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PLANET FORMATION 2

Planets form in less than a few million years

Taurus molecular cloud (ESA/Hubble) HL Tau (ALMA, 2014) PDS 70 (Isella et al., 2019)

ALMA Disque protoplanétaire

MUSE/VLT

dust growth |

Size

Dust growth is an efficient process !



3D SIMULATIONS WITH DUST COAGULATION/FRAGMENTATION 3
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K: collision kernel Non-linear integro-difterential equation !!!

| In astrophysics: K(m,, m,) = o(m,, m,)Av(m,, m,) — need numerical solutions

Requirements

O 3 orders of magnitude in size (lum - Imm ) < 9 orders in mass

O mass range discretization — 20 mass bins (low numerical cost)
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Dlscontmuous Galerkm scheme

conservative form (Tanaka et al., 1996) COAgulation with
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constant polynomials

—high accuracy

—few number of mass bins

Before Now



mass density distribution

BENCHMARK COALA 6

Lombart & Laibe (2021), Laibe & Lombart (2022)

additive kernel: K{(my, m>) =my; + m,
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Lombart et al., 2025a (in prep)
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Lombart et al., 2025a (in prep)
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DUST FRAGMENTATION MODEL 10

Destructlve fragmentatron Mass transfer Mass transfer + cratering

o0
K(m, m,)b(m, m;, m,)n(m,, t)n(m,, t)dm,dm, — n(m, t) [ K(m, my)n(my, t)ydm,
O 0 mass distribution of fragments 0

S =
" Safronov, 1972; Jones et al., 1996; Suttner et al., 2001; Blum, 2006; Hirashita et al., 2009; Rafikov et al., 2020

Conservative form (Lombart et al. 2024): Bukhari Syed et al. 2017
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DUST MODEL IMPROVEMENT

Growth and fragmentation of multi-component dust aggregates




*' Need 2D Smoluwskl

| coagulation equation ,i
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Laurenzi+2002; Vale+2005; Alexopoulos+2009 of s-s collision of s-i collision




DUST AGGREGATIO 14

—porous size (V)
— compact size (V')

l

'Need 2D Smoluchowski

Dust aggregate is defined by its
vV

V>I<

mass 71 and porosity y =

Ormel et al., 2007
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Blum, 2006; Ormel et al., 2007; Okuzumi et al., 2009; Hirashita et al., 2021




Multi-component dust:
— how to model the composition of fragments ?

Dust aggregates:

— how to model the mass and porosity of the fragments ?
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.Il Blum, 2006; Ormel et al., 2007; Okuzumi et al., 2009; Hirashita et al., 2021; Hasegawa et al., 2022
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Realistic synthetic
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e The coagulation and fragmentation processes are modeled by Smoluchowski-like
equations.

e 3D simulations with polydisperse dust coagulation/fragmentation
® 9 orders of magnitude in mass (lum - Imm)

e Few number of bins ~ 20 9
e Good accuracy

e Coagulation/fragmentation of dust aggregates can be modeled by 2D extension
(mass and porosity).

e Coagulation/fragmentation of multicomponent dust can be modeled by 2D
extension.

@ Realistic synthetic observations by combining simulations, radiative transfer with
realistic dust optical properties



