = 0, to be

when ρmax = 10−4 g cm−3. We define the radius of the core using

the gas with ρ ≥ 10−4 g cm−3. Due to computational limitations,

the ideal MHD model is evolved until dtsc = 0.7 yr, while the non-

ideal MHD model is evolved until 11.4 yr after the formation of

the stellar core. The top two panels of Fig. 4 show the evolution

of the radius and mass of the stellar core; the bottom panel shows

the evolution of the central and maximum magnetic field strengths.

Although both the ideal and non-ideal MHD models have similar

radii (at least for dtsc ! 0.7 yr), the mass contained within the stel-

lar core differs, with the ideal model reaching a mass of 0.018M⊙

at 0.7 yr, whereas the non-ideal MHD model reaches a mass of only

0.0083M⊙ by 11.4 yr.

A dense stellar core with a strong magnetic field forms in the

ideal MHD model. The maximum magnetic field strength contin-

ues to increases until ρmax ≈ 10−1 g cm−3, after which Bmax to de-

creases and µ(r) increases due to artificial resistivity; see the solid

red line in the top panel of Fig. 3 above and Section 5.2 below. The

maximum magnetic field strength reached in the stellar core occurs

several days after its formation and is Bmax ∼ 4×105 G. This mag-
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要旨 

1. 【着眼点】若い星[⽂脈から前主系列星
(PMS)？]で観測されるkGオーダーの磁場強度
は原始星形成時にあったものか、それともPMS
進化におけるダイナモで増幅されたものか？ 

2.【⼿法】⾮理想MHD効果(双極性拡散, オーム
損失, ホール効果)＋回転を考慮し, 分⼦雲コア
(初期にR=0.013pc, 等温, 回転と重⼒のエネ
ルギー⽐=0.005, 臨界値に対する質量磁束⽐
μ=5,適切な宇宙線電離度ζ=1e-17 1/sec)から
原始星形成直後までを計算. 

3.【結論】 

(i)理想MHD(磁場と物質がカップル)では観測
事実(?)を説明できない. 

(ii)誕⽣直後の原始星はr~1-3AUの“magnetic 
wall”(図2参照)で囲まれており、壁での最⼤
磁場強度は~900G, 中⼼星を含めた壁内部で
は~240G以下. 

(iii)つまり, PMSで観測されるkGオーダーの磁
場はPMS進化中に増幅されたものだろう. 

【この論⽂と直接⽐較されている先⾏研究】 

   Tsukamoto+15a, 15b, 17

⾮理想MHD 
(最⼤値)

原始星形成後6ヶ⽉

系中⼼部の密度(ほぼ時間軸)
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the first hydrostatic core perpendicular to the rotation axis for the ideal (left)

and non-ideal (right) MHD models once the maximum density has reached

ρmax ≈ 10−8 g cm−3 (near the end of the first core phase). The initial mag-

netic field strength in both models is five times the critical mass-to-flux ra-

tio. The density slices are qualitatively similar. The magnetic field strength

follows the density profile in the ideal MHD model, while the maximum

magnetic field strength in the non-ideal MHD model is in a structured torus

at 1-3 au from the centre of the core.

tio µ(r) also decreases in this region. Outside of this central re-

gion, µ(r) > 5 since the cloud collapses faster along the mag-

netic field lines than perpendicular to them, increasing the mass

as a greater rate than the flux. During this phase in the non-ideal

MHD model, µnon-ideal(r) > µideal(r), indicating that the non-ideal

processes are diffusing the magnetic field, with significant diffu-
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sion for r ! 10 au. The diffusion increases throughout this phase,

yielding an increasing maximum µ(r) as the first core evolves.

During the second collapse phase (10−8 ! ρ/(g cm−3) !
10−4; Larson 1969), the central and maximum magnetic field

strengths of both models grow as B ∝ ρ0.6max, in agreement

with previous studies (e.g. Bate et al. 2014; Tomida et al. 2015;

Tsukamoto et al. 2015a; Wurster et al. 2018a; Vaytet et al. 2018).

During this growth, the maximum magnetic field strength and max-

imum density are coincident for the ideal MHD model, but not the

non-ideal MHD model.

We define the formation of the stellar core, dtsc = 0, to be

when ρmax = 10−4 g cm−3. We define the radius of the core using

the gas with ρ ≥ 10−4 g cm−3. Due to computational limitations,

the ideal MHD model is evolved until dtsc = 0.7 yr, while the non-

ideal MHD model is evolved until 11.4 yr after the formation of

the stellar core. The top two panels of Fig. 4 show the evolution

of the radius and mass of the stellar core; the bottom panel shows

the evolution of the central and maximum magnetic field strengths.

Although both the ideal and non-ideal MHD models have similar

radii (at least for dtsc ! 0.7 yr), the mass contained within the stel-

lar core differs, with the ideal model reaching a mass of 0.018M⊙

at 0.7 yr, whereas the non-ideal MHD model reaches a mass of only

0.0083M⊙ by 11.4 yr.

A dense stellar core with a strong magnetic field forms in the

ideal MHD model. The maximum magnetic field strength contin-

ues to increases until ρmax ≈ 10−1 g cm−3, after which Bmax to de-

creases and µ(r) increases due to artificial resistivity; see the solid

red line in the top panel of Fig. 3 above and Section 5.2 below. The

maximum magnetic field strength reached in the stellar core occurs

several days after its formation and is Bmax ∼ 4×105 G. This mag-
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Figure 1. Evolution of the magnetic field strength against maximum den-

sity, which is a proxy for time. The vertical grey line indicates the formation

density of the stellar core, and the black circles are placed 6 months after

the formation of the stellar core for each model (i.e. dtsc = 0.5 yr). For

both models, the maximum density is coincident with the centre of the sys-

tem (i.e. ρmax = ρcen). In the ideal MHD model, the maximum and central

magnetic field strength are the same for the entire simulation. In the non-

ideal MHD model, the central and maximum magnetic field strengths are

no longer coincident near the end of the first core phase, and at stellar core

formation, are a few orders of magnitude lower than the values in the ideal

MHD model.
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Figure 2. Density (top) and magnetic field strength (bottom) slices through

the first hydrostatic core perpendicular to the rotation axis for the ideal (left)

and non-ideal (right) MHD models once the maximum density has reached

ρmax ≈ 10−8 g cm−3 (near the end of the first core phase). The initial mag-

netic field strength in both models is five times the critical mass-to-flux ra-

tio. The density slices are qualitatively similar. The magnetic field strength

follows the density profile in the ideal MHD model, while the maximum

magnetic field strength in the non-ideal MHD model is in a structured torus

at 1-3 au from the centre of the core.

tio µ(r) also decreases in this region. Outside of this central re-

gion, µ(r) > 5 since the cloud collapses faster along the mag-

netic field lines than perpendicular to them, increasing the mass

as a greater rate than the flux. During this phase in the non-ideal

MHD model, µnon-ideal(r) > µideal(r), indicating that the non-ideal

processes are diffusing the magnetic field, with significant diffu-

10-1

100

101

102

103

104

µ
(r

)

Ideal MHD t = 0
ρmax=10-10g cm-3

ρmax=10-9g cm-3

ρmax=10-8g cm-3

ρmax=10-4g cm-3; dtsc=0
dtsc=0.5yr

10-1

100

101

102

103

104

10-4 10-3 10-2 10-1 100 101 102 103

µ
(r

)

r [au]

Non-ideal MHD: ζcr=10-17 s-1

Figure 3. The mass-to-flux ratio in units of the critical value as a function

of radius at six different epochs for the ideal (top) and non-ideal (bottom)

MHD models. The horizontal grey line represents the initial mass-to-flux

ratio, µ0 = 5. At t = 0, µ(r) = µ0 = 5 at r = Rc. The non-ideal MHD

processes diffuse the magnetic field even by ρmax ≈ 10−10 g cm−3, yield-

ing µnon-ideal(r) > µideal(r). There is significant diffusion of the magnetic

field for r ! 10 au in the non-ideal MHD model.

sion for r ! 10 au. The diffusion increases throughout this phase,

yielding an increasing maximum µ(r) as the first core evolves.

During the second collapse phase (10−8 ! ρ/(g cm−3) !
10−4; Larson 1969), the central and maximum magnetic field

strengths of both models grow as B ∝ ρ0.6max, in agreement

with previous studies (e.g. Bate et al. 2014; Tomida et al. 2015;

Tsukamoto et al. 2015a; Wurster et al. 2018a; Vaytet et al. 2018).

During this growth, the maximum magnetic field strength and max-

imum density are coincident for the ideal MHD model, but not the

non-ideal MHD model.

We define the formation of the stellar core, dtsc = 0, to be

when ρmax = 10−4 g cm−3. We define the radius of the core using

the gas with ρ ≥ 10−4 g cm−3. Due to computational limitations,

the ideal MHD model is evolved until dtsc = 0.7 yr, while the non-

ideal MHD model is evolved until 11.4 yr after the formation of

the stellar core. The top two panels of Fig. 4 show the evolution

of the radius and mass of the stellar core; the bottom panel shows

the evolution of the central and maximum magnetic field strengths.

Although both the ideal and non-ideal MHD models have similar

radii (at least for dtsc ! 0.7 yr), the mass contained within the stel-

lar core differs, with the ideal model reaching a mass of 0.018M⊙

at 0.7 yr, whereas the non-ideal MHD model reaches a mass of only

0.0083M⊙ by 11.4 yr.

A dense stellar core with a strong magnetic field forms in the

ideal MHD model. The maximum magnetic field strength contin-

ues to increases until ρmax ≈ 10−1 g cm−3, after which Bmax to de-

creases and µ(r) increases due to artificial resistivity; see the solid

red line in the top panel of Fig. 3 above and Section 5.2 below. The

maximum magnetic field strength reached in the stellar core occurs

several days after its formation and is Bmax ∼ 4×105 G. This mag-

MNRAS 000, 1–8 (2018)
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図2: ファーストコア期最終盤での磁場構造

磁⼒線の壁中⼼部が卓越
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We demonstrate the formation of gravitationally unstable discs in magnetized molecular cloud cores with initial mass-
to-flux ratios of five times the critical value, effectively solving the magnetic braking catastrophe. We model the
gravitational collapse through to the formation of the stellar core, using Ohmic resistivity, ambipolar diffusion and
the Hall effect, and using the canonical cosmic ray ionization rate of ζCR = 10−17 s−1. When the magnetic field and
rotation axis are initially aligned, a <

∼ 1 au disc forms after the first core phase, whereas when they are anti-aligned,
a gravitationally unstable 25 au disc forms during the first core phase. The aligned model launches a 3 km s−1 first
core outflow, while the anti-aligned model launches only a weak <

∼ 0.3 km s−1 first core outflow. Qualitatively, we find
that models with ζCR = 10−17 s−1 are similar to purely hydrodynamical models if the rotation axis and magnetic field
are initially anti-aligned, whereas they are qualitatively similar to ideal magnetohydrodynamical models if initially
aligned.
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Are the kG-strength magnetic fields observed in young stars a fossil field left over from their formation or are they
generated by a dynamo? We use radiation non-ideal magnetohydrodynamics simulations of the gravitational collapse
of a rotating, magnetized molecular cloud core over 17 orders of magnitude in density, past the first hydrostatic core
to the formation of the second, stellar core, to examine the fossil field hypothesis. Whereas in previous work we found
that magnetic fields in excess of 10 kG can be implanted in stars at birth, this assumed ideal magnetohydrodynamics
(MHD), i.e. that the gas is coupled to the magnetic field. Here we present non-ideal MHD calculations which include
Ohmic resistivity, ambipolar diffusion and the Hall effect. For realistic cosmic ray ionization rates, we find that
magnetic field strengths of <∼ kG are implanted in the stellar core at birth, ruling out a strong fossil field. While these
results remain sensitive to resolution, they cautiously provide evidence against a fossil field origin for stellar magnetic
fields, suggesting instead that magnetic fields in stars originate in a dynamo process.
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Figure 1. Formation of gravitationally unstable discs in the presence of magnetic fields, showing the face-on gas column density at selected maximum densities

(a proxy for time). The hydrodynamic model (top row) forms a ∼60 au disc that becomes bar-unstable and forms spiral arms, while the ideal MHD model

(bottom row) forms no disc. The Hall effect in model ζ+17 prevents disc formation (third row), whereas the Hall effect increases the angular momentum

contained in the disc in model ζ−17 (second row) to allow a gravitationally unstable ∼25 au disc to form.
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(a proxy for time). The hydrodynamic model (top row) forms a ∼60 au disc that becomes bar-unstable and forms spiral arms, while the ideal MHD model

(bottom row) forms no disc. The Hall effect in model ζ+17 prevents disc formation (third row), whereas the Hall effect increases the angular momentum

contained in the disc in model ζ−17 (second row) to allow a gravitationally unstable ∼25 au disc to form.
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ρmax = 10−10g cm−3 ρmax = 10−8g cm−3

ファーストコア 第⼆コラプス期

不安定円盤

Hall効果で円盤形成されず

所謂, 磁気制動catastrophe

要旨 

1. 55番論⽂の結果のうち、不
安定な円盤の形成に焦点 

2.【新しさ】⾮理想MHD効果
3つを⼊れて, 分⼦雲コアか
ら前主系列段階(のうち, ご
く)最初まで, ⾓運動量ベク
トルJと磁場ベクトルBが平
⾏と反平⾏の場合を解いた.  

3.【結果】 

(i)図1の   部分でr~25AU
の円盤形成されるので、所
謂, 磁気制動catastrophe
の問題を解決. 

(ii)ファーストコア段階で分
⼦流が駆動される. 

• 反平⾏のとき低速(<0.3 
km/s)分⼦流 

• 平⾏のとき⾼速(>3 km/s)
分⼦流

図1
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Figure 9. Radial velocity in a slice through the first core for each of the calculations. The white contour is vr = 0. There are no first core outflows in the purely

hydrodynamics model, and there are narrow, slow outflows embedded in the centre of the diagonal infall of ζ−17.

and used the canonical cosmic ray ionization rate of ζcr = 10−17

s−1. We presented models with the magnetic field aligned and anti-

aligned to the rotation axis since the Hall effect depends on the

magnetic field orientation. We compared these models to partially

ionized models with higher ionization rates (i.e. ζcr = 10−16 s−1),

an ideal MHD model and a purely hydrodynamical model. Our pri-

mary conclusions are as follows:

(i) The magnetic braking catastrophe can be solved by the Hall

effect if the magnetic field and rotation axis are anti-aligned. Dur-

ing the first core phase, the anti-aligned model with ζcr = 10−17

s−1 led to the formation of a gravitationally unstable ∼25 au disc.

The aligned model formed no disc during this phase. Increasing the

cosmic ray ionization rate by a factor of ten yielded models without

discs in the first core phase for both magnetic field orientations.

(ii) After the second collapse to form a stellar core, the aligned

model with ζcr = 10−17 s−1 and both models with ζcr = 10−16

s−1 formed rotationally supported 1 − 3 au discs. No such discs

were formed when using ideal MHD.

(iii) The model with ζcr = 10−17 s−1 where the initial mag-

netic field and rotation vectors are anti-aligned launched a weak

! 0.3 km s−1first core outflow, while its aligned counterpart

launched the fastest (≈3 km s−1) first core outflow amongst our

six models.

By including the Hall effect in non-ideal MHD models that use the

canonical cosmic ray ionization rate of ζcr = 10−17 s−1, drastically

different results can be produced depending on the initial orienta-

tion of the magnetic field. The Hall effect can qualitatively change

the outcome, such that protostars produced from magnetized clouds

can resemble results from purely hydrodynamical models (if the

initial magnetic field and rotation vectors are anti-aligned) or ideal

MHD models (if the vectors are initially aligned). These results are

in agreement with Tsukamoto et al. (2015b) who used different ini-

tial conditions than presented here, suggesting that our findings are

robust and independent of initial conditions, as long as ζcr = 10−17

s−1 is used. Thus we have demonstrated that formation of gravita-

tionally unstable discs with radii more than 25 au is possible despite

the presence of magnetic fields. This implies that such discs should

indeed exist in the Class 0 phase.
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angular momentum. This is because in ζ−17 the magnetic field sup-

ports the cloud against gravity and delays the collapse, extending

the lifetime of the first hydrostatic core phase.

In all simulations, total angular momentum is conserved

within 1 per cent during the entire gravitational collapse through

to stellar densities. The initial angular momentum in our simula-

tions is 2.26× 1053 g cm2 s−1, and, in ζ−17, ∼6.5 per cent of this is

contained in first hydrostatic core after its formation.

4.2.1 Ion and bulk velocities

Fig. 3 shows the azimuthally averaged radial and azimuthal veloc-

ities, vr and vφ, respectively, of both the ions and the single-fluid

motion within 20◦ of the midplane at ρmax ≈ 10−7 for models ζ±17.

The ion velocity is given by

vion = v +
ρn

ρ

(

ηA
J ×B

|B|2
− ηH

J

|B|

)

, (1)

where v is the single-fluid velocity calculated in the simulations,

ρn and ρ are the neutral and total mass densities, respectively, J is

the current density, and ηH and ηA are the coefficients for the Hall

effect and ambipolar diffusion, respectively.

As the ionization rate is decreased, the coupling between the

matter and magnetic fields decreases. In ζ−17, the ions rotate slower

than the bulk rotational flow. This results in decreased magnetic

braking and a torque that spins up the material in the same direc-

tion as the initial flow (Krasnopolsky et al. 2011), such that the an-

gular momentum is approximately half of that in model HD. This

promotes disc formation.

In ζ+17, the ions rotate faster than the bulk rotational flow, drag-

ging the magnetic field more rapidly around the disc. This creates a

stronger toroidal magnetic field, which enhances magnetic braking

and prevents the formation of a Keplerian disc. By reversing the

direction of the initial magnetic field such that the magnetic field

and rotation are initially aligned (i.e. ζ−17 → ζ+17), the angular mo-

mentum in the first core decreases by a factor of ∼12.

Similar trends hold for ζ±16 (not shown), although the differ-

ence between the ion and bulk velocities is smaller than in ζ±17. In

these models, the ionisation rate is high enough to modify the ro-
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(bottom). The gas is rotating at sub-Keplerian velocities. The ions are ro-

tating slower than the bulk rotational flow in ζ−17, decreasing the magnetic

braking and promoting disc formation.

tational profile, but not enough to reduce magnetic braking enough

for a disc to form during this phase. Both ζ+17 and ζ−16 have similar

angular momenta in the first core, indicating that both the cosmic

ray ionisation rate and the initial magnetic field orientation are crit-

ical in determining the angular momentum content of the first core

and hence disc formation.

4.2.2 Degree of centrifugal support of the discs

To determine if the gas is rotationally supported, we consider the

ratio of centrifugal and pressure forces to the gravitational force,

namely

q1 =
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∣
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and the ratio of centrifugal force to the radial gravitational force,

q2 =
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where P is gas pressure, M(r) is the mass enclosed at radius r, and

G is Newton’s gravitational force constant (e.g. Tsukamoto et al.

2015a,b). The ratios q1 and q2 are shown Fig. 4 for HD and ζ−17
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angular momentum. This is because in ζ−17 the magnetic field sup-

ports the cloud against gravity and delays the collapse, extending

the lifetime of the first hydrostatic core phase.

In all simulations, total angular momentum is conserved

within 1 per cent during the entire gravitational collapse through

to stellar densities. The initial angular momentum in our simula-

tions is 2.26× 1053 g cm2 s−1, and, in ζ−17, ∼6.5 per cent of this is

contained in first hydrostatic core after its formation.

4.2.1 Ion and bulk velocities

Fig. 3 shows the azimuthally averaged radial and azimuthal veloc-

ities, vr and vφ, respectively, of both the ions and the single-fluid

motion within 20◦ of the midplane at ρmax ≈ 10−7 for models ζ±17.

The ion velocity is given by

vion = v +
ρn

ρ

(

ηA
J ×B

|B|2
− ηH

J

|B|

)

, (1)

where v is the single-fluid velocity calculated in the simulations,

ρn and ρ are the neutral and total mass densities, respectively, J is

the current density, and ηH and ηA are the coefficients for the Hall

effect and ambipolar diffusion, respectively.

As the ionization rate is decreased, the coupling between the

matter and magnetic fields decreases. In ζ−17, the ions rotate slower

than the bulk rotational flow. This results in decreased magnetic

braking and a torque that spins up the material in the same direc-

tion as the initial flow (Krasnopolsky et al. 2011), such that the an-

gular momentum is approximately half of that in model HD. This

promotes disc formation.

In ζ+17, the ions rotate faster than the bulk rotational flow, drag-

ging the magnetic field more rapidly around the disc. This creates a

stronger toroidal magnetic field, which enhances magnetic braking

and prevents the formation of a Keplerian disc. By reversing the

direction of the initial magnetic field such that the magnetic field

and rotation are initially aligned (i.e. ζ−17 → ζ+17), the angular mo-

mentum in the first core decreases by a factor of ∼12.

Similar trends hold for ζ±16 (not shown), although the differ-

ence between the ion and bulk velocities is smaller than in ζ±17. In

these models, the ionisation rate is high enough to modify the ro-
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of the midplane at ρmax ≈ 10−7 g cm−3 for models ζ−17 (top) and ζ+17
(bottom). The gas is rotating at sub-Keplerian velocities. The ions are ro-

tating slower than the bulk rotational flow in ζ−17, decreasing the magnetic

braking and promoting disc formation.

tational profile, but not enough to reduce magnetic braking enough

for a disc to form during this phase. Both ζ+17 and ζ−16 have similar

angular momenta in the first core, indicating that both the cosmic

ray ionisation rate and the initial magnetic field orientation are crit-

ical in determining the angular momentum content of the first core

and hence disc formation.

4.2.2 Degree of centrifugal support of the discs

To determine if the gas is rotationally supported, we consider the

ratio of centrifugal and pressure forces to the gravitational force,

namely

q1 =
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and the ratio of centrifugal force to the radial gravitational force,

q2 =
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where P is gas pressure, M(r) is the mass enclosed at radius r, and

G is Newton’s gravitational force constant (e.g. Tsukamoto et al.

2015a,b). The ratios q1 and q2 are shown Fig. 4 for HD and ζ−17

MNRAS 000, 1–9 (2018)

4 Wurster, Bate & Price

1048

1049

1050

1051

1052

1053

10-12 10-11 10-10 10-9 10-8 10-7

L f
c [

g 
cm

2  s-1
]

ρmax [g cm-3]

Hydro
Anti-aligned: ζcr=10-17s-1

Aligned: ζcr=10-17s-1

Anti-aligned: ζcr=10-16s-1

Aligned: ζcr=10-16s-1

Ideal MHD

Figure 2. Evolution of the angular momentum in the first hydrostatic core

(defined as the gas with ρ ≥ 10−12 g cm−3). The triangles represent when

the discs becomes gravitationally unstable. The angular momentum in the

first core is larger for models with lower ionization rates, and with initially

anti-aligned magnetic field and rotation vectors.

angular momentum. This is because in ζ−17 the magnetic field sup-

ports the cloud against gravity and delays the collapse, extending

the lifetime of the first hydrostatic core phase.

In all simulations, total angular momentum is conserved

within 1 per cent during the entire gravitational collapse through

to stellar densities. The initial angular momentum in our simula-

tions is 2.26× 1053 g cm2 s−1, and, in ζ−17, ∼6.5 per cent of this is

contained in first hydrostatic core after its formation.

4.2.1 Ion and bulk velocities

Fig. 3 shows the azimuthally averaged radial and azimuthal veloc-

ities, vr and vφ, respectively, of both the ions and the single-fluid

motion within 20◦ of the midplane at ρmax ≈ 10−7 for models ζ±17.

The ion velocity is given by

vion = v +
ρn

ρ

(

ηA
J ×B

|B|2
− ηH

J

|B|

)

, (1)

where v is the single-fluid velocity calculated in the simulations,

ρn and ρ are the neutral and total mass densities, respectively, J is

the current density, and ηH and ηA are the coefficients for the Hall

effect and ambipolar diffusion, respectively.

As the ionization rate is decreased, the coupling between the

matter and magnetic fields decreases. In ζ−17, the ions rotate slower

than the bulk rotational flow. This results in decreased magnetic

braking and a torque that spins up the material in the same direc-

tion as the initial flow (Krasnopolsky et al. 2011), such that the an-

gular momentum is approximately half of that in model HD. This

promotes disc formation.

In ζ+17, the ions rotate faster than the bulk rotational flow, drag-

ging the magnetic field more rapidly around the disc. This creates a

stronger toroidal magnetic field, which enhances magnetic braking

and prevents the formation of a Keplerian disc. By reversing the

direction of the initial magnetic field such that the magnetic field

and rotation are initially aligned (i.e. ζ−17 → ζ+17), the angular mo-

mentum in the first core decreases by a factor of ∼12.

Similar trends hold for ζ±16 (not shown), although the differ-

ence between the ion and bulk velocities is smaller than in ζ±17. In

these models, the ionisation rate is high enough to modify the ro-
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of the midplane at ρmax ≈ 10−7 g cm−3 for models ζ−17 (top) and ζ+17
(bottom). The gas is rotating at sub-Keplerian velocities. The ions are ro-

tating slower than the bulk rotational flow in ζ−17, decreasing the magnetic

braking and promoting disc formation.

tational profile, but not enough to reduce magnetic braking enough

for a disc to form during this phase. Both ζ+17 and ζ−16 have similar

angular momenta in the first core, indicating that both the cosmic

ray ionisation rate and the initial magnetic field orientation are crit-

ical in determining the angular momentum content of the first core

and hence disc formation.

4.2.2 Degree of centrifugal support of the discs

To determine if the gas is rotationally supported, we consider the

ratio of centrifugal and pressure forces to the gravitational force,

namely

q1 =
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and the ratio of centrifugal force to the radial gravitational force,
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where P is gas pressure, M(r) is the mass enclosed at radius r, and

G is Newton’s gravitational force constant (e.g. Tsukamoto et al.

2015a,b). The ratios q1 and q2 are shown Fig. 4 for HD and ζ−17
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angular momentum. This is because in ζ−17 the magnetic field sup-

ports the cloud against gravity and delays the collapse, extending

the lifetime of the first hydrostatic core phase.

In all simulations, total angular momentum is conserved

within 1 per cent during the entire gravitational collapse through

to stellar densities. The initial angular momentum in our simula-

tions is 2.26× 1053 g cm2 s−1, and, in ζ−17, ∼6.5 per cent of this is

contained in first hydrostatic core after its formation.

4.2.1 Ion and bulk velocities

Fig. 3 shows the azimuthally averaged radial and azimuthal veloc-

ities, vr and vφ, respectively, of both the ions and the single-fluid

motion within 20◦ of the midplane at ρmax ≈ 10−7 for models ζ±17.

The ion velocity is given by

vion = v +
ρn

ρ

(

ηA
J ×B

|B|2
− ηH

J

|B|

)

, (1)

where v is the single-fluid velocity calculated in the simulations,

ρn and ρ are the neutral and total mass densities, respectively, J is

the current density, and ηH and ηA are the coefficients for the Hall

effect and ambipolar diffusion, respectively.

As the ionization rate is decreased, the coupling between the

matter and magnetic fields decreases. In ζ−17, the ions rotate slower

than the bulk rotational flow. This results in decreased magnetic

braking and a torque that spins up the material in the same direc-

tion as the initial flow (Krasnopolsky et al. 2011), such that the an-

gular momentum is approximately half of that in model HD. This

promotes disc formation.

In ζ+17, the ions rotate faster than the bulk rotational flow, drag-

ging the magnetic field more rapidly around the disc. This creates a

stronger toroidal magnetic field, which enhances magnetic braking

and prevents the formation of a Keplerian disc. By reversing the

direction of the initial magnetic field such that the magnetic field

and rotation are initially aligned (i.e. ζ−17 → ζ+17), the angular mo-

mentum in the first core decreases by a factor of ∼12.

Similar trends hold for ζ±16 (not shown), although the differ-

ence between the ion and bulk velocities is smaller than in ζ±17. In

these models, the ionisation rate is high enough to modify the ro-
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of the midplane at ρmax ≈ 10−7 g cm−3 for models ζ−17 (top) and ζ+17
(bottom). The gas is rotating at sub-Keplerian velocities. The ions are ro-

tating slower than the bulk rotational flow in ζ−17, decreasing the magnetic

braking and promoting disc formation.

tational profile, but not enough to reduce magnetic braking enough

for a disc to form during this phase. Both ζ+17 and ζ−16 have similar

angular momenta in the first core, indicating that both the cosmic

ray ionisation rate and the initial magnetic field orientation are crit-

ical in determining the angular momentum content of the first core

and hence disc formation.

4.2.2 Degree of centrifugal support of the discs

To determine if the gas is rotationally supported, we consider the

ratio of centrifugal and pressure forces to the gravitational force,

namely

q1 =
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and the ratio of centrifugal force to the radial gravitational force,
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where P is gas pressure, M(r) is the mass enclosed at radius r, and

G is Newton’s gravitational force constant (e.g. Tsukamoto et al.

2015a,b). The ratios q1 and q2 are shown Fig. 4 for HD and ζ−17
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Figure 9. Radial velocity in a slice through the first core for each of the calculations. The white contour is vr = 0. There are no first core outflows in the purely

hydrodynamics model, and there are narrow, slow outflows embedded in the centre of the diagonal infall of ζ−17.

and used the canonical cosmic ray ionization rate of ζcr = 10−17

s−1. We presented models with the magnetic field aligned and anti-

aligned to the rotation axis since the Hall effect depends on the

magnetic field orientation. We compared these models to partially

ionized models with higher ionization rates (i.e. ζcr = 10−16 s−1),

an ideal MHD model and a purely hydrodynamical model. Our pri-

mary conclusions are as follows:

(i) The magnetic braking catastrophe can be solved by the Hall

effect if the magnetic field and rotation axis are anti-aligned. Dur-

ing the first core phase, the anti-aligned model with ζcr = 10−17

s−1 led to the formation of a gravitationally unstable ∼25 au disc.

The aligned model formed no disc during this phase. Increasing the

cosmic ray ionization rate by a factor of ten yielded models without

discs in the first core phase for both magnetic field orientations.

(ii) After the second collapse to form a stellar core, the aligned

model with ζcr = 10−17 s−1 and both models with ζcr = 10−16

s−1 formed rotationally supported 1 − 3 au discs. No such discs

were formed when using ideal MHD.

(iii) The model with ζcr = 10−17 s−1 where the initial mag-

netic field and rotation vectors are anti-aligned launched a weak

! 0.3 km s−1first core outflow, while its aligned counterpart

launched the fastest (≈3 km s−1) first core outflow amongst our

six models.

By including the Hall effect in non-ideal MHD models that use the

canonical cosmic ray ionization rate of ζcr = 10−17 s−1, drastically

different results can be produced depending on the initial orienta-

tion of the magnetic field. The Hall effect can qualitatively change

the outcome, such that protostars produced from magnetized clouds

can resemble results from purely hydrodynamical models (if the

initial magnetic field and rotation vectors are anti-aligned) or ideal

MHD models (if the vectors are initially aligned). These results are

in agreement with Tsukamoto et al. (2015b) who used different ini-

tial conditions than presented here, suggesting that our findings are

robust and independent of initial conditions, as long as ζcr = 10−17

s−1 is used. Thus we have demonstrated that formation of gravita-

tionally unstable discs with radii more than 25 au is possible despite

the presence of magnetic fields. This implies that such discs should

indeed exist in the Class 0 phase.
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and used the canonical cosmic ray ionization rate of ζcr = 10−17

s−1. We presented models with the magnetic field aligned and anti-

aligned to the rotation axis since the Hall effect depends on the

magnetic field orientation. We compared these models to partially

ionized models with higher ionization rates (i.e. ζcr = 10−16 s−1),

an ideal MHD model and a purely hydrodynamical model. Our pri-

mary conclusions are as follows:

(i) The magnetic braking catastrophe can be solved by the Hall

effect if the magnetic field and rotation axis are anti-aligned. Dur-

ing the first core phase, the anti-aligned model with ζcr = 10−17

s−1 led to the formation of a gravitationally unstable ∼25 au disc.

The aligned model formed no disc during this phase. Increasing the

cosmic ray ionization rate by a factor of ten yielded models without

discs in the first core phase for both magnetic field orientations.

(ii) After the second collapse to form a stellar core, the aligned

model with ζcr = 10−17 s−1 and both models with ζcr = 10−16

s−1 formed rotationally supported 1 − 3 au discs. No such discs

were formed when using ideal MHD.

(iii) The model with ζcr = 10−17 s−1 where the initial mag-

netic field and rotation vectors are anti-aligned launched a weak

! 0.3 km s−1first core outflow, while its aligned counterpart

launched the fastest (≈3 km s−1) first core outflow amongst our

six models.

By including the Hall effect in non-ideal MHD models that use the

canonical cosmic ray ionization rate of ζcr = 10−17 s−1, drastically

different results can be produced depending on the initial orienta-

tion of the magnetic field. The Hall effect can qualitatively change

the outcome, such that protostars produced from magnetized clouds

can resemble results from purely hydrodynamical models (if the

initial magnetic field and rotation vectors are anti-aligned) or ideal

MHD models (if the vectors are initially aligned). These results are

in agreement with Tsukamoto et al. (2015b) who used different ini-

tial conditions than presented here, suggesting that our findings are

robust and independent of initial conditions, as long as ζcr = 10−17

s−1 is used. Thus we have demonstrated that formation of gravita-

tionally unstable discs with radii more than 25 au is possible despite

the presence of magnetic fields. This implies that such discs should

indeed exist in the Class 0 phase.
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ing the first core phase, the anti-aligned model with ζcr = 10−17

s−1 led to the formation of a gravitationally unstable ∼25 au disc.

The aligned model formed no disc during this phase. Increasing the

cosmic ray ionization rate by a factor of ten yielded models without

discs in the first core phase for both magnetic field orientations.

(ii) After the second collapse to form a stellar core, the aligned

model with ζcr = 10−17 s−1 and both models with ζcr = 10−16

s−1 formed rotationally supported 1 − 3 au discs. No such discs

were formed when using ideal MHD.

(iii) The model with ζcr = 10−17 s−1 where the initial mag-

netic field and rotation vectors are anti-aligned launched a weak

! 0.3 km s−1first core outflow, while its aligned counterpart

launched the fastest (≈3 km s−1) first core outflow amongst our

six models.

By including the Hall effect in non-ideal MHD models that use the

canonical cosmic ray ionization rate of ζcr = 10−17 s−1, drastically

different results can be produced depending on the initial orienta-

tion of the magnetic field. The Hall effect can qualitatively change

the outcome, such that protostars produced from magnetized clouds

can resemble results from purely hydrodynamical models (if the

initial magnetic field and rotation vectors are anti-aligned) or ideal

MHD models (if the vectors are initially aligned). These results are

in agreement with Tsukamoto et al. (2015b) who used different ini-

tial conditions than presented here, suggesting that our findings are

robust and independent of initial conditions, as long as ζcr = 10−17

s−1 is used. Thus we have demonstrated that formation of gravita-

tionally unstable discs with radii more than 25 au is possible despite

the presence of magnetic fields. This implies that such discs should

indeed exist in the Class 0 phase.
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図9: 分⼦流速度の視線成分
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