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INTRODUCTION 2

V883 Ori
. > Micrometric dust grains (i.e. scattered
| light) on the disc SURFACE: SPHERE
> Millimetric/sub-millimetric dust grains on
the disc MIDPLANE: ALMA
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INTRODUCTION

Elias 2-27

Andrews; ALMA (ESO/NAOJ/NRAQO)
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. dust and gas interaction +
planet and disc interaction +
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= Spirals, gaps, horseshoes...
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INTRODUCTION 3

lelescopes and instruments:
ALMA (RADIO) and
SPHERE-VLT (near-IR) are
giving us high resolution
images of protoplanetary —
discs

. PLANET

New powerful and fast computational tools:

(¢0)
1. Smoothed Particle Hydrodynamics
codes (PHANTOM - Price et al, 2017);

2. MonteCarlo Radiative transport codes
(RADMC-3D - Dullemond et al, 2012;
MCFOST - Pinte et al, 20006).




ACCRETION DISC 4
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Star formation process:
angular momentum conservation
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ACCRETION DISC

Star formation process:
angular momentum conservation

Gravitational collapse

c) t~10%10% yr

\[/
/I

Protostellar disk, envelope, outflow

1000 au
e

/ D Sl SS CompOS|t|On Dark cloud dpres |—|1 i
GaS 99%j + dust 1% d) k £~105-10° yr

Disc dynamics and /l\
accretion processes

100 au
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Pre-main-sequence star
Remnant disk
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Gas dynamics: Navier-Stokes equations

* Radial structure: centrifugal equilibrium, Q,% = M R~

* Vertical structure: hydrostatic equilibrium, H = ¢,/€,
* Viscous accretion process: vV = acH
(Shakura & Sunyaev 19735)

Dullemond PhD Thesi:!




ACCRETION DISC 4

c) t~10%10° yr

\[/
/N

Protostellar disk, envelope, outflow

a)

Star formation process:
angular momentum conservation | "

i Dise-mass composition:
.Gas 99% + dust 1%

Disc dynamics and
accretion processes

Gravitational collapse

e) t~10%107yr| | f) t>107 yr

\|/ N

Protoplanetary disk, outflow

Gas dynamics: Navier-Stokes equations K\

* Radial structure: centrifugal equilibrium, Q,% =M
* Vertical structure: hydrostatic equilibrium, H = ¢,/

® Viscous accretion process: UV = aCsH “‘Disc” shape also on smaller scale:
(Shakura & Sunyaev 1973) . Saturn Satellite’s Pan with a Raviolo

shape




ACCRETION DISC

Star formation process:

angular momentum conservation

DisCc mass compasition:
Gas 99% +

> Disc opacity:
observations are
dominated by dust

» Grain growth: first
stage of planet
formation

{Testi et al. 201 ﬂ MR

Scattered Light

(sub-)mm

// Distance in AU

» Chemical reactions

Turbulent Mixing (radial or vertical)
[2] Vertical Settling
[3]Rradial Drift

[4]a) Sticking
b) Bouncing
¢) Fragmentation with mass transfer
d) Fragmentation

4 1 10 100

ALMA

VLTI/MATISSE

EELT

JWST/MIRI




PROTOPLANETARY DISCS: PLANET-DISC INTERACTION 6

Tidal torgues+viscous torques =
GAP formation

I

I .

| Viscous flow
I

Wave | /into gap
angular
| b Planet

momentum
Resonance Resonance
locations Hill radius locations B
Gaps created by satellites
inside Saturn’s rings
(Cassini’s images)




PROTOPLANETARY DISCS: PLANET-DISC INTERACTION 6

i Tidal torques+viscous torques =
GAP formation
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PROTOPLANETARY DISCS: PLANET-DISC INTERACTION 6

Tidal torgues+viscous torques =
GAP formation
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Others processes |
can form spiral arms: '

t Dust vortices? ;
| Cazzoletti et al (2018), van |
der Marel et al (2016) ~ §

| Self-gravitating discs | jPossible close |
! Dipierro et al (2014) , Kratter & { lencounters ‘
{{ Lodato (2016), Hall et al (2018), § |

1§ Cossins et al (2009), Rice et al (2005) Pl (bmary)? \
; § }Wagneretal (2018) 3§




PROTOPLANETARY DISCS: DISC MASSES

lcy gas molecules, stick to
f— L dust grains B

Gas-phase molecules

Bco 2co C®o

dust: bulk of dust mass comes from large (mm-
sized) grains, settled in d|sc midplane, with thermal
emission

> Continuum observations at (sub-)mm wavelengths

. I/(TdU.St)

optically thin emission + Rayleigh-Jeans regime

gas: H,is the most abundant species.

> Symmetry of H.: rotational lines emission too
weak! 2

> Tracers: CO-isotopologues in the molecular
layer




Gas—to—Dust Ratio

PROTOPLANETARY DISCS: GAS DISC MASSES

Disk dust mass [M,]

Disk gas mass [M_]

5 1 Problem: low CO-based gas masses and
E tomg ’ oo 7 gas-to-dust ratios
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Why?

O Edge-on :
> Gas loss:
> Evolved discs population: gas
physically dissipated
> Low CO abundance:

> due to sequestering of carbon from
CO to more complex molecules;

> or because it is locked up into larger
bodies

Ev + InterSTeIIarMedium

E """" ¢ 'v"Y"'I"'V'V'W”“’Q”“V vavnvm;ﬁrriﬁ: w2

: ‘ | T Ty |
3 ! ¢++ o o ¢ *”’u | + )

Solutions?

—_a % ()
e ——— s

QOONOAN—OQOIUNNODDWO —Nr— 1) N O I Ceaps RAEQAY MRMMTO Qoo - olar-r0®w o© 3
ONNORONDOTONOr+-rNOr-rDOMPOTIT-NONDOO ~ N — N MOV~ NOWMOOr+rTOIN~AST—DON IO ]
DO OTIT T DO~ N+~ NN-NN-—-IONN®©ON—~— N~ N OON-—ONONT~-PN = Nr—|N+—+—|Jd— NN oJA
NOOD -~ OQONOUONNITNNO-~NDDNDDANDONDN NNDNND N NeDOONDN— NONNND NODNNSNON S > ©
OVONANNTN DO =NN® — n A W O - DD N N Q- DODNAOWAON 0| Nl d ~Sq
~—~ONOKNK®D O OO 0 O D 0 © < S 90 o © < ©
—TOTOHOO O OO (R PR RY] ) ) [ R IR S 3 ® o
SAoomod v N® NS O N © < N -—® O © <+ o
~TONC-AN N =N 0 © 0o 1) © <N S %) n X
COONTIL ¥ OM © M T © © © -® W0 I\ © O
ATOWSW 1 O q O A — O o o os -~ o o ®
OCOONM®O N 0O oK SO 0 D AN — S X
S000r-r90 O 9O oo ~-00 <~ <~ S+ O S o o
COOOOD® © ©O © © © OO0 Iho) Ito) ©oO © © © ©
rrrrrrrrr - - - - - - -
ﬁﬁﬁﬁﬁﬁﬁﬁﬁ r R - L=l | el el =D rl rl el el

Miotello et al. 2017




PROTOPLANETARY DISCS: GAS DISC MASSES

Veronesi et al in prep.i g

Possible solution: matching information from different methods

CO-isotopologues 2
emission

St =
¥

Stopping time of a w

dust grain by gas

dust and gas
Interaction

COUPLED

St < 1

Dynamical

NOT COUPLED

St > 1

timescale =1/€;

& e

SOOIV

If the dust grain size is known,
depending on the sub-
structures we see (spirals,
rings...) both in gas and dust,
we can infer information on
the gas disc mass

'HOw?

Hydrodynamical and radiative transfer simulations of protoplanetary
discs with different Stokes number values —$ disc mass values




TOOLS: HYDRODYNAMICS AND RADIATIVE TRANSFER SIMULATIONS 10

Veronesi et al in prep.
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TOOLS: HYDRODYNAMICS AND RADIATIVE TRANSFER SIMULATIONS 10

(¢

PHANTOMSPH

Denshyrnapsj

© fdust
111111
dust
< $» ALMA
COMPARISON with
REAL OBSERVATIONS

4 L 4

SPHERE

Veronesi et al in prep.

RADMC-3D

\
e

‘TEI\/IPERATURE MAP

&
SYNTHETIC IMAGE!

: Convolution with

Gaussian beam




PROTOPLANETARY DISC MODELING Veronesi et al in prep.j 11

» Different gas disc masses
in SPH can be modeled with 101,
different grain sizes —# St!l 107}

107°
. N =7
» One fluid (coupled gas and o
dust) + Two fluids 10-9! —
(decoupled gas and dust) R [au]
simulations 10}
100}
. L lom
» 2 planets: M, ~ 3 - 5Mj. to #1070
reproduce an inner cavity, 1071
and an outer substructure 10728 | N i

(spirals or ring/horseshoe) R [au

Initial conditions for surface density and Stokes number
» Power-law surface density

profile (both dust and gas)



PROTOPLANETARY DISC MODELING: RESULTS Veronesi et al in prep.
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PROTOPLANETARY DISC MODELING: RESULTS

SPHERE

-1.00 -0.75 -0.50 -0.25 0.00 025 050 0.75
Relative Right Ascension (arcsec)

0
-1.00 -0.75 -050 -0.25 0.00 025 050 0.75
Relative Right Ascension (arcsec)

00

.—1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
Relative Right Ascension (arcsec)

le-18

1.00

le-18

1.00

le-18

1.00

3.0

2.5

2.0

1.5

1.0

0.5

0.0

2.5

2.0

1.5

1.0

0.5

0.0

ALMA, cycle 6, 230 GHz, band 6

St =10""1

Veronesi et al in prep.; 13
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PROTOPLANETARY DISC MODELING: RESULTS

SPHERE
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ALMA, cycle 6, 230 GHZ, band 6 WORK IN PROGRESS
St=10"" St=1
Low Stokes number dust and gas COUPLED )

High Stokes number, dust and gas DECOUPLED
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PROTOPLANETARY DISC MODELING: RESULTS
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CONCLUSIONS & OUTLOOKS I 14

» Ballabio, Dipierro, Veronesi et al (2018): fixed a problem of dust mass
non conservation in the SPH code (not in this talk).

» Different Stokes number are observable through ALMA and SPHERE
Images;

» The more coupled the dust and the gas are, the more non-axisymmetric
are the structures —# spirals both in ALMA and SPHERE images;

» If the observed grain size is known, the observed
ALMA/SPHERE image can give us an hint on the gas disc mass
(see Stokes parameter definition).



DUST@
BUSTERS

» Veronesi et al: paper in preparation!

» Work in progress:

[Jto find a quantitative relation between the Stokes number/disc masses and
the ALMA-SPHERE images: criterion for gas mass

[Jto model a disc taking into account regions with different Stokes number
(i.e. grain growth process, dust segregation)

» Next years:

» Collaboration with research group in California to model protoplanetary
discs collected by the ALMA Large Program.

» Study of self-gravitating protoplanetary discs: collaborations
with many research groups inside the RISE project “Dustbusters”



FOSSIBLE. UNDISCOVERED PLANETS

IN OUR SOLAR SYSTEM

B SIZE A DISTANCE. (Ror 1)
(a0l 5] POSSIBLE UNDISCOVERED PLANETS PLANETS ROLED OVT
® KNOLN PLANETS BECAUSE. WE WOULD
IO”KI"IL SEE. THEM DURING THE. DAY
PLANETS RULED OUT

|-
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PHANTOM (PRICE ET AL 2017): HOW ARE WE STUDYING THE HYDRODYNAMIC?

/ \

Mixture of gas particles + fraction of gas Two SEPARATED fluids P,
particle taking into account the dust gas + dust, coupled by’ a g

properties € = py/p + evolution equation DRAG term Py
for the dust fraction

> Gas properties are only defined on gas
particles and dust properties are
defined only on dust particles

py =1 —¢€)p . PgVe T PdVy
— P =PqT Py V=

Pa=¢pP Pg + Pd

> Gas & Dust fluid equations in the barycentric

reference frame of the mixture

(Laibe & Price, 2014a)

Terminal velocity approximation: I <@CS

stopping tlmg <= typical . > No need of prohibitive temporal and spatial resolution
hydrodynamic timescale = time requirements at high drag;

required for a sound wave t,o , > No artificial trapping of dust under the resolution
propagate over a characteristic v length of the gas:

distance (Youdin & Goodman 20095) > Multiple dust species coupled to the same gas phase
are taken into account (Hutchison et al 2018).

AV = V4 — V4 reach a terminal velocity

due to the balancing of the drag and pressure
forces.



THE BEGINNING: HD135344B
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EXCURSUS: BALLABIO, DIPIERRO, VERONESI ET AL

One-fluid method:
Price et al 2017
Laibe & Price, 2014a
Price & Laibe, 2015a
Youdin & Goodman, 2005
(terminal velocity
approximation) e ..

t=11860_‘ t=23710 t=35570 t=47430

t=21900 1=46720 t=51100 t=65700

|

-11

Dust mass non conservation:

1) Strong dust diffusion: steep gradients in the pressure, particles with large stopping time: GtS VP
It affects particles in the upper/outer regions of discs with
- high aspect ratio, H/R;
- low (in absolute value) radial power-law index for the temperature, g

2) No constraint on the positivity of the dust fraction €



EXCURSUS: BALLABIO, DIPIERRO, VERONESI ET AL

t=21900 t=46720 t=51100 t=65700 :

t=11860 t=23710 t=35570 t=47430

-10

DUSTBUSTERS IN ACTION!

1) Limiting the rapid dust diffusion for problematic particles by means of a time stopping limiter:

fs = min (ts, h/cs) .___...__...} Limiting the Stokes number, OK where dust mass is negligible
Solution localized strictly to particles that violate the terminal velocity approximation: f, < h/cS

2) Enforcing constrainton ) < € < 1 (no unphysical values):

52 Pd
€ = s=_[—
1 + 52 Py




PROTOPLANETARY DISC MODELING: RESULTS

Veronesi et al in prep.

Transmission in All ALMA Bands at Zenith
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ALMA

Direct imaging (HST or 8-meter ground-based)

Near-IR interferometry
=

Mid-IR interferometry -

Magnetospheric
accretion

Mﬂkk Dust inner rim Pla'.'et'fmm'“g
region

0.03 AU 0.1.1TAU

UV continuum, Near-IR dust 1A
H-recombination lines continuum
Near-IR continuum Mid-IR: (Sub)millimeter:
(origin unclear so far) dust continuum dust continuum 100 AU
+ atomic lines (Br-y) + molecular lines + molecular rot-lines
+ occasional molecular (H,0, CO,, ...)

lines (H,0, CO, OH)



