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HOW DID THE SOLAR SYSTEM FORM?

Credit: wikipedia/CactiStaccingCrane




HOW DID OTHER SOLAR SYSTEMS FORM?

Jason Wang /
2009-07-31 Christian Marois




OBSERVATIONAL PLANET FORMATION
(2015)

Kwon et al. (2011) ALMA partnership et al. (2015)

Atacama Large Millimetre/submillimetre Array (ALMA)
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WHAT IS CARVING THE GAPS?

But why
are no
spirals
seen?
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Dipierro, Price, Laibe, Hirsh,
Cerioli & Lodato (2015)

But plenty of other
explanations exist...




NS, MEET MODELS
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Andrews et al. (2018) DSHARP project




Daphnis carving the Keeler Gap in Saturn’s A ring

https://photojournal.jpl.nasa.gov/catalog/PIA11654



“TRANSITIONAL" DISCS

Probable binary (Poblete+2020)
Probable binary (Hammond+2022)
Hierarchical quintuple (Di Folco+2014; GGClaui)

’m. Misaligned binary/triple (Gonzalez+2020; Nealon+2020)
. Probable binary (Norfolk+2022)

Circumbinary / misaligned (Lacour+16,Price+18)

Kinematic detection of planet in gap (Pinte+2019)

Planet imaged in gap (Hammond+2023)
Probable binary (Calcino et al. 2022) or
massive planets (Ren+)

Two giant planets (Mueller et al. 2022)
Probable binary (Calcino et al. 2019)

npicclis MU34206Z

Ongoing stellar flyby (Ménard+2020)
Warped disc/moving shadows
(Debes+2017) suggesting massive

inner companion (Nealon+2018)+
super-Earths (Mentiplay+2019)

e
Spectroscopic binary

Francis & van der Marel (2020)



DISC KINEMATICS WITH ALMA

Av=2.T70k nis

Data from the MAPS project (Oberg et al. 2021) Phantom simulation by Calcino et al. (2022)




PLANET HUNTING WITH DISC KINEMATICS

" Kink in flow Kink in flow
caused by caused by

. planet / planet
‘ {
R <

Observations Computer model @

Pinte et al. (2018)



MEASURING THE PLANET MASS IN HD163296

Pinte et al. (2018)
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HD97048: KINEMATIC DETECTION OF
A GIANT PLANET CARVING A GAP
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HD 97048 midplane
dust rings
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SO PLANETS CARVE
(AT LEAST SOME) GAPS

Pinte et al. (2019)



HD97048: EVIDENCE FOR FLUFFY GRAINS?

A Dec ["]

ALMA 885um - 30

- 24

- 18
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-1 0 1 -1 0 1 -1 0 1
A Ra["] A Ra["] A Ra["]
ALMA observation

Synthetic images from 11 grain species dust-gas
simulation using Laibe & Price (2014); Price & Laibe
(2015); Hutchison et al. (2018) MULTIGRAIN algorithm

To reproduce ALMA dust + kinematics need fluffy/porous mm-emitting grains

Pinte et al. (2019) supplementary material



MEASURING THE PLANET MASS
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PROSPECTS FOR KINEMATIC PLANET DETECTION?

1.3 mm continuum Successive 2CO channels centered on a velocity kink
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PLANET - DISC INTERACTION 101

Outward-

~ propagating
sound wave




THE THEORY OF KINKS

Bollati, Lodato, Price & Pinte (2021)
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Wake shape =
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THE THEORY OF KINKS
Bollati, Lodato, Price & Pinte (2021)
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THE THEORY OF KINKS
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HD163296 REVISITED

Calcino et al. (2022)
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MODEL, MEET DATA

Calcino, Hilder, Price, Pinte, Bollati & Lodato (2022)

= :
Observations

Using Bollati+(2021) analytic model HD 163296 from MAPS project (Oberg+2021)



CAN'T WE JUST SEE THE SPIRAL WAKE?

DARTTS-S I: SPHERE / IRDIS POLARIMETRIC IMAGING OF 8 TTAURI DISKS 7

RXJ 1615

V4046 Sgr DoAr 44

Avenhaus+(2018), aka “The Miracle Run”



IM _LUPI
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IM LUPI KINEMATICS MODELS

Verrios, Price et
al. (2022)
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IM LUPI

| N

THE PLANET WAKE

2MJ Model

Observation
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Verrios et al. 2022



THE PLANET WAKE IN IM LUPI

DSHARP Verrios, Price + 2022

Verrios et al. 2022




IM LUPI, OR AM 1?

10—22
Verrios, Price+ (2022)

J b i Reproduction of the polarised intensity image
are_ requires high disc mass (0.1 Msun) and fluffy
grains so that small grains stick in upper
atmosphere of disc

Consistent with Tazaki et al. (2023)
“fractal aggregates in IM Lupi”




DIRECT IMAGING OF YOUNG PLANETS:
PDS 70

(d)

inner disk.”
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Muller+(2018) ] i Keppler+(2019)
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EVIDENCE FOR CIRCUMPLANETARY
DISCS: PDS70B & C

le—16

Best-fit planet model | (BT-SETTL) 2.0 _4_

Best-fit planet model Il (variable extinction) ) ’ 1.5

Best-fit circumplanetary disc+planet modelAll
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¢ SPHERE - IFS (2018/02)

SPHERE - IRDIS (2015/05)

§aN

21 22 23 Aot

SINFONI - IFS (2014/05)
# SPHERE - IRDIS (2016/05)
4 SPHERE - IRDIS (2018/02)
+  NICI (2012/03)

NACO (2016/06)

w

AF; (x107%® W/m?)
N
&

b
V2
| § b
1.

wlllap
s

1.0 1.5 2.0 25 30 35 a0
A (um)

-]

0_4

Christiaens et al. (2019) incl. DP:
evidence for CPD around PDS70b based on
excess emission at A > 2.3um

Benisty et al. (2021): CPD around PDS70c
at mm-wavelengths with ALMA
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CAN WE GET A DIRECT IMAGE AND
KINEMATICS AT THE SAME TIME?

DIRECT IMAGING SEARCH FOR COMPANIONS ON DSHARP DISKS

Elias 24

Jorquera+2021



CAN WE GET A DIRECT IMAGE AND
KINEMATICS AT THE SAME TIME?

Kinematic and thermal signatures of the directly imaged protoplanet
candidate around Ehas 2-24

C. Pinte'?, I. Hammond', D. J. Price', V. Christiaens'”, S. M. Andrews®, G. Chauvin®?, L. M. Pérez®’,
S. Jorquera®, H. Garg!, B. J. Norfolk®, J. Calcino’, M. Bonnefoy?

NACO L' PCA-ADI 1>
0.75 Elias 2-24 was the best
10 direct imaging candidate
0.50 AR from the SHINE survey
(Jorquera et al. 2021)
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PLANET FORMATION SIGNPOSTS: OBSERVABILITY OF
CIRCUMPLANETARY DISKS VIA GAS KINEMATICS

SEBASTIAN PEREZl’z, A. DUNHILL3, S. CASASSUSl’z, P. ROMAN2’4, J. SZULAGYT ,

C. FLORESl’z, S. MARINOl’z, AND M. MONTESINOS '+




ELIAS 2-24

NACO L' PCA-ADI Integrated °CO J=2-1
(v=0.5+0.8kms™1)

planet planet
candidate candidate
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inner planet
wake?

Pinte, Hammond, DP et al. (2023)



ELIAS 2-24

- | iaS 24 Integrated °CO J=2-1
(v=0.5+0.8kms™1)

planet
candidate

inner planet
WELGH

Pinte, Hammond, DP et al. (2023)



ELIAS 2-24

ALMA 1.25mm continuu
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Pinte, Hammond, DP et al




HD 169142 WITH ALMA

©

Toci et al. (2020)

Perez et al. (2019)




A POLAR BINARY?

1.3 mm obs

Gas - 230 Tg
() = 90°

Model Obs

Inner binary + planet model

Poblete, Cuello et al. (2022) incl. DP
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HD 169142 KINEMATICS

Subtraction of a Keplerian model

near

Garg et al. (2022) incl. DP
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HD 169142 DIRECT IMAGING
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|s this a 10.0
planet?
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Pohl et al. (2017) using VLT/SPHERE



HD 169142 DIRECT IMAGING

HD 169142

20140425
l | ’ R
O

Q¢ 100 au J

Rich et al. (2022) with Gemini Planet Imager



HD 169142 DIRECT IMAGING

. )
.
A
.
\

Outer spiral wake 2 Outer spiral wake

:' IFS ASDI 2017-04-30 YJH-bands ' IFS ASDI 2019-05-19 YJH-bands

Toci et al. (2020)

Hammond et. al. (2023) using archival VLT images



HD 169142 DIRECT IMAGING

Simulation Observation

Hammond et. al. (2023)
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HD 169142 DIRECT

'\\\ — — Keplerian Prediction (37 au, 1.85M, i=13")
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HOW DO THESE PLANETS GET THERE?

Edge-on discs program (Pl: Ménard)

IRAS 04302
0.4
{ ‘ A '
0.3 § p .
~ - %
§- Haro 6-5B
3
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0 0.5 0.0 LAY 1.0
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Villenave et. al. (2022) Villenave et al. (2020)

Highly settled dust discs suggestive of direct fragmentation of dust into planets...?
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/ - WE ARE NOW ABLE TO
DIRECTLY DIRECT PLANETS

DURING THEIR FORMATION
PROCESS

_ * PLANET FORMATION APPEARS
/A TO OCCUR QUICKLY

 PLANETS FORM EVERYWHERE
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