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Johan Appelgren1, Michiel Lambrechts1, and Anders Johansen1
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Recent surveys have revealed that protoplanetary disks typically have dust masses that appear to be insufficient to
account for the high occurrence rate of exoplanet systems. We demonstrate that this observed dust depletion is
consistent with the radial drift of pebbles. Using a Monte Carlo method we simulate the evolution of a cluster of
protoplanetary disks, using a 1D numerical method to viscously evolve each gas disk together with the radial drift of
dust particles that have grown to 100 µm in size. For a 2 Myr old cluster of stars, we find a slightly sub-linear scaling
between the gas disk mass and the gas accretion rate (Mg ∝ Ṁ0.9). However, for the dust mass we find that evolved
dust disks have a much weaker scaling with the gas accretion rate, with the precise scaling depending on the age at
which the cluster is sampled and the intrinsic age spread of the disks in the cluster. Ultimately, we find that the dust
mass present in protoplanetary disk is on the order of 10–100 Earth masses in 1–3 Myr old star-forming regions, a
factor of 10 to 100 depleted from the original dust budget. As the dust drains from the outer disk, pebbles pile up in
the inner disk and locally increase the dust-to-gas ratio by a factor of up to 4 above the initial value. In these high
dust-to-gas ratio regions we find conditions that are favourable for planetesimal formation via the streaming instability
and subsequent growth by pebble accretion. We also find the following scaling relations with stellar mass within a
1–2 Myr old cluster: a slightly super-linear scaling between the gas accretion rate and stellar mass (Ṁ ∝ M⋆

1.4), a
slightly super-linear scaling between the gas disk mass and the stellar mass (Mg ∝ M⋆

1.4) and a super-linear relation
between the dust disk mass and stellar mass (Md ∝ M⋆

1.4–4.1).
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Radiative Transfer modeling of EC 53: An Episodically Accreting Class I Young Stellar
Object

Giseon Baek1, Benjamin A. MacFarlane2, Jeong-Eun Lee1, Dimitris Stamatellos2, Gregory Herczeg3,
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University, Yiheyuan 5, Haidian Qu, 100871 Beijing, China; 4 NRC Herzberg Astronomy and Astrophysics, 5071 West
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In the episodic accretion scenario, a large fraction of the protostellar mass accretes during repeated and large bursts
of accretion. Since outbursts on protostars are typically identified at specific wavelengths, interpreting these outbursts
requires converting this change in flux to a change in total luminosity. The Class I young stellar object EC 53 in
the Serpens Main cloud has undergone repeated increases in brightness at 850 µm that are likely caused by bursts of
accretion. In this study, we perform two- and three-dimensional continuum radiative transfer modeling to quantify
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原始惑星系円盤のダスト質量は小さいのではないか？(=>系外惑星を説明でき
ない？) 小石(pebble)のradial drift で説明できる



Draft version April 14, 2020

Typeset using LATEX twocolumn style in AASTeX62

Radiative Transfer modeling of EC 53: An Episodically Accreting Class I Young Stellar Object

Giseon Baek,
1
Benjamin A. MacFarlane,

2
Jeong-Eun Lee,

1
Dimitris Stamatellos,

2
Gregory Herczeg,

3

Doug Johnstone,
4, 5

Carlos Contreras Peña,
6
Watson Varricatt,

7
Klaus W. Hodapp,

7
Huei-Ru Vivien Chen,

8

and Sung-Ju Kang
9

1
School of Space Research and Institute of Natural Sciences, Kyung Hee University, 1732 Deogyeong-daero, Giheung-gu, Yongin-si,

Gyeonggi-do 446-701, Korea; jeongeun.lee@khu.ac.kr, giseon@khu.ac.kr

2
Jeremiah Horrocks Institute for Mathematics, Physics and Astronomy, University of Central Lancashire, Preston, PR1 2HE, UK

3
Kavli Institute for Astronomy and Astrophysics, Peking University, Yiheyuan 5, Haidian Qu, 100871 Beijing, China

4
NRC Herzberg Astronomy and Astrophysics, 5071 West Saanich Rd, Victoria, BC, V9E 2E7, Canada

5
Department of Physics and Astronomy, University of Victoria, Victoria, BC, V8P 1A1, Canada

6
School of Physics, Astrophysics Group, University of Exeter, Stocker Road, Exeter EX4 4QL, UK

7
Institute for Astronomy, University of Hawaii, 640 N. Aóhoku Place, Hilo, HI 96720, USA
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ABSTRACT

In the episodic accretion scenario, a large fraction of the protostellar mass accretes during repeated
and large bursts of accretion. Since outbursts on protostars are typically identified at specific
wavelengths, interpreting these outbursts requires converting this change in flux to a change in total
luminosity. The Class I young stellar object EC 53 in the Serpens Main cloud has undergone repeated
increases in brightness at 850 µm that are likely caused by bursts of accretion. In this study, we
perform two- and three-dimensional continuum radiative transfer modeling to quantify the internal
luminosity rise in EC 53 that corresponds to the factor of ⇠1.5 enhancement in flux at 850 µm.
We model the spectral energy distribution and radial intensity profile in both the quiescent and
outburst phases. The internal luminosity in the outburst phase is ⇠ 3.3 times brighter than the
luminosity in the quiescent phase. The radial intensity profile analysis demonstrates that the detected
sub-mm flux variation of EC 53 comes from the heated envelope by the accretion burst. We also find
that the role of external heating of the EC 53 envelope by the interstellar radiation field is insignificant.

Keywords: stars: protostars – stars: variables: general – accretion – radiative transfer

1. INTRODUCTION

Historical models of low mass star formation suggest
that a protostar grows in mass at a constant rate (Shu
1977; Shu et al. 1987). In these models, at the end of the
Class 0 phase (⇠ 0.1 Myr), a protostar of 0.5 M� should
have an accretion rate of ⇠ 5 ⇥ 10�6 M� yr�1, result-
ing in the accretion luminosity of ⇠ 25 L�. However,
Kenyon et al. (1990) found that the mean bolometric
luminosity of embedded protostars is ⇠ 1 L�. This dis-
crepancy is known as the luminosity problem. The dis-
parity between theoretical predictions and observations
was later confirmed with larger sample sizes and with
more accurate luminosities from SEDs that include the
far-infrared (FIR)(Evans et al. 2009; Enoch et al. 2009;
Dunham et al. 2015; Fischer et al. 2019).

Kenyon et al. (1990) suggested episodic accretion,
which has quiescent accretion phases interspersed with
burst accretion phases, as a solution to the luminos-
ity problem. In this paradigm, the mass of a proto-
star grows mostly through brief accretion bursts. The
largest outbursts on optically-visible young stellar ob-
jects, FU Orionis-type objects (FUors) are character-
ized by a brightening of ⇠ 5 mag that may last for
decades or even centuries (Herbig 1966, 1977; Kenyon
et al. 2000). The bolometric luminosities of bonafide
FUors range from 20–1000 L� (Connelley & Reipurth
2018).
FUor outbursts could be driven by the disk instabil-

ities, including: (i) the thermal instability (Bell et al.
1995; Clarke & Syer 1996; Lodato & Clarke 2004), (ii)
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サブミリ(850μm)波で強度変動が見られた原始星をモデリングした
・Accretion burst (episodic accretion) => Luminosity problemの解決策
・EC 35 はサーペンスメインにあるClass I 原始星
JCMTのtransient サーベイで850μmで数ヶ月で1.5 倍ほどの増光が見られる

*K-bandでは543日の周期
・EC53の2D/3Dの輻射輸送モデリングを行なった(quiescent and outburst phases)。

モデルの変数
・radial profile, 
エンベロープの大きさ
cavity のオープニングアングル

=>赤のモデルが一番合いそう

InclinaTon はface-on(30deg)に近い
・3Dmodel はdiskのmidplane がより高
密度なので、短波長側で合わない

◇が観測点
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Figure 12. The 850 µm radial intensity profiles of EC 53 for quiescent (left) and outbursting (right) phases. Purple and orange
solid lines present the radial intensity profiles along the envelope (P.A.= 90�) and outflow cavity (P.A.= 330�) directions,
respectively. The dashed line is the modeled radial intensity profiles (2D) without ISRF from our fiducial model.

cial 2D models for a given cavity opening angle (see
Section 3.1.2 and the top panel of Figure 6).
In this section, we investigate the radial intensity pro-

file of the SCUBA-2 850 µm image. For comparison,
the radiative transfer models with and without the ex-
ternal heating by the ISRF are calculated, for both the
quiescent and outbursting phases. The envelope density
structures are described by simple power-law functions.

5.1. Observed radial intensity profile

In this subsection, we examine the radial intensity pro-
files along directions of outflow cavity and dense enve-
lope in images of EC 53. We use the JCMT/SCUBA-
2 850 µm continuum images observed on 2 February,
2016 (quiescent phase) and 22 February, 2017 (outburst
phase). The disk direction of EC 53 is adopted from the
analysis of a high-resolution ALMA observation (P.A.=
60�, where the position angle (P.A.) is measured relative
to the north pole; Lee et al. 2020). The outflow cavity
direction (P.A.= 330�) is assumed to be perpendicular
to the disk direction. However, we extract the radial in-
tensity profile of the envelope along P.A.= 90� to include
more pixels in the images. Along each direction, the in-
tensity at a given radial distance from the central star
is obtained by averaging the intensities over adjacent
three pixels. The uncertainty of intensity is calculated
by the standard deviation of the intensities from three
pixels because the calibration and measurement errors
are much smaller than the intensity variation at di↵erent
pixels.
Figure 12 compares the radial intensity profiles from

observations with the 2D models (⇢ / r�1.5) in both

quiescent (left) and outbursting (right) phases. Only
the radial intensity profile measured along the envelope
direction shows clear change; the intensity profile along
the envelope direction is enhanced in the outburst phase
while that along the outflow cavity direction does not
show a notable variation.
The enhanced 850 µm intensity profile only along the

envelope direction strongly supports that the brightness
increase observed in EC 53 is caused by the heated enve-
lope through the accretion burst. If an accretion burst
occurs in an embedded YSO like EC 53, the enhanced
radiation at short wavelengths is absorbed by the sur-
rounding dense material. The absorbed radiation in-
creases the temperature of the surrounding disk and en-
velope until the radiation escapes from the system at
longer wavelengths (Johnstone et al. 2013). However, if
the sub-mm flux enhancement is caused by an external
source such as variable nearby bright stars, radial in-
tensities both along the envelope and cavity directions
should be enhanced, which is not the case of EC 53.
An interesting aspect is that, in the quiescent phase,

the intensity profile along the outflow cavity direction is
higher than that along the envelope direction, which is
not expected at 850 µm. Moreover, the intensity pro-
file does not drop sharply at the boundary, but it has a
much shallower profile compared to that along the enve-
lope direction. These features strongly suggest that the
outflow cavities may be contaminated by emission from
external sources. EC 53 is located in the north-eastern
periphery of the filamentary structure of the Serpens
main cloud. Thus the outflow cavity region could coin-
cide with a filamentary structure of the cloud in a rel-

850μmのradial intensity profile
outflow に垂直な軸のradial profile の方がより増光していることから、
増光は中心星の増光ということで良さそう (IRSFの影響も多少あり)

◻が観測点

Outburst phaseと
Quiescent phaseのSED
サブミリ(850μm)fluxが1.5倍に
なるように合わせたが、
短波長側の方もよくあっている
L_intが3.3倍になっている

Quiescent phase Outburst phase



the internal luminosity rise in EC 53 that corresponds to the factor of ∼1.5 enhancement in flux at 850 µm. We model
the spectral energy distribution and radial intensity profile in both the quiescent and outburst phases. The internal
luminosity in the outburst phase is ∼3.3 times brighter than the luminosity in the quiescent phase. The radial intensity
profile analysis demonstrates that the detected sub-mm flux variation of EC 53 comes from the heated envelope by
the accretion burst. We also find that the role of external heating of the EC 53 envelope by the interstellar radiation
field is insignificant.

Accepted by ApJ

https://arxiv.org/pdf/2004.05600.pdf

The nature of the methanol maser ring G23.657−00.127. II. Expansion of the maser
structure
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Osservatorio Astrofisico di Arcetri, Largo E. Fermi 5, 50125, Firenze, Italy; 5 Joint Institute for VLBI ERIC (JIVE),
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Ring-like distributions of the 6.7 GHz methanol maser spots at milliarcsecond scales represent a family of molec-
ular structures of unknown origin associated with high-mass young stellar objects (HMYSOs). We aim to study
G23.657−00.127, which has a nearly circular ring of the 6.7 GHz methanol masers, and is the most suitable target to
test hypotheses on the origin of the maser rings. The European Very Long Baseline Interferometry Network (EVN)
was used at three epochs spanning 10.3 yr to derive the spatio-kinematical structure of the 6.7 GHz methanol maser
emission in the target. The maser cloudlets, lying in a nearly symmetric ring, expand mainly in the radial direction
with a mean velocity of 3.2 km s−1. There is an indication that the radial component of the velocity increases with
cloudlet’s distance from the ring centre. The tangential component does not show any clear evidence for rotation of the
cloudlets or any relationship with distance from the ring centre. The blue-shifted masers may hint at an anticlockwise
rotation of cloudlets in the southern part of the ring. The nearly circular structure of the ring clearly persisted for
more than 10 yr. Interferometric data demonstrated that about one quarter of cloudlets show significant variability
in their brightness, although the overall spectrum was non-variable in single-dish studies. Taking into account the
three-dimensional motion of the maser cloudlets and their spatial distribution along a small ring, we speculate about
two possible scenarios where the methanol masers trace either a spherical outflow arising from an (almost) edge-on
disc, or a wide angle wind at the base of a protostellar jet. The latter is associated with near- and mid-infrared
emission detected towards the ring. High angular resolution images of complementary (thermal) tracers are needed to
interpret the environment of methanol masers.

Accepted by Astronomy and Astrophysics

http://arxiv.org/pdf/2004.00916
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大質量原始星の周りには
リング状のメタノールメーザースポットがある
これが膨張していることがわかった。
- Edge-on diskからのOu^low or 広角のjetか？
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大質量星形成現場(IRDC)における
原子ガスと分子ガスを電波望遠鏡観測し、
運動状態を調べた

Astronomy & Astrophysics manuscript no. g28˙0420 c⃝ ESO 2020
April 14, 2020

Dynamical cloud formation traced by atomic and molecular gas

H. Beuther1, Y. Wang1, J. Soler1, H. Linz1, J. Henshaw1, E. Vazquez-Semadeni2, G. Gomez2, S. Ragan3, Th. Henning1,
S.C.O. Glover4, M.-Y. Lee5, and R. Güsten6
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ABSTRACT

Context. Atomic and molecular cloud formation is a dynamical process. However, kinematic signatures of these processes are still
observationally poorly constrained.
Aims. Identify and characterize the cloud formation signatures in atomic and molecular gas.
Methods. Targeting the cloud-scale environment of the prototypical infrared dark cloud G28.3, we employ spectral line imaging
observations of the two atomic lines HI and [CI] as well as molecular lines observations in 13CO in the 1–0 and 3–2 transitions.
The analysis comprises investigations of the kinematic properties of the different tracers, estimates of the mass flow rates, velocity
structure functions, a Histogram of Oriented Gradients (HOG) study as well as comparisons to simulations.
Results. The central IRDC is embedded in a more diffuse envelope of cold neutral medium (CNM) traced by HI self-absorption
(HISA) and molecular gas. The spectral line data as well as the HOG and structure function analysis indicate a possible kinematic
decoupling of the HI from the other gas compounds. Spectral analysis and position-velocity diagrams reveal two velocity components
that converge at the position of the IRDC. Estimated mass flow rates appear rather constant from the cloud edge toward the center.
The velocity structure function analysis is consistent with gas flows being dominated by the formation of hierarchical structures.
Conclusions. The observations and analysis are consistent with a picture where the IRDC G28 is formed at the center of two con-
verging gas flows. While the approximately constant mass flow rates are consistent with a self-similar, gravitationally driven collapse
of the cloud, external compression by, e.g., spiral arm shocks or supernovae explosions cannot be excluded yet. Future investigations
should aim at differentiating the origin of such converging gas flows.

Key words. ISM: clouds – ISM: kinematics and dynamic – ISM: structure – ISM: general – ISM: evolution – Stars: formation

1. Introduction

Molecular clouds are formed out of the atomic phase of the in-
terstellar medium (ISM). While models detailing the transition
from the atomic to molecular phase exist (e.g., Franco & Cox
1986; Hartmann et al. 2001; Bergin et al. 2004; Krumholz et al.
2008, 2009; Sternberg et al. 2014; Bialy et al. 2017), the obser-
vational constraints of the molecular cloud formation processes
are still not properly characterized. Of particular importance is
the dynamic state of the clouds, i.e., whether they are dominated
by converging gas flows that could create over-densities impor-
tant for the atomic-to-molecular gas conversion (e.g., Koyama
& Inutsuka 2000; Audit & Hennebelle 2005, 2010; Vázquez-
Semadeni et al. 2011, 2019; Heitsch et al. 2005, 2006; Heitsch &
Hartmann 2008; Banerjee et al. 2009; Clark et al. 2012; Gómez
& Vázquez-Semadeni 2014; Motte et al. 2014; Heiner et al.
2015; Henshaw et al. 2016; Langer et al. 2017), or whether
more quasi-static cloud contraction processes take place where
ever increasing densities may be related to the phase transitions
between the atomic and molecular gas (e.g., Elmegreen 1993;
Williams et al. 2000; McKee & Ostriker 2007).

In dynamical pictures of converging gas flows, cloud-cloud
collisions and cloud collapse flows, a convergence of gas flows
towards some point in space is involved. A major difference be-
tween converging gas flows and cloud-cloud collisions on the

one side, and cloud collapse on the other side is that in the con-
verging gas flow and cloud-cloud collision picture the compres-
sion is produced by some external cause (e.g., supernovae or
spiral arm potentials, e.g., Mac Low & Klessen 2004; Haworth
et al. 2018; Kobayashi et al. 2018) whereas the collapsing cloud
flows are dominated by the self-gravity of the cloud itself (e.g.,
Vázquez-Semadeni et al. 2019). In reality, externally driven con-
verging flows may produce the clouds that then further collapse
under their own self-gravity.

The observational characterization of the transition from
atomic to molecular gas requires observations of both phases in
atomic and molecular spectral lines, respectively. Most molecu-
lar cloud studies have been conducted in different lines of carbon
monoxide covering a large range of spatial scales (e.g., Dame
et al. 2001; Jackson et al. 2006; Dempsey et al. 2013; Barnes
et al. 2015; Heyer & Dame 2015; Rigby et al. 2016; Umemoto
et al. 2017; Schuller et al. 2017). Similarly, the HI 21 cm line
has been observed a lot since its first detection (Ewen & Purcell
1951), notable surveys of the Milky Way are Kalberla et al.
(2005); Stil et al. (2006); McClure-Griffiths et al. (2009); Kerp
et al. (2011); Winkel et al. (2016); HI4PI Collaboration et al.
(2016); Beuther et al. (2016); Wang et al. (2019). However, kine-
matic studies of the HI emission are difficult because the spectra
typically cover velocity ranges of 100 km s−1 and more. With
such broad line emission that traces a mixture of the cold neutral

1

モチベーション：原子/分子雲形成に迫りたい。
ターゲット分子雲: G28.3 銀河面にあるIRDC
新しい観測: APEX による [CI]と13CO (3-2)
アーカイブデータ: HI, 13CO (1-0)

カラー: 8μm
コントア: 875μm (ATLASGAL)

◻枠が新しい観測の範囲

HISA (HI Self-absorption)

CMNをトレース 13CO (1-0)HIと13CO(1-0)のスペクトル
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HISAの速度マップ 13COの速度マップ
1. HI self-absorpTon (HISA)でトレースされるC cold neutral medium (CNM)
はCIやCOのラインの速度とはdecoupeしている

13CO
(3-2)

[CI]
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2. IRDCに向かって２つの速度構造 (2つの一定のmass flowか?)
consistent with a self-similar, gravitationally driven collapse of the cloud, external 
compression by, e.g., spiral arm shocks or supernovae explosions cannot be excluded yet.

13COから求めた柱密度
と南北の速度の差



E-mail contact: beuther at mpia.de

Context: Atomic and molecular cloud formation is a dynamical process. However, kinematic signatures of these
processes are still observationally poorly constrained.
Aims: Identify and characterize the cloud formation signatures in atomic and molecular gas.
Methods: Targeting the cloud-scale environment of the prototypical infrared dark cloud G28.3, we employ spectral
line imaging observations of the two atomic lines HI and [CI] as well as molecular lines observations in 13CO in the
1–0 and 3–2 transitions. The analysis comprises investigations of the kinematic properties of the different tracers,
estimates of the mass flow rates, velocity structure functions, a Histogram of Oriented Gradients (HOG) study as well
as comparisons to simulations.
Results: The central IRDC is embedded in a more diffuse envelope of cold neutral medium (CNM) traced by HI
self-absorption (HISA) and molecular gas. The spectral line data as well as the HOG and structure function analysis
indicate a possible kinematic decoupling of the HI from the other gas compounds. Spectral analysis and position-
velocity diagrams reveal two velocity components that converge at the position of the IRDC. Estimated mass flow rates
appear rather constant from the cloud edge toward the center. The velocity structure function analysis is consistent
with gas flows being dominated by the formation of hierarchical structures.
Conclusions: The observations and analysis are consistent with a picture where the IRDC G28 is formed at the center
of two converging gas flows. While the approximately constant mass flow rates are consistent with a self-similar,
gravitationally driven collapse of the cloud, external compression by, e.g., spiral arm shocks or supernovae explosions
cannot be excluded yet. Future investigations should aim at differentiating the origin of such converging gas flows.

Accepted by Astronomy & Astrophysics
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Birth of convective low-mass to high-mass second Larson cores

Asmita Bhandare1, Rolf Kuiper2,1, Thomas Henning1, Christian Fendt1, Mario Flock1, and Gabriel-
Dominique Marleau2,3,1

1 Max-Planck-Institut für Astronomie, Königstuhl 17, D-69117 Heidelberg, Germany; 2 Institut für Astronomie und
Astrophysik, Universität Tübingen, Auf der Morgenstelle 10, D-72076 Tübingen, Germany; 3 Physikalisches Institut,
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Stars form as an end product of the gravitational collapse of cold, dense gas in magnetized molecular clouds. This
multi-scale scenario occurs via the formation of two quasi-hydrostatic cores and involves complex physical processes,
which require a robust, self-consistent numerical treatment. The aim of this study is to understand the formation
and evolution of the second Larson core and the dependence of its properties on the initial cloud core mass. We
used the PLUTO code to perform high resolution, 1D and 2D RHD collapse simulations. We include self-gravity
and use a grey FLD approximation for the radiative transfer. Additionally, we use for the gas EOS density- and
temperature-dependent thermodynamic quantities to account for the effects such as dissociation, ionisation, and
molecular vibrations and rotations. Properties of the second core are investigated using 1D studies spanning a wide
range of initial cloud core masses from 0.5 to 100 M⊙. Furthermore, we expand to 2D collapse simulations for a few
cases of 1, 5, 10, and 20 M⊙. We follow the evolution of the second core for ≥ 100 years after its formation, for each
of these non-rotating cases. Our results indicate a dependence of several second core properties on the initial cloud
core mass. For the first time, due to an unprecedented resolution, our 2D non-rotating collapse studies indicate that
convection is generated in the outer layers of the second core, which is formed due to the gravitational collapse of a
1 M⊙ cloud core. Additionally, we find large-scale oscillations of the second accretion shock front triggered by the
standing accretion shock instability, which has not been seen before in early evolutionary stages of stars. We predict
that the physics within the second core would not be significantly influenced by the effects of magnetic fields or an
initial cloud rotation.
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セカンドコアの進化が初期のコアの質量でどのよう
に変わるか？
1Dで0.5 ~ 100Mo
2Dで1, 5, 10, 20 Mo
セカンドコアの形成から100年以上計算(回転なし)
対流がセカンドコアの外側で生み出されていた
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ABSTRACT
GW Ori is a hierarchical triple system with a rare circumtriple disk. We present Atacama Large

Millimeter/submillimeter Array (ALMA) observations of 1.3 mm dust continuum and 12CO J = 2� 1
molecular gas emission of the disk. For the first time, we identify three dust rings in the GW Ori disk
at ⇠ 46, 188, and 338 AU, with estimated dust mass of 74, 168, and 245 Earth masses, respectively. To
our knowledge, its outermost ring is the largest dust ring ever found in protoplanetary disks. We use
visibility modelling of dust continuum to show that the disk has misaligned parts, and the innermost
dust ring is eccentric. The disk misalignment is also suggested by the CO kinematics. We interpret
these substructures as evidence of ongoing dynamical interactions between the triple stars and the
circumtriple disk.

Keywords: protoplanetary disks — planet-disk interactions — planets and satellites: formation

1. INTRODUCTION

GW Ori is a hierarchical triple system (Berger et al.
2011) at a distance of 402 ± 10 parsec (Gaia Collab-
oration et al. 2018). Two of the stars (GW Ori AB)

jiaqing.bi@gmail.com

rbdong@uvic.ca

compose a spectroscopic binary with a separation of ⇠
1 AU (Mathieu et al. 1991). A tertiary component (GW
Ori C) was detected by near-infrared interferometry at
a projected distance of ⇠ 8 AU (Berger et al. 2011).
The stellar masses have been constrained to be ⇠ 2.7,
1.7, and 0.9 M�, respectively (Czekala et al. 2017). The
system harbours a rare circumtriple disk, with dust ex-
tending to ⇠ 400 AU, and gas extending to ⇠ 1300 AU
(Fang et al. 2017). Spectral energy distribution (SED)
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GW Oriという階層連星 A-(1AU)-B-(8AU)-C という感じ
のALMAを用いた1.3mmと12COの観測
46, 188, 388 AUの場所にリング構造 (外側のリングはこれまででもっとも大きい)
質量(dust mass)は74, 168, and 245 Earth masses
ダストのリングはミスアラインしている (COの観測からもわかる)
これらは円盤と3重星のdynamical interactionによって形成された
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GW Ori is a hierarchical triple system with a rare circumtriple disk. We present Atacama Large Millimeter/submillimeter
Array (ALMA) observations of 1.3 mm dust continuum and 12CO J = 2 − 1 molecular gas emission of the disk. For
the first time, we identify three dust rings in the GW Ori disk at ∼ 46, 188, and 338 AU, with estimated dust mass of
74, 168, and 245 Earth masses, respectively. To our knowledge, its outermost ring is the largest dust ring ever found
in protoplanetary disks. We use visibility modelling of dust continuum to show that the disk has misaligned parts,
and the innermost dust ring is eccentric. The disk misalignment is also suggested by the CO kinematics. We interpret
these substructures as evidence of ongoing dynamical interactions between the triple stars and the circumtriple disk.
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The spatial and kinematic properties of a large sample of young T Tauri stars from the solar neighborhood 500 pc
in radius have been studied. The following parameters of the position ellipsoid have been determined from the most
probable members of the Gould Belt: its sizes are 350× 270× 87 pc and it is oriented at an angle of 14◦±1◦ to the
Galactic plane with a longitude of the ascending node of 297◦±1◦. An analysis of the motions of stars from this sample
has shown that the residual velocity ellipsoid with principal semiaxes σ1,2,3 = (8.87, 5.58, 3.03)±(0.10, 0.20, 0.04)km s−1

is oriented at an angle of 22◦±1◦ to the Galactic plane with a longitude of the ascending node of 298◦±2◦. It has been
established that much of the expansion effect (kinematic K effect) typical for Gould Belt stars, 5–6 km s−1 kpc−1, can
be explained by the influence of a Galactic spiral density wave with a radial perturbation amplitude fR ∼ 5 km s−1.
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太陽系近傍500 pcにある T Tauri星の固有運動カタログ
Gould Belt のメンバーのパラメーターを決めた
銀河のスパイラル密度波の影響によって説明される


