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Combiningt h e s e t w o equations'

I m v5 = m#¾.v2-EI
⑧Rs-combined radius o f bodies

I f R s > Rc , largest value o f b s u c h t h a t

collision: b : R? + 4%9



Escape v e l . a t contac t : Vest = 4%ˢ
Coll isional c r o s s s e c t i o n i s t h u s :

0aa=ñRs²(1+¥&

I n a dynamically " c o l d " disk, V 0 " V e s e
a n d t h u s , tacedTRI
Thus, gravi ty e n h a n c e s t h e collisional c r o s s
s e c t i o n . Called gravitational focusing

I n s l ides , I provide m o r e general fo rm where
t h e 2 m a s s e s a r e n o t necessarilyequal.

F-geemibryomass.ve?Vo
smal le r↳

Fg → I ⇒ Fg ≈ (¼?) ~
2 6 m

£ "tthass
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Generally, Voo i s indep. o f R
b u t M α R ³ f o r a g iven material density

↳
Fg α BE α R ²

Thus, dwarfgart-runaways
growth



.cn?:EmP!sstat&ihhI-
- consider s u r f a c e escape speed: Vesa-Ffp
- P lane tembedded i n d i s k w i l l hold o n t o
bound atmosphere i f yes , y e s

radiustot
surface

g a s wan t s

0%9*7
← t o expand
upward, b u t
a t sur face(Rs )
Vese> Cs guarantees

F o r a dish, C , = (¼)V r s ome atmosphere

Ves . > s ⇒ Mps (¾2,)"/#5*4%5,
↗

- F o r i c y body@ S A U material density
a n d H / r = 0.05, Mp? 5×10"M⊕

→
Izmai l

- B u t , t h e r e a r e s t r i c t e r conditions.

- S t a r t w i t h hydrostatic equilibrium w i t h

My = Mpt Menu
= MptEmpi = - f # - ftp.nmpifeal

H S E ⇒ 5 = 0 ⇒ pressuregradient
b a l a n c e s gravity

o f = - F f p
- Le t ' s make assumption o f isothermalgas



P= pcs" ← called equation o f sta te .

Integrate H S E : Inp = 4 f t + const.

U s e boundary condit ion per= rout) = Po
(%!:)

w i t h
r o u t = 2¥" ← rad ius where Ve s i c s

p ( r ) =
poet"#½-±) ← envelope

dens i ty
S i n c e Esc ) , m o s t o f m a s s o f envelope p ro f i l e

i n H Si s i n a t h i n s h e l l a b o v e c o r e

↳ Menu = ⅔#Rs³pCr=Rs)

condition t h a t Menu > E Mp
↳

Mp≥ (Epm)
"

( f )
" [In(Ep)]"

R H S α C? ⇒ Mp decreases w i t h r a d i u s
because d i s k i s coo le r i n
o u t e r parts.

i c y
↓####"again?

⇐ 2×0 " ' ⅓ e a t "
Assume 2=0 . 1 - appreciable but n o t

dominant envelope↳
Mp ? 0 . 2 M⊕

r = I A U : Po = 6×10-"I/em? C ,= 1.5×10{m/s

Pm = 391cm³ ← rocky
↳ Mp ? M a



- Thus, i n i n n e r s o l a r s y s . , h a v e t o grow t o large s i z e
b e fo r e g a s disappears, b u t sma l le r m a s s i n oute r

disk.
- B u t wha t happens w h e n E - I

↳
i t &#=-G IM)
↗
much m o r e complex, a nd n o so lu t ion

s u c h t h a t i t - 0 ⇒ n o H S E possible!

tiderdishwheeQ-1-D.sk
produces spiral st ruc tu res w i t h ✓ = V s

← these spiral structures##&
Scs

c a n approach Cs a n d
c a u s e a s h o c k i n t h e

¥ gas , which heats g a s .

I f T ↑, Cst, Q > 1

① > I ⇒ n o spirals, d isk cools down⇒ C s↓

B u t C , ↓⇒ Q↓ ⇒ d i s k goes u n s t a b l e

again.
- Shocks d o n ' t alwaysform, b u t tu rns o u t

e v e n f o r U s L C s , c a n g e t "gravitoturbulence"
which a lso heats t h e

gas.
* Self-regulation i f cooling i s n o t t o o rapid.

B u t f a s t cooling ⇒ C s↓ significantly
a n d Q - I maintained.


