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Dust-gas interactions and growth of planetesimals
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Outline



• Context: protoplanetary disks • Dust dynamics • Planetesimal formation and growth



Context: protoplanetary disks



Star and planet formation



© Bill Saxton, NRAO/AUI/NSF



Protoplanetary disks



Dullemond & Monnier (2010)



Planet formation • Core accretion paradigm • Small dust grains ➞ solid cores ➞ planets • Bottleneck: pebbles ➞ planetesimals • The barriers of planet formation drift • Radial Weidenschilling (1977), Nakagawa et al. (1986), Birnstiel et al. (2010), Laibe et al. (2012,2014) • Fragmentation Dullemond & Dominik (2005), Blum & Wurm (2008) • Bouncing Zsom et al. (2010),Windmark et al. (2012)



Dust dynamics



Dust settling and drift



• •



Gas-dust interaction Sub-Keplerian gas, Keplerian dust Δv ⇒ drag ⇒ inwards drift and settling to the midplane



• •



Dust dynamics controlled by the Stokes number St ⌦ k ⇢d s St = ⇢g c s



• • •



Stmid =



p



2⇡⇢d s ⌃g



St≪1, small sizes (1-10 µm): dust coupled to gas St~1, median sizes (100 µm-10 cm): strong influence of gas drag St≫1, large sizes (1-10 m): dust insensitive to gas



Dust drift



•



Midplane dust radial velocity: vr,mid



rc2s d ln P St = vk dr 1 + St



➡ grains drift towards the pressure maximum log P



log r



Dusty disk simulations



•



• •



SPH code 3D two-fluid: gas+dust gas-dust coupling: aerodynamic drag backreaction of dust on gas constant grain size or grain growth/fragmentation



• • • • •



Simulations ‘‘CTTS’’ disk: M★ = 1 M☉, Mdisk = 0.01 M☉, Rdisk = 400 AU composition: 99% gas, 1% dust by mass one grain size at a time: 1 µm to 10 m



• • •



Initial state



• • •



⌃g / r T /r



p



q



p = 3/2, q = 3/4 Barrière-Fouchet et al. (2005)



Dusty disk simulations



Barrière-Fouchet et al. (2005)



The radial-drift barrier



• • •



Minimum Mass Solar Nebula



•



s = 1 m at r = 1 AU ⇒ ! ~ 100 yr



Weidenschilling (1977)



CTTS disk



• •



s = 1 mm at r = 50 AU ⇒ ! ~ 10,000 yr depends on local disk conditions



Not a problem in some disks



• •



steep gas density profile shallow temperature profile



Laibe et al. (2012)



Growing grains



•



•



Model for grain growth Stepinski & Valageas (1997) compact icy particles perfect sticking



• • •



ds / ✏ Vrel dt



⇢d ✏= ⇢g



Vrel



p



St / cs 1 + St



Initial disk model



• • •



⌃g / r T /r



p



q



p = 3/2, q = 3/4



Stmid / s rp sSt=1 / r p



cs / r



q/2



Growing grains



St = 1



Laibe et al. (2008)



The fragmentation and bouncing barriers • Grain evolution : fragmentation threshold Vfrag • Growth when Vrel < Vfrag



• Fragmentation when Vrel > Vfrag



• Bouncing when Vrel Vfrag • Bouncing when Vrel Vfrag ↓ fragmentation



1/2



Outer disk ↓ Vrel < Vfrag ↓ growth



Growing and fragmenting grains



Coupled grains



Résultats similaires à Brauer et al. (2008), Birnstiel et al. (2010), …



Decoupled grains



Vfrag = 15 m.s-1



Gonzalez et al. (2016)



Outward transport?



Liﬀman et al. (2016)



Outward transport?



Pignatale, Gonzalez et al. (in prep.)



Planetesimal formation and growth



Particle traps • Pressure maxima in the disk • Vortices Barge & Sommeria (1995), Regály et al. (2012), Méheut et al. (2013) • Snow line, dead zone inner edgeKretke & Lin (2007), Dzyurkevich et al. (2010) • Planet gap edges de Val-Borro et al. (2007), Fouchet et al. (2007,2010), Gonzalez et al. (2012), Zhu (2012,2014) • ‘‘Bumpy’’ gas surface density



Pinilla et al. (2012), Bethune et al. (2016)



➡ Dust concentrations •"↗ • Vrel ↘



Planet gaps



log P inner edge outer edge gap



log r



Disk with planet, Vfrag = 15



-1 m.s



Grain size



Dust phase



Gonzalez et al. (2015)



Planet gaps?



HL Tau



TW Hya



ALMA



Vortex…



van der Marel et al. (2013)



…or circumbinary disk?



Simulations



ALMA synthetic images



Ragusa et al. (2016)



The importance of backreaction



Streaming instability



Johansen et al. (2007)



Self-induced dust traps Decoupled grains



With backreac6on



Coupled grains



Vfrag = 15 m.s-1



Without backreac6on



Gonzalez et al. (2016)



Conclusion • Core accretion paradigm • Small dust grains ➞ solid cores ➞ planets • Bottleneck: pebbles ➞ planetesimals • Planetesimal formation via • Dust traps (triggered or self-induced) • Streaming instability
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