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INTRODUCTION

WHAT WE HAVE AND WHAT WE NEED:
�2

TW Hydrae V883 Ori HD 163296

HL Tau Elias 2-27 HD 142527 

Garufi et al. ESO Messenger; SPHERE 

Andrews; ALMA (ESO/NAOJ/NRAO)

‣ 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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TW Hydrae V883 Ori HD 163296

HL Tau Elias 2-27 HD 142527 

Garufi et al. ESO Messenger; SPHERE 

Andrews; ALMA (ESO/NAOJ/NRAO)

dust and gas interaction + 
planet and disc interaction + 

?
= Spirals, gaps, horseshoes…
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WHAT WE HAVE AND WHAT WE NEED:
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New powerful and fast computational tools: 

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, 2006).

THEORY OF  
PLANET 

FORMATION

Telescopes and instruments: 
ALMA (RADIO) and 

SPHERE-VLT (near-IR) are 
giving us high resolution 
images of protoplanetary 

discs



ACCRETION DISC

WHERE ARE WE LOOKING AT?
Star formation process:  
angular momentum conservation 

Dullemond PhD Thesis

4

Disc mass composition: 
Gas 99% + dust 1%



ACCRETION DISC

WHERE ARE WE LOOKING AT?
Star formation process:  
angular momentum conservation 

Disc mass composition: 
Gas 99% + dust 1%

Gas dynamics: Navier-Stokes equations 

• Radial structure: centrifugal equilibrium,        
• Vertical structure: hydrostatic equilibrium,  
• Viscous accretion process:  
    (Shakura & Sunyaev 1973)

Ω2
k = 𝒢M⋆R−3

H = cs/Ωk
ν = αcsH

Dullemond PhD Thesis
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Disc dynamics and 
accretion processes
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Star formation process:  
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Disc dynamics and 
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Gas dynamics: Navier-Stokes equations 

• Radial structure: centrifugal equilibrium,        
• Vertical structure: hydrostatic equilibrium,  
• Viscous accretion process:  
    (Shakura & Sunyaev 1973)

Ω2
k = 𝒢M⋆R−3

H = cs/Ωk
ν = αcsH

Dullemond PhD Thesis

“Disc” shape also on smaller scale: 
Saturn Satellite’s Pan with a Raviolo 
shape
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Disc mass composition: 
Gas 99% + dust 1%



ACCRETION DISC

WHERE ARE WE LOOKING AT?
Star formation process:  
angular momentum conservation 

‣ Disc opacity: 
observations are 
dominated by dust 

‣ Grain growth: first 
stage of planet 
formation 

‣ Chemical reactions

Testi et al, 2014
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Disc mass composition: 
Gas 99% + dust 1%



PROTOPLANETARY DISCS: PLANET-DISC INTERACTION

SPIRALS, RINGS, HORSESHOES… Tidal torques+viscous torques = 
GAP formation

Planet

Hill radius

M⋆

Gaps created by satellites 
inside Saturn’s rings 
(Cassini’s images)
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TW Hydrae

HL Tau 
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PROTOPLANETARY DISCS: PLANET-DISC INTERACTION

SPIRALS, RINGS, HORSESHOES… Tidal torques+viscous torques = 
GAP formation

Planet

Hill radius

M⋆

Constructive interference of 
density waves: planet driven 
SPIRAL ARMS

Self-gravitating discs 
Dipierro et al (2014) , Kratter & 
Lodato (2016), Hall et al (2018), 
Cossins et al (2009), Rice et al (2005)  

Possible close 
encounters 
(binary)? 
Wagner et al (2018)

Others processes 
can form spiral arms:

Dust vortices? 
Cazzoletti et al (2018), van 
der Marel et al (2016)
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TW Hydrae

HL Tau 



PROTOPLANETARY DISCS: DISC MASSES

A PUZZLING PROBLEM: (GAS) MASS IN DISCS

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

‣ Continuum observations at (sub-)mm wavelengths

Mdust =
Fνd2

κνBν(Tdust)

optically thin emission + Rayleigh-Jeans regime

HOT SURFACE

ICY MIDPLANEWARM MOLECULAR LAYER

Ionized Gas - photodissociation

C         
        C

+

CO          

gas:     is the most abundant species.  

‣ Symmetry of        : rotational lines emission too 
weak! 

‣ Tracers: CO-isotopologues   in the molecular 
layer

H2

H2
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Gas-phase molecules
12CO C18O13CO

Icy gas molecules, stick to 
dust grains



PROTOPLANETARY DISCS: GAS DISC MASSES

TD#
Edge(on#

Full#disk##

Problem: low CO-based gas masses and 
gas-to-dust ratios

A PUZZLING PROBLEM: (GAS) MASS IN DISCS

Why? 

‣ 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

Miotello et al. 2017

Solutions?
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1 Jupiter Mass! 

InterStellarMedium



PROTOPLANETARY DISCS: GAS DISC MASSES

COUPLED 

NOT COUPLED 

St ⌧ 1
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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

dust and gas 
interaction

A PUZZLING PROBLEM: (GAS) MASS IN DISCS
Possible solution: matching information from different methods

CO-isotopologues 
emission & & …?

HOW? Hydrodynamical and radiative transfer simulations of protoplanetary 
discs with different Stokes number values             disc mass values

Veronesi et al in prep. 9

Stopping time of a 
dust grain by gas

St = ts⌦ ⇡ ⇢da

⌃g
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Dynamical 
timescale = 1/Ωk



TOOLS: HYDRODYNAMICS AND RADIATIVE TRANSFER SIMULATIONS

WORKFLOW: FROM PHANTOM TO RADMC-3D

dust
µm
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TOOLS: HYDRODYNAMICS AND RADIATIVE TRANSFER SIMULATIONS

WORKFLOW: FROM PHANTOM TO RADMC-3D

dust
µm
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DUSTYDISC SETUPS
▸ Different gas disc masses          

in SPH can be modeled with 
different grain sizes         St !! 

▸ One fluid (coupled gas and 
dust) + Two fluids 
(decoupled gas and dust) 
simulations 

▸ 2 planets:                       to 
reproduce an inner cavity, 
and an outer substructure 
(spirals or ring/horseshoe)           

▸ Power-law surface density 
profile (both dust and gas)

Mp ' 3� 5Mj
<latexit sha1_base64="60Gwru/Z+3jA5iKnGmajVZ00O4E=">AAACB3icbVC7TsNAEDzzDOEVSElzIkKigMjmISgjaGgiBYk8pMSyzpdNOHK2j7s1UhTlA/gKWqjoEC2fQcG/YJsUkDDVaGZXOzu+ksKgbX9ac/MLi0vLuZX86tr6xmZha7tholhzqPNIRrrlMwNShFBHgRJaSgMLfAlNf3CZ+s0H0EZE4Q0OFbgB64eiJzjDRPIKxaqnaMeIAO7p8eFp56Dq3XmFkl22M9BZ4kxIiUxQ8wpfnW7E4wBC5JIZ03Zshe6IaRRcwjjfiQ0oxgesD+2EhiwA446y8GO6FxuGEVWgqZA0E+H3xogFxgwDP5kMGN6aaS8V//PaMfbO3ZEIVYwQ8vQQCgnZIcO1SFoB2hUaEFmaHKgIKWeaIYIWlHGeiHFSUz7pw5n+fpY0jsqOXXauT0qVi0kzObJDdsk+ccgZqZArUiN1wsmQPJFn8mI9Wq/Wm/X+MzpnTXaK5A+sj2+BuJf4</latexit><latexit sha1_base64="60Gwru/Z+3jA5iKnGmajVZ00O4E=">AAACB3icbVC7TsNAEDzzDOEVSElzIkKigMjmISgjaGgiBYk8pMSyzpdNOHK2j7s1UhTlA/gKWqjoEC2fQcG/YJsUkDDVaGZXOzu+ksKgbX9ac/MLi0vLuZX86tr6xmZha7tholhzqPNIRrrlMwNShFBHgRJaSgMLfAlNf3CZ+s0H0EZE4Q0OFbgB64eiJzjDRPIKxaqnaMeIAO7p8eFp56Dq3XmFkl22M9BZ4kxIiUxQ8wpfnW7E4wBC5JIZ03Zshe6IaRRcwjjfiQ0oxgesD+2EhiwA446y8GO6FxuGEVWgqZA0E+H3xogFxgwDP5kMGN6aaS8V//PaMfbO3ZEIVYwQ8vQQCgnZIcO1SFoB2hUaEFmaHKgIKWeaIYIWlHGeiHFSUz7pw5n+fpY0jsqOXXauT0qVi0kzObJDdsk+ccgZqZArUiN1wsmQPJFn8mI9Wq/Wm/X+MzpnTXaK5A+sj2+BuJf4</latexit><latexit sha1_base64="60Gwru/Z+3jA5iKnGmajVZ00O4E=">AAACB3icbVC7TsNAEDzzDOEVSElzIkKigMjmISgjaGgiBYk8pMSyzpdNOHK2j7s1UhTlA/gKWqjoEC2fQcG/YJsUkDDVaGZXOzu+ksKgbX9ac/MLi0vLuZX86tr6xmZha7tholhzqPNIRrrlMwNShFBHgRJaSgMLfAlNf3CZ+s0H0EZE4Q0OFbgB64eiJzjDRPIKxaqnaMeIAO7p8eFp56Dq3XmFkl22M9BZ4kxIiUxQ8wpfnW7E4wBC5JIZ03Zshe6IaRRcwjjfiQ0oxgesD+2EhiwA446y8GO6FxuGEVWgqZA0E+H3xogFxgwDP5kMGN6aaS8V//PaMfbO3ZEIVYwQ8vQQCgnZIcO1SFoB2hUaEFmaHKgIKWeaIYIWlHGeiHFSUz7pw5n+fpY0jsqOXXauT0qVi0kzObJDdsk+ccgZqZArUiN1wsmQPJFn8mI9Wq/Wm/X+MzpnTXaK5A+sj2+BuJf4</latexit><latexit sha1_base64="60Gwru/Z+3jA5iKnGmajVZ00O4E=">AAACB3icbVC7TsNAEDzzDOEVSElzIkKigMjmISgjaGgiBYk8pMSyzpdNOHK2j7s1UhTlA/gKWqjoEC2fQcG/YJsUkDDVaGZXOzu+ksKgbX9ac/MLi0vLuZX86tr6xmZha7tholhzqPNIRrrlMwNShFBHgRJaSgMLfAlNf3CZ+s0H0EZE4Q0OFbgB64eiJzjDRPIKxaqnaMeIAO7p8eFp56Dq3XmFkl22M9BZ4kxIiUxQ8wpfnW7E4wBC5JIZ03Zshe6IaRRcwjjfiQ0oxgesD+2EhiwA446y8GO6FxuGEVWgqZA0E+H3xogFxgwDP5kMGN6aaS8V//PaMfbO3ZEIVYwQ8vQQCgnZIcO1SFoB2hUaEFmaHKgIKWeaIYIWlHGeiHFSUz7pw5n+fpY0jsqOXXauT0qVi0kzObJDdsk+ccgZqZArUiN1wsmQPJFn8mI9Wq/Wm/X+MzpnTXaK5A+sj2+BuJf4</latexit><latexit sha1_base64="u+ji3k5zvCxzK1Rd5lhkJmmvP3A=">AAACB3icbZC7TgJBFIZn8YZ4QyltJhITCyW7ikE6oo0NCSYCJizZzA4HHJm9OHPWhBAewKew1crO2PoYFr6Lu7jx/ld//v+cnJPPDaXQaJqvRmZmdm5+IbuYW1peWV3Lr2+0dBApDk0eyEBduEyDFD40UaCEi1AB81wJbXd4kvTtG1BaBP45jkLoemzgi77gDOPIyRfqTkhtLTy4pgd7h/Zu3bly8kWzZE5F/xorNUWSquHk3+xewCMPfOSSad2xzBC7Y6ZQcAmTnB1pCBkfsgF0YuszD3R3PH1+QrcjzTCgISgqJJ2G8H1jzDytR54bT3oML/XvLgn/6zoR9o+6Y+GHEYLPk0MoJEwPaa5ETAVoTyhAZMnnQIVPOVMMEZSgjPM4jGJMuZiH9YWhGqtSTk3V+uTR2i9ZZsk6KxdrxymZLNkkW2SHWKRCauSUNEiTcDIid+SePBi3xqPxZDx/jGaMdKdAfsh4eQenKphT</latexit><latexit sha1_base64="u+ji3k5zvCxzK1Rd5lhkJmmvP3A=">AAACB3icbZC7TgJBFIZn8YZ4QyltJhITCyW7ikE6oo0NCSYCJizZzA4HHJm9OHPWhBAewKew1crO2PoYFr6Lu7jx/ld//v+cnJPPDaXQaJqvRmZmdm5+IbuYW1peWV3Lr2+0dBApDk0eyEBduEyDFD40UaCEi1AB81wJbXd4kvTtG1BaBP45jkLoemzgi77gDOPIyRfqTkhtLTy4pgd7h/Zu3bly8kWzZE5F/xorNUWSquHk3+xewCMPfOSSad2xzBC7Y6ZQcAmTnB1pCBkfsgF0YuszD3R3PH1+QrcjzTCgISgqJJ2G8H1jzDytR54bT3oML/XvLgn/6zoR9o+6Y+GHEYLPk0MoJEwPaa5ETAVoTyhAZMnnQIVPOVMMEZSgjPM4jGJMuZiH9YWhGqtSTk3V+uTR2i9ZZsk6KxdrxymZLNkkW2SHWKRCauSUNEiTcDIid+SePBi3xqPxZDx/jGaMdKdAfsh4eQenKphT</latexit>
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GAS & DUST SURFACE DENSITY MAPS
PROTOPLANETARY DISC MODELING: RESULTS 12Veronesi et al in prep.



MOCK IMAGES RESULTS
SPHERE St = 10�2

<latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="wfdSNLx3gScUlQyJIgza4g5RpFs=">AAAB/nicbZBLS8NAFIUn9VXrq+rSzWAR3FgSKdQuhKIblxXtA9paJtPbOnSSDDM3QgkFf4VbXbkTt/4VF/4Xkxh8n9XhnHu5l89VUhi07VcrNze/sLiUXy6srK6tbxQ3t1omCDWHJg9koDsuMyCFD00UKKGjNDDPldB2J6dJ374BbUTgX+JUQd9jY1+MBGcYR70LpMfUsa+ig8PZoFiyy3Yq+tc4mSmRTI1B8a03DHjogY9cMmO6jq2wHzGNgkuYFXqhAcX4hI2hG1ufeWD6UfrzjO6FhmFAFWgqJE1D+L4RMc+YqefGkx7Da/O7S8L/um6Io6N+JHwVIvg8OYRCQnrIcC1iGECHQgMiSz4HKnzKmWaIoAVlnMdhGNMpxDycLwy1WNVKZmrOJ4/WYdmxy855pVQ/ycjkyQ7ZJfvEIVVSJ2ekQZqEE0XuyD15sG6tR+vJev4YzVnZzjb5IevlHdLSlSw=</latexit><latexit sha1_base64="wfdSNLx3gScUlQyJIgza4g5RpFs=">AAAB/nicbZBLS8NAFIUn9VXrq+rSzWAR3FgSKdQuhKIblxXtA9paJtPbOnSSDDM3QgkFf4VbXbkTt/4VF/4Xkxh8n9XhnHu5l89VUhi07VcrNze/sLiUXy6srK6tbxQ3t1omCDWHJg9koDsuMyCFD00UKKGjNDDPldB2J6dJ374BbUTgX+JUQd9jY1+MBGcYR70LpMfUsa+ig8PZoFiyy3Yq+tc4mSmRTI1B8a03DHjogY9cMmO6jq2wHzGNgkuYFXqhAcX4hI2hG1ufeWD6UfrzjO6FhmFAFWgqJE1D+L4RMc+YqefGkx7Da/O7S8L/um6Io6N+JHwVIvg8OYRCQnrIcC1iGECHQgMiSz4HKnzKmWaIoAVlnMdhGNMpxDycLwy1WNVKZmrOJ4/WYdmxy855pVQ/ycjkyQ7ZJfvEIVVSJ2ekQZqEE0XuyD15sG6tR+vJev4YzVnZzjb5IevlHdLSlSw=</latexit> St = 10�1
<latexit sha1_base64="+nnSIjhO/uld02ENUEDC1+H/2es=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Ijb9IrV9yqm4POE29KKmSKeq/81e1HPA5BIZfM2o7navQTZlBwCZNSN7agGR+xIXRSqlgI1k/yzBN6EFuGEdVgqJA0F+H3RsJCa8dhkE6GDO/trJeJ/3mdGAdnfiKUjhEUzw6hkJAfstyItAygfWEAkWXJgQpFOTMMEYygjPNUjNN2Smkf3uz386R5XPXcqnd9UqldTJspkj2yTw6JR05JjVyROmkQTjR5Is/kxXl0Xp035/1ntOBMd3bJHzgf36vQlNA=</latexit><latexit sha1_base64="+nnSIjhO/uld02ENUEDC1+H/2es=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Ijb9IrV9yqm4POE29KKmSKeq/81e1HPA5BIZfM2o7navQTZlBwCZNSN7agGR+xIXRSqlgI1k/yzBN6EFuGEdVgqJA0F+H3RsJCa8dhkE6GDO/trJeJ/3mdGAdnfiKUjhEUzw6hkJAfstyItAygfWEAkWXJgQpFOTMMEYygjPNUjNN2Smkf3uz386R5XPXcqnd9UqldTJspkj2yTw6JR05JjVyROmkQTjR5Is/kxXl0Xp035/1ntOBMd3bJHzgf36vQlNA=</latexit><latexit sha1_base64="+nnSIjhO/uld02ENUEDC1+H/2es=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Ijb9IrV9yqm4POE29KKmSKeq/81e1HPA5BIZfM2o7navQTZlBwCZNSN7agGR+xIXRSqlgI1k/yzBN6EFuGEdVgqJA0F+H3RsJCa8dhkE6GDO/trJeJ/3mdGAdnfiKUjhEUzw6hkJAfstyItAygfWEAkWXJgQpFOTMMEYygjPNUjNN2Smkf3uz386R5XPXcqnd9UqldTJspkj2yTw6JR05JjVyROmkQTjR5Is/kxXl0Xp035/1ntOBMd3bJHzgf36vQlNA=</latexit><latexit sha1_base64="+nnSIjhO/uld02ENUEDC1+H/2es=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Ijb9IrV9yqm4POE29KKmSKeq/81e1HPA5BIZfM2o7navQTZlBwCZNSN7agGR+xIXRSqlgI1k/yzBN6EFuGEdVgqJA0F+H3RsJCa8dhkE6GDO/trJeJ/3mdGAdnfiKUjhEUzw6hkJAfstyItAygfWEAkWXJgQpFOTMMEYygjPNUjNN2Smkf3uz386R5XPXcqnd9UqldTJspkj2yTw6JR05JjVyROmkQTjR5Is/kxXl0Xp035/1ntOBMd3bJHzgf36vQlNA=</latexit><latexit sha1_base64="6onoPm7cvfF+xTOWmS/QjrSdRhA=">AAAB/nicbZA7SwNBFIVn4yvGV9TSZjAINoYdCcQUQtDGMqJ5QBLD7OQmDpl9MHNXCEvAX2GrlZ3Y+lcs/C/urovvUx3OuZd7+ZxASYO2/Wrl5uYXFpfyy4WV1bX1jeLmVsv4oRbQFL7ydcfhBpT0oIkSFXQCDdx1FLSdyWnSt29AG+l7lzgNoO/ysSdHUnCMo94F0mPK7KvogM0GxZJdtlPRv4ZlpkQyNQbFt97QF6ELHgrFjekyO8B+xDVKoWBW6IUGAi4mfAzd2HrcBdOP0p9ndC80HH0agKZS0TSE7xsRd42Zuk486XK8Nr+7JPyv64Y4OupH0gtCBE8kh1AqSA8ZoWUMA+hQakDkyedApUcF1xwRtKRciDgMYzqFmAf7wlCLVa1kpsY+ebQOy8wus/NKqX6SkcmTHbJL9gkjVVInZ6RBmkSQgNyRe/Jg3VqP1pP1/DGas7KdbfJD1ss70UKVKw==</latexit><latexit sha1_base64="6onoPm7cvfF+xTOWmS/QjrSdRhA=">AAAB/nicbZA7SwNBFIVn4yvGV9TSZjAINoYdCcQUQtDGMqJ5QBLD7OQmDpl9MHNXCEvAX2GrlZ3Y+lcs/C/urovvUx3OuZd7+ZxASYO2/Wrl5uYXFpfyy4WV1bX1jeLmVsv4oRbQFL7ydcfhBpT0oIkSFXQCDdx1FLSdyWnSt29AG+l7lzgNoO/ysSdHUnCMo94F0mPK7KvogM0GxZJdtlPRv4ZlpkQyNQbFt97QF6ELHgrFjekyO8B+xDVKoWBW6IUGAi4mfAzd2HrcBdOP0p9ndC80HH0agKZS0TSE7xsRd42Zuk486XK8Nr+7JPyv64Y4OupH0gtCBE8kh1AqSA8ZoWUMA+hQakDkyedApUcF1xwRtKRciDgMYzqFmAf7wlCLVa1kpsY+ebQOy8wus/NKqX6SkcmTHbJL9gkjVVInZ6RBmkSQgNyRe/Jg3VqP1pP1/DGas7KdbfJD1ss70UKVKw==</latexit>

St = 1
<latexit sha1_base64="9/Q8uhYJHKifsQmfUA9kQhVO+Lc=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpgoYyCPKQEitaXzbhyPmhuzVSsPIPtFDRIVr+hoJ/wTYuIGGq0cyudna8SElDtv1pLSwuLa+sltbK6xubW9uVnd2WCWMtsClCFeqOBwaVDLBJkhR2Io3gewrb3vgy89sPqI0Mg1uaROj6MArkUAqgVGrdED/nTr9StWt2Dj5PnIJUWYFGv/LVG4Qi9jEgocCYrmNH5CagSQqF03IvNhiBGMMIuykNwEfjJnnaKT+MDVDII9RcKp6L+HsjAd+Yie+lkz7QnZn1MvE/rxvT8MxNZBDFhIHIDpFUmB8yQsu0BuQDqZEIsuTIZcAFaCBCLTkIkYpx2ks57cOZ/X6etI5rjl1zrk+q9YuimRLbZwfsiDnslNXZFWuwJhPsnj2xZ/ZiPVqv1pv1/jO6YBU7e+wPrI9vziKSsA==</latexit><latexit sha1_base64="9/Q8uhYJHKifsQmfUA9kQhVO+Lc=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpgoYyCPKQEitaXzbhyPmhuzVSsPIPtFDRIVr+hoJ/wTYuIGGq0cyudna8SElDtv1pLSwuLa+sltbK6xubW9uVnd2WCWMtsClCFeqOBwaVDLBJkhR2Io3gewrb3vgy89sPqI0Mg1uaROj6MArkUAqgVGrdED/nTr9StWt2Dj5PnIJUWYFGv/LVG4Qi9jEgocCYrmNH5CagSQqF03IvNhiBGMMIuykNwEfjJnnaKT+MDVDII9RcKp6L+HsjAd+Yie+lkz7QnZn1MvE/rxvT8MxNZBDFhIHIDpFUmB8yQsu0BuQDqZEIsuTIZcAFaCBCLTkIkYpx2ks57cOZ/X6etI5rjl1zrk+q9YuimRLbZwfsiDnslNXZFWuwJhPsnj2xZ/ZiPVqv1pv1/jO6YBU7e+wPrI9vziKSsA==</latexit><latexit sha1_base64="9/Q8uhYJHKifsQmfUA9kQhVO+Lc=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpgoYyCPKQEitaXzbhyPmhuzVSsPIPtFDRIVr+hoJ/wTYuIGGq0cyudna8SElDtv1pLSwuLa+sltbK6xubW9uVnd2WCWMtsClCFeqOBwaVDLBJkhR2Io3gewrb3vgy89sPqI0Mg1uaROj6MArkUAqgVGrdED/nTr9StWt2Dj5PnIJUWYFGv/LVG4Qi9jEgocCYrmNH5CagSQqF03IvNhiBGMMIuykNwEfjJnnaKT+MDVDII9RcKp6L+HsjAd+Yie+lkz7QnZn1MvE/rxvT8MxNZBDFhIHIDpFUmB8yQsu0BuQDqZEIsuTIZcAFaCBCLTkIkYpx2ks57cOZ/X6etI5rjl1zrk+q9YuimRLbZwfsiDnslNXZFWuwJhPsnj2xZ/ZiPVqv1pv1/jO6YBU7e+wPrI9vziKSsA==</latexit><latexit sha1_base64="9/Q8uhYJHKifsQmfUA9kQhVO+Lc=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpgoYyCPKQEitaXzbhyPmhuzVSsPIPtFDRIVr+hoJ/wTYuIGGq0cyudna8SElDtv1pLSwuLa+sltbK6xubW9uVnd2WCWMtsClCFeqOBwaVDLBJkhR2Io3gewrb3vgy89sPqI0Mg1uaROj6MArkUAqgVGrdED/nTr9StWt2Dj5PnIJUWYFGv/LVG4Qi9jEgocCYrmNH5CagSQqF03IvNhiBGMMIuykNwEfjJnnaKT+MDVDII9RcKp6L+HsjAd+Yie+lkz7QnZn1MvE/rxvT8MxNZBDFhIHIDpFUmB8yQsu0BuQDqZEIsuTIZcAFaCBCLTkIkYpx2ks57cOZ/X6etI5rjl1zrk+q9YuimRLbZwfsiDnslNXZFWuwJhPsnj2xZ/ZiPVqv1pv1/jO6YBU7e+wPrI9vziKSsA==</latexit><latexit sha1_base64="suF3GDeGXCodFJC7c9+CtsEsHEo=">AAAB+HicbZA7SwNBFIVn4yvGV9TSZjAIVmFXhJhCCNpYRjQPSJYwO7mJY2YfzNwV4pL/YKuVndj6byz8L86ui+9THc65l3v5vEgKjbb9ahXm5hcWl4rLpZXVtfWN8uZWW4ex4tDioQxV12MapAighQIldCMFzPckdLzJadp3bkBpEQaXOI3A9dk4ECPBGZqofYH0mDqDcsWu2pnoX+PkpkJyNQflt/4w5LEPAXLJtO45doRuwhQKLmFW6scaIsYnbAw9YwPmg3aT7NsZ3Ys1w5BGoKiQNAvh+0bCfK2nvmcmfYZX+neXhv91vRhHR24igihGCHh6CIWE7JDmShgMQIdCASJLPwcqAsqZYoigBGWcmzA2XEqGh/OFoW5UO8xN3fnk0T6oOnbVOT+sNE5yMkWyQ3bJPnFIjTTIGWmSFuHkmtyRe/Jg3VqP1pP1/DFasPKdbfJD1ss785STCw==</latexit><latexit sha1_base64="suF3GDeGXCodFJC7c9+CtsEsHEo=">AAAB+HicbZA7SwNBFIVn4yvGV9TSZjAIVmFXhJhCCNpYRjQPSJYwO7mJY2YfzNwV4pL/YKuVndj6byz8L86ui+9THc65l3v5vEgKjbb9ahXm5hcWl4rLpZXVtfWN8uZWW4ex4tDioQxV12MapAighQIldCMFzPckdLzJadp3bkBpEQaXOI3A9dk4ECPBGZqofYH0mDqDcsWu2pnoX+PkpkJyNQflt/4w5LEPAXLJtO45doRuwhQKLmFW6scaIsYnbAw9YwPmg3aT7NsZ3Ys1w5BGoKiQNAvh+0bCfK2nvmcmfYZX+neXhv91vRhHR24igihGCHh6CIWE7JDmShgMQIdCASJLPwcqAsqZYoigBGWcmzA2XEqGh/OFoW5UO8xN3fnk0T6oOnbVOT+sNE5yMkWyQ3bJPnFIjTTIGWmSFuHkmtyRe/Jg3VqP1pP1/DFasPKdbfJD1ss785STCw==</latexit>

St ⇡ 102
<latexit sha1_base64="AUqfwJNyitinIaspQ+kxwnB17es=">AAACA3icbVA9TwJBEN3zE/ED1NJmIzGxInfEREuijSVG+UjgJHPLgBv27ja7c0ZCKP0VtlrZGVt/iIX/xQOvUPBVL+/NZN68QCtpyXU/naXlldW19dxGfnNre6dQ3N1r2DgxAusiVrFpBWBRyQjrJElhSxuEMFDYDIYXU795j8bKOLqhkUY/hEEk+1IApVK3WLgm3gGtTfzAPfe20i2W3LI7A18kXkZKLEOtW/zq9GKRhBiRUGBt23M1+WMwJIXCSb6TWNQghjDAdkojCNH641nwCT9KLFDMNRouFZ+J+HtjDKG1ozBIJ0OgOzvvTcX/vHZC/TN/LCOdEEZieoikwtkhK4xMG0HekwaJYJocuYy4AANEaCQHIVIxSSvKp314898vkkal7Lll7+qkVD3PmsmxA3bIjpnHTlmVXbIaqzPBEvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AR7YlrQ=</latexit><latexit sha1_base64="AUqfwJNyitinIaspQ+kxwnB17es=">AAACA3icbVA9TwJBEN3zE/ED1NJmIzGxInfEREuijSVG+UjgJHPLgBv27ja7c0ZCKP0VtlrZGVt/iIX/xQOvUPBVL+/NZN68QCtpyXU/naXlldW19dxGfnNre6dQ3N1r2DgxAusiVrFpBWBRyQjrJElhSxuEMFDYDIYXU795j8bKOLqhkUY/hEEk+1IApVK3WLgm3gGtTfzAPfe20i2W3LI7A18kXkZKLEOtW/zq9GKRhBiRUGBt23M1+WMwJIXCSb6TWNQghjDAdkojCNH641nwCT9KLFDMNRouFZ+J+HtjDKG1ozBIJ0OgOzvvTcX/vHZC/TN/LCOdEEZieoikwtkhK4xMG0HekwaJYJocuYy4AANEaCQHIVIxSSvKp314898vkkal7Lll7+qkVD3PmsmxA3bIjpnHTlmVXbIaqzPBEvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AR7YlrQ=</latexit><latexit sha1_base64="AUqfwJNyitinIaspQ+kxwnB17es=">AAACA3icbVA9TwJBEN3zE/ED1NJmIzGxInfEREuijSVG+UjgJHPLgBv27ja7c0ZCKP0VtlrZGVt/iIX/xQOvUPBVL+/NZN68QCtpyXU/naXlldW19dxGfnNre6dQ3N1r2DgxAusiVrFpBWBRyQjrJElhSxuEMFDYDIYXU795j8bKOLqhkUY/hEEk+1IApVK3WLgm3gGtTfzAPfe20i2W3LI7A18kXkZKLEOtW/zq9GKRhBiRUGBt23M1+WMwJIXCSb6TWNQghjDAdkojCNH641nwCT9KLFDMNRouFZ+J+HtjDKG1ozBIJ0OgOzvvTcX/vHZC/TN/LCOdEEZieoikwtkhK4xMG0HekwaJYJocuYy4AANEaCQHIVIxSSvKp314898vkkal7Lll7+qkVD3PmsmxA3bIjpnHTlmVXbIaqzPBEvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AR7YlrQ=</latexit><latexit sha1_base64="AUqfwJNyitinIaspQ+kxwnB17es=">AAACA3icbVA9TwJBEN3zE/ED1NJmIzGxInfEREuijSVG+UjgJHPLgBv27ja7c0ZCKP0VtlrZGVt/iIX/xQOvUPBVL+/NZN68QCtpyXU/naXlldW19dxGfnNre6dQ3N1r2DgxAusiVrFpBWBRyQjrJElhSxuEMFDYDIYXU795j8bKOLqhkUY/hEEk+1IApVK3WLgm3gGtTfzAPfe20i2W3LI7A18kXkZKLEOtW/zq9GKRhBiRUGBt23M1+WMwJIXCSb6TWNQghjDAdkojCNH641nwCT9KLFDMNRouFZ+J+HtjDKG1ozBIJ0OgOzvvTcX/vHZC/TN/LCOdEEZieoikwtkhK4xMG0HekwaJYJocuYy4AANEaCQHIVIxSSvKp314898vkkal7Lll7+qkVD3PmsmxA3bIjpnHTlmVXbIaqzPBEvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AR7YlrQ=</latexit><latexit sha1_base64="ATzVDaO2NPx7YVuWyNJrfyG5Bqo=">AAACA3icbZC7TsNAEEXXPEN4JEBJsyJCoorsKFJIh6ChDIIEpMRE42UIq6zt1e4YgayUfAUtVHSIlg+h4F9wgsX7Vlf3zmhGJ9BKWnLdV2dqemZ2br6wUFxcWl4plVfXOjZOjMC2iFVsTgOwqGSEbZKk8FQbhDBQeBIM98f9yRUaK+PomG40+iEMInkhBVAW9culI+I90NrE19xzz2r9csWtuhPxv8bLTYXlavXLb73zWCQhRiQUWNv1XE1+CoakUDgq9hKLGsQQBtjNbAQhWj+dPD7iW4kFirlGw6XikxC/b6QQWnsTBtlkCHRpf3fj8L+um9DFjp/KSCeEkRgfIqlwcsgKIzMiyM+lQSIYf45cRlyAASI0koMQWZhkiIoZD+8LQzNTo56bpvfJo1Orem7VO6xXdvdyMgW2wTbZNvNYg+2yA9ZibSZYwu7YPXtwbp1H58l5/hidcvKddfZDzss7REqXDw==</latexit><latexit sha1_base64="ATzVDaO2NPx7YVuWyNJrfyG5Bqo=">AAACA3icbZC7TsNAEEXXPEN4JEBJsyJCoorsKFJIh6ChDIIEpMRE42UIq6zt1e4YgayUfAUtVHSIlg+h4F9wgsX7Vlf3zmhGJ9BKWnLdV2dqemZ2br6wUFxcWl4plVfXOjZOjMC2iFVsTgOwqGSEbZKk8FQbhDBQeBIM98f9yRUaK+PomG40+iEMInkhBVAW9culI+I90NrE19xzz2r9csWtuhPxv8bLTYXlavXLb73zWCQhRiQUWNv1XE1+CoakUDgq9hKLGsQQBtjNbAQhWj+dPD7iW4kFirlGw6XikxC/b6QQWnsTBtlkCHRpf3fj8L+um9DFjp/KSCeEkRgfIqlwcsgKIzMiyM+lQSIYf45cRlyAASI0koMQWZhkiIoZD+8LQzNTo56bpvfJo1Orem7VO6xXdvdyMgW2wTbZNvNYg+2yA9ZibSZYwu7YPXtwbp1H58l5/hidcvKddfZDzss7REqXDw==</latexit>

H
/R=0.04

H
/R=0.06

H
/R=0.08

ALMA, cycle 6, 230 GHz, band 6
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MOCK IMAGES RESULTS
SPHERE St = 10�2

<latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="wfdSNLx3gScUlQyJIgza4g5RpFs=">AAAB/nicbZBLS8NAFIUn9VXrq+rSzWAR3FgSKdQuhKIblxXtA9paJtPbOnSSDDM3QgkFf4VbXbkTt/4VF/4Xkxh8n9XhnHu5l89VUhi07VcrNze/sLiUXy6srK6tbxQ3t1omCDWHJg9koDsuMyCFD00UKKGjNDDPldB2J6dJ374BbUTgX+JUQd9jY1+MBGcYR70LpMfUsa+ig8PZoFiyy3Yq+tc4mSmRTI1B8a03DHjogY9cMmO6jq2wHzGNgkuYFXqhAcX4hI2hG1ufeWD6UfrzjO6FhmFAFWgqJE1D+L4RMc+YqefGkx7Da/O7S8L/um6Io6N+JHwVIvg8OYRCQnrIcC1iGECHQgMiSz4HKnzKmWaIoAVlnMdhGNMpxDycLwy1WNVKZmrOJ4/WYdmxy855pVQ/ycjkyQ7ZJfvEIVVSJ2ekQZqEE0XuyD15sG6tR+vJev4YzVnZzjb5IevlHdLSlSw=</latexit><latexit sha1_base64="wfdSNLx3gScUlQyJIgza4g5RpFs=">AAAB/nicbZBLS8NAFIUn9VXrq+rSzWAR3FgSKdQuhKIblxXtA9paJtPbOnSSDDM3QgkFf4VbXbkTt/4VF/4Xkxh8n9XhnHu5l89VUhi07VcrNze/sLiUXy6srK6tbxQ3t1omCDWHJg9koDsuMyCFD00UKKGjNDDPldB2J6dJ374BbUTgX+JUQd9jY1+MBGcYR70LpMfUsa+ig8PZoFiyy3Yq+tc4mSmRTI1B8a03DHjogY9cMmO6jq2wHzGNgkuYFXqhAcX4hI2hG1ufeWD6UfrzjO6FhmFAFWgqJE1D+L4RMc+YqefGkx7Da/O7S8L/um6Io6N+JHwVIvg8OYRCQnrIcC1iGECHQgMiSz4HKnzKmWaIoAVlnMdhGNMpxDycLwy1WNVKZmrOJ4/WYdmxy855pVQ/ycjkyQ7ZJfvEIVVSJ2ekQZqEE0XuyD15sG6tR+vJev4YzVnZzjb5IevlHdLSlSw=</latexit> St = 10�1
<latexit sha1_base64="+nnSIjhO/uld02ENUEDC1+H/2es=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Ijb9IrV9yqm4POE29KKmSKeq/81e1HPA5BIZfM2o7navQTZlBwCZNSN7agGR+xIXRSqlgI1k/yzBN6EFuGEdVgqJA0F+H3RsJCa8dhkE6GDO/trJeJ/3mdGAdnfiKUjhEUzw6hkJAfstyItAygfWEAkWXJgQpFOTMMEYygjPNUjNN2Smkf3uz386R5XPXcqnd9UqldTJspkj2yTw6JR05JjVyROmkQTjR5Is/kxXl0Xp035/1ntOBMd3bJHzgf36vQlNA=</latexit><latexit sha1_base64="+nnSIjhO/uld02ENUEDC1+H/2es=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Ijb9IrV9yqm4POE29KKmSKeq/81e1HPA5BIZfM2o7navQTZlBwCZNSN7agGR+xIXRSqlgI1k/yzBN6EFuGEdVgqJA0F+H3RsJCa8dhkE6GDO/trJeJ/3mdGAdnfiKUjhEUzw6hkJAfstyItAygfWEAkWXJgQpFOTMMEYygjPNUjNN2Smkf3uz386R5XPXcqnd9UqldTJspkj2yTw6JR05JjVyROmkQTjR5Is/kxXl0Xp035/1ntOBMd3bJHzgf36vQlNA=</latexit><latexit sha1_base64="+nnSIjhO/uld02ENUEDC1+H/2es=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Ijb9IrV9yqm4POE29KKmSKeq/81e1HPA5BIZfM2o7navQTZlBwCZNSN7agGR+xIXRSqlgI1k/yzBN6EFuGEdVgqJA0F+H3RsJCa8dhkE6GDO/trJeJ/3mdGAdnfiKUjhEUzw6hkJAfstyItAygfWEAkWXJgQpFOTMMEYygjPNUjNN2Smkf3uz386R5XPXcqnd9UqldTJspkj2yTw6JR05JjVyROmkQTjR5Is/kxXl0Xp035/1ntOBMd3bJHzgf36vQlNA=</latexit><latexit sha1_base64="+nnSIjhO/uld02ENUEDC1+H/2es=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Ijb9IrV9yqm4POE29KKmSKeq/81e1HPA5BIZfM2o7navQTZlBwCZNSN7agGR+xIXRSqlgI1k/yzBN6EFuGEdVgqJA0F+H3RsJCa8dhkE6GDO/trJeJ/3mdGAdnfiKUjhEUzw6hkJAfstyItAygfWEAkWXJgQpFOTMMEYygjPNUjNN2Smkf3uz386R5XPXcqnd9UqldTJspkj2yTw6JR05JjVyROmkQTjR5Is/kxXl0Xp035/1ntOBMd3bJHzgf36vQlNA=</latexit><latexit sha1_base64="6onoPm7cvfF+xTOWmS/QjrSdRhA=">AAAB/nicbZA7SwNBFIVn4yvGV9TSZjAINoYdCcQUQtDGMqJ5QBLD7OQmDpl9MHNXCEvAX2GrlZ3Y+lcs/C/urovvUx3OuZd7+ZxASYO2/Wrl5uYXFpfyy4WV1bX1jeLmVsv4oRbQFL7ydcfhBpT0oIkSFXQCDdx1FLSdyWnSt29AG+l7lzgNoO/ysSdHUnCMo94F0mPK7KvogM0GxZJdtlPRv4ZlpkQyNQbFt97QF6ELHgrFjekyO8B+xDVKoWBW6IUGAi4mfAzd2HrcBdOP0p9ndC80HH0agKZS0TSE7xsRd42Zuk486XK8Nr+7JPyv64Y4OupH0gtCBE8kh1AqSA8ZoWUMA+hQakDkyedApUcF1xwRtKRciDgMYzqFmAf7wlCLVa1kpsY+ebQOy8wus/NKqX6SkcmTHbJL9gkjVVInZ6RBmkSQgNyRe/Jg3VqP1pP1/DGas7KdbfJD1ss70UKVKw==</latexit><latexit sha1_base64="6onoPm7cvfF+xTOWmS/QjrSdRhA=">AAAB/nicbZA7SwNBFIVn4yvGV9TSZjAINoYdCcQUQtDGMqJ5QBLD7OQmDpl9MHNXCEvAX2GrlZ3Y+lcs/C/urovvUx3OuZd7+ZxASYO2/Wrl5uYXFpfyy4WV1bX1jeLmVsv4oRbQFL7ydcfhBpT0oIkSFXQCDdx1FLSdyWnSt29AG+l7lzgNoO/ysSdHUnCMo94F0mPK7KvogM0GxZJdtlPRv4ZlpkQyNQbFt97QF6ELHgrFjekyO8B+xDVKoWBW6IUGAi4mfAzd2HrcBdOP0p9ndC80HH0agKZS0TSE7xsRd42Zuk486XK8Nr+7JPyv64Y4OupH0gtCBE8kh1AqSA8ZoWUMA+hQakDkyedApUcF1xwRtKRciDgMYzqFmAf7wlCLVa1kpsY+ebQOy8wus/NKqX6SkcmTHbJL9gkjVVInZ6RBmkSQgNyRe/Jg3VqP1pP1/DGas7KdbfJD1ss70UKVKw==</latexit>

St = 1
<latexit sha1_base64="9/Q8uhYJHKifsQmfUA9kQhVO+Lc=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpgoYyCPKQEitaXzbhyPmhuzVSsPIPtFDRIVr+hoJ/wTYuIGGq0cyudna8SElDtv1pLSwuLa+sltbK6xubW9uVnd2WCWMtsClCFeqOBwaVDLBJkhR2Io3gewrb3vgy89sPqI0Mg1uaROj6MArkUAqgVGrdED/nTr9StWt2Dj5PnIJUWYFGv/LVG4Qi9jEgocCYrmNH5CagSQqF03IvNhiBGMMIuykNwEfjJnnaKT+MDVDII9RcKp6L+HsjAd+Yie+lkz7QnZn1MvE/rxvT8MxNZBDFhIHIDpFUmB8yQsu0BuQDqZEIsuTIZcAFaCBCLTkIkYpx2ks57cOZ/X6etI5rjl1zrk+q9YuimRLbZwfsiDnslNXZFWuwJhPsnj2xZ/ZiPVqv1pv1/jO6YBU7e+wPrI9vziKSsA==</latexit><latexit sha1_base64="9/Q8uhYJHKifsQmfUA9kQhVO+Lc=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpgoYyCPKQEitaXzbhyPmhuzVSsPIPtFDRIVr+hoJ/wTYuIGGq0cyudna8SElDtv1pLSwuLa+sltbK6xubW9uVnd2WCWMtsClCFeqOBwaVDLBJkhR2Io3gewrb3vgy89sPqI0Mg1uaROj6MArkUAqgVGrdED/nTr9StWt2Dj5PnIJUWYFGv/LVG4Qi9jEgocCYrmNH5CagSQqF03IvNhiBGMMIuykNwEfjJnnaKT+MDVDII9RcKp6L+HsjAd+Yie+lkz7QnZn1MvE/rxvT8MxNZBDFhIHIDpFUmB8yQsu0BuQDqZEIsuTIZcAFaCBCLTkIkYpx2ks57cOZ/X6etI5rjl1zrk+q9YuimRLbZwfsiDnslNXZFWuwJhPsnj2xZ/ZiPVqv1pv1/jO6YBU7e+wPrI9vziKSsA==</latexit><latexit sha1_base64="9/Q8uhYJHKifsQmfUA9kQhVO+Lc=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpgoYyCPKQEitaXzbhyPmhuzVSsPIPtFDRIVr+hoJ/wTYuIGGq0cyudna8SElDtv1pLSwuLa+sltbK6xubW9uVnd2WCWMtsClCFeqOBwaVDLBJkhR2Io3gewrb3vgy89sPqI0Mg1uaROj6MArkUAqgVGrdED/nTr9StWt2Dj5PnIJUWYFGv/LVG4Qi9jEgocCYrmNH5CagSQqF03IvNhiBGMMIuykNwEfjJnnaKT+MDVDII9RcKp6L+HsjAd+Yie+lkz7QnZn1MvE/rxvT8MxNZBDFhIHIDpFUmB8yQsu0BuQDqZEIsuTIZcAFaCBCLTkIkYpx2ks57cOZ/X6etI5rjl1zrk+q9YuimRLbZwfsiDnslNXZFWuwJhPsnj2xZ/ZiPVqv1pv1/jO6YBU7e+wPrI9vziKSsA==</latexit><latexit sha1_base64="9/Q8uhYJHKifsQmfUA9kQhVO+Lc=">AAAB+HicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCggYpgoYyCPKQEitaXzbhyPmhuzVSsPIPtFDRIVr+hoJ/wTYuIGGq0cyudna8SElDtv1pLSwuLa+sltbK6xubW9uVnd2WCWMtsClCFeqOBwaVDLBJkhR2Io3gewrb3vgy89sPqI0Mg1uaROj6MArkUAqgVGrdED/nTr9StWt2Dj5PnIJUWYFGv/LVG4Qi9jEgocCYrmNH5CagSQqF03IvNhiBGMMIuykNwEfjJnnaKT+MDVDII9RcKp6L+HsjAd+Yie+lkz7QnZn1MvE/rxvT8MxNZBDFhIHIDpFUmB8yQsu0BuQDqZEIsuTIZcAFaCBCLTkIkYpx2ks57cOZ/X6etI5rjl1zrk+q9YuimRLbZwfsiDnslNXZFWuwJhPsnj2xZ/ZiPVqv1pv1/jO6YBU7e+wPrI9vziKSsA==</latexit><latexit sha1_base64="suF3GDeGXCodFJC7c9+CtsEsHEo=">AAAB+HicbZA7SwNBFIVn4yvGV9TSZjAIVmFXhJhCCNpYRjQPSJYwO7mJY2YfzNwV4pL/YKuVndj6byz8L86ui+9THc65l3v5vEgKjbb9ahXm5hcWl4rLpZXVtfWN8uZWW4ex4tDioQxV12MapAighQIldCMFzPckdLzJadp3bkBpEQaXOI3A9dk4ECPBGZqofYH0mDqDcsWu2pnoX+PkpkJyNQflt/4w5LEPAXLJtO45doRuwhQKLmFW6scaIsYnbAw9YwPmg3aT7NsZ3Ys1w5BGoKiQNAvh+0bCfK2nvmcmfYZX+neXhv91vRhHR24igihGCHh6CIWE7JDmShgMQIdCASJLPwcqAsqZYoigBGWcmzA2XEqGh/OFoW5UO8xN3fnk0T6oOnbVOT+sNE5yMkWyQ3bJPnFIjTTIGWmSFuHkmtyRe/Jg3VqP1pP1/DFasPKdbfJD1ss785STCw==</latexit><latexit sha1_base64="suF3GDeGXCodFJC7c9+CtsEsHEo=">AAAB+HicbZA7SwNBFIVn4yvGV9TSZjAIVmFXhJhCCNpYRjQPSJYwO7mJY2YfzNwV4pL/YKuVndj6byz8L86ui+9THc65l3v5vEgKjbb9ahXm5hcWl4rLpZXVtfWN8uZWW4ex4tDioQxV12MapAighQIldCMFzPckdLzJadp3bkBpEQaXOI3A9dk4ECPBGZqofYH0mDqDcsWu2pnoX+PkpkJyNQflt/4w5LEPAXLJtO45doRuwhQKLmFW6scaIsYnbAw9YwPmg3aT7NsZ3Ys1w5BGoKiQNAvh+0bCfK2nvmcmfYZX+neXhv91vRhHR24igihGCHh6CIWE7JDmShgMQIdCASJLPwcqAsqZYoigBGWcmzA2XEqGh/OFoW5UO8xN3fnk0T6oOnbVOT+sNE5yMkWyQ3bJPnFIjTTIGWmSFuHkmtyRe/Jg3VqP1pP1/DFasPKdbfJD1ss785STCw==</latexit>

St ⇡ 102
<latexit sha1_base64="AUqfwJNyitinIaspQ+kxwnB17es=">AAACA3icbVA9TwJBEN3zE/ED1NJmIzGxInfEREuijSVG+UjgJHPLgBv27ja7c0ZCKP0VtlrZGVt/iIX/xQOvUPBVL+/NZN68QCtpyXU/naXlldW19dxGfnNre6dQ3N1r2DgxAusiVrFpBWBRyQjrJElhSxuEMFDYDIYXU795j8bKOLqhkUY/hEEk+1IApVK3WLgm3gGtTfzAPfe20i2W3LI7A18kXkZKLEOtW/zq9GKRhBiRUGBt23M1+WMwJIXCSb6TWNQghjDAdkojCNH641nwCT9KLFDMNRouFZ+J+HtjDKG1ozBIJ0OgOzvvTcX/vHZC/TN/LCOdEEZieoikwtkhK4xMG0HekwaJYJocuYy4AANEaCQHIVIxSSvKp314898vkkal7Lll7+qkVD3PmsmxA3bIjpnHTlmVXbIaqzPBEvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AR7YlrQ=</latexit><latexit sha1_base64="AUqfwJNyitinIaspQ+kxwnB17es=">AAACA3icbVA9TwJBEN3zE/ED1NJmIzGxInfEREuijSVG+UjgJHPLgBv27ja7c0ZCKP0VtlrZGVt/iIX/xQOvUPBVL+/NZN68QCtpyXU/naXlldW19dxGfnNre6dQ3N1r2DgxAusiVrFpBWBRyQjrJElhSxuEMFDYDIYXU795j8bKOLqhkUY/hEEk+1IApVK3WLgm3gGtTfzAPfe20i2W3LI7A18kXkZKLEOtW/zq9GKRhBiRUGBt23M1+WMwJIXCSb6TWNQghjDAdkojCNH641nwCT9KLFDMNRouFZ+J+HtjDKG1ozBIJ0OgOzvvTcX/vHZC/TN/LCOdEEZieoikwtkhK4xMG0HekwaJYJocuYy4AANEaCQHIVIxSSvKp314898vkkal7Lll7+qkVD3PmsmxA3bIjpnHTlmVXbIaqzPBEvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AR7YlrQ=</latexit><latexit sha1_base64="AUqfwJNyitinIaspQ+kxwnB17es=">AAACA3icbVA9TwJBEN3zE/ED1NJmIzGxInfEREuijSVG+UjgJHPLgBv27ja7c0ZCKP0VtlrZGVt/iIX/xQOvUPBVL+/NZN68QCtpyXU/naXlldW19dxGfnNre6dQ3N1r2DgxAusiVrFpBWBRyQjrJElhSxuEMFDYDIYXU795j8bKOLqhkUY/hEEk+1IApVK3WLgm3gGtTfzAPfe20i2W3LI7A18kXkZKLEOtW/zq9GKRhBiRUGBt23M1+WMwJIXCSb6TWNQghjDAdkojCNH641nwCT9KLFDMNRouFZ+J+HtjDKG1ozBIJ0OgOzvvTcX/vHZC/TN/LCOdEEZieoikwtkhK4xMG0HekwaJYJocuYy4AANEaCQHIVIxSSvKp314898vkkal7Lll7+qkVD3PmsmxA3bIjpnHTlmVXbIaqzPBEvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AR7YlrQ=</latexit><latexit sha1_base64="AUqfwJNyitinIaspQ+kxwnB17es=">AAACA3icbVA9TwJBEN3zE/ED1NJmIzGxInfEREuijSVG+UjgJHPLgBv27ja7c0ZCKP0VtlrZGVt/iIX/xQOvUPBVL+/NZN68QCtpyXU/naXlldW19dxGfnNre6dQ3N1r2DgxAusiVrFpBWBRyQjrJElhSxuEMFDYDIYXU795j8bKOLqhkUY/hEEk+1IApVK3WLgm3gGtTfzAPfe20i2W3LI7A18kXkZKLEOtW/zq9GKRhBiRUGBt23M1+WMwJIXCSb6TWNQghjDAdkojCNH641nwCT9KLFDMNRouFZ+J+HtjDKG1ozBIJ0OgOzvvTcX/vHZC/TN/LCOdEEZieoikwtkhK4xMG0HekwaJYJocuYy4AANEaCQHIVIxSSvKp314898vkkal7Lll7+qkVD3PmsmxA3bIjpnHTlmVXbIaqzPBEvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AR7YlrQ=</latexit><latexit sha1_base64="ATzVDaO2NPx7YVuWyNJrfyG5Bqo=">AAACA3icbZC7TsNAEEXXPEN4JEBJsyJCoorsKFJIh6ChDIIEpMRE42UIq6zt1e4YgayUfAUtVHSIlg+h4F9wgsX7Vlf3zmhGJ9BKWnLdV2dqemZ2br6wUFxcWl4plVfXOjZOjMC2iFVsTgOwqGSEbZKk8FQbhDBQeBIM98f9yRUaK+PomG40+iEMInkhBVAW9culI+I90NrE19xzz2r9csWtuhPxv8bLTYXlavXLb73zWCQhRiQUWNv1XE1+CoakUDgq9hKLGsQQBtjNbAQhWj+dPD7iW4kFirlGw6XikxC/b6QQWnsTBtlkCHRpf3fj8L+um9DFjp/KSCeEkRgfIqlwcsgKIzMiyM+lQSIYf45cRlyAASI0koMQWZhkiIoZD+8LQzNTo56bpvfJo1Orem7VO6xXdvdyMgW2wTbZNvNYg+2yA9ZibSZYwu7YPXtwbp1H58l5/hidcvKddfZDzss7REqXDw==</latexit><latexit sha1_base64="ATzVDaO2NPx7YVuWyNJrfyG5Bqo=">AAACA3icbZC7TsNAEEXXPEN4JEBJsyJCoorsKFJIh6ChDIIEpMRE42UIq6zt1e4YgayUfAUtVHSIlg+h4F9wgsX7Vlf3zmhGJ9BKWnLdV2dqemZ2br6wUFxcWl4plVfXOjZOjMC2iFVsTgOwqGSEbZKk8FQbhDBQeBIM98f9yRUaK+PomG40+iEMInkhBVAW9culI+I90NrE19xzz2r9csWtuhPxv8bLTYXlavXLb73zWCQhRiQUWNv1XE1+CoakUDgq9hKLGsQQBtjNbAQhWj+dPD7iW4kFirlGw6XikxC/b6QQWnsTBtlkCHRpf3fj8L+um9DFjp/KSCeEkRgfIqlwcsgKIzMiyM+lQSIYf45cRlyAASI0koMQWZhkiIoZD+8LQzNTo56bpvfJo1Orem7VO6xXdvdyMgW2wTbZNvNYg+2yA9ZibSZYwu7YPXtwbp1H58l5/hidcvKddfZDzss7REqXDw==</latexit>

H
/R=0.04

H
/R=0.06

H
/R=0.08

PROTOPLANETARY DISC MODELING: RESULTS

Low Stokes number, dust and gas COUPLED 
High Stokes number, dust and gas DECOUPLED

ALMA, cycle 6, 230 GHz, band 6

13Veronesi et al in prep.



MOCK IMAGES RESULTS
SPHERE St = 10�2

<latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="U1DS9fJwAlET3tbbQHS78Y5BLWg=">AAAB/nicbVC7SgNBFJ2NrxhfUUubwSDYGHZF0EYI2lhGNA9I1jA7uYlDZmeHmbtCWAJ+ha1WdmLrr1j4L+6uKTTxVIdz7uWeewIthUXX/XQKC4tLyyvF1dLa+sbmVnl7p2mj2HBo8EhGph0wC1IoaKBACW1tgIWBhFYwusz81gMYKyJ1i2MNfsiGSgwEZ5hK3Ruk59Rz75Kj40mvXHGrbg46T7wpqZAp6r3yV7cf8TgEhVwyazueq9FPmEHBJUxK3diCZnzEhtBJqWIhWD/JM0/oQWwZRlSDoULSXITfGwkLrR2HQToZMry3s14m/ud1Yhyc+YlQOkZQPDuEQkJ+yHIj0jKA9oUBRJYlByoU5cwwRDCCMs5TMU7bKaV9eLPfz5PmcdVzq971SaV2MW2mSPbIPjkkHjklNXJF6qRBONHkiTyTF+fReXXenPef0YIz3dklf+B8fAOtYJTR</latexit><latexit sha1_base64="wfdSNLx3gScUlQyJIgza4g5RpFs=">AAAB/nicbZBLS8NAFIUn9VXrq+rSzWAR3FgSKdQuhKIblxXtA9paJtPbOnSSDDM3QgkFf4VbXbkTt/4VF/4Xkxh8n9XhnHu5l89VUhi07VcrNze/sLiUXy6srK6tbxQ3t1omCDWHJg9koDsuMyCFD00UKKGjNDDPldB2J6dJ374BbUTgX+JUQd9jY1+MBGcYR70LpMfUsa+ig8PZoFiyy3Yq+tc4mSmRTI1B8a03DHjogY9cMmO6jq2wHzGNgkuYFXqhAcX4hI2hG1ufeWD6UfrzjO6FhmFAFWgqJE1D+L4RMc+YqefGkx7Da/O7S8L/um6Io6N+JHwVIvg8OYRCQnrIcC1iGECHQgMiSz4HKnzKmWaIoAVlnMdhGNMpxDycLwy1WNVKZmrOJ4/WYdmxy855pVQ/ycjkyQ7ZJfvEIVVSJ2ekQZqEE0XuyD15sG6tR+vJev4YzVnZzjb5IevlHdLSlSw=</latexit><latexit sha1_base64="wfdSNLx3gScUlQyJIgza4g5RpFs=">AAAB/nicbZBLS8NAFIUn9VXrq+rSzWAR3FgSKdQuhKIblxXtA9paJtPbOnSSDDM3QgkFf4VbXbkTt/4VF/4Xkxh8n9XhnHu5l89VUhi07VcrNze/sLiUXy6srK6tbxQ3t1omCDWHJg9koDsuMyCFD00UKKGjNDDPldB2J6dJ374BbUTgX+JUQd9jY1+MBGcYR70LpMfUsa+ig8PZoFiyy3Yq+tc4mSmRTI1B8a03DHjogY9cMmO6jq2wHzGNgkuYFXqhAcX4hI2hG1ufeWD6UfrzjO6FhmFAFWgqJE1D+L4RMc+YqefGkx7Da/O7S8L/um6Io6N+JHwVIvg8OYRCQnrIcC1iGECHQgMiSz4HKnzKmWaIoAVlnMdhGNMpxDycLwy1WNVKZmrOJ4/WYdmxy855pVQ/ycjkyQ7ZJfvEIVVSJ2ekQZqEE0XuyD15sG6tR+vJev4YzVnZzjb5IevlHdLSlSw=</latexit> St = 10�1
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PROTOPLANETARY DISC MODELING: RESULTS

Low Stokes number, dust and gas COUPLED 
High Stokes number, dust and gas DECOUPLED

ALMA, cycle 6, 230 GHz, band 6

Veronesi et al in prep. 13



DUST BUSTERS

CONCLUSIONS & OUTLOOKS

TAKE HOME MESSAGES
▸ 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 sub-structures in the 
ALMA/SPHERE image can give us an hint on the gas disc mass       
(see Stokes parameter definition).
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DUST

BUSTERS

CONCLUSIONS & OUTLOOKS

IN PROGRESS + TO DO

15

▸ Veronesi et al: paper in preparation! 

▸ Work in progress: 

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

to 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”



QUESTIONS?
THANKS FOR THE ATTENTION!



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

ONE-FLUID VS TWO-FLUID

ρg = (1 − ϵ)ρ
ρd = ϵρ

‣ Gas & Dust fluid equations in the barycentric 
reference frame of the mixture  
(Laibe & Price, 2014a)

v =
ρgvg + ρdvd

ρg + ρd

Mixture of gas particles + fraction of gas 
particle taking into account the dust 
properties                   + evolution equation 
for the dust fraction

ϵ ≡ ρd/ρ

ρ = ρd + ρg

Two SEPARATED fluids,  
gas + dust, coupled by a 
DRAG term

Terminal velocity approximation:
stopping time << typical 
hydrodynamic timescale = time 
required for a sound wave to 
propagate over a characteristic 
distance (Youdin & Goodman 2005) 

ts < h /cs

                          reach a terminal velocity  
due to the balancing of the drag and pressure 
forces. 

Δv = vd − vg

ρg
ρd

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

‣ No need of prohibitive temporal and spatial resolution 
requirements at high drag; 

‣ No artificial trapping of dust under the resolution 
length of the gas; 

‣ Multiple dust species coupled to the same gas phase 
are taken into account (Hutchison et al 2018).
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EXCURSUS: BALLABIO, DIPIERRO, VERONESI ET AL

DO YOU HAVE A PROBLEM OF DUST? 

Dust mass non conservation:  
1) Strong dust diffusion: steep gradients in the pressure, particles with large stopping time: 
     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, q 

2) No constraint on the positivity of the dust  fraction 
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One-fluid method: 
Price et al 2017 
Laibe & Price, 2014a
Price & Laibe, 2015a  
Youdin & Goodman, 2005  
(terminal velocity  
approximation)
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EXCURSUS: BALLABIO, DIPIERRO, VERONESI ET AL

DO YOU HAVE A PROBLEM OF DUST? 

DUSTBUSTERS IN ACTION!

DUST BUSTERS

PROBLEM SOLVED!  
1) Limiting the rapid dust diffusion for problematic particles by means of a time stopping limiter: 
                                                               Limiting the Stokes number, OK where dust mass is negligible 
    Solution localized strictly to particles that violate the terminal velocity approximation:  
2) Enforcing constraint on                     (no unphysical values): 0 < ϵ < 1

t̃s = min (ts, h /cs)

ϵ =
s2

1 + s2 s =
ρd

ρg

ts < h /cs



ALMA CYCLE 6: CASA - ALMA SIMULATOR
Veronesi et al in prep.PROTOPLANETARY DISC MODELING: RESULTS

Spatial frequency coverage 
with observation duration 
of 300 min 
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Point Spread Function

Antennas configuration

12-m Array (compact configuration)

7-m Array

 4 single-dish 12-m antennas




