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Water delivery by pebble accretion to rocky planets in habitable
zones in evolving disks

Shigeru 1da, Takeru Yamamuraand Satoshi Okuzurhi
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30 How planetary growth outperforms migration
Anders JohansenShigeru 1d4, and Ramon Brassg
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39 Extremely High Excitation SIO Lines in Disk-Outf3ow System in Orion Source |

Mi Kyoung Kim %%, Tomoya Hirota*“, Masahiro N. Machida®, Yuko Matsushita®, Kazuhito
Motogi®, Naoko Matsumoto®’ & Mareki Honmal®
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3 '| he Disk Substructures at High Angular Resolution Project (DSHARP):
ll. Characteristics of Annular Substructures

Jane Huang, ! Sean M. Andrews, ! Cornelis P. Dullemond, % Andrea Isella, > Laura M. P erez, *
Viviana V. Guzm an,>° Karin I. Oberg, ' Zhaohuan Zhu, ’ Shangjia Zhang, ’ Xue-Ning Bai, ° Myriam Benisty,
Tilman Birnstiel,  *' John M. Carpenter, > A. Meredith Hughes, ** Luca Ricci, ** Erik Weaver, ° and
David J. Wilner *

The Disk Substructures at High Angular Resolution Project used ALMA to map the 1.25 millimeter
continuum of protoplanetary disks at a spatial resolution of! 5 au. We present a systematic analysis
of annular substructures in the 18 single-disk systems targeted in this survey. No dominant archi
tecture emerges from this sample; instead, remarkably diverse morphologies are observed. Annu
substructures can occur at virtually any radius where millimeter continuum emission Is detected anc
range in widths from a few au to tens of au. Intensity ratios between gaps and adjacent rings rang
from near-unity to just a few percent. In a minority of cases, annular substructures co-exist with other
types of substructures, including spiral arms (3/18) and crescent-like azimuthal asymmetries (2/18).
No clear trend Is observed between the positions of the substructures and stellar host properties. |
particular, the absence of an obvious association with stellar host luminosity (and hence the dis
thermal structure) suggests that substructures do not occur preferentially near major molecular snow
lines. Annular substructures like those observed in DSHARP have long been hypothesized to be di
to planet-disk interactions. A few disks exhibit characteristics particularly suggestive of this scenario,
including substructures in possible mean-motion resonance and Odouble gapO features reminiscer
hydrodynamical simulations of multiple gaps opened by a planet in a low-viscosity disk.
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32 The Disk Substructures at High Angular Resolution Project (DSHARP):
III. Spiral Structures in the Millimeter Continuum of the Elias 27, IM Lup, and WaOph 6 Disks

Jane Huang, ' Sean M. Andrews, ! Laura M. P erez, * Zhaohuan Zhu, * Cornelis P. Dullemond, * Andrea Isella, °

Myriam Benisty, ©’ Xue-Ning Bai, ° Tilman Birnstiel,  ° John M. Carpenter, '° Viviana V. Guzm an,*?
A. Meredith Hughes, ** Karin I. Oberg, ! Luca Ricci, *° David J. Wilner, ! and Shangjia Zhang °

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

R. V. Ibanez Busto$' , A. P. Buccino™?, M. Flores®*, C. |. Martinez?

D. Maizel!, Sergio Messin& and P. J. D. Mauas?

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

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

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

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

due to their low intrinsic brightness. For this reason,

In 1999 we stared the

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

of stars, in particular dM stars, at the Complejo Astronemico El Leoncito 7

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

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

CASLEO spectra obtained between 2004 and 2016, w
the S-index derived from HARPS, FEROS and UVES

nich we complamt with

oublic spectra. We also

analyze the simultaneous photometric counterpart provided by the ASAS pub-

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

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

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

Pot = 4.85 days, consistent with the literature. This activity cycle refl3ects

that an " # dynamo could be operating in this star.
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3 A Water delivery by pebble accretion to rocky planets in habitable
zones in evolving disks

Shigeru Ida, Takeru Yamamuraand Satoshi Okuzurhi

Context. The ocean mass of the Earth is onlg 2 104 of the whole planet mass. Even including water in the interior, the w:
fraction would be at most ¥®# 10%2. Ancient Mars may have had a similar or slightly smaller water fraction. What controllec
amount of water in these planets has not been clear, although several models have been proposed. It is important to clarify t
mechanism to discuss water delivery to rocky planets in habitable zones in exoplanetary systems, as well as that to Earth ar
our solar system.

Aims. We consider water delivery to planets by icy pebbles after the snowline inwardly passes planetary orbits. We derive tl
mass fraction {ater) Of the Pnal planet as a function of disk parameters and discuss the parameters that reproduce a small
fwater cOMparable to that inferred for the Earth and ancient Mars.

Methods. We calculated the growth of icy dust grains to pebbles and the pebble radial drift with a 1D model, by simultan
solving the snowline migration and dissipation of a gas disk. With the obtained pebble mass [3ux, we calculated accretic
pebbles onto planets after the snowline passage to evdlat®f the planets.

Results. We Pnd thatf,,er IS regulated by the total masklfs) of icy dust materials preserved in the outer disk regions at the tirr
(t = tsnow) Of the snowline passage of the planetary orbit. Becdigedecays rapidly after the pebble formation front reaches
disk outer edge (at= ty ), fwater IS S€NSItiVe to the ratinow/ ty , Which is determined by the disk parameters. We Rpd/ t, < 10
or > 10 is important. By evaluatinlyl,.s analytically, we derive an analytical formula §f.r that reproduces the numerical results
Conclusions. Using the analytical formula, we Pnd thiat, of a rocky planet near 1 au is similar to the Earth, el 0?4 # 102, in
disks with an initial disk size of 30-50 au and an initial disk mass accretion r&@gdd® # 10" )Mo/ r for disk depletion timescale
of $ a few M years. Because these disks may be median or slightly comaastve disks, our results suggest that the water frac
of rocky planets in habitable zones may often be similar to that of the Earth if icy pebble accretion is responsible for water de

XEDKDEIRIE? RTILY 7U—>3yTﬂELHE ADKODEEZRED D
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35 The Disk Substructures at High Angular Resolution Project (DSHARP) - IX
A high depPnition study of the HD 163296 planet forming disk.

Andrea Isella ' Jane Huang ,*> Sean M. Andrews, ¢ Cornelis P. Dullemond  ,® Tilman Birnstiel  ,*
Shangjia Zhang ,> Zhaohuan Zhu ,> Viviana V. Guzm &n,®’ Laura M. P erez, ® Xue-Ning Bai, ° Myriam Benisty

John M. Carpenter, ° Luca Ricci, ** and David J. Wilner

10,11

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

DSHARPDOHD 1632906(CDWT
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v JtEE 15, 67, 100 au, gaptEi& 10 au =HB RS 55 au
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30 How planetary growth outperforms migration

Anders Johansen!, Shigeru Ida?, and Ramon Brasser?

Planetary migration is a major challenge for planet formation theories. The speed of Type | migration is proportional to the
a protoplanet, while the bnal decade of growth of a pebble-accreting planetary core takes place at a rate that scales wit
to the two-thirds power. This results in planetary growth tracks (i.e., the evolution of a protoplanetOs mass versus its dist
the star) that become increasingly horizontal (migration-dominated) with rising mass of the protoplanet. It has been showr
that the migration torgue on a protoplanet is reduced proportional to the relative height of the gas gap carved by the growi
Here we show from 1-D simulations of planet-disc interaction that the mass at which a planet carves a 50% gap Is approxir
times the pebble isolation mass. Our measurements of the pebble isolation mass from 1-D simulations match published <
relatively well, except at very low viscosities (< 10 3) where the 3-D pebble isolation mass is signibcantly higher, possibly
to gap edge instabilities that are not captured in 1-D. The pebble isolation mass demarks the transition from pebble accre
accretion. Gas accretion to form gas-giant planets therefore takes place over a few astronomical units of migration aftel
prst the pebble isolation mass and, shortly after, the 50% gap mass. Our results demonstrate how planetary growth can
migration, both during core accretion and during gas accretion, even when the Stokes number of the pebbles istsbi3ll, &td
the pebble-to-gas 3ux ratio in the protoplanetary disc is in the nominal rang@ldd@?2. \We Pnd that planetary growth is very raf
In the Prst million years of the protoplanetary disc and that the probability for forming gas-giant planets increases with the Ir
of the protoplanetary disc and with decreasing turbulentision.

Type | migration : B2EmassicikFE. XTIV —2 3 0 TEA
=EMNELF Emigration H & <<
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37 Classical T-Tauri stars with VPHAS+: |I: NGC 6383 In
Sh2-012

V. M. Kalari *2a

This paper presents optical wgr:H! )Pinfrared (JHK s,3.6D8.0m) photometry, and
Gala astrometry of 55 Classical T-Tauri stars (CTTS) in the star-forming region Sh 2-
012, and itOs central cluster NGC 6383. The sample was identibed based on pho
metric H! emission line widths, and has a median age of 281.6 Myr, with a mass
range between 0.3bAJ, . 94% of CTTS with near-infrared cross-matches fall on the
near-infrared T-Taurl locus, with all stars having mid-infrared photometry exhibiting
evidence for accreting circumstellar discs. CTTS are found concentrated around the
central cluster NGC 6383, and towards the bright rims located at the edges of Sh 2-012
Stars across the region have similar ages, suggestive of a single burst of star form

tion. Mass accretion rates (W,cc) estimated via H! and u-band line intensities show a
scatter (0.3 dex) similar to spectroscopic studies, indicating the suitability of H pho-

tometry to estimate M,... Examining the variation of ]\Ji‘aCC with stellar mass (M-),

we bnd a smaller intercept In theMaCC-M- relation than oft-quoted in the literature,
providing evidence to discriminate between competing theories of protoplanetary disc
evolution.

B5EDCTTS DR[RE, EROER ZEFRAEESh 2-012, FLHDONGC6383
2.8x1.6 Myr, 0.3-1 Msun

FEAEDCTTSH Y XY —NGC6383(cEH, Sh2-01 Zd)edgetc‘:bright rim
Ha H 5 mass accretion rate DEE. BE & ODRERES




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

Nicol a&s T. Kurtovic, ! Laura M. P erez !

Myriam Benisty

Sean M. Andrews, ° Cornelis P. Dullemond
Viviana V. Guzm an,>'° Luca Ricci, ' and David J. Wilner

To characterize the substructures induced in protoplanetary disks by the interaction between stars in
multiple systems, we study the 125 mm continuum and the 2CO(J = 2! 1) spectral line emission of
the triple systems HT Lup and AS 205, at scales of 5au, as part of the ODisk Substructures at High
Angular Resolution ProjectO (DSHARP). In the continuum emission, we Pnd two symmetric spiral
arms in the disk around AS 205N, with pitch angle of 14, while the southern component AS 205 S,
itself a spectroscopic binary, is surrounded by a compact inner disk and a bright ring at a radius of
34 au. The“CO line exhibits clear signatures of tidal interactions, with spiral arms, extended arc-like
emission, and high velocity gas, possible evidence of a recent close encounter between the disks
the AS 205 system, as these features are predicted by hydrodynamic simulations of 3y-by encounter
In the HT Lup system, we detect continuum emission from all three components. The primary disk,
HT Lup A, also shows two-armed symmetric spiral structure with a pitch angle of 4, while HT Lup B
and C, located at 25 and 434 au in projected separation from HT Lup A, are barely resolved withi# 5
and # 10au in diameter, respectively. The gas kinematics for the closest pair indicates a fiierent
sense of rotation for each disk, which could be explained by either a counter rotation of the two
disks in different, close to parallel, planes, or by a projection gect of these disks with a close to 90

misalignment between them.
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39 Extremely High Excitation SIO Lines in Disk-Outf3ow System in Orion Source |

Mi Kyoung Kim 2, Tomoya Hirota>#, Masahiro N. Machida®>, Yuko Matsushita®, Kazuhito
Motogi®, Naoko Matsumoto®’ & Mareki Honmal®

We present high-resolution images of the submillimeter SIO line emissions @
a massive young stellar object Orion Source | using the Atacama Large Millime-
ter/Submillimeter Array (ALMA) at band 8. We detected the 464 GHz SIO v=4
J=11-10 line In Source |, which is the Prst detection of the SiOv=4 line In star-
forming regions, together with the 465 GHz2%SiO v=2 J=11-10 and the 428 GHz SiO
v=2 J=10-9 lines with a resolution of 50 AU. The %°SiO v=2 J=11-10 and SiO v=4
J=11-10 lines have compact structures with the diameter of< 80 AU. The spatial and
velocity distribution suggest that the line emissions are associated with the base of the
outlfow and the surface of the edge-on disk. In contrast, SIGr=2 J=10-9 emission
shows a bipolar structure in the direction of northeast-southwest low-velocity out3ow
with ! 200 AU scale. The emission line exhibits a velocity gradient along the direction
of the disk elongation. With the assumption of the ring structure with Keplerian ro-
tation, we estimated the lower limit of the central mass to be 7M, and the radius of
12 AU<r < 26 AU.

ALMA (Z X %0rion Source 1 O, resolution =50 au

SIO v=4 J=11-10, 29510 v=2, J=11-10, compact structure <80 au
outflow DRJT. edge on disk DKM

SI0 v=2 J=10-9, bipolar structure, low velocity outflow ~200 au

T77—METD) VT ZRET D E Ms~7TMsun, FE12 -26 au




40

The potential of combining MATISSE and ALMA observations:

Constraining the structure of the innermost region Iin
protoplanetary discs

J. Kobus, S. Wolf, and R. BrunngrSb

Context. In order to study the initial conditions of planet formation, it is crucial to obtain spatially resolved multi-wavelength «
vations of the innermost region of protoplanetary discs.

Aims. We evaluate the advantage of combining observations with MAT/8ISH and ALMA to constrain the radial and vertica
structure of the dust in the innermost region of circumstellar discs in nearby star-forming regions.

Methods. Based on a disc model with a parameterized dust density distribution, we apply 3D radiative-transfer simulations t
ideal intensity maps. These are used to derive the corresponding wavelength-dependent visibilities we would obtain with N
as well as ALMA maps simulated witBASA

Results. Within the considered parameter space, we bPnd that constraining the dust density structure in the innermost 5¢&
the central star is challenging with MATISSE alone, whereas ALMA observations with reasonable integration times allo
derive signibcant constraints on the disc surface density. However, we Pnd that the estimation! adréve disc parameters can
considerably improved by combining MATISSE and ALMA observations. For example, combining a 30-minute ALMA obser
(at 310 GHz with an angular resolution of 0.03or MATISSE observations in the andM bands (with visibility accuracies of abot
3 %) allows the radial density slope and the dust surface density probPle to be constrained t6 withid3 and” (! # ") = 0.15,
respectively. For an accuracy $fl % even the disc 3aring can be constrained to witHin= 0.1. To constrain the scale height t
within 5 au,M band accuracies of.8% are required. While ALMA Is sensitive to the number of large dust grains settled to the
midplane we Pnd that the impact of the surface density distribution of the large grains on the observed guantities is small.
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