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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)



OBSERVATIONAL
PLANET
FORMATION
(OPTICAL/NIR)

Benisty et al. (2023)
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WHAT IS CARVING THE GAPS?

("‘) Dipierro, Price+ (2015)

OO0
w
PHANTOM

Why rings
but not
spirals?

dust

s s

0 0.05 0.1 0 0.01  0.02
Dipierro, Price, Laibe, Hirsh and Lodato surface density [g/cm?] Dipierro, Price, Laibe, Hirsh and Lodato surface density [g/cm?]

-16

log density [g/cm?]

gas dust

But plenty of other explanations exist (snowlines, non-ideal MHD, ...)



HL TAU: OBSERVATIONS, MEET MODELS

Observed image Our simulation

Credit: ALMA partnership et al. (2015) Dipierro, Price, Laibe, Hirsh, Cerioli & Lodato (2015)



ANALOGY

Daphnis carving the Keeler Gap in Saturn’s A ring

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




WHAT CAUSES DUST TRAPS IN
“"TRANSITIONAL" DISCS?

CIDA 9 CS Cha JEEENDM Tau

(&) o - 0

DoArd4 HD1004K?2 11 1UUd40 HD1353448B
o . ‘\ | () '

HD142527 D1c01 ) e HD 54202 HD97048

(Y (O | e o BTG, %
1604-2139 MWC758 PDS70 l

8 5

UX Tau A

1247 Ori

-

-

Spectroscopic binary

Francis & van der Marel (2020)

Probable binary (Poblete+2020)

Probable binary (Hammond+2022)
Hierarchical quintuple (Di Folco+2014; Toci+2024)

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)

Ongoing stellar flyby (Ménard+2020)

Warped disc/moving shadows
(Debes+2017) suggesting massive
inner companion (Nealon+2018)+

super-Earths (Mentiplay+2019)



DISC KINEMATICS WITH ALMA

v=11.60Kkm/s

Movie: Daniel Price

Data: H. Avenhaus (ESO/VLT-SPHERE),
MAPS project/Oberg et al. (ESO/ALMA)




DISC KINEMATICS WITH ALMA

..

Av=0.70km/s

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

J '

-

(o)

Observations Computer model S




MEASURING THE PLANET MASS IN HD163296

Pinte et al. (2018)
B | &
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A Dec ["]

HD97048: KINEMATIC DETECTION OF A

GIANT PLANET CARVING A GAP

Pinte et al. (2019)
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SO PLANETS CARVE (AT LEAST SOME)

GAPS



MEASURING THE PLANET MASS
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Pinte et al. (2019)



OTHER KINEMATIC PLANET DETECTIONS?

1.3 mm continuum Ty [K]
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PLANET - DISC INTERACTION 101

Qutward-

N propagating
sound wave




THE THEORY OF KINKS
Bollati, Lodato, Price & Pinte (2021)

X "evolution" r>r,
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Propagate wake along
the line of constructive
interference

Rafikov (2002)
Bollati et al. (2021)

" Q(r) — Qp ,
Pwake(r) = @p + sgn(r — rp) —dr’,
'p CO(r )
Wake shape =
constructive
interference of waves
Ogilvie & Lubow (2002), Rafikov (2002)
\ A
r Q / L Q s lL
tHr) = — p / ) 2dr, \ i
2hy/3 J,, co(r)g(r’) N\
nr, ) = TNE ¢ — Pwake()], \
\ 4

Reduce wake
propagationtoa 1D
problem

Goodman & Rafikov (2001)
Rafikov (2002)
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Predict velocity perturbations
and compare to observations

Bollati et al. (2021)
Calcino et al. (2022), Hilder et al. (2022)



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

Calcino et al. (2022)

Observations !

Kink from outer

Kink from outer Lmdblad splral

Lindblalci Spi}ral

|
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\

~




MODEL, MEET DATA

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

Using Bollati+(2021) analytic model HD163296 from MAPS project (Oberg+2021)



CAN'T WE JUST SEE THE SPIRAL WAKE?

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

RXJ 1615

V4046 Sgr DoAr 44

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



IM LUPI KINEMATICS - OBSERVATIONS

Verrios, Price et
al. (2022)

- . - “
Data from MAPS

Av=2.40km/s Av=2.20km/s Av=2.00 km/s Av=1.80km/s Av=1.60km/s prOJeCt

(Oberg+2021)
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IM LUPI KINEMATICS MODELS

Verrios, Price et
al. (2022)

e rZ < P

Simulations
using Phantom
SPH hydro +
MCFOST

radiative transfer
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IM LUPI

| N

THE PLANET WAKE

2M; Model

Observation
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Verrios et al. 2022



THE PLANET WAKE IN IM LUPI

Verrios, Price + 2022

DSHARP

Verrios et al. 2022




EXOALMA PROJECT: SPIRALS EVERYWHERE!

HD143006

L

HD 34282 HD 1353448B V4046 Sgr MWC 758

o,

exOALMA collaboration (www.exoalma.com; Teague+2025)



http://www.exoalma.com

EXOALMA: PLANET SIGNATURES

RXJ1615.3-3255 RXJ1842.9-3532 LkCa 15

exOALMA collaboration (Pinte et al. 2025)



DIRECT IMAGING OF YOUNG PLANETS: PDS 70

(d)

inner disk

=3/ /)
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PDS 70b

Muller+(2018) Keppler+(2019)

_ 10 b 10 ¢ 1.0
ool Hoe 20 June 2018 e K1 14 May 2016 e Lp 1 June 2016
300 | | Los 300 08 300 0.8
200 200 200
D @ D
100 @ 100 s 100
g 0.6 g 0.6 g 0.6
g O g O g °
o -100 04 A -100 04 A -100 0.4
< < i <
—-200 —-200 -200
_300 0.2 _300 0.2 300 0.2
—-400 —400 -400 ff
0.0 0.0 0.0 Ha ert+(2019)
—400 -200 O 200 400 —400 -200 O 200 400 —400 -200 O 200 400

ARA (mas) ARA (mas) ARA (mas)



EVIDENCE FOR CIRCUMPLANETARY DISCS: PDS70B & C

f Planet contribution Il (BT-SETTL) 4 : h g
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Christiaens et al. (2019) incl. DP:
evidence for CPD around PDS70b based on
excess emission at 4 > 2.3um

4.0

Benisty et al. (2021): CPD around PDS70c
at mm-wavelengths with ALMA
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Keppler et al. 2019
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A THIRD PLANET IN PDS 707??

PCA-SADI 2014-03-10 PCA-ADI 2016-06-02 PCA-ASDI 2018-02-25

VLT/SINFONI Ac=237um  VLT/NACO Ac=3.8um  VLT/SPHERE IFS A = 0.95-1.68pum

PCA-ASDI 2019-03-06 PCA-ADI 2021-05-17

Iterative PCA-ADI 2018-02-25

VLT/SPHERE IFS A = 0.95-1.68um VLT/SPHERE IFS A = 0.95-1.68um

VLT/SPHERE IRDIS Ac=2.11pm

%)
<
&
9
O
A
<

Iterative PCA-RDI 2021-08-21 Iterative PCA-RDI 2021-09-03 Iterative PCA-RDI 2022-02-28

VLT/SPHERE IFS A = 0.95-1.68um VLT/SPHERE IFS A = 0.95-1.68um

VLT/SPHERE IFS A = 0.95-1.68um

2022-02-28 Iterative PCA-Roll 2023-03-08

Iterative PCA-ARDI

—-400
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VLT/SPHERE IRDIS Ac = 2.18um JWST/NIRCam
Hammond+2025
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IMAGE AND

CAN WE GET A DIRECT

KINEMATICS AT THE SAME TIME?

DIRECT IMAGING SEARCH FOR COMPANIONS ON DSHARP DISKS

(o)
o
(@)
3 .
4
—
O
I

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 Elias 2-24

C. Pinte', I. Hammond!, D. J. Price!, V. Christiaens!, S. M. Andrews*, G. Chauvin’?, L. M. Pérez®’,
S. Jorquera6, H. Gargl, B. J. Norfolk®, J. Calcino’, M. Bonnefoy2

NACO L' PCA-ADI 1
0.75 Elias 2-24 was the best
10 direct imaging candidate
0.50 BEnh from the SHINE survey
(Jorquera et al. 2021)
0.25
- 5 —_
C
g 0.00 =
>
< —_—
~0.25 0w
—0.50
-5
—0.75

—10



HOW SHOULD A CIRCUMPLANETARY
DISC APPEAR IN KINEMATICS?

| | |
SPH1 3co =140

SPH2 1*"co —1 0 |

?‘”%‘

PLANET FORMATION SIGNPOSTS: OBSERVABILITY OF
CIRCUMPLANETARY DISKS VIA GAS KINEMATICS

I I I I | I | | I I I I

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

C. FLORESI’Z, S. MARINOI’Z, AND M. MONTESINOS "+

Perez et al. (2015)



NACO L' PCA-ADI

°Inte,

ELIAS 2-24

planet
candidate

A

ammond,

Integrated 1%CO |=2-1
(v=0.5+0.8kms™1)

DP et al. (2023)

planet
candidate

iInner planet
wake?




Elias 24

°Inte,

ELIAS 2-24

ammond,

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

DP et al. (2023)

planet
candidate

g

iInner planet
wake?




ELIAS 2-24

ALMA 1.25mm continuunf *?CO J=2-1

Y
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>

Pinte, Hammond, DP et al. (2023)



HD 169142 WITH ALMA

Toci et al. (2020)

Perez et al. (2019)



HD 169142 KINEMATICS
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Garg et al. (2022)




HD 169142 DIRECT IMAGING
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s this a
planet?
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HD 169142 DIRECT IMAGING

HD 169142
20140425

Rich et al. (2022) with Gemini Planet Imager




HD 169142 DIRECT IMAGING

ADec [

i

Outer spiral wake 1 Outer spiral wake

- IFS ASDI 2017-04-30 Y)JH-bands - IFS ASDI 2019-05-19 YJH-bands

O,
Ve

Toci et al. (2020)

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



HD 169142 DIRECT IMAGING

Simulation Observation Shadow
caused by inner

- 0.8 - 0. wake?

Planet
- 0.4

Hammond et. al. (2023)



Declination offset (arcseconds)

COULD PLANETS FORM AROUND GIANT STARS?

ZIMPOL Ny band (645 nm)
L2 Puppis AR Pup, ZIMPOL V, deconvolved

0.3

0.2

0.1

0.0

I
o
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—0.2

____
0 10000200000

3
0.3 0.2 0.1 0.0 —0.1 —0.2 —-0.3
Right ascension offset (arcseconds)

Ertel+2019

Circumbinary disc
e.g. Kervella+2015, 2016, Haworth+2018, van de Sande+2024

Unclear how these discs form in the winds of dying stars, but they're there!

See Chen+2016 for attempt at forming L2 Puppis disc from AGB wind + binary companion



SUMMARY

WE ARE NOW ABLE TO DIRECTLY DIRECT PLANETS
DURING THEIR FORMATION PROCESS

PLANET FORMATION APPEARS TO OCCUR QUICKLY

PLANETS FORM EVERYWHERE

FIRST INDICATIONS OF HOT START FORMATION
FROM KINEMATICS+IMAGING

SAME TECHNIQUES NOW BEING APPLIED TO DISCS
AROUND AGB AND POST-AGB STARS



