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ABSTRACT
The Disk Substructures at High Angular Resolution Project used ALMA to map the 1.25 millimeter

continuum of protoplanetary disks at a spatial resolution of ⇠ 5 au. We present a systematic analysis
of annular substructures in the 18 single-disk systems targeted in this survey. No dominant archi-
tecture emerges from this sample; instead, remarkably diverse morphologies are observed. Annular
substructures can occur at virtually any radius where millimeter continuum emission is detected and
range in widths from a few au to tens of au. Intensity ratios between gaps and adjacent rings range
from near-unity to just a few percent. In a minority of cases, annular substructures co-exist with other
types of substructures, including spiral arms (3/18) and crescent-like azimuthal asymmetries (2/18).
No clear trend is observed between the positions of the substructures and stellar host properties. In
particular, the absence of an obvious association with stellar host luminosity (and hence the disk
thermal structure) suggests that substructures do not occur preferentially near major molecular snow-
lines. Annular substructures like those observed in DSHARP have long been hypothesized to be due
to planet-disk interactions. A few disks exhibit characteristics particularly suggestive of this scenario,
including substructures in possible mean-motion resonance and Òdouble gapÓ features reminiscent of
hydrodynamical simulations of multiple gaps opened by a planet in a low-viscosity disk.

Keywords: protoplanetary disksÑISM: dustÑtechniques: high angular resolution

1. INTRODUCTION

Exoplanet surveys have uncovered remarkable diver-
sity in the masses, radii, and composition of exoplanets,
as well as in the overall architectures of exoplanetary
systems (e.g.,Howard et al. 2010; Borucki et al. 2011;
Winn & Fabrycky 2015; Fulton et al. 2017). These wide

Corresponding author: Jane Huang
jane.huang@cfa.harvard.edu

variations in properties are thought to be closely tied to
di! erences in where and when planets formed in the pro-
toplanetary disks orbiting young stars (e.g., ¬Oberg et al.
2011b; Mordasini et al. 2012; Lee & Chiang 2016). Re-
cent discoveries of complex features in protoplanetary
disks, such as annular substructures, spiral arms, and
high-contrast azimuthal asymmetries, have fueled inter-
est in using observed disk morphologies to infer the prop-
erties of an unseen population of newly-forming planets
(e.g., Muto et al. 2012; van der Marel et al. 2013; ALMA
Partnership et al. 2015; Isella et al. 2016).
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A. Meredith Hughes,12 Karin I. Öberg,1 Luca Ricci,13 David J. Wilner,1 and Shangjia Zhang3

1Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, United States of America
2Departamento de Astronomı́a, Universidad de Chile, Camino El Observatorio 1515, Las Condes, Santiago, Chile

3Department of Physics and Astronomy, University of Nevada, Las Vegas, 4505 S. Maryland Pkwy, Las Vegas, NV, 89154, USA
4Zentrum für Astronomie, Heidelberg University, Albert Ueberle Str. 2, 69120 Heidelberg, Germany

5Department of Physics and Astronomy, Rice University, 6100 Main Street, Houston, TX 77005, United States of America
6Unidad Mixta Internacional Franco-Chilena de Astronomı́a, CNRS/INSU UMI 3386, Departamento de Astronomı́a, Universidad de

Chile, Camino El Observatorio 1515, Las Condes, Santiago, Chile
7Univ. Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France

8Institute for Advanced Study and Tsinghua Center for Astrophysics, Tsinghua University, Beijing 100084, China
9University Observatory, Faculty of Physics, Ludwig-Maximilians-Universität München, Scheinerstr. 1, 81679 Munich, Germany

10Joint ALMA Observatory, Avenida Alonso de Córdova 3107, Vitacura, Santiago, Chile
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ABSTRACT

We present an analysis of ALMA 1.25 millimeter continuum observations of spiral structures in
three protoplanetary disks from the Disk Substructures at High Angular Resolution Project. The
disks around Elias 27, IM Lup, and WaOph 6 were observed at a resolution of ! 40 " 60 mas (! 6 " 7
au). All three disks feature m = 2 spiral patterns in conjunction with annular substructures. Gas
kinematics established by 12CO J = 2 " 1 observations indicate that the continuum spiral arms are
trailing. The arm-interarm intensity contrasts are modest, typically less than 3. The Elias 27 spiral
pattern extends throughout much of the disk, and the arms intersect the gap at R ! 69 au. The
spiral pattern in the IM Lup disk is particularly complex—it extends about halfway radially through
the disk, exhibiting pitch angle variations with radius and interarm features that may be part of ring
substructures or spiral arm branches. Spiral arms also extend most of the way through the WaOph
6 disk, but the source overall is much more compact than the other two disks. We discuss possible
origins for the spiral structures, including gravitational instability and density waves induced by a
stellar or planetary companion. Unlike the millimeter continuum counterparts of many of the disks
with spiral arms detected in scattered light, these three sources do not feature high-contrast crescent-
like asymmetries or large (R > 20 au) emission cavities. This di! erence may point to multiple spiral
formation mechanisms operating in disks.

Keywords: protoplanetary disks—ISM: dust—techniques: high angular resolution

1. INTRODUCTION

Spiral arms are thought to provide key clues to the
dynamical evolution of protoplanetary disks, although
the precise nature of spiral formation mechanisms is
highly debated. Proposed mechanisms for inducing spi-
ral features include perturbations by a stellar or plane-

Corresponding author: Jane Huang
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tary companion (e.g., Goldreich & Tremaine 1979; Lin
& Papaloizou 1986; Tanaka et al. 2002), gravitational
instability (e.g., Boss 1998; Mayer et al. 2004; Lodato
& Rice 2004), and pressure variations due to shadow-
ing from a misaligned inner disk (e.g., Montesinos et al.
2016; Montesinos & Cuello 2018).
Disk spiral structures have primarily been mapped in

scattered light observations, which trace small grains in
the upper layers of disks (e.g., Fukagawa et al. 2004;
Muto et al. 2012; Grady et al. 2013; Dong et al. 2018a).
However, scattered light does not probe the midplane,
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ABSTRACT

M stars are ideal targets to search for Earth-like planets. However, they usu-

ally have high levels of magnetic activity, which could affect their habitability

and make difficult the detection of exoplanets orbiting around them. Unfor-

tunately, long-term variability of dM stars has not been extensively studied,

due to their low intrinsic brightness. For this reason, in 1999 we started the

HKα project, which systematically observes the spectra of a large number

of stars, in particular dM stars, at the Complejo Astronómico El Leoncito

(CASLEO). In this work, we study the long-term activity of the young active

dM1 star AU Microscopii. We analyze the Mount Wilson index S derived from

CASLEO spectra obtained between 2004 and 2016, which we complement with

the S-index derived from HARPS, FEROS and UVES public spectra. We also

analyze the simultaneous photometric counterpart provided by the ASAS pub-

lic database for this star between 2000 and 2009, and our own photometry.

In both totally independent time series, we detect a possible activity cycle

of period ∼ 5 years. We also derived a precise rotation period for this star

Prot = 4.85 days, consistent with the literature. This activity cycle reflects

that an αΩ dynamo could be operating in this star.

Key words: stars: activity, chromosphere, low-mass, rotation – stars: indi-

vidual: AU Microscopii.

c⃝ 2018 The Authors
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ABSTRACT

M stars are ideal targets to search for Earth-like planets. However, they usu-

ally have high levels of magnetic activity, which could a! ect their habitability

and make di" cult the detection of exoplanets orbiting around them. Unfor-

tunately, long-term variability of dM stars has not been extensively studied,

due to their low intrinsic brightness. For this reason, in 1999 we started the

HK " project, which systematically observes the spectra of a large number

of stars, in particular dM stars, at the Complejo Astron«omico El Leoncito

(CASLEO). In this work, we study the long-term activity of the you ng active

dM1 star AU Microscopii. We analyze the Mount Wilson index S derived from

CASLEO spectra obtained between 2004 and 2016, which we complement with

the S-index derived from HARPS, FEROS and UVES public spectra. We also

analyze the simultaneous photometric counterpart provided by the ASAS pub-

lic database for this star between 2000 and 2009, and our own photometry.

In both totally independent time series, we detect a possible activitycycle

of period ! 5 years. We also derived a precise rotation period for this star

Prot = 4 .85 days, consistent with the literature. This activity cycle reßects

that an " # dynamo could be operating in this star.

Key words: stars: activity, chromosphere, low-mass, rotation Ð stars: indi-

vidual: AU Microscopii.

c! 2018 The Authors
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ABSTRACT

Context. The ocean mass of the Earth is only 2.3 ⇥ 10�4 of the whole planet mass. Even including water in the interior, the water
fraction would be at most 10�3 � 10�2. Ancient Mars may have had a similar or slightly smaller water fraction. What controlled the
amount of water in these planets has not been clear, although several models have been proposed. It is important to clarify the control
mechanism to discuss water delivery to rocky planets in habitable zones in exoplanetary systems, as well as that to Earth and Mars in
our solar system.
Aims. We consider water delivery to planets by icy pebbles after the snowline inwardly passes planetary orbits. We derive the water
mass fraction ( fwater) of the final planet as a function of disk parameters and discuss the parameters that reproduce a small value of
fwater comparable to that inferred for the Earth and ancient Mars.
Methods. We calculated the growth of icy dust grains to pebbles and the pebble radial drift with a 1D model, by simultaneously
solving the snowline migration and dissipation of a gas disk. With the obtained pebble mass flux, we calculated accretion of icy
pebbles onto planets after the snowline passage to evaluate fwater of the planets.
Results. We find that fwater is regulated by the total mass (Mres) of icy dust materials preserved in the outer disk regions at the timing
(t = tsnow) of the snowline passage of the planetary orbit. Because Mres decays rapidly after the pebble formation front reaches the
disk outer edge (at t = tp↵), fwater is sensitive to the ratio tsnow/tp↵ , which is determined by the disk parameters. We find tsnow/tp↵ < 10
or > 10 is important. By evaluating Mres analytically, we derive an analytical formula of fwater that reproduces the numerical results.
Conclusions. Using the analytical formula, we find that fwater of a rocky planet near 1 au is similar to the Earth, i.e., ⇠ 10�4 � 10�2, in
disks with an initial disk size of 30-50 au and an initial disk mass accretion rate of ⇠ (10�8 � 10�7)M�/r for disk depletion timescale
of ⇠ a few M years. Because these disks may be median or slightly compact/massive disks, our results suggest that the water fraction
of rocky planets in habitable zones may often be similar to that of the Earth if icy pebble accretion is responsible for water delivery.

Key words. Planets and satellites: formation, Accretion, Accretion disks

1. Introduction

Earth-size planets are being discovered in habitable zones (HZs)
in exoplanetary systems. These HZs are defined as a range of or-
bital radius, in which liquid water can exist on the planetary sur-
face if H2O exists there. However, as long as equilibrium tem-
perature is concerned, H2O ice grains condense only well be-
yond the HZs, because the gas pressure of protoplanetary disks
is many orders of magnitude lower than that of planetary atmo-
sphere and the condensation temperature is considerably lower
than that at 1 atm. Hereafter, we simply call H2O in a solid/liquid
phase “water.” For the Earth, a volatile supply by the gas capture
from the disk is ruled out because observed values of rare-Earth
elements are too low in the Earth to be consistent with the disk
gas capture (e.g., Brown 1949). Therefore, the water in the Earth
would have been delivered from the outer regions of the disk
during planet formation.

One possible water delivery mechanism to Earth is the
inward scattering of water-bearing asteroids by Jupiter (e.g.,
Raymond et al. 2004). If this is a dominant mechanism of water
delivery, the amount of delivered water is rather stochastic and
depends on configurations of giant planets in the planetary sys-
tems. If water is not delivered, a rocky planet in a HZ may not be

able to be an actual habitat. On the other hand, too much water
creates a planet without continents, where the supply of nutri-
ents may not be as e↵ective as in the Earth. The oceans of the
Earth comprise only 0.023% by weight and this amount enables
oceans and continents to coexist. The mantle may preserve water
in the transition zone with a comparable amount of ocean (e.g.,
Bercovici & Karato 2003; Hirschmann 2006; Fei et al. 2017),
while the core could have H equivalent to 2% by weight of H2O
of the Earth (Nomura et al. 2014). However, the original water
fraction of the Earth would still be very small (⇠ 10�4 � 10�2),
even with the possible water reservoir in the interior because nei-
ther stellar irradiation at ⇠ 1 au (Machida & Abe 2010) nor giant
impacts (Genda & Abe 2005) can vaporize the majority of the
water from the gravitational potential of Earth. We note that it is
inferred that Mars may have subsurface water of 10�4 � 10�3 of
Mars mass (e.g., di Achille & Hynek 2010; Cli↵ord et al. 2010;
Kurokawa et al. 2014). From the high D/H ratio observed in the
Venus atmosphere, early Venus may also have had oceans of the
fraction 10�5 � 10�3 and lost the H2O vapor through runaway
greenhouse e↵ect (e.g., Donahue et al. 1982; Greenwood et al.
2018). The order of water fraction looks similar at least between
the Earth and ancient Mars. Although the estimated total mass
fraction of water in the Earth and Mars has relatively large uncer-
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ABSTRACT
ALMA observations of protoplanetary disks acquired by the Disk Substructure at High Angular

Resolution Project (DSHARP) resolve the dust and gas emission on angular scales as small as 3
astronomical units, o! ering an unprecedented detailed view of the environment where planets form.
In this article, we present and discuss observations of the HD 163296 protoplanetary disk that imaged
the 1.25 mm dust continuum and 12CO J=2-1 rotational line emission at a spatial resolution of 4 and
10 au, respectively. The continuum observations resolve and allow us to characterize the previously
discovered dust rings at radii of 67 and 100 au. They also reveal new small scale structures, such
as a dark gap at 10 au, a bright ring at 15 au, a dust crescent at a radius of 55 au, and several
fainter azimuthal asymmetries. The observations of the CO and dust emission inform about the
vertical structure of the disk and allow us to directly constrain the dust extinction optical depth at
the dust rings. Furthermore, the observed asymmetries in the dust continuum emission corroborate
to the hypothesis that the complex structure of the HD 163296 disk is the result of the gravitational
interaction with yet unseen planets.

Keywords: protoplanetary disks, planet-disk interactions, submillimeter: planetary systems

1. INTRODUCTION

In recent years, millimeter-wave interferometers and
near infrared high contrast cameras have imaged nearby
protoplanetary systems at unprecendented angular res-
olution in both continuum and line emission (e.g., An-
drews et al. 2016; ALMA Partnership et al. 2015; Isella
et al. 2016; Keppler et al. 2018; Sallum et al. 2015). Al-
though still limited to a few objects, these observations

Corresponding author: Andrea Isella
isella@rice.edu

inform about the processes responsible for the formation
of planets.

Several circumstellar disks observed at a spatial reso-
lution better than 50 au reveal ring-like features in the
emission of small and large dust particles, as well as of
the molecular gas (Andrews et al. 2011b,a; Boehler et al.
2018; Dong et al. 2017, 2018; Fedele et al. 2017, 2018;
Isella et al. 2013, 2014; Tang et al. 2017; van der Marel
et al. 2015, 2016, 2018b; Zhang et al. 2014, 2016). In
particular, the homogeneous survey performed by the
Disk Substructure at High Angular Resolution Project
(DSHARP) has revealed that multiple-ring systems are
ubiquitous among the most massive circumstellar disks
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ABSTRACT

Planetary migration is a major challenge for planet formation theories. The speed of Type I migration is proportional to the mass of
a protoplanet, while the Þnal decade of growth of a pebble-accreting planetary core takes place at a rate that scales with the mass
to the two-thirds power. This results in planetary growth tracks (i.e., the evolution of a protoplanetÕs mass versus its distance from
the star) that become increasingly horizontal (migration-dominated) with rising mass of the protoplanet. It has been shown recently
that the migration torque on a protoplanet is reduced proportional to the relative height of the gas gap carved by the growing planet.
Here we show from 1-D simulations of planet-disc interaction that the mass at which a planet carves a 50% gap is approximately 2.3
times the pebble isolation mass. Our measurements of the pebble isolation mass from 1-D simulations match published 3-D results
relatively well, except at very low viscosities (! < 10" 3) where the 3-D pebble isolation mass is signiÞcantly higher, possibly due
to gap edge instabilities that are not captured in 1-D. The pebble isolation mass demarks the transition from pebble accretion to gas
accretion. Gas accretion to form gas-giant planets therefore takes place over a few astronomical units of migration after reaching
Þrst the pebble isolation mass and, shortly after, the 50% gap mass. Our results demonstrate how planetary growth can outperform
migration, both during core accretion and during gas accretion, even when the Stokes number of the pebbles is small, St# 0.01, and
the pebble-to-gas ßux ratio in the protoplanetary disc is in the nominal range of 0.01Ð0.02. We Þnd that planetary growth is very rapid
in the Þrst million years of the protoplanetary disc and that the probability for forming gas-giant planets increases with the initial size
of the protoplanetary disc and with decreasing turbulent di! usion.

Key words. planet-disk interactions, planets and satellites: formation, planets and satellites: gaseous planets

1. Introduction

The formation of planets involves many distinct steps in the
growth from dust and ice particles to full planetary system (a
realisation that was pioneered 50 years ago by Safronov, 1969).
The competition between radial migration and growth is nev-
ertheless a general theme in planet formation. The formation
of planetesimals, for example, has to overcome the radial drift
caused by the head-wind of the slower moving gas on the
growing particles (Weidenschilling, 1977; Brauer et al., 2008).
Trapping pebbles in pressure bumps formed in the turbulent gas
ßow (Lyra et al., 2008; Johansen et al., 2009a; Bai, 2015) or by
embedded planets (Lyra et al., 2009) or through run-away pile-
ups caused by the friction on the gas (Youdin & Goodman, 2005;
Johansen et al., 2009b; Bai & Stone, 2010; Gonzalez et al., 2017;
Draüúzkowska et al., 2016) provide possible solutions to the radial
drift problem of planetesimal formation.

Planetary migration results from the gravitational torque ex-
erted on a protoplanet by the spiral density wakes excited in the
gaseous protoplanetary disc (Lin & Papaloizou, 1979; Goldreich
& Tremaine, 1980; Tanaka et al., 2002). The nominal Type I mi-
gration rate reaches approximately 1 m/s (about 100 AU/Myr)
for a 10-Earth-mass protoplanet embedded in a young, massive
protoplanetary disc. The solutions proposed to mitigate catas-
trophic Type I migration include slowing down or even reversing
the migration where the temperature gradient is steep in the in-
ner regions of the protoplanetary disc (Paardekooper et al., 2010;
Lyra et al., 2010; Bitsch et al., 2014; Brasser et al., 2017), or

Send o↵print requests to:
A. Johansen (e-mail:anders@astro.lu.se )

by a positive corotation torque resulting from the accretion heat
of the protoplanet (Ben«õtez-Llambay et al., 2015) or from the
scattering of (large) pebbles (Ben«õtez-Llambay & Pessah, 2018).
Migration can even stall entirely if the turbulent viscosity is too
weak to di! use away the gas density enhancement that forms in-
terior of the planetary orbit (RaÞkov, 2002; Li et al., 2009; Fung
& Lee, 2018).

A more direct way to overcome Type I migration is simply
for the planetary core to increase its mass very rapidly. The ac-
cretion rate of pebbles is potentially high enough for the proto-
planet growth to outperform the nominal rate of Type I migration
(Lambrechts & Johansen, 2014; Ormel et al., 2017; Johansen &
Lambrechts, 2017). Bitsch et al. (2015b) demonstrated that pro-
toplanets forming several tens of AU from the host star have
enough space to grow to gas-giant planets while they migrate
into 5Ð10 AU orbits1. However, Br¬ugger et al. (2018) found that
the pebble ßux rate in the model of Bitsch et al. (2015b) was arti-
Þcially high and that nominal pebble ßuxes (#0.01 relative to the
gas ßux) do not yield high enough core growth rates to compete
with migration, unless the metallicity is enhanced signiÞcantly
beyond the solar value. Bitsch et al. (2018a) argued instead that
the pebble sizes and surface densities of Bitsch et al. (2015b)
in fact correspond well to observations of protoplanetary discs.
However, although the protoplanetary disc model advocated in
Bitsch et al. (2018a) is motivated observationally, the pebble
sizes and surface densities used in that work are not anchored
in self-consistent theoretical models of pebble growth and drift.

1 Matsumura et al. (2017), on the other hand, started the seeds in the
5Ð10 AU region and showed how this leads mainly to the formation of
warm and hot Jupiters
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Classical T-Tauri stars with VPHAS+: II: NGC 6383 in
Sh 2-012!  

V. M. Kalari 1,2à
1Gemini Observatory, Southern Operations Center, c/o AURA, Casilla 603, La Serena, Chile
2Gemini-CONICYT, Departamento de Astronom«õa, Universidad de Chile, Casilla 36-D Santiago, Chile

16 December 2014

ABSTRACT

This paper presents optical (ugri H! )Ðinfrared (JHKs,3.6Ð8.0µm) photometry, and
Gaia astrometry of 55 Classical T-Tauri stars (CTTS) in the star-forming region Sh 2-
012, and itÕs central cluster NGC 6383. The sample was identiÞed based on photo-
metric H! emission line widths, and has a median age of 2.8± 1.6 Myr, with a mass
range between 0.3Ð1M�. 94% of CTTS with near-infrared cross-matches fall on the
near-infrared T-Tauri locus, with all stars having mid-infrared photometry exhibiting
evidence for accreting circumstellar discs. CTTS are found concentrated around the
central cluster NGC 6383, and towards the bright rims located at the edges of Sh 2-012.
Stars across the region have similar ages, suggestive of a single burst of star forma-
tion. Mass accretion rates ( úM acc) estimated via H! and u-band line intensities show a
scatter (0.3 dex) similar to spectroscopic studies, indicating the suitability of H! pho-
tometry to estimate úM acc. Examining the variation of úM acc with stellar mass (M ⇤),
we Þnd a smaller intercept in the úM acc-M ⇤ relation than oft-quoted in the literature,
providing evidence to discriminate between competing theories of protoplanetary disc
evolution.

Key words: accretion, accretion discs, stars: pre-main sequence, stars: variables:
T Tauri, open clusters and associations: individual: Sh 2-012, NGC 6383

1 INTRODUCTION

In the current paradigm of pre-main sequence (PMS) evolu-
tion, optically visible, PMS stars, i.e. Classical T-Tauri stars
(CTTS) accrete gas from their circumstellar disc via a stellar
magnetosphere (Koenigl 1991; Calvet & Hartmann 1992),
facilitated in part by removal of angular momentum via
outßows. This accretion processes results in a combination
of unique signatures including excess ultraviolet continuum
and line emission (notably in H ! ); and infrared excess (at
" > 2µm) due to the circumstellar disc (Gullbring et al. 1998;
Muzerolle et al. 2003). Mass accretion ( úM acc ) results in mass
gain eventually leading to the main-sequence turn on, while
the remaining disc coagulates and forms planetary systems.
How T-Tauri stars accrete mass from their disc while losing
angular momentum remains an outstanding question (Hart-
mann et al. 2016). Understanding this process is essential

! Source code to calculate the photometric H! emission line
widths and associated stellar models for the VPHAS+ filters can
be found at https://github.com/astroquackers/HaEW
  Table 1 is available in electronic form only
à E-mail: : venukalari@gmail.com

as it controls the evolution of protoplanetary discs and the
planetary systems within (Alexander et al. 2014). Currently,
viscous evolution (Hartmann et al. 1998; Balbus & Hawley
1998) acting in conjunction with sources of ionisation (for
e.g. gamma-rays in Gammie (1999), or as summarised in
Gorti et al. (2015); Ercolano & Pascucci (2017) from inter-
nal photoevaporation, UV-radiation, or X-rays) are consid-
ered the chief accretion drivers. Hydrodynamic turbulence
(Hartmann & Bae 2018), or Bondi-Hoyle accretion (Padoan
et al. 2005; Hartmann 2008) have also been proposed. These
competing theories predict variations in how úM acc of PMS
stars changes with respect to stellar mass and age. Hence,
obtaining large samples of stellar and accretion estimates of
PMS stars is the key to understanding disc evolution.

The observational study of accretion in young stars has
been the subject of a large body of observational work (see
Hartmann et al. 2016 for a recent review). Conventionally,
accretion properties of PMS stars are obtained from spectro-
scopic studies of a few select objects (e.g., Muzerolle et al.
2003; Natta et al. 2006; Herczeg & Hillenbrand 2008; Kalari
& Vink 2015; Manara et al. 2017), either based on their
UV continuum excess, or emission line strengths. Recently
De Marchi et al. (2010); Barentsen et al. (2011), and Kalari

c! 2014 RAS
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The Disk Substructures at High Angular Resolution Project (DSHARP):
IV. Characterizing substructures and interactions in disks around multiple star systems.
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11 Department of Physics and Astronomy, California State University Northridge, 18111 Nordho ! Street, Northridge, CA 91130, USA

ABSTRACT

To characterize the substructures induced in protoplanetary disks by the interaction between stars in
multiple systems, we study the 1.25 mm continuum and the 12CO(J = 2 ! 1) spectral line emission of
the triple systems HT Lup and AS 205, at scales of" 5 au, as part of the ÒDisk Substructures at High
Angular Resolution ProjectÓ (DSHARP). In the continuum emission, we Þnd two symmetric spiral
arms in the disk around AS 205 N, with pitch angle of 14! , while the southern component AS 205 S,
itself a spectroscopic binary, is surrounded by a compact inner disk and a bright ring at a radius of
34 au. The 12CO line exhibits clear signatures of tidal interactions, with spiral arms, extended arc-like
emission, and high velocity gas, possible evidence of a recent close encounter between the disks in
the AS 205 system, as these features are predicted by hydrodynamic simulations of ßy-by encounters.
In the HT Lup system, we detect continuum emission from all three components. The primary disk,
HT Lup A, also shows two-armed symmetric spiral structure with a pitch angle of 4! , while HT Lup B
and C, located at 25 and 434 au in projected separation from HT Lup A, are barely resolved with# 5
and # 10 au in diameter, respectively. The gas kinematics for the closest pair indicates a di! erent
sense of rotation for each disk, which could be explained by either a counter rotation of the two
disks in di! erent, close to parallel, planes, or by a projection e! ect of these disks with a close to 90!

misalignment between them.

Keywords: protoplanetary disks, stars: binaries (close), ISM: dust, techniques: high angular resolution

1. INTRODUCTION

In the early stages of star formation, the conservation
of angular momentum through the gravitational collapse
leads to the formation of a gas and dust disk around the
young forming star; it is here where planetary systems

Corresponding author: Nicol«as T. Kurtovic
nicokurtovic@gmail.com

may form. Given that most stars live or appear to have
been formed in binary or multiple systems (Raghavan
et al. 2010; Duchöene & Kraus 2013), it is expected that
companions or close encounters will modify the disks in
multiple stellar systems, when compared to disks around
single, isolated stars.

Nonetheless, planets have been detected around single
stars in multiple systems (e.g.,Eggenberger et al.2007;
Chauvin et al. 2011), mostly at separations larger than
few tens of au, although this might be an e! ect of se-

ar
X

iv
:1

81
2.

04
53

6v
1 

 [a
st

ro
-p

h.
S

R
]  

11
 D

ec
 2

01
8 Extremely High Excitation SiO Lines in Disk-Outßow System in Orion Source I

Mi Kyoung Kim 1,2, Tomoya Hirota3,4, Masahiro N. Machida5, Yuko Matsushita5, Kazuhito
Motogi6, Naoko Matsumoto3,7 & Mareki Honma1,8

mikyoung.kim@nao.ac.jp

ABSTRACT

We present high-resolution images of the submillimeter SiO line emissions of
a massive young stellar object Orion Source I using the Atacama Large Millime-
ter/Submillimeter Array (ALMA) at band 8. We detected the 464 GHz SiO v=4
J =11-10 line in Source I, which is the Þrst detection of the SiOv=4 line in star-
forming regions, together with the 465 GHz29SiO v=2 J =11-10 and the 428 GHz SiO
v=2 J =10-9 lines with a resolution of 50 AU. The 29SiO v=2 J =11-10 and SiO v=4
J =11-10 lines have compact structures with the diameter of< 80 AU. The spatial and
velocity distribution suggest that the line emissions are associated with the base of the
outßow and the surface of the edge-on disk. In contrast, SiOv=2 J =10-9 emission
shows a bipolar structure in the direction of northeast-southwest low-velocity outßow
with ! 200 AU scale. The emission line exhibits a velocity gradient along the direction
of the disk elongation. With the assumption of the ring structure with Keplerian ro-
tation, we estimated the lower limit of the central mass to be 7M ! and the radius of
12 AU< r < 26 AU.

1Mizusawa VLBI Observatory, National Astronomical Observatory of Japan, Hoshigaoka 2-12, Mizusawa-ku, Oshu,
Iwate 023-0861, Japan

2Korea Astronomy and Space Science Institute, Hwaam-dong 61-1, Yuseong-gu, Daejeon, 305-348, Republic of
Korea

3Mizusawa VLBI Observatory, National Astronomical Observatory of Japan, Osawa 2-21-1, Mitaka, Tokyo 181-
8588, Japan

4Department of Astronomical Sciences, SOKENDAI (The Graduate University for Advanced Studies), Osawa
2-21-1, Mitaka, Tokyo 181-8588, Japan

5Department of Earth and Planetary Sciences, Faculty of Sciences, Kyushu University, Motooka 744, Nishi-ku,
Fukuoka, Fukuoka 819-0395, Japan

6Graduate School of Science and Engineering, Yamaguchi University, Yoshida 1677-1, Yamaguchi, Yamaguchi
753-8511, Japan

7The Research Institute for Time Studies, Yamaguchi University, Yoshida 1677-1, Yamaguchi, Yamaguchi 753-
8511, Japan

8Department of Astronomical Sciences, SOKENDAI (The Graduate University for Advanced Studies),
Hoshigaoka2-12, Mizusawa-ku, Oshu, Iwate 023-0861, Japan
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The potential of combining MATISSE and ALMA observations:
Constraining the structure of the innermost region in

protoplanetary discs
J. Kobus, S. Wolf, and R. BrunngrŠber

Institut fŸr Theoretische Physik und Astrophysik, Christian-Albrechts-UniversitŠt zu Kiel, Leibnizstra§e 15, 24118 Kiel, Germany
e-mail: jkobus@astrophysik.uni-kiel.de

ABSTRACT

Context. In order to study the initial conditions of planet formation, it is crucial to obtain spatially resolved multi-wavelength obser-
vations of the innermost region of protoplanetary discs.
Aims. We evaluate the advantage of combining observations with MATISSE/VLTI and ALMA to constrain the radial and vertical
structure of the dust in the innermost region of circumstellar discs in nearby star-forming regions.
Methods. Based on a disc model with a parameterized dust density distribution, we apply 3D radiative-transfer simulations to obtain
ideal intensity maps. These are used to derive the corresponding wavelength-dependent visibilities we would obtain with MATISSE
as well as ALMA maps simulated withCASA.
Results. Within the considered parameter space, we Þnd that constraining the dust density structure in the innermost 5 au around
the central star is challenging with MATISSE alone, whereas ALMA observations with reasonable integration times allow us to
derive signiÞcant constraints on the disc surface density. However, we Þnd that the estimation of the di! erent disc parameters can be
considerably improved by combining MATISSE and ALMA observations. For example, combining a 30-minute ALMA observation
(at 310 GHz with an angular resolution of 0.03"") for MATISSE observations in theL andM bands (with visibility accuracies of about
3 %) allows the radial density slope and the dust surface density proÞle to be constrained to within" ! = 0.3 and" (! # " ) = 0.15,
respectively. For an accuracy of$ 1 % even the disc ßaring can be constrained to within" " = 0.1. To constrain the scale height to
within 5 au,M band accuracies of 0.8 % are required. While ALMA is sensitive to the number of large dust grains settled to the disc
midplane we Þnd that the impact of the surface density distribution of the large grains on the observed quantities is small.

Key words. Protoplanetary discs Ð Radiative transfer Ð Techniques: interferometric Ð Stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

The di! erences between exoplanets and the planets in the solar
system became apparent with the Þrst detection of an exoplanet
orbiting a Sun-like star (Mayor & Queloz 1995), which turned
out to be a hot jupiter orbiting 51 Pegasi with a semi-major
axis of 0.05 au. Today, more than 3800 exoplanets (exoplanet.eu;
Schneider et al. 2011) are known, showing great heterogeneity
regarding their masses and sizes as well as their orbital separa-
tions and orientations. For two decades now, the development of
planet formation models explaining the broad variety of plane-
tary systems has been a major topic in modern astrophysics.

Planets form in discs around their host stars. These proto-
planetary discs, with a mixture of about 99% gas and 1% dust
(e.g. Draine et al. 2007), provide the material for the formation
of planets. In typical lifetimes of a few million years (e.g. Richert
et al. 2018; Haisch et al. 2001), such discs dissipate through dif-
ferent mechanisms; examples are accretion (e.g. Hartmann et al.
2016), photoevaporation (e.g. Owen et al. 2012; Alexander et al.
2006), and planet formation eventually leaving debris discs and
planetary systems.

Despite numerous observations of exoplanets, planets in the
solar system, and circumstellar discs in di! erent evolutionary
stages, as well as the detailed analysis of meteorites and comets,
the formation of planets is still not well understood. Open ques-
tions are: How do planetesimals form? Where do giant planets

form? How does migration inßuence the planet formation pro-
cess? (see reviews by Morbidelli & Raymond 2016; Wolf et al.
2012).

Planet formation models are often based on the minimum
mass solar nebula (MMSN). The MMSN is a protoplanetary disc
containing just enough solid material to build the planets of the

solar system and has a surface density# = 1700
!

r
1 au

"#1.5
g cm#2

(Hayashi 1981). The construction of the MMSN is based on two
main assumptions: a) the planet formation process has an e$ -
ciency of 100 % and b) the planets formed in situ. The in situ for-
mation of massive planets found near their central star, such as
super earths, requires a much denser inner disc described by the
minimum mass extrasolar nebula (MMEN, Chiang & Laughlin
2013). However, assuming that pebble accretion and migration
are involved in the planet formation process (e.g. Johansen &
Lambrechts 2017; Ogihara et al. 2015), the density distribution
in the central disc region can be signiÞcantly di! erent. Thus,
studying the physical properties in the innermost region of pro-
toplanetary discs will give us reasonable initial conditions to im-
prove the models of planet formation. To avoid degeneracies, it
is crucial to obtain spatially resolved multi-wavelength observa-
tions.

Interferometry is indispensable in this context, as only inter-
ferometers currently provide su$ cient spatial resolution (sub-au
in the case of the Very Large Telescope Interferometer; VLTI)

Article number, page 1 of 12
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Water delivery by pebble accretion to rocky planets in habitable
zones in evolving disks
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ABSTRACT

Context. The ocean mass of the Earth is only 2.3 ⇥ 10�4 of the whole planet mass. Even including water in the interior, the water
fraction would be at most 10�3 � 10�2. Ancient Mars may have had a similar or slightly smaller water fraction. What controlled the
amount of water in these planets has not been clear, although several models have been proposed. It is important to clarify the control
mechanism to discuss water delivery to rocky planets in habitable zones in exoplanetary systems, as well as that to Earth and Mars in
our solar system.
Aims. We consider water delivery to planets by icy pebbles after the snowline inwardly passes planetary orbits. We derive the water
mass fraction ( fwater) of the final planet as a function of disk parameters and discuss the parameters that reproduce a small value of
fwater comparable to that inferred for the Earth and ancient Mars.
Methods. We calculated the growth of icy dust grains to pebbles and the pebble radial drift with a 1D model, by simultaneously
solving the snowline migration and dissipation of a gas disk. With the obtained pebble mass flux, we calculated accretion of icy
pebbles onto planets after the snowline passage to evaluate fwater of the planets.
Results. We find that fwater is regulated by the total mass (Mres) of icy dust materials preserved in the outer disk regions at the timing
(t = tsnow) of the snowline passage of the planetary orbit. Because Mres decays rapidly after the pebble formation front reaches the
disk outer edge (at t = tp↵), fwater is sensitive to the ratio tsnow/tp↵ , which is determined by the disk parameters. We find tsnow/tp↵ < 10
or > 10 is important. By evaluating Mres analytically, we derive an analytical formula of fwater that reproduces the numerical results.
Conclusions. Using the analytical formula, we find that fwater of a rocky planet near 1 au is similar to the Earth, i.e., ⇠ 10�4 � 10�2, in
disks with an initial disk size of 30-50 au and an initial disk mass accretion rate of ⇠ (10�8 � 10�7)M�/r for disk depletion timescale
of ⇠ a few M years. Because these disks may be median or slightly compact/massive disks, our results suggest that the water fraction
of rocky planets in habitable zones may often be similar to that of the Earth if icy pebble accretion is responsible for water delivery.

Key words. Planets and satellites: formation, Accretion, Accretion disks

1. Introduction

Earth-size planets are being discovered in habitable zones (HZs)
in exoplanetary systems. These HZs are defined as a range of or-
bital radius, in which liquid water can exist on the planetary sur-
face if H2O exists there. However, as long as equilibrium tem-
perature is concerned, H2O ice grains condense only well be-
yond the HZs, because the gas pressure of protoplanetary disks
is many orders of magnitude lower than that of planetary atmo-
sphere and the condensation temperature is considerably lower
than that at 1 atm. Hereafter, we simply call H2O in a solid/liquid
phase “water.” For the Earth, a volatile supply by the gas capture
from the disk is ruled out because observed values of rare-Earth
elements are too low in the Earth to be consistent with the disk
gas capture (e.g., Brown 1949). Therefore, the water in the Earth
would have been delivered from the outer regions of the disk
during planet formation.

One possible water delivery mechanism to Earth is the
inward scattering of water-bearing asteroids by Jupiter (e.g.,
Raymond et al. 2004). If this is a dominant mechanism of water
delivery, the amount of delivered water is rather stochastic and
depends on configurations of giant planets in the planetary sys-
tems. If water is not delivered, a rocky planet in a HZ may not be

able to be an actual habitat. On the other hand, too much water
creates a planet without continents, where the supply of nutri-
ents may not be as e↵ective as in the Earth. The oceans of the
Earth comprise only 0.023% by weight and this amount enables
oceans and continents to coexist. The mantle may preserve water
in the transition zone with a comparable amount of ocean (e.g.,
Bercovici & Karato 2003; Hirschmann 2006; Fei et al. 2017),
while the core could have H equivalent to 2% by weight of H2O
of the Earth (Nomura et al. 2014). However, the original water
fraction of the Earth would still be very small (⇠ 10�4 � 10�2),
even with the possible water reservoir in the interior because nei-
ther stellar irradiation at ⇠ 1 au (Machida & Abe 2010) nor giant
impacts (Genda & Abe 2005) can vaporize the majority of the
water from the gravitational potential of Earth. We note that it is
inferred that Mars may have subsurface water of 10�4 � 10�3 of
Mars mass (e.g., di Achille & Hynek 2010; Cli↵ord et al. 2010;
Kurokawa et al. 2014). From the high D/H ratio observed in the
Venus atmosphere, early Venus may also have had oceans of the
fraction 10�5 � 10�3 and lost the H2O vapor through runaway
greenhouse e↵ect (e.g., Donahue et al. 1982; Greenwood et al.
2018). The order of water fraction looks similar at least between
the Earth and ancient Mars. Although the estimated total mass
fraction of water in the Earth and Mars has relatively large uncer-
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惑星の水の起源として、惑星形成後snowline が内側に移動し、 
icy pebble が降着するシナリオを考える。 
1Dモデルでicy pebble の形成とradial drift を考慮。円盤進化と同時に計算。 
惑星のmigration は無視。初期は惑星は完全に岩石、icy pebble は岩石：氷=1:1

Ida, Yamamura, Okuzumi: Water delivery by icy pebbles

As we explained in section 2.1, the other disk parameters are
calculated by these parameters. We perform simulations with

1) úMg,0 = 3 ! 10" 8, 10" 7M#/ y,
2) úMpe = 10" 9, 10" 8M#/ y,
3) rd,0 = 30,100,300 au,
4) tdi! = 106, 3 ! 106 y.
The initial total gas disk mass is given by Eq. (9) as

Mg,0 = 2tdi! ( úMg,0 " úMpe)

= 0.06
!

tdi!

106y

" ! úMg,0 " úMpe

3 ! 10" 8M#/ y

"
M#, (31)

which ranges from 0.06M# to 0.6M# with the above parameters.
Because we start with relatively largeúMg,0, the initial disk mass
is relatively large. As we show in section 4, initially massive
disks tend to produce dry planets, while small mass disks tend to
produce water-rich planets.

The initial dust surface density distribution is simply given
by 0.01" g,0. With the gas disk evolution, we simultaneously cal-
culate the pebble growth from the dust disk and its migration.
The dust disk is depleted by the formation and radial drift of
pebbles.

We set Venus, Earth, and Mars analogs in circular orbits with
the same masses and semimajor axes as the current Venus, Earth,
and Mars in solar system. For the results presented in this work,
we assumeM$ = M# andL$ = L#, while we retain the depen-
dence onM$ andL$ in the equations. For other-mass stars, the
dependence ofúMg,0, úMpe, rd,0, andtdi! on the stellar mass also
have to be considered.

3. Numerical results

3.1. Icy grain/pebble evolution

We calculate the growth and radial drift of icy grains and pebbles
following the method by Sato et al. (2016), which is described
in section 2.2. The evolution of icy particles (grains and peb-
bles) found by simulations of Sato et al. (2016) is summarized
as follows:

1. The growth timescale of a particle with massmp is well ap-
proximated by the simple formula with#vpp % #vt in the
Epstein regime (also see Takeuchi & Lin 2005; Brauer et al.
2008) as

tgrow =
mp

dmp/ dt
%

4
&

3!
Z" 1

0 $ " 1, (32)

whereZ0 is the initial particle-to-gas ratio in the disk. The
timescale of growth fromµm-sized grains to pebbles by sev-
eral orders of magnitude in radius is

tgrow,peb ' 10tgrow

%2 ! 105
# Z0

10" 2

$" 1 # r
100 au

$3/ 2
!

M$

M#

"" 1/ 2

y. (33)

2. The drift timescale becomes shorter asmp (equivalently,
Stokes number St) increases (Eq. 22), while the growth
timescale is independent ofmp (Eq. 32). Whentdrift becomes
smaller thantgrow, the particle drift e! ectively starts and" p
starts being sculpted. From Eqs. (22) and (32) withZ0 re-
placed by the particle-to-gas ratio of drifting pebbles (Z), the
equilibrium Stokes number of drifting pebbles is

St '

&
3!

8"
Z ' 0.03

# Z0

10" 2

$ # r
100 au

$" 1/ 2
, (34)

where we used a typical value of the solid-to-gas ratio of mi-
grating pebble,Z ' 0.1Z0 (Ida et al. 2016), where we adopt
Z0 as the initial particle-to-gas ratio and adoptZ0 = 0.01 as
a nominal value.

3. The sensitiver-dependence oftgrow,peb results in Òan inside-
out formationÓ of pebbles; formation is earlier in the in-
ner region and the formation front migrates outward (also
see Brauer et al. 2008; Okuzumi et al. 2012; Birnstiel et al.
2012; Lambrechts & Johansen 2014). After the pebble for-
mation front reaches the disk outer edge," p rapidly decays
uniformly in the disk because the supply from further outer
regions to the outermost region is limited.

As we show below, the time (tp! ) at which the pebble forma-
tion front reaches the disk outer edge is a very important param-
eter. The timescale for the pebble formation front to reach the
radius ofrd,0 is given with Eq. (33) by

tp! ' 2 ! 105
# Z0

10" 2

$" 1 # rd,0

100 au

$3/ 2
!

M$

M#

"" 1/ 2

y. (35)

In other words, the pebble formation front radius is given as a
function of time (t) by

rp! ' 100
!

t
2 ! 105y

"2/ 3 # Z0

10" 2

$2/ 3 !
M$

M#

"1/ 3

au. (36)

The timescaletp! is determined only byrd,0 in the disk param-
eters. It is independent of the other disk parameters such astdi!
and úMg,0.

Once the formation front reachesrd,0, the supply of solid
materials from further outer regions is limited. Accordingly,
the pebble formation and drift from there results in the decay
of " p nearrd,0. The solid surface density atr < rd,0 also de-
cays because it is contributed from drifting pebbles formed near
the formation front. Thus, the decay rate of" p for t > tp! is
regulated by the pebble growth nearrd,0, and is approximated
as #" p/ #t ' " " p/ tp! % "(

&
3! / 40)(" 2

p/ " g)$ . From this re-
lation, Z = " p/ " g ( t" 1 at t > tp! , which is approximated
as Z ( (1 + t/ tp! )" 1. However, the numerical results show a
faster decrease due to the e! ect of Þniterd,0 (Sato et al. 2016).
The numerically obtained time evolution ofZ at r = rd,0 with
rd,0 = 30,100 and 300 au is shown in Fig. 2. Forrd,0 = 30,100,
and 300 au,tp! %3.3! 104, 2.0! 105, and 1! 106 y, respectively
(Eq. 36). We Þt the numerical results as

Z ( (1 + t/ tp! )" $, (37)

where

$ = 1 + $2(300 au/ rd,0),
$2 ' 0.15. (38)

Becausetp! >' tdi! and the Þniterd,0 does not a! ect r >' 300 au
(Eq. 36), therd,0-dependence as a factor of (300 au/ rd,0) is rea-
sonable. Although the value of$2 may include an uncertainty
due to the disk model and the single-size approximation, we
show in section 5 that the predicted function of the water fraction
depends only weakly on$2.

We note that we assume that collisions between icy pebbles
always result in sticking and the pebble size is determined by the
drift limit. If the pebble growth is limited by bouncing collisions
or collisional fragmentation, St is determined by the threshold
velocity for bouncing or fragmentation, which is lower than the
value in Eq. (34), and Equation (36) depends on the threshold
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Fig. 1. Time evolution of the transition radiusrvis/ irr (Eq. 5; red lines), snowlinersnow = max(rsnow,vis, rsnow,irr ) (Eqs. 6 and 7; blue
lines), disk characteristic radius÷trd,0 (green lines), and pebble formation frontrp! (Eq. 36; magenta lines) for various disk evolution
parameters. The parameters,rd,0 in units of au andúMg,0 in units ofM! / y are labeled in the individual panels. The other parameters
are the same for the four panels, i.e.,úMpe = 10" 9M! / y andtdi! = 106y.

embryos with the masses and semimajor axes identical to Venus,
Earth, and Mars (eccentricities are set to be zero). In these cases,
the relative velocity is given by" v = (3/ 2)bset# (ÓHill regimeÓ).
Substituting this into Eq. (24),

bset # 2St1/ 3
!

Mpl

3M$

"1/ 3

r. (27)

In the numerical simulations, we use a more general for-
mula including ÓBondi regimeÓ and the cuto! parameter
(exp[" (St/ 2)0.65]) for large St cases (Ormel & Kobayashi 2012).
The dependence on" v cancels in the accretion rate both in 2D
and 3D cases andúMpl does not directly depend onbset and St in
the 3D case. For a small planet, the accretion is in 3D mode. The
accretion becomes 2D mode when

Mpl > M2D3D %3
!
2
!

"3/ 2

St" 1
!
St
"

"" 3/ 2 !
hg

r

"3

M$

%1.7
!

M$

M!

"" 5/ 7 !
St
0.1

"" 5/ 2 # "
10" 2

$3/ 2 # r
1au

$6/ 7
M&.

(28)

The Þltering factor is given by

fßt %

%
&&&&&&&&&&&&&&'
&&&&&&&&&&&&&&(

0.017
!

M$

M!

"" 1 # "
10" 2

$" 1/ 2
!
hg/ r
0.02

"" 1 !
St
0.1

"1/ 2 !
Mpl

0.1M&

" # r
1au

$" 1/ 2

[Mpl < M2D3D; 3D]

0.040
!

M$

M!

"" 2/ 3 !
St
0.1

"" 1/ 3 !
Mpl

0.1M&

"2/ 3 # r
1au

$" 1/ 2

[Mpl > M2D3D; 2D],
(29)

where we used Eq. (21).
We take into account the decrease in dust surface density

and pebble ßux due to pebble accretion onto the planets. After
the snowline passage, Eq. (15) is rewritten in the grid, where the
planets exist, as

#$p

#t
+

1
r

#
#r

(rvr,d$p) +
úMpl

2! r" r
= 0, (30)

where" r is the radial grid size. After the icy pebble accretion
onto the planet starts, the pebble mass ßux decreases discontin-
uously at the planet orbits, according to the accretion onto the
planets.

2.4. Simulation parameters

The parameters for our simulations are the initial disk character-
istic sizerd,0, the di! usion timescale of the disktdi! , the initial
disk gas accretion rateúMg,0, and the photo-evaporation rateúMpe.
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Fig. 1. Time evolution of the transition radiusrvis/ irr (Eq. 5; red lines), snowlinersnow = max(rsnow,vis, rsnow,irr ) (Eqs. 6 and 7; blue
lines), disk characteristic radius÷trd,0 (green lines), and pebble formation frontrp! (Eq. 36; magenta lines) for various disk evolution
parameters. The parameters,rd,0 in units of au andúMg,0 in units ofM! / y are labeled in the individual panels. The other parameters
are the same for the four panels, i.e.,úMpe = 10" 9M! / y andtdi! = 106y.

embryos with the masses and semimajor axes identical to Venus,
Earth, and Mars (eccentricities are set to be zero). In these cases,
the relative velocity is given by" v = (3/ 2)bset# (ÓHill regimeÓ).
Substituting this into Eq. (24),

bset # 2St1/ 3
!

Mpl

3M$

"1/ 3

r. (27)

In the numerical simulations, we use a more general for-
mula including ÓBondi regimeÓ and the cuto! parameter
(exp[" (St/ 2)0.65]) for large St cases (Ormel & Kobayashi 2012).
The dependence on" v cancels in the accretion rate both in 2D
and 3D cases andúMpl does not directly depend onbset and St in
the 3D case. For a small planet, the accretion is in 3D mode. The
accretion becomes 2D mode when
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The Þltering factor is given by
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0.1M&
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[Mpl > M2D3D; 2D],
(29)

where we used Eq. (21).
We take into account the decrease in dust surface density

and pebble ßux due to pebble accretion onto the planets. After
the snowline passage, Eq. (15) is rewritten in the grid, where the
planets exist, as

#$p

#t
+

1
r

#
#r

(rvr,d$p) +
úMpl

2! r" r
= 0, (30)

where" r is the radial grid size. After the icy pebble accretion
onto the planet starts, the pebble mass ßux decreases discontin-
uously at the planet orbits, according to the accretion onto the
planets.

2.4. Simulation parameters

The parameters for our simulations are the initial disk character-
istic sizerd,0, the di! usion timescale of the disktdi! , the initial
disk gas accretion rateúMg,0, and the photo-evaporation rateúMpe.
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Fig. 3. Time evolution of water fraction for the models withtdi! = 106y, úMg,0 = 10! 7M" / y, and úMpe = 10! 9M" / y. The left, center,
and right panel show the results ofrd.0 = 30au,100au, and 300au, respectively. The blue, red, and green lines represent the Earth,
Mars and Venus analogs, respectively.

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

0.01 0.1 1 5 10

W
at

er
 F

ra
ct

io
n

Time [Myr]

Earth
Mars

Venus
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

0.01 0.1 1 5 10

Time [Myr]

Earth
Mars

Venus

Fig. 4. Time evolution of water fraction for the models withrd.0 = 100au, úMg,0 = 3# 10! 8M" / y and úMpe = 10! 9M" / y. The left and
right panels show the results oftdi! = 106y and 3# 106y, respectively.

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

0.01 0.1 1 5 10

W
at

er
 F

ra
ct

io
n

Time [Myr]

Earth
Mars

Venus
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

0.01 0.1 1 5 10

Time [Myr]

Earth
Mars

Venus

Fig. 5. Time evolution of water fraction for the models withrd.0 = 100au,tdi! = 106y and úMpe = 10! 9M" / y. The left and right
panels show the results ofúMg,0 = 3 # 10! 8M" / y and 10! 7M" / y, respectively.

Using Eq. (14),

úMg,snow = 2 # 10! 8
!

M$

M"

"! 3/ 4

#
# apl

1 au

$9/ 4
!

tdi!

106y

"! 1/ 2 # rd,0

100 au

$1/ 2
M" / y. (44)

From Eq. (10), the snowline passage time is

÷tsnow %
! úMg,0

úMg,snow+ úMpe

"2/ 3

; tsnow %

%
&&&&&&'

! úMg,0

úMg,snow+ úMpe

"2/ 3

! 1

(
))))))* tdi! .

(45)
From Eq. (12), the remaining gas disk mass at the snowline pas-
sage is given by

Mg,snow %2 ÷tsnowtdi!

+
úMg,0 ÷t ! 3/ 2

snow ! úMpe

,
. (46)

BecauseMres & Z Mg,snow, we obtain

Mres & 2Z0

!
1 +

tsnow

tp!

"! !

÷tsnowtdi!

+
úMg,0 ÷t ! 3/ 2

snow ! úMpe

,
, (47)

where we approximatedZ asZ & (1 + t/ tp! )! ! Z0 from Eq. (37),
tp! & 2 # 105(r/ 100 au)3/ 2(M$/ M" )! 1/ 2 y (Eq. 36), and! =
1 + 0.15(300 au/ rd,0) (Eq. 38). Substituting the Þltering factor
fßt given by Eq. (29) with St= 0.1 andMresestimated above into
Eq. (42), we can analytically estimate the water fraction from
the disk parameters,úMg,0, úMpe, tdi! , andrd,0 as (Eqs. 29 and 39)

fwater %
1
2

!
1 +

Mpl,0

fßt(Mpl,0)Mres

"! 1

, (48)
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rd,0=30 au 
tpff =4x104 yr

rd,0=100 au 
tpff =2x105 yr

rd,0=300 au 
tpff =1x106 yr

・pebble は内側から外側に向かって形成が進む（pebble 形成半径） 
・pebble 形成半径が円盤半径を超えるとpebble 量が減少（tpff） 
・惑星に水が供給されるのはsnowline が内側に移動した後 (tsnow) 
・惑星の水の量はtsnow/tpff ～10の前後で大きく変化

tsnow =1x106 yr (M) 
　　　2.5x106 yr(E) 
　　　5x106 yr   (V)

tsnow =1x105 yr (M) 
　　　1x106 yr (E) 
　　　2x106 yr (V)

tsnow >10 tpff (M) 
　    <10 tpff(V)
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ABSTRACT

Context. The ocean mass of the Earth is only 2.3 " 10#4 of the whole planet mass. Even including water in the interior, the water
fraction would be at most 10#3 # 10#2. Ancient Mars may have had a similar or slightly smaller water fraction. What controlled the
amount of water in these planets has not been clear, although several models have been proposed. It is important to clarify the control
mechanism to discuss water delivery to rocky planets in habitable zones in exoplanetary systems, as well as that to Earth and Mars in
our solar system.
Aims. We consider water delivery to planets by icy pebbles after the snowline inwardly passes planetary orbits. We derive the water
mass fraction (fwater) of the Þnal planet as a function of disk parameters and discuss the parameters that reproduce a small value of
fwater comparable to that inferred for the Earth and ancient Mars.
Methods. We calculated the growth of icy dust grains to pebbles and the pebble radial drift with a 1D model, by simultaneously
solving the snowline migration and dissipation of a gas disk. With the obtained pebble mass ßux, we calculated accretion of icy
pebbles onto planets after the snowline passage to evaluatefwater of the planets.
Results. We Þnd thatfwater is regulated by the total mass (Mres) of icy dust materials preserved in the outer disk regions at the timing
(t = tsnow) of the snowline passage of the planetary orbit. BecauseMres decays rapidly after the pebble formation front reaches the
disk outer edge (att = tp! ), fwater is sensitive to the ratiotsnow/ tp! , which is determined by the disk parameters. We Þndtsnow/ tp! < 10
or > 10 is important. By evaluatingMres analytically, we derive an analytical formula offwater that reproduces the numerical results.
Conclusions. Using the analytical formula, we Þnd thatfwater of a rocky planet near 1 au is similar to the Earth, i.e.,$ 10#4 # 10#2, in
disks with an initial disk size of 30-50 au and an initial disk mass accretion rate of$ (10#8 # 10#7)M%/ r for disk depletion timescale
of $ a few M years. Because these disks may be median or slightly compact/massive disks, our results suggest that the water fraction
of rocky planets in habitable zones may often be similar to that of the Earth if icy pebble accretion is responsible for water delivery.

Key words. Planets and satellites: formation, Accretion, Accretion disks

1. Introduction

Earth-size planets are being discovered in habitable zones (HZs)
in exoplanetary systems. These HZs are deÞned as a range of or-
bital radius, in which liquid water can exist on the planetary sur-
face if H2O exists there. However, as long as equilibrium tem-
perature is concerned, H2O ice grains condense only well be-
yond the HZs, because the gas pressure of protoplanetary disks
is many orders of magnitude lower than that of planetary atmo-
sphere and the condensation temperature is considerably lower
than that at 1 atm. Hereafter, we simply call H2O in a solid/liquid
phase Òwater.Ó For the Earth, a volatile supply by the gas capture
from the disk is ruled out because observed values of rare-Earth
elements are too low in the Earth to be consistent with the disk
gas capture (e.g., Brown 1949). Therefore, the water in the Earth
would have been delivered from the outer regions of the disk
during planet formation.

One possible water delivery mechanism to Earth is the
inward scattering of water-bearing asteroids by Jupiter (e.g.,
Raymond et al. 2004). If this is a dominant mechanism of water
delivery, the amount of delivered water is rather stochastic and
depends on conÞgurations of giant planets in the planetary sys-
tems. If water is not delivered, a rocky planet in a HZ may not be

able to be an actual habitat. On the other hand, too much water
creates a planet without continents, where the supply of nutri-
ents may not be as e! ective as in the Earth. The oceans of the
Earth comprise only 0.023% by weight and this amount enables
oceans and continents to coexist. The mantle may preserve water
in the transition zone with a comparable amount of ocean (e.g.,
Bercovici & Karato 2003; Hirschmann 2006; Fei et al. 2017),
while the core could have H equivalent to 2% by weight of H2O
of the Earth (Nomura et al. 2014). However, the original water
fraction of the Earth would still be very small ($ 10#4 # 10#2),
even with the possible water reservoir in the interior because nei-
ther stellar irradiation at$ 1 au (Machida & Abe 2010) nor giant
impacts (Genda & Abe 2005) can vaporize the majority of the
water from the gravitational potential of Earth. We note that it is
inferred that Mars may have subsurface water of 10#4 # 10#3 of
Mars mass (e.g., di Achille & Hynek 2010; Cli! ord et al. 2010;
Kurokawa et al. 2014). From the high D/H ratio observed in the
Venus atmosphere, early Venus may also have had oceans of the
fraction 10#5 # 10#3 and lost the H2O vapor through runaway
greenhouse e! ect (e.g., Donahue et al. 1982; Greenwood et al.
2018). The order of water fraction looks similar at least between
the Earth and ancient Mars. Although the estimated total mass
fraction of water in the Earth and Mars has relatively large uncer-
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rd,0. The viscous heating increases as the blanketing e! ect by
optical depth (! " g) increases. In Fig. 3,úMg,0 andtdi! are Þxed.
Smaller rd,0 means smaller! (Eq. 13) and larger" g (Eq. 9),
resulting in a warmer disk. Thereby, the Þnal water fraction is
lower for smallerrd,0.

We examine the condition oftsnow/ tp! > 10 or< 10 in more
detail. In the case ofrd,0 = 30 au,tp! " 4 # 104 y (Eq. 33)
andtsnow is identiÞed by the timing at whichfwater starts rapid
increase, which is" 1 # 106 y, 2.5 # 106 y, and 5# 106 y for the
Mars, Earth and Venus analogs, respectively (the left panel of
Figure 3). Becausetsnow > 10tp! in this case,fwater $ 10%2 even
for the outermost Mars analog. For the Earth and Venus analogs,
fwater is further smaller. In the case ofrd,0 = 300 au,tp! " 1# 106

y (Eq. 33) andtsnow " 1 # 105 y, 1 # 106 y and 2# 106 y for
the Mars, Earth, and Venus analogs, respectively (right panel of
Figure 3). Becausetsnow < 10tp! , fwater $ 1/ 2 for all of Mars,
Earth, and Venus. In the middle panel of Figure 3,rd,0 = 100
au andtp! " 2 # 105 y (Eq. 33). In this case,tsnow < 10tp!
and fwater & 1 for the Venus analog, whiletsnow > 10tp! and
fwater $ 1/ 2 for the Mars analog.

The condition oftsnow/ tp! > 10 or< 10 also explains other
results of the Þnal water fraction of planets because this condi-
tion represents how much icy materials remain at the snowline
passage. (In section 5, we revisit this condition.) Figure 4 is the
time evolution of water fraction oftdi! = 106y (left panel) and
tdi! = 3#106y (right panel), respectively. The other disk parame-
ters are the same. For both cases, 10tp! " 2# 106 y (Eq. 33). The
snowline is already inside MarsÕ orbit from the beginning (t = 0)
of the calculations, that is,tsnow = 0, which results infwater " 1/ 2
for the Mars analog. The snowline passage timetsnow is smaller
than 10tp! only for the Venus analog in the case oftdi! = 106y
(left panel), and for both the Earth and Venus analogs in the case
of tdi! = 3#106y (right panel). This explains the results in Fig. 4.

Figure 5 shows the results ofúMg,0 = 3 # 10%8M' / y (left)
and 10%7M' / y (right) with rd,0 = 100 au,tdi! = 106y, and úMpe =
10%9M' / y. Again, 10tp! " 2#106 y for both cases. SmallerúMg,0

with the Þxedtdi! = 106y means earlier passage of the snowline,
resulting in a lower water fraction. Figure 6 shows the results
of úMpe = 10%9M' / y (left) and úMpe = 3 # 10%9M' / y (middle)
and úMpe = 10%8M' / y. With larger úMpe, the outer disk region
is truncated at shorter radius. The disk truncation reduces the
reservoir of icy materials, resulting in a lower water fraction, for
the planets (the Earth and Venus analogs) withtsnow >$ 10tp! "
2 # 106 y.

In section 4, we derive a semi-analytical formula to predict
the water fraction of planets after disk depletion. We show that
the total mass (Mres) of the icy dust materials preserved in the
disk determines the Þnal water fraction because they eventually
drift to the inner regions and pass the planetary orbits2. Since
our gas disk model is analytical, we can analytically evaluate
tsnow. We already know the analytical expression oftp! given
by Eq. (36) is a good approximation. We also semi-analytically
derive how the icy grain surface density evolves as Eq. (37). A
synthesis of these results enables us to derive the semi-analytical
formula for fwater.

Finally we point out thatfwater is higher in the order of Mars,
Earth, and Venus analogs according to the snowline passage tim-
ing, except for the fully saturated cases wherefwater $ 1/ 2 for all
the planets. We show that the Þnal water fraction is insensitive

2 The grains atr > 300%500 au would not undergo radial drift su# -
ciently, because their growth timescale is longer thantdi! . We consider
disks withrd,0 ( 300 au.

to the embryo mass. The timing is the most important factor for
fwater.

In the next section, we show that the derived semi-analytical
expression offwater reproduces the numerical results. Using the
analytical expression, we clarify the dependence of the Þnal wa-
ter fraction on the disk parameters and pebble accretion param-
eters such as the initial planetary mass and Stokes number of
accreting pebbles in section 5. We also survey the disk param-
eter range that may reproducefwater comparable to that of the
terrestrial planets in our solar system.

4. Analytical formula for planetary water fraction

The planetary water fraction is calculated by estimating the cu-
mulative mass of accreted icy pebbles$Mpl (Eq. 39). We can
simply estimate it as$Mpl " fßt(Mpl) áMres, whereMres is the
total icy dust mass preserved in outer disk regions at the snow-
line passage because the pebble ßux integrated from the snow-
line passage timetsnow to inÞnity (e! ectively, to tdi! ) must be
similar toMres.

Equation (39) is approximated to be

fwater "
1
2

fßt(Mpl)
Mpl,0 + fßt(Mpl)Mres

Mres

"

!
"""""#
"""""$

1
2

fßt(Mpl,0)
Mpl,0

Mres [$Mpl & Mpl,0]

1
2

[$Mpl ) Mpl,0],
(41)

where we usefßt(Mpl) " fßt(Mpl,0) for $Mpl & Mpl,0 in the up-
per line. For the range of the disk parameters we use in numeri-
cal simulations, the accretion is mostly in the 3D regime (Eq. 28)
and fßt ! Mpl. In that case, Eq. (41) shows thatfwater is indepen-
dent ofMpl both in the cases of$Mpl < Mpl,0 and$Mpl > Mpl,0,
while it depends on the disk parameters. Even if the transition to
2D accretion occurs at a smaller planet mass (which happens for
smaller values of! ), the mass dependence offwater is still weak:
it is proportional toM%1/ 3

pl for $Mpl < Mpl,0 and independent of
Mpl otherwise. We can combine the two limits in Eq. (41) by a
simple formula as

fwater "
1
2

fßt(Mpl,0)
Mpl,0 + fßt(Mpl,0)Mres

Mres. (42)

In Figure 7, fwater,sim obtained by our simulations is compared
with Eq. (42) with the simulatedMres. This Þgure shows that
Eq. (42) reproduces the numerical results very well. Both the nu-
merical results and Eq. (42) showfwater ! Mres for fwater & 1/ 2.
The icy dust massMres depends sensitively on the disk pa-
rameters, úMg,0, úMpe, tdi! , andrd,0. On the other hand,fßt in 2D
is independent of these disk parameters, while that in 3D de-
pends only weakly (!

%
rd,0/ tdi! ). In the case of$Mpl & Mpl,0,

fwater " ( fßt/ Mpl,0)Mres. As we discussed,fßt/ Mpl,0 is almost
constant, so thatfwater should be almost proportional toMres for
$Mpl & Mpl,0.

Because the analytical solution given by Eq. (42) reproduces
the numerical results, we next derive an analytical formula for
the icy dust massMres at the snowline passage as follows. From
Eq. (6), the snowline passes the planet orbit atapl when

úMg " úMg,snow

= 2 # 10%8
&apl

1 au

' 9/ 4
(

M*

M'

)%3/ 4 & !
10%2

' 1/ 2
M' / y. (43)
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水の割合の近似式

fflt : pebble flux のうち、惑星に降着する割合 
Mres : t=tsnow で円盤に残っているpebble mass
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Fig. 6. Time evolution of water fraction for the models withrd.0 = 100au,tdi! = 106y and úMini = 10! 7M" / y. The left, center, and
right panels show the results ofúMpe = 10! 9M" / y, 3 # 10! 9M" / y, and 10! 8M" / y, respectively.

Fig. 7.Water fractionfwater,sim and icy dust mass preserved in the outer disk at the snowline passageMresobtained by our simulations.
The blue squares show the simulation results for the Earth analogs with di! erent values ofúMg,0, úMpe, tdi! , andrd,0 (section 2.4). The
dotted curve represents the analytical solution given by Eq. (42).

Fig. 8. Comparison of the water fraction obtained by the numerical simulations (fwater,sim) with the analytical estimate (fwater,anly).
The blue squares, red circles, and green cross represent the results for the Earth, Mars, and Venus analogs, respectively. Iffwater,sim
obtained by the numerical simulation is smaller than 10! 5, we put fwater,sim = 10! 5 because the numerical results would include a
numerical uncertainty for such small values offwater,sim.
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Fig. 9.Analytical estimate offwaterat 1 au as a function of the initial disk radius (rd,0) and the initial disk accretion rate (úMg,0). (a) The
dependence on the planet mass (Mpl,0), and (b) that on the Stokes number (St) of pebbles. The other parameters areúMpe = 10! 9M" / y
andtdi! = 3# 106y. In the panels (a), we use St= 0.1. In the panels (b),Mpl,0 = 1M$. The middle panels in (a) and (b) are identical.
The color scales are log10 fwater.

Fig. 10. Analytical estimate offwater at 1 au as a function of the initial disk radius (rd,0) and the initial disk accretion rate (úMg,0),
where! 2 = 0.05,0.10, and 0.15. The other parameters are St= 0.1, Mpl,0 = 1M$, úMpe = 10! 9M" / y, andtdi! = 3 # 106y. The color
scales are log10 fwater.

( fwater % 1/ 2) and the water-poor case. The pebble formation
timescaletp! is given by Eq. (36) and the snowline passage time
tsnow is given by Eq. (45). Bothtp! and tsnow are independent
of Mpl and St, which is consistent with Figs. 9. The condition
of tsnow = 10tp! is shown on therd,0- úMg,0 plane in Fig. 13. We
show the dependences ontdi! , úMpe, andapl. A comparison of this
Þgure with Figures 11 and 12 show that the simple condition ap-
proximately reproduces the more detailed evaluation except for

rd,0 > 100 au. As shown in Fig. 1, forrd,0 > 100 au, the disk ra-
dius expands with the pebble formation front radiusrp! , so that
the sculpture of icy dust reservoir is delayed, compared to the
estimation oftp! at rd,0. The calculation ofMres does not have
this problem.

As we have shown,fwater is the most sensitive toúMg,0 and
rd,0 and almost independent of the other parameters of disks and
pebble accretion. A robust result would be that the water fraction
inferred for the present Earth and ancient Mars,fwater %10! 4 !

12

近似式パラメータ依存性

地球を説明するには　rd = 30-50 au、 Mdot g,0 = 10-8 -10-7 Msun/yr  
→ 一般的or 少しコンパクトな円盤　 
太陽のような星の周りのハビタブルゾーン内の惑星は地球と同程度の水を 
持っていそう。
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ABSTRACT

Planetary migration is a major challenge for planet formation theories. The speed of Type I migration is proportional to the mass of
a protoplanet, while the Þnal decade of growth of a pebble-accreting planetary core takes place at a rate that scales with the mass
to the two-thirds power. This results in planetary growth tracks (i.e., the evolution of a protoplanetÕs mass versus its distance from
the star) that become increasingly horizontal (migration-dominated) with rising mass of the protoplanet. It has been shown recently
that the migration torque on a protoplanet is reduced proportional to the relative height of the gas gap carved by the growing planet.
Here we show from 1-D simulations of planet-disc interaction that the mass at which a planet carves a 50% gap is approximately 2.3
times the pebble isolation mass. Our measurements of the pebble isolation mass from 1-D simulations match published 3-D results
relatively well, except at very low viscosities (! < 10" 3) where the 3-D pebble isolation mass is signiÞcantly higher, possibly due
to gap edge instabilities that are not captured in 1-D. The pebble isolation mass demarks the transition from pebble accretion to gas
accretion. Gas accretion to form gas-giant planets therefore takes place over a few astronomical units of migration after reaching
Þrst the pebble isolation mass and, shortly after, the 50% gap mass. Our results demonstrate how planetary growth can outperform
migration, both during core accretion and during gas accretion, even when the Stokes number of the pebbles is small, St# 0.01, and
the pebble-to-gas ßux ratio in the protoplanetary disc is in the nominal range of 0.01Ð0.02. We Þnd that planetary growth is very rapid
in the Þrst million years of the protoplanetary disc and that the probability for forming gas-giant planets increases with the initial size
of the protoplanetary disc and with decreasing turbulent di! usion.

Key words. planet-disk interactions, planets and satellites: formation, planets and satellites: gaseous planets

1. Introduction

The formation of planets involves many distinct steps in the
growth from dust and ice particles to full planetary system (a
realisation that was pioneered 50 years ago by Safronov, 1969).
The competition between radial migration and growth is nev-
ertheless a general theme in planet formation. The formation
of planetesimals, for example, has to overcome the radial drift
caused by the head-wind of the slower moving gas on the
growing particles (Weidenschilling, 1977; Brauer et al., 2008).
Trapping pebbles in pressure bumps formed in the turbulent gas
ßow (Lyra et al., 2008; Johansen et al., 2009a; Bai, 2015) or by
embedded planets (Lyra et al., 2009) or through run-away pile-
ups caused by the friction on the gas (Youdin & Goodman, 2005;
Johansen et al., 2009b; Bai & Stone, 2010; Gonzalez et al., 2017;
Draüúzkowska et al., 2016) provide possible solutions to the radial
drift problem of planetesimal formation.

Planetary migration results from the gravitational torque ex-
erted on a protoplanet by the spiral density wakes excited in the
gaseous protoplanetary disc (Lin & Papaloizou, 1979; Goldreich
& Tremaine, 1980; Tanaka et al., 2002). The nominal Type I mi-
gration rate reaches approximately 1 m/s (about 100 AU/Myr)
for a 10-Earth-mass protoplanet embedded in a young, massive
protoplanetary disc. The solutions proposed to mitigate catas-
trophic Type I migration include slowing down or even reversing
the migration where the temperature gradient is steep in the in-
ner regions of the protoplanetary disc (Paardekooper et al., 2010;
Lyra et al., 2010; Bitsch et al., 2014; Brasser et al., 2017), or

Send o↵print requests to:
A. Johansen (e-mail:anders@astro.lu.se )

by a positive corotation torque resulting from the accretion heat
of the protoplanet (Ben«õtez-Llambay et al., 2015) or from the
scattering of (large) pebbles (Ben«õtez-Llambay & Pessah, 2018).
Migration can even stall entirely if the turbulent viscosity is too
weak to di! use away the gas density enhancement that forms in-
terior of the planetary orbit (RaÞkov, 2002; Li et al., 2009; Fung
& Lee, 2018).

A more direct way to overcome Type I migration is simply
for the planetary core to increase its mass very rapidly. The ac-
cretion rate of pebbles is potentially high enough for the proto-
planet growth to outperform the nominal rate of Type I migration
(Lambrechts & Johansen, 2014; Ormel et al., 2017; Johansen &
Lambrechts, 2017). Bitsch et al. (2015b) demonstrated that pro-
toplanets forming several tens of AU from the host star have
enough space to grow to gas-giant planets while they migrate
into 5Ð10 AU orbits1. However, Br¬ugger et al. (2018) found that
the pebble ßux rate in the model of Bitsch et al. (2015b) was arti-
Þcially high and that nominal pebble ßuxes (#0.01 relative to the
gas ßux) do not yield high enough core growth rates to compete
with migration, unless the metallicity is enhanced signiÞcantly
beyond the solar value. Bitsch et al. (2018a) argued instead that
the pebble sizes and surface densities of Bitsch et al. (2015b)
in fact correspond well to observations of protoplanetary discs.
However, although the protoplanetary disc model advocated in
Bitsch et al. (2018a) is motivated observationally, the pebble
sizes and surface densities used in that work are not anchored
in self-consistent theoretical models of pebble growth and drift.

1 Matsumura et al. (2017), on the other hand, started the seeds in the
5Ð10 AU region and showed how this leads mainly to the formation of
warm and hot Jupiters
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惑星のmigration は惑星形成の最大の問題の一つ。migration rate は惑星の質量に依存 
一方、pebble accretion によりmigration中でも惑星の質量は変化しうる 
1Dモデルを用いて惑星の軌道と質量の進化を計算 
簡単のため、Stokes number とalpha は時間、空間で一定を仮定
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In this paper we develop pebble accretion models with small
pebbles of Stokes number St! 0.01 (approximately mm-sized
in the planet formation region), much smaller than those con-
sidered in Bitsch et al. (2015b) and Br¬ugger et al. (2018). Such
small pebbles follow the viscous accretion ßow of the gas and,
in contrast to larger pebbles, their column density is not no-
tably reduced by radial drift (Lambrechts & Johansen, 2014).
We demonstrate how in this model planetary formation out-
performs migration for nominal pebble ßuxes and metallicities.
We derive analytical expressions that describe the growth tracks
of solid protoplanets undergoing pebble accretion (Section 2).
We Þnd that planetary cores do undergo substantial migra-
tion before reaching the pebble isolation mass. However, using
novel prescriptions for the migration rate of gap-opening plan-
ets (Kanagawa et al., 2018), we show that gas accretion to form
gas-giant planets takes place over just a few astronomical units
of migration (Section 3). Hence the main migration phase of a
protoplanet happens during the accumulation of the core. We
summarise our results and discuss the implications for planet
formation in Section 4. In Appendix A we discuss the survival
of pebbles in protoplanetary discs and in Appendix B we derive
approximate times associated with the analytical growth tracks
from Section 2. Our paper forms a companion paper to Ida et
al. (2018), which focuses on the e! ect of the Kanagawa et al.
(2018) migration rate on the gas accretion stage.

2. Analytical pebble accretion growth tracks

In this section we derive analytical expressions for the growth
track of a protoplanet growing by pebble accretion. We then
use this expression to derive the location where the growth track
crosses the pebble isolation mass.

2.1. Pebble accretion

To derive the analytical shape of the growth track of a solid pro-
toplanet, we use the protoplanet growth rate from pebble accre-
tion in the 2-D Hill regime (Ormel & Klahr, 2010; Lambrechts
& Johansen, 2012; Ida et al., 2016),

úM = 2
!

St
0.1

"2/ 3

! R2
H" p . (1)

Here M is the mass of the protoplanet, St= !# f is the Stokes
number of the pebbles (deÞned later in equation 16),! is the
Keplerian frequency at the location of the protoplanet,#f is the
friction time of the pebble (proportional to the particle size when
pebbles are small),RH = [M/ (3M$ )]1/ 3r is the Hill radius of the
protoplanet,M$ is the mass of the central star,r is the radial loca-
tion of the planet and" p is the pebble surface density. SigniÞcant
e! ort is currently being put into understanding how pebble ac-
cretion depends on the eccentricity and inclination of the pro-
toplanet (Johansen et al., 2015; Liu & Ormel, 2018) as well as
on realistic hydrodynamical ßow in the Hill sphere (Popovas et
al., 2018), but we consider here the relatively simpler case of a
protoplanet on a circular orbit and the gas ßow as pure shear.

Our assumption of 2-D Hill accretion is valid when the peb-
ble accretion radius,Racc = (St/ 0.1)1/ 3RH, is larger than the
scale-height of the pebble layer,Hp = H

"
%/ St (see Morbidelli

et al., 2015, for a discussion). HereH is the scale-height of the
gas and%is the dimensionless dust di! usion coe" cient (deÞned

in Johansen et al., 2014). That gives an accretion radius relative
to the pebble scale-height as

Racc

Hp
= 0.9

!
St

0.01

"1/ 3 !
M
ME

"1/ 3 !
H/ r
0.05

"#1 !
St/ %
100

"1/ 2

. (2)

We normalised here to St= 0.01 and%= 0.0001. Our choice
of Stokes number St= 0.01 is elaborated in Section 2.4, while
the choice of a low di! usion coe" cient %is motivated by ob-
servations of dusty protoplanetary discs that show that the dust
has settled to a mid-plane layer of width 10% of a gas scale-
height (Mulders & Dominik, 2012; Menu et al., 2014; Pinte et
al., 2016). Note that St/ %= 100 indeed yields a moderately sed-
imented pebble mid-plane layer with a scale-height relative to
the gas scale-height ofHp/ H = 0.1.

The transition from the Bondi regime (where the pebble ap-
proach speed is set by the sub-Keplerian motion) to the Hill
regime (where the pebble approach speed is set by the Keplerian
shear) of pebble accretion typically happens at 0.001-0.01 Earth
masses (Lambrechts & Johansen, 2012). Protoplanets that ac-
crete either in the Bondi regime or in the 3-D Hill regime thus
experience very low migration rates and hence the shape of the
growth track is not a! ected by our choice to start the analytical
core growth tracks in the 2-D Hill accretion phase. In Section
3 we include the 3-D branch of Hill accretion in the numerical
integrations.

Johansen & Lambrechts (2017) demonstrated that the accre-
tion of planetesimals contributes signiÞcantly to the growth from
planetesimal sizes to protoplanets with masses 0.001# 0.01ME,
due to the low rates of pebble accretion in the Bondi regime,
while pebble accretion in the Hill regime dominates the further
growth. Therefore we start our protoplanets atM0 = 0.01ME
and ignore the contribution of planetesimal accretion to the core
growth rate, although the inclusion of planetesimal accretion
could give a boost to the accretion rate, depending on the mi-
gration speed of the protoplanet (Tanaka & Ida, 1999).

2.2. Type I migration

For Type I migration we use the standard scaling law,

úr = #kmig
M
M$

" gr2

M$

#H
r

$#2

vK . (3)

Here úr is the migration speed of the protoplanet,kmig is a con-
stant prefactor that depends on the gradients of surface density
and temperature,M$ is the mass of the central star," g is the
gas surface density,H/ r is the disc aspect ratio andvK is the
Keplerian speed at the position of the planet. For the prefactor
kmig we follow here a Þt to 3-D numerical simulations found in
DÕAngelo & Lubow (2010),

kmig = 2(1.36+ 0.62&+ 0.43' ) , (4)

where&and' are the negative logarithmic derivatives of the sur-
face density and the temperature proÞles, respectively. However,
we explicitly maintainkmig in our equations, since the prefactor
depends on the physical e! ects that are included in the simula-
tions (e.g. Tanaka et al., 2002; Paardekooper et al., 2010).

2.3. Radial mass ßuxes of gas and pebbles

The gas sound speedcs and the derived gas scale-heightH =
cs/ ! enter both the calculation of the planetary migration mi-
gration rate as well as expressions for the radial speed of the gas
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1. Introduction

The formation of planets involves many distinct steps in the
growth from dust and ice particles to full planetary system (a
realisation that was pioneered 50 years ago by Safronov, 1969).
The competition between radial migration and growth is nev-
ertheless a general theme in planet formation. The formation
of planetesimals, for example, has to overcome the radial drift
caused by the head-wind of the slower moving gas on the
growing particles (Weidenschilling, 1977; Brauer et al., 2008).
Trapping pebbles in pressure bumps formed in the turbulent gas
ßow (Lyra et al., 2008; Johansen et al., 2009a; Bai, 2015) or by
embedded planets (Lyra et al., 2009) or through run-away pile-
ups caused by the friction on the gas (Youdin & Goodman, 2005;
Johansen et al., 2009b; Bai & Stone, 2010; Gonzalez et al., 2017;
Draüúzkowska et al., 2016) provide possible solutions to the radial
drift problem of planetesimal formation.

Planetary migration results from the gravitational torque ex-
erted on a protoplanet by the spiral density wakes excited in the
gaseous protoplanetary disc (Lin & Papaloizou, 1979; Goldreich
& Tremaine, 1980; Tanaka et al., 2002). The nominal Type I mi-
gration rate reaches approximately 1 m/s (about 100 AU/Myr)
for a 10-Earth-mass protoplanet embedded in a young, massive
protoplanetary disc. The solutions proposed to mitigate catas-
trophic Type I migration include slowing down or even reversing
the migration where the temperature gradient is steep in the in-
ner regions of the protoplanetary disc (Paardekooper et al., 2010;
Lyra et al., 2010; Bitsch et al., 2014; Brasser et al., 2017), or

Send o! print requests to:
A. Johansen (e-mail:anders@astro.lu.se )

by a positive corotation torque resulting from the accretion heat
of the protoplanet (Ben«õtez-Llambay et al., 2015) or from the
scattering of (large) pebbles (Ben«õtez-Llambay & Pessah, 2018).
Migration can even stall entirely if the turbulent viscosity is too
weak to di! use away the gas density enhancement that forms in-
terior of the planetary orbit (RaÞkov, 2002; Li et al., 2009; Fung
& Lee, 2018).

A more direct way to overcome Type I migration is simply
for the planetary core to increase its mass very rapidly. The ac-
cretion rate of pebbles is potentially high enough for the proto-
planet growth to outperform the nominal rate of Type I migration
(Lambrechts & Johansen, 2014; Ormel et al., 2017; Johansen &
Lambrechts, 2017). Bitsch et al. (2015b) demonstrated that pro-
toplanets forming several tens of AU from the host star have
enough space to grow to gas-giant planets while they migrate
into 5Ð10 AU orbits1. However, Br¬ugger et al. (2018) found that
the pebble ßux rate in the model of Bitsch et al. (2015b) was arti-
Þcially high and that nominal pebble ßuxes (#0.01 relative to the
gas ßux) do not yield high enough core growth rates to compete
with migration, unless the metallicity is enhanced signiÞcantly
beyond the solar value. Bitsch et al. (2018a) argued instead that
the pebble sizes and surface densities of Bitsch et al. (2015b)
in fact correspond well to observations of protoplanetary discs.
However, although the protoplanetary disc model advocated in
Bitsch et al. (2018a) is motivated observationally, the pebble
sizes and surface densities used in that work are not anchored
in self-consistent theoretical models of pebble growth and drift.

1 Matsumura et al. (2017), on the other hand, started the seeds in the
5Ð10 AU region and showed how this leads mainly to the formation of
warm and hot Jupiters
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radiusRand material density! ¥ of the pebbles through the rela-
tion

St =
!

2"
R! ¥

#g
=

!
2"

3"$R! ¥

úMg
. (16)

This yields the pebble size for a given value of St/ %as

R =
St
%

úMg
!

2" 3" csH! ¥

= 1.1 mm
!
St
%

" ! úMg

10" 8 M# yr" 1

" # cs1

6.5 $ 102 m s" 1

$" 2

$
!

! ¥

103 kg m" 3

"" 1 # r
10 AU

$&" 3/ 2
. (17)

In Section 3 we adopt a nominal protoplanetary disc evolution
model where the gas accretion rate drops from 10" 7 M# yr" 1 to
10" 8 M# yr" 1 over three million years (Hartmann et al., 2016).
This gives a typical pebble size of mm-cm in the 5Ð20 AU re-
gion, for St/ %= 1, which corresponds well to the sizes of peb-
bles whose growth is stuck at the bouncing barrier (Zsom et al.,
2010; Birnstiel et al., 2012).

The fragmentation barrier is reached when the collision
speed driven by the turbulent gas motion,vc =

!
3%vStcs (Ormel

& Cuzzi, 2007), equals an assumed fragmentation speed,vf
(Birnstiel et al., 2012). Here%v is the turbulent viscosity; we
discuss its value and connection to the global disc accretion co-
e! cient%in Section 2.6. The turbulent collision speed results in
a limiting Stokes number

St =
1
3

%" 1
v

!
vf

cs

"2

= 0.003
# %v

10" 4

$" 1

$
# vf

1 m s" 1

$2 # cs1

6.5 $ 102 m s" 1

$" 2 # r
10 AU

$&
. (18)

The fragmentation barrier thus lies at a Stokes number that is (a)
independent of the temporally decaying mass accretion rate onto
the star and (b) only weakly dependent on the distance from the
star.

The small pebbles stuck at the bouncing or fragmentation
barrier have radial speeds that are approximately the same as the
radial gas accretion speed. This results in a pebble-to-gas ßux ra-
tio ' %Z, whereZ is the overall metallicity of the protoplanetary
disc, and hence a similar depletion time of the gaseous and solid
components of the protoplanetary disc. We will therefore, for
simplicity, consider St& %in our models, as this choice agrees
both with the bouncing and fragmentation barriers and with ob-
servations that show that pebbles of mm-cm sizes remain present
in protoplanetary discs over a wide range of ages (P«erez et al.,
2012; Huang et al., 2018). We discuss the life-time of the pebble
component of protoplanetary discs more in Appendix A.

Choosing a larger value of St/ %would correspond to larger
pebbles, more in agreement with pebble growth limited only by
the radial drift (Birnstiel et al., 2012; Lambrechts & Johansen,
2014). Such large pebbles would lead to high pebble accretion
rates, but would drain out of the protoplanetary disc on a shorter
time-scale than the gas accretion time-scale (Lin et al., 2018, our
Appendix A), adding signiÞcant complication in modelling the
divergent evolution of gas and pebbles.

2.5. Analytical core growth track

Using equation (1) for the core growth rate and equation (3) for
the migration rate, we can now formulate the di" erential equa-

tion for the growth trackM(r),

dM
dr

=
úM
úr

= "
'

(2/ 3)(St/ %)( + 1
2(St/ 0.1)2/ 3M) (3M) )" 2/ 3

kmigGc" 2
s1AU" &

$r" &M" 1/ 3 . (19)

The solution is found by separation of variables,

M4/ 3 " M4/ 3
0 = "

(4/ 3)'
(2/ 3)(St/ %)( + 1

2(St/ 0.1)2/ 3M) (3M) )" 2/ 3

kmigGc" 2
s1AU" &

$
1

1 " &

%
r1" & " r1" &

0

&
. (20)

HereM0 andr0 are the starting mass and starting location of the
protoplanet, respectively. We can now divide the equation by its
solution atr = 0, M(0) = Mmax, to obtain

M4/ 3 " M4/ 3
0

M4/ 3
max " M4/ 3

0

= 1 "
!

r
r0

"1" &

. (21)

The Òmaximum massÓ reached atr = 0 for &< 1 is given by

M4/ 3
max = M4/ 3

0 +
(4/ 3)'

(2/ 3)(St/ %)( + 1
2(St/ 0.1)2/ 3M) (3M) )" 2/ 3

kmigGc" 2
s1AU" &

$
r1" &
0

1 " &
. (22)

For & > 1, the aspect ratioH/ r increases when approaching the
star (equation 6) and migration is stalled by the high temperature
in the inner regions of the protoplanetary disc. The protoplanet
therefore never reachesr = 0 in that case. We can reformulate
equation (22) as a scaling law forMmax in the limit Mmax ' M0,

Mmax = 11.7 ME
(St/ 0.01)1/ 2

{[(2/ 3)(St/ %)( + 1]/ 2.9}3/ 4

# '
0.01

$3/ 4

$
!
M)

M#

"1/ 4 !
kmig

4.42

"" 3/ 4 # cs1

6.5 $ 102 m s" 1

$3/ 2

$
!
1 " &
4/ 7

"" 1 # r0

25 AU

$(3/ 4)(1" &)
. (23)

We see here how' , which sets the pebble accretion rate, and
kmig, which sets the migration rate, pull the maximum mass in
opposite directions at an exactly equal power index. Any reduc-
tion in the pebble accretion rate, e.g. from 3-D accretion if the
pebble scale-height is larger than 10% of the gas scale-height in
equation (2), will act in similar way as a reduction in' to reduce
Mmax. We assumed in the derivations above thatkmig is a con-
stant. This assumption may break down in the inner, viscously
heated regions of the protoplanetary disc (typically interior of
1 AU for nominal accretion rates and disc masses) where the
positive corotation torque can slow down or reverse migration
(Bitsch & Johansen, 2016; Brasser et al., 2017). We note also
that the weak scaling withM1/ 4

) in equation (23) does not take
into account thatcs1 depends on the luminosity, and hence on the
mass, of the star2

2 Assuming that the luminosity of the host star has a power-law de-
pendence on the stellar mass,L) ( Mp

) , yields a temperature at 1 AU
that scales asT1 ( L2/ 7

) M" 1/ 7
) ( M(2p" 1)/ 7

) (Ida et al., 2016) and hence
cs1 ( M(2p" 1)/ 14

) . That gives a combined mass-dependence of equation
(23) asMmax ( M1/ 4+(3p" 3/ 2)/ 14

) , which is close to linear forp = 3.
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and pebbles that we present below. We assume that the sound
speed proÞle follows a power law

cs = cs1

! r
AU

"! ! / 2
. (5)

Here! is the negative power-law index of the temperature (pro-
portional toc2

s) and cs1 is the sound speed at 1 AU. The disc
aspect ratio then follows the power-law

H
r

" r! ! / 2+1/ 2 . (6)

The turbulent viscosity" sets the radial gas accretion speed.
We use here the#-disc assumption for the turbulent viscosity
(e.g. Pringle, 1981),

" = #csH . (7)

This now results in the gas accretion speed

ur = !
3
2

"
r

= !
3
2

#cs
H
r

. (8)

This expression for the accretion speed is speciÞc to the#-disc
assumption and would not be valid if the angular momentum
loss was transported instead by disc winds (Bai & Stone, 2013).
However, since the radial mass accretion rate of the gas depends
only on the speed of the gas, and not on the nature of the angular
momentum transport, we can consider# in equation (8) simply
a dimensionless measure of the radial accretion speed.

The radial drift of the particles is given by (Weidenschilling,
1977)

vr = !
2! v

St+ St! 1
+

ur

1 + St2
. (9)

In the limit St# 1, valid for pebbles smaller than approximately
0.1-1 meters in size outside of a few AU (Johansen et al., 2014),
this expression simpliÞes to

vr = ! 2St! v + ur (10)

Here the sub-Keplerian speed! v, which is a measure of the ra-
dial pressure support of the gas, is given by

! v = !
1
2

H
r

($ ln P/ $ ln r)cs . (11)

We denote the negative logarithmic pressure gradient in the mid-
plane as! $ ln P/ $ ln r $ %= &+ ! / 2 + 3/ 2. The inwards mass
ßuxes of gas and pebbles, respectively, are given by

úMg = ! 2' rur ( g , (12)
úMp = ! 2' rvr ( p . (13)

The ratio of the surface densities of pebbles to gas is then

( p

( g
=

úMp

úMg

ur

! 2St! v + ur
=

)
(2/ 3)(St/ #)%+ 1

. (14)

Here we deÞned the ratio of the ßuxes as in Ida et al. (2016),

) =
úMp

úMg
. (15)

We will show below in Sections 2.5 and 2.6 that) is a key pa-
rameter that determines the shape of a protoplanetÕs growth track
and the total migration distance of the protoplanet before reach-
ing the pebble isolation mass. The gas and solid components of

the protoplanetary disc will accrete towards the star at the same
time-scale when) %0.01, where 0.01 represents the metallicity
Z of the protoplanetary disc. This nominal value of) is obtained
when the radial drift of the pebbles is dominated by advection
with the accreting gas, corresponding to St/ # ! 1 in equation
(14). Therefore also the local metallicity( p/ ( g will keep its orig-
inal valueZ for the nominal pebbles-to-gas ßux ratio.

Large pebbles with St& # in equation (14) experience an
increase in) proportional to St and hence the local metallicity
( p/ ( g is maintained at its global valueZ. An increased Stokes
number will nevertheless have an overall positive e" ect on the
pebble accretion rate (through equation 1), but such large peb-
bles are lost to radial drift on a shorter time-scale than the gas ac-
cretion. This is the well-known radial drift problem of protoplan-
etary discs (Brauer et al., 2007). Another possibility is that) is
dictated by the production rate of pebbles in the outer regions of
the protoplanetary disc (Lambrechts & Johansen, 2014; Bitsch
et al., 2015b). In that case) is no longer directly coupled to St in
equation (14) and the local metallicity( p/ ( g falls proportional
to the inverse Stokes number when St& #. Overall, there are
then many advantages to considering small pebbles for pebble
accretion models, in contrast to the large pebbles that were used
in the models of Bitsch et al. (2015b) and Br¬ugger et al. (2018).

2.4. Pebble sizes

Dust in protoplanetary discs grows to pebbles through coagula-
tion (Brauer et al., 2007; Zsom et al., 2010). If particles stick per-
fectly when they collide, then growth continues until the radial
drift time-scale becomes comparable to the growth time-scale,
at Stokes numbers around 0.1Ð1 in the region of giant planet for-
mation (Birnstiel et al., 2012; Lambrechts & Johansen, 2014).
Pebble accretion with such drift-limited pebble growth was ex-
plored in Bitsch et al. (2015a) and Br¬ugger et al. (2018).

Here we focus instead on a di" erent, and perhaps more re-
alistic, mode of pebble growth where the pebbles experience
bouncing or fragmenting collisions. Zsom et al. (2010) showed
that the growth of silicate particles is limited to millimeter sizes
by bouncing, based on extensive experimental data on collisions
between silicate dust aggregates. Such experiments also show
that collisions become fragmenting when the collision speed
crosses a threshold value (Birnstiel et al., 2012).

Water ice, in contrast to silicates, has higher surface energy
and is thus expected to experience growth beyond the bouncing
barrier (Okuzumi et al., 2012), while CO2 ice (and likely CO ice
as well) appears to have sticking properties similar to silicates
(Musiolik et al., 2016a,b). The CO2 ice line sits at a temper-
ature of approximately 70 K at solar abundances, correspond-
ing to the 2Ð4 AU region in the late stages of protoplanetary
disc evolution (Bitsch et al., 2015a; Madhusudhan et al., 2017).
Hence, we expect that the growth of pebbles is limited by bounc-
ing or fragmentation in the accretion region of the cores of cold
gas giants. Ices of CO and CO2 may, in turn, under UV irradi-
ation form longer refractory organic molecules (Mu÷noz Caro &
Schutte, 2003). We ignore here the possibility that such organic
molecules could be sticky and facilitate the formation of pebbles
larger than millimeters in size (Lodders, 2004).

Both pebble accretion (in the Hill regime) and radial drift
depend on the Stokes number of the pebbles rather than on their
physical sizes. The pebble Stokes number is calculated from the

をパラメータとして与える
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Fig. 1. Analytical growth tracks of planetary cores for four combinations of the accretion viscosity! , the pebble Stokes number St
(set to be equal to! ) and the ratio of radial pebble-to-gas ßux rates" . Protoplanets are started at either 5 AU or 25 AU and with
a starting mass of 0.01ME. The pebble isolation mass is indicated for two values of the turbulent viscosity! v, assumed here to be
0.1 times the accretion viscosity! . The proportionality between the migration rate and the mass results in all growth tracks turning
nearly horizontal before reaching their maximal mass atr = 0.

We Þnally obtain the shape of the growth track,r(M), from
equation (21),

r(M) = r0

!
"""""#1 !

M4/ 3 ! M4/ 3
0

M4/ 3
max ! M4/ 3

0

$
%%%%%&

1/ (1! #)

. (24)

In Appendix B we use this expression to derive the time asso-
ciated with each step in the growth track. We show analytical
growth tracks in Figure 1, for pairs of values of! = St and" .
We use a disc temperature proÞle here withcs1 = 650 m s! 1 and
# = 3/ 7, appropriate for the outer regions of the protoplane-
tary disc where viscous heating is negligible (Chiang & Youdin,
2010; Bitsch et al., 2015a; Ida et al., 2016). The growth tracks
start o! nearly vertical (growth dominates over migration), but
as the migration rate increases, eventually the growth tracks turn
horizontal and reachMmax after migrating tor = 0. Type I migra-
tion is truly a tough opponent for the planetary core to overcome.

2.6. Pebble isolation mass

The core growth stage ends as the planetary core reaches the
pebble isolation mass. Here the protoplanetÕs gravity perturbs
the gas ßow enough to form a plateau of Keplerian motion on the
exterior side of the orbit, trapping the migrating pebbles there.
The lack of heating by infalling pebbles then allows the gas to
decrease its entropy by radiative heat loss and contract slowly
to accrete a growing envelope around the core (Lambrechts et
al., 2014). In Bitsch et al. (2018b) the pebble isolation mass was
Þtted to 3-D simulations by the expression

Miso = 25ME

'
H/ r
0.05

(3 )
*****+0.34

,
log(! 3)
log(! v)

-4

+ 0.66

.
/////0

"
'
1 !

$ ln P/ $ ln r + 2.5
6

(
. (25)

Here! 3 = 10! 3 is a constant and! v is the turbulent viscosity,
which we distinguish in this paper from the! -value of the mass

accretion rate of equation (7), as the latter may be driven by disc
winds at a weak level of actual turbulence (Bai & Stone, 2013;
B«ethune et al., 2017). D¬urmann & Kley (2015) showed that the
gas ßow through the protoplanetary disc achieves a constant rate
through a planetary gap and that the migration rate is not de-
pendent on the global gas ßow. We therefore here assume that
the global gas speed also does not a! ect gap formation and use
a nominal value of! v = 10! 4 to calculate the pebble isolation
mass in equation (25) (see Armitage et al., 2013; Hasegawa et
al., 2017, for a discussion of this distinction). We motivate our
usage of! v in deÞning the pebble isolation mass by noting that
the gas speed driven by the turbulent viscosity over the length-
scale of the gap, assumed to be the gas scale-heightH, is

uv #
%
H

# (H/ r)! 1ur , (26)

whereur is the global gas accretion speed. Hence turbulent vis-
cosity is expected to be a factor (H/ r)! 1 times more e! ective
than the global gas accretion speed at counteracting gap forma-
tion. However, we emphasize that D¬urmann & Kley (2015) did
not distinguish between the! measuring disc accretion and the
! v measuring turbulent viscosity. Future studies are needed to
assess the e! ect of the global gas accretion speed, here parame-
terised through! , on gap formation and pebble isolation mass.

The isolation mass for the nominal value of! v is overplot-
ted in Figure 1. The pebble isolation mass is increased over the
expression given in equation (25) for small pebbles or strong
particle turbulence (Bitsch et al., 2018b; Ataiee et al., 2018); we
ignore such e! ects here since we work in the limit of weak tur-
bulence and since even small pebbles of St= 0.01 are easily
trapped at the outer edge of the gap.

2.7. Reaching the pebble isolation mass

One can derive analytically the location where the protoplanet
growth track crosses the pebble isolation mass. The pebble iso-
lation mass changes asr decreases from its initialr0. Scaling

惑星の質量、軌道の進化トラック 
成長とともに惑星は急速に落下
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gap transition mass measures the mass required to make a rel-
ative gap height of 0.5, the pebble isolation mass measures the
Þrst appearance of a point of zero pressure gradient at the outside
of the planetary gap. The latter criterion is slightly easier to ful-
Þll, as a relative gap height of around 0.85 is su! cient to invert
the pressure gradient in the simulations of Bitsch et al. (2018b)
(we inferred this relative gap height from their Figure A.1).

To check the robustness of the relative gap height needed for
pebble isolation, we performed additional 1-D simulations of an
accretion disc with an embedded planet, varying the turbulent
viscosity. The torque from the planet was mimicked using the
torque proÞle of DÕAngelo & Lubow (2010), based on their 3-
D simulations. The simulations were run until the relative gap
height reached equilibrium between the gap-opening torque and
the viscous momentum transport (103, 104, 105 yr for ! v = 10! 2,
10! 3, 10! 4, respectively). The results are shown in Figure 3 and
conÞrm that the pebble isolation mass is reached at a relative gap
height of 0.85. We Þnd a general scaling that the gap transition
mass, i.e. the mass of 50% relative gap height, is 2.3 times the
pebble isolation mass. The measured gap transition mass agrees
well with the relative gap height scaling in equations (35) and
(36), particularly that the gap transition mass scales with the
square root of! v.

We nevertheless encountered some discrepancy between the
! v-dependence of the pebble isolation mass inferred from our
simulations and those of Bitsch et al. (2018b). At high and
medium! v (10! 2 and 10! 3) our 1-D pebble isolation mass is
approximately a factor two lower than the 3-D pebble isolation
mass of Bitsch et al. (2018b). It is nevertheless well-known that
gaps formed by a 1-D torque prescription become artiÞcially
deeper than what is found in 2-D and 3-D simulations (Hallam
& Paardekooper, 2017). For low! v (10! 4) the pebble isolation
mass of by Bitsch et al. (2018b) furthermore showed a weak
logarithmic scaling with! v (equation 25), while our 1-D peb-
ble isolation mass maintains its proportionally to the square root
of ! v, similar to the scaling of the gap transition mass with! v
(equations 35 and 36). This di" erence could be due to (1) Rossby
wave instabilities triggered at the gap edge at low! v in 3-D sim-
ulations or (2) that the simulations of Bitsch et al. (2018b) were
run only for 1,000 orbital time-scales at the planet position. The
2-D simulations of Ataiee et al. (2018) also show a somewhat
weaker dependence of the pebble isolation mass on! v than the
square root dependence that we Þnd in Figure 3. Identifying the
actual reason for the discrepancy will require a dedicated study
beyond the scope of the current paper. In our nominal model we
will therefore set the pebble isolation mass according to Bitsch
et al. (2018b) and the gap transition mass to 2.3 times the pebble
isolation mass. This yields a modiÞed migration equation

úr =
úrI

1 + [M/ (2.3Miso)]2
, (37)

where úrI is the classical Type I migration rate andMiso is the
pebble isolation mass given in equation (25). We will also show
results in Section 3.8 where we (a) useMgap from the 2-D sim-
ulations of Kanagawa et al. (2018) andMiso from the 3-D sim-
ulations of Bitsch et al. (2018b) or (b) useMgap from the 2-D
simulations andMiso = Mgap/ 2.3.

Reaching Þrst the pebble isolation mass and shortly after the
gap transition mass thus signify three important mile-stones for
the growth of a protoplanet: (a) the end of the accretion of peb-
bles, (b) the beginning of gas contraction and (c) the transition
to a slow-down in the migration caused by the deepening gap.
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Fig. 3. The results of 1-D simulations of an accretion disc with
an embedded planet whose torque on the gas is based on the
parametrisations of DÕAngelo & Lubow (2010). The top panel
shows the equilibrium relative gap height as a function of the
planetary mass, for three values of the viscous! v. The dashed
lines mark the 50% relative gap height and the 85% relative
gap height, the latter approximately corresponding to the peb-
ble isolation mass. The dotted lines show the measured pebble
isolation mass and 50% gap mass. The bottom panel shows the
pebble isolation mass (Miso) and the gap transition mass (Mgap)
as a function of! v. We Þnd generally thatMgap " 2.3Miso. The
measured gap transition mass corresponds well to the 2-D sim-
ulations Kanagawa et al. (2018), while the measured pebble iso-
lation mass is about a factor two lower than reported in Bitsch et
al. (2018b) and displays a more consistent drop with lower! v.

3.2. Gas accretion

The gas accretion rate of a protoplanet embedded in a protoplan-
etary disc is highly uncertain. Even the termaccretionis, in our
opinion, slightly misleading, as the mass increase takes place in
the form of a contraction of the envelope due to entropy reduc-
tion by radiative heat loss. Klahr & Kley (2006) demonstrated
that the circumplanetary disc formed in some isothermal simu-
lations is replaced by a hot, hydrostatic gas blob in simulations
including compressive heating and radiative transfer. Ikoma et
al. (2000) performed 1-D simulations of the envelope contrac-
tion and found run-away contraction where the energy loss, and
hence contraction rate, is accelerated at higher envelope masses.
DÕAngelo & Bodenheimer (2013) presented extensive simula-
tions of the gas contraction onto low-mass cores and found, as
in earlier 1-D work, that the contraction is accelerated at higher
core mass (the same trend was observed in Lambrechts & Lega,
2017). Lambrechts et al. (2018) measured the gas contraction
rate in hydrodynamical simulations with radiative transfer, for
planetary cores of up to Jupiter-mass. They found that the accre-
tion rate is orders of magnitude lower than the mass ßux passing
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Fig. 4. Numerically integrated growth tracks for core accretion to the pebble isolation mass followed by gas accretion. We start the
protoplanets at a mass ofM0 = 0.01ME at t0 = 0.9 Myr (except for the! = St = 0.01 growth track starting from 25 AU, which we
start att0 = 0.3 Myr) in a protoplanetary disc that evolves over a total time of 3 Myr. The dots indicate the time for the growth track
that successfully forms a Jupiter analogue (small dots are separated by 0.2 Myr, large dots indicate a time of 3, 2 and 1 Myr). We
use a migration model where the migration rate is reduced by multiplication with the relative gap height, following Kanagawa et al.
(2018). The migration rate is therefore inversely proportional to the planet mass beyond the pebble isolation mass. This results in
gas accretion over a few astronomical units of migration.

through the Hill radius, as most of this gas is transported out
again on horse-shoe orbits and more complex streamlines.

We use here the gas accretion prescription proposed in Ida et
al. (2018), taking into account both the Kelvin-Helmholtz-like
contraction of the envelope and the feeding of gas from the pro-
toplanetary disc into the Hill sphere of the protoplanet. The con-
traction of the gaseous envelope is assumed to commence after
the core reaches pebble isolation mass, at a rate motivated by
Ikoma et al. (2000),
!
dM
dt

"

KH
= 10! 5 ME yr! 1

!
M

10ME

"4 !
"

0.1 m2 kg! 1

"! 1

. (38)

Here" is the opacity of the envelope, which we discuss further
below. This accretion rate will become larger than what the pro-
toplanetary disc can supply for high planetary masses. Tanigawa
& Tanaka (2016) used isothermal, global simulations to demon-
strate that gas enters the Hill sphere at a rate

!
dM
dt

"

disc
=

0.29
3#

#H
r

$! 4 !
M
M$

"4/ 3 úMg

!
%gap

%g

= 1.5 " 10! 3 ME yr! 1
!

H/ r
0.05

"! 4 !
M

10ME

"4/ 3

"
# !
0.01

$! 1
! úMg

10! 8 M# yr! 1

"
1

1 + (M/ Mgap)2
. (39)

This equation is derived in the companion paper by Ida et al.
(2018) Ð we note here that the simpler form, (dM/ dt)disc $
R2

H&%gap(RH/ H)2, shows that the equation can be decomposed
into the full ßux into the Hill sphere multiplied by the squared
ratio of the Hill radius to the scale-height. The latter reßects an
empirical Þnding that that the protoplanet increases its ability to
accrete the gas streamlines that enter the Hill radius as the mass
increases (Tanigawa & Tanaka, 2016).

The prefactor in equation (39) can be converted to solar units
to compare with the disc accretion rate, 1.5 " 10! 3 ME yr! 1 %
4.5 " 10! 9 M# yr! 1. If the planet contracts rapidly enough to ab-
sorb the entire gas ßow into the Hill radius, then we must there-
fore limit the accretion rate to the global gas accretion rate (see
Lubow & DÕAngelo, 2006, for a discussion of this limit). We
therefore set the gas accretion rate of the planet equal to
!
dM
dt

"

g
= min

%!
dM
dt

"

KH
,
!
dM
dt

"

disc
, úMg

&
. (40)

Ikoma et al. (2000) found that the Kelvin-Helmholtz gas ac-
cretion rate increases inversely proportionally to the opacity"
(equation 38). Bitsch & Johansen (2016) calculated an opacity
of micron-sized ice particles in the range 0.01! 0.1 m2 kg! 1. For
core accretion by pebble accretion, we expect that the accreted
gas will be completely pebble-free beyond the pebble isolation
mass (Lambrechts et al., 2014). Small dust can nevertheless pass
the planet barrier together with the accreted gas, constituting
maybe 10% of the total content of solids. That gives a nomi-
nal opacity in the range 0.001! 0.01 m2 kg! 1. The opacity could
be even lower if the grains in the envelope coagulate and sedi-
ment (Mordasini, 2014). We adopt here a standard opacity value
of " = 0.005 m2 kg! 1.

3.3. Protoplanetary disc model

The growth rates reported in Ikoma et al. (2000) were measured
at a single value of the gas surface density and gas temperature at
the outer boundary. Hence the dependence of the accretion rates
on the gas surface density and temperature is not known. If the
gas contraction is indeed limited by the ability of the envelope to
cool, then the outer boundary condition may not matter much (as
found by Piso & Youdin, 2014; Lee & Chiang, 2015). This, in
turn, implies that mass accretion wins more easily over migra-
tion when the gas disc is depleted compared to the primordial
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planets. Manara et al. (2018) analysed the pebble masses in pro-
toplanetary discs around young stars in the Lupus region, with
ages between 1 and 3 Myr, and concluded that these masses are
too low to explain the statistics of the observed exoplanet pop-
ulations. They speculate that protoplanets must grow even ear-
lier in the life-time of the protoplanetary disc while there is still
plenty of pebbles to accrete. Our results agree with this picture:
planetary growth is very in e! cient in the Þrst Myr and will pro-
ceed even in protoplanetary discs of initial sizes down to a few
tens of AU.

3.8. Varying the model parameters

In Figure 10 we show the results of varying the parameters of our
model, to probe how sensitive planet formation is to the physical
properties of pebble growth, disc turbulence, and gap formation.
All growth maps were calculated for! = 0.02, as this pebble-to-
gas ßux ratio shows a large dependence on the physical parame-
ters and thus makes di" erences clear.

The top row of Figure 10 shows the result of varying the
Stokes number. For larger Stokes number St= 0.03 the param-
eter space for forming gas-giant planets increases relative to the
nominal case with St= 0.01. This increase in Stokes number af-
fects the initial 3-D pebble accretion stage most positively, since
the accretion rate in the 3-D Hill regime is proportional to the
Stokes number. Lowering the Stokes number to St= 0.003, on
the other hand, has devastating e" ect on the ability of the pro-
toplaetary disc to form gas giants. The protoplanets are stuck at
3-D growth below one Earth mass, unless they start very early.

In the middle row of Figure 10 we increase the turbulent vis-
cosity (and the turbulent di" usion coe! cient" ) to #v = 3! 10" 4

and#v = 10" 3. Pinte et al. (2016) inferred" # 3 ! 10" 4 from
measurements of the scale-height of the pebble layer. The trans-
lation from particle layer scale height to turbulent di" usion coef-
Þcient nevertheless depends on the assumed Stokes number. The
high value of#v (and hence of" ) push planet formation to earlier
times than for our nominal case of#v = 10" 4 used in Figure 5.

Finally, we show in the bottom row of Figure 10 two addi-
tional experiments with gap formation. In the left panel we use
the 50% gap mass from Kanagawa et al. (2018) and the pebble
isolation mass from the 3-D simulations of Bitsch et al. (2018b).
Taking these measurements at face value, it is clear from Figure
3 that the pebble isolation mass is actually higher than the 50%
gap mass at#v = 10" 4! Since the 50% gap mass is only deter-
mined by the relative height of the gap, while the pebble isolation
mass is set by both the gap heightandshape, it could be that gap
edge instabilities would broaden the gap in such a way that the
pebble isolation mass comes after the 50% gap mass. The result
is a major reduction in planetary migration. The Þnal planetary
mass is also reduced; this is a consequence of the reduced migra-
tion, since the gas accretion rates are higher in the inner regions
of the protoplanetary disc whereH/ r is low, according to our
adopted gas accretion model from Tanigawa & Tanaka (2016).
In the right panel we assume instead that the 50% gap mass is
given by Kanagawa et al. (2018), while the pebble isolation mass
is 2.3 times lower. Hence the pebble isolation mass is now only
of the order of one Earth mass, resulting in both reduced gas ac-
cretion rates (due to the small core mass) and reduced migration
(due to the small gap mass).

4. Summary and discussion

In this paper we have addressed the question of how planetary
growth is able to outperform migration. Type I migration likely

operates at its full strength in the outer regions of the protoplan-
etary disc where planetary cores grow to form gas giants and ice
giants, in contrast to the viscously heated inner regions of the
protoplanetary disc where the positive corotation torques slow
down or reverse the migration of super-Earth cores (Bitsch &
Johansen, 2016; Brasser et al., 2017).

We derived analytical growth tracks for a protoplanet under-
going pebble accretion while migrating towards the star, under
the assumptions that the pebble Stokes number is a constant both
in time and in space, that the pebble mid-plane layer is su! -
ciently thin for pebble accretion to take place in 2-D, and that
the mass ßux of pebbles is a constant ratio of the radial gas ßow.
We used these analytical expressions to derive the radial location
where the growing core reaches the pebble isolation mass. Our
analytical growth tracks demonstrate that protoplanets undergo
substantial migration during their growth towards the pebble iso-
lation mass and that the location of reaching the pebble isolation
mass increases as the square root of the starting location.

An important new ingredient in our model, compared to pre-
vious studies of pebble accretion and migration (Bitsch et al.,
2015b; Matsumura et al., 2017), is the reduction of the migra-
tion torque due to the growing planetary gap (Kanagawa et al.,
2018). We identify here the close connection between the 50%
gap mass,Mgap, of Kanagawa et al. (2018) and the pebble iso-
lation mass,Miso, of Lambrechts et al. (2014). From numerical
simulations of low-mass planets embedded in a 1-D model of
a protoplanetary disc, we infer thatMgap $ 2.3Miso. Reaching
Þrst the pebble isolation mass and slightly later the gap transi-
tion mass thus signiÞes three important events in the growth of
a protoplanet: (a) the end of the accretion of pebbles, (b) the be-
ginning of gas contraction and (c) the transition to a slow-down
in the migration caused by the deepening gap. Gas accretion can
therefore take place over just a few astronomical units of migra-
tion. We emphasize that the connection between the 50% gap
mass and the pebble isolation mass is derived here from 1-D
simulations and that dedicated 2-D and 3-D simulations will be
needed in the future to measure whether this simpliÞed relation-
ship holds. At low viscosity (# < 10" 3) our measured pebble
isolation mass is signiÞcantly lower than the measurements from
3-D simulations (Bitsch et al., 2018b); this may be either due to
gap edge instabilities that are not captured in the 1-D approach
(Hallam & Paardekooper, 2017) or due to the limited simulation
time that can be a" orded in 3-D.

We have demonstrated that protoplanets can grow to gas-
giant planets in models where pebbles are relatively small,
with a Stokes number of 0.01 corresponding to approximately
millimeter-sized particles in the inner regions of the protoplane-
tary disc, and the pebble-to-gas ßux ratio is in the nominal range
! = 0.01" 0.02, in contrast to the models of Bitsch et al. (2015b),
Bitsch et al. (2018a) and Br¬ugger et al. (2018) where pebbles
were allowed to grow to the radial drift barrier. The radial drift
of the small pebbles considered in this work is dominated by the
advection with the gas accretion ßow Ð and the gas and pebble
components of the protoplanetary disc therefore drain onto the
central star on an approximately similar time-scale. This way we
avoid the radial drift problem where large pebbles drift out of the
protoplanetary disc on a time-scale that is much shorter than the
gas accretion time-scale (Brauer et al., 2007).

Our results show that the cores of cold gas giants ending in
5Ð10 AU orbits must generally start their assembly from plan-
etesimals forming in the 15Ð30 AU region. This raises the ques-
tion of why planetesimals forming at such distances would be the
seeds of the gas giants. The water ice line has been demonstrated
to be a preferred location for the formation of planetesimals (Ros

(2D, 3Dシミュレーションによる検証が必要)

Pebble isolation mass, Gas accretion, Gap opening
・Pebble isolation mass: 
　Pebble accretion が続き惑星質量が増加→円盤構造が変化、Pebble が惑星に降着せずに円盤にtrap 
・それ以降は円盤からのガス降着を考慮 
・惑星質量が増加すると円盤にgapを形成、惑星に働くトルクが減少
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Fig. 2.Radial location of reaching the pebble isolation mass,riso,
as a function of the starting position in the disc,r0, for di! er-
ent values of the pebble-to-gas ßux ratio! . For low values of
! , reaching the pebble isolation mass in the 5Ð10 AU region re-
quires migration over tens of AU. Nearly in-situ assembly of
a planetary core is possible when the pebble-to-gas ßux ratio
! ! 0.05! 0.1.

equation (25) from the starting position of the growth track,r0,
we obtain the expression

Miso(r) = Miso,0

!
r
r0

"(3/ 2)(1! " )

. (27)

HereMiso,0 is the isolation mass atr = r0. In the limit M " M0
the protoplanet therefore reaches pebble isolation mass atr =
riso when

M4/ 3
iso = M4/ 3

iso,0

!
riso

r0

"2(1! " )

= M4/ 3
max

#
$$$$$%1 !

!
riso

r0

"1! " &'''''( . (28)

This equation forms a second order polynomial,
!
Miso,0

Mmax

"4/ 3

X2 + X ! 1 = 0, (29)

with X = (riso/ r0)1! " or " riso = r0 ! riso = [1 ! X1/ (1! " )]r0. The
positive solution to the polynomial is

X =

#
1 + 4A ! 1

2A
, (30)

whereA = (Miso,0/ Mmax)4/ 3. Note that a solution exists for allA,
i.e. the pebble isolation mass is reached for all starting positions
r0. That is due to the steeply falling pebble isolation mass with
decreasing distance, in the passively irradiated case. Our results
generally do not apply to the viscously heated interior regions
of the protoplanetary disc where" increases and the aspect ratio
becomes relatively constant (Bitsch et al., 2015a; Ida et al., 2016;
Brasser et al., 2017).

In the limit A " 1, corresponding tor0 " riso through equa-
tion (28), equation (30) has the limiting solution

X = A! 1/ 2 (31)

and hence the isolation mass is reached at radius

riso/ r0 = A! (1/ 2)[1/ (1! " )] . (32)

We can furthermore make use ofMiso,0 $ r(3/ 2)(1! " )
0 andMmax $

r(3/ 4)(1! " )
0 to infer A = (Miso,0/ Mmax)4/ 3 $ r1! "

0 . That gives now
the simple relation

riso $ r1/ 2
0 . (33)

The length over which the protoplanet migrates before reaching
pebble isolation mass is therefore a steeply increasing function
of the starting position. In the same limit (r0 " riso) the reached
pebble isolation mass becomes simplyMiso = Mmax, by insert-
ing riso/ r0 in equation (28). This simple result arises because the
growth track turns nearly horizontal after a signiÞcant migration
distance and hence the core is close to its maximum massMmax
when it Þnally reaches pebble isolation mass.

In Figure 2 we plot the calculated distance of reaching iso-
lation mass,riso, as a function of the starting position,r0, for
di! erent values of# = St and! . The distance is obtained from
the full solution of equation (29). For a core to reach isolation
mass in the 5Ð10 AU region, the protoplanet must generally start
beyond 20 AU, for nominal values of! = 0.01 ! 0.02. Nearly
in-situ core assembly by pebble accretion requires much higher
values of! ! 0.05! 0.1.

3. Growth tracks including gas accretion

We now include the e! ect of gap formation and gas accretion on
planetary growth tracks. We turn to numerical integration, since
the reduction of the migration rate and gas accretion rate by gap
formation render the governing equations much more complex
than in the previous section.

3.1. Type I migration and relative gap height

Kanagawa et al. (2018) performed a suite of 2-D simulations
to measure the torque on embedded planets of a wide range of
masses. They found that the torque is well-described by the clas-
sical Type I torque, which gives rise to the migration rate expres-
sion given in equation (3), multiplied by the relative gap height,

$ = ! cmig$0
%gap

%g
. (34)

Herecmig = kmig/ 2 is the torque prefactor,%gap is the surface
density in the gap,%g is the unperturbed surface density and
$0 ($ M2) is the natural torque scaling. The surface density at
the bottom of the gap is Þtted well by the expression (Du! ell
& MacFadyen, 2013; Fung et al., 2014; Kanagawa et al., 2015;
Fung & Chiang, 2016)

%gap

%g
=

1
1 + 0.04K

, (35)

where

K =
!

M
M&

"2 ) H
r

*! 5

#! 1
v . (36)

This implies that the migration rate, úr = 2$/ (MvK), falls as
1/ M above the gap transition massMgap (deÞned as the mass
for which K = 1/ 0.04). The gap transition mass and the pebble
isolation mass are actually closely related concepts. While the

・黒点付きの線がガス惑星形成を説明可能な進化トラック 
　(各黒点間が0.2Myr に対応) 
・ガス惑星形成を説明するには 
　　小さいペブル St ~0.01 
　　ペブル/ガス降着率比ξ=0.01-0.02の狭い範囲
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We present high-resolution images of the submillimeter SiO line emissions of
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J =11-10 line in Source I, which is the Þrst detection of the SiOv=4 line in star-
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velocity distribution suggest that the line emissions are associated with the base of the
outßow and the surface of the edge-on disk. In contrast, SiOv=2 J =10-9 emission
shows a bipolar structure in the direction of northeast-southwest low-velocity outßow
with ! 200 AU scale. The emission line exhibits a velocity gradient along the direction
of the disk elongation. With the assumption of the ring structure with Keplerian ro-
tation, we estimated the lower limit of the central mass to be 7M ! and the radius of
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Orion Source I
• high-mass protostar candidate, 光度 >10^4 Lsun, 距離~420 
• envelope に埋もれているため、可視や近赤より電波、sub-mm で詳細な観測 
• bipolar outflow ~ 1000 au, edge on disk 
• SiO maser が観測される ~100 au : rotating outflow 
• H2O, CO などのline ：5-9Msun のケプラー回転と整合的 

• 固有運動から、500年前にmassive star と interaction →H2, COで観測される爆発的なoutflow 
• このシナリオでは、M=20Msun 

• Source I の円盤、アウトフローについての高分解能観測が必要 
• 励起温度3600-7000K のSiO のラインから、内側のdynamics を調べる
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Fig. 2.Ñ Moment 0 (grey contour) and moment 1 maps (color) of observed SiO lines superposed
on the continuum map (white contour). The contour levels are 5, 10, 20, 40, and 80 times root-
mean-square (RMS) noise levels, and the RMS noise levels are 3 mJy beam! 1 and 5 mJy beam! 1,
respectively, for 430 GHz and 460 GHz continuum maps. (a) Map of SiOv=2 J =10-9 and 430 GHz
continuum emission. The contour levels are 5,10, and 20 times RMS noise level of 26 mJy beam! 1

for SiO v=2 J =10-9 line. Grey dots represent the position of SiOv=1 and 2 J =1-0 maser emission
(Kim et al. 2008). The beam sizes are 0.09""! 0.07""(grey ellipse), PA=82#and 0.08""! 0.07""(white
ellipse), PA=-80#for SiO v=2 J =10-9 and 430 GHz continuum emission, respectively. (b) Map of
29SiO v=2 J =11-10 and 460 GHz continuum emission. The contour levels are 5,10, 20, and 40 times
RMS noise level of 33 mJy beam! 1 for 29SiO v=2 J =11-10 line. The beam sizes are 0.13""! 0.11"",
PA=82 #(grey ellipse) and 0.10""! 0.09"", PA=83 #(white ellipse) for 29SiO v=2 J =11-10 and 460 GHz
continuum emission, respectively. (c) Map of SiOv=4 J =11-10 and 460 GHz continuum emission.
The contour levels are 5,10, and 20 times RMS noise level of 57 mJy beam! 1 for SiO v=4 J =11-
10 line. The beam sizes are 0.12""! 0.11"", PA=87 #(grey ellipse) and 0.10""! 0.09"", PA=83 #(white
ellipse) for SiO v=4 J =11-10 and 460 GHz continuum emission, respectively.

29SiO v=2 J =11-10 emissions from the disk midplane, as also seen in Section 3.2. While Ginsburg
et al. (2018) resolved the molecular line emission from above and below the disk, we could not detect
the emission in the southwest of the disk, possibly due to the lower sensitivity and resolution.

The 29SiO v=2 J =11-10 emission is mainly found between the eastern and northern arms of
X-shape, and also in the vertical structures from the disk, such as blue-shifted emission along the
eastern arm and high-velocity components near the disk midplane. It conÞrms that the29SiO v=2
J =11-10 emission traces the rotating outßow as other SiO line emission (Plambeck & Wright 2016;
Hirota et al. 2017; Ginsburg et al. 2018, e.g.). On the other hand, thev=4 J =11-10 emission only
found in a line connecting the base of eastern and northern arms of 43 GHz SiO masers, which
resembles the H2O emission in Ginsburg et al. (2018). The morphology and velocity gradient of

Moment 0, 1 map
29SiO v=2SiO v=2

白線：連続波 
灰色線：moment 0 
カラー：moment 1 
灰色点(左図) : maser

SiO v=2 : 北東-南西に伸びるアウトフローの根元 
　北西-南東の速度勾配　red-shift 成分の方が明るい

29SiO v=2, SiO v=4 : コンパクトな円盤　 
　ピーク位置がダストに比べて北東にずれる→ダストが光学的に厚い、SiOは円盤表面 or outflow の根元から？ 
　輝度温度229, 349K, ダスト温度(500-800K)より低い
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Fig. 4.Ñ (a) The position-velocity diagram of the SiO v=4 J =11-10 emission. The Keplerian
velocity curves for 10M ! (grey) and 15M ! (black) are overlaid. The dashed lines show the velocity
curves at 5 AU and 60 AU. The dotted horizontal line represents the systemic velocity of 6 km s" 1.
(b) The position-velocity diagram using the centroids of each velocity channel of the SiOv=1 and 2
J =1-0 SiO maser emission (grey cross), thev=4 J =11-10 (orange) and29SiO v=2 J =11-10 (blue)
emission. The solid line indicates the position-velocity diagram of the ring model with parameters
of M = 7M ! , r in =12 AU, rout =26 AU. Also, we overlaid the model curves with M = 5M ! with
r in =13 AU, rout =23 AU, M = 10M ! with r in =6 AU, rout =30 AU, and M = 15M ! with r in =16 AU,
rout =30 AU. The dashed green line represents the Keplerian rotation curve withM = 7M ! . The
horizontal dashed line marks the adopted systemic velocity of 6 km s" 1.

Figure 4 (b) presents the results of the Þtting to the velocity centroids of the SiOv=4 J =11-
10 emission. We also display the rotation curves with the central mass of 5, 10, and 15M ! . The
rotation curves for smaller masses also seems to Þt with the observed rotation curve near the
systematic velocity, but it could not reproduce the high-velocity components at the innermost
radii. In contrast, a simulation with a higher mass requires the smaller inner radii and larger outer
radii to Þt the observed rotation curve. However, we cannot exclude the possibility of the higher
central mass because we did not consider the o! set from the disk midplane and the e! ect of the
outßow. Also, it is possible that the spatial resolution and sensitivity of our observation was not
enough to detect the detailed structure near the inner and outer radii. Thus, we notice again that
the mass of 7M ! is a lower limit of the mass of Source I.

The estimated mass of 7M ! is consistent with those derived by Plambeck & Wright (2016)
and Hirota et al. (2014), as well as the mass estimated with 43 GHz SiO masers (Matthews et al.
2010). The velocity gradient of the v=1 and 2 SiO masers supports the rotating structure with the
enclosed mass of! 7-8M ! (Kim et al. 2008; Matthews et al. 2010). The rotation curve of 336 GHz
H2O and 340 GHz molecular lines also suggest the rotating ring with the central mass of! 5-7M !

p-v diagram 
SiO v=4 Centroids of each velocity channel

実線：ケプラー回転 
破線：半径5, 60 au での 
　　　回転速度

緑線：M=7Msun のケプラー回転 
他：リングモデル　M=5Msun,   13-23 au 
　　　　　　　　　M=7Msun,   12-26 au 
　　　　　　　　　M=10Msun,   6-30 au 
　　　　　　　　　M=15Msun, 16-30 au
SiO v=4より、M=7Msunモデルがもっとも合う。 
M=5Msun だと高速度成分（図の右上）が合わない

この観測からは先行研究の軽い方の中心星質量を支持 
分解能などの問題でlower limit と見るべき？

星形成領域でのSiO v=4の初検出
より高い分解能で観測できれば円盤やoutflow のより内側を見ることができる
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ABSTRACT
The Disk Substructures at High Angular Resolution Project used ALMA to map the 1.25 millimeter

continuum of protoplanetary disks at a spatial resolution of ⇠ 5 au. We present a systematic analysis
of annular substructures in the 18 single-disk systems targeted in this survey. No dominant archi-
tecture emerges from this sample; instead, remarkably diverse morphologies are observed. Annular
substructures can occur at virtually any radius where millimeter continuum emission is detected and
range in widths from a few au to tens of au. Intensity ratios between gaps and adjacent rings range
from near-unity to just a few percent. In a minority of cases, annular substructures co-exist with other
types of substructures, including spiral arms (3/18) and crescent-like azimuthal asymmetries (2/18).
No clear trend is observed between the positions of the substructures and stellar host properties. In
particular, the absence of an obvious association with stellar host luminosity (and hence the disk
thermal structure) suggests that substructures do not occur preferentially near major molecular snow-
lines. Annular substructures like those observed in DSHARP have long been hypothesized to be due
to planet-disk interactions. A few disks exhibit characteristics particularly suggestive of this scenario,
including substructures in possible mean-motion resonance and Òdouble gapÓ features reminiscent of
hydrodynamical simulations of multiple gaps opened by a planet in a low-viscosity disk.

Keywords: protoplanetary disksÑISM: dustÑtechniques: high angular resolution

1. INTRODUCTION

Exoplanet surveys have uncovered remarkable diver-
sity in the masses, radii, and composition of exoplanets,
as well as in the overall architectures of exoplanetary
systems (e.g.,Howard et al. 2010; Borucki et al. 2011;
Winn & Fabrycky 2015; Fulton et al. 2017). These wide

Corresponding author: Jane Huang
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variations in properties are thought to be closely tied to
di! erences in where and when planets formed in the pro-
toplanetary disks orbiting young stars (e.g., ¬Oberg et al.
2011b; Mordasini et al. 2012; Lee & Chiang 2016). Re-
cent discoveries of complex features in protoplanetary
disks, such as annular substructures, spiral arms, and
high-contrast azimuthal asymmetries, have fueled inter-
est in using observed disk morphologies to infer the prop-
erties of an unseen population of newly-forming planets
(e.g., Muto et al. 2012; van der Marel et al. 2013; ALMA
Partnership et al. 2015; Isella et al. 2016).
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DSHARPのリング構造について 
リング幅 <10 au, コントラスト~数%-oder 1 
spiral arm 付随が3/18, 三日月状構造付随が 2/18 
リング半径と中心星光度等に相関なし　惑星起源を示唆するものも見つかる
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A. Meredith Hughes,12 Karin I. Öberg,1 Luca Ricci,13 David J. Wilner,1 and Shangjia Zhang3

1Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, United States of America
2Departamento de Astronomı́a, Universidad de Chile, Camino El Observatorio 1515, Las Condes, Santiago, Chile

3Department of Physics and Astronomy, University of Nevada, Las Vegas, 4505 S. Maryland Pkwy, Las Vegas, NV, 89154, USA
4Zentrum für Astronomie, Heidelberg University, Albert Ueberle Str. 2, 69120 Heidelberg, Germany

5Department of Physics and Astronomy, Rice University, 6100 Main Street, Houston, TX 77005, United States of America
6Unidad Mixta Internacional Franco-Chilena de Astronomı́a, CNRS/INSU UMI 3386, Departamento de Astronomı́a, Universidad de

Chile, Camino El Observatorio 1515, Las Condes, Santiago, Chile
7Univ. Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France

8Institute for Advanced Study and Tsinghua Center for Astrophysics, Tsinghua University, Beijing 100084, China
9University Observatory, Faculty of Physics, Ludwig-Maximilians-Universität München, Scheinerstr. 1, 81679 Munich, Germany

10Joint ALMA Observatory, Avenida Alonso de Córdova 3107, Vitacura, Santiago, Chile
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ABSTRACT

We present an analysis of ALMA 1.25 millimeter continuum observations of spiral structures in
three protoplanetary disks from the Disk Substructures at High Angular Resolution Project. The
disks around Elias 27, IM Lup, and WaOph 6 were observed at a resolution of ! 40 " 60 mas (! 6 " 7
au). All three disks feature m = 2 spiral patterns in conjunction with annular substructures. Gas
kinematics established by 12CO J = 2 " 1 observations indicate that the continuum spiral arms are
trailing. The arm-interarm intensity contrasts are modest, typically less than 3. The Elias 27 spiral
pattern extends throughout much of the disk, and the arms intersect the gap at R ! 69 au. The
spiral pattern in the IM Lup disk is particularly complex—it extends about halfway radially through
the disk, exhibiting pitch angle variations with radius and interarm features that may be part of ring
substructures or spiral arm branches. Spiral arms also extend most of the way through the WaOph
6 disk, but the source overall is much more compact than the other two disks. We discuss possible
origins for the spiral structures, including gravitational instability and density waves induced by a
stellar or planetary companion. Unlike the millimeter continuum counterparts of many of the disks
with spiral arms detected in scattered light, these three sources do not feature high-contrast crescent-
like asymmetries or large (R > 20 au) emission cavities. This di! erence may point to multiple spiral
formation mechanisms operating in disks.

Keywords: protoplanetary disks—ISM: dust—techniques: high angular resolution

1. INTRODUCTION

Spiral arms are thought to provide key clues to the
dynamical evolution of protoplanetary disks, although
the precise nature of spiral formation mechanisms is
highly debated. Proposed mechanisms for inducing spi-
ral features include perturbations by a stellar or plane-
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tary companion (e.g., Goldreich & Tremaine 1979; Lin
& Papaloizou 1986; Tanaka et al. 2002), gravitational
instability (e.g., Boss 1998; Mayer et al. 2004; Lodato
& Rice 2004), and pressure variations due to shadow-
ing from a misaligned inner disk (e.g., Montesinos et al.
2016; Montesinos & Cuello 2018).
Disk spiral structures have primarily been mapped in

scattered light observations, which trace small grains in
the upper layers of disks (e.g., Fukagawa et al. 2004;
Muto et al. 2012; Grady et al. 2013; Dong et al. 2018a).
However, scattered light does not probe the midplane,
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6 disk, but the source overall is much more compact than the other two disks. We discuss possible
origins for the spiral structures, including gravitational instability and density waves induced by a
stellar or planetary companion. Unlike the millimeter continuum counterparts of many of the disks
with spiral arms detected in scattered light, these three sources do not feature high-contrast crescent-
like asymmetries or large (R > 20 au) emission cavities. This di! erence may point to multiple spiral
formation mechanisms operating in disks.
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ABSTRACT
We present an analysis of ALMA 1.25 millimeter continuum observations of spiral structures in

three protoplanetary disks from the Disk Substructures at High Angular Resolution Project. The
disks around Elias 27, IM Lup, and WaOph 6 were observed at a resolution of! 40" 60 mas (! 6 " 7
au). All three disks feature m = 2 spiral patterns in conjunction with annular substructures. Gas
kinematics established by12CO J = 2 " 1 observations indicate that the continuum spiral arms are
trailing. The arm-interarm intensity contrasts are modest, typically less than 3. The Elias 27 spiral
pattern extends throughout much of the disk, and the arms intersect the gap atR ! 69 au. The
spiral pattern in the IM Lup disk is particularly complexÑit extends about halfway radially through
the disk, exhibiting pitch angle variations with radius and interarm features that may be part of ring
substructures or spiral arm branches. Spiral arms also extend most of the way through the WaOph
6 disk, but the source overall is much more compact than the other two disks. We discuss possible
origins for the spiral structures, including gravitational instability and density waves induced by a
stellar or planetary companion. Unlike the millimeter continuum counterparts of many of the disks
with spiral arms detected in scattered light, these three sources do not feature high-contrast crescent-
like asymmetries or large (R > 20 au) emission cavities. This di! erence may point to multiple spiral
formation mechanisms operating in disks.

Keywords: protoplanetary disksÑISM: dustÑtechniques: high angular resolution

1. INTRODUCTION

Spiral arms are thought to provide key clues to the
dynamical evolution of protoplanetary disks, although
the precise nature of spiral formation mechanisms is
highly debated. Proposed mechanisms for inducing spi-
ral features include perturbations by a stellar or plane-

Corresponding author: Jane Huang
jane.huang@cfa.harvard.edu

tary companion (e.g., Goldreich & Tremaine 1979; Lin
& Papaloizou 1986; Tanaka et al. 2002), gravitational
instability (e.g., Boss 1998; Mayer et al. 2004; Lodato
& Rice 2004), and pressure variations due to shadow-
ing from a misaligned inner disk (e.g.,Montesinos et al.
2016; Montesinos & Cuello 2018).

Disk spiral structures have primarily been mapped in
scattered light observations, which trace small grains in
the upper layers of disks (e.g.,Fukagawa et al. 2004;
Muto et al. 2012; Grady et al. 2013; Dong et al. 2018a).
However, scattered light does not probe the midplane,
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ABSTRACT

M stars are ideal targets to search for Earth-like planets. However, they usu-

ally have high levels of magnetic activity, which could a! ect their habitability

and make di" cult the detection of exoplanets orbiting around them. Unfor-

tunately, long-term variability of dM stars has not been extensively studied,

due to their low intrinsic brightness. For this reason, in 1999 we started the

HK " project, which systematically observes the spectra of a large number

of stars, in particular dM stars, at the Complejo Astron«omico El Leoncito

(CASLEO). In this work, we study the long-term activity of the you ng active

dM1 star AU Microscopii. We analyze the Mount Wilson index S derived from

CASLEO spectra obtained between 2004 and 2016, which we complement with

the S-index derived from HARPS, FEROS and UVES public spectra. We also

analyze the simultaneous photometric counterpart provided by the ASAS pub-

lic database for this star between 2000 and 2009, and our own photometry.

In both totally independent time series, we detect a possible activitycycle

of period ! 5 years. We also derived a precise rotation period for this star

Prot = 4 .85 days, consistent with the literature. This activity cycle reßects

that an " # dynamo could be operating in this star.

Key words: stars: activity, chromosphere, low-mass, rotation Ð stars: indi-

vidual: AU Microscopii.

c! 2018 The Authors
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ABSTRACT

M stars are ideal targets to search for Earth-like planets. However, they usu-

ally have high levels of magnetic activity, which could affect their habitability

and make difficult the detection of exoplanets orbiting around them. Unfor-

tunately, long-term variability of dM stars has not been extensively studied,

due to their low intrinsic brightness. For this reason, in 1999 we started the

HKα project, which systematically observes the spectra of a large number

of stars, in particular dM stars, at the Complejo Astronómico El Leoncito

(CASLEO). In this work, we study the long-term activity of the young active

dM1 star AU Microscopii. We analyze the Mount Wilson index S derived from

CASLEO spectra obtained between 2004 and 2016, which we complement with

the S-index derived from HARPS, FEROS and UVES public spectra. We also

analyze the simultaneous photometric counterpart provided by the ASAS pub-

lic database for this star between 2000 and 2009, and our own photometry.

In both totally independent time series, we detect a possible activity cycle

of period ∼ 5 years. We also derived a precise rotation period for this star

Prot = 4.85 days, consistent with the literature. This activity cycle reflects

that an αΩ dynamo could be operating in this star.

Key words: stars: activity, chromosphere, low-mass, rotation – stars: indi-

vidual: AU Microscopii.
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and make di" cult the detection of exoplanets orbiting around them. Unfor-

tunately, long-term variability of dM stars has not been extensively studied,

due to their low intrinsic brightness. For this reason, in 1999 we started the

HK " project, which systematically observes the spectra of a large number

of stars, in particular dM stars, at the Complejo Astron«omico El Leoncito

(CASLEO). In this work, we study the long-term activity of the you ng active

dM1 star AU Microscopii. We analyze the Mount Wilson index S derived from

CASLEO spectra obtained between 2004 and 2016, which we complement with

the S-index derived from HARPS, FEROS and UVES public spectra. We also

analyze the simultaneous photometric counterpart provided by the ASAS pub-

lic database for this star between 2000 and 2009, and our own photometry.

In both totally independent time series, we detect a possible activitycycle

of period ! 5 years. We also derived a precise rotation period for this star

Prot = 4 .85 days, consistent with the literature. This activity cycle reßects

that an " # dynamo could be operating in this star.

Key words: stars: activity, chromosphere, low-mass, rotation Ð stars: indi-

vidual: AU Microscopii.
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M star は地球型惑星探しのよいターゲット。 
磁気活動がハビタブルゾーンに影響、観測を困難に。 
変光についての理解が不十分。 
2004-2016までのスペクトルを観測 
→変光周期5年、自転~4.85day 
変光の起源はαΩダイナモの可能性
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ABSTRACT

Context. The ocean mass of the Earth is only 2.3 ⇥ 10�4 of the whole planet mass. Even including water in the interior, the water
fraction would be at most 10�3 � 10�2. Ancient Mars may have had a similar or slightly smaller water fraction. What controlled the
amount of water in these planets has not been clear, although several models have been proposed. It is important to clarify the control
mechanism to discuss water delivery to rocky planets in habitable zones in exoplanetary systems, as well as that to Earth and Mars in
our solar system.
Aims. We consider water delivery to planets by icy pebbles after the snowline inwardly passes planetary orbits. We derive the water
mass fraction ( fwater) of the final planet as a function of disk parameters and discuss the parameters that reproduce a small value of
fwater comparable to that inferred for the Earth and ancient Mars.
Methods. We calculated the growth of icy dust grains to pebbles and the pebble radial drift with a 1D model, by simultaneously
solving the snowline migration and dissipation of a gas disk. With the obtained pebble mass flux, we calculated accretion of icy
pebbles onto planets after the snowline passage to evaluate fwater of the planets.
Results. We find that fwater is regulated by the total mass (Mres) of icy dust materials preserved in the outer disk regions at the timing
(t = tsnow) of the snowline passage of the planetary orbit. Because Mres decays rapidly after the pebble formation front reaches the
disk outer edge (at t = tp↵), fwater is sensitive to the ratio tsnow/tp↵ , which is determined by the disk parameters. We find tsnow/tp↵ < 10
or > 10 is important. By evaluating Mres analytically, we derive an analytical formula of fwater that reproduces the numerical results.
Conclusions. Using the analytical formula, we find that fwater of a rocky planet near 1 au is similar to the Earth, i.e., ⇠ 10�4 � 10�2, in
disks with an initial disk size of 30-50 au and an initial disk mass accretion rate of ⇠ (10�8 � 10�7)M�/r for disk depletion timescale
of ⇠ a few M years. Because these disks may be median or slightly compact/massive disks, our results suggest that the water fraction
of rocky planets in habitable zones may often be similar to that of the Earth if icy pebble accretion is responsible for water delivery.

Key words. Planets and satellites: formation, Accretion, Accretion disks

1. Introduction

Earth-size planets are being discovered in habitable zones (HZs)
in exoplanetary systems. These HZs are defined as a range of or-
bital radius, in which liquid water can exist on the planetary sur-
face if H2O exists there. However, as long as equilibrium tem-
perature is concerned, H2O ice grains condense only well be-
yond the HZs, because the gas pressure of protoplanetary disks
is many orders of magnitude lower than that of planetary atmo-
sphere and the condensation temperature is considerably lower
than that at 1 atm. Hereafter, we simply call H2O in a solid/liquid
phase “water.” For the Earth, a volatile supply by the gas capture
from the disk is ruled out because observed values of rare-Earth
elements are too low in the Earth to be consistent with the disk
gas capture (e.g., Brown 1949). Therefore, the water in the Earth
would have been delivered from the outer regions of the disk
during planet formation.

One possible water delivery mechanism to Earth is the
inward scattering of water-bearing asteroids by Jupiter (e.g.,
Raymond et al. 2004). If this is a dominant mechanism of water
delivery, the amount of delivered water is rather stochastic and
depends on configurations of giant planets in the planetary sys-
tems. If water is not delivered, a rocky planet in a HZ may not be

able to be an actual habitat. On the other hand, too much water
creates a planet without continents, where the supply of nutri-
ents may not be as e↵ective as in the Earth. The oceans of the
Earth comprise only 0.023% by weight and this amount enables
oceans and continents to coexist. The mantle may preserve water
in the transition zone with a comparable amount of ocean (e.g.,
Bercovici & Karato 2003; Hirschmann 2006; Fei et al. 2017),
while the core could have H equivalent to 2% by weight of H2O
of the Earth (Nomura et al. 2014). However, the original water
fraction of the Earth would still be very small (⇠ 10�4 � 10�2),
even with the possible water reservoir in the interior because nei-
ther stellar irradiation at ⇠ 1 au (Machida & Abe 2010) nor giant
impacts (Genda & Abe 2005) can vaporize the majority of the
water from the gravitational potential of Earth. We note that it is
inferred that Mars may have subsurface water of 10�4 � 10�3 of
Mars mass (e.g., di Achille & Hynek 2010; Cli↵ord et al. 2010;
Kurokawa et al. 2014). From the high D/H ratio observed in the
Venus atmosphere, early Venus may also have had oceans of the
fraction 10�5 � 10�3 and lost the H2O vapor through runaway
greenhouse e↵ect (e.g., Donahue et al. 1982; Greenwood et al.
2018). The order of water fraction looks similar at least between
the Earth and ancient Mars. Although the estimated total mass
fraction of water in the Earth and Mars has relatively large uncer-
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ABSTRACT

Context. The ocean mass of the Earth is only 2.3 " 10#4 of the whole planet mass. Even including water in the interior, the water
fraction would be at most 10#3 # 10#2. Ancient Mars may have had a similar or slightly smaller water fraction. What controlled the
amount of water in these planets has not been clear, although several models have been proposed. It is important to clarify the control
mechanism to discuss water delivery to rocky planets in habitable zones in exoplanetary systems, as well as that to Earth and Mars in
our solar system.
Aims. We consider water delivery to planets by icy pebbles after the snowline inwardly passes planetary orbits. We derive the water
mass fraction (fwater) of the Þnal planet as a function of disk parameters and discuss the parameters that reproduce a small value of
fwater comparable to that inferred for the Earth and ancient Mars.
Methods. We calculated the growth of icy dust grains to pebbles and the pebble radial drift with a 1D model, by simultaneously
solving the snowline migration and dissipation of a gas disk. With the obtained pebble mass ßux, we calculated accretion of icy
pebbles onto planets after the snowline passage to evaluatefwater of the planets.
Results. We Þnd thatfwater is regulated by the total mass (Mres) of icy dust materials preserved in the outer disk regions at the timing
(t = tsnow) of the snowline passage of the planetary orbit. BecauseMres decays rapidly after the pebble formation front reaches the
disk outer edge (att = tp! ), fwater is sensitive to the ratiotsnow/ tp! , which is determined by the disk parameters. We Þndtsnow/ tp! < 10
or > 10 is important. By evaluatingMres analytically, we derive an analytical formula offwater that reproduces the numerical results.
Conclusions. Using the analytical formula, we Þnd thatfwater of a rocky planet near 1 au is similar to the Earth, i.e.,$ 10#4 # 10#2, in
disks with an initial disk size of 30-50 au and an initial disk mass accretion rate of$ (10#8 # 10#7)M%/ r for disk depletion timescale
of $ a few M years. Because these disks may be median or slightly compact/massive disks, our results suggest that the water fraction
of rocky planets in habitable zones may often be similar to that of the Earth if icy pebble accretion is responsible for water delivery.

Key words. Planets and satellites: formation, Accretion, Accretion disks

1. Introduction

Earth-size planets are being discovered in habitable zones (HZs)
in exoplanetary systems. These HZs are deÞned as a range of or-
bital radius, in which liquid water can exist on the planetary sur-
face if H2O exists there. However, as long as equilibrium tem-
perature is concerned, H2O ice grains condense only well be-
yond the HZs, because the gas pressure of protoplanetary disks
is many orders of magnitude lower than that of planetary atmo-
sphere and the condensation temperature is considerably lower
than that at 1 atm. Hereafter, we simply call H2O in a solid/liquid
phase Òwater.Ó For the Earth, a volatile supply by the gas capture
from the disk is ruled out because observed values of rare-Earth
elements are too low in the Earth to be consistent with the disk
gas capture (e.g., Brown 1949). Therefore, the water in the Earth
would have been delivered from the outer regions of the disk
during planet formation.

One possible water delivery mechanism to Earth is the
inward scattering of water-bearing asteroids by Jupiter (e.g.,
Raymond et al. 2004). If this is a dominant mechanism of water
delivery, the amount of delivered water is rather stochastic and
depends on conÞgurations of giant planets in the planetary sys-
tems. If water is not delivered, a rocky planet in a HZ may not be

able to be an actual habitat. On the other hand, too much water
creates a planet without continents, where the supply of nutri-
ents may not be as e! ective as in the Earth. The oceans of the
Earth comprise only 0.023% by weight and this amount enables
oceans and continents to coexist. The mantle may preserve water
in the transition zone with a comparable amount of ocean (e.g.,
Bercovici & Karato 2003; Hirschmann 2006; Fei et al. 2017),
while the core could have H equivalent to 2% by weight of H2O
of the Earth (Nomura et al. 2014). However, the original water
fraction of the Earth would still be very small ($ 10#4 # 10#2),
even with the possible water reservoir in the interior because nei-
ther stellar irradiation at$ 1 au (Machida & Abe 2010) nor giant
impacts (Genda & Abe 2005) can vaporize the majority of the
water from the gravitational potential of Earth. We note that it is
inferred that Mars may have subsurface water of 10#4 # 10#3 of
Mars mass (e.g., di Achille & Hynek 2010; Cli! ord et al. 2010;
Kurokawa et al. 2014). From the high D/H ratio observed in the
Venus atmosphere, early Venus may also have had oceans of the
fraction 10#5 # 10#3 and lost the H2O vapor through runaway
greenhouse e! ect (e.g., Donahue et al. 1982; Greenwood et al.
2018). The order of water fraction looks similar at least between
the Earth and ancient Mars. Although the estimated total mass
fraction of water in the Earth and Mars has relatively large uncer-
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ABSTRACT

Context. The ocean mass of the Earth is only 2.3 " 10#4 of the whole planet mass. Even including water in the interior, the water
fraction would be at most 10#3 # 10#2. Ancient Mars may have had a similar or slightly smaller water fraction. What controlled the
amount of water in these planets has not been clear, although several models have been proposed. It is important to clarify the control
mechanism to discuss water delivery to rocky planets in habitable zones in exoplanetary systems, as well as that to Earth and Mars in
our solar system.
Aims. We consider water delivery to planets by icy pebbles after the snowline inwardly passes planetary orbits. We derive the water
mass fraction (fwater) of the Þnal planet as a function of disk parameters and discuss the parameters that reproduce a small value of
fwater comparable to that inferred for the Earth and ancient Mars.
Methods. We calculated the growth of icy dust grains to pebbles and the pebble radial drift with a 1D model, by simultaneously
solving the snowline migration and dissipation of a gas disk. With the obtained pebble mass ßux, we calculated accretion of icy
pebbles onto planets after the snowline passage to evaluatefwater of the planets.
Results. We Þnd thatfwater is regulated by the total mass (Mres) of icy dust materials preserved in the outer disk regions at the timing
(t = tsnow) of the snowline passage of the planetary orbit. BecauseMres decays rapidly after the pebble formation front reaches the
disk outer edge (att = tp! ), fwater is sensitive to the ratiotsnow/ tp! , which is determined by the disk parameters. We Þndtsnow/ tp! < 10
or > 10 is important. By evaluatingMres analytically, we derive an analytical formula offwater that reproduces the numerical results.
Conclusions. Using the analytical formula, we Þnd thatfwater of a rocky planet near 1 au is similar to the Earth, i.e.,$ 10#4 # 10#2, in
disks with an initial disk size of 30-50 au and an initial disk mass accretion rate of$ (10#8 # 10#7)M%/ r for disk depletion timescale
of $ a few M years. Because these disks may be median or slightly compact/massive disks, our results suggest that the water fraction
of rocky planets in habitable zones may often be similar to that of the Earth if icy pebble accretion is responsible for water delivery.

Key words. Planets and satellites: formation, Accretion, Accretion disks

1. Introduction

Earth-size planets are being discovered in habitable zones (HZs)
in exoplanetary systems. These HZs are deÞned as a range of or-
bital radius, in which liquid water can exist on the planetary sur-
face if H2O exists there. However, as long as equilibrium tem-
perature is concerned, H2O ice grains condense only well be-
yond the HZs, because the gas pressure of protoplanetary disks
is many orders of magnitude lower than that of planetary atmo-
sphere and the condensation temperature is considerably lower
than that at 1 atm. Hereafter, we simply call H2O in a solid/liquid
phase Òwater.Ó For the Earth, a volatile supply by the gas capture
from the disk is ruled out because observed values of rare-Earth
elements are too low in the Earth to be consistent with the disk
gas capture (e.g., Brown 1949). Therefore, the water in the Earth
would have been delivered from the outer regions of the disk
during planet formation.

One possible water delivery mechanism to Earth is the
inward scattering of water-bearing asteroids by Jupiter (e.g.,
Raymond et al. 2004). If this is a dominant mechanism of water
delivery, the amount of delivered water is rather stochastic and
depends on conÞgurations of giant planets in the planetary sys-
tems. If water is not delivered, a rocky planet in a HZ may not be

able to be an actual habitat. On the other hand, too much water
creates a planet without continents, where the supply of nutri-
ents may not be as e! ective as in the Earth. The oceans of the
Earth comprise only 0.023% by weight and this amount enables
oceans and continents to coexist. The mantle may preserve water
in the transition zone with a comparable amount of ocean (e.g.,
Bercovici & Karato 2003; Hirschmann 2006; Fei et al. 2017),
while the core could have H equivalent to 2% by weight of H2O
of the Earth (Nomura et al. 2014). However, the original water
fraction of the Earth would still be very small ($ 10#4 # 10#2),
even with the possible water reservoir in the interior because nei-
ther stellar irradiation at$ 1 au (Machida & Abe 2010) nor giant
impacts (Genda & Abe 2005) can vaporize the majority of the
water from the gravitational potential of Earth. We note that it is
inferred that Mars may have subsurface water of 10#4 # 10#3 of
Mars mass (e.g., di Achille & Hynek 2010; Cli! ord et al. 2010;
Kurokawa et al. 2014). From the high D/H ratio observed in the
Venus atmosphere, early Venus may also have had oceans of the
fraction 10#5 # 10#3 and lost the H2O vapor through runaway
greenhouse e! ect (e.g., Donahue et al. 1982; Greenwood et al.
2018). The order of water fraction looks similar at least between
the Earth and ancient Mars. Although the estimated total mass
fraction of water in the Earth and Mars has relatively large uncer-
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地球のような惑星を説明するには、 
半径30-50 au、accretion rate ~10^-8~-7Msun/yr の円盤が良い
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ABSTRACT
ALMA observations of protoplanetary disks acquired by the Disk Substructure at High Angular

Resolution Project (DSHARP) resolve the dust and gas emission on angular scales as small as 3
astronomical units, o! ering an unprecedented detailed view of the environment where planets form.
In this article, we present and discuss observations of the HD 163296 protoplanetary disk that imaged
the 1.25 mm dust continuum and 12CO J=2-1 rotational line emission at a spatial resolution of 4 and
10 au, respectively. The continuum observations resolve and allow us to characterize the previously
discovered dust rings at radii of 67 and 100 au. They also reveal new small scale structures, such
as a dark gap at 10 au, a bright ring at 15 au, a dust crescent at a radius of 55 au, and several
fainter azimuthal asymmetries. The observations of the CO and dust emission inform about the
vertical structure of the disk and allow us to directly constrain the dust extinction optical depth at
the dust rings. Furthermore, the observed asymmetries in the dust continuum emission corroborate
to the hypothesis that the complex structure of the HD 163296 disk is the result of the gravitational
interaction with yet unseen planets.

Keywords: protoplanetary disks, planet-disk interactions, submillimeter: planetary systems

1. INTRODUCTION

In recent years, millimeter-wave interferometers and
near infrared high contrast cameras have imaged nearby
protoplanetary systems at unprecendented angular res-
olution in both continuum and line emission (e.g., An-
drews et al. 2016; ALMA Partnership et al. 2015; Isella
et al. 2016; Keppler et al. 2018; Sallum et al. 2015). Al-
though still limited to a few objects, these observations

Corresponding author: Andrea Isella
isella@rice.edu

inform about the processes responsible for the formation
of planets.

Several circumstellar disks observed at a spatial reso-
lution better than 50 au reveal ring-like features in the
emission of small and large dust particles, as well as of
the molecular gas (Andrews et al. 2011b,a; Boehler et al.
2018; Dong et al. 2017, 2018; Fedele et al. 2017, 2018;
Isella et al. 2013, 2014; Tang et al. 2017; van der Marel
et al. 2015, 2016, 2018b; Zhang et al. 2014, 2016). In
particular, the homogeneous survey performed by the
Disk Substructure at High Angular Resolution Project
(DSHARP) has revealed that multiple-ring systems are
ubiquitous among the most massive circumstellar disks
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Resolution Project (DSHARP) resolve the dust and gas emission on angular scales as small as 3
astronomical units, o! ering an unprecedented detailed view of the environment where planets form.
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vertical structure of the disk and allow us to directly constrain the dust extinction optical depth at
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fainter azimuthal asymmetries. The observations of the CO and dust emission inform about the
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DSHARPのHD163296について 
分解能ダスト~4 au, 12CO J=2-1 ~10 au 
リング構造 15, 67, 100 au, gap構造 10 au 三日月状構造 55 au  
構造としてunseen planet を支持
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ABSTRACT

Planetary migration is a major challenge for planet formation theories. The speed of Type I migration is proportional to the mass of
a protoplanet, while the Þnal decade of growth of a pebble-accreting planetary core takes place at a rate that scales with the mass
to the two-thirds power. This results in planetary growth tracks (i.e., the evolution of a protoplanetÕs mass versus its distance from
the star) that become increasingly horizontal (migration-dominated) with rising mass of the protoplanet. It has been shown recently
that the migration torque on a protoplanet is reduced proportional to the relative height of the gas gap carved by the growing planet.
Here we show from 1-D simulations of planet-disc interaction that the mass at which a planet carves a 50% gap is approximately 2.3
times the pebble isolation mass. Our measurements of the pebble isolation mass from 1-D simulations match published 3-D results
relatively well, except at very low viscosities (! < 10" 3) where the 3-D pebble isolation mass is signiÞcantly higher, possibly due
to gap edge instabilities that are not captured in 1-D. The pebble isolation mass demarks the transition from pebble accretion to gas
accretion. Gas accretion to form gas-giant planets therefore takes place over a few astronomical units of migration after reaching
Þrst the pebble isolation mass and, shortly after, the 50% gap mass. Our results demonstrate how planetary growth can outperform
migration, both during core accretion and during gas accretion, even when the Stokes number of the pebbles is small, St# 0.01, and
the pebble-to-gas ßux ratio in the protoplanetary disc is in the nominal range of 0.01Ð0.02. We Þnd that planetary growth is very rapid
in the Þrst million years of the protoplanetary disc and that the probability for forming gas-giant planets increases with the initial size
of the protoplanetary disc and with decreasing turbulent di! usion.

Key words. planet-disk interactions, planets and satellites: formation, planets and satellites: gaseous planets

1. Introduction

The formation of planets involves many distinct steps in the
growth from dust and ice particles to full planetary system (a
realisation that was pioneered 50 years ago by Safronov, 1969).
The competition between radial migration and growth is nev-
ertheless a general theme in planet formation. The formation
of planetesimals, for example, has to overcome the radial drift
caused by the head-wind of the slower moving gas on the
growing particles (Weidenschilling, 1977; Brauer et al., 2008).
Trapping pebbles in pressure bumps formed in the turbulent gas
ßow (Lyra et al., 2008; Johansen et al., 2009a; Bai, 2015) or by
embedded planets (Lyra et al., 2009) or through run-away pile-
ups caused by the friction on the gas (Youdin & Goodman, 2005;
Johansen et al., 2009b; Bai & Stone, 2010; Gonzalez et al., 2017;
Draüúzkowska et al., 2016) provide possible solutions to the radial
drift problem of planetesimal formation.

Planetary migration results from the gravitational torque ex-
erted on a protoplanet by the spiral density wakes excited in the
gaseous protoplanetary disc (Lin & Papaloizou, 1979; Goldreich
& Tremaine, 1980; Tanaka et al., 2002). The nominal Type I mi-
gration rate reaches approximately 1 m/s (about 100 AU/Myr)
for a 10-Earth-mass protoplanet embedded in a young, massive
protoplanetary disc. The solutions proposed to mitigate catas-
trophic Type I migration include slowing down or even reversing
the migration where the temperature gradient is steep in the in-
ner regions of the protoplanetary disc (Paardekooper et al., 2010;
Lyra et al., 2010; Bitsch et al., 2014; Brasser et al., 2017), or

Send o↵print requests to:
A. Johansen (e-mail:anders@astro.lu.se )

by a positive corotation torque resulting from the accretion heat
of the protoplanet (Ben«õtez-Llambay et al., 2015) or from the
scattering of (large) pebbles (Ben«õtez-Llambay & Pessah, 2018).
Migration can even stall entirely if the turbulent viscosity is too
weak to di! use away the gas density enhancement that forms in-
terior of the planetary orbit (RaÞkov, 2002; Li et al., 2009; Fung
& Lee, 2018).

A more direct way to overcome Type I migration is simply
for the planetary core to increase its mass very rapidly. The ac-
cretion rate of pebbles is potentially high enough for the proto-
planet growth to outperform the nominal rate of Type I migration
(Lambrechts & Johansen, 2014; Ormel et al., 2017; Johansen &
Lambrechts, 2017). Bitsch et al. (2015b) demonstrated that pro-
toplanets forming several tens of AU from the host star have
enough space to grow to gas-giant planets while they migrate
into 5Ð10 AU orbits1. However, Br¬ugger et al. (2018) found that
the pebble ßux rate in the model of Bitsch et al. (2015b) was arti-
Þcially high and that nominal pebble ßuxes (#0.01 relative to the
gas ßux) do not yield high enough core growth rates to compete
with migration, unless the metallicity is enhanced signiÞcantly
beyond the solar value. Bitsch et al. (2018a) argued instead that
the pebble sizes and surface densities of Bitsch et al. (2015b)
in fact correspond well to observations of protoplanetary discs.
However, although the protoplanetary disc model advocated in
Bitsch et al. (2018a) is motivated observationally, the pebble
sizes and surface densities used in that work are not anchored
in self-consistent theoretical models of pebble growth and drift.

1 Matsumura et al. (2017), on the other hand, started the seeds in the
5Ð10 AU region and showed how this leads mainly to the formation of
warm and hot Jupiters
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ABSTRACT

Planetary migration is a major challenge for planet formation theories. The speed of Type I migration is proportional to the mass of
a protoplanet, while the Þnal decade of growth of a pebble-accreting planetary core takes place at a rate that scales with the mass
to the two-thirds power. This results in planetary growth tracks (i.e., the evolution of a protoplanetÕs mass versus its distance from
the star) that become increasingly horizontal (migration-dominated) with rising mass of the protoplanet. It has been shown recently
that the migration torque on a protoplanet is reduced proportional to the relative height of the gas gap carved by the growing planet.
Here we show from 1-D simulations of planet-disc interaction that the mass at which a planet carves a 50% gap is approximately 2.3
times the pebble isolation mass. Our measurements of the pebble isolation mass from 1-D simulations match published 3-D results
relatively well, except at very low viscosities (! < 10" 3) where the 3-D pebble isolation mass is signiÞcantly higher, possibly due
to gap edge instabilities that are not captured in 1-D. The pebble isolation mass demarks the transition from pebble accretion to gas
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The formation of planets involves many distinct steps in the
growth from dust and ice particles to full planetary system (a
realisation that was pioneered 50 years ago by Safronov, 1969).
The competition between radial migration and growth is nev-
ertheless a general theme in planet formation. The formation
of planetesimals, for example, has to overcome the radial drift
caused by the head-wind of the slower moving gas on the
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Trapping pebbles in pressure bumps formed in the turbulent gas
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Draüúzkowska et al., 2016) provide possible solutions to the radial
drift problem of planetesimal formation.
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gration rate reaches approximately 1 m/s (about 100 AU/Myr)
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Þcially high and that nominal pebble ßuxes (#0.01 relative to the
gas ßux) do not yield high enough core growth rates to compete
with migration, unless the metallicity is enhanced signiÞcantly
beyond the solar value. Bitsch et al. (2018a) argued instead that
the pebble sizes and surface densities of Bitsch et al. (2015b)
in fact correspond well to observations of protoplanetary discs.
However, although the protoplanetary disc model advocated in
Bitsch et al. (2018a) is motivated observationally, the pebble
sizes and surface densities used in that work are not anchored
in self-consistent theoretical models of pebble growth and drift.

1 Matsumura et al. (2017), on the other hand, started the seeds in the
5Ð10 AU region and showed how this leads mainly to the formation of
warm and hot Jupiters
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ABSTRACT

Planetary migration is a major challenge for planet formation theories. The speed of Type I migration is proportional to the mass of
a protoplanet, while the final decade of growth of a pebble-accreting planetary core takes place at a rate that scales with the mass
to the two-thirds power. This results in planetary growth tracks (i.e., the evolution of a protoplanet’s mass versus its distance from
the star) that become increasingly horizontal (migration-dominated) with rising mass of the protoplanet. It has been shown recently
that the migration torque on a protoplanet is reduced proportional to the relative height of the gas gap carved by the growing planet.
Here we show from 1-D simulations of planet-disc interaction that the mass at which a planet carves a 50% gap is approximately 2.3
times the pebble isolation mass. Our measurements of the pebble isolation mass from 1-D simulations match published 3-D results
relatively well, except at very low viscosities (↵ < 10�3) where the 3-D pebble isolation mass is significantly higher, possibly due
to gap edge instabilities that are not captured in 1-D. The pebble isolation mass demarks the transition from pebble accretion to gas
accretion. Gas accretion to form gas-giant planets therefore takes place over a few astronomical units of migration after reaching
first the pebble isolation mass and, shortly after, the 50% gap mass. Our results demonstrate how planetary growth can outperform
migration, both during core accretion and during gas accretion, even when the Stokes number of the pebbles is small, St ⇠ 0.01, and
the pebble-to-gas flux ratio in the protoplanetary disc is in the nominal range of 0.01–0.02. We find that planetary growth is very rapid
in the first million years of the protoplanetary disc and that the probability for forming gas-giant planets increases with the initial size
of the protoplanetary disc and with decreasing turbulent di↵usion.

Key words. planet-disk interactions, planets and satellites: formation, planets and satellites: gaseous planets

1. Introduction

The formation of planets involves many distinct steps in the
growth from dust and ice particles to full planetary system (a
realisation that was pioneered 50 years ago by Safronov, 1969).
The competition between radial migration and growth is nev-
ertheless a general theme in planet formation. The formation
of planetesimals, for example, has to overcome the radial drift
caused by the head-wind of the slower moving gas on the
growing particles (Weidenschilling, 1977; Brauer et al., 2008).
Trapping pebbles in pressure bumps formed in the turbulent gas
flow (Lyra et al., 2008; Johansen et al., 2009a; Bai, 2015) or by
embedded planets (Lyra et al., 2009) or through run-away pile-
ups caused by the friction on the gas (Youdin & Goodman, 2005;
Johansen et al., 2009b; Bai & Stone, 2010; Gonzalez et al., 2017;
Dra̧żkowska et al., 2016) provide possible solutions to the radial
drift problem of planetesimal formation.

Planetary migration results from the gravitational torque ex-
erted on a protoplanet by the spiral density wakes excited in the
gaseous protoplanetary disc (Lin & Papaloizou, 1979; Goldreich
& Tremaine, 1980; Tanaka et al., 2002). The nominal Type I mi-
gration rate reaches approximately 1 m/s (about 100 AU/Myr)
for a 10-Earth-mass protoplanet embedded in a young, massive
protoplanetary disc. The solutions proposed to mitigate catas-
trophic Type I migration include slowing down or even reversing
the migration where the temperature gradient is steep in the in-
ner regions of the protoplanetary disc (Paardekooper et al., 2010;
Lyra et al., 2010; Bitsch et al., 2014; Brasser et al., 2017), or

Send o↵print requests to:
A. Johansen (e-mail: anders@astro.lu.se)

by a positive corotation torque resulting from the accretion heat
of the protoplanet (Benı́tez-Llambay et al., 2015) or from the
scattering of (large) pebbles (Benı́tez-Llambay & Pessah, 2018).
Migration can even stall entirely if the turbulent viscosity is too
weak to di↵use away the gas density enhancement that forms in-
terior of the planetary orbit (Rafikov, 2002; Li et al., 2009; Fung
& Lee, 2018).

A more direct way to overcome Type I migration is simply
for the planetary core to increase its mass very rapidly. The ac-
cretion rate of pebbles is potentially high enough for the proto-
planet growth to outperform the nominal rate of Type I migration
(Lambrechts & Johansen, 2014; Ormel et al., 2017; Johansen &
Lambrechts, 2017). Bitsch et al. (2015b) demonstrated that pro-
toplanets forming several tens of AU from the host star have
enough space to grow to gas-giant planets while they migrate
into 5–10 AU orbits1. However, Brügger et al. (2018) found that
the pebble flux rate in the model of Bitsch et al. (2015b) was arti-
ficially high and that nominal pebble fluxes (⇠0.01 relative to the
gas flux) do not yield high enough core growth rates to compete
with migration, unless the metallicity is enhanced significantly
beyond the solar value. Bitsch et al. (2018a) argued instead that
the pebble sizes and surface densities of Bitsch et al. (2015b)
in fact correspond well to observations of protoplanetary discs.
However, although the protoplanetary disc model advocated in
Bitsch et al. (2018a) is motivated observationally, the pebble
sizes and surface densities used in that work are not anchored
in self-consistent theoretical models of pebble growth and drift.

1 Matsumura et al. (2017), on the other hand, started the seeds in the
5–10 AU region and showed how this leads mainly to the formation of
warm and hot Jupiters
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Type I migration : 惑星massに依存、ペブルアクリーションで変化 
惑星が重いほどmigration がよく効く 
１D計算から、50％のgas gap を開ける質量~2.3 x pebble isolation mass 
pebble isolation mass 到達から数au 落ちた時で、50%gap 形成の直後。 
ガス惑星は大きな円盤、乱流が弱い円盤でできやすい。



37

Mon. Not. R. Astron. Soc. 000 , 1–12 (2014) Printed 23 January 2019 (MN LATEX style file v2.2)

Classical T-Tauri stars with VPHAS+: II: NGC 6383 in
Sh 2-012!  

V. M. Kalari 1,2à
1Gemini Observatory, Southern Operations Center, c/o AURA, Casilla 603, La Serena, Chile
2Gemini-CONICYT, Departamento de Astronom«õa, Universidad de Chile, Casilla 36-D Santiago, Chile

16 December 2014

ABSTRACT

This paper presents optical (ugri H! )Ðinfrared (JHKs,3.6Ð8.0µm) photometry, and
Gaia astrometry of 55 Classical T-Tauri stars (CTTS) in the star-forming region Sh 2-
012, and itÕs central cluster NGC 6383. The sample was identiÞed based on photo-
metric H! emission line widths, and has a median age of 2.8± 1.6 Myr, with a mass
range between 0.3Ð1M�. 94% of CTTS with near-infrared cross-matches fall on the
near-infrared T-Tauri locus, with all stars having mid-infrared photometry exhibiting
evidence for accreting circumstellar discs. CTTS are found concentrated around the
central cluster NGC 6383, and towards the bright rims located at the edges of Sh 2-012.
Stars across the region have similar ages, suggestive of a single burst of star forma-
tion. Mass accretion rates ( úM acc) estimated via H! and u-band line intensities show a
scatter (0.3 dex) similar to spectroscopic studies, indicating the suitability of H! pho-
tometry to estimate úM acc. Examining the variation of úM acc with stellar mass (M ⇤),
we Þnd a smaller intercept in the úM acc-M ⇤ relation than oft-quoted in the literature,
providing evidence to discriminate between competing theories of protoplanetary disc
evolution.

Key words: accretion, accretion discs, stars: pre-main sequence, stars: variables:
T Tauri, open clusters and associations: individual: Sh 2-012, NGC 6383

1 INTRODUCTION

In the current paradigm of pre-main sequence (PMS) evolu-
tion, optically visible, PMS stars, i.e. Classical T-Tauri stars
(CTTS) accrete gas from their circumstellar disc via a stellar
magnetosphere (Koenigl 1991; Calvet & Hartmann 1992),
facilitated in part by removal of angular momentum via
outßows. This accretion processes results in a combination
of unique signatures including excess ultraviolet continuum
and line emission (notably in H ! ); and infrared excess (at
" > 2µm) due to the circumstellar disc (Gullbring et al. 1998;
Muzerolle et al. 2003). Mass accretion ( úM acc ) results in mass
gain eventually leading to the main-sequence turn on, while
the remaining disc coagulates and forms planetary systems.
How T-Tauri stars accrete mass from their disc while losing
angular momentum remains an outstanding question (Hart-
mann et al. 2016). Understanding this process is essential

! Source code to calculate the photometric H! emission line
widths and associated stellar models for the VPHAS+ filters can
be found at https://github.com/astroquackers/HaEW
  Table 1 is available in electronic form only
à E-mail: : venukalari@gmail.com

as it controls the evolution of protoplanetary discs and the
planetary systems within (Alexander et al. 2014). Currently,
viscous evolution (Hartmann et al. 1998; Balbus & Hawley
1998) acting in conjunction with sources of ionisation (for
e.g. gamma-rays in Gammie (1999), or as summarised in
Gorti et al. (2015); Ercolano & Pascucci (2017) from inter-
nal photoevaporation, UV-radiation, or X-rays) are consid-
ered the chief accretion drivers. Hydrodynamic turbulence
(Hartmann & Bae 2018), or Bondi-Hoyle accretion (Padoan
et al. 2005; Hartmann 2008) have also been proposed. These
competing theories predict variations in how úM acc of PMS
stars changes with respect to stellar mass and age. Hence,
obtaining large samples of stellar and accretion estimates of
PMS stars is the key to understanding disc evolution.

The observational study of accretion in young stars has
been the subject of a large body of observational work (see
Hartmann et al. 2016 for a recent review). Conventionally,
accretion properties of PMS stars are obtained from spectro-
scopic studies of a few select objects (e.g., Muzerolle et al.
2003; Natta et al. 2006; Herczeg & Hillenbrand 2008; Kalari
& Vink 2015; Manara et al. 2017), either based on their
UV continuum excess, or emission line strengths. Recently
De Marchi et al. (2010); Barentsen et al. (2011), and Kalari
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ABSTRACT

This paper presents optical (ugri H↵)Ðinfrared (JHKs,3.6Ð8.0µm) photometry, and
Gaia astrometry of 55 Classical T-Tauri stars (CTTS) in the star-forming region Sh 2-
012, and itÕs central cluster NGC 6383. The sample was identiÞed based on photo-
metric H↵ emission line widths, and has a median age of 2.8± 1.6 Myr, with a mass
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near-infrared T-Tauri locus, with all stars having mid-infrared photometry exhibiting
evidence for accreting circumstellar discs. CTTS are found concentrated around the
central cluster NGC 6383, and towards the bright rims located at the edges of Sh 2-012.
Stars across the region have similar ages, suggestive of a single burst of star forma-
tion. Mass accretion rates ( úM acc) estimated via H↵ and u-band line intensities show a
scatter (0.3 dex) similar to spectroscopic studies, indicating the suitability of H↵ pho-
tometry to estimate úM acc. Examining the variation of úM acc with stellar mass (M ⇤),
we Þnd a smaller intercept in the úM acc-M ⇤ relation than oft-quoted in the literature,
providing evidence to discriminate between competing theories of protoplanetary disc
evolution.
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In the current paradigm of pre-main sequence (PMS) evolu-
tion, optically visible, PMS stars, i.e. Classical T-Tauri stars
(CTTS) accrete gas from their circumstellar disc via a stellar
magnetosphere (Koenigl 1991; Calvet & Hartmann 1992),
facilitated in part by removal of angular momentum via
outflows. This accretion processes results in a combination
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� >2µm) due to the circumstellar disc (Gullbring et al. 1998;
Muzerolle et al. 2003). Mass accretion (Ṁacc ) results in mass
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as it controls the evolution of protoplanetary discs and the
planetary systems within (Alexander et al. 2014). Currently,
viscous evolution (Hartmann et al. 1998; Balbus & Hawley
1998) acting in conjunction with sources of ionisation (for
e.g. gamma-rays in Gammie (1999), or as summarised in
Gorti et al. (2015); Ercolano & Pascucci (2017) from inter-
nal photoevaporation, UV-radiation, or X-rays) are consid-
ered the chief accretion drivers. Hydrodynamic turbulence
(Hartmann & Bae 2018), or Bondi-Hoyle accretion (Padoan
et al. 2005; Hartmann 2008) have also been proposed. These
competing theories predict variations in how Ṁacc of PMS
stars changes with respect to stellar mass and age. Hence,
obtaining large samples of stellar and accretion estimates of
PMS stars is the key to understanding disc evolution.

The observational study of accretion in young stars has
been the subject of a large body of observational work (see
Hartmann et al. 2016 for a recent review). Conventionally,
accretion properties of PMS stars are obtained from spectro-
scopic studies of a few select objects (e.g., Muzerolle et al.
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& Vink 2015; Manara et al. 2017), either based on their
UV continuum excess, or emission line strengths. Recently
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This paper presents optical (ugriH! )Ðinfrared (JHK s,3.6Ð8.0µm) photometry, and
Gaia astrometry of 55 Classical T-Tauri stars (CTTS) in the star-forming region Sh 2-
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Stars across the region have similar ages, suggestive of a single burst of star forma-
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55個のCTTS の可視、近赤の観測　星形成領域Sh 2-012, 中心のNGC6383
2.8±1.6 Myr, 0.3-1 Msun 
ほとんどのCTTSがクラスターNGC6383に集中、Sh2-012のedgeにbright rim 
Hαからmass accretion rate の推定、質量との関係を得る
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ABSTRACT

To characterize the substructures induced in protoplanetary disks by the interaction between stars in
multiple systems, we study the 1.25 mm continuum and the 12CO(J = 2 ! 1) spectral line emission of
the triple systems HT Lup and AS 205, at scales of" 5 au, as part of the ÒDisk Substructures at High
Angular Resolution ProjectÓ (DSHARP). In the continuum emission, we Þnd two symmetric spiral
arms in the disk around AS 205 N, with pitch angle of 14! , while the southern component AS 205 S,
itself a spectroscopic binary, is surrounded by a compact inner disk and a bright ring at a radius of
34 au. The 12CO line exhibits clear signatures of tidal interactions, with spiral arms, extended arc-like
emission, and high velocity gas, possible evidence of a recent close encounter between the disks in
the AS 205 system, as these features are predicted by hydrodynamic simulations of ßy-by encounters.
In the HT Lup system, we detect continuum emission from all three components. The primary disk,
HT Lup A, also shows two-armed symmetric spiral structure with a pitch angle of 4! , while HT Lup B
and C, located at 25 and 434 au in projected separation from HT Lup A, are barely resolved with# 5
and # 10 au in diameter, respectively. The gas kinematics for the closest pair indicates a di! erent
sense of rotation for each disk, which could be explained by either a counter rotation of the two
disks in di! erent, close to parallel, planes, or by a projection e! ect of these disks with a close to 90!

misalignment between them.

Keywords: protoplanetary disks, stars: binaries (close), ISM: dust, techniques: high angular resolution

1. INTRODUCTION

In the early stages of star formation, the conservation
of angular momentum through the gravitational collapse
leads to the formation of a gas and dust disk around the
young forming star; it is here where planetary systems

Corresponding author: Nicol«as T. Kurtovic
nicokurtovic@gmail.com

may form. Given that most stars live or appear to have
been formed in binary or multiple systems (Raghavan
et al. 2010; Duchöene & Kraus 2013), it is expected that
companions or close encounters will modify the disks in
multiple stellar systems, when compared to disks around
single, isolated stars.

Nonetheless, planets have been detected around single
stars in multiple systems (e.g.,Eggenberger et al.2007;
Chauvin et al. 2011), mostly at separations larger than
few tens of au, although this might be an e! ect of se-

ar
X

iv
:1

81
2.

04
53

6v
1 

 [a
st

ro
-p

h.
S

R
]  

11
 D

ec
 2

01
8

Draft version December 12, 2018
Typeset using LATEX twocolumn style in AASTeX62

The Disk Substructures at High Angular Resolution Project (DSHARP):
IV. Characterizing substructures and interactions in disks around multiple star systems.

Nicol «as T. Kurtovic, 1 Laura M. P «erez ,1 Myriam Benisty ,1, 2, 3 Zhaohuan Zhu ,4 Shangjia Zhang ,4 Jane Huang ,5

Sean M. Andrews, 5 Cornelis P. Dullemond ,6 Andrea Isella ,7 Xue-Ning Bai ,8 John M. Carpenter ,9

Viviana V. Guzm «an,9, 10 Luca Ricci, 11 and David J. Wilner 5

1Departamento de Astronom«õa, Universidad de Chile, Camino El Observatorio 1515, Las Condes, Santiago, Chile
2Unidad Mixta Internacional Franco-Chilena de Astronom«õa, CNRS/INSU UMI 3386

3Univ. Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France.
4Department of Physics and Astronomy, University of Nevada, Las Vegas, 4505 S. Maryland Pkwy, Las Vegas, NV, 89154, USA

5Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA
6Zentrum f¬r Astronomie, Heidelberg University, Albert Ueberle Str. 2, 69120 Heidelberg, Germany

7Department of Physics and Astronomy, Rice University 6100 Main Street, MS-108, Houston, TX 77005, USA
8Institute for Advanced Study and Tsinghua Center for Astrophysics, Tsinghua University, Beijing 100084, China

9Joint ALMA Observatory, Avenida Alonso de C«ordova 3107, Vitacura, Santiago, Chile
10 Instituto de Astrof«õsica, PontiÞcia Universidad Cat«olica de Chile, Av. Vicu÷na Mackenna 4860, 7820436 Macul, Santiago, Chile

11 Department of Physics and Astronomy, California State University Northridge, 18111 Nordho ! Street, Northridge, CA 91130, USA

ABSTRACT

To characterize the substructures induced in protoplanetary disks by the interaction between stars in
multiple systems, we study the 1.25 mm continuum and the 12CO(J = 2 ! 1) spectral line emission of
the triple systems HT Lup and AS 205, at scales of" 5 au, as part of the ÒDisk Substructures at High
Angular Resolution ProjectÓ (DSHARP). In the continuum emission, we Þnd two symmetric spiral
arms in the disk around AS 205 N, with pitch angle of 14! , while the southern component AS 205 S,
itself a spectroscopic binary, is surrounded by a compact inner disk and a bright ring at a radius of
34 au. The 12CO line exhibits clear signatures of tidal interactions, with spiral arms, extended arc-like
emission, and high velocity gas, possible evidence of a recent close encounter between the disks in
the AS 205 system, as these features are predicted by hydrodynamic simulations of ßy-by encounters.
In the HT Lup system, we detect continuum emission from all three components. The primary disk,
HT Lup A, also shows two-armed symmetric spiral structure with a pitch angle of 4! , while HT Lup B
and C, located at 25 and 434 au in projected separation from HT Lup A, are barely resolved with# 5
and # 10 au in diameter, respectively. The gas kinematics for the closest pair indicates a di! erent
sense of rotation for each disk, which could be explained by either a counter rotation of the two
disks in di! erent, close to parallel, planes, or by a projection e! ect of these disks with a close to 90!

misalignment between them.
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1. INTRODUCTION

In the early stages of star formation, the conservation
of angular momentum through the gravitational collapse
leads to the formation of a gas and dust disk around the
young forming star; it is here where planetary systems
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may form. Given that most stars live or appear to have
been formed in binary or multiple systems (Raghavan
et al. 2010; Duchöene & Kraus 2013), it is expected that
companions or close encounters will modify the disks in
multiple stellar systems, when compared to disks around
single, isolated stars.

Nonetheless, planets have been detected around single
stars in multiple systems (e.g.,Eggenberger et al.2007;
Chauvin et al. 2011), mostly at separations larger than
few tens of au, although this might be an e! ect of se-
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DSHARP 連星系について 
・AS205N: spiral, pitch angle 14°, AS205S: ring ~34 au 
　12CO の観測からfly-by encounter が示唆される 
・HLLup A: spiral, pitch angle 4°, BCの円盤は~5, ~10 au でほとんど分解できていない。 
　ABの円盤について、回転軸は反平行 or ~90°
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ABSTRACT

We present high-resolution images of the submillimeter SiO line emissions of
a massive young stellar object Orion Source I using the Atacama Large Millime-
ter/Submillimeter Array (ALMA) at band 8. We detected the 464 GHz SiO v=4
J =11-10 line in Source I, which is the Þrst detection of the SiOv=4 line in star-
forming regions, together with the 465 GHz29SiO v=2 J =11-10 and the 428 GHz SiO
v=2 J =10-9 lines with a resolution of 50 AU. The 29SiO v=2 J =11-10 and SiO v=4
J =11-10 lines have compact structures with the diameter of< 80 AU. The spatial and
velocity distribution suggest that the line emissions are associated with the base of the
outßow and the surface of the edge-on disk. In contrast, SiOv=2 J =10-9 emission
shows a bipolar structure in the direction of northeast-southwest low-velocity outßow
with ! 200 AU scale. The emission line exhibits a velocity gradient along the direction
of the disk elongation. With the assumption of the ring structure with Keplerian ro-
tation, we estimated the lower limit of the central mass to be 7M ! and the radius of
12 AU< r < 26 AU.
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ALMA によるOrion Source 1 の観測、resolution =50 au 
SiO v=4 J=11-10, 29SiO v=2, J=11-10,  compact structure <80 au 
　　outflow の根元、edge on disk の表面 
SiO v=2 J=10-9, bipolar structure, low velocity outflow ~200 au 
ケプラー回転するリングを仮定すると Ms~7Msun, 半径12 -26 au
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ABSTRACT

Context. In order to study the initial conditions of planet formation, it is crucial to obtain spatially resolved multi-wavelength obser-
vations of the innermost region of protoplanetary discs.
Aims. We evaluate the advantage of combining observations with MATISSE/VLTI and ALMA to constrain the radial and vertical
structure of the dust in the innermost region of circumstellar discs in nearby star-forming regions.
Methods. Based on a disc model with a parameterized dust density distribution, we apply 3D radiative-transfer simulations to obtain
ideal intensity maps. These are used to derive the corresponding wavelength-dependent visibilities we would obtain with MATISSE
as well as ALMA maps simulated withCASA.
Results. Within the considered parameter space, we Þnd that constraining the dust density structure in the innermost 5 au around
the central star is challenging with MATISSE alone, whereas ALMA observations with reasonable integration times allow us to
derive signiÞcant constraints on the disc surface density. However, we Þnd that the estimation of the di! erent disc parameters can be
considerably improved by combining MATISSE and ALMA observations. For example, combining a 30-minute ALMA observation
(at 310 GHz with an angular resolution of 0.03"") for MATISSE observations in theL andM bands (with visibility accuracies of about
3 %) allows the radial density slope and the dust surface density proÞle to be constrained to within" ! = 0.3 and" (! # " ) = 0.15,
respectively. For an accuracy of$ 1 % even the disc ßaring can be constrained to within" " = 0.1. To constrain the scale height to
within 5 au,M band accuracies of 0.8 % are required. While ALMA is sensitive to the number of large dust grains settled to the disc
midplane we Þnd that the impact of the surface density distribution of the large grains on the observed quantities is small.

Key words. Protoplanetary discs Ð Radiative transfer Ð Techniques: interferometric Ð Stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

The di! erences between exoplanets and the planets in the solar
system became apparent with the Þrst detection of an exoplanet
orbiting a Sun-like star (Mayor & Queloz 1995), which turned
out to be a hot jupiter orbiting 51 Pegasi with a semi-major
axis of 0.05 au. Today, more than 3800 exoplanets (exoplanet.eu;
Schneider et al. 2011) are known, showing great heterogeneity
regarding their masses and sizes as well as their orbital separa-
tions and orientations. For two decades now, the development of
planet formation models explaining the broad variety of plane-
tary systems has been a major topic in modern astrophysics.

Planets form in discs around their host stars. These proto-
planetary discs, with a mixture of about 99% gas and 1% dust
(e.g. Draine et al. 2007), provide the material for the formation
of planets. In typical lifetimes of a few million years (e.g. Richert
et al. 2018; Haisch et al. 2001), such discs dissipate through dif-
ferent mechanisms; examples are accretion (e.g. Hartmann et al.
2016), photoevaporation (e.g. Owen et al. 2012; Alexander et al.
2006), and planet formation eventually leaving debris discs and
planetary systems.

Despite numerous observations of exoplanets, planets in the
solar system, and circumstellar discs in di! erent evolutionary
stages, as well as the detailed analysis of meteorites and comets,
the formation of planets is still not well understood. Open ques-
tions are: How do planetesimals form? Where do giant planets

form? How does migration inßuence the planet formation pro-
cess? (see reviews by Morbidelli & Raymond 2016; Wolf et al.
2012).

Planet formation models are often based on the minimum
mass solar nebula (MMSN). The MMSN is a protoplanetary disc
containing just enough solid material to build the planets of the

solar system and has a surface density# = 1700
!

r
1 au

"#1.5
g cm#2

(Hayashi 1981). The construction of the MMSN is based on two
main assumptions: a) the planet formation process has an e$ -
ciency of 100 % and b) the planets formed in situ. The in situ for-
mation of massive planets found near their central star, such as
super earths, requires a much denser inner disc described by the
minimum mass extrasolar nebula (MMEN, Chiang & Laughlin
2013). However, assuming that pebble accretion and migration
are involved in the planet formation process (e.g. Johansen &
Lambrechts 2017; Ogihara et al. 2015), the density distribution
in the central disc region can be signiÞcantly di! erent. Thus,
studying the physical properties in the innermost region of pro-
toplanetary discs will give us reasonable initial conditions to im-
prove the models of planet formation. To avoid degeneracies, it
is crucial to obtain spatially resolved multi-wavelength observa-
tions.

Interferometry is indispensable in this context, as only inter-
ferometers currently provide su$ cient spatial resolution (sub-au
in the case of the Very Large Telescope Interferometer; VLTI)
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tary systems has been a major topic in modern astrophysics.

Planets form in discs around their host stars. These proto-
planetary discs, with a mixture of about 99% gas and 1% dust
(e.g. Draine et al. 2007), provide the material for the formation
of planets. In typical lifetimes of a few million years (e.g. Richert
et al. 2018; Haisch et al. 2001), such discs dissipate through dif-
ferent mechanisms; examples are accretion (e.g. Hartmann et al.
2016), photoevaporation (e.g. Owen et al. 2012; Alexander et al.
2006), and planet formation eventually leaving debris discs and
planetary systems.

Despite numerous observations of exoplanets, planets in the
solar system, and circumstellar discs in di! erent evolutionary
stages, as well as the detailed analysis of meteorites and comets,
the formation of planets is still not well understood. Open ques-
tions are: How do planetesimals form? Where do giant planets

form? How does migration inßuence the planet formation pro-
cess? (see reviews by Morbidelli & Raymond 2016; Wolf et al.
2012).

Planet formation models are often based on the minimum
mass solar nebula (MMSN). The MMSN is a protoplanetary disc
containing just enough solid material to build the planets of the

solar system and has a surface density# = 1700
!

r
1 au

"#1.5
g cm#2

(Hayashi 1981). The construction of the MMSN is based on two
main assumptions: a) the planet formation process has an e$ -
ciency of 100 % and b) the planets formed in situ. The in situ for-
mation of massive planets found near their central star, such as
super earths, requires a much denser inner disc described by the
minimum mass extrasolar nebula (MMEN, Chiang & Laughlin
2013). However, assuming that pebble accretion and migration
are involved in the planet formation process (e.g. Johansen &
Lambrechts 2017; Ogihara et al. 2015), the density distribution
in the central disc region can be signiÞcantly di! erent. Thus,
studying the physical properties in the innermost region of pro-
toplanetary discs will give us reasonable initial conditions to im-
prove the models of planet formation. To avoid degeneracies, it
is crucial to obtain spatially resolved multi-wavelength observa-
tions.

Interferometry is indispensable in this context, as only inter-
ferometers currently provide su$ cient spatial resolution (sub-au
in the case of the Very Large Telescope Interferometer; VLTI)
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VLTIとALMAの combining で円盤内縁半径と厚み方向の構造を評価 
輻射輸送計算とCASAの模擬観測 
半径~5 au でダスト密度の冪を誤差0.3, 面密度の冪を誤差0.15で得られる。


