
%EE.si#: i : : :-
does i t take f o r particle t o c o m e t o r e s t d u et og a s
drag.

particleframe-gas particles h i t particle
- 5 2 ← ands low i t down - t h i s i s a n o n conservative

fore, l ike friction (unlikegravity)•
- ←

+
stop

= ¥¥f fftfffefgitf.tt#g'?s%fd
Physical explanation: numerator = momentum exchanged

denominator = force t o create ↑
So , +stop i s timescale o v e r which MAV → 0 duet o Fdrag.

I f particle s i z e ← lmep o f g a s particles and particle
i s spherical,w e c a n r ew r i t e t h i s a s

a-particle s i ze , Ps-solid+ stop
= G I density
pguth, Pg-gasdensity o f particle.

↗ V t h - C s ← s o u n d speed.
i n un i fo rm ga s , th i s i s constant.

Simple example:

T i f f a n y 1%5 ⇒ ✓ = ¥1,
I f ga s i s stationary, D V = - V
↳ I t =-¥,⇒ 5"¥ =-SIst.pt

qq.de#f%ffFft.-yeTtstIff%fay



Define n e w quantityf o r particlesi n rotatingd isk

↳ S t = t s t .ph , 2-Keplerian frequency
↗ ( R - F I )
Describes how w e l l coupledt o theg a s t h e d u s t i s .

S t - 2 1 ⇒ tstopal'⇒ strongcoupling→ couplesf a s t e rthan

5+3>1 ⇒ +stop
>N ' ⇒ w e a k " orbital t ime

↳ m a n yo r b i t s t o
"slowdown"

S t - l ⇒ marginal
coupling } w i l l b e t h e mo s t interesting

region dynamically

Now, cons ide r particle i n d i s k a t s o m e heightz

dish

☁ " #
s t a r

Equationo f motion i n z : I =-212-Ffp
~

I f n o drag (tstop-o) Vert.g rav.

↳ 2 .= - 2 2 2 h a rmo n i c osci l lator !

particle osci l lates aboutmidplane
← a t t h e s a m e r a t e i torbitsinclined o r b i t . ↗

R i s the ra te
2 =-2522-ZAstop ← dampedharmonic oscillator!
Fo r S t e e l , v e r y quicklydamped.
C a n f i nd terminal velocity V y ; I s t I



- This implies a l l d u s t s e t t l e s onto midplane
eventually.

- However, e v e n a l i tt le turbulence i n t h e gas c a n

s t i r things u p considerably.
- I f y o u s o l v e a n equation f o r particles t h a t include
a tu rbu lent d i f fus ion

D - S v i r "
↗
Represents ve r t i c a l velocity k i c k s o v e r

a r - ' t i m e s c a l e ⇒ preventscomplete settling.

Can r e l a t e t h i s t o a dimensionless quantity
1

α ~ S V¾ ²

t h i s a s s u m e s t h e s a m e turbulence causing
a c c r e t i o n i s stirringu p particles→ m a yn o t b e
t r u e i n general.

D - α c s H
When accountingf o r a l l this , o n e c a n calculate

t h e s c a l e height o f particles assuminga Gaussian
profile.

Hp=ÑT
⚠

Let ' s consider t w o l i m i t s :

S t > > α ⇒ Hp ≈ HEE 4 H
So,particles a r e largely settled.



I f S t a x , Hp-HEI ≈ H EH
S o , f o r strongtu rbu lence o r sma l l particles,

t h e s c a l e height o f particles approachesH .

* The s c a l e height o f particles c a n t e l l

you a b o u t α i f S t i s k n own .

- 1 f t
Orb i ta l equilibrium (n-gas,V-particles):

VI: EY :#= GF.tt#r
Since * s o , U p s V0 = V u ⇒ gas o r b i t s

m o r e slowly.
B yh o w much?

I 41, g§
← u s e s P=pcs² (idgaf)

I f =#1¥.
A s s um e power l a w f o r pressure (pprox. consistentw/

observations )
p a r " ⇒ In? = - n

↳ 4¥-¥2-#n ⇒ 4=611-2)"
Men

↳% ²



¾? = ¥1T = (0.055
Also, f r o m observations, P α 5 " ⇒ n=%2

↳ 2 2 £ /0.055=0.006 ⇒ 40=099%21
A t I AU , - 1 = 1004
N o t v e r ym u c h o f a difference!

C a n t a k e equation o f m o t i o n i n radial direction
t o get V r
F o r s a k e o f t i m e , t h e

⑤Putin i s

Ñ " ¥ #

ftp.fffe?
nass)

↗Th i s i s a c r u c i a l assumption
wh i c h w e w i l l r e t u r n t o later

T a k e l imits,
s t e a l ⇒ # ≈ - S t ← I

s t e a l ⇒ ¥u≈-25+41
S t - l ⇒ ¥ ≈ - 1

M a x radial d r i f t a t S t e e l !



What i s d r i f t timescale f o r S t ≈ I ?

Tariff ≈ T.vn/=Evi=ztz--
=2?Izr=#zTo-b.

I f 2=0.006,
Td r i f t ≈ 3 0Torb

A t I A U , o n l y t a k e s 3 0 ye a r s f o r

particles t o d r i f t inward!

Ty s o w h a t ' s happening
physically?
Move t o particle's f r a m e

↓↓↓↓ to0 - - -
- - • •

→
r

T w o l i m i t s :
5 + 2 > 1 : Gas o r b i t s m o r e slowlydue to

pressure gradient. Cau s e s headwind
o n particles ⇒ they l ose a n y.m o m .

S t e a l : Particles a r e "forced" t o o r b i t w/gas
b u t gas i s sub-kep. So centrifugal
accel o f par t ic les i s n ' t strongenough and

t h e y d i f f wa rd



Planetesimal Formation

Tekeytoplanetes.mu/ofrmatinliesw/
gravitational collapse.

- How doest h i s work? Have t o cons ide r

Roche density!
M

"
↗ RT

s t a r planetesimal

T i d a l acce le ra t ion :

a t = -&¥Rpa + Et
I f w e a s s u m e r → Rp, c a n w r i t e
t h i s a s at-2T¥
Representst h e f o r c e o f "stretching"
a c r o s s t h e smaller body.

- - - - - - .%#t.de← t i d e

Need t o ba lancet h i s against s e l f g r a v.
o f planetesima
ls, = Gffp



Condition f o r collapse:

a , > a t ⇒ GM#>ZEPP
↳ r³>(#p)Rp³
Assuring u n i f o r m density § , t h i s becomes

5 > ⅓#r³
More a c c u r a t e ca lcu la t i on gives:

PPRE3.SI#
This i s t h e Rochedensity
Ea s i e r t o collapse i f :

(1) s t a r h a s l owe r m a s s

o r

② ) planetesimal i s f a r t h e r away
( o r both)

- B u t Goldreich-Ward mechanism
doesn't work.

- Whynot?
Epeb = 0.0/Eg

→
Qpeb =

%ÉÉpe
b d u s t t o g a s r a t i o .



th i s m e a n s op m u s t b e small t o s t i l l
a l low Qpeb-1

W i t h typical disk conditions, Op = 1 0% i s necessary

f o r
Hp = I r (just l i k e Hy= % ) collapse

0 = 1 0 ' ⅓ ⇒ Hp/Hg= 10-4
U s e Hp = H y f f a n d a s s u m e

5+-10-41:&":)
Solve f o r α :

✗ ~ 10" !
↗

G a s wo u l d n e ed t o b e a l m o s t

purely n o n - t u r b u l e n t .


