Dust dynamics In disks
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Protoplanetary disk structure

Equilibrium structure of gas orbiting a star

- steady-state solution to
- hydrodynamic equations (continuity, Navier-Stokes)
- gravity equation (Poisson)

= non trivial, stability not guaranteed

Protoplanetary disks: simplifications
- Muisk « My = neglect disk gravitational potential

- valid for most observed disks (Mgisk ~ 0.01 Mo)
- marginal for some (Magisk ~ 0.1 Mo)

-+ geometrically thin: H « r, cylindrical symmetry

- vertical and radial structures decoupled



Vertical hydrostatic equilibrium

- Euler equation for stationary (and inviscid) disk
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Power-law disks
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Azimuthal motion

- Axisymmetric stationary flow with star’s gravity only

- Radial component of Euler equation
2

. Y9 _
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+ sub-Keplerian parameter: n = = | — > 0
2\ r Olnr
| 1 3\ /H\"
- Power-law disk: n == | p+ ! + — — | K1
2 2 2 r

H
eXt— =c¢st=0.05(=qg=1), p=1
.

- =1 =23.75x 107" = vy ~ 0.996vk
- Gas only: approximation vy = vk OK

AGasmlust: deviation crucial for evolution of solids



Protoplanetary disk evolution

Disks are not static, they evolve slowly
- theoretical explanation not easy

- Specific angular momentum in geometrically thin disk
+ § = rvg = /GM,r: increasing function of r

= accreting gas needs to lose angular momentum

+  Angular momentum transport
- central problem in all accretion disks

- redistribution within disk (due to "viscosity")?
+loss from system (magnetic wind)?
- difficult because subtle effect

PPD lifetime: several Myr ~104 dynamical times at rout

= almost, but not quite, stable



Surface density evolution

f static potential, local J conservation = X constant
- Accretion and disk evolution: redistribution of J

+ gas loses J and spirals towards the star
- elsewhere, gas gains J and move outwards

Evolution of 2(r,1)
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- azimuthal component of momentum equation
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Viscous time scale

-+ Change of variable

- X = 2rl/?
3
. . | o0f 82]‘
diff tion: — = D
= diffusion equation 5 e
. . o 121
- diffusion coefficient D = ~2

- characteristic diffusion timescale: X°/D

7“2

= VISCOUS timescale 7, ~ —
%4

- can be estimated observationally
* e.Q. decay rate of accretion
= estimate of effective viscosity
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Time-dependent solution

-y = cst, solution: Green’s function
- t=0:ring of mass m at ro
™
Y(r.t=0) = d(r —
(Ta ) 27'('7“() (7“ TO)
- zero-torque BC atr =0

2
Trg T T

- x=r1/rg, T=12vr; %t
* 1,4 :modified Bessel function of the first kind
* ring spreading
- mass flows towards r = 0

- angular momentum carried towards r = +e by
negligible fraction of mass

Lynden-Bell & Pringle 1974



Time-dependent solution

Solution for v = ¢cst
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Time-dependent solution

vocr!

t = O: stationary solution = r1 w/ exponential cutoff

- T =r/r, v1 =v(r1), C:normalization cst
| o (' . 5/2=v  2-~ 7
= solution: (7, t) = t~ 2 e "

LA T
1 T 3(2—9)2 1

allows to compute Mg;sx and M
disk mass decreases

characteristic scale increases

Lynden-Bell & Pringle 1974



Time-dependent solution

Self-similar solution for y = 1
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Angular momentum transport

Physical origin

+ molecular viscosity: vy, = Acg
1

"0 mol

+  Cross-section for molecular collisions: om01
2

- mean free path: A =

Ho gas: omol =~ 2 X 1071 m
+ r=10AU, ¢, =0.5kms ', n =108 m™3
= Uy = 2500m°s™ " = 7, =717/ vy, ~ 3 x 107 yr 1!
= molecular viscosity NOT the source of J transport
Reynolds number for U = ¢, L = H = 0.05r, r = 10 AU
Re = UL /vy ~ 10
= If iInstabllities present, disk can be highly turbulent
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Shakura-Sunyaev a prescription

- Turbulent disk
macroscopic mixing = "effective” or "turbulent” viscosity

If ISOtro

- Tu

- Tu

f

f

OU

nIC tu

€

OU

€

Nt f

rbulence
ow outer scale < H: smallest scale In disk

Nt velocity < Cs:

supersonic motion = shocks and dissipation

= "turbulent" viscosity: v = acsH

a < 1: dimensionless Shakura-Sunyaev parameter

NO reason for a to be constant

often taken constant...

Shakura & Sunyaev 1973
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Magneto-Rotational Instability (MRI)

Linear stability criterion of a weakly magnetized disk flow

d
- — (%) >0 Velikhov 1959; Chandrasekhar 1961; Balbus & Hawley 1991

dr
- not satisfied In Keplerian disk

= linear instability known as MRI (or Balbus-Hawley inst.)

l|deal MHD equations

.0 -
- continuity: - -V - (pv) =0
ot
*  momentum conservation:
UI(@?-V)ﬁz—V(PI )—VCDI (B-V)B
ot p 2110 Y
magnetic magnetic tension
. pressure
o . 0B — =
+ magnetic induction: — =V x (¥ X B)

ot



Magneto-

Rotational Instability (MRI)

17

Physical origin of the MR

Balbus+Hawley1991
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Disk winds and magnetic braking

Angular momentum loss instead of redistribution

/
Y

Armitage 2010
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Layered disks

magnetic surface layer accretion :
wind torque in ambipolar damping ~ ¢9SMic
zone rays?

mid-plane laminar
Hall stress

X-rays

o ~-/
o e e A e N e

\

; 2 e T B — = %_‘—_*:_
v

FUV

thermal ionization /
ideal MHD Ohmic damping ambipolar damping

Armitage 2014
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Observed disk structures

- MMSN
rin = 0.35 AU, rout = 36 AU

r o\ —3/2 p
+ Ygiek = 17000 (AU) kem 2 = My = 0.013 M,

- ro\ —1/2 "
° C — 280 (—)
AU

+ Observed CTTS disks = median disk
. (Tin = 0.1 AU)7 Mdisk = (.01 M@

1
 Toue = 100 AU = Sgiac = 1400 ( ATU) ke m 2

~1
re =60 AU = Xgis = 40 ( : ) e~T/60 AU o =2

60 AU
, —1/2K
. T =9 ( )
00 (475

Hayashi1981

Willlams+Best2014
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Observed disk structures
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Planet formation

- Core accretion paradigm

~ Kkm >1000 km
bottleneck

- Barriers of planet formation

- Radial drift
Adachi+1976, Weidenschilling1977, Nakagawa+1986, Birnstiel+2010, Laibe+2012,2014

- Fragmentation

Dullemond+Dominik2005, Blum+Wurm2008

+ Bouncing
Zsom+2010, Windmark+2012
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Dynamics of solid bodies in disks

Evolution of "small” solids
-+ dominated by aerodynamic forces b/w gas and solids

- dust grains: sub-pm to mm Iin size
oebbles: 1—10 cm

‘OCKS : ~1m

Planetesimals: = 1 km in radius
- large enough for evolution dominated by gravitation
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Aerodynamic drag force

+ Solid spherical particle of radius s

Relative velocity with the gas Av = U3 — U,

~ 1
= drag force Fp = —5Cp 75° pg AvAT

drag Cross ram
coefficient section pressure

Form of Cpdepends on size s vs. gas mean free path A4

- $<9/4 A Epstein regime, Cp = SUth
3AV

- momentum transfer by collisions with gas molecules
- $>9/4 1. Stokes regime
2sAv  4sAv

- gas flows as a fluid with Re = —
1% Uth)\

Re < 1 . Op = 24Re™ !
1 < Re < 800: C'p = 24Re V-0
Re > 800 - Cp =0.44

Whipple1972, Weidenschilling1977



Aerodynamic drag

- Stopping time t5 = —

maqAv 8PsS

Fn 3CD pg Av

- mid-plane at 1 AU: ts~1 s for s=1 pm

ts
- Stokes number St = — = Qs

tK

- St«1: small grains, strong coupling

- St>»1:
- St~1:

- Epstein regime: Stg, = _

arge particles, weak coupling
argest effect of drag

PgUth QZg

26



Aerodynamic drag

Grain size for which St=1 in the disk mid-plane, for ps=1000 kg.m-3

10 N 1 ) 1 13 1 1 LI | 1 1 13 1 1 41 1 1 1 1 1 1 LI | 1 1 1 _
' O%/ / \IQ) 7 ! y 7 [ [ :

' o ' ' MMSN -
CTTS A

r (AU)
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Vertical settling

- Vertical equation of motion of a particle in a laminar disk
FD AUZ

ad,z — my g — L Q%{Z
no vertical gas motion: Av, = vq .,
¢ ./
= T=—=7+2+2=0
= damped harmonic oscillator, settling time Tie ~ o
- small grains: terminal velocity quicikly reached
<
* VUget = Stz teer = —
Vset K - ‘ Uget QKSt
N | 02 p. >
—pStein: vget = K 6_22/21{2

2, tset =
PgCs t V2T K Ps S
- s=1pum, ps=10°kgm >, r=1AU, z=H :

1

* Uget ™ 10_4 ms . lset ™~ 105 yr < Ldisk

28



Vertical settling
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Vertical settling with turbulence

- Turbulence stirs up dust, prevents efficient settling
- Small grains, turb. diffusion coeff. D;=turb. visC. v = acsH

. 2? L V2Tpss o= /2H"
stir — ) — Uset aZ — 22/H2
2mel/?

- stiringuptoz 2 H= a2

(2

CIn

>
- (typical 1 AU conditions, ps=103 kg.m-3)

- Dust fluid w/ e=pd/pg<1: advection-diffusion equation

0 0 0 | 0
. Ol Dy — (pd> | (QStpqz)
pe )| 0z

ot 0z _,Og&
- steady-state solution if pg=cst in dust layer

pa(2) = pa(0)e H, \/Stw

Dubrulle+1995
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Radial drift

- Small grains, St« 1

+ strong coupling, grains entrained by gas, vq,9 = Vg9 < VK
- centrifugal force insufficient to counter gravity

- grains spiral inwards at terminal radial velocity
Large particles, St>1

+weak perturbations, vq.9 >~ vk > Vg0
- headwind = torque removes angular momentum

» Inwards drift on orbit with lower angular momentum

(7 o< V)



Radial drift

- Equations of motion in disk mid-plane

dvd,fr ?}(2179
dt r
1d
- &(”’“Ud,e)

(Ud,r T

32



33

Radial drift

- Stationary solution in disk mid-plane

o 1 (H\° [/ dlogP
- approximation: small n = — (> ( o5 g> > ()

2\ r dlogr
Ug r — Uyisc
ot 1
Ud,r = 1+ St 5 Udrift | St 5 Uvisc

domlnates for St > « domlnates for St < «

Udrift — —277 UK@ Nakagawa+1986
1
0 0 V’I" 8QK Udrift ™ avvisc
o oor '8 or |

Uvisce — ) Lynden-Bell+Pringle1974
Q)
TPg Iy ("“ K)



Radial drift

Dust radial drift velocity

. St>>oz:>vd7r:1

UK

St (H\" dlog P,
- Gt? dlogr

= grains drift towarc

A

log Pgq

-
S the pressure maximum

log r

34



Radial arift

|Vd,r|/VK

Dust radial drift velocity at r=1 AU
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The radial-drift barrier

r 1+ St? ik
Ud,r B nSt 2
tdrift 1+ StZ Tset

Y

A% 1St n
+ thindisks: n < 1 = Tyarite > Tset

Drift time-scale: tgrist =

’ Tdrift —

. _— - t
Minimum dfrift time-scale for St~1: t35 = —
. U
MMSN@1 AU: ¢3¢ ~ 100 yr for s(St =1) ~ 1 m

= "meter-size" barrier

- but St depends on disk conditions

= radial-drift barrier

36

Weidenschilling 1977



The radial-dritt barrier

Minimum drift time-scale
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Radial drift and vertical settling

Maisk = 0.01 My, 7ot = 400 AU, ¢ = 1%, ps = 1000 kgm ™3, initial state: p=3/2, q=3/4
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Barriere-Fouchet+2005
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The fragmentation and bouncing barriers

- Material properties = fragmentation threshold v ae

- Growth when vpe) < Vgrag

Material: 1.2 pm amorphous silicate grains Impact Velocity: 1 m/s

Initial Coordination Number: 2.44 011 Alexander Seizinger

- Frag

Material: 1.2 pm amorphous silicate grains Impact Velocity: 5m/s

Initial Coordination Number: 2.44 ® 2011 Alexander Seizinger

- Bouncing when vrel S Vfrag

Setzinger 2011
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The fragmentation and bouncing barriers

silicates water ice
7 S *® s 0
A R~ T 5,
nonsticky ~160 K sticky
Vstick ~ 1=/ 'm 7! Vstick ~ 10=70 m s~
COsice

organics

star B
& °* = O,
’ ® @ | OF (" | e ‘ K ' ® o
~400 K  ~250K €0k :
icky? icky? - . ~80K .
|<' Shiklg' s:'CKZ(')Z nonsticky? nonsticky?
Stg?nu:?z+ 19 HoerJr(\j; SO+ 19 Gundlach+ 8 Musiolik+ | 6
P ' Musiolik & Wurm 19
when dry when cold

Okuzumi 2020



Growth and fragmentation

» Coagulation equation: Smoluchowski (1916)

S 2 / K (', m — myn(m!yn(m — m')dm’

K(m m)n(m’)dm’
0
- physics encoded In reaction kernel K, for coagulation:

K(mq1,mo) = P(m1, ma, Urel ) Vel (M1, Ma)o (Mmy, m2)

- Integro-differential equation difficult to solve

41
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Locally mono-disperse size distribution: growth

Perfect sticking of equal-mass compact grains
d |
GMa _ TMd 477326,0gvr61 = g — eﬁvrel

dt tcoll At Ps
- Turbulent coupling with gas

* Urel = f(a, St)cs
Prandtl-like turbulence: v.q1 = vaf' (St)cq

- Turbulence as a Correlated NOISe:
* Urel X fl 4 St

Stepinski & Valageas 1997



Locally mono-disperse size distribution: growth

Maisk = 0.01 My, 7ot = 400 AU, ¢ = 1%, ps = 1000 kgm ™3, initial state: p=3/2, q=3/4

t=8356 [yr]

[ aibe+2008
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Growth and fragmentation

Fragmentation to very small sizes for vye] > Vgrag

dmygy mq ds
- —— = = — = epgvrel
dt tcon ol Ps
T PsS

Disk mid-plane: St(z = 0) = 5%
g

- Simple interpretation for p=0
+ St(z=10) xx s

* Ure] X Cg X p1/2
*INner disk: vrel > Vgrag = fragmentation

+outer disk: vye] < Vgrag = growth
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Growth and fragmentation

Mgaisk = 0.01 Mg, 7ous = 160 AU, p=0, ¢g=1, ¢y = 1%, ps = 1000 kgm >,

Results similar to
Brauer+2008, Birnstiel+2010, ...

2 L L} L) L] 1 ' L] L] L} L I A L) L) L) I 1)
t=2114 [yr]

o
|
|

log s [cm]

; 1
0 50 100 150
r [AU]

Gonzalez+2017
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Planetesimal formation via coagulation

- Growth to mm-cm size easy

- size distribution set by growth/fragmentation balance

- Typical v.e; INcluding differential radial drift and turbulence

Weidenschilling+Cuzzi1993

* bouncing or fragmentation rather than growth

= growth beyond cm difficult

- Tu

ow-velocity ta

‘bulent disk: di

stributi

ON Of Vyel

Il = ne

- growth to cm- or m-size
Garaud+2013

- larger objects grow via sweep-up of mm grains

Windmark+2012

Fragmentation needed to maintain small grains: observed



Planetesimal formation via coagulation

Possible solutions

+ accelerate grain growth
* grain porosity

» slow down or stop radial drift
+dust pile-up Iin particle traps

47
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Grain porosity

Collisional evolution

Vs

Filling factor: Ay

¢: v‘rr;at _ ﬁ
Ps

(a) (b) () Okuzumi+2012

Porous grains are larger = taster growth

_ QKIOS¢S

Pg UK

St = degeneracy



Particle traps

If pressure maximum exists over scale Ar

= grains drift towards the pressure maximum

A

log Pgq

>

log r

local pressure gradient ~Pgy/Ar > global gradient ~Pg/r

= pile-up timescale < global drift time by a factor (/Ar)?

49
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Particle traps

Pressure maxima in the disk

vortices Barge & Sommeria 1995, Regaly+2012, Méheut+2013
snow line .
Kretke & Lin 2007
dead zone inner edge
Dzyurkevich+2010

planet gap outer edge
de Val-Borro+2007, Fouchet+2007,2010, Gonzalez+2012, Zhu 2012,2014

zonal flows in MR turbulence
Bethune+2016

"oumpy" gas surface density
Pinilla+2012

= Dust concentrations

€ INCreases
Vel dEcreases



Planet gaps

log Pgq

<

Inner edge

log r
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Disk with planet: grains of constant size

Maisk = 0.01 Mg, rout = 160 AU, p=0, ¢=1, ¢¢ = 1%, ps = 1000 kgm™°
Mp=1&5 Mz, a=40 AU, s =100 pum, 1 mm, 1 cm

-100 0 100 0 100 0 100 -100 0 100

x (AU) x (AU)

50 100 1500 50 100 1500 50 100 1500 50 100 150
r (AU) r (AU) r (AU) r (AU)

Fouchet+2010
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Planet gaps
HL Tau

ALMA Partnership+2015 Andrews+2016



Planet gaps

Oph 163131

Villenave+2022



