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The Role of Magnetic Fields in Triggered Star Formation of RCW 120
Zhiwei Chen, Ramotholo Sefako, Yang Yang, Zhibo Jiang, Shuling Yu, Jia Yin F We report on the near-IR
polarimetric observations of RCW 120 with the 1.4 m IRSF telescope. The starlight polarization of the background stars reveal
for the first time the magnetic field of RCW 120. The global magnetic field of RCW 120 is along the direction of 20�, parallel to
the galactic plane. The field strength on the plane of the sky is 100± 26µG. The magnetic field around the eastern shell shows
evidence of compression by the HII region. The external pressure (turbulent pressure + magnetic pressure) and the gas density
of the ambient cloud are minimum along the direction where RCW 120 breaks out, which explains the observed elongation of
RCW 120. The dynamical age of RCW 120, depending on the magnetic field strength, is ⇠ 1.6Myr for field strength of 100µG,
older than the hydrodynamic estimates. In direction perpendicular to the magnetic field, the density contrast of the western
shell is greatly reduced by the strong magnetic field. The strong magnetic field in general reduces the efficiency of triggered star
formation, in comparison with the hydrodynamic estimates. Triggered star formation via the "collect and collapse" mechanism
could occur in the direction along the magnetic field. Core formation efficiency (CFE) is found to be higher in the southern and
eastern shells of RCW 120 than in the infrared dark cloud receiving little influence from the HII region, suggesting increase in
the CFE related to triggering from ionization feedback.

Accretion rates in hierarchical triple systems with discs
Simone Ceppi, Nicolás Cuello, Giuseppe Lodato, Cathie Clarke, Claudia Toci, Daniel J. Price F Young multiple
systems accrete most of their final mass in the first few Myr of their lifetime, during the protostellar and protoplanetary phases.
Previous studies showed that in binary systems the majority of the accreted mass falls onto the lighter star, thus evolving to
mass equalisation. However, young stellar systems often comprise more than two stars, which are expected to be in hierarchical
configurations. Despite its astrophysical relevance, differential accretion in hierarchical systems remains to be understood. In
this work, we investigate whether the accretion trends expected in binaries are valid for higher order multiples. We performed a
set of 3D Smoothed Particle Hydrodynamics simulations of binaries and of hierarchical triples (HTs) embedded in an accretion
disc, with the code Phantom. We identify for the first time accretion trends in HTs and their deviations compared to binaries.
These deviations, due to the interaction of the small binary with the infalling material from the circum-triple disc, can be
described with a semi-analytical prescription. Generally, the smaller binary of a HT accretes more mass than a single star of
the same mass as the smaller binary. We found that in a HT, if the small binary is heavier than the third body, the standard
differential accretion scenario (whereby the secondary accretes more of the mass) is hampered. Reciprocally, if the small binary
is lighter than the third body, the standard differential accretion scenario is enhanced. The peculiar differential accretion
mechanism we find in HTs is expected to affect their mass ratio distribution.

A giant planet shaping the disk around the very low mass star CIDA 1
P. Curone, A. F. Izquierdo, L. Testi, G. Lodato, S. Facchini, A. Natta, P. Pinilla, N. T. Kurtovic, C. Toci,
M. Benisty, M. Tazzari, F. Borsa, M. Lombardi, C. F. Manara, E. Sanchis, L. Ricci F (Abridged) Exoplanetary
research has provided us with exciting discoveries of planets around very low mass (VLM) stars (e.g., TRAPPIST-1 and Proxima
Centauri). However, current theoretical models strive to explain planet formation in these conditions and do not predict the
development of giant planets. Recent high-resolution observations from ALMA of the disk around CIDA 1, a VLM star in
Taurus, show substructures hinting at the presence of a massive planet. We aim to reproduce the dust ring of CIDA 1, observed
in the dust continuum emission in ALMA Band 7 (0.9 mm) and Band 4 (2.1 mm), along with its 12CO (J=3-2) and 13CO (J=3-2)
channel maps, assuming the structures are shaped by the interaction of the disk with a massive planet. We seek to retrieve the
mass and position of the putative planet. We model the protoplanetary disk with a set of hydrodynamical simulations, varying
the mass and locations of the embedded planet. We compute the dust and gas emission using radiative transfer simulations,
and, finally, we obtain the synthetic observations treating the images as the actual ALMA observations. Our models indicate
that a planet with a minimum mass of ⇠ 1.4MJup orbiting at a distance of ⇠ 9�10 au can explain the morphology and location
of the observed dust ring at Band 7 and Band 4. We can reproduce the low spectral index (⇠ 2) observed where the dust ring
is detected. Our synthetic images reproduce the morphology of the 12CO and 13CO observed channel maps where the cloud
absorption allowed a detection. Applying an empirical relation between planet mass and gap width in the dust, we predict a
maximum planet mass of ⇠ 4� 8MJup. Our results suggest the presence of a massive planet orbiting CIDA 1, thus challenging
our understanding of planet formation around VLM stars.

Linking pressure gradients with the stability of molecular clouds in galactic outflows
K. M. Dasyra, G. F. Paraschos, T. Bisbas, F. Combes, J. A. Fernandez-Ontiveros F The jets launched by actively
accreting black holes are capable of launching several of the massive (million or billion solar mass) molecular outflows observed
in galaxies. These outflows could suppress or enhance star formation in galaxies. To investigate the stability of clouds capable
to form stars in outflows, we modeled CO and HCO+ ALMA data of the galaxy IC5063, in which black-hole jets impact
molecular clouds. Using a radiative transfer code that self-consistently performs astrochemical and thermal balance calculations
based on the available gas heating sources, we found that mechanical heating and cosmic ray (CR) heating are fully capable
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of individually reproducing the data. In our best-fit model, CRs provide about 1/3rd of the dense gas heating at the radio
lobes, emphasizing the role of this often neglected mechanism in heating the gas and potentially generating outflows. The gas
temperature and density indicate that the jet passage leads to an increase of about 1 order of magnitude in the internal pressure
Pi of molecular clouds (with Pi/k from 8*105 up to 7*106 K cm�3), irrespective of the excitation mechanism. From the fluxes
of [S II] and [N II] lines in VLT MUSE data, the external pressure Pe of molecular clouds increases in several regions enough
to exceed Pi. This result leads us to conclude that we are observing the expansion of an ionized overpressurized cocoon that
compresses molecular clouds and that could lead to their collapse. Some jet-impacted clouds, nonetheless, near pathways that
the jet cleared have increased Pi and decreased Pe. They are likely to undergo evaporation of their outer layers. Part of the
evaporated layers could mass load the outflow thanks to ram pressure from co-spatial ionized gas flows. The observed pressure
changes thus suggest that both star formation enhancement and suppression could simultaneously occur.

Clumpy accretion in pre-main-sequence stars as a source of perturbations in circum-
stellar disks
Tatiana V. Demidova, Vladimir P. Grinin F The development of perturbations in the circumstellar disks of pre-main-
sequence stars caused by clumpy accretion was investigated. Here we perform 3D hydrodynamical smoothed particle hydrody-
namics simulations of disks perturbed by a recent clump accretion event. These simulations are further explored by radiative
transfer calculations to quantify the observational appearance of such disks. It was shown that the density waves in the disks
were formed at the fall of the clump. After several revolutions they can transform into spirals and ring structures. Their
images in millimeter wavelengths are very similar to those observed with Atacama Large Millimeter/submillimeter Array in
some protoplanetary disks. We assume that clumpy accretion may be the source of such structures.

The Great Planetary Heist: Theft and capture in star-forming regions
Emma C. Daffern-Powell, Richard J. Parker, Sascha P. Quanz F Gravitational interactions in star-forming regions
are capable of disrupting and destroying planetary systems, as well as creating new ones. In particular, a planet can be stolen,
where it is directly exchanged between passing stars during an interaction; or captured, where a planet is first ejected from its
birth system and is free-floating for a period of time, before being captured by a passing star. We perform sets of direct N-body
simulations of young, substructured star-forming regions, and follow their evolution for 10 Myr in order to determine how many
planets are stolen and captured, and their respective orbital properties. We show that in high density star-forming regions,
stolen and captured planets have distinct properties. The semimajor axis distribution of captured planets is significantly skewed
to wider orbits compared to the semimajor axis distribution of stolen planets and planets that are still orbiting their parent
star (preserved planets). However, the eccentricity and inclination distributions of captured and stolen planets are similar, but
in turn very different to the inclination and eccentricity distributions of preserved planets. In low-density star-forming regions
these differences are not as distinct but could still, in principle, be used to determine whether observed exoplanets have likely
formed in situ or have been stolen or captured. We find that the initial degree of spatial and kinematic substructure in a
star-forming region is as important a factor as the stellar density in determining whether a planetary system will be altered,
disrupted, captured or stolen.

The young stars in the Galactic Center
Sebastiano von Fellenberg, Stefan Gillessen, Julia Stadler, Michi Bauböck, Reinhard Genzel, Tim de Zeeuw,
Oliver Pfuhl, Pau Amaro Seoane, Antonia Drescher, Frank Eisenhauer, Maryam Habibi, Thomas Ott, Felix
Widmann, Alice Young F We present a large ⇠ 30”⇥ 30” spectroscopic survey of the Galactic Center using the SINFONI
IFU at the VLT. Combining observations of the last two decades we compile spectra of over 2800 stars. Using the Bracket-�
absorption lines we identify 195 young stars, extending the list of known young stars by 79. In order to explore the angular
momentum distribution of the young stars, we introduce an isotropic cluster prior. This prior reproduces an isotropic cluster in
a mathematically exact way, which we test through numerical simulations. We calculate the posterior angular momentum space
as function of projected separation from Sgr A*. We find that the observed young star distribution is substantially different
from an isotropic cluster. We identify the previously reported feature of the clockwise disk and find that its angular momentum
changes as function of separation from the black hole, and thus confirm a warp of the clockwise disk (p ⇠ 99.2%). At large
separations, we discover three prominent overdensities of angular momentum. One overdensity has been reported previously,
the counter-clockwise disk. The other two are new. Determining the likely members of these structures, we find that as many as
75% of stars can be associated with one of these features. Stars belonging to the warped clockwise-disk show a top heavy K-band
luminosity function, while stars belonging to the larger separation features do not. Our observations are in good agreement
with the predictions of simulations of in-situ star formation, and argue for common formation of these structures.
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Curved jet motion. I. Orbiting and precessing jets
Christian Fendt, Melis Yardimci F Astrophysical jets are often observed as bent or curved structures. We also know that
the different jet sources may be binary in nature, which may lead to a regular, periodic motion of the jet nozzle, an orbital
motion or precession. Here, we present the results of 2D (M)HD simulations in order to investigate how a precessing or orbiting
jet nozzle affects the propagation of a high-speed jet. We have performed a parameter study of systems with different precession
angles, orbital periods or separations, and different magnetic field strengths. We find that these kinds of nozzles lead to curved
jet propagation which is determined by the main parameters that define the jet nozzle. We find C-shaped jets from orbiting
nozzles and S-shaped jets from precessing nozzles. Over long time and long distances, the initially curved jet motion bores
a broad channel into the ambient gas that is filled with high-speed jet material which lateral motion is damped, however. A
strong (longitudinal) magnetic field can damp the jet curvature that is enforced by either precession of orbital motion of the
jet sources. We have investigated the force balance across the jet and ambient medium and found that the lateral magnetic
pressure and gas pressure gradients are almost balanced, but that a lack of gas pressure on the concave side of the curvature is
leading to the lateral motion. Magnetic tension does not play a significant role. Our results are obtained in code units, but we
provide scaling relations such that our results may be applied to young stars, micro-quasars, symbiotic stars or AGN.

Interplay between Young Stars and Molecular Clouds in the Ophiuchus Star-forming
Complex
Aashish Gupta, Wen-Ping Chen F We present spatial and kinematic correlation between the young stellar population
and the cloud clumps in the Ophiuchus star-forming region. The stellar sample consists of known young objects at various
evolutionary stages, taken from the literature, some of which are diagnosed with Gaia EDR3 parallax and proper-motion
measurements. The molecular gas is traced by the 850 µm Submillimetre Common-User Bolometer Array-2 image, reaching
⇠2.3 mJy beam�1, the deepest so far for the region, stacked from the James Clerk Maxwell Telescope/Transient program
aiming to detect submillimeter outburst events. Our analysis indicates that the more evolved sources, namely the class II and
III young stars, are located further away from clouds than class I and flat-spectrum sources that have ample circumstellar
matter and are closely associated with natal clouds. Particularly the class II and III population is found to exhibit a structured
spatial distribution indicative of passage of shock fronts from the nearby Sco-Cen OB association thereby compressing clouds
to trigger star formation, with the latest starbirth episode occurring now in the densest cloud filaments. The young stars at all
evolutionary stages share similar kinematics. This suggests that the stellar patterns trace the relics of parental cloud filaments
that now have been dispersed.

Expanding shells around young clusters – S 171/Be 59
G. F. Gahm, M. J. C. Wilhelm, C. M. Persson, A. A. Djupvik, S. F. Portegies Zwart F Some HII regions that
surround young stellar clusters are bordered by molecular shells that appear to expand at a rate inconsistent with our current
model simulations. In this study we focus on the dynamics of Sharpless 171 (including NGC 7822), which surrounds the cluster
Berkeley 59. We aim to compare the velocity pattern over the molecular shell with the mean radial velocity of the cluster for
estimates of the expansion velocities of different shell structures, and to match the observed properties with model simulations.
Optical spectra of 27 stars located in Berkeley 59 were collected at the Nordic Optical Telescope, and a number of molecular
structures scattered over the entire region were mapped in 13CO(1-0) at Onsala Space Observatory. We obtained radial velocities
and MK classes for the cluster’s stars. At least four of the O stars are found to be spectroscopic binaries, in addition to one
triplet system. From these data we obtain the mean radial velocity of the cluster. From the 13CO spectra we identify three
shell structures, expanding relative to the cluster at moderate velocity (4 km/s), high velocity (12 km/s), and in between.
The high-velocity cloudlets extend over a larger radius and are less massive than the low-velocity cloudlets. We performed a
model simulation to understand the evolution of this complex. Our simulation of the Sharpless 171 complex and Berkeley 59
cluster demonstrates that the individual components can be explained as a shell driven by stellar winds from the massive cluster
members. However, our relatively simple model produces a single component. Modelling of the propagation of shell fragments
through a uniform interstellar medium demonstrates that dense cloudlets detached from the shell are decelerated less efficiently
than the shell itself. They can reach greater distances and retain higher velocities than the shell.

Cloudlet Capture Model for Asymmetric Molecular Emission Lines Observed in TMC-
1A with ALMA
Tomoyuki Hanawa, Nami Sakai, Satoshi Yamamoto F TMC-1A is a protostellar source harboring a young protostar,
IRAS 04365+2353, and shows a highly asymmetric features of a few 100 au scale in the molecular emission lines. Blue-shifted
emission is much stronger in the CS (J = 5-4) line than red-shifted one. The asymmetry can be explained if the gas accretion is
episodic and takes the form of cloudlet capture, given the cloudlet approached toward us. The gravity of the protostar transforms
the cloudlet into a stream and changes its velocity along the flow. The emission from the cloudlet should be blue-shifted before
the periastron, while it should be red-shifted after the periastron. If a major part of cloudlet has not reached the periastron, the
former should be dominant. We perform hydrodynamical simulations to examine the validity of the scenario. Our numerical
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the different jet sources may be binary in nature, which may lead to a regular, periodic motion of the jet nozzle, an orbital
motion or precession. Here, we present the results of 2D (M)HD simulations in order to investigate how a precessing or orbiting
jet nozzle affects the propagation of a high-speed jet. We have performed a parameter study of systems with different precession
angles, orbital periods or separations, and different magnetic field strengths. We find that these kinds of nozzles lead to curved
jet propagation which is determined by the main parameters that define the jet nozzle. We find C-shaped jets from orbiting
nozzles and S-shaped jets from precessing nozzles. Over long time and long distances, the initially curved jet motion bores
a broad channel into the ambient gas that is filled with high-speed jet material which lateral motion is damped, however. A
strong (longitudinal) magnetic field can damp the jet curvature that is enforced by either precession of orbital motion of the
jet sources. We have investigated the force balance across the jet and ambient medium and found that the lateral magnetic
pressure and gas pressure gradients are almost balanced, but that a lack of gas pressure on the concave side of the curvature is
leading to the lateral motion. Magnetic tension does not play a significant role. Our results are obtained in code units, but we
provide scaling relations such that our results may be applied to young stars, micro-quasars, symbiotic stars or AGN.

Interplay between Young Stars and Molecular Clouds in the Ophiuchus Star-forming
Complex
Aashish Gupta, Wen-Ping Chen F We present spatial and kinematic correlation between the young stellar population
and the cloud clumps in the Ophiuchus star-forming region. The stellar sample consists of known young objects at various
evolutionary stages, taken from the literature, some of which are diagnosed with Gaia EDR3 parallax and proper-motion
measurements. The molecular gas is traced by the 850 µm Submillimetre Common-User Bolometer Array-2 image, reaching
⇠2.3 mJy beam�1, the deepest so far for the region, stacked from the James Clerk Maxwell Telescope/Transient program
aiming to detect submillimeter outburst events. Our analysis indicates that the more evolved sources, namely the class II and
III young stars, are located further away from clouds than class I and flat-spectrum sources that have ample circumstellar
matter and are closely associated with natal clouds. Particularly the class II and III population is found to exhibit a structured
spatial distribution indicative of passage of shock fronts from the nearby Sco-Cen OB association thereby compressing clouds
to trigger star formation, with the latest starbirth episode occurring now in the densest cloud filaments. The young stars at all
evolutionary stages share similar kinematics. This suggests that the stellar patterns trace the relics of parental cloud filaments
that now have been dispersed.

Expanding shells around young clusters – S 171/Be 59
G. F. Gahm, M. J. C. Wilhelm, C. M. Persson, A. A. Djupvik, S. F. Portegies Zwart F Some HII regions that
surround young stellar clusters are bordered by molecular shells that appear to expand at a rate inconsistent with our current
model simulations. In this study we focus on the dynamics of Sharpless 171 (including NGC 7822), which surrounds the cluster
Berkeley 59. We aim to compare the velocity pattern over the molecular shell with the mean radial velocity of the cluster for
estimates of the expansion velocities of different shell structures, and to match the observed properties with model simulations.
Optical spectra of 27 stars located in Berkeley 59 were collected at the Nordic Optical Telescope, and a number of molecular
structures scattered over the entire region were mapped in 13CO(1-0) at Onsala Space Observatory. We obtained radial velocities
and MK classes for the cluster’s stars. At least four of the O stars are found to be spectroscopic binaries, in addition to one
triplet system. From these data we obtain the mean radial velocity of the cluster. From the 13CO spectra we identify three
shell structures, expanding relative to the cluster at moderate velocity (4 km/s), high velocity (12 km/s), and in between.
The high-velocity cloudlets extend over a larger radius and are less massive than the low-velocity cloudlets. We performed a
model simulation to understand the evolution of this complex. Our simulation of the Sharpless 171 complex and Berkeley 59
cluster demonstrates that the individual components can be explained as a shell driven by stellar winds from the massive cluster
members. However, our relatively simple model produces a single component. Modelling of the propagation of shell fragments
through a uniform interstellar medium demonstrates that dense cloudlets detached from the shell are decelerated less efficiently
than the shell itself. They can reach greater distances and retain higher velocities than the shell.

Cloudlet Capture Model for Asymmetric Molecular Emission Lines Observed in TMC-
1A with ALMA
Tomoyuki Hanawa, Nami Sakai, Satoshi Yamamoto F TMC-1A is a protostellar source harboring a young protostar,
IRAS 04365+2353, and shows a highly asymmetric features of a few 100 au scale in the molecular emission lines. Blue-shifted
emission is much stronger in the CS (J = 5-4) line than red-shifted one. The asymmetry can be explained if the gas accretion is
episodic and takes the form of cloudlet capture, given the cloudlet approached toward us. The gravity of the protostar transforms
the cloudlet into a stream and changes its velocity along the flow. The emission from the cloudlet should be blue-shifted before
the periastron, while it should be red-shifted after the periastron. If a major part of cloudlet has not reached the periastron, the
former should be dominant. We perform hydrodynamical simulations to examine the validity of the scenario. Our numerical
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A giant planet shaping the disk around the very low 
mass star CIDA 1 
P. Curone, A. F. Izquierdo, L. Testi, G. Lodato, S. Facchini, A. Natta, P. Pinilla, N. T. 
Kurtovic, C. Toci, M. Benisty, M. Tazzari, F. Borsa, M. Lombardi, C. F. Manara, E. 
Sanchis, L. Ricci ⋆ (Abridged) Exoplanetary research has provided us with exciting 
discoveries of planets around very low mass (VLM) stars (e.g., TRAPPIST-1 and 
Proxima Centauri). However, current theoretical models strive to explain planet 
formation in these conditions and do not predict the development of giant planets. 
Recent high-resolution observations from ALMA of the disk around CIDA 1, a VLM 
star in Taurus, show substructures hinting at the presence of a massive planet. We aim 
to reproduce the dust ring of CIDA 1, observed in the dust continuum emission in 
ALMA Band 7 (0.9 mm) and Band 4 (2.1 mm), along with its 12CO (J=3-2) and 
13CO (J=3-2) channel maps, assuming the structures are shaped by the interaction of 
the disk with a massive planet. We seek to retrieve the mass and position of the 
putative planet. We model the protoplanetary disk with a set of hydrodynamical 
simulations, varying the mass and locations of the embedded planet. We compute the 
dust and gas emission using radiative transfer simulations, and, finally, we obtain the 
synthetic observations treating the images as the actual ALMA observations. Our 
models indicate that a planet with a minimum mass of ∼ 1.4 MJup orbiting at a 
distance of ∼ 9 − 10 au can explain the morphology and location of the observed dust 
ring at Band 7 and Band 4. We can reproduce the low spectral index (∼ 2) observed 
where the dust ring is detected. Our synthetic images reproduce the morphology of the 
12CO and 13CO observed channel maps where the cloud absorption allowed a 
detection. Applying an empirical relation between planet mass and gap width in the 
dust, we predict a maximum planet mass of ∼ 4 − 8 MJup . Our results suggest the 
presence of a massive planet orbiting CIDA 1, thus challenging our understanding of 
planet formation around VLM stars. 

・CIDA1というTaurus領域にある
VLM (very low mass star)周りの原始
惑星系円盤をALMA観測した。 
・波長はB7(0.9mm)とB4(2.1mm)で、
ダスト連続波と12CO(3-2)及び
13CO(3-2) 
・1.4MJupの惑星が約9-10auの距離
を周回することで説明できる 
・スペクトル指数はおよそ2 
・結論：VLMの周りでも惑星が形成さ
れる。



• 背景：超小質量星周りでのガス惑星形成の困難 

• ここではとりあえず0.3Msun以下の質量の星をVLM(very low mass star)
と呼ぶことにする。 

• 例えばTRAPPIST-1は 0.085 M⊙ の中心星が7個の岩石惑星を持っている。 

• 褐色矮星周りの惑星も確認されている（25Mjupの星の周りに5Mjupの惑星 
Morales et al. 2019） 

• 惑星形成の観点から言うと、惑星形成材料の枯渇が指摘されてきた。岩石惑
星はなんとか可能そうだがcore accretionによるガス惑星については考えら
れていない(? Miguel et al. 2020) 

• ガス円盤の重力不安定で作るしかないか？ 

• 天体 CIDA1 

• Pinilla et al. 2021: Band 7 (0.9 mm) and Band 4 (2.1 mm) at a 
resolution of ~ 0.050′′ × 0.034′′ (~ 7 × 5 au).  

• inner ringと、20auにリングが見えた。0.5Mjupの惑星で再現できるとされ
た。 

• 本研究 

• Pinilla et al. 2021がgap shapeを理論モデルから作っていたが、本研究で
は流体計算で作る。それで画像を再現できるか考えてみる。
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Fig. 1. ALMA Band 7 (0.9 mm) and Band 4 (2.1 mm) continuum images of the CIDA 1 disk. The synthesized beam is shown in the lower left
corner of each image. The details of the images are summarized in Table 2.

Table 2. Summary of the ALMA images in Fig. 1.

Band � Fpeak Ftotal � Beam
[mm] [Jy beam�1] [Jy] [Jy beam�1] [mas⇥mas]

7 0.9 7.9⇥ 10�4 3.1⇥ 10�2 1.7⇥ 10�5 54⇥ 34

4 2.1 1.4⇥ 10�4 5.1⇥ 10�3 5.7⇥ 10�6 50⇥ 34

(using the inclination and position angle report in Table 3). For
this figure, each profile is normalized to the peak of the ring and
the images are previously restored with the same beam before
deprojection (0.0500 ⇥ 0.03400). For the deprojection, we use the
inclination (inc) and position angle (PA) from Table 3, which are
obtained from the visibility analysis explained in Sect. 3.2. The
error bars include the standard deviation of each elliptical bin
divided by the square root of the number of beams spanning full
azimuthal angle at each radial bin. In this figure, it is possible
to see that emission at both wavelengths peaks at the ring loca-
tion (20 au) and there is a very bright inner disk. The 12CO peak
intensity map also shows a cavity that remains unresolved with a
size of ⇠7 au along the major axis of the disk. Another interest-
ing result from the 12CO peak intensity map is that this emission
is more extended than the dust continuum emission, as found in
Kurtovic et al. (2021). The analysis of the 12CO and 13CO will
be presented in a future paper by Curone et al. (in prep.).

We calculate the optical depth of the peak of the continuum
ring, assuming ⌧=� ln[1�Tbrightness/Tphysical], with Tbrightness and
Tphysical being the brightness and physical temperature respec-
tively. We obtain the brightness temperature from the full
black-body Planck function. We used a radially constant phys-
ical temperature of 20 K and we find that the optical depth
at the peak is ⌧peak,B7 = 0.48 and ⌧peak,B4 = 0.28 for Band 7
and Band 4, respectively. We also calculate ⌧ assuming a
luminosity-dependent relation for the temperature from van der
Plas et al. (2016), that is, T = 22(L?/L�)0.16 K, in which case
we obtain a physical temperature of 14.7 K and ⌧peak,B7 = 0.74
and ⌧peak,B4 = 0.41. Using our radiative transfer calculations pre-
sented in Sect. 4 for CIDA 1, the temperature expected at the
midplane and at the peak location (⇠20 au) is around 30 K,
in which case ⌧peak,B7 = 0.29 and ⌧peak,B4 = 0.18. We therefore
assume that most of the emission is optically thin to calculate

the dust disk mass. These values for the optical depths fall in
the same range as reported by the DSHARP sample (Dullemond
et al. 2018) for more massive disks. One potential explanation
for this range of the optical depth inside the ring is planetesimal
formation in this region (Stammler et al. 2019).

Under the assumption of optically thin emission, we calcu-
late the dust disk mass as Mdust ' d2F⌫

⌫B⌫(T ) , where d is the distance
to the source, F⌫ is the total flux at a given wavelength, and
B⌫ is the blackbody surface brightness at a given temperature
(Hildebrand 1983). Taking a mass absorption coefficient (⌫) at
a given frequency as ⌫ = 2.3 cm2 g�1 ⇥ (⌫/230 GHz)0.4 (which
is typical for a population of large millimeter grains, Beckwith
et al. 1990; Andrews et al. 2013, which is compatible within 2�
with the spectral index we infer for CIDA 1 as shown later), and
a dust temperature of 20.0 K or 14.7 K, the dust disk mass is
7.4 MEarth or 12.0 MEarth, respectively, when taking the total flux
from the image in Band 7. For Band 4, the dust disk mass is 7.8
MEarth or 11.4 MEarth for 20 or 14.7 K, respectively. Therefore,
the inferred dust disk mass is consistent between the two wave-
lengths with a large uncertainty that depends on the assumed
temperature. In addition, ⌫ is a very unknown quantity in pro-
toplanetary disks, and for direct comparison we take the same
⌫ assumed to calculate the dust disk mass of large populations
of protoplanetary disks (e.g., Pascucci et al. 2016). Recent work
from Lin et al. (2020) about inferring (sub)millimeter dust opac-
ities from resolved multi-wavelength continuum observations
of edge-on disks provides support to this widely used opacity
assumption from Beckwith et al. (1990).

With the total flux from the images at the two wave-
lengths, we obtained the spatially integrated spectral index
as ↵mm = log(FB7/FB4)/ log(⌫7/⌫4)= 2.0± 0.2, where the uncer-
tainty includes the rms of the observations and 10% uncertainty
from the flux calibration. This value is in agreement with the
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Fig. 2. Moment 0 and moment 1 of the 12CO and 13CO. The upper right bar corresponds to 10 au size. The dashed circles (projected with the same
inclination and PA as CIDA 1, Table 3) are 1.000 and 0.600 in size from the center for the 12CO and 13CO, respectively. The details of the images are
summarized in Table 2.

Fig. 3. Azimuthally averaged radial intensity profiles of the deprojected continuum images (lineal scale on the left and logarithmic scale in the
center) at each wavelength. Each profile is normalized to the peak. The profiles are obtained from images that are restored with the same beam
(50 mas ⇥ 34 mas). The error bars include the standard deviation of each elliptical bin divided by the square root of the number of beams spanning
the full azimuthal angle at each radial bin. The right panel shows the radial profile of the spectral index taking into account the errors on the radial
intensity profiles in addition to 10% of the error due to flux calibration.

values found in Ricci et al. (2014). The very low fluxes within
the gap do not allow us to obtain reliable values of the spectral
index in this region (see right panel of Fig. 3). When taking the
emission either from a circled area that is centered at the location
of CIDA 1 and that is as big as the beam or an area that encircles
the ring, the integrated spectral index in each region is around
2.0. The right panel of Fig. 3 shows the radial profile of the spec-
tral index, which shows a slight decrease inside the ring, but the
differences are not significant (<1�). Within the uncertainties,
the spectral index seems to be relatively constant throughout the
disk, as found by Tazzari et al. (2020) in a sample of disks in the
Lupus star formation region.

3.2. Dust morphology from visibility fitting

We describe the emission on both ALMA bands with axisym-
metric parametric models, and for comparison we also use the
Gaussian Processes modeler Python package frank (Jennings
et al. 2020). While a single centrally peaked Gaussian is enough
to describe the inner emission of CIDA 1, for the ring emis-
sion we tried several different combinations of Gaussian profiles
and/or radially broken Gaussian profiles (Gaussians with differ-
ent widths to each side of the peak). After these tests, we find
that the best parametric models for the ALMA Band 4 (2.1 mm)
and Band 7 (0.9 mm) emission are given by:

I2.1 mm(r)= 10 f0 g(r, �0) + 10 f1 gbg(r � r1, �1i, �1o), (1)

I0.9 mm(r)= 10 f0 g(r, �0) + 10 f1 gbg(r � r1, �1i, �1o)

+ 10 f2 g(r, �2),
(2)

where g is a Gaussian profile, and gbg is a broken Gaussian,
described by:

g(x, �)= exp
 
� x2

2�2

!
, (3)

gbg(x, �)=
(
g(x,�i) for x  0.
g(x,�o) for x > 0.

(4)

For each model, the visibilities are obtained by optimizing
the model profile with a spatial offset (�RA, �Dec), an inclina-
tion and PA, which are used to deproject the observational data.
Therefore, each model has four extra free parameters in addi-
tion to those that describe the intensity profile. The Fourier
Transforms to obtain the models visibilities and the �2 calcu-
lation are computed with the galario Python package (Tazzari
et al. 2018) using a pixel size of 0.2 mas.

We sample the posterior probability distribution with a
Markov chain Monte Carlo (MCMC) routine based on the emcee
Python package (Foreman-Mackey et al. 2013). We used a flat
prior probability distribution over a wide parameter range, such
that the walkers would only be initially restricted by geomet-
ric considerations (inc 2 [0, 90] , PA 2 [0, 180], � � 0). We ran
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• 手法 

• SPH codeのPHANTOM (Price et al. 2018)を利
用 

• 適当な粘性降着ガス円盤をおき、ガスの0.01倍の
ダストを起き、手を話す。ダストサイズは固定
(0.16µm-1mm)。 

• 内側はsinkになっていて、1au以内は見えない。
よってinnder diskは議論しない 

• （SPHなので）乱流αは密度が低いところで高く

なる が、結果に影響しない(?) 

•

P. Curone et al.: A giant planet around CIDA 1

Fig. 3. Refinement of the hydrodynamical model for the radiative transfer simulation, by extrapolating and interpolating the dust densities for
a single SPH particle. Left panel: starting from dust density values obtained with SPH simulation (red dots), we perform a linear fit for log ⇢d
values associated with the two smallest simulated grain sizes to obtain densities for grains down to 5 nm (blue line). Then, we use a cubic spline
interpolation on the remaining log ⇢d values (orange line). Right panel: with the linear fit we obtain 10 dust densities related to grain sizes between
5 nm and 0.37 µm (to the left of the vertical gray dashed line), while with the cubic spline interpolation we obtain 50 densities for grain sizes
between 0.37 µm and 1 mm (to the right of the vertical gray dashed line).

Furthermore, an intrinsic consequence of the artificial vis-
cosity implementation in Phantom is that ↵SS / hhi / ⇢�1/3

(in 3D), meaning that the disk viscosity increases wherever the
density decreases (Lodato & Price 2010). A local increase in
viscosity leads to a shorter viscous timescale and, therefore, a
faster transport of angular momentum in the disk. This descrip-
tion applies to our simulations: if the embedded planet is massive
enough to carve a gap in the disk, in that region, the viscosity
rises, and this eventually brings to a faster depletion of the inner
material accreting onto the central star.

However, these numerical limitations only apply to the inner
area, within the first few au. They do not a↵ect the simulation in
outer regions, where the observed dust ring is located and most
of the dust flux and mass lie.

2.2. Radiative transfer

2.2.1. Linking Phantom to Polaris

For the radiative transfer simulations, we employ the 3D Monte-
Carlo code Polaris (Reissl et al. 2016), coupled for the first time
with Phantom SPH simulations using the sf3dmodels code as in-
terface (Izquierdo et al. 2018). Polaris is a flexible code that
can handle multiple dust compositions, each of them defined by
dust material, intrinsic grain density, and grain size distribution
between a minimum and maximum grain size. Each dust popu-
lation is associated with a spatial density distribution. From each
SPH simulation, we acquire density distributions for 11 grain
sizes, logarithmically spaced between 0.16 µm and 1 mm. To
have a more precise model, we obtain more dust density distri-
butions from this initial data. Considering a single SPH particle,
at first, we extrapolate densities for smaller grains. Under the as-
sumption that small dust grains well-coupled to the gas maintain
their initial size distribution (i.e., dN(ad)/dad / a�3.5

d , which can
be rearranged as ⇢d / a0.5

d , with ⇢d indicating the dust mass den-
sity), we fit the values of log10 ⇢d associated with the two small-
est simulated grain sizes (0.16 µm and 0.37 µm) using a straight
line with slope ⇠ 0.5. With this relation, we sample 10 density
values logarithmically spaced between 5 nm and 0.37 µm. For
larger dust grains, we perform a cubic spline interpolation for
log10 ⇢d values related to the remaining simulated grain sizes.
Thanks to this interpolation, we sample 50 density values, log-
arithmically spaced between 0.37 µm and 1 mm. This procedure

is illustrated in Fig. 3. We repeat this operation for every SPH
particle and obtain in total 60 dust density spatial distributions,
10 for grain sizes between 5 nm and 0.37 µm and 50 related to
grain sizes between 0.37 µm and 1 mm.

While in SPH the information is contained in point particles,
Polaris needs data to be sampled on a 3D grid for the radiative
transfer simulations. To maintain the spatial distribution of phys-
ical properties as close as possible to the simulation output we
use a Voronoi grid. Given a distribution of N points, a Voronoi
grid is a partition of space into N convex polygonal cells, each
containing exactly one generating point such that any portion of
space inside a specific cell is closer to its generating point than
to any other (Okabe et al. 2000). To avoid numerical artifacts
where fewer SPH particles are present, like in the case of gaps
and cavities in disks, we introduce a set of ‘dummy’ grid points
(as in Izquierdo et al. 2021a), that are artificially added particles
to which we assign a negligible density value (10�42 g cm�3). We
randomly distribute 1/5 NSPH dummy points; then, we accept
only those located in low-density areas, less sampled by SPH
particles. After that, we use the SPH particles and the accepted
dummy points as generating points for the Voronoi grid.

2.2.2. Polaris simulations

With the 60 dust distributions sampled on a Voronoi grid ob-
tained from the initial SPH models, we then perform the ra-
diative transfer simulations with Polaris. We consider the same
dust composition adopted in Ricci et al. (2010). Here, dust grains
are spheres composed of astronomical silicates (10% in volume,
optical properties from Draine 2003), carbonaceous materials
(20%, Zubko et al. 1996), water ice (30%, Warren & Brandt
2008), and a porosity of 40%.

First, with Polaris, we compute the dust temperature using
a Monte-Carlo approach. From the estimates of Pinilla et al.
(2021), CIDA 1 has a luminosity L? = 0.15±0.03 L�. In our sim-
ulations, we model the radiation as 108 photon packages emitted
by the central star, which is assumed as a black body with a
surface temperature Te↵ = 3050 K and a radius R? = 1.3 R�,
whose total luminosity equals the observed value. Second, the
dust continuum emission and the gas line emission are computed
via ray-tracing. We fix the distance of CIDA 1 at 137.5 pc. From
the analysis of Pinilla et al. (2021), we use an inclination angle
i = 37.5� and a position angle PA = 11� for the disk.
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This paper is organized as follows: in Sect. 2, we describe the
numerical simulations and procedures used to obtain the final
synthetic observations. In Sect. 3 we present the results on the
modeling of the dust and gas emission, comparing them to the
ALMA observations of CIDA 1. Section 4 is devoted to the dis-
cussion of our findings: we analyze the simulated spectral index
and optical depth, evaluate whether planet-induced perturbations
could be detected in the gas line emission, and constrain the min-
imum and maximum mass of the putative planet. We also com-
pare our modeling with previous mass estimates of the planet and
investigate its possible origin. Finally, in Sect. 5, we summarize
our results.

2. Methods

2.1. Gas and dust hydrodynamical simulation

We perform a set of five hydrodynamical simulations with the
Smoothed Particle Hydrodynamics (SPH) code Phantom (Price
et al. 2018b). This code has been extensively used for the mod-
eling of protoplanetary disks, with the intent of reproducing the
observed structures in both the dust and gas emission (e.g., Dip-
ierro et al. 2015, Ragusa et al. 2017, Pinte et al. 2018, Price
et al. 2018a, Cuello et al. 2019, Ubeira Gabellini et al. 2019,
Toci et al. 2020a, Veronesi et al. 2020, Toci et al. 2020b). SPH
formulation, and the Phantom implementation in particular, in-
cludes exact conservation of mass, momentum, and angular mo-
mentum, along with a self-consistent computation of the stellar
and planet accretion rates and migrations (Price et al. 2018b).
We use the one-fluid (Laibe & Price 2014; Ballabio et al. 2018)
multigrain (Hutchison et al. 2018) algorithm, which discretizes
the disk with a single set of SPH particles, each containing in-
formation of gas and dust with di↵erent grain sizes. This method
is suitable for treating dust grains not fully decoupled from the
gas. Such condition is fulfilled if the midplane Stokes number
St / ⇢0ad/⌃g < 1, where ⇢0 is the dust grain intrinsic density, ad
the grain size and ⌃g the gas surface density.

2.1.1. Disk model

We select the initial parameters for our simulations, listed in Ta-
ble 1, based on the observations and estimates of Pinilla et al.
(2018, 2021). The system consists of a central star surrounded
by a disk composed of gas and dust, sampled by NSPH = 106

SPH particles. The disk has a gas mass of Mgas = 1.5 ⇥ 10�3 M�
and initially extends from Rin = 1 au to Rout = 100 au. Fol-
lowing a common practice (e.g., Toci et al. 2020a), we assume
a power law with an inner and an outer taper for the initial gas
surface density profile

⌃g(R) = ⌃c
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where ⌃c is a normalization constant depending on the total disk
mass, Rc = 80 au is the characteristic radius of the outer expo-
nential taper, and we set p = 1.5 (as assumed in Pinilla et al.
2018). Our model adopts a locally isothermal equation of state
P = ⇢gc2

s , with the following sound speed radial profile

cs(R) = cs,in

✓ R
Rin

◆�q
, (2)

where ⇢g is the gas volume density, cs,in is the sound speed at
the inner disk radius and q = 0.3 (derived from the SED, see

Table 1. Initial parameters used for the simulations with Phantom. Each
entry is commented in the main text.

Parameters Value

NSPH 106

M?[M�] 0.2
R? acc [au] 1
Rin [au] 1
Rout [au] 100
Rc [au] 80
p 1.5
q 0.3
H(Rin)/Rin 0.08
↵SS 5 ⇥ 10�3

↵AV 0.36
hhi/H 0.14
Mgas [M�] 1.5 ⇥ 10�3

Mdust/Mgas 10�2

ad [cm] [amin = 1.6 ⇥ 10�5, amax = 0.1,N = 11]
⇠ 3.5
⇢0 [g cm�3] 2

RP acc [au] 1/4 of Hill radius
dP,0 [au] 10.0
MP,0 [MJup] 0.1, 0.5, 1.0, 1.5, 2.0

Appendix A). The gas in the disk is in vertical hydrostatic equi-
librium, which leads to the following aspect ratio

H(R)
R
=

cs(R)
3K(R)

=
H(Rin)

Rin
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where 3K is the Keplerian velocity and the aspect ratio at the
inner radius is H(Rin)/Rin = 0.08. With this choice of param-
eters, the mean value of the ratio between the azimuthally av-
eraged SPH smoothing length hhi and the scale height H is
hhi/H ⇡ 0.14, implying that the disk is vertically resolved. We
model the disk viscosity, which regulates the angular momentum
transport, using the SPH artificial viscosity ↵AV introduced by
Lodato & Price (2010). We set the Shakura & Sunyaev (1973)
viscosity ↵SS = 5 ⇥ 10�3, corresponding to ↵AV = 0.36. This
value directly a↵ects the timescale regulating the disk viscous
evolution (higher viscosity generally leading to faster evolution)
and on the interaction between the disk and a planet, especially
regarding the gas gap carved by a planet (see Sect. 4.4).

The dust component is initially distributed as the gas, follow-
ing the same surface density profile (Eq. 1). The initial dust-to-
gas mass ratio in the disk is 10�2 (the standard value assumed
for the interstellar medium, Bohlin et al. 1978), and it is con-
stant throughout the disk. We simulate 11 di↵erent grain sizes,
logarithmically spaced between 0.16 µm and 1 mm. The grain
size distribution follows the power law dN(ad)/dad / a�⇠d , trun-
cated at the minimum and maximum grain size, where ad in-
dicates the grain size and N(ad) is the number of dust grains
per grain size. In our simulation, we assume the typical value
⇠ = 3.5 for the distribution power law (Mathis et al. 1977). Sim-
ulating various grain sizes allows testing di↵erent levels of cou-
pling between dust and gas. The intrinsic density of dust grains
is ⇢0 = 2 g cm�3.
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Fig. 2. Face-on gas and dust surface density, in units of g cm�2, from the Phantom simulation with initial planet mass of 1.5 MJup, and final planet
mass of 2.0 MJup after ⇡ 4 ⇥ 104 yrs (⇡ 560 planet orbits). Gas density is displayed in the top left corner, while the remaining panels present the
surface density for the simulated 11 dust grain sizes. The bigger central green dot represents the star, while the smaller green dot indicates the
planet position. Images were produced using the tool Splash (Price 2007).

2.1.2. Properties of the central star and the embedded planet

The central star and the planet are modeled as sink particles,
which are free to migrate and accrete gas and dust (see Ap-
pendix B). The stellar mass of CIDA 1 is known to be in the
range ⇠ 0.1 � 0.2 M� (Pinilla et al. 2021). Kurtovic et al. (2021)
estimate a mass of ⇠ 0.19 M� using the Pascucci et al. (2016)
method with the distance of 137.5 pc (Pinilla et al. 2021). In our
simulations, we adopt a stellar mass M? = 0.2 M�. The star ac-
cretion radius is R? acc = 1 au and defines a region where in-
coming SPH particles are considered accreted onto the star. The
planet accretion radius is chosen to be RP acc = 1/4 RH, where RH
is the planet Hill radius, defined as

RH =

 
1
3

MP

M?

!1/3

dP , (4)

where dP is the distance of the planet from the central star.
We perform a set of SPH simulations, each with an embed-

ded planet starting at a distance dP,0 = 10.0 au from the star. We
vary the initial planet mass MP,0: the chosen values are 0.1, 0.5,
1.0, 1.5, and 2.0 MJup. We let the simulations evolve until they
reach a stable configuration. We analyze the simulation results at
4 ⇥ 104 yrs, corresponding to about 560 planet orbits. To check
that no major transients are neglected with this choice, we also
compute the dust emission synthetic observations for a longer
evolution time of 8 ⇥ 104 yrs, equivalent to about 1120 planet
orbits.

For illustrative purposes, we show in Fig. 2 the face-on sur-
face densities of the gas and the 11 dust populations from the
simulation with initial planet mass MP,0 = 1.5 MJup, evaluated
after 4 ⇥ 104 yrs. Here, the dust radial drift and the dust trap in-
duced by the planet (Pinilla et al. 2012b) can be appreciated.
This is because the massive planet creates a pressure bump in

the gas outside of its orbit, which attracts nearby dust and inter-
cepts dust migrating from the outer regions towards the central
star. The faster motion of larger grains (from ⇠ 0.1 to 1 mm)
results in ring-shaped dust distributions, whereas smaller grains
present wider radial profiles of their density, because they have
a slower radial drift being more coupled to the gas.

After this first suite of simulations, we aim at better con-
straining the minimum and maximum planet mass able to repro-
duce the observed dust emission by running additional simula-
tions. In these cases, the embedded planet is placed at di↵erent
initial radial distances from the star to find the best match with
the peak intensity of the observed ring. The minimum mass of
the planet is discussed in Sect. 4.4, where we present the results
of two simulations: the first with MP,0 = 0.5 MJup and dP,0 =
12.0 au, the second with MP,0 = 1.0 MJup and dP,0 = 11.0 au. The
maximum mass of the planet is assessed in Sect. 4.5, considering
a simulation with MP,0 = 4.0 MJup and dP,0 = 9.0 au.

2.1.3. Limitations of the modeling

High-resolution ALMA images of the dust continuum emission
from CIDA 1 (Fig. 1) show a dust ring peaking at ⇠ 20 au from
the star, a large gap, and an unresolved inner disk at the center,
indicating the presence of dust within a few astronomical units
nearby the star. We focus on modeling the external dust ring,
whereas reproducing the inner disk is beyond the aim of this
work, given the setup we use for the SPH simulations.

In our models, we adopt R? acc = 1 au; that is, we are not
simulating the dynamics of the material within a radius of 1 au
from the central star. Adopting a smaller Racc rapidly causes a
substantial increase in computational time due to a higher dy-
namic range. SPH particles closer to the central star move faster,
so smaller timesteps and a greater computational cost are needed
to simulate their motion.
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大きなダストはより早くradial driftする
ので細いリングを作るのが見て取れる

P. Curone et al.: A giant planet around CIDA 1

Fig. 3. Refinement of the hydrodynamical model for the radiative transfer simulation, by extrapolating and interpolating the dust densities for
a single SPH particle. Left panel: starting from dust density values obtained with SPH simulation (red dots), we perform a linear fit for log ⇢d
values associated with the two smallest simulated grain sizes to obtain densities for grains down to 5 nm (blue line). Then, we use a cubic spline
interpolation on the remaining log ⇢d values (orange line). Right panel: with the linear fit we obtain 10 dust densities related to grain sizes between
5 nm and 0.37 µm (to the left of the vertical gray dashed line), while with the cubic spline interpolation we obtain 50 densities for grain sizes
between 0.37 µm and 1 mm (to the right of the vertical gray dashed line).

Furthermore, an intrinsic consequence of the artificial vis-
cosity implementation in Phantom is that ↵SS / hhi / ⇢�1/3

(in 3D), meaning that the disk viscosity increases wherever the
density decreases (Lodato & Price 2010). A local increase in
viscosity leads to a shorter viscous timescale and, therefore, a
faster transport of angular momentum in the disk. This descrip-
tion applies to our simulations: if the embedded planet is massive
enough to carve a gap in the disk, in that region, the viscosity
rises, and this eventually brings to a faster depletion of the inner
material accreting onto the central star.

However, these numerical limitations only apply to the inner
area, within the first few au. They do not a↵ect the simulation in
outer regions, where the observed dust ring is located and most
of the dust flux and mass lie.

2.2. Radiative transfer

2.2.1. Linking Phantom to Polaris

For the radiative transfer simulations, we employ the 3D Monte-
Carlo code Polaris (Reissl et al. 2016), coupled for the first time
with Phantom SPH simulations using the sf3dmodels code as in-
terface (Izquierdo et al. 2018). Polaris is a flexible code that
can handle multiple dust compositions, each of them defined by
dust material, intrinsic grain density, and grain size distribution
between a minimum and maximum grain size. Each dust popu-
lation is associated with a spatial density distribution. From each
SPH simulation, we acquire density distributions for 11 grain
sizes, logarithmically spaced between 0.16 µm and 1 mm. To
have a more precise model, we obtain more dust density distri-
butions from this initial data. Considering a single SPH particle,
at first, we extrapolate densities for smaller grains. Under the as-
sumption that small dust grains well-coupled to the gas maintain
their initial size distribution (i.e., dN(ad)/dad / a�3.5

d , which can
be rearranged as ⇢d / a0.5

d , with ⇢d indicating the dust mass den-
sity), we fit the values of log10 ⇢d associated with the two small-
est simulated grain sizes (0.16 µm and 0.37 µm) using a straight
line with slope ⇠ 0.5. With this relation, we sample 10 density
values logarithmically spaced between 5 nm and 0.37 µm. For
larger dust grains, we perform a cubic spline interpolation for
log10 ⇢d values related to the remaining simulated grain sizes.
Thanks to this interpolation, we sample 50 density values, log-
arithmically spaced between 0.37 µm and 1 mm. This procedure

is illustrated in Fig. 3. We repeat this operation for every SPH
particle and obtain in total 60 dust density spatial distributions,
10 for grain sizes between 5 nm and 0.37 µm and 50 related to
grain sizes between 0.37 µm and 1 mm.

While in SPH the information is contained in point particles,
Polaris needs data to be sampled on a 3D grid for the radiative
transfer simulations. To maintain the spatial distribution of phys-
ical properties as close as possible to the simulation output we
use a Voronoi grid. Given a distribution of N points, a Voronoi
grid is a partition of space into N convex polygonal cells, each
containing exactly one generating point such that any portion of
space inside a specific cell is closer to its generating point than
to any other (Okabe et al. 2000). To avoid numerical artifacts
where fewer SPH particles are present, like in the case of gaps
and cavities in disks, we introduce a set of ‘dummy’ grid points
(as in Izquierdo et al. 2021a), that are artificially added particles
to which we assign a negligible density value (10�42 g cm�3). We
randomly distribute 1/5 NSPH dummy points; then, we accept
only those located in low-density areas, less sampled by SPH
particles. After that, we use the SPH particles and the accepted
dummy points as generating points for the Voronoi grid.

2.2.2. Polaris simulations

With the 60 dust distributions sampled on a Voronoi grid ob-
tained from the initial SPH models, we then perform the ra-
diative transfer simulations with Polaris. We consider the same
dust composition adopted in Ricci et al. (2010). Here, dust grains
are spheres composed of astronomical silicates (10% in volume,
optical properties from Draine 2003), carbonaceous materials
(20%, Zubko et al. 1996), water ice (30%, Warren & Brandt
2008), and a porosity of 40%.

First, with Polaris, we compute the dust temperature using
a Monte-Carlo approach. From the estimates of Pinilla et al.
(2021), CIDA 1 has a luminosity L? = 0.15±0.03 L�. In our sim-
ulations, we model the radiation as 108 photon packages emitted
by the central star, which is assumed as a black body with a
surface temperature Te↵ = 3050 K and a radius R? = 1.3 R�,
whose total luminosity equals the observed value. Second, the
dust continuum emission and the gas line emission are computed
via ray-tracing. We fix the distance of CIDA 1 at 137.5 pc. From
the analysis of Pinilla et al. (2021), we use an inclination angle
i = 37.5� and a position angle PA = 11� for the disk.
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• 2.0Mjup, 4e4yearsの結果を観測的可視化。 

• 0.1 to 4.0MJupを振ったが、2.0Mjupが最も良かった

P. Curone et al.: A giant planet around CIDA 1

Fig. 4. Band 7 (0.9 mm, top panels) and Band 4 (2.1 mm bottom panels) comparison between dust continuum images from the ALMA observation
and our synthetic observations obtained from the simulation with final planet mass of 2.0 MJup after 4 ⇥ 104 yrs, along with their residuals. The
synthesized beam (0.05000 ⇥ 0.03400 for Band 7, 0.04800 ⇥ 0.03200 for Band 4, FWHM) is shown in the bottom left corner of each image. The
contours in the residuals represent the 5� and �5� flux levels, respectively for Band 7 and Band 4.

is able to generally reproduce the morphology and the intensity
of the observed emission from the ring. As expected, our syn-
thetic images do not present the inner disk, which persists in
the residuals. Moreover, we note that the residuals at both bands
show some areas, located in the region of the ring and the gap,
above the 5� value or below the �5� value. Slight shifts in the
simulated image centroids could not eliminate these di↵erences.
Such inequalities between our model and the observations might
be caused by an imperfect estimate of the disk inclination and
position angle that we assumed in the simulations or by some
actual non-axisymmetric features in the observations.

A thorough comparison between the dust continuum emis-
sion from the observations and all our set of simulations after
4 ⇥ 104 yrs is presented in Fig. 5. We show the azimuthally av-
eraged radial profiles of the intensity in the two bands from the
observations, all our simulations, and their residuals.

The smallest simulated planet, with a final mass of 0.2 MJup,
does not produce any major e↵ect on the disk morphology. The
0.9 MJup planet is massive enough to carve a central cavity, but
the intensity peak is significantly shifted inwards compared to
the peak in the observation profiles. The third model, with a
planet mass of 1.4 MJup, shows a good match with the observa-
tion, except for a slight o↵set in the location of the ring. The two
remaining models, hosting the most massive planets with a mass
of 2.0 and 2.5 MJup, respectively, best reproduce the observed
emission in both Band 7 and Band 4. Looking at Table 2 and con-
sidering the results after an evolution time of 4 ⇥ 104 yrs, we note

that these last three cases also share consistent estimates of the
total dust mass needed to match the observed flux, ⇠ 7⇥10�6 M�,
with a dust-to-gas mass ratio of ⇠ 9 ⇥ 10�3.

Results for the dust emission from the simulations after
a longer evolution time of 8 ⇥ 104 yrs are presented in Ap-
pendix D. The synthetic profiles for simulations with a minimum
planet mass of 2.0 MJup still show a good agreement with the ob-
servations in Band 7 (which we take as reference, Appendix C).
However, the simulated profiles in Band 4 have a slightly lower
peak intensity compared to the observed ones because the bigger
millimeter-sized dust grains, which emit the most at this wave-
length and have the highest radial drift, accreted more onto the
central star. Nonetheless, the evident similarities between dust
emission after 4 ⇥ 104 and 8 ⇥ 104 yrs prove that, at these times,
the disks in our simulations have already overcome the initial
fast transient phase and are in a dynamically slowly evolving
condition, in the absence of dust evolution.

3.2. Gas line emission

The dust continuum modeling shown in Fig. 5 proves that, while
obtaining a good match in the case of a 1.4 MJup planet, the
minimum planet mass able to best replicate the observed dust
emission is 2.0 MJup. Therefore, we decided to use the model
with such a planet to compute the 12CO (J = 3 � 2) and 13CO
(J = 3 � 2) channel maps.
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Fig. 5. Comparison between radial profiles of azimuthally averaged intensities from the observations, simulations and corresponding residuals,
after the simulations have evolved for 4 ⇥ 104 yrs. Left-hand panels show results in Band 7, while right-hand panels refer to Band 4. Each row
contains the intensity profiles from the same simulation with a specific final planet mass, ranging from 0.2 MJup (top row) to 2.5 MJup (bottom row).
The distance of the planet from the central star is indicated by the brown vertical dash-dotted line. The mean FWHMs of the synthesized beam in
Band 7 and Band 4 are shown as horizontal bars in the top row panels. The radial intensity profiles are obtained by deprojecting the disk, using the
disk inclination angle i = 37.5�, and dividing it into overlapping annuli, whose width corresponds to the averaged synthesized beam diameter. For
each bin, uncertainties are calculated by taking the intensity standard deviation for each pixel in the annulus and dividing it by the square root of
the number of synthesized beams contained in the area of the annulus.
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Fig. 9. Contour levels (left panel in each subplot) at 3, 6, 9 mJy beam�1, and intensity profiles comparisons (right panel in each subplot) between
13CO observation and simulation with 2.0 MJup planet mass after 4 ⇥ 104 yrs, in four channels (3 = 4.5, 5.5, 7.5, 8.5 km s�1) not completely
obscured by the cloud. Intensity profiles are taken along the PA = 11� of the disk and the direction is indicated by the gray dotted line in the
contour levels plots. The uncertainty in the observation intensity profile is the 1� noise level (1.2 mJy beam�1).

Fig. 10. Left and central panels: azimuthally averaged radial profiles of the optical depth along the line of sight and the intensities from the
full-resolution (i.e., not convoluted with the synthesized beam) dust emission image of the simulation with final planet mass of 2.0 MJup after
4 ⇥ 104 yrs, at Band 7 and Band 4. The brown vertical dash-dotted line indicates the location of the planet, while the horizontal gray dotted line
marks the optical depth ⌧ = 1 level. The region where the emission is optically thick (optical depth ⌧ � 1) is shown in beige. Right panel:
azimuthally averaged radial profiles of the spectral index from the ALMA observation and our simulation with final planet mass of 2.0 MJup after
4 ⇥ 104 yrs. Values are obtained using Eq. 5 with the synthetic image intensity profiles in Fig. 5. Uncertainties include the original error in the
intensity profiles and a 10% flux error due to calibration. As a reference, the distance of the planet from the central star is indicated by the brown
vertical dash-dotted line and the position of the peak intensity is displayed by the blue vertical dotted line. The beige-shaded area marks the radii
where the full-resolution simulated emission is optically thick (⌧ � 1) in both Band 7 and Band 4.

4.2. Spectral index and optical depth

Having dust emission data at two di↵erent wavelengths allows
us to compare the observed and simulated spectral index. Given
the fluxes and frequencies corresponding to Band 7 and Band 4,
respectively FB7, ⌫B7, and FB4, ⌫B4, the spectral index ↵B7,B4 is
calculated as

↵B7,B4 =
log10 [FB7/FB4]
log10 [⌫B7/⌫B4]

. (5)

Assuming that opacity follows a power-law ⌫ / ⌫�, the emis-
sion is optically thin and within the Rayleigh-Jeans regime, then
the spectral index can be approximated as ↵B7,B4 ⇡ 2 + � (Testi
et al. 2014). The value of � depends on the maximum dust grain
size, while not being influenced by the minimum grain size. A

low �, i.e., � < 1, meaning that ↵B7,B4 < 3, could be indicative of
the presence of grains with size & 0.1 mm, suggesting that grain
growth in the disk may have occurred (Draine 2006). Protoplan-
etary disks around VLM stars or brown dwarfs with low spectral
indices have been observed (e.g., Ricci et al. 2014; Pinilla et al.
2017).

The left and central panels of Fig. 10 present the azimuthally
averaged radial profiles of the intensity from our simulations
with final planet mass of 2.0 MJup at Band 7 and Band 4, along
with the corresponding profiles of the optical depth along the
line of sight. All profiles were produced directly from the full-
resolution images computed by Polaris, without any convolu-
tion with a synthesized beam. Here, we note that the emission
at both wavelengths is partially optically thick, that is, the op-
tical depth ⌧ is above 1. We calculate that ⇡ 51% of the emis-
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Interplay between Young Stars and Molecular Clouds in the 
Ophiuchus Star-forming Complex 
Aashish Gupta, Wen-Ping Chen ⋆ We present spatial and 
kinematic correlation between the young stellar population and 
the cloud clumps in the Ophiuchus star-forming region. The stellar 
sample consists of known young objects at various evolutionary 
stages, taken from the literature, some of which are diagnosed 
with Gaia EDR3 parallax and proper-motion measurements. The 
molecular gas is traced by the 850 μm Submillimetre Common-
User Bolometer Array-2 image, reaching ∼2.3 mJy beam−1, the 
deepest so far for the region, stacked from the James Clerk 
Maxwell Telescope/Transient program aiming to detect 
submillimeter outburst events. Our analysis indicates that the 
more evolved sources, namely the class II and III young stars, are 
located further away from clouds than class I and flat-spectrum 
sources that have ample circumstellar matter and are closely 
associated with natal clouds. Particularly the class II and III 
population is found to exhibit a structured spatial distribution 
indicative of passage of shock fronts from the nearby Sco-Cen OB 
association thereby compressing clouds to trigger star formation, 
with the latest starbirth episode occurring now in the densest 
cloud filaments. The young stars at all evolutionary stages share 
similar kinematics. This suggests that the stellar patterns trace the 
relics of parental cloud filaments that now have been dispersed. 

・Ophiuchus領域の若い天体のクラスターとしての
性質を調べた。 
・ClassII/IIIのような年老いた天体は、ClassIやflat
よりもクラウドから離れた場所にある 
・Class II/III はSco-Cen OB associationからの
ショックフロントの通過して雲が圧縮された構造と
見られる 
（・stellar patternは今はもう消えてしまったフィ
ラメントの痕跡と言えるか）



archival photometric measurements across a range of wave-
lengths, then allows us to infer the star formation history in the
region.

2. Data and Analysis

Data used in our study include submillimeter emission
tracing cold dust in molecular clouds, and a sample of young
stellar objects in L1688 collected from the literature. We are
particularly interested in the spatial distribution and kinematics
of young stars at different evolutionary stages relative to the
cloud substructures.

2.1. JCMT 850 μm Clumps

To trace the molecular substructure, we used the
850 μm emission acquired with the SCUBA-2 (Holland et al.
2013) on the JCMT. SCUBA-2 is a 10,000 pixel bolometer
taking continuum data simultaneously at 450 μm and 850 μm,
with effective beam sizes of 9 8 and 14 6, respectively. The
data adopted for this study were taken as a part of the JCMT
Transient Survey (Herczeg et al. 2017; Johnstone et al. 2018),
designed to detect continuum variability of young embedded
sources utilizing multiepoch observations of star-forming
regions, including L1688 in the Ophiuchus cloud. Raw data
were reduced using MAKEMAP (Chapin et al. 2013), an
iterative map making software. Maps of individual epochs were
then stacked together, thereby creating a deeper coadded image
(Mairs et al. 2017) for each region. For our study, we employed
a coadd of 29 epochs of L1688 observations, reaching a
sensitivity of ∼2.3 mJy beam−1, about a factor of 5 lower than
a typical single epoch observation, and roughly three times

more sensitive than the JCMT Gould Belt Survey data (Pattle
et al. 2015).
We identified enhanced submillimeter substructure, or

“clumps” using the STARLINK implementation of the Fell-
Walker algorithm (Berry 2015), which traces boundaries of
clumps by following paths from low-valued to high-valued
pixels in an iterative manner. Polygonal clump boundaries are
identified and their peak fluxes and total fluxes are estimated. For
our analysis, the key parameter for clump detection, the “noise,”
was set to be 10mJy beam−1. A total of 108 clumps were
identified with the minimal peak flux being ∼30mJy beam−1.
Our study focuses on the spatial and kinematic distributions

of YSOs relative to cloud clumps; no attempt was made to
derive the temperature and mass of individual clumps. Figure 1
exhibits the latest coadded SCUBA-2 850 μm image of L1688,
marked with clump boundaries. Our JCMT data are relevant to
those reported by Johnstone et al. (2000) and by Pattle et al.
(2015). Johnstone et al. (2000) used SCUBA, the predecessor
of SCUBA-2, to cover a 700 arcmin2 region, and with the clfind
clump-finding algorithm (Williams et al. 1994), identified 55
clumps. These authors derived the clump mass by two models,
one adopting a single temperature of 20 K for every clump, and
the other by assuming the clump to be an isothermal, self-
gravitating, pressure-confined Bonnor–Ebert sphere. The
resultant clump mass functions are similar. Pattle et al.
(2015) using SCUBA-2 to analyze L1688 along with parts of
L1689, L1709, and L1712, identified 70 clumps in L1688 with
the CuTEx algorithm (Molinari et al. 2011). Combining the 160
and 250 μm data from the Herschel mission (Ladjelate et al.
2020), plus the 450 μm data from SCUBA-2, Pattle et al.
(2015) constructed the spectral energy distribution (SED) of

Figure 1. The JCMT/SCUBA2 850 μm emission map of L1688. The red polygons show the clump boundaries as identified by the FellWalker algorithm. Prominent
clouds are labeled. Purple dashed line denotes the string of small clumps, as discussed in Section 3.
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Figure 2. A map of 13CO integrated intensity in the Ophiuchus cloud complex
taken from the COMPLETE survey (Ridge et al. 2006). The major clouds are labeled
with their Lynds designations as are four B stars from the Upper Scorpius subgroup
of the Sco-Cen OB association.

cloud L1688. Dark streamers trail to the northeast (L1709) and the southeast (L1689).
The detailed extinction due to dust derived from star counts has been presented by
Cambrésy (1999) and Lombardi, Lada, & Alves (2008) and the corresponding column
density of molecular gas can be seen in the 13CO integrated intensity maps obtained for
the COMPLETE Survey of Star-Forming Regions (see Fig. 2).

Since the last review of this cloud prepared in 1991 (Wilking 1991), there has been
a wealth of new instruments and data available on the Ophiuchus region. At high en-
ergies, the ROSAT, Chandra, and XMM-Newton X-ray telescopes have surveyed this
region, displaying a high sensitivity to young stellar objects (YSOs). Large aperture
ground-based telescopes have opened the possibility for spectroscopic studies of very
low mass and substellar objects. Ground-based near-infrared camera surveys by various
groups and 2MASS have given us for the first time a complete sample of sources over
a large area. With the repair of the NICMOS camera on the Hubble Space Telescope,
deep near-infrared imaging from space has been possible. The space-based infrared
telescopes, the Infrared Space Observatory and the Spitzer Space Telescope, have sur-
veyed the cloud, sensitive to warm dust surrounding YSOs. And finally array receivers
on millimeter-wave telescopes have made large scale surveys of dense gas and dust
possible.

In this chapter the main focus is a review of these new data sets and the basic re-
sults that have advanced our knowledge of this star-forming region since 1991 through
2007. The review concentrates on the main cloud, L1688. In Section 2, we review
the relationship of L1688 to the Sco-Cen OB association and distance estimates to the
⇢ Oph cloud. Recent molecular-line and millimeter continuum observations that have
revealed the clumpy structure of the cloud are discussed in Section 3. In Section 4, we
review observations covering the entire electromagnetic spectrum that have enabled the
identification of many new YSOs in the cloud. We present a table of over 300 YSOs

Wilking 2008



archival photometric measurements across a range of wave-
lengths, then allows us to infer the star formation history in the
region.

2. Data and Analysis

Data used in our study include submillimeter emission
tracing cold dust in molecular clouds, and a sample of young
stellar objects in L1688 collected from the literature. We are
particularly interested in the spatial distribution and kinematics
of young stars at different evolutionary stages relative to the
cloud substructures.

2.1. JCMT 850 μm Clumps

To trace the molecular substructure, we used the
850 μm emission acquired with the SCUBA-2 (Holland et al.
2013) on the JCMT. SCUBA-2 is a 10,000 pixel bolometer
taking continuum data simultaneously at 450 μm and 850 μm,
with effective beam sizes of 9 8 and 14 6, respectively. The
data adopted for this study were taken as a part of the JCMT
Transient Survey (Herczeg et al. 2017; Johnstone et al. 2018),
designed to detect continuum variability of young embedded
sources utilizing multiepoch observations of star-forming
regions, including L1688 in the Ophiuchus cloud. Raw data
were reduced using MAKEMAP (Chapin et al. 2013), an
iterative map making software. Maps of individual epochs were
then stacked together, thereby creating a deeper coadded image
(Mairs et al. 2017) for each region. For our study, we employed
a coadd of 29 epochs of L1688 observations, reaching a
sensitivity of ∼2.3 mJy beam−1, about a factor of 5 lower than
a typical single epoch observation, and roughly three times

more sensitive than the JCMT Gould Belt Survey data (Pattle
et al. 2015).
We identified enhanced submillimeter substructure, or

“clumps” using the STARLINK implementation of the Fell-
Walker algorithm (Berry 2015), which traces boundaries of
clumps by following paths from low-valued to high-valued
pixels in an iterative manner. Polygonal clump boundaries are
identified and their peak fluxes and total fluxes are estimated. For
our analysis, the key parameter for clump detection, the “noise,”
was set to be 10mJy beam−1. A total of 108 clumps were
identified with the minimal peak flux being ∼30mJy beam−1.
Our study focuses on the spatial and kinematic distributions

of YSOs relative to cloud clumps; no attempt was made to
derive the temperature and mass of individual clumps. Figure 1
exhibits the latest coadded SCUBA-2 850 μm image of L1688,
marked with clump boundaries. Our JCMT data are relevant to
those reported by Johnstone et al. (2000) and by Pattle et al.
(2015). Johnstone et al. (2000) used SCUBA, the predecessor
of SCUBA-2, to cover a 700 arcmin2 region, and with the clfind
clump-finding algorithm (Williams et al. 1994), identified 55
clumps. These authors derived the clump mass by two models,
one adopting a single temperature of 20 K for every clump, and
the other by assuming the clump to be an isothermal, self-
gravitating, pressure-confined Bonnor–Ebert sphere. The
resultant clump mass functions are similar. Pattle et al.
(2015) using SCUBA-2 to analyze L1688 along with parts of
L1689, L1709, and L1712, identified 70 clumps in L1688 with
the CuTEx algorithm (Molinari et al. 2011). Combining the 160
and 250 μm data from the Herschel mission (Ladjelate et al.
2020), plus the 450 μm data from SCUBA-2, Pattle et al.
(2015) constructed the spectral energy distribution (SED) of

Figure 1. The JCMT/SCUBA2 850 μm emission map of L1688. The red polygons show the clump boundaries as identified by the FellWalker algorithm. Prominent
clouds are labeled. Purple dashed line denotes the string of small clumps, as discussed in Section 3.
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JCMT/SCUBA 850 µm

・JCMT/SCUBA-2でとったデータを使った。450 µm 9.8arcsec, 850µm 
14.6arcsecの性能。(Herczeg et al. 2017; Johnstone et al. 2018  
)感度 2.3 mJy/beam 
・Clumpを同定。108個同定。noiseは10mJy/beamとした。 
・YSOはthere are 23 class I, 28 flat-spectrum, 92 class II, and 36 class III 
sources. There are 59 sources without classification.  
・合計256個のソースに対して、Gaia EDR3の対応天体があったのは99天体。 
・今回は動力学をしりたいんで、proper motionを調べる。84天体について
proper motionがわかった。 

・それはそれとして、各天体のSEDは自分たちでデータを持ってきて再解析。2-
25µmの赤外線の傾きを調べた。(1) α 0.3 (class 0 to I); (2) - 0.3  α < 0.3 
(flat-spectrum sources); (3) - 1.6α<-0.3 (classII); (4)α<-1.6 (classIII).  
・At the end, our YSO sample consists of 30 Class 0/I sources, 56 flat-
spectrum sources, 110 Class II sources, and 58 Class III sources, of 
which ~21% of the sources had no classification prior to our analysis.  



• YSOと、一番近い分子雲クランプの距離を測り、
histgram を作った。 

• Class Iとflatは割と分子雲クランプに近い。

3.1. Stellar Spatial Distribution

Figure 3 displays the spatial distribution of the YSOs with
respect to the 850 μm emission. It is seen that the class I and
flat-spectrum sources are preferentially nearer the molecular
clumped structure than more evolved sources are. This is
consistent with the previous investigation in the same region by
observations (Jørgensen et al. 2008), and by numerical
simulation (Frimann et al. 2016).

The result is quantified in Figure 4 for which the projected
linear separations of YSOs to the center of the nearest
850 μm clump, adopting a distance of 138 pc to the complex,
are presented for different evolutionary classes. While more
evolved sources are scattered equally likely up to 0.2 pc from a
cloud, objects in infancy are an order closer in the vicinity of
clouds, mostly within 0.02 pc. Also exhibited is the same
separation distribution but for the sample of Dunham et al.
(2015), which is smaller in size than ours but with reddening
corrections. The distributions are similar for class O/I and flat-
spectrum sources, but contrast mostly for the class III samples.
Conceivably, a highly reddened class III object could be
mistaken with an α index as one with significant IR excess. But
the reverse is not true; that is, a genuine class I/O source would
not have been recognized as an evolved class III source even

without dereddening. The conclusion that less evolved YSOs,
either with our sample or with that of Dunham et al. (2015), are
physically more associated with dense gas clumps therefore
remains valid.
Mairs et al. (2016) and Stutz & Gould (2016) found similar

trends of younger stars being more closely associated with
molecular clouds in the Orion A star-forming region, roughly
10 times in size scales of our field. Under the assumption that
the YSOs were formed at the location of the presently observed
cloud clumps, these authors attributed this trend to greater
relative velocities of more evolved sources so as to being
decoupled from parental molecular gas.
While clouds in L1688 have a hub-filamentary morphology,

the young stars in the region also exhibit a structured spatial
distribution. As discussed earlier, the class I and flat-spectrum
sources are clustered around the cloud emission and thus
follow the distribution of the clouds. The class II/III sources,
though correlated with generally weaker gas emissions, appear
to form arc-like patterns. Most prominent is the western partial
loop between cloud Oph-A and clouds Oph-E/F connecting the
850 μm clumps (marked as a purple dashed line in Figure 3)
that are associated with mostly flat-spectrum and class II
sources. Further to the southwest as the outermost arc (marked
as red dashed line in Figure 3) near the edge of our JCMT field

Figure 3. Spatial distribution of YSOs and of the 850 μm emission outlined by the contours. The YSOs (class I marked by blue circles, flat-spectrum by purple
triangles, class II by green triangles, class III by red crosses, and unclassified sources by yellow symbols) are not randomly distributed. Instead, they appear to follow
stream-like patterns. Inner purple dashed line denotes the string of small clumps, as discussed in Section 3 and illustrated in Figure 1. Outer red dashed line denotes
string of evolved sources, as discussed in Section 3.1.
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are class III young stars with no corresponding submilimeter
emission, thereby to our knowledge not recognized before.

To the other side of the main cloud filaments (A-C-E-F),
between Oph-B and Oph-F additional stellar patterns appear to
stand out, approximately in the NS of NE-SW direction. It is
not clear whether these are parts of the cloud streamers or of the
southwest YSO loops which are physically closer in 3d to the
OB stars.

Such organized patterns could not have been the outcome of
random ejection from common sites of formation. In order to
test the randomness in the spatial distribution of the evolved
sources, we used pointpats implementation of Ripley’s K
function (Ripley 1976), which is a proxy of percentage of
points (in this case class II/III sources) that are within a certain
distance of each other. It is commonly used to quantify spatial
randomness for discrete location data, i.e., applicable to our
case to address whether YSOs are distributed randomly or in a
clustered pattern (see Retter et al. 2019). Figure 5 compares the
K function of our YSO sample against that of an otherwise
complete spatial randomness via Monte Carlo simulation. The
observed K function lies outside the envelope at all angular
scales considered here (less than ¢3.5), leading to to a p value of
0.0001, thereby rejecting the null hypothesis of being a random
distribution.

3.2. Stellar Kinematic Distribution

With a heliocentric distance of 138 pc, the Galactocentric
coordinates of the region are (X, Y, Z)= (−7990.23, −16.02,
60.26) pc, and from the median proper motion of
m d m =a d( ) ( )cos , 7.03, 26.01 mas yr−1 and the median radial
velocity of RV=−7.33 km s−1, the space motion of the young
stellar group is (U, V, W)= (6.21, 230.43, −1.79) km s−1.

We now present the motion of the YSOs relative to clouds
based on available kinematic data, as discussed in
Section 2.2.1. The peculiar motion of YSOs, i.e., the proper
motion of individual sources subtracted by the median proper
motion, is shown in Figure 6. Using these relative velocities,
we inspected the kinematic distribution for different groups
of YSOs.
Figure 7 presents the tangential velocity distributions of

YSOs at different evolutionary stages. Lacking proper-motion
data for highly embedded sources, we combined Class 0/I
sources and flat-spectrum sources together. One sees that these
least evolved population has a spread of velocities, partly
perhaps because of the uncertainties in the data, whereas the
more evolved sources, class II and class III alike, consistently
move slowly. This supports the notion that the different YSO
classes have similar velocities, and more evolved sources are
further away from the clouds not because they are moving
faster.
Motte et al. (1998) presented evidence, with the cloud

morphology, kinematics, and magnetic field configuration, of
multiepoch triggered star formation in ρOph by a combination
of plausible mechanisms, such as the shocks from Sco–Cen OB
association by supernova explosion, massive stellar winds, or
ionization fronts.
The two southwestern arcs (or partial layers in 3d) of YSOs

reported in this work provide morphological evidence of the
direction of the star-forming sequence propagating from the
southwest now to the dense segment extending from A to F.
Kinematic analysis indicates that all the YSOs remain near their
formation groups and hence retain the spatial structures of their
natal clouds. The earlier episode of star formation to the
southwest is imprinted in the YSOs as relic of the filamentary
or sheet-like clouds. The impact of massive stars occurred at an

Figure 4. Projected distances from the nearest 850 μm emission clumps of YSOs at different evolutionary phases. The solid color bars show the distribution of the
YSOs of different classes. The black lines show the distribution for the sample of Dunham et al. (2015).
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• 赤い線は進化した星をつないだもの 

• 西と南西（右と右下）にOB星があるので、ここ
からのショックフロントの通過面ではないか？



• 青がGaiaデータ。Class IIとIIIは速度分散は同
じくらい。ClassIとflatは精度が悪いが同程度
の速さで動いていることと無矛盾 

• →YSOの集団は空間的に一緒に動いている

Figure 5. The Ripley’s K function of the class II and III objects in our sample (in red) is clearly different from that of central 95 percentile interval (the shaded gray
region) of the K function of a randomly distributed simulated sample.

Figure 6. The peculiar motions of YSOs, i.e., the proper motion relative to the mean motion. Symbols for different stellar classes are the same as in Figure 3. Each arrow marks
the direction of the proper motion, with the length proportional to the speed. The blue arrows represent Gaia measurements, whereas the maroon arrows are for values from other
data sets (see Section 2.2.1). The scale reference on the top right marks 10 mas yr−1, which, in accord with the coordinate axes, corresponds to a motion of ¢6 in 3.5× 104 yr.

7

The Astronomical Journal, 163:233 (10pp), 2022 May Gupta & Chen

earlier epoch on the chain of class III sources that are more
evolved or depleted much of the circumstellar disks and
interstellar cloud.

White et al. (2015), using the C18O J = 3–2 emission,
estimated a total molecular gas mass to be ∼515Me, consistent
with those derived from other lines (e.g., 13CO J= 1–0;
Loren 1989; or C18O J= 1–0; Tachihara et al. 2000). White
et al. (2015) measured a line width of 1.5 km s−1, corresponding
to an isotropic one-dimensional velocity dispersion of
∼0.64 km s−1. This value is comparable to the line-of-sight
velocity dispersion between cores in Perseus (Kirk et al. 2007).
Under the same assumption of virial equilibrium as in White et al.
(2015), i.e., s g= M G R5vir

2 , where σvir is the velocity
dispersion, M is the mass of molecular gas, R is the radius of
the cloud, γ is the density profile factor (taken here to be 5/3 for a
uniform sphere), and G is the gravitational constant, the three-
dimensional velocity dispersion with the adopted distance of
138 pc, assuming spherical symmetry, would be 0.96 km s−1.

In comparison, our young stellar group has a three-
dimensional velocity dispersion, each represented by fitting
with a Gaussian, to be 2.42± 0.33 km s−1 along the line of
sight, 1.28± 0.09 km s−1 in the R.A. direction, and 1.11±
0.07 km s−1 in the decl. direction. The latter two, both in the
sky plane, agree with each other, whereas the higher value and
dispersion of the radial velocity can be attributed to larger
observational uncertainties and possible stellar binarity. In any
case, the values suggest a velocity dispersion of the young stars
more than that of the natal gas, and also marginally greater than
that expected for a system in virial equilibrium. For a sheet-like
configuration stretching along our line of sight, the actual
surface mass density, while uncertain, is largely overestimated
by the measured column density, hence leading to a reduced
velocity dispersion.

This increase of stellar velocity can be the consequence of
dynamical evolution of the young cluster. Simulations of
dynamics of young embedded clusters (e.g., Proszkow et al.
2009) demonstrate that as a system evolves from a subvirial
state, the individual members tend to fall toward the center of
the potential well and gain kinetic energy leading to a boosted
velocity dispersion. Alternatively, the increased dispersion can
also be due to the dispersal of gas by stellar feedback, leaving
behind a shallower potential well and thus, a loosely bound
supervirial cluster.
Moreover, as a star cluster ages, two-body relaxation among

stellar members leads to mass segregation, i.e., lower-mass
members would occupy progressively larger volume in space,
vulnerable particularly for the lowest ones to subsequent ejection
from the system, whereas the massive stars “sink” to the center.
Because mass information is not readily available for our YSO
objects, we investigated the kinematics on the spectral type of the
YSOs listed in Allers & Liu (2020) and Esplin & Luhman (2020),
as presented in Figure 8. YSOs earlier than the M type, while low
in numbers, appear to have consistently tangential speeds up to
3 km s−1 including the two Herbig Ae stars, SR 3 and
IRAS 16245−2423. We note that the star IRAS 16245−2423
(YLS 46, or 2MASS J16273718−2430350) has uncertain spectral
typing; Erickson et al. (2011), measuring a range of B5 to F2,
adopted an A0 type. Those of M types or later seem to have
noticeably a wider dispersion (up to ∼7 km s−1), notwithstanding
the larger errors associated with non-Gaia proper-motion
measurements (Monet et al. 2003; Ducourant et al. 2017) for
the faint, late-type sources. All the Gaia data, however, indicate a
consistent tangential velocity regardless of the spectral type. Given
that only ∼17% early-type stars have tangential speeds greater
than ∼3 km s−1, the overall kinematics do not seem to vary

Figure 7. Distributions of relative speeds for YSOs of different classes. The blue bars represent the Gaia EDR3 measurements, whereas the orange bars denote the
less-precise ground-based measurements (Monet et al. 2003; Ducourant et al. 2017).
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Clumpy accretion in pre-main-sequence stars as a source of 
perturbations in circum- stellar disks 
Tatiana V. Demidova, Vladimir P. Grinin ⋆ The development 
of perturbations in the circumstellar disks of pre-main- 
sequence stars caused by clumpy accretion was investigated. 
Here we perform 3D hydrodynamical smoothed particle 
hydrody- namics simulations of disks perturbed by a recent 
clump accretion event. These simulations are further 
explored by radiative transfer calculations to quantify the 
observational appearance of such disks. It was shown that 
the density waves in the disks were formed at the fall of the 
clump. After several revolutions they can transform into 
spirals and ring structures. Their images in millimeter 
wavelengths are very similar to those observed with 
Atacama Large Millimeter/submillimeter Array in some 
protoplanetary disks. We assume that clumpy accretion may 
be the source of such structures. 

• 3D SPH計算で、
clumpが降着した際
の星周円盤に摂動を
与えた結果どうなる
かをみた。 

• 観測的可視化の結
果、ALMAでよく見
えるリングなどを再
現できた。



• L: 初期clumpがケプラー速度の何倍で動
いているか。 

• I: クランプの初期速度ベクトルの赤道面
からの角度 

• K:クランプは初期に周囲のK倍の密度を
持つものとして投入する。 

• R,dR,φの範囲に密度をボコッとふやす。

4 Demidova & Grinin

Figure 2. The average value of the z coordinate of the particles in the cells of R, φ. The model parameters are K = 3,
I = 30◦ and L = 0.8. The time in years is in the upper right corner of the pictures.

Table 1. The models parameters

L I K R dR φ Remnant mass Lifetime

Float Degrees Number AU AU Degrees Jupiter mass Sructures yrs

(1) (2) (3) (4) (5) (6) (7) (8) (9)

0.8 5 3 20 5 30 0.11 Arc, One-hand spiral, Horseshoe > 600

0.8 10 3 20 5 30 0.11 Arc, One-hand spiral, Horseshoe > 600

0.8 20 3 20 5 30 0.11 Arc, Faint two-arm spiral, Horseshoe > 600

0.8 30 3 20 5 30 0.11 Arc, Faint two-arm spiral, Horseshoe > 600

0.8 10 5 20 5 30 0.19 Arc, One-hand spiral, Horseshoe > 600

1 5 3 20 5 30 0.11 Arc, One-arm spiral, Multi Rings, Ring ∼ 1000

1 10 3 20 5 30 0.11 Arc, One-arm spiral, Ring > 600

1 20 3 20 5 30 0.11 Arc, One-arm spiral, Faint two-arm spiral > 600

1 30 3 20 5 30 0.11 Arc, One-arm spiral, Faint two-arm spiral > 600

1 5 5 20 5 30 0.19 Arc, One-arm spiral, Multi Rings, Ring > 600

1 5 10 20 5 30 0.38 Arc, One-arm spiral, Multi Rings, Ring > 600

1.2 5 3 20 5 30 0.11 Arc, One-arm spiral, Multi Rings, Ring > 600

1.2 10 3 20 5 30 0.11 Arc, Bright two-arm spiral > 600

1.2 20 3 20 5 30 0.11 Arc, Bright two-arm spiral > 600

1.2 30 3 20 5 30 0.11 Arc, Bright two-arm spiral, Asymmetric ring ∼ 2000

1.2 30 1 20 5 30 0.04 Arc, Bright two-arm spiral > 600

0.8 30 3 10 2 30 0.04 Arc ∼ 100

1 30 3 10 2 30 0.04 Arc ∼ 100

1.2 30 3 10 2 30 0.04 Arc, Faint two-arm spiral, Multi Rings ∼ 450

Note—The column of “Structures” lists the types of observed asymmetries in the order of their appearance in the disk images.
The column of “Lifetimes” is a long-lived structures lifetime.

For the models discussed here, the initial position of the disturbing remnant of the clump was set equal to R0 = 20
AU with a step of dR = 5 AU. Calculations have shown that the parameter L, which characterizes the kinetic energy
of the falling clump, has the greatest influence on the type of disturbance in the disk. Therefore, we will sequentially
discuss the three energy regimes considered in our models.
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• サブケプラーの摂動
（L<1）だとarc、
渦、スパイラルにす
ぐ変わる。(~125年)
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Figure 3. The surface density multiplied by the distance from the center of mass (ΣR). The model parameters are
K = 3, I = 10◦ and L = 0.8. The time in years is in the upper right corner of the pictures.

Figure 4. The average value of the z coordinate of the particles in the cells of R, φ along x (left) and y (right) axes
after 600 years. The model parameters are K = 3, L = 0.8 and the angles are in the upper right corner of the pictures.

4.1.1. Sub Keplerian perturbations

In this case, when the parameter is L = 0.8, due to the differential rotation of the Keplerian disk the remnant
stretches and transform to a piece of arc reembling a cyclonic vortex and then turn into a spiral during one revolution
around the star (∼ 125 years). Since the matter of the disk is involved in its motion the spiral dips and thickening of
the density are visible in the disk (Fig. 3). In the central part of the disk, the spiral splits into two branches. The spiral
structure quickly (∼ 300 years) twists into an asymmetric ring, which, scattering in the disk, retains the asymmetry
until the end of the calculations (600 years). This asymmetry rotates with the disk.
The wave also passes in the vertical direction along the disk, which extends inside and to the edge of the disk.

Perturbation twists the central plane of the disk. The maximum distortion of the disk plane occurs near the axis y,
but does not coincide with its position. The inner parts of the disk inclines relative to the periphery. Over time, the
radius of the outer boundary of the inclined area increases. It distorts 30 AU at the time of 600 years (Fig. 2). In this
case, the tilt of the disk plane relative to the initial position is approximately equal to 0.2◦ at I = 5◦ and 0.9◦ in the
case of I = 30◦. An increase in the angle of I does not affect the speed of propagation of global perturbation to the

• ケプラー速度の摂動(L=1)
だと、arc, one-hand 
spiral, その後500年くら
いでringっぽくなる

6 Demidova & Grinin

Figure 5. The images at wavelength 1 mm. The color shows the flux of radiation (Fν) multiplied by R2 in conventional
units. The model parameters are K = 3, I = 10◦ and L = 0.8. The time in years is in the upper right corner of the
pictures.

Figure 6. The same as in Fig. 3 for model parameters K = 3, I = 10◦ and L = 1.

Figure 7. The same as in Fig. 5 for model parameters K = 3, I = 10◦ and L = 1.

edge of the disk (Fig. 4). Increasing the initial density (parameter K) of the clump increases the vertical distortion of
the disk.
The perturbations described above show themselves on the images of protoplanetary disks. The form of asymmetric

structures in images corresponds to the perturbations of the density of the disk matter. However, on the periphery of
the disk is visible a shadow from the matter above the disk plane. The asymmetric ring-shaped structure on the images
has a horseshoe-shaped form (Fig. 5). Calculations have shown that the minimum value of K in which this structure
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Figure 8. The same as in Fig. 5 for model parameters K = 3, L = 1 after 600 years. The angle of I is in the upper
right corner of the pictures.

Figure 9. The same as in Fig. 3 for model parameters K = 3, I = 10◦ and L = 1.2.

Figure 10. The same as in Fig. 4 for model parameters K = 3, L = 1.2.

is visible on the images, equal to 3 (about 0.1 of Jupiter mass). An increase in the parameter K to 5 increases the
brightness of the structure and their lifetime, but its horseshoe form is preserved.

4.1.2. Keplerian perturbations

• スーパーケプラー速度の
摂動(L>1)だと、渦がで
きて、渦、で２本の腕の
spiralになる。



• 1000年位するとクランプは見え
なくなり、2000年位だと非軸対
称リングとして見えるようにな
る。 

• R=30auだと4e3年くらい、
R=50auだと1e4年くらい、で
relaxする
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Figure 14. The same as in Fig. 13 for model with parameters K = 3, I = 30◦, L = 1.2 at the time 2000 years.

Over time, density waves scattered and the all structure settles down to the plane of the disk. The ring of the first
model stretches along the radius and loses brightness mixing with the matter of the protoplanetary disk with time. It
is faintly noticeable at 1000 years after the fall of the clump (Fig. 13 left). Than it is not visible against the background
of the disk matter. For the second model spiral waves are still noticeable after 1000 years (Fig. 13 right), but after
∼ 2000 years they completely disappear. An asymmetric ring structure can be seen on the disk by the time of 2000
years (Fig. 14).
The charateristic time of the disk dynamic relaxation after the fall of the clump also depends on the place of its fall.

For example, with R0 = 30 AU and the same clump parameters as in the previous model, the lifetime of spirals and
ring structures generated by its fall increases to 4 × 103 years. At R0 = 50 AU, the characteristic relaxation time of
disturbances on the disk is even longer: ∼ 104 years.
On the Fig. 15 it is seen that the plane of the disk settles to its original position over time. However, even 2000

years after the fall of the clump, a slight inclination of the disk plane near the axis y remains. For the first model, it
is equal to ∼ 0.14◦, and for the second, it is ∼ 0.72◦.

4.2. Perturbations at small radii

In this class of models the perturbation was located near the star at the distance R0 = 10 AU with the step of
dR = 2 AU. The clump had parameters φ = 30◦, K = 3 and I = 30◦. The parameter L was varied. The mass of the
clump was about 13M⊕.



Linking pressure gradients with the stability of molecular clouds in galactic outflows 
K. M. Dasyra, G. F. Paraschos, T. Bisbas, F. Combes, J. A. Fernandez-Ontiveros ⋆ The jets 
launched by actively accreting black holes are capable of launching several of the massive 
(million or billion solar mass) molecular outflows observed in galaxies. These outflows could 
suppress or enhance star formation in galaxies. To investigate the stability of clouds capable to 
form stars in outflows, we modeled CO and HCO+ ALMA data of the galaxy IC5063, in which 
black-hole jets impact molecular clouds. Using a radiative transfer code that self-consistently 
performs astrochemical and thermal balance calculations based on the available gas heating 
sources, we found that mechanical heating and cosmic ray (CR) heating are fully capable 
of individually reproducing the data. In our best-fit model, CRs provide about 1/3rd of the 
dense gas heating at the radio lobes, emphasizing the role of this often neglected mechanism in 
heating the gas and potentially generating outflows. The gas temperature and density indicate 
that the jet passage leads to an increase of about 1 order of magnitude in the internal pressure 
Pi of molecular clouds (with Pi/k from 8*105 up to 7*106 K cm−3), irrespective of the 
excitation mechanism. From the fluxes of [S II] and [N II] lines in VLT MUSE data, the 
external pressure Pe of molecular clouds increases in several regions enough to exceed Pi. This 
result leads us to conclude that we are observing the expansion of an ionized overpressurized 
cocoon that compresses molecular clouds and that could lead to their collapse. Some jet-
impacted clouds, nonetheless, near pathways that the jet cleared have increased Pi and 
decreased Pe. They are likely to undergo evaporation of their outer layers. Part of the 
evaporated layers could mass load the outflow thanks to ram pressure from co-spatial ionized 
gas flows. The observed pressure changes thus suggest that both star formation enhancement 
and suppression could simultaneously occur. 



The Great Planetary Heist: Theft and capture in star-forming regions 
Emma C. Daffern-Powell, Richard J. Parker, Sascha P. Quanz ⋆ Gravitational interactions in star-forming regions are capable of 
disrupting and destroying planetary systems, as well as creating new ones. In particular, a planet can be stolen, where it is directly 
exchanged between passing stars during an interaction; or captured, where a planet is first ejected from its birth system and is free-
floating for a period of time, before being captured by a passing star. We perform sets of direct N-body simulations of young, 
substructured star-forming regions, and follow their evolution for 10 Myr in order to determine how many planets are stolen and 
captured, and their respective orbital properties. We show that in high density star-forming regions, stolen and captured planets 
have distinct properties. The semimajor axis distribution of captured planets is significantly skewed to wider orbits compared to 
the semimajor axis distribution of stolen planets and planets that are still orbiting their parent star (preserved planets). However, 
the eccentricity and inclination distributions of captured and stolen planets are similar, but in turn very different to the inclination 
and eccentricity distributions of preserved planets. In low-density star-forming regions these differences are not as distinct but 
could still, in principle, be used to determine whether observed exoplanets have likely formed in situ or have been stolen or 
captured. We find that the initial degree of spatial and kinematic substructure in a star-forming region is as important a factor as 
the stellar density in determining whether a planetary system will be altered, disrupted, captured or stolen. 

• N体計算で恒星遭遇における惑星の捕獲等について調べた。 

• 高密度の星形成領域では、捕獲された惑星は違う性質を持
つ。軌道長半径が長かったり。だが、eccentricity/
inclinationの分布に強い違いは見られなかった。



The young stars in the Galactic Center 
Sebastiano von Fellenberg, Stefan Gillessen, Julia Stadler, Michi Bauböck, Reinhard Genzel, Tim de Zeeuw, Oliver Pfuhl, Pau Amaro 
Seoane, Antonia Drescher, Frank Eisenhauer, Maryam Habibi, Thomas Ott, Felix Widmann, Alice Young ⋆ We present a large ∼ 30” × 
30” spectroscopic survey of the Galactic Center using the SINFONI IFU at the VLT. Combining observations of the last two decades 
we compile spectra of over 2800 stars. Using the Bracket-γ absorption lines we identify 195 young stars, extending the list of known 
young stars by 79. In order to explore the angular momentum distribution of the young stars, we introduce an isotropic cluster prior. 
This prior reproduces an isotropic cluster in a mathematically exact way, which we test through numerical simulations. We calculate 
the posterior angular momentum space as function of projected separation from Sgr A*. We find that the observed young star 
distribution is substantially different from an isotropic cluster. We identify the previously reported feature of the clockwise disk and 
find that its angular momentum changes as function of separation from the black hole, and thus confirm a warp of the clockwise disk 
(p ∼ 99.2%). At large separations, we discover three prominent overdensities of angular momentum. One overdensity has been 
reported previously, the counter-clockwise disk. The other two are new. Determining the likely members of these structures, we find 
that as many as 75% of stars can be associated with one of these features. Stars belonging to the warped clockwise-disk show a top 
heavy K-band luminosity function, while stars belonging to the larger separation features do not. Our observations are in good 
agreement with the predictions of simulations of in-situ star formation, and argue for common formation of these structures. 



Curved jet motion. I. Orbiting and precessing jets 
Christian Fendt, Melis Yardimci ⋆ Astrophysical jets are often observed as bent or curved structures. We also know that the different 
jet sources may be binary in nature, which may lead to a regular, periodic motion of the jet nozzle, an orbital motion or precession. 
Here, we present the results of 2D (M)HD simulations in order to investigate how a precessing or orbiting jet nozzle affects the 
propagation of a high-speed jet. We have performed a parameter study of systems with different precession angles, orbital periods or 
separations, and different magnetic field strengths. We find that these kinds of nozzles lead to curved jet propagation which is 
determined by the main parameters that define the jet nozzle. We find C-shaped jets from orbiting nozzles and S-shaped jets from 
precessing nozzles. Over long time and long distances, the initially curved jet motion bores a broad channel into the ambient gas 
that is filled with high-speed jet material which lateral motion is damped, however. A strong (longitudinal) magnetic field can damp 
the jet curvature that is enforced by either precession of orbital motion of the jet sources. We have investigated the force balance 
across the jet and ambient medium and found that the lateral magnetic pressure and gas pressure gradients are almost balanced, but 
that a lack of gas pressure on the concave side of the curvature is leading to the lateral motion. Magnetic tension does not play a 
significant role. Our results are obtained in code units, but we provide scaling relations such that our results may be applied to young 
stars, micro-quasars, symbiotic stars or AGN. 


