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TRADITIONAL VIEW
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CHAQTIC STAR FORMATION
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CHARACTERISTICS OF CHAQTIC STAR FORMATION
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» Fast, occurs on dynamical time(~1-2Myr)
» Chaotic; dynamical interactions common
» Initial mass function arises from competition for mass

» Binary and multiple stars usual outcome

» Massive, gravitationally unstable discs in early phase

¢°

» Filaments! (A

e.g. Larson (1978, 1981), Pringle (1989), Bate & Bonnell
(1994a,b), Mac Low et al. (1999), Stone et al. (1998),
Bate et al. (2003), Elmegreen (2000), Mac Low & Klessen
(2004), Bate & Bonnell (2005), Bonnell & Bate (2006),
Offner et al. (2008), Bate (2009, 2012), Bate, Lodato & I 1072300 AU)

Pringle (2010), Chabrier & Hennebelle (2010, 2011), "'ra (2000)
Hennebelle & Chabrier (2008, 2009, 2011) Tobin et al. (2016)
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PLANET FORMATION - FAST OR SLOW?
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Lifetime of protoplanetary disc ~ 10 Myr



OUR 2015 VIEW OF STAR AND PLANET FORMATION

Time

So what’s new?



PLANET FORMATION IS INTIMATELY LINKED TO STAR FORMATION

ALMA collaboration et al. (2015)



DUST, GAS AND PLANETS IN HL TAU Dipierro et al. (2015)
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COM PARISUN Dipierro, Price, et al. (2015), MNRAS 453, L73-L77
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Computed using RADMC3D radiative transfer

code (Dullemond 2012) plus ALMA simulator
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Figure 4. Comparison between the ALMA image of HL Tau (left) with simulated observations of our disc model (right) at band 6 (continuum emission at 233
GHz). The white colour in the filled ellipse in the lower left corner indicates the size of the half-power contour of the synthesized beam: (left) 0.035 arcsec X
0.022 arcsec, P.A. 11°; (right) 0.032 arcsec x 0.024 arcsec, P.A. 6°.

But need 3 x Saturn-mass planets in less than 1 million years!

Similar conclusions reached by Jin+(2016), Picogna+ (2016)



DUST GAPS WITH NO GAS GAPS? Dipierro, Laibe, Price & Lodato (2016

» Small planets only carve a gap in the dust

But lots of other explanations for dust gaps in discs! e.g. Lesur et al. (2014), Pinilla et al.

(2012), Meheut et al. (2012b), Lyra & Kuchner (2013), Zhang, Blake & Bergin (2015),
Takahashi & Inutsuka (2012), Flock et al. (2015), Loren-Aguilar & Bate (2015, 2016),
Gonzalez et al. (2015, 2017)

For planets, see also Wolf et al. (2002); Fouchet et al. (2007; 2012); Gonzalez et al. (2012)



TW HYA: OUR NEAREST PROTOPLANETARY DISC
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See also Huang et al. (2018) for CO data



Tw HYA MODELLING Mentiplay, Price & Pinte (submitted)

Super-earths in TW Hya
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Strom et al. (1989), Dullemond et al. (2001),
TRANSITION” DISCS e i, syl G

Transitional Disk
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Transitional Disk

Van-der-Marel et al. (2016)

Espaillat et al. (2014)



Angular position north (arcsec)

HD142527 LETTER

............................................. Flows of gas through a protoplanetary gap

Simon Casassus', Gerrit van der Plas’, Sebastian Perez M', William R. F. Dent®?, Ed Fomalont*, Janis Hagelberg®, Antonio Hales**,
Andrés Jordan®, Dimitri Mawet?®, Francois Ménard”-®, Al Wootten®, David Wilner®, A. Meredith Hughes'®, Matthias R. Schreiber'!,
Julien H. Girard?®, Barbara Ercolano'?, Hector Canovas", Pablo E. Roman'? & Vachail Salinas'
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» Large ~100 au cavity

» Horseshoe in mm
emission (Ohashi 2008)

» Gap-crossing filaments?
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SHADOWS = INCLINED INNER DISC?

THE ASTROPHYSICAL JOURNAL LETTERS, 798:1.44 (4pp), 2015 January 10

A
4

inner disk

T outer disk

Marino, Perez & Casassus (2015)



“FAST RADIAL FLOWS™ = DISC TEARING?

10
CID ;

Figure 7. Comparison of observed and model CO(6-5) kinematics in
the stellar position. Velocity-integrated intensity in CO(6-5) is shown i

are spread over [0.21,7.87] km s~ ! (as in Fig. 1). a): Observed moment
the radiative transfer prediction, after smoothing to the resolution of t
without smoothing. Regions without contours near the origin corresj
component perpendicular to the disk plane (vwarp in the text).

dubbed disk tearing (Nixon et al. 2013; Nealon et al.
2015; Dogan et al. 2015), where nodal precession torques
induced by the binary produce a warp at the inner edge

Require infall motions from cavity edge

at the free-fall velocity!

smooth mod. slow warp

rdinates is set to
ant interval and

nts extracted on
odel resolutions,
1 a slow velocity

100 AU scale
» cavity. It is



Horseshoes in transitional discs 3
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Ragusa et al. (2017), see also Ataiee et al. (2013)




4  Ragusa et al.
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Figure 2. Comparison of ALMA simulated observations at 345 GHz of disc models with a mass ratio ¢ = 0.01 (upper left), ¢ = 0.05 (upper right), ¢ = 0.1
(bottom left) and ¢ = 0.2 (bottom right). Intensities are in mJy beam ~!. The white colour in the filled ellipse in the upper left corner indicates the size of the
half-power contour of the synthesized beam: 0.12 x 0.1 arcsec (~ 16 x 13 au at 130 pc.).
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MODELLING HD142527 Price et al. (2018), MNRAS 477, 1270
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Lacour et al. (2016)

Orbit BI 265 024 1199 349.7 218.0 2593

Orbital ClTCfltS using IMORBEL OrbitB2 288 040 1204 3403 2015 33.78
OitB3 343 050 1193 1592 19.98 35.04
(Pearce, Kennedy & Wyatt 201 5) ObitR1 314 074 1313 4495 2783 2493
OmitR2 389 061 1203 1925 3540 2683
OmitR3 513 070 1193 2014 1733 2704




BLUE ORBIT Price et al. (2018)
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RED URBIT Price et al. (2018)

PHANTOM

column density [¢/cm’]

See almost polar alignment of binary to disc, c.f. Aly et al. (2015), Martin & Lubow (2017)



log Z [ g/cm?]

log Z [ g/cm?]

an axisymmetric disk. The total mass of gas surviving inside
CAVITY SIZE Perez + (201 5) the cavity is high (1.7 £ 0.6) x 1073 M,
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Red = Best fit model used in Perez + (2015) to fit the observed data!



C0O EMISSION + KINEMATICS (USING MCFOST, PINTE ET AL. 2006)

Observations
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Explains why inner holes are dust-free!
e.g. Dominik & Dullemond (2011)

Simulations



HORSESHOE

- ATCA 34GHz 345GHz

Observations

R2 + medium dust

@ Simulations
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GAP CROSSING FILAMENTS

Observations Simulation

Filaments

Casassus et al. (2015) Priceet al. (2018)



SUMMARY

» Every disc imaged so far shows signs of interaction with
already-formed planets or low mass companions

» Lots of discs similar to HD142527 - disturbed morphologies,
asymmetries, spirals. Suggests highly misaligned, eccentric
companions are common?

» Discs with holes telling us about chaotic star formation - how
discs are born - not how they die

» Suggests planet formation occurs on < 5 Myr timescales



NEW VIEW?

Hypothesis: Star and planet formation
are both fast, dynamical processes




PREDICTIONS: Lodato & Price (in prep)

» Expect lots more discs with companions on wild orbits
» Discs around more massive stars should be more disturbed
» Rings and gaps caused by planets will be found everywhere

» Tidal encounters common!

PHANTOM .
= - am 9 ) 7 o 5
furee 1

Credit: Nicolds Cuello



BUT WHERE ARE THE
PLANETS?



<
~

A
] k=
| =4,

02 2
P 3 v
O —=—0
=4 02
1.00km/s ]
1 1 1 1 | 1 1 1 1 _0.4
0 500
X [au]

Kinematic evidence for an embedded protoplanet in a circumstellar disc

C. PinTE,»2 D. J. Price,! F. MENARD,? G. DucHENE,>? W.R.F. DEnT,* T. HiLL,* I. DE GREGORIO-MONSALVO,?
A. HaLgs,*® AND D. MENTIPLAY"

L Monash Centre for Astrophysics (MoCA) and School of Physics and Astronomy, Monash University, Clayton Vic 3800, Australia
2Univ. Grenoble Alpes, CNRS, IPAG, F-38000 Grenoble, France
3 Astronomy Department, University of California, Berkeley CA 94720-3411, USA

t Atacama Large Millimeter / Submillimeter Array, Joint ALMA Observatory, Alonso de Cérdova 3107, Vitacura 763-0355, Santiago,
Chile

5 National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, VA 22903-2475, United States of America

ABSTRACT

Discs of gas and dust surrounding young stars are the birthplace of planets. However, direct detection
of protoplanets forming within discs has proved elusive to date. We present the detection of a large,
localized deviation from Keplerian velocity in the protoplanetary disc surrrounding the young star
HD 163296. The observed velocity pattern is consistent with the dynamical effect of a two Jupiter-
mass planet orbiting at a radius ~ 260 au from the star.

See also Teague et al. (2018) for claims of more planets in HD163296!
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