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We address the origin of the observed bimodal rotational distribution of stars in massive young and intermediate age
stellar clusters. This bimodality is seen as split main sequences at young ages and also has been recently directly
observed in the V sin i distribution of stars within massive young and intermediate age clusters. Previous models have
invoked binary interactions as the origin of this bimodality, although these models are unable to reproduce all of
the observational constraints on the problem. Here we suggest that such a bimodal rotational distribution is set up
early within a cluster’s life, i.e., within the first few Myr. Observations show that the period distribution of low-mass
(<∼2 M!) pre-main sequence (PMS) stars is bimodal in many young open clusters and we present a series of models
to show that if such a bimodality exists for stars on the PMS that it is expected to manifest as a bimodal rotational
velocity (at fixed mass/luminosity) on the main sequence for stars with masses in excess of ∼1.5 M!. Such a bimodal
period distribution of PMS stars may be caused by whether stars have lost (rapid rotators) or been able to retain
(slow rotators) their circumstellar discs throughout their PMS lifetimes. We conclude with a series of predictions for
observables based on our model.
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Recent analyses have shown that the concluding stages of giant planet formation are accompanied by the development
of large-scale meridional flow of gas inside the planetary Hill sphere. This circulation feeds a circumplanetary disk that
viscously expels gaseous material back into the parent nebula, maintaining the system in a quasi-steady state. Here
we investigate the formation of natural satellites of Jupiter and Saturn within the framework of this newly outlined
picture. We begin by considering the long-term evolution of solid material, and demonstrate that the circumplanetary
disk can act as a global dust trap, where s• ∼ 0.1–10 mm grains achieve a hydrodynamical equilibrium, facilitated
by a balance between radial updraft and aerodynamic drag. This process leads to a gradual increase in the system’s
metallicity, and eventually culminates in the gravitational fragmentation of the outer regions of the solid sub-disk into
R ∼ 100 km satellitesimals. Subsequently, satellite conglomeration ensues via pairwise collisions, but is terminated
when disk-driven orbital migration removes the growing objects from the satellitesimal feeding zone. The resulting
satellite formation cycle can repeat multiple times, until it is brought to an end by photo-evaporation of the parent
nebula. Numerical simulations of the envisioned formation scenario yield satisfactory agreement between our model
and the known properties of the Jovian and Saturnian moons.
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Ṁ
<latexit sha1_base64="9mFa9WcRJKiDmcZQ+HB9IdfW9Kk=">AAAB7nicbVDLSsNAFL2pr1pfVZdugkVwVVItPnZFN26ECvYBbSiT6aQdOpmEmRuhhH6EGxeKuPV73Pk3TtIgaj0wcDjnHube40WCa3ScT6uwtLyyulZcL21sbm3vlHf32jqMFWUtGopQdT2imeCStZCjYN1IMRJ4gnW8yXXqdx6Y0jyU9ziNmBuQkeQ+pwSN1OkPQ0xuZ4Nyxak6GexFUstJBXI0B+UPk6RxwCRSQbTu1ZwI3YQo5FSwWakfaxYROiEj1jNUkoBpN8nWndlHRhnafqjMk2hn6s9EQgKtp4FnJgOCY/3XS8X/vF6M/oWbcBnFyCSdf+THwsbQTm+3h1wximJqCKGKm11tOiaKUDQNlbISLlOcfZ+8SNon1dpptX5XrzSu8jqKcACHcAw1OIcG3EATWkBhAo/wDC9WZD1Zr9bbfLRg5Zl9+AXr/QuXS4/g</latexit>

Ṁ
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Figure 1. A qualitative sketch of our model. A giant planet of mass M� ⇠ 10�3M� is assumed to have cleared a gap
within its parent nebula, resulting in a steady-state azimuthal/meridional circulation of gas within the planet’s Hill sphere. As
nebular material overflows the top of the gap (at an altitude of approximately one pressure scale-height above the mid-plane),
it free-falls towards the planet – a process we parameterize by an effective mass-flux Ṁ ⇠ 0.1M�/Myr. Due to conservation
of angular momentum, this material spins up, and forms a circumplanetary disk. The inner edge of this disk is truncated by
the planetary magnetic field, B ⇠ 1,000G, at a radius RT ⇠ 5RJup. Owing to (magneto-)hydrodynamic turbulence within the
circumplanetary disk – parameterized via the standard ↵ ⇠ 10�4 prescription – the disk spreads viscously and settles into a
steady pattern of decretion back into the circumstellar nebula.
A balance of viscous heating and radiative losses within the disk determines the system’s aspect ratio, h/r ⇠ 0.1. The
associated pressure support gives rise to sub-Keplerian rotation of the gas, such that the radial and azimuthal components of
the circumplanetary flow are vr ⇠ 10�5 vK > 0 and v� ⇠ 0.99 vK < vK, respectively. For a critical dust size s• ⇠ 0.1 � 10mm,
aerodynamic energy loss from the sub-Keplerian headwind exactly cancels the energy gain from the radial wind, trapping the
incoming dust within the disk. Through this process, dust accumulates within the system, and disk metallicity, Z, grows in
time. This gradual enhancement of the dust-to-gas ratio causes the solid sub-disk to settle ever closer to the mid-plane, and
once its scale-height, h•, falls below the threshold of gravitational stability (Q• . 1), the outer regions of the solid sub-disk
fragment into a swarm of m ⇠ 1019 kg satellitesimals. Accretion of satellite embryos proceeds through pairwise collisions, aided
by gravitational focusing. Conglomeration is terminated once a satellite grows sufficiently massive to raise appreciable wakes
within the circumplanetary disk. At this point, long-range disk-driven migration ensues, ushering the newly formed object
towards the magnetospheric cavity.

and discuss the implications of our proposed picture in
section 7.

2. MODEL CIRCUMPLANETARY DISK
The stage for satellite formation is set within the cir-

cumplanetary disk, and the construction of a rudimen-
tary model for its structure is the foundational step of
our theory. Recent advances in high-resolution numer-
ical hydrodynamics simulations of quasi-Keplerian flow
around giant planets (Tanigawa et al. 2012; Szulágyi et
al. 2016) have revealed a nuanced pattern of fluid mo-

tion that develops in the vicinity of a massive secondary
body when it is embedded within a circumstellar nebula.

First, as a consequence of gravitational torques ex-
erted by the planet on its local environment, the gas sur-
face density drastically diminishes in the planet’s orbital
neighborhood, clearing a gap within the circumstellar
disk (Crida et al. 2006; Fung & Chiang 2016). Within
the gap itself, a meridional circulation ensues close to
the planet, such that gaseous material rains down to-
wards the planet in a quasi-vertical matter, from an al-
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On the Origin of the Bimodal Rotational Velocity Distribution in Stellar Clusters: Ro-
tation on the Pre-Main Sequence

Nate Bastian1, Sebastian Kamann1, Louis Amard2, Corinne Charbonnel3,4, Lionel Haemmerlé3 and
Sean P. Matt2

1 Astrophysics Research Institute, Liverpool John Moores University, 146 Brownlow Hill, Liverpool L3 5RF, UK; 2

University of Exeter, Department of Physics & Astronomy, Stoker Road, Devon, Exeter EX4 4QL, UK; 3 Department
of Astronomy, University of Geneva, Chemin de Pégase 51, 1290 Versoix, Switzerland; 4 IRAP, UMR 5277 CNRS and
Université de Toulouse, 14, Av. E.Belin, 31400 Toulouse, France

E-mail contact: N.J.Bastian at ljmu.ac.uk

We address the origin of the observed bimodal rotational distribution of stars in massive young and intermediate age
stellar clusters. This bimodality is seen as split main sequences at young ages and also has been recently directly
observed in the V sin i distribution of stars within massive young and intermediate age clusters. Previous models have
invoked binary interactions as the origin of this bimodality, although these models are unable to reproduce all of
the observational constraints on the problem. Here we suggest that such a bimodal rotational distribution is set up
early within a cluster’s life, i.e., within the first few Myr. Observations show that the period distribution of low-mass
(<∼2 M!) pre-main sequence (PMS) stars is bimodal in many young open clusters and we present a series of models
to show that if such a bimodality exists for stars on the PMS that it is expected to manifest as a bimodal rotational
velocity (at fixed mass/luminosity) on the main sequence for stars with masses in excess of ∼1.5 M!. Such a bimodal
period distribution of PMS stars may be caused by whether stars have lost (rapid rotators) or been able to retain
(slow rotators) their circumstellar discs throughout their PMS lifetimes. We conclude with a series of predictions for
observables based on our model.
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Formation of Giant Planet Satellites

Konstantin Batygin1 and Alessandro Morbidelli2
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France
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Recent analyses have shown that the concluding stages of giant planet formation are accompanied by the development
of large-scale meridional flow of gas inside the planetary Hill sphere. This circulation feeds a circumplanetary disk that
viscously expels gaseous material back into the parent nebula, maintaining the system in a quasi-steady state. Here
we investigate the formation of natural satellites of Jupiter and Saturn within the framework of this newly outlined
picture. We begin by considering the long-term evolution of solid material, and demonstrate that the circumplanetary
disk can act as a global dust trap, where s• ∼ 0.1–10 mm grains achieve a hydrodynamical equilibrium, facilitated
by a balance between radial updraft and aerodynamic drag. This process leads to a gradual increase in the system’s
metallicity, and eventually culminates in the gravitational fragmentation of the outer regions of the solid sub-disk into
R ∼ 100 km satellitesimals. Subsequently, satellite conglomeration ensues via pairwise collisions, but is terminated
when disk-driven orbital migration removes the growing objects from the satellitesimal feeding zone. The resulting
satellite formation cycle can repeat multiple times, until it is brought to an end by photo-evaporation of the parent
nebula. Numerical simulations of the envisioned formation scenario yield satisfactory agreement between our model
and the known properties of the Jovian and Saturnian moons.
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• 原始惑星系円盤にギャップを作る巨大ガス惑星形成の最終段階では、惑星ヒル半
径内（惑星重力が及ぶ範囲）の子午線流により、周惑星円盤のガスが円盤粘性に
より流れ出ていき、ダストがたまっていく。
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Figure 1. A qualitative sketch of our model. A giant planet of mass M� ⇠ 10�3M� is assumed to have cleared a gap
within its parent nebula, resulting in a steady-state azimuthal/meridional circulation of gas within the planet’s Hill sphere. As
nebular material overflows the top of the gap (at an altitude of approximately one pressure scale-height above the mid-plane),
it free-falls towards the planet – a process we parameterize by an effective mass-flux Ṁ ⇠ 0.1M�/Myr. Due to conservation
of angular momentum, this material spins up, and forms a circumplanetary disk. The inner edge of this disk is truncated by
the planetary magnetic field, B ⇠ 1,000G, at a radius RT ⇠ 5RJup. Owing to (magneto-)hydrodynamic turbulence within the
circumplanetary disk – parameterized via the standard ↵ ⇠ 10�4 prescription – the disk spreads viscously and settles into a
steady pattern of decretion back into the circumstellar nebula.
A balance of viscous heating and radiative losses within the disk determines the system’s aspect ratio, h/r ⇠ 0.1. The
associated pressure support gives rise to sub-Keplerian rotation of the gas, such that the radial and azimuthal components of
the circumplanetary flow are vr ⇠ 10�5 vK > 0 and v� ⇠ 0.99 vK < vK, respectively. For a critical dust size s• ⇠ 0.1 � 10mm,
aerodynamic energy loss from the sub-Keplerian headwind exactly cancels the energy gain from the radial wind, trapping the
incoming dust within the disk. Through this process, dust accumulates within the system, and disk metallicity, Z, grows in
time. This gradual enhancement of the dust-to-gas ratio causes the solid sub-disk to settle ever closer to the mid-plane, and
once its scale-height, h•, falls below the threshold of gravitational stability (Q• . 1), the outer regions of the solid sub-disk
fragment into a swarm of m ⇠ 1019 kg satellitesimals. Accretion of satellite embryos proceeds through pairwise collisions, aided
by gravitational focusing. Conglomeration is terminated once a satellite grows sufficiently massive to raise appreciable wakes
within the circumplanetary disk. At this point, long-range disk-driven migration ensues, ushering the newly formed object
towards the magnetospheric cavity.

and discuss the implications of our proposed picture in
section 7.

2. MODEL CIRCUMPLANETARY DISK
The stage for satellite formation is set within the cir-

cumplanetary disk, and the construction of a rudimen-
tary model for its structure is the foundational step of
our theory. Recent advances in high-resolution numer-
ical hydrodynamics simulations of quasi-Keplerian flow
around giant planets (Tanigawa et al. 2012; Szulágyi et
al. 2016) have revealed a nuanced pattern of fluid mo-

tion that develops in the vicinity of a massive secondary
body when it is embedded within a circumstellar nebula.

First, as a consequence of gravitational torques ex-
erted by the planet on its local environment, the gas sur-
face density drastically diminishes in the planet’s orbital
neighborhood, clearing a gap within the circumstellar
disk (Crida et al. 2006; Fung & Chiang 2016). Within
the gap itself, a meridional circulation ensues close to
the planet, such that gaseous material rains down to-
wards the planet in a quasi-vertical matter, from an al-
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• ガス抵抗により流れ出なかったダストがたまっていくと、ダスト層の重力分裂に
より半径100 km程度の微衛星が形成される。 

• 成長した微衛星が軌道移動し、他の微衛星を取り込む。 
• 一連の衛星形成サイクルは、原始惑星系円盤が光蒸発により散逸するまで繰り返
される。



5

Accepted by MNRAS

http://arxiv.org/pdf/2005.10260

On the Origin of the Bimodal Rotational Velocity Distribution in Stellar Clusters: Ro-
tation on the Pre-Main Sequence

Nate Bastian1, Sebastian Kamann1, Louis Amard2, Corinne Charbonnel3,4, Lionel Haemmerlé3 and
Sean P. Matt2

1 Astrophysics Research Institute, Liverpool John Moores University, 146 Brownlow Hill, Liverpool L3 5RF, UK; 2

University of Exeter, Department of Physics & Astronomy, Stoker Road, Devon, Exeter EX4 4QL, UK; 3 Department
of Astronomy, University of Geneva, Chemin de Pégase 51, 1290 Versoix, Switzerland; 4 IRAP, UMR 5277 CNRS and
Université de Toulouse, 14, Av. E.Belin, 31400 Toulouse, France

E-mail contact: N.J.Bastian at ljmu.ac.uk

We address the origin of the observed bimodal rotational distribution of stars in massive young and intermediate age
stellar clusters. This bimodality is seen as split main sequences at young ages and also has been recently directly
observed in the V sin i distribution of stars within massive young and intermediate age clusters. Previous models have
invoked binary interactions as the origin of this bimodality, although these models are unable to reproduce all of
the observational constraints on the problem. Here we suggest that such a bimodal rotational distribution is set up
early within a cluster’s life, i.e., within the first few Myr. Observations show that the period distribution of low-mass
(<∼2 M!) pre-main sequence (PMS) stars is bimodal in many young open clusters and we present a series of models
to show that if such a bimodality exists for stars on the PMS that it is expected to manifest as a bimodal rotational
velocity (at fixed mass/luminosity) on the main sequence for stars with masses in excess of ∼1.5 M!. Such a bimodal
period distribution of PMS stars may be caused by whether stars have lost (rapid rotators) or been able to retain
(slow rotators) their circumstellar discs throughout their PMS lifetimes. We conclude with a series of predictions for
observables based on our model.

Accepted by MNRAS

http://arxiv.org/pdf/2005.01779

Formation of Giant Planet Satellites

Konstantin Batygin1 and Alessandro Morbidelli2

1 Division of Geological and Planetary Sciences California Institute of Technology, Pasadena, CA 91125, USA; 2

Laboratoire Lagrange, Université Côte d’Azur, Observatoire de la Côte d’Azur, CNRS, CS 34229, F-06304 Nice,
France

E-mail contact: kbatygin at gps.caltech.edu

Recent analyses have shown that the concluding stages of giant planet formation are accompanied by the development
of large-scale meridional flow of gas inside the planetary Hill sphere. This circulation feeds a circumplanetary disk that
viscously expels gaseous material back into the parent nebula, maintaining the system in a quasi-steady state. Here
we investigate the formation of natural satellites of Jupiter and Saturn within the framework of this newly outlined
picture. We begin by considering the long-term evolution of solid material, and demonstrate that the circumplanetary
disk can act as a global dust trap, where s• ∼ 0.1–10 mm grains achieve a hydrodynamical equilibrium, facilitated
by a balance between radial updraft and aerodynamic drag. This process leads to a gradual increase in the system’s
metallicity, and eventually culminates in the gravitational fragmentation of the outer regions of the solid sub-disk into
R ∼ 100 km satellitesimals. Subsequently, satellite conglomeration ensues via pairwise collisions, but is terminated
when disk-driven orbital migration removes the growing objects from the satellitesimal feeding zone. The resulting
satellite formation cycle can repeat multiple times, until it is brought to an end by photo-evaporation of the parent
nebula. Numerical simulations of the envisioned formation scenario yield satisfactory agreement between our model
and the known properties of the Jovian and Saturnian moons.

Accepted by ApJ

http://arxiv.org/pdf/2005.08330

7

6

where W = �r ⌫ ⌃ @⌦/@r is identified as the vertically
integrated viscous stress tensor.

Equation (5) is readily solved for W as a function of
r, upon specification of a single boundary condition. To
this end, we assume that the viscous torque vanishes at
the outer edge of the disk, such that W = 0 at r = RH.
We then have:

W =
Ṁ

2⇡
⌦

✓r
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r
� 1

◆
. (6)

Noting that @⌦/@r = �3⌦/(2 r) and cancelling the de-
pendence on ⌦ in the above expression, we obtain the
surface density profile of the disk (Figure 2):

⌃ =
Ṁ
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. (7)

We note that herein lies an important difference be-
tween constant Ṁ accretion and decretion disks. For an
accretion disk where Ṁ is negative, the relation

Ṁ

2⇡ r
= �

3
p
r

@ (⌫ ⌃
p
r)

@ r
(8)

is satisfied by ⌫ ⌃ = const. This, however, cannot hold
true in principle for a decretion disk. That is, since ra-
dial motion of the disk material is facilitated by viscous
spreading, equation (8) necessitates that ⌫ ⌃ must be a
function that decays more steeply in radius than

p
r, for

Ṁ (and by extension, vr) to be positive.
In order to complete the specification of the problem,

we must define the functional form of the viscosity, and
to do so we adopt the standard Shakura & Sunyaev
(1973) ↵ prescription, setting

⌫ = ↵ cs h = ↵⌦h2, (9)

where cs =
p
kb T/µ = h/⌦ is the isothermal speed

of sound and h is the pressure scale-height. Of course,
the value of ↵ itself is highly uncertain. Nevertheless, we
note that recent results from the DSHARP collaboration
(Dullemond et al. 2018) report lower limits on turbulent
viscosity within circumstellar disks that translate to ↵ ⇠

10�4. Following this work, here we set ↵ = 10�4, but
note that the surface density profile itself only depends
on the ratio of Ṁ/↵, implying considerable degeneracy
between two poorly determined quantities.

Assuming that the circumplanetary disk is “active,”
the disk temperature is determined by an energy bal-
ance between viscous heat generation within the nebula,
Q+ = (9/8) 2⇡ r ⌫ ⌃⌦2, and black-body radiative losses
from its surface, which for an optically thin disk have
the simple form Q� = 4⇡ r � T 4 (Armitage 2010). In
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Figure 2. Surface density profile of our model circumplan-
etary disk. The exact solution (equation 7) – corresponding
to a constant-Ṁ decretion ↵�model is shown with a solid
purple line. An index �5/4 power-law fit to this solution
(equation 12) is depicted with a dashed dark orange line.
The reference surface density ⌃0 = 4,000 g/cm2 and refer-
ence radius r0 = 0.1RH are marked with thin dotted lines.
The (assumed vertically isothermal) temperature profile of
the disk is represented at the top of the figure with a color
bar. Importantly, within the context of our model, tempera-
tures are sufficiently low for ice condensation to ensue beyond
r & r0. The inner edge of the disk is determined by the size
of the magetospheric cavity (equation 2), which we take to
be RT ⇠ 5RJup.

turn, recalling the proportionality between temperature
and the speed of sound, this equilibrium determines the
geometrical aspect ratio h/r = cs/vK of the disk:
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We admit that our assumption of an optically thin neb-
ula is a simplifying one, and caution that it can only be
justified if the system’s budget of micron-sized dust is
low. However, because µm dust is in general very tightly
coupled to the gas, it is unlikely that it can ever accu-
mulate in a steady-state decretion disk, implying that
our optically thin and isothermal assumption may be
defensible.

Quantitatively, the above expression evaluates to
h/r ⇠ 0.1 throughout the circumplanetary nebula, im-
plying a relatively thick, almost un-flared disk structure
(Figure 3). We further note that the aspect ratio only
exhibits a very weak dependence on Ṁ , and no ex-
plicit dependence on ↵, insinuating a pronounced lack
of sensitivity to poorly constrained parameters. With
the expression for the disk scale-height specified, the
mid-plane gas density can be calculated in the usual
manner: ⇢ = ⌃/(

p
2⇡ h).
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Equation (5) is readily solved for W as a function of
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is satisfied by ⌫ ⌃ = const. This, however, cannot hold
true in principle for a decretion disk. That is, since ra-
dial motion of the disk material is facilitated by viscous
spreading, equation (8) necessitates that ⌫ ⌃ must be a
function that decays more steeply in radius than
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r, for

Ṁ (and by extension, vr) to be positive.
In order to complete the specification of the problem,

we must define the functional form of the viscosity, and
to do so we adopt the standard Shakura & Sunyaev
(1973) ↵ prescription, setting

⌫ = ↵ cs h = ↵⌦h2, (9)

where cs =
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kb T/µ = h/⌦ is the isothermal speed

of sound and h is the pressure scale-height. Of course,
the value of ↵ itself is highly uncertain. Nevertheless, we
note that recent results from the DSHARP collaboration
(Dullemond et al. 2018) report lower limits on turbulent
viscosity within circumstellar disks that translate to ↵ ⇠

10�4. Following this work, here we set ↵ = 10�4, but
note that the surface density profile itself only depends
on the ratio of Ṁ/↵, implying considerable degeneracy
between two poorly determined quantities.

Assuming that the circumplanetary disk is “active,”
the disk temperature is determined by an energy bal-
ance between viscous heat generation within the nebula,
Q+ = (9/8) 2⇡ r ⌫ ⌃⌦2, and black-body radiative losses
from its surface, which for an optically thin disk have
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Figure 2. Surface density profile of our model circumplan-
etary disk. The exact solution (equation 7) – corresponding
to a constant-Ṁ decretion ↵�model is shown with a solid
purple line. An index �5/4 power-law fit to this solution
(equation 12) is depicted with a dashed dark orange line.
The reference surface density ⌃0 = 4,000 g/cm2 and refer-
ence radius r0 = 0.1RH are marked with thin dotted lines.
The (assumed vertically isothermal) temperature profile of
the disk is represented at the top of the figure with a color
bar. Importantly, within the context of our model, tempera-
tures are sufficiently low for ice condensation to ensue beyond
r & r0. The inner edge of the disk is determined by the size
of the magetospheric cavity (equation 2), which we take to
be RT ⇠ 5RJup.

turn, recalling the proportionality between temperature
and the speed of sound, this equilibrium determines the
geometrical aspect ratio h/r = cs/vK of the disk:
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We admit that our assumption of an optically thin neb-
ula is a simplifying one, and caution that it can only be
justified if the system’s budget of micron-sized dust is
low. However, because µm dust is in general very tightly
coupled to the gas, it is unlikely that it can ever accu-
mulate in a steady-state decretion disk, implying that
our optically thin and isothermal assumption may be
defensible.

Quantitatively, the above expression evaluates to
h/r ⇠ 0.1 throughout the circumplanetary nebula, im-
plying a relatively thick, almost un-flared disk structure
(Figure 3). We further note that the aspect ratio only
exhibits a very weak dependence on Ṁ , and no ex-
plicit dependence on ↵, insinuating a pronounced lack
of sensitivity to poorly constrained parameters. With
the expression for the disk scale-height specified, the
mid-plane gas density can be calculated in the usual
manner: ⇢ = ⌃/(

p
2⇡ h).

• 周惑星円盤の面密度と温度

M一定のα粘性モデル。 
温度は粘性加熱と放射冷却のバランスで
決まり、鉛直方向に等温とする。

•

7

Of course, the underlying assumptions of equation
(10) are only sensible if viscous heating dominates over
planetary irradiation in the region of interest. Quanti-
tatively, this physical regime is appropriate if the ratio
between radiative and viscous heating

L =
16� T 4

� R3

�

9GM� Ṁ (
p

RH/r � 1)
(11)

is significantly smaller than unity. Indeed, for planetary
parameters of T� = 1,000K and R� = 2RJup, L < 1
for r . RH/2, albeit only by a factor of a few. This
means that even though irradiation from the central
planet does not dominate the disk’s thermal energy bal-
ance, it can contribute a notable correction (e.g., minor
flaring) to the aspect ratio profile (10), especially in the
outer regions of the circumplanetary nebula. Here, how-
ever, we neglect this technicality to keep the model as
simple as possible.

While equations (7) and (10) provide exact solutions
for the surface density and aspect ratio profiles of the
model nebula, much of the literature on astrophysical
disks is built around consideration of power-law models,
and it is illustrative to make the connection between
this simplified description, and the more self-consistent
picture outlined above. Thus, adopting r0 = 0.1RH as a
reference radius, we find that our model can be crudely
represented by the fit:

⌃ ⇡ ⌃0

✓
r0
r

◆5/4 ✓
h

r

◆
⇡ 0.1, (12)

where the reference surface density at r = r0 is ⌃0 ⇡

4,000 g/cm2. For comparison, we note that the above
expression corresponds to a proto-satellite nebula that
is slightly steeper than a Mestel (1963) type ⌃ / r�1

disk, while being marginally shallower than Hayashi-
type minimum mass solar nebula (Weidenschilling 1977;
Hayashi 1981). These rudimentary profiles are shown
alongside equations (7) and (10) in Figures (2) and (3).

A subtle, but important consequence of radial
pressure-support, @ P/@ r, within the circumplanetary
disk is the sub-Keplerian rotation of the gas. A conven-
tional way to parameterize the degree to which the gas
azimuthal velocity, v�, lags the keplerian velocity, vK, is
to introduce the factor (e.g., Armitage 2010):

⌘ = �
1

2

r2

GM� ⇢

@ P

@ r
=

13

8

✓
h

r

◆2

⇠ O
�
10�2

�
, (13)

where the numerical factor on the RHS corresponds to
the power-law surface density profile (12). Accordingly,
both the azimuthal and radial velocity of the fluid within
the circumplanetary nebula are now defined, and have

power-law fit:
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Figure 3. Aspect ratio of the circumplaentary nebula.
Within the framework of our model, the vertical thickness
of the gaseous disk merely reflects its temperature structure
(via h/r = cs/vK /

p
T ). Because viscous energy dissipa-

tion dominates over planetary irradiation (equation 11), the
temperature profile itself is determined by equating turbu-
lent heating within the disk to black-body radiative losses
at its surface. The top panel shows the exact solution for
the gaseous component of the nebula (equation 10) with a
solid purple line. For our purposes, it suffices to ignore mi-
nor variations in h/r with orbital radius, and envision the
disk as having a constant aspect ratio. Our adopted value
of h/r = 0.1 is shown with a dashed dark orange line on the
top panel. The aspect ratio of the dust layer – computed
in the massless tracer-particle limit with Sc of unity (equa-
tion 22) – is shown on the top panel with a black curve.
The bottom panel shows the aspect ratio of the solid sub-
disk, h•/r, for a variety of disk metallicities, accounting for
energetic suppression of the dust disk’s thickness (equation
29). Note that once energetic limitation of turbulent stirring
of the dust layer is taken into consideration, h•/r ⌧ h/r.
Moreover, it is worthwhile to note that h•/r / 1/

p
Z, and

that for Z & 0.1, h•/r . 10�3.

the form:

v� = vK
p

1� 2 ⌘ ⇡ vK

 
1�

13

8

✓
h

r

◆2
!

< vK

vr =
Ṁ

2⇡ r⌃
⇡

Ṁ

2⇡ r⌃0

 
r

r0

!5/4

> 0. (14)

With the specification of the model circumplanetary
disk complete, let us now examine the evolution of solid
dust embedded within this nebula.

3. DUST DYNAMICS
A rudimentary precondition that must be satisfied

within the context of giant planet satellite formation
theory is the accumulation of sufficient amount of solid
material within the circumplanetary disk. As already
mentioned in the introduction, however, this basic is-
sue of accumulating the necessary high-metallicity mass

6

where W = �r ⌫ ⌃ @⌦/@r is identified as the vertically
integrated viscous stress tensor.

Equation (5) is readily solved for W as a function of
r, upon specification of a single boundary condition. To
this end, we assume that the viscous torque vanishes at
the outer edge of the disk, such that W = 0 at r = RH.
We then have:

W =
Ṁ

2⇡
⌦

✓r
RH

r
� 1

◆
. (6)

Noting that @⌦/@r = �3⌦/(2 r) and cancelling the de-
pendence on ⌦ in the above expression, we obtain the
surface density profile of the disk (Figure 2):

⌃ =
Ṁ

3⇡ ⌫

✓r
RH

r
� 1

◆
. (7)

We note that herein lies an important difference be-
tween constant Ṁ accretion and decretion disks. For an
accretion disk where Ṁ is negative, the relation

Ṁ

2⇡ r
= �

3
p
r

@ (⌫ ⌃
p
r)

@ r
(8)

is satisfied by ⌫ ⌃ = const. This, however, cannot hold
true in principle for a decretion disk. That is, since ra-
dial motion of the disk material is facilitated by viscous
spreading, equation (8) necessitates that ⌫ ⌃ must be a
function that decays more steeply in radius than

p
r, for

Ṁ (and by extension, vr) to be positive.
In order to complete the specification of the problem,

we must define the functional form of the viscosity, and
to do so we adopt the standard Shakura & Sunyaev
(1973) ↵ prescription, setting

⌫ = ↵ cs h = ↵⌦h2, (9)

where cs =
p
kb T/µ = h/⌦ is the isothermal speed

of sound and h is the pressure scale-height. Of course,
the value of ↵ itself is highly uncertain. Nevertheless, we
note that recent results from the DSHARP collaboration
(Dullemond et al. 2018) report lower limits on turbulent
viscosity within circumstellar disks that translate to ↵ ⇠

10�4. Following this work, here we set ↵ = 10�4, but
note that the surface density profile itself only depends
on the ratio of Ṁ/↵, implying considerable degeneracy
between two poorly determined quantities.

Assuming that the circumplanetary disk is “active,”
the disk temperature is determined by an energy bal-
ance between viscous heat generation within the nebula,
Q+ = (9/8) 2⇡ r ⌫ ⌃⌦2, and black-body radiative losses
from its surface, which for an optically thin disk have
the simple form Q� = 4⇡ r � T 4 (Armitage 2010). In
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ice condensation
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Figure 2. Surface density profile of our model circumplan-
etary disk. The exact solution (equation 7) – corresponding
to a constant-Ṁ decretion ↵�model is shown with a solid
purple line. An index �5/4 power-law fit to this solution
(equation 12) is depicted with a dashed dark orange line.
The reference surface density ⌃0 = 4,000 g/cm2 and refer-
ence radius r0 = 0.1RH are marked with thin dotted lines.
The (assumed vertically isothermal) temperature profile of
the disk is represented at the top of the figure with a color
bar. Importantly, within the context of our model, tempera-
tures are sufficiently low for ice condensation to ensue beyond
r & r0. The inner edge of the disk is determined by the size
of the magetospheric cavity (equation 2), which we take to
be RT ⇠ 5RJup.

turn, recalling the proportionality between temperature
and the speed of sound, this equilibrium determines the
geometrical aspect ratio h/r = cs/vK of the disk:

h

r
=

vuut kb
GM� µ

 
3GM�Ṁ r

8⇡ �

 r
RH

r
� 1

!!1/4

. (10)

We admit that our assumption of an optically thin neb-
ula is a simplifying one, and caution that it can only be
justified if the system’s budget of micron-sized dust is
low. However, because µm dust is in general very tightly
coupled to the gas, it is unlikely that it can ever accu-
mulate in a steady-state decretion disk, implying that
our optically thin and isothermal assumption may be
defensible.

Quantitatively, the above expression evaluates to
h/r ⇠ 0.1 throughout the circumplanetary nebula, im-
plying a relatively thick, almost un-flared disk structure
(Figure 3). We further note that the aspect ratio only
exhibits a very weak dependence on Ṁ , and no ex-
plicit dependence on ↵, insinuating a pronounced lack
of sensitivity to poorly constrained parameters. With
the expression for the disk scale-height specified, the
mid-plane gas density can be calculated in the usual
manner: ⇢ = ⌃/(

p
2⇡ h).

• 周惑星円盤のガス層とダスト層
のアスペクト比

massless tracer-particle limit →

12

vturb ⇠
p
↵ cs. Thus, the column-integrated turbulence

kinetic energy density is:

Eturb ⇠

Z 1

�1

1

2
⇢ v2

turb
dz =

↵

2
⌃ c2

s
. (27)

When dust is lifted above the disk mid-plane, this
kinetic energy gets converted into gravitational poten-
tial energy. In a geometrically thin disk, the downward
gravitational acceleration experienced by dust can be
approximated as g ⇡ ⌦2 z (Armitage 2010). Assuming
that the solid component of the disk follows a Gaussian
profile like the gas, the column-integrated gravitational
potential energy of the dust layer has the form:

Egrav ⇠

Z 1

�1
⇢• g z dz = ⌃• ⌦

2 h2

•. (28)

Setting ✏ Eturb = Egrav, we arrive at the energy-limited
expression for the dust-layer’s aspect ratio:

h•
r

⇠

r
↵ ✏

2Z

✓
h

r

◆
, (29)

where ✏ 6 1 is a numerical factor that accounts for the
fact that only a fraction of the vertically integrated tur-
bulence kinetic energy goes into elevating the dust above
the mid-plane, as well as for the suppression of turbu-
lence by enhanced dust concentration (Lin 2019). For
definitiveness, in this work we adopt ✏ = 0.1, but remark
that this guess is highly uncertain.

The physical meaning of equation (29) can be under-
stood in a straight-forward manner: even if dust within
the circumplanetary disk is sufficiently well coupled to
the gas for it to potentially remain well-mixed through-
out the vertical extent of the disk, enhancing the scale-
height of the solid sub-disk by turbulent stirring comes
at a steep energetic cost. As a result, in relatively quies-
cent, dust-rich systems (where ↵ ⌧ Z), the solid layer
will necessarily be thin compared to the gas disk12. Pro-
ceeding under the assumption of a Gaussian profile as
before, we may readily write down the functional form
of the mid-plane metallicity by taking the ratio of mid-
plane densities:

Zmid =
⌃•
⌃

h

h•
⇠ Z

r
2Z

↵ ✏
. (30)

Noting that ↵ ✏ ⇠ 10�5, we remark that in order for Zmid

to exceed unity, the overall disk metallicity must only

12
This effect highlights yet another important distinction be-

tween the physics of satellite formation and planet formation. In

typical protoplanetary disks, Z ⇠ 0.01 and dust sedimentation

towards the mid-plane occurs simply due to the fact that for a

broad range of particle sizes, ↵ ⌧ ⌧ (eq) (see equation 22).

exceed the solar value by a factor of a few. The ensuing
vertical confinement of dust has profound consequences
for formation of satellitesimals.

By now, it is well-established that a broad range of
gravito-hydrodynamic instabilities can develop within
two-fluid mixtures of gas and dust (Youdin & Good-
man 2005; Johansen et al. 2007; Squire & Hopkins
2018; Seligman et al. 2019). These remarkable phe-
nomena, however, only emerge at sufficiently high
(local) concentration of high-metallicity material. A
broadly discussed example of this group of instabili-
ties is known as the streaming instability (Youdin &
Goodman 2005; Johansen & Youdin 2007), which can
facilitate rapid growth of dust clouds within protoplane-
tary disks through a back reaction of accumulated solid
particles on the background quasi-Keplerian flow. A
distinct variant of a two-fluid instability is known as
the Z > 1 resonant drag instability (Squire & Hopkins
2018) and can also promote the coagulation of solid
material within the disk, albeit at smaller scales. Im-
portantly, within the context of the protosolar nebula,
it is now widely speculated that enhancement of the
local solid-to-gas ratio associated with the aforemen-
tioned effects can culminate in gravitational collapse of
particle clouds, resulting in the formation of bonafide
planetesimals.

The emergence of gravito-hydrodynamic resonant
drag instabilities within dust-loaded circumplanetary
decretion disks is an intriguing possibility that deserves
careful investigation with the aid of high-resolution nu-
merical simulations. At the same time, this exercise
falls beyond the immediate scope of our (largely ana-
lytic) study. Accordingly, to circumvent this riveting
complication, here we focus our attention on the qual-
itatively simplest pathway for conversion of dust into
satellitesimals: sedimentation, followed by direct grav-
itational collapse i.e., the Goldreich-Ward mechanism
(Goldreich & Ward 1973; see also Youdin & Shu 2002).

Linear stability analysis of differentially rotating self-
gravitating disks carried out over half a century ago
(Safronov 1960; Toomre 1964), has shown that in order
for gravitational collapse to ensue in presence of Keple-
rian shear, the system must satisfy the following rudi-
mentary criterion:

Q• =
h• ⌦2

⇡ G ⌃•
=

h⌦2

⇡ G ⌃

r
↵ ✏

2Z3
. 1. (31)

For our adopted benchmark parameters of Ṁ =
0.1M�/Myr and ↵ = 10�4, this expression dictates
that direct conversion of dust into satellitesimals can be
triggered within the circumplanetary disk for Z & 0.2
(Figure 5). Equations (12) indicate that Q• /

⇠ r�3/4,
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We address the origin of the observed bimodal rotational distribution of stars in massive young and intermediate age
stellar clusters. This bimodality is seen as split main sequences at young ages and also has been recently directly
observed in the V sin i distribution of stars within massive young and intermediate age clusters. Previous models have
invoked binary interactions as the origin of this bimodality, although these models are unable to reproduce all of
the observational constraints on the problem. Here we suggest that such a bimodal rotational distribution is set up
early within a cluster’s life, i.e., within the first few Myr. Observations show that the period distribution of low-mass
(<∼2 M!) pre-main sequence (PMS) stars is bimodal in many young open clusters and we present a series of models
to show that if such a bimodality exists for stars on the PMS that it is expected to manifest as a bimodal rotational
velocity (at fixed mass/luminosity) on the main sequence for stars with masses in excess of ∼1.5 M!. Such a bimodal
period distribution of PMS stars may be caused by whether stars have lost (rapid rotators) or been able to retain
(slow rotators) their circumstellar discs throughout their PMS lifetimes. We conclude with a series of predictions for
observables based on our model.
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Recent analyses have shown that the concluding stages of giant planet formation are accompanied by the development
of large-scale meridional flow of gas inside the planetary Hill sphere. This circulation feeds a circumplanetary disk that
viscously expels gaseous material back into the parent nebula, maintaining the system in a quasi-steady state. Here
we investigate the formation of natural satellites of Jupiter and Saturn within the framework of this newly outlined
picture. We begin by considering the long-term evolution of solid material, and demonstrate that the circumplanetary
disk can act as a global dust trap, where s• ∼ 0.1–10 mm grains achieve a hydrodynamical equilibrium, facilitated
by a balance between radial updraft and aerodynamic drag. This process leads to a gradual increase in the system’s
metallicity, and eventually culminates in the gravitational fragmentation of the outer regions of the solid sub-disk into
R ∼ 100 km satellitesimals. Subsequently, satellite conglomeration ensues via pairwise collisions, but is terminated
when disk-driven orbital migration removes the growing objects from the satellitesimal feeding zone. The resulting
satellite formation cycle can repeat multiple times, until it is brought to an end by photo-evaporation of the parent
nebula. Numerical simulations of the envisioned formation scenario yield satisfactory agreement between our model
and the known properties of the Jovian and Saturnian moons.
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in the disk. It is important to understand that quali-
tatively, this equilibrium stems from a balance between
loss of particle angular momentum due to aerodynamic
drag and gain of angular momentum due to coupling
with a radial outflow of the gas. Consequently, this hy-
drodynamically facilitated process of dust accumulation
can only function in a decretion disk. Indeed, the same
process does not operate within circumstellar accretion
disks. This discrepancy brings to light an important dis-
tinction between formation of Super-Earth type extra-
solar planets and solar system satellites: despite having
similar characteristics in terms of orbital periods and
normalized masses, it is likely that their conglomeration
histories are keenly distinct.

Examining the functional form of expression (19), we
note that because ⌃ is proportional to Ṁ , the equi-
librium Stokes number is independent of the assumed
mass-accretion rate. Moreover, from equations (7) and
(12), it is easy to see that ⌧ (eq) /⇠ ↵ r3/4 and thus varies
by less than an order of magnitude over the radius range
of interest (i.e., r ⇠ 0.1�0.3RH). Instead, this quantity
is largely controlled by the assumed value of the viscos-
ity parameter and the mid-plane metallicity (which is
envisioned to slowly increase in time).

For our fiducial value of ↵ = 10�4 and global metallic-
ity8 of Z = 0.01, the typical equilibrium Stokes number
is of order ⌧ (eq) ⇠ 10�5 for the relevant disk radii. In
terms of physical particle radius (for ⇢• = 1 g/cc) this
value translates9 to s(eq)• ⇠ few ⇥ 10�2 cm. More pre-
cisely, s(eq)• is shown as a function of r in Figure (4). In
addition to a line corresponding to Z = 0.01, Figure (4)
also depicts curves corresponding to super-solar metal-
licities of Z = 0.1 and Z = 0.3. The determination that
s(eq)• is always much larger than a micron suggests that
the dust-to-gas ratio of the circumplanetary disk can in-
crease dramatically without contributing an associated
enhancement to opacity. Thus, the envisioned picture is
consistent with our assumption of an optically-thin disk.

The assumption that interactions between solid parti-
cles and gas lie in the Epstein regime is only justified as
long as s(eq)• . 9�/4 (where � = 1/n� is the mean free
path of gas molecules). From Figure (4), it is clear that
the equilibrium grain radius given by equations (16) and
(19) is smaller than � throughout most of the disk, but

8
As we demonstrate below, Z = 0.01 translates to Zmid . 1,

meaning that the correction factor (1 + Zmid) in equation (19) is

unimportant.

9
Because ⌧ (eq) / ↵, higher values of the Shakura–Sunyaev vis-

cosity parameter would yield proportionally larger s
(eq)

• . However,

given that generically, ↵ . 0.01, the equilibrium dust radius for

Z = 0.01 is unlikely to exceed ⇠ a few cm.
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Figure 4. Equilibrium dust grain radius, s(eq)• , as a function
of planetocentric distance. Dust grains with radii bounded
by the denoted range (i.e. s• ⇠ 0.1 � 10mm; equation 19)
will remain trapped within the circumplanetary disk, thanks
to a balance between aerodynamic drag and radial updraft.
Equilibrium curves corresponding to global disk metallici-
ties of Z = 0.01, 0.1, and 0.3 (which translate to mid-plane
metallicities of Zmid = 0.4, 14, and 74 respectively; see equa-
tion 30) are shown. The green line depicted on the figure
marks the transition between Epstein and Stokes regimes of
drag: (s•)t = 9�/4, where � denotes the mean free path
of gas molecules. The derived dust equilibrium is stable for
constant particle size in the Epstein regime of drag, but not
the Stokes regime. Although not directly modeled, it is likely
that the dust growth/sublimation cycle can play an impor-
tant auxiliary role in modulating s•. In particular, one can
envision that because s(eq)• is a decreasing function of r in the
Epstein regime, particle growth in the outer disk can cause
orbital decay. The reverse effect ensues at small orbital radii,
where sublimation of icy grains interior to the ice-line causes
particle size to fall below the equilibrium value, expelling
solid material outward, where grain growth can ensue once
again, thereby maintaining s• ⇠ s(eq)• on average.

not everywhere. This begs the question of what hap-
pens to solid material where the Epstein criterion is not
satisfied.

In a parameter regime where s(eq)• & 9�/4, we must
consider the Stokes regime of aerodynamic drag. For
low Reynolds number flow (specifically, Re < 1), the
corresponding aerodynamic drag force is given by (Wei-
denschilling 1977):

FD =
12⇡

Re
s2• ⇢ v

2

rel
Re =

p
2⇡ s• vrel
� cs

. (20)

Conveniently, the corresponding frictional timescale –
which replaces the expression given in equation (16)
when s• > 9�/4 – is independent of vrel, and has the
form:

tfric =
m• vrel
FD

=

p
2⇡

9�

s2• ⇢•
cs ⇢

. (21)

• 平衡状態のダスト半径

aerodynamic drag & radial updraft の
バランスで決定。 
Epstein領域だと平衡状態は安定。
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budget to form the satellites (M•/M� & 2⇥10�4, where
M• refers to the total mass of solids within the disk)
poses a formidable problem (Ronnet & Johansen 2020).
In fact, the difficulty in capturing icy and rocky matter
from the circumstellar nebula is two fold.

On one hand, the majority of small grains that drift
towards the planet’s semi-major axis by way of aerody-
namic drag get shielded away from the planet’s orbital
neighborhood due to a local pressure maximum that de-
velops in the planet’s vicinity for M� & 30M� (Lam-
brechts et al. 2014). More specifically, high-resolution
numerical simulations of Weber et al. (2018); Haug-
bølle et al. (2019) suggest that only grains smaller than
s . 0.1mm are sufficiently well coupled to the gas to
remain at a high enough altitude in the circumstellar
disk to bypass the mid-plane pressure barrier, and enter
into the planetary Hill sphere together with the merid-
ional circulation. Even so, in light of their near-perfect
coupling to the gas, it is a-priori unclear how such small
grains can get sequestered in the circumplanetary disk,
instead of getting expelled back into the circumstellar
nebula, together with the decretionary flow.

On the other hand, direct injection of planetesimals
into the circumplanetary disk appears problematic from
an energetic point of view. That is, calculations of
Estrada et al. (2009) and Mosqueira et al. (2010) sug-
gest that planetesimals that are successfully captured
around the planet inevitably experience large-scale ab-
lation (see also the recent work of Ronnet & Johansen
2020). Accordingly, small grains generated from the pro-
cess of planetesimal evaporation likely suffer the same
fate as grains injected by the meridional circulation.
Meanwhile, larger fragments – even if extant – are likely
to rapidly spiral onto the planet, due to interaction
with a strong headwind generated by the appreciably
sub-Keplerian flow of the circumplanetary gas (Weiden-
schilling 1977).

In this section, we outline how this problem is natu-
rally circumvented within the framework of our model.
We begin by writing down the well-studied equations
of motion for a solid particle of radius s• in orbit of
the central planet, that experiences aerodynamic drag
in the Epstein regime, arising from the marginally sub-
Keplerian flow of circumplanetary gas (Takeuchi & Lin
2002; Lambrechts & Johansen 2012). For simplicity, we
ignore the back-reaction of dust upon the gaseous nebu-
lar fluid for the time being, but return to this issue below
(and quantify it in appendix A). Under the assumption
of a nearly-Keplerian, circular orbit, the azimuthal equa-
tion of motion reads:

1

r

d (r v� •)

d t
⇡

vr • vK
2 r

= �
v� • � v�

tfric
, (15)

where tfric is the frictional timescale relevant for the Ep-
stein regime of drag:

tfric =

r
⇡

8

⇢•
⇢

s•
cs
. (16)

Note that tfric is approximately the isothermal sound
crossing time across particle radius, weighted by the
solid-to-gas material density ratio.

A key feature of equation (15) is that the radial veloc-
ity of the particle vanishes in the limit where the particle
azimuthal velocity matches that of the gas. To examine
if such a balance is possible, let us consider the radial
equation of motion:

d vr •
d t

=
v2� •
r

� r⌦2
�

vr • � vr
tfric

(17)

The inertial term on the LHS can be set to zero, and
following Takeuchi & Lin (2002), we assume that both v�
and v� • are close to vK. Then, writing r⌦2 as vK (v� +
⌘ vK)/r, and retaining only leading order terms, we have:

2 ⌘
v2
K

r
= 2 vK

✓
v� • � v�

r

◆
�

vr • � vr
tfric

= �
v2
K

r

✓
vr • tfric

r

◆
�

vr • � vr
tfric

, (18)

where we have employed equation (15) to arrive at the
second line of the expression.

Setting vr • = 0, we trivially obtain an equilibrium
solution for a particle’s equilibrium frictional timescale,
t(eq)
fric

= r vr/(2 ⌘ vK). It is further convenient to express
this this quantity in terms of the dimensionless frictional
time i.e., the Stokes number ⌧ (eq) = t(eq)

fric
⌦:

⌧ (eq) =
vr

2 ⌘ vK

�
1 + Zmid

�
=

Ṁ
�
1 + Zmid

�

4⇡ ⌘⌃
p
GM� r

, (19)

where the correction factor due to the mid-plane metal-
licity7,

�
1 + Zmid

�
, originates from a marginally more

detailed analysis that accounts for the back-reaction of
dust upon gas (see Appendix A). For our adopted disk
parameters and global metallicity that falls into the
Z ⇠ 0.01 � 0.3 range, the above expression evaluates
to ⌧ (eq) ⇠ O

�
10�5

� 10�3
�
.

The existence of a stationary vr • = 0 solution to equa-
tion (18) implies that as solid material enters the circum-
planetary nebula either through the meridional circula-
tion or via ablation of planetesimals, dust with a phys-
ical radius that satisfies equation (19) will get trapped

7
The relationship between Zmid and Z is given by equation

(30).
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Figure 5. Gravitational stability of the solid sub-disk.
Toomre’s Q parameter (equation 31) is shown as a func-
tion of orbital radius, for a sequence of circumplaentary neb-
ula metallicities. For solar composition gas with Z = 0.01,
Q• � 1, and the solid sub-disk is gravitationally stable.
However, for dust-to-gas ratio in excess of Z & 0.2, the solid
sub-disk becomes gravitationally unstable, fragmenting into
satellitesimals. Notably, for Z = 0.3 – which we take as
a reasonable estimate for the onset of large-scale satellites-
imal formation – gravitational collapse can ensue outwards
of r & 0.1RH.

implying that like in the case of circumstellar nebulae
(see e.g., Boss 1997), gravitational collapse is more easily
activated in the outer regions of our model circumplan-
etary disk. Notably, this preference for longer orbital
periods for generation of satellitesimals is generic, and
would apply even if pre-collapse agglomeration of solids
is assisted by some two-fluid instability (Yang et al. 2017
and the references therein).

It is well known that our envisioned process for satel-
litesimal formation (where dust consolidates directly
into satellitesimals under its own gravity) can be sup-
pressed under certain conditions in real astrophysical
disks. To this end, Goldreich et al. (2004) point out
that in order for gravitational fragmentation to ensue,
the particle disk must be optically thick. Quantitatively,
this criterion translates to ⌃•/(⇢• s•) & 1. This limit
does not pose an issue for the problem at hand, because
the smallness of equilibrium particle size within our disk
(as dictated by equation 19) ensures that this inequality
trivially satisfied.

A more acute suppression mechanism for the Goldreich-
Ward instability is the turbulent self-regulation of dust
settling. That is, as the dust layer is envisioned to grow
thinner, its mid-plane azimuthal velocity inevitably ap-
proaches the purely Keplerian value. The shear asso-
ciated with the development of a vertical gradient in
v� gives rise to the Kelvin-Helmholtz instability, which
turbulently stirs the dust layer, counteracting sedimen-
tation (Weidenschilling 1980; Cuzzi et al. 1993). While

this process can indeed subdue planetesimal formation
in the circumstellar nebula where Z ⇠ 0.01, for the
circumplanetary system at hand, this problem is cir-
cumvented by virtue of the disk having a sufficiently
high metallicity. In other words, even if the solid sub-
disk is perturbed by turbulence, the dust cannot be
lifted appreciably due to energetic limitations (equa-
tion 29). This reasoning is supported by the results
of Sekiya (1998), who demonstrated that for Z & 0.1,
dust stirring becomes inefficient, allowing gravitational
collapse to proceed even in presence of parasitic Kelvin-
Helmholtz instabilities. Consequently, we conclude that
while the development of Kelvin-Helmholtz instabili-
ties can suppress the Goldreich-Ward mechanism in the
protosolar nebula, direct gravitational collapse of solid
grains into planetesimals is possible in circumplanetary
disks because of dust-loading within the system.

The dispersion relation associated with a self-
gravitating Keplerian particle fluid has the well-known
form (Armitage 2010):

!2 = c2• k
2
� 2⇡ G ⌃• |k|+ ⌦2, (32)

where c• = (h•/r) vK is the velocity dispersion of the
dust. The critical wavenumber corresponding to the
most rapidly growing unstable mode of this relation is

kcrit =
⇡ G ⌃•
c2•

⇠
1

h•
, (33)

where the RHS follows from setting Q• ⇠ 1 in equa-
tion (31). Accordingly, the characteristic mass scale of
planetesimals generated through gravitational collapse
is:

m ⇠ ⇡

✓
2⇡

kcrit

◆2

⌃• = 2⇡3 ↵ ✏h2 ⌃. (34)

Importantly, to arrive at the RHS of this estimate, we
have used expression (29) for h• to cancel out the de-
pendence on Z.

The fact that this expression is independent of Z is
qualitatively important. Indeed, while the metallicity
dictates whether or not gravitational collapse can be
triggered via equation (31), the physical properties of
satellitesimals generated through fragmentation of the
solid sub-disk are largely determined by the global prop-
erties of the circumplanetary nebula. For our fidu-
cial parameters, we obtain bodies with m ⇠ 1019 kg at
r ⇠ 0.1�0.3RH – comparable to the mass of Mimas, and
about two orders of magnitude smaller than the mass of
Iapetus. For a mean density of 1 g/cc, this mass scale
translates to bodies with radii on the order of 100 km.

• ダスト層の重力安定性
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vturb ⇠
p
↵ cs. Thus, the column-integrated turbulence

kinetic energy density is:

Eturb ⇠

Z 1

�1

1

2
⇢ v2

turb
dz =

↵

2
⌃ c2

s
. (27)

When dust is lifted above the disk mid-plane, this
kinetic energy gets converted into gravitational poten-
tial energy. In a geometrically thin disk, the downward
gravitational acceleration experienced by dust can be
approximated as g ⇡ ⌦2 z (Armitage 2010). Assuming
that the solid component of the disk follows a Gaussian
profile like the gas, the column-integrated gravitational
potential energy of the dust layer has the form:

Egrav ⇠

Z 1

�1
⇢• g z dz = ⌃• ⌦

2 h2

•. (28)

Setting ✏ Eturb = Egrav, we arrive at the energy-limited
expression for the dust-layer’s aspect ratio:

h•
r

⇠

r
↵ ✏

2Z

✓
h

r

◆
, (29)

where ✏ 6 1 is a numerical factor that accounts for the
fact that only a fraction of the vertically integrated tur-
bulence kinetic energy goes into elevating the dust above
the mid-plane, as well as for the suppression of turbu-
lence by enhanced dust concentration (Lin 2019). For
definitiveness, in this work we adopt ✏ = 0.1, but remark
that this guess is highly uncertain.

The physical meaning of equation (29) can be under-
stood in a straight-forward manner: even if dust within
the circumplanetary disk is sufficiently well coupled to
the gas for it to potentially remain well-mixed through-
out the vertical extent of the disk, enhancing the scale-
height of the solid sub-disk by turbulent stirring comes
at a steep energetic cost. As a result, in relatively quies-
cent, dust-rich systems (where ↵ ⌧ Z), the solid layer
will necessarily be thin compared to the gas disk12. Pro-
ceeding under the assumption of a Gaussian profile as
before, we may readily write down the functional form
of the mid-plane metallicity by taking the ratio of mid-
plane densities:

Zmid =
⌃•
⌃

h

h•
⇠ Z

r
2Z

↵ ✏
. (30)

Noting that ↵ ✏ ⇠ 10�5, we remark that in order for Zmid

to exceed unity, the overall disk metallicity must only

12
This effect highlights yet another important distinction be-

tween the physics of satellite formation and planet formation. In

typical protoplanetary disks, Z ⇠ 0.01 and dust sedimentation

towards the mid-plane occurs simply due to the fact that for a

broad range of particle sizes, ↵ ⌧ ⌧ (eq) (see equation 22).

exceed the solar value by a factor of a few. The ensuing
vertical confinement of dust has profound consequences
for formation of satellitesimals.

By now, it is well-established that a broad range of
gravito-hydrodynamic instabilities can develop within
two-fluid mixtures of gas and dust (Youdin & Good-
man 2005; Johansen et al. 2007; Squire & Hopkins
2018; Seligman et al. 2019). These remarkable phe-
nomena, however, only emerge at sufficiently high
(local) concentration of high-metallicity material. A
broadly discussed example of this group of instabili-
ties is known as the streaming instability (Youdin &
Goodman 2005; Johansen & Youdin 2007), which can
facilitate rapid growth of dust clouds within protoplane-
tary disks through a back reaction of accumulated solid
particles on the background quasi-Keplerian flow. A
distinct variant of a two-fluid instability is known as
the Z > 1 resonant drag instability (Squire & Hopkins
2018) and can also promote the coagulation of solid
material within the disk, albeit at smaller scales. Im-
portantly, within the context of the protosolar nebula,
it is now widely speculated that enhancement of the
local solid-to-gas ratio associated with the aforemen-
tioned effects can culminate in gravitational collapse of
particle clouds, resulting in the formation of bonafide
planetesimals.

The emergence of gravito-hydrodynamic resonant
drag instabilities within dust-loaded circumplanetary
decretion disks is an intriguing possibility that deserves
careful investigation with the aid of high-resolution nu-
merical simulations. At the same time, this exercise
falls beyond the immediate scope of our (largely ana-
lytic) study. Accordingly, to circumvent this riveting
complication, here we focus our attention on the qual-
itatively simplest pathway for conversion of dust into
satellitesimals: sedimentation, followed by direct grav-
itational collapse i.e., the Goldreich-Ward mechanism
(Goldreich & Ward 1973; see also Youdin & Shu 2002).

Linear stability analysis of differentially rotating self-
gravitating disks carried out over half a century ago
(Safronov 1960; Toomre 1964), has shown that in order
for gravitational collapse to ensue in presence of Keple-
rian shear, the system must satisfy the following rudi-
mentary criterion:

Q• =
h• ⌦2

⇡ G ⌃•
=

h⌦2

⇡ G ⌃

r
↵ ✏

2Z3
. 1. (31)

For our adopted benchmark parameters of Ṁ =
0.1M�/Myr and ↵ = 10�4, this expression dictates
that direct conversion of dust into satellitesimals can be
triggered within the circumplanetary disk for Z & 0.2
(Figure 5). Equations (12) indicate that Q• /

⇠ r�3/4,

ダストガス比0.01では重力不安定は起きない。 
ダストガス比 > 0.2で、周惑星円盤の外側で重力
不安定が起きる。
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On the Origin of the Bimodal Rotational Velocity Distribution in Stellar Clusters: Ro-
tation on the Pre-Main Sequence

Nate Bastian1, Sebastian Kamann1, Louis Amard2, Corinne Charbonnel3,4, Lionel Haemmerlé3 and
Sean P. Matt2

1 Astrophysics Research Institute, Liverpool John Moores University, 146 Brownlow Hill, Liverpool L3 5RF, UK; 2

University of Exeter, Department of Physics & Astronomy, Stoker Road, Devon, Exeter EX4 4QL, UK; 3 Department
of Astronomy, University of Geneva, Chemin de Pégase 51, 1290 Versoix, Switzerland; 4 IRAP, UMR 5277 CNRS and
Université de Toulouse, 14, Av. E.Belin, 31400 Toulouse, France

E-mail contact: N.J.Bastian at ljmu.ac.uk

We address the origin of the observed bimodal rotational distribution of stars in massive young and intermediate age
stellar clusters. This bimodality is seen as split main sequences at young ages and also has been recently directly
observed in the V sin i distribution of stars within massive young and intermediate age clusters. Previous models have
invoked binary interactions as the origin of this bimodality, although these models are unable to reproduce all of
the observational constraints on the problem. Here we suggest that such a bimodal rotational distribution is set up
early within a cluster’s life, i.e., within the first few Myr. Observations show that the period distribution of low-mass
(<∼2 M!) pre-main sequence (PMS) stars is bimodal in many young open clusters and we present a series of models
to show that if such a bimodality exists for stars on the PMS that it is expected to manifest as a bimodal rotational
velocity (at fixed mass/luminosity) on the main sequence for stars with masses in excess of ∼1.5 M!. Such a bimodal
period distribution of PMS stars may be caused by whether stars have lost (rapid rotators) or been able to retain
(slow rotators) their circumstellar discs throughout their PMS lifetimes. We conclude with a series of predictions for
observables based on our model.
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Formation of Giant Planet Satellites

Konstantin Batygin1 and Alessandro Morbidelli2

1 Division of Geological and Planetary Sciences California Institute of Technology, Pasadena, CA 91125, USA; 2

Laboratoire Lagrange, Université Côte d’Azur, Observatoire de la Côte d’Azur, CNRS, CS 34229, F-06304 Nice,
France

E-mail contact: kbatygin at gps.caltech.edu

Recent analyses have shown that the concluding stages of giant planet formation are accompanied by the development
of large-scale meridional flow of gas inside the planetary Hill sphere. This circulation feeds a circumplanetary disk that
viscously expels gaseous material back into the parent nebula, maintaining the system in a quasi-steady state. Here
we investigate the formation of natural satellites of Jupiter and Saturn within the framework of this newly outlined
picture. We begin by considering the long-term evolution of solid material, and demonstrate that the circumplanetary
disk can act as a global dust trap, where s• ∼ 0.1–10 mm grains achieve a hydrodynamical equilibrium, facilitated
by a balance between radial updraft and aerodynamic drag. This process leads to a gradual increase in the system’s
metallicity, and eventually culminates in the gravitational fragmentation of the outer regions of the solid sub-disk into
R ∼ 100 km satellitesimals. Subsequently, satellite conglomeration ensues via pairwise collisions, but is terminated
when disk-driven orbital migration removes the growing objects from the satellitesimal feeding zone. The resulting
satellite formation cycle can repeat multiple times, until it is brought to an end by photo-evaporation of the parent
nebula. Numerical simulations of the envisioned formation scenario yield satisfactory agreement between our model
and the known properties of the Jovian and Saturnian moons.

Accepted by ApJ
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Figure 8. Particle-in-a-box calculation of satellite accretion within the circumplanetary disk. Panel A depicts a time-series
of the largest satellite embryo’s physical radius. Facilitated by efficient gravitational focusing, the embryo experiences rapid
initial growth. However, the rate of accretion slows down in time, as the velocity dispersion of the satellitesimal disk becomes
progressively more excited. Intermittent jumps in radius correspond collisions of the proto-satellite with other massive embryos
within the system. 84,000 years into simulation time, the proto-satellite attains a radius of 2,600 km – comparable to that of
Ganymede. Panel B shows the cumulative size-frequency distribution of the system at t = 84,000 years. Importantly, this panel
demonstrates that the aftermath of accretion within the circumplanetary disk is highly uneven, such that only two proto-satellites
larger than R > 1,000 km emerge at the end of the simulation. In addition to these two bodies, a single R ⇡ 700 km object,
along with seven R ⇡ 500 km embryos occupy the 0.15�0.25RH satellitesimal annulus. On the smaller end of the size-frequency
distribution, a prolonged tail of collisionally generated debris extends below R . 0.1 km. Cumulatively, this calculation suggests
that conditions within the circumplanetary disk are propitious to the emergence of a small number of massive embryos.

tween particles were treated according to the prescrip-
tion of Benz & Asphaug (1999) such that they could
result in perfect merging, partial accretion, erosion, or
catastrophic break-up, depending on collision velocities
and sizes of the impacting bodies.

Our initial conditions represent an annulus of debris
centered at r = 0.2RH with a full width of �r = 0.1RH

i.e., the middle of the range illustrated in Figures (6-7),
spanning 0.15 to 0.25RH. Initial satellitesimals were as-
signed a mass of m = 1019 kg and a radius of 100 km
in agreement with the estimate of section 4. The total
mass of the satellitesimal population in the annulus was
taken to be Mdisk = 3.2 ⇥ 1023 kg. This corresponds
to a gas density of ⌃ = 1,000 g/cm2 at r = 0.2RH in
approximate agreement with our nominal profile (7), a
solid-to-gas ratio of Z = 0.3 and a satellitesimal for-
mation efficiency of 30%, uniformly spread over the an-
nulus (the same parameters have been used in Figure
7). Initially the eccentricities and inclinations were set
to hei ⇡ 6 ⇥ 10�6 and hii ⇡ 1.5 ⇥ 10�5 deg, respec-
tively. Importantly, however, these quantities evolved
rapidly, such that after only 100 years, the eccentric-
ity and inclination 100 km satellitesimals were already
hei = 0.014 and hii = 0.4 deg respectively, growing fur-
ther to hei = 0.04 and hii = 1deg by the t = 1,000 year
mark.

The key advantage of a code like Boulder over the
analytic calculations presented in section 5.2 is that the

code computes the gravitational focusing factor self-
consistently, from the masses of the colliding bodies
and their mutual velocity. That is, because of dynam-
ical excitation within the disk, for a given target, the
gravitational focusing factor decreases over time. How-
ever, because the most massive bodies grow more read-
ily (Safronov 1969), their focusing factor can instead
increase, provided their escape velocity increases faster
than the velocity dispersion in the disk.

Panel A of Figure (8) depicts the growth of the largest
object within the annulus as a function of time. A
radius of R = 2,600 km is reached in a bit less than
100,000 years – about an order of magnitude faster than
estimated in Figure (6), where gravitational focusing is
neglected. We also note that embryo growth is more
complex than that envisioned in section 5.2 (i.e., accre-
tion at a constant rate), as mergers with other massive
bodies cause the satellite embryo’s radius to sporadically
jump upwards. Indeed, this is typical of the oligarchic
growth process (Kokubo & Ida 1998).

Panel B of Figure (8) shows the cumulative size-
frequency distribution of the satellitesimal population
after 84,000 years. In addition to the aforementioned
R = 2,600 km body, there is a second body slightly ex-
ceeding 1,000 km in radius. Further down the radius
ladder, there is one body with R ⇠ 700 km and seven
with R ⇠ 500 km. In summary, only a handful of mas-
sive satellite embryos emerge form the annulus, with the

• particle-in-a-box code Boulder を用いた数値計算

最も大きい微衛星の成長。 
最終半径2600 kmは木星衛星ガニメデと同様。
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Figure 9. Formation of the three inner Galilean satellites. An initially dynamically cold (e ⇠ i ⇠ 10�3) disk of 1,000 super-
satellitesimals, comprising Mdisk = 6 ⇥ 10�4M� is assumed to form by gravitational fragmentation between rin = 0.1RH and
rout = 0.3RH (see section 4). Three satellite seeds are introduced within the same orbital range, at random planetocentric
distances. In terms of disk metallicity, satellitesimal formation efficiency and the Safronov number, these initial conditions
translate to Z ⇠ ⇤ ⇠ 1/3 and ⇥ ⇠ 400. Satellite seeds destined to become Io, Europa and Ganymede are depicted in gray,
blue, and purple respectively, and their sizes serve as a proxy for their physical radii. On the other hand, colors of semi-active
super-particles inform their orbital inclinations, as shown on the left column. In addition to gravitational dynamics, the effects
of aerodynamic drag and gas disk-driven migration are self-consistently modeled in this simulation.
Results of this numerical experiment are summarized as follows. Owing to gravitational focusing in an initially pristine disk,
conglomeration of Io begins quickly, and unfolds on a relatively short (⇠ 1,000 year) timescale (panel A). 2,500 years into the
simulation, Io decouples from the satellitesimal feeding zone and begins to migrate towards the Jovian magnetospheric cavity
(panel B). As Io’s orbit decays, Europa’s growth ensues (panel C). However, due to an already-excited velocity dispersion
among satellitesimals, Europa’s accretion is somewhat less efficient, and by the ⇠ 10,000 year mark, Europa detaches from the
satellitesimal disk, having achieved a smaller terminal mass than Io (panel D). For the following ⇠ 104 years, aerodynamic drag
acts to re-cicularize the satellitesimal disk (panel E), and the conglomeration process restarts approximately ⇠ 25,000 years into
the simulation (panel F). Ganymede achieves its terminal mass shortly thereafter (panel G), and by 30,000 years, follows Io and
Europa on an inward migratory trek (panel H).

N体計算 
• 初期条件は1000個の質量

1021 kgの微衛星。重力不安
定により形成されるのは
1019 kgで半径100 kmなの
でそれよりは大きい。 

• 初期はe ~ i ~ 10-3 
• ガリレオ衛星のうち3つ（イ

オ、エウロパ、ガニメデ）
のタネとなる微小質量の天
体を0.1 RHから0.3 RHにラ
ンダムに置く。 

• ガリレオ衛星の質量を再現
できた計算 →
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a protoplanet candidate and its manifestation as a spiral imprinted in the gas and dust distributions.
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Protoplanetary Disks in the Orion Nebula Cluster: Gas Disk Morphologies and Kine-
matics as seen with ALMA

Ryan D. Boyden1 and Josh A. Eisner1

1 Steward Observatory, University of Arizona, 933 North Cherry Avenue, Tucson, AZ 85721, USA

E-mail contact: rboyden at email.arizona.edu

We present Atacama Large Millimeter Array CO (3–2) and HCO+ (4–3) observations covering the central 1′′ × 1.′′5
region of the Orion Nebula Cluster (ONC). The unprecedented level of sensitivity (∼0.1 mJy beam−1) and angular
resolution (∼0.′′09 ≈ 35 AU) of these line observations enable us to search for gas-disk detections towards the known
positions of submillimeter-detected dust disks in this region. We detect 23 disks in gas: 17 in CO (3–2), 17 in HCO+

(4–3), and 11 in both lines. Depending on where the sources are located in the ONC, we see the line detections in
emission, in absorption against the warm background, or in both emission and absorption. We spectrally resolve the
gas with 0.5 km s−1 channels, and find that the kinematics of most sources are consistent with Keplerian rotation.
We measure the distribution of gas-disk sizes and find typical radii of ∼50–200 AU. As such, gas disks in the ONC
are compact in comparison with the gas disks seen in low-density star-forming regions. Gas sizes are universally
larger than the dust sizes. However, the gas and dust sizes are not strongly correlated. We find a positive correlation
between gas size and distance from the massive star θ1 Ori C, indicating that disks in the ONC are influenced by
photoionization. Finally, we use the observed kinematics of the detected gas lines to model Keplerian rotation and
infer the masses of the central pre-main-sequence stars. Our dynamically-derived stellar masses are not consistent
with the spectroscopically-derived masses, and we discuss possible reasons for this discrepancy.
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An Analytic Model for an Evolving Protoplanetary Disk with a Disk Wind

John Chambers1

1 Carnegie Institution for Science Department of Terrestrial Magnetism, 5241 Broad Branch Road, NW, Washington,
DC 20015, USA

E-mail contact: jchambers at carnegiescience.edu

We describe an analytic model for an evolving protoplanetary disk driven by viscosity and a disk wind. The disk is
heated by stellar irradiation and energy generated by viscosity. The evolution is controlled by 3 parameters: (i) the
inflow velocity towards the central star at a reference distance and temperature, (ii) the fraction of this inflow caused
by the disk wind, and (iii) the mass loss rate via the wind relative to the inward flux in the disk. The model gives
the disk midplane temperature and surface density as a function of time and distance from the star. It is intended to
provide an efficient way to calculate conditions in a protoplanetary disk for use in simulations of planet formation. In
the model, disks dominated by viscosity spread radially while losing mass onto the star. Radial spreading is the main
factor reducing the surface density in the inner disk. The disk mass remains substantial at late times. Temperatures in
the inner region are high at early times due to strong viscous heating. Disks dominated by a wind undergo much less
radial spreading and weaker viscous heating. These disks have a much lower mass at late times than purely viscous
disks. When mass loss via a wind is significant, the surface density gradient in the inner disk becomes shallower, and
the slope can become positive in extreme cases.

Accepted by ApJ
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Figure 3. Moment 0 (integrated intensity) maps of the 23 ONC cluster members that were detected in CO(3 � 2) and/or
HCO+(4 � 3) with ALMA. Each panel corresponds to a 0.003 ⇥ 0.003 (240 ⇥ 240 AU) region around each cluster member. Grey
contours show the continuum emission, with contours drawn at 50%, 70%, and 90% of the maximum continuum flux. Green
and purple contours show CO(3 � 2) and HCO+(4 � 3) gas, respectively, with contours at 3�, 4�, and 5�. Dashed contours
indicate gas seen in absorption against the warm background, whereas solid contours indicate gas seen in emission. The velocity
channels used to create the moment maps are displayed in each panel (bottom-center), along with the source name (top-left)
and the FWHM of the ALMA synthesized beam (bottom-left). If a source name has a F icon, then the moment 0 map was
generated without a uv cut, rather than with a 100 k� uv cut.

ture), 177-341W, and 180-331. As such, the continuum
emission for these three targets may not reflect the dust-
disk morphology. However, 177-341 and 142-301 are
well-resolved with clear inclinations and position angles.
The morphologies of the continuum emission likely re-
flect those of the dust disks, despite significant free-free
contamination. All remaining targets have negligible
free-free emission, and the morphology of the continuum
emission corresponds to the morphology of dust disks.

3.1. Kinematic Disk Candidates

We detected 14 cluster members over a su�cient spec-
tral range to study the gas kinematics: HC192, HC242,
142-301, HC189, HC756/7, HC401, 167-231, 170-337,
173-236, HC422, 177-341W, 181-247, HC253, and 191-
232. The channel maps of these sources, henceforth re-

ferred to as “kinematic disk candidates”, are provided
in Section 4 and in Appendix B. In our analysis, a “suf-
ficient spectral range” means that we detected a cluster
member at >3� over a minimum of 4 channels, i.e., 2
spectral resolution elements. For all kinematic disk can-
didates (except HC756/7; see the following paragraph),
we see resolved >3� gas following a single velocity gradi-
ent across the dust-major axis. The behavior resembles
a rotating circumstellar disk. To investigate whether the
gas observations are indeed tracing circumstellar disks,
we fit a Keplerian model to the channel maps, as de-
scribed in Section 4.
We see two velocity gradients in HC756/7, a binary

system with an angular separation of ⇠0.004 (Hillenbrand
& Carpenter 2000), corresponding to ⇠150 AU at the
400 pc distance to Orion. The velocity gradients, seen

• ALMA CO(3-2) & 
HCO+(4-3)を用いて
Orion Nebula Cluster 
(ONC)を観測した
（sensitivityは~ 0.1 
mJy/beam、分解能は ~ 
35 au）。 

• 104の連続波検出天体に
対して、23のガス円盤を
検出（COが17、HCO+
が17、両方が11）。
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are compact in comparison with the gas disks seen in low-density star-forming regions. Gas sizes are universally
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photoionization. Finally, we use the observed kinematics of the detected gas lines to model Keplerian rotation and
infer the masses of the central pre-main-sequence stars. Our dynamically-derived stellar masses are not consistent
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Figure 4. Moment 1 maps (intensity-weighted velocity) of gas for ALMA-detected ONC cluster members. These are generated
using �3� emission/absorption from the channel maps, and they are plotted over contours of continuum emission (50%, 70%,
and 90% of the maximum flux). The velocity ranges of the moment maps di↵er for each source (see Figure 3 and Table 1), as
well as the gas tracer being shown (denoted in each panel). 177-341W exhibits a pronounced velocity gradient in both CO and
HCO+, so we plot the corresponding moment 1 maps using a shared color-scale. Kinematic disk candidates are indicated with
a † icon (see Section 3.1). The moment 1 maps of cluster members 159-350 and HC482 are shown separately in Figure 7.

in CO, appear tightly anti-aligned along the semi-major
axis and suggest counter-rotation. Williams et al.
(2014) identified another misaligned binary system in
Orion with ALMA, reporting two HCO+ velocity gra-
dients in the YSO known as 253-1536. HC756/7 may
bear a similar origin as other misaligned binary systems,
which are thought to form in turbulent, incoherent cloud
cores (see Williams et al. 2014, and references therein
for a detailed discussion). However, an extensive study
of this object is beyond the scope of this paper. We
exclude HC756/7 from our modeling and defer such an
analysis to future work.

3.2. Detections in Absorption

Our sample includes 9 cluster members observed in
absorption against the warm background of the Orion
A Molecular Cloud: HC192, HC242, HC189, HC756/7,
HC771, HC447, 167-231, 173-236, and HC351. 8 are de-

tected in CO absorption, and 4 are detected in HCO+

absorption. We find that the absorption detections
are all located in the northern and western regions of
the data cubes, where the background cloud emission
is substantial. The cloud emission is over-resolved in
our observations, but the Carma-NRO Orion survey of
CO(1 � 0) (Kong et al. 2018) reveals a clear increase
in cloud brightness along the regions where we detect
absorbed gas (see Figure 6). In the regions where we
detect HCO+ in absorption, we find the brightest cloud
emission.
To our knowledge, this is the first ALMA survey to

detect multiple protoplanetary disks in CO absorption,
and the first to detect any disk in HCO+ absorption.
Disk surveys in low-density star-forming regions have
only detected gas disks in emission (e.g., Ansdell et al.
2018, see also Section 1) because the background clouds
are faint. In the massive Orion A Molecular Cloud, lo-

• スペクトル分解能0.5 
km/sでケプラー回転も確
認できた。 

• 各チャンネル3σ以上の輝
線/吸収線を用いて作成。
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Figure 6. CO(1 � 0) emission of the ONC region, taken
from the Carma-NRO Orion survey (Kong et al. 2018).
This image is generated from emission at velocities vLSR =
4.8�12.1 km s�1 and angular scales & 800. Hence, the image
is not over-resolving the Orion A Molecular Cloud. Circles
indicate the positions where we detect ONC cluster members
in CO(3 � 2) (green circles) and/or HCO+(4 � 3) (purple
circles). Solid circles correspond to detections in emission,
whereas dashed circles denote detections in absorption. The
cyan triangle indicates the position of ✓1 Ori C. We tend to
detect cluster members in absorption where the CO(1 � 0)
cloud emission is the strongest.

For the HCO+ non-detections, we detect an average
signal at >3� and measure a mean flux of ⇠ 57 ± 17
mJy km s�1. This suggests that the typical gas disk in
the ONC exhibits an HCO+ (4�3) flux below the sensi-
tivity of our ALMA observations (c.f., Table 1). More-
over, because we detect a mean positive signal in HCO+,
our stacking analysis also implies that most HCO+ non-
detections are likely in emission, and that the back-
ground cloud is weaker in HCO+ than in CO, consistent
with Figure 2.

4. KEPLERIAN DISK MODELING

Protoplanetary disks follow near-Keplerian rotation
curves where the velocity field is set by a central dy-
namical mass, e.g., a single or binary star (Williams &
Cieza 2011; Andrews 2015). A significant body of work
has been devoted to modeling the Keplerian rotation in
disks in order to quantify the gas kinematics and pre-
cisely measure stellar masses (e.g., Piétu et al. 2007;
Rosenfeld et al. 2012; Czekala et al. 2015, 2016; Simon
et al. 2017; Sheehan et al. 2019). We have developed a
simple, geometric Keplerian disk model to fit to channel

Figure 7. CO(3�2) moment 1 maps of the cluster members
159-350 and HC482 (top and bottom rows, respectively). At
lower velocity channels, we detect these sources in emission,
and at higher velocity channels, we detect them in absorp-
tion. The left column shows the moment 1 maps of the gas in
emission, and the right column shows the moment 1 maps for
the gas in absorption. These moment 1 maps are generated
from the �3� emission/absorption in the channel maps.

maps of the kinematic disk candidates and extract geo-
metric disk parameters and stellar masses, as described
below.
With our current observations, the S/N is too low to

warrant the use of an extensive kinematic model in an
initial assessment of the gas. Many kinematic stud-
ies utilize radiative transfer codes, such as RADMC-3D

(Dullemond et al. 2012), to model the disk density and
temperature profiles in addition to the velocity profile.
While these give a proper treatment of the underlying
physical structure of the disk, they are computation-
ally expensive, and kinematic studies that employ these
frameworks have found that the best-fit stellar mass is
insensitive to the density- and temperature-related pa-
rameters (e.g., see Figure 4 of Rosenfeld et al. 2012).
We do not aim to constrain the underlying physical
structure of the kinematic disk candidates in this work,
and according to previous kinematic disk studies, our
simple geometric models should be equally accurate in
the determination of stellar mass.

4.1. Model Disk

We assume a flat, axisymmetric disk that is rotating
about a central mass M⇤. The disk has an inner radius

回転 回転 回転 回転回転

回転回転回転

回転 回転 回転

回転回転回転
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Because the ONC, Taurus, and Lupus regions are sim-
ilarly aged at ⇠ 1� 3 Myr, we suggest that the size dif-
ferences are linked to environment rather than age. In
the ONC, intense FUV radiation from the Trapezium
stars truncates the disk masses and sizes. Photoevapo-
rative disk models show that the FUV flux is & 103 G0

within 0.3 pc of the Trapezium cluster (Störzer & Hol-
lenbach 1999; Anderson et al. 2013), where G0 = 1
corresponds to an FUV flux of 1.6⇥10�3 ergs cm�2 s�1

(Habing 1968). Our observations reveal that a strong
FUV field leads to disks with measured gas radii . 200
AU. Furthermore, Lupus, Taurus, and other low den-
sity star-forming regions lack massive stars. The FUV
field is therefore substantially weaker in these regions,
so large disks are more likely to remain intact.
Additionally, the CDF of gas radius for the ONC is

in agreement with the disk radii that are inferred from
the proplyd population. A handful of the HST-identified
proplyds show silhouette disks embedded within bright
ionization fronts (e.g., O’Dell & Wong 1996; Bally et al.
1998, 2000). The size ratios of the silhouette disks and
ionization fronts have been used to estimate the disk
sizes for the propylds that lack a clear silhouette disk.
These ratios infer typical disk radii of ⇠ 50 � 200 AU
(e.g., Vicente & Alves 2005), which is comparable to
what we directly measure as gas radii.

5.2.1. Gas Size vs. Dust Size

Figure 14. Gas radius (Rgas) vs. dust radius (Rdust) for
the ONC sources that were detected and spatially resolved
in gas. Rgas is universally larger than Rdust. CO gas sizes
are shown in green, and HCO+ gas sizes are shown in purple.
Dashed green and purple lines indicate linear least-squares
fits to the CO and HCO+ data, respectively, and they suggest
weak correlations between Rgas and Rdust. The fitted trend
to the CO data is (Rgas / AU) = (64±9)+(0.1±0.3) (Rdust

/ AU), and the fitted trend to the HCO+ data is (Rgas /
AU) = (46± 9) + (0.5± 0.2) (Rdust / AU).

Figure 14 compares the gas radii to the dust radii for
our sample of gas-detected ONC YSOs. We measured
the dust sizes using the same technique as applied to the
line detections, i.e., by fitting elliptical Gaussians to the
continuum sub-images and measuring the dust radius as
the HWTM major axis. Hence, these dust radii are not
the values reported by Eisner et al. (2018), who define
the dust radius as the half-width-half-maximum of the
elliptical Gaussian fit. Our dust radii are a common
factor of ⇠2 greater than the sizes reported by Eisner et
al. (2018).
We find that the gas is universally larger than the

dust. We calculate an average CO-to-dust size ratio of
1.77±0.1, an average HCO+-to-dust size ratio of 1.25±
0.02, and a combined gas-to-dust size ratio of 1.44±0.03.
While there is considerable scatter among the gas and
dust sizes, the majority of gas-to-dust size ratios are
⇠ 1 � 4. These are comparable to the size ratios found
in the Lupus and Taurus regions (see Ansdell et al.
2018; Najita & Bergin 2018).
Two internally-driven physical processes are thought

to impact the observed size dichotomy. The first one
that we discuss is dust evolution. As dust grains coalesce
into sub-mm/mm sizes, they decouple from the gas and
migrate radially inward (Birnstiel & Andrews 2014; An-
drews 2015). This causes the observed sub-mm contin-
uum emission to appear compact with respect to the gas
emission, which remains extended and evolves according
to the viscous spreading timescale (e.g., Lynden-Bell &
Pringle 1974).
The second internally-driven process that impacts the

size dichotomy is optical depth. At submillimeter wave-
lengths, the line optical depth of 12CO is usually much
higher than the continuum optical depth (e.g., Dutrey
et al. 1998; Guilloteau & Dutrey 1998). Optically
thin dust emission (Beckwith et al. 1990) likely falls
below a detection threshold before optically thick 12CO
emission, which remains easier to detect at large radii.
The resulting observations show dust that is more com-
pact than gas, i.e., a profile similar to a disk undergoing
grain growth and radial drift. In order to disentangle the
impacts of dust evolution and optical depth on the ob-
served size ratios, thermochemical modeling of the dust
and gas is often necessary (e.g., Facchini et al. 2017;
Trapman et al. 2019).
It is also possible that the gas and dust sizes of the

ONC disks (hence, the size ratios) are influenced by the
external environment in addition to internally-driven
processes. When impinged by intense FUV radiation,
protoplanetary disks launch winds that transport matter
radially outward, eventually beyond the gravitational
radius of the disk (e.g., Johnstone et al. 1998). Facchini

• ガス円盤半径は ~ 50-200 au
で、ガス円盤とダスト円盤のサ
イズに強い相関はなかった。 

• ダスト円盤半径はsubmmの
HWTM
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Figure 13. Top: cumulative distribution function (CDF)
of gas radius for disks in the ONC (blue) compared with
the CDF of gas radius for disks in the Lupus star-forming
complex (orange, Ansdell et al. 2018) The shaded regions
correspond to the 1� confidence interval on the distributions.
Middle: same as the top panel, but here we correct for the
di↵erent signal-to-noise ratios (S/N) associated with the gas-
size measurements (see Section 5.2). Bottom: CDFs of gas
radius for the subsets of spatially-resolved disks in the ONC
(blue) and Lupus (orange). Here we correct for the di↵er-
ences in S/N, and also include the CDF of gas radius for
spatially-resolved disks in Taurus (green, Najita & Bergin
2018).

(2018), who surveyed the region with ALMA and mea-
sured the sizes of a well-defined sample of gas disks.

For Taurus, the gas-disk radii are taken from Najita &
Bergin (2018), who compiled measurements across mul-
tiple studies/observations in order to obtain a sample of
spatially-resolved gas disks for the region.
When generating the CDF for the ONC, we recompute

the gas-disk radius to match the definition employed by
Ansdell et al. (2018), who define the gas-disk radius as
the aperture semi-major axis that encloses 90% of the
total flux of a source (i.e., a curve-of-growth method).
We find that the new radii are typically smaller but in
statistical agreement with the Gaussian HWTMs, which
we adopt as the gas-disk radii. Because the di↵erent
quantities are in agreement, we only use the Ansdell et
al. (2018) definition when comparing the disk size dis-
tributions between regions (i.e., this section). In other
sections, we continue to use the Gaussian HWTM as our
definition of gas radius.
Furthermore, because our ONC line observations typi-

cally have lower S/N than the Lupus or Taurus data, we
investigate how our measurements of gas radius are lim-
ited by the achieved S/N. We generate a grid of 2D ellip-
tical Gaussians with HWTMs ranging from ⇠ 50� 700
AU. For each model Gaussian, we introduce di↵erent
levels of noise and then measure the gas radius via the
curve-of-growth method. For a S/N ratio of ⇠ 4.5,
the typical S/N of an ONC detection, we find that the
“observed” gas radius underestimates the HWTM by as
much as ⇠ 30%. At a higher S/N of ⇠ 10, the typi-
cal S/N of a Lupus gas disk, the observed gas radius is
typically ⇠ 15% smaller than the HWTM. When we ap-
ply correction factors to the various radii measurements
that account for the di↵erences in the achieved S/N, we
recover larger gas radii (in all regions) as shown in Fig-
ure 13. After these corrections, the distribution of ONC
gas-disk size remains distinct and more compact than
the distributions seen in lower-density regions.
Figure 13 demonstrates that the ONC disk popula-

tion bears a di↵erent gas-size distribution than those of
lower-density regions. If we consider the CDFs gener-
ated for all gas disks in the ONC and Lupus (i.e., the
top and middle panels), we see that the ONC lacks the
large gas disks seen in Lupus: whereas &40% of the Lu-
pus disks have gas radii & 200 AU, we find no such gas
radii in the ONC. When we consider the CDF of just
the spatially-resolved gas disks, and include Taurus in
our comparison (i.e., the bottom panel), we see that the
distributions in Taurus and Lupus are similar, and that
the ONC is an outlier among the three regions. How-
ever, we caution that the CDFs of Taurus and Lupus
are fairly incomplete, as not all of the detected gas disks
in these regions have measured sizes.

• (上) ONCとLupusのガ
ス円盤半径の
cumulative 
distribution function 

• (中) S/Nの低さによる
HWTM (half-width-
tenth-maximum: 1/10
値半幅)の過小評価を補
正: ONCで30%、
Lupusで15%の過小評
価 

• (下) 空間分解できた円
盤のみ、S/N補正済み



• ガス円盤サイズと大質量星θ1 Ori Cからの距離に正の相関があり、光電離の影
響が示唆される。 

• z-score? ダスト円盤サイズと大質量星からの距離の相関は弱い。
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Figure 15. Left: Rgas vs. projected distance from ✓1 Ori C (dtoc). The color scheme for the CO and HCO+ data points are the
same as that of Figure 14. We see a positive correlation between CO gas size and dtoc, (Radius / AU) = (30± 11) + (5.6± 1.6)
(dtoc / 0.01 pc), which is plotted as a dashed black line. The trend of HCO+ gas size vs. dtoc is constrained to: (Radius / AU)
= (90± 30) + (�2.4± 2.9) (dtoc / 0.01 pc). Right: Rgas vs. dtoc, but here we standardize the gas radii in order to compare the
best-fit of Rgas vs. dtoc to that of Rdust vs. dtoc. The fitted trend between the standardized CO gas radii and dtoc is (Radius
/ z-score) = (�1.5± 0.4) + (19.2± 5.5) (dtoc / pc). In blue, we plot the observed correlation between Rdust and dtoc, (Radius
/ z-score) = (�0.5 ± 0.7) + (6.1 ± 4.5) (dtoc / pc). This relationship is taken from Eisner et al. (2018), rescaled to match
our definition of Rdust (see Section 5.2.1), and standardized using the Eisner et al. (2018) sample mean and variance. After
standardizing the data, Rgas appears more sensitive to dtoc than Rdust by ⇠1.3�.

the relationship between the HCO+ gas size and cluster
radius, higher-sensitivity observations of the inner ONC
region are needed, as well as observations of additional
YSOs at larger cluster radii. Such observations would
also improve the precision on the relationship between
CO gas size and cluster radius.
Because Rgas exhibits a positive correlation with dtoc,

we might expect the measured line fluxes to show a
similar dependence. Figure 16 plots the line flux mag-
nitudes, Fgas, as a function of dtoc. Indeed, the gas
disks are typically brighter at distances further from ✓1

Ori C, where the FUV radiation field is weaker. The
majority of sources detected in absorption are located
at dtoc & 0.08 pc and thus, usually brighter than the
sources detected in emission. We derive positive cor-
relations between Fgas and dtoc for both the CO and
HCO+ lines, though we note that neither relationships
are constrained at high significance.
The fitted trends are broadly consistent with the ex-

pectation that the CO/HCO+ lines are optically thick.
If we assume that the disk temperature profile is well-
described by a power law, T (R) ⇠ R�� , then the flux of
an optically thick line scales as F ⇠ R2�� (e.g., Trap-
man et al. 2019). When the disk size exhibits a power-
law dependence with cluster radius, R ⇠ d↵

toc
, the flux

should scale as F ⇠ d(2��)↵
toc

. We fitted a power law to
the measured gas radii as a function of dtoc and obtained
a power-law slope of ↵ = 0.65 ± 0.18 for the CO data
(see Figure 16). This value reproduces the power-law
slope that we derive for the CO fit to Fgas vs. dtoc,
0.89 ± 0.76, for a broad range of temperature profiles
(e.g., � ⇡ 0� 1).
Finally, we investigate whether the correlations that

we obtain are consistent with those predicted from the
theories of disk photoevaporation. The gas-disk size
serves as the key probe of the influence of external pho-
toevaporation (e.g., Winter et al. 2019). In a high-
ionization environment like the ONC, we expect the gas-
disk size to scale with the gravitational radius, Rg, which
marks the boundary in which matter at a given tempera-
ture becomes unbound from the central star (Johnstone
et al. 1998; Owen et al. 2012). The gravitational
radius can be written as:

Rg =
GM⇤µmH

kBTd

. (2)

If we assume that the temperature of the outer disk,
Td, is set externally by FUV radiation from ✓1 Ori C,
then balance of heating and cooling implies that Td ⇠
d�1/2
toc

. Thus, for a fixed stellar mass, Rg ⇠ d1/2
toc

. This
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Figure 16. Top: Measured line flux magnitudes (Fgas) vs
projected distance from ✓1 Ori C (dtoc) for the sample of
ONC cluster members that were detected in gas. CO (3� 2)
fluxes and uncertainties are shown using green data points,
and HCO+(4 � 3) fluxes and uncertainties are shown with
purple data points. The dashed line and shaded region show
the extracted relationship between FCO vs. dtoc: log (Fgas

/ Jy km s�1) = (1.20 ± 0.85) + (0.89 ± 0.76) log (dtoc /
pc). The fitted trend for the HCO+ data (not shown) is: log
(Fgas / Jy km s�1) = (1.15±0.72)+(1.10±0.68) log (dtoc /
pc). Bottom: Rgas vs. dtoc, plotted on a logarithmic scale.
Here, the fitted trend for the CO data is log (Rgas / AU)
= (2.63± 0.21) + (0.65± 0.18) log (dtoc / pc).

is comparable to the power-law slope that we extract
when we fit to the CO gas radii (↵ = 0.65± 0.18).

5.4. Assessment of the Keplerian Modeling

While our current Keplerian models provide good fits
to the kinematic disk candidates (see Section 4.3 and
Appendix B), the biggest limitation in improving the
accuracy and precision of the fitting is the quality of
our data. Our observations are prone to significant CO
cloud contamination at the current S/N, spatial resolu-
tion, and optical depth. For the majority of sources near
the BN/KL and OMC-1 outflow regions, we see substan-
tial large-scale CO emission/absorption throughout the
channel maps. A few of the Keplerian models prefer fit-
ting to these features, which can impact our extracted
disk geometries (e.g., HC242, HC401, see also Appendix

B). Furthermore, although the HCO+ observations ex-
hibit weaker large-scale emission than the CO obser-
vations (see Appendix A), it is still possible that our
modeling of the HCO+ detections is a↵ected by cloud
contamination.
Higher-sensitivity molecular line observations are

needed to more accurately constrain the underlying
kinematics of the ONC disks. We still recommend CO
and HCO+ as e↵ective tracers, since these are easily de-
tectable and probe the underlying Keplerian rotation, as
demonstrated in this work. Optically thin lines such as
13CO and C18O also serve as promising candidates. The
Carma-NRO Orion survey (Kong et al. 2018) shows
that in the ONC region, the large-scale cloud emission
is substantially fainter in 13CO and C18O than in CO.
13CO and C18O disk emission are therefore less likely
to be confused with cloud emission.
To assess the e↵ects of cloud contamination, we recom-

mend a multiple-tracer modeling approach. Currently,
177-341W is the only kinematic disk candidate that we
model in both CO and HCO+. For this source, we de-
rive the same stellar mass, disk geometry, and systemic
velocity from separate fits to the CO and HCO+ chan-
nels maps, despite seeing di↵erent large-scale features
with each tracer (see Appendix B). As such, we suspect
that cloud contamination does not significantly impact
our modeling of 177-341W. By spectrally resolving mul-
tiple gas lines for the other kinematic disk candidates,
we can investigate how cloud contamination impacts our
modeling of the entire set of kinematic disk candidates.
By achieving higher sensitivity, we may also de-

tect signatures of the gas-rich photoevaporative wind.
Externally-irradiated disks, such as those in the ONC,
launch sub-Keplerian winds that drive material away
from the disk along spherically-diverging trajectories
(e.g., Adams et al. 2004). Haworth & Clarke (2019)
recently computed the first multidimensional models of
the wind, and they found that the morphology of the
outflowing gas di↵ers from that of a Keplerian disk.
Namely, the winds subtend larger solid angles than
previously assumed, and are therefore prominent and
potentially observable with ALMA. Haworth & Clarke
(2019) recommend probing the winds with atomic car-
bon lines, since the outflowing CO is easily dissociated
beyond the disk gravitational radius. We will explore
such line observations in future work.

5.5. Dynamical Masses

Out of the 13 kinematic disk candidates that we
model, 7 have previous measurements of stellar mass
that are derived spectroscopically using pre-main-
sequence (pre-MS) evolutionary tracks. These sources
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a protoplanet candidate and its manifestation as a spiral imprinted in the gas and dust distributions.
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Protoplanetary Disks in the Orion Nebula Cluster: Gas Disk Morphologies and Kine-
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We present Atacama Large Millimeter Array CO (3–2) and HCO+ (4–3) observations covering the central 1′′ × 1.′′5
region of the Orion Nebula Cluster (ONC). The unprecedented level of sensitivity (∼0.1 mJy beam−1) and angular
resolution (∼0.′′09 ≈ 35 AU) of these line observations enable us to search for gas-disk detections towards the known
positions of submillimeter-detected dust disks in this region. We detect 23 disks in gas: 17 in CO (3–2), 17 in HCO+

(4–3), and 11 in both lines. Depending on where the sources are located in the ONC, we see the line detections in
emission, in absorption against the warm background, or in both emission and absorption. We spectrally resolve the
gas with 0.5 km s−1 channels, and find that the kinematics of most sources are consistent with Keplerian rotation.
We measure the distribution of gas-disk sizes and find typical radii of ∼50–200 AU. As such, gas disks in the ONC
are compact in comparison with the gas disks seen in low-density star-forming regions. Gas sizes are universally
larger than the dust sizes. However, the gas and dust sizes are not strongly correlated. We find a positive correlation
between gas size and distance from the massive star θ1 Ori C, indicating that disks in the ONC are influenced by
photoionization. Finally, we use the observed kinematics of the detected gas lines to model Keplerian rotation and
infer the masses of the central pre-main-sequence stars. Our dynamically-derived stellar masses are not consistent
with the spectroscopically-derived masses, and we discuss possible reasons for this discrepancy.
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An Analytic Model for an Evolving Protoplanetary Disk with a Disk Wind

John Chambers1

1 Carnegie Institution for Science Department of Terrestrial Magnetism, 5241 Broad Branch Road, NW, Washington,
DC 20015, USA
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We describe an analytic model for an evolving protoplanetary disk driven by viscosity and a disk wind. The disk is
heated by stellar irradiation and energy generated by viscosity. The evolution is controlled by 3 parameters: (i) the
inflow velocity towards the central star at a reference distance and temperature, (ii) the fraction of this inflow caused
by the disk wind, and (iii) the mass loss rate via the wind relative to the inward flux in the disk. The model gives
the disk midplane temperature and surface density as a function of time and distance from the star. It is intended to
provide an efficient way to calculate conditions in a protoplanetary disk for use in simulations of planet formation. In
the model, disks dominated by viscosity spread radially while losing mass onto the star. Radial spreading is the main
factor reducing the surface density in the inner disk. The disk mass remains substantial at late times. Temperatures in
the inner region are high at early times due to strong viscous heating. Disks dominated by a wind undergo much less
radial spreading and weaker viscous heating. These disks have a much lower mass at late times than purely viscous
disks. When mass loss via a wind is significant, the surface density gradient in the inner disk becomes shallower, and
the slope can become positive in extreme cases.
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Figure 18. Top: comparison of our dynamically-derived
stellar masses (Mdyn) to the stellar masses derived spec-
troscopically using pre-main-sequence evolutionary tracks
(Mpre�MS). The comparison is only made for sources with
available spectroscopic measurements of bolometric luminos-
ity and e↵ective temperature. We use these measurements to
infer the stellar masses from a variety of evolutionary tracks
(see Section 5.5). The orange-colored markers correspond to
the di↵erent spectroscopic stellar masses, and the blue circles
correspond to the dynamical masses. The thick grey error-
bars on the dynamical masses show the 1� confidence level,
and the thin black lines show the 2� confidence level. Bot-
tom: ratio of the dynamical and spectroscopic stellar masses.

lay the non-magnetic tracks of Feiden (2016). A few of
the sources exhibit L⇤ and Teff values that do not al-
ways lie on the evolutionary tracks (e.g., HC422). When
this occurs, we have found that the inferred ages are sig-
nificantly young, . 1 Myr, such that on the HRD, the
sources are above the computed isochrones. The inferred
spectroscopic stellar masses and ages are highly uncer-
tain in those cases, and they are likely upper limits. Fur-
thermore, according to the evolutionary tracks that we

consider, 173-236 is aged at > 10 Myr. This does not co-
incide with the age spread of the ONC, ⇠ 1�3 Myr (Hil-
lenbrand 1997, see also Je↵ries et al. (2011)). These
measurements are probably impacted by the edge-on cir-
cumstellar disk that 173-236 possesses. We therefore
suspect that the reported spectroscopic stellar masses
of 173-236 may also be inaccurate.
Figure 18 compares the spectroscopically-derived

masses to our dynamically-derived stellar masses. We
generally find disagreement between the di↵erent mea-
surements. Only HC253 and HC401 bear dynamical
masses that agree with the spectroscopic stellar masses
by .2�. The majority of dynamical masses di↵er from
the spectroscopic masses by &2�. Depending on the
source, the dynamical mass under-predicts or over-
predicts the spectroscopic stellar mass by factors of
⇠3�10. These discrepancies are systematically larger
than those found in low-density star-forming regions
(e.g., Czekala et al. 2015, 2016; Simon et al. 2017;
Sheehan et al. 2019), as those corresponding stud-
ies report a greater degree of consistency between the
disk-based dynamical masses and spectroscopic stel-
lar masses, although the level of consistency is highly-
dependent on the choice of evolutionary tracks.
While our current results suggest that most of the

spectroscopic stellar masses are inconsistent with our
dynamical masses, we emphasize that both measure-
ments are prone to systematic error, which is not en-
tirely factored into the comparison shown in Figure 18.
We first consider the uncertainties associated with the
spectroscopically-derived quantities (other than the un-
certainties of the evolutionary tracks themselves). In the
ONC, obtaining accurate measurements of stellar lumi-
nosity and e↵ective temperature is confounded by a va-
riety of factors, including the high stellar density and en-
hanced nebulosity of the region (e.g., Hillenbrand 1997;
Da Rio et al. 2012). One caveat that we highlight here
pertains to the presence of highly-irradiated circumstel-
lar disks around the pre-MS stars. Circumstellar disks
in the ONC undergo extreme mass loss driven by FUV
radiation, and the outflowing gas is eventually ionized
by EUV radiation (e.g., Johnstone et al. 1998). The
ionized emission of the gas usually exhibits an extended
morphology (e.g., O’Dell et al. 1993; Bally et al. 1998)
and therefore contaminates measurements of stellar lu-
minosity, e↵ective temperature, and thus, stellar mass.
The bright proplyds of 177-341W and 170-337 demon-
strate the strong presence of ionized gas surrounding
the pre-MS stars, though we note that ionized gas is
also present around the pre-MS stars that lack bright
proplyds (e.g., Sheehan et al. 2016).

• エラーバー: thick greyは1σ、 
thin blackは2σ confidence 
level 

• オレンジ: 様々な分光観測 
• Mpre-MS: HR図より求めた質量 
• B15: Baraffe et al. (2015) 
F16M: Feiden (2016) 
magnetic F16: Feiden (2016) 
non-magnetic B12: Bressen 
et al. (2012) 
C14: Chen et al. (2014) 
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Outflows, cores, and magnetic field orientations in W43-MM1 as seen by ALMA

C. Arce1, F. Louvet1,2, P. C. Cortes3,4, F. Motte5, C. L. H. Hull3,6,7, V. J. M. Le Gouellec8,2, G. Garay1,
T. Nony5, P. Didelon2 and L. Bronfman1

1 Universidad de Chile, Camino el Observatorio 1515, Las Condes, Santiago de Chile; 2 Laboratoire AIM Paris-Saclay,
CEA/IRFU - CNRS/INSU - Université Paris Diderot, Service d’Astrophysique, Bât 709, CEA-Saclay, 91191 Gif-sur-
Yvette; 3 Join ALMA Observatory, Alonso de Cordova 3107, Vitacura, Santiago, Chile; 4 National Radio Astronomy
Observarory, Charlottesville, VA 22903, USA; 5 Univ. Grenoble Alpes, CNRS, IPAG, F-38000 Grenoble, France; 6

National Astronomical Observatory of Japan, NAOJ Chile, Alonso de Cordova, Santiago, Chile; 7 NAOJ Fellow; 8

European Southern Observatory, Alonso de Cordova 3788, Santiago, Chile

E-mail contact: fabien.louvet at cea.fr

It has been proposed that the magnetic field, pervasive in the ISM, plays an important role in the process of massive
star formation. To better understand its impact at the pre and protostellar stages, high-angular resolution observations
of polarized dust emission toward a large sample of massive dense cores are needed. To this end, we used the Atacama
Large Millimeter Array in Band 6 (1.3 mm) in full polarization mode to map the polarized emission from dust grains at
a physical scale of ∼2700 au in the massive protocluster W43-MM1. We used these data to measure the orientation of
the magnetic field at the core scale. Then, we examined the relative orientations of the core-scale magnetic field, of the
protostellar outflows determined from CO molecular line emission, and of the major axis of the dense cores determined
from 2D Gaussian fit in the continuum emission. We found that the orientation of the dense cores is not random with
respect to the magnetic field. Instead, the dense cores are compatible with being oriented 20-50◦ with respect to the
magnetic field. The outflows could be oriented 50-70◦ with respect to the magnetic field, or randomly oriented with
respect to the magnetic field, similar to current results in low-mass star-forming regions. In conclusion, the observed
alignment of the position angle of the cores with respect to the magnetic field lines shows that the magnetic field is
well coupled with the dense material; however, the 20-50◦ preferential orientation contradicts the predictions of the
magnetically-controlled core-collapse models. The potential correlation of the outflow directions with respect to the
magnetic field suggests that, in some cases, the magnetic field is strong enough to control the angular momentum
distribution from the core scale down to the inner part of the circumstellar disks where outflows are triggered.
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The kinematic structure of the Cygnus OB2 association is investigated. No evidence of expansion or contraction is
found at any scale within the region. Stars that are within ∼0.5 parsecs of one another are found to have more similar
velocities than would be expected by random chance, and so it is concluded that velocity substructure exists on these
scales. At larger scales velocity substructure is not found. We suggest that bound substructures exist on scales of ∼0.5
parsecs, despite the region as a whole being unbound. We further suggest that any velocity substructure that existed
on scales > 0.5 parsecs has been erased. The results of this study are then compared to those of other kinematic
studies of Cygnus OB2.
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On the Origin of the Bimodal Rotational Velocity Distribution in Stellar Clusters: Ro-
tation on the Pre-Main Sequence
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We address the origin of the observed bimodal rotational distribution of stars in massive young and intermediate age
stellar clusters. This bimodality is seen as split main sequences at young ages and also has been recently directly
observed in the V sin i distribution of stars within massive young and intermediate age clusters. Previous models have
invoked binary interactions as the origin of this bimodality, although these models are unable to reproduce all of
the observational constraints on the problem. Here we suggest that such a bimodal rotational distribution is set up
early within a cluster’s life, i.e., within the first few Myr. Observations show that the period distribution of low-mass
(<∼2 M!) pre-main sequence (PMS) stars is bimodal in many young open clusters and we present a series of models
to show that if such a bimodality exists for stars on the PMS that it is expected to manifest as a bimodal rotational
velocity (at fixed mass/luminosity) on the main sequence for stars with masses in excess of ∼1.5 M!. Such a bimodal
period distribution of PMS stars may be caused by whether stars have lost (rapid rotators) or been able to retain
(slow rotators) their circumstellar discs throughout their PMS lifetimes. We conclude with a series of predictions for
observables based on our model.
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Recent analyses have shown that the concluding stages of giant planet formation are accompanied by the development
of large-scale meridional flow of gas inside the planetary Hill sphere. This circulation feeds a circumplanetary disk that
viscously expels gaseous material back into the parent nebula, maintaining the system in a quasi-steady state. Here
we investigate the formation of natural satellites of Jupiter and Saturn within the framework of this newly outlined
picture. We begin by considering the long-term evolution of solid material, and demonstrate that the circumplanetary
disk can act as a global dust trap, where s• ∼ 0.1–10 mm grains achieve a hydrodynamical equilibrium, facilitated
by a balance between radial updraft and aerodynamic drag. This process leads to a gradual increase in the system’s
metallicity, and eventually culminates in the gravitational fragmentation of the outer regions of the solid sub-disk into
R ∼ 100 km satellitesimals. Subsequently, satellite conglomeration ensues via pairwise collisions, but is terminated
when disk-driven orbital migration removes the growing objects from the satellitesimal feeding zone. The resulting
satellite formation cycle can repeat multiple times, until it is brought to an end by photo-evaporation of the parent
nebula. Numerical simulations of the envisioned formation scenario yield satisfactory agreement between our model
and the known properties of the Jovian and Saturnian moons.
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of large-scale meridional flow of gas inside the planetary Hill sphere. This circulation feeds a circumplanetary disk that
viscously expels gaseous material back into the parent nebula, maintaining the system in a quasi-steady state. Here
we investigate the formation of natural satellites of Jupiter and Saturn within the framework of this newly outlined
picture. We begin by considering the long-term evolution of solid material, and demonstrate that the circumplanetary
disk can act as a global dust trap, where s• ∼ 0.1–10 mm grains achieve a hydrodynamical equilibrium, facilitated
by a balance between radial updraft and aerodynamic drag. This process leads to a gradual increase in the system’s
metallicity, and eventually culminates in the gravitational fragmentation of the outer regions of the solid sub-disk into
R ∼ 100 km satellitesimals. Subsequently, satellite conglomeration ensues via pairwise collisions, but is terminated
when disk-driven orbital migration removes the growing objects from the satellitesimal feeding zone. The resulting
satellite formation cycle can repeat multiple times, until it is brought to an end by photo-evaporation of the parent
nebula. Numerical simulations of the envisioned formation scenario yield satisfactory agreement between our model
and the known properties of the Jovian and Saturnian moons.
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We present simulations of a 500 pc2 region, containing gas of mass 4 × 106 M!, extracted from an entire spiral
galaxy simulation, scaled up in resolution, including photoionising feedback from stars of mass >18 M!. Our region
is evolved for 10 Myr and shows clustered star formation along the arm generating ≈ 5000 cluster sink particles ≈ 5%
of which contain at least one of the ≈ 4000 stars of mass >18 M!. Photoionisation has a noticeable effect on the gas
in the region, producing ionised cavities and leading to dense features at the edge of the HII regions. Compared to
the no-feedback case, photoionisation produces a larger total mass of clouds and clumps, with around twice as many
such objects, which are individually smaller and more broken up. After this we see a rapid decrease in the total mass
in clouds and the number of clouds. Unlike studies of isolated clouds, our simulations follow the long range effects of
ionisation, with some already-dense gas becoming compressed from multiple sides by neighbouring HII regions. This
causes star formation that is both accelerated and partially displaced throughout the spiral arm with up to 30% of
our cluster sink particle mass forming at distances >5 pc from sites of sink formation in the absence of feedback. At
later times, the star formation rate decreases to below that of the no-feedback case.
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Context. Planet formation is expected to take place in the first million years of a planetary system through various
processes, which remain to be tested through observations. Aims. With the recent discovery, using ALMA, of two
gaseous spiral arms inside the ∼120 au cavity and connected to dusty spirals, the famous protoplanetary disk around
AB Aurigae presents a strong incentive for investigating the mechanisms that lead to giant planet formation. A
candidate protoplanet located inside a spiral arm has already been claimed in an earlier study based on the same
ALMA data.
Methods. We used SPHERE at the Very Large Telescope to perform near-infrared high-contrast imaging of AB Aur in
polarized and unpolarized light in order to study the morphology of the disk and search for signs of planet formation.
Results. SPHERE has delivered the deepest images ever obtained for AB Aur in scattered light. Among the many
structures that are yet to be understood, we identified not only the inner spiral arms, but we also resolved a feature
in the form of a twist in the eastern spiral at a separation of about 30 au. The twist of the spiral is perfectly
reproduced with a planet-driven density wave model when projection effects are accounted for. We measured an
azimuthal displacement with respect to the counterpart of this feature in the ALMA data, which is consistent with
Keplerian motion on a 4 yr baseline. Another point sxce is detected near the edge of the inner ring, which is likely
the result of scattering as opposed to the direct emission from a planet photosphere. We tentatively derived mass
constraints for these two features.
Conclusions. The twist and its apparent orbital motion could well be the first direct evidence of a connection between
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a protoplanet candidate and its manifestation as a spiral imprinted in the gas and dust distributions.
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We present Atacama Large Millimeter Array CO (3–2) and HCO+ (4–3) observations covering the central 1′′ × 1.′′5
region of the Orion Nebula Cluster (ONC). The unprecedented level of sensitivity (∼0.1 mJy beam−1) and angular
resolution (∼0.′′09 ≈ 35 AU) of these line observations enable us to search for gas-disk detections towards the known
positions of submillimeter-detected dust disks in this region. We detect 23 disks in gas: 17 in CO (3–2), 17 in HCO+

(4–3), and 11 in both lines. Depending on where the sources are located in the ONC, we see the line detections in
emission, in absorption against the warm background, or in both emission and absorption. We spectrally resolve the
gas with 0.5 km s−1 channels, and find that the kinematics of most sources are consistent with Keplerian rotation.
We measure the distribution of gas-disk sizes and find typical radii of ∼50–200 AU. As such, gas disks in the ONC
are compact in comparison with the gas disks seen in low-density star-forming regions. Gas sizes are universally
larger than the dust sizes. However, the gas and dust sizes are not strongly correlated. We find a positive correlation
between gas size and distance from the massive star θ1 Ori C, indicating that disks in the ONC are influenced by
photoionization. Finally, we use the observed kinematics of the detected gas lines to model Keplerian rotation and
infer the masses of the central pre-main-sequence stars. Our dynamically-derived stellar masses are not consistent
with the spectroscopically-derived masses, and we discuss possible reasons for this discrepancy.
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We describe an analytic model for an evolving protoplanetary disk driven by viscosity and a disk wind. The disk is
heated by stellar irradiation and energy generated by viscosity. The evolution is controlled by 3 parameters: (i) the
inflow velocity towards the central star at a reference distance and temperature, (ii) the fraction of this inflow caused
by the disk wind, and (iii) the mass loss rate via the wind relative to the inward flux in the disk. The model gives
the disk midplane temperature and surface density as a function of time and distance from the star. It is intended to
provide an efficient way to calculate conditions in a protoplanetary disk for use in simulations of planet formation. In
the model, disks dominated by viscosity spread radially while losing mass onto the star. Radial spreading is the main
factor reducing the surface density in the inner disk. The disk mass remains substantial at late times. Temperatures in
the inner region are high at early times due to strong viscous heating. Disks dominated by a wind undergo much less
radial spreading and weaker viscous heating. These disks have a much lower mass at late times than purely viscous
disks. When mass loss via a wind is significant, the surface density gradient in the inner disk becomes shallower, and
the slope can become positive in extreme cases.
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