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Show Hk 849 as possible
evidence

for GI
.

Show distribution of etopknets

:
giant planets

in tight orbits as evidence for :

Disk Migration
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The sign of the tongue determines if  a planet
migrates inward (negative Argue ) or outward (positivetorque ) .

Simple analysis .
what is the velocity gainedD

a gas parcel or particle as it approaches a

planet? :
.



Impulse approximation .

fI=md£.
• re =fFdr±=t%FEdt

From the
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for small angle deflection y= our

f =2±rb

r -= Dr =

rgas - rp Risk
41 = 8h ,

m. implies no cheap in angular momentum
Gus of energy
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small deflection
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The cheap in oyukr momentum is

sj = rxr = at ,
= Impair3

S± ⇒ Gas exterior to planet is overtaken
by planet ;

Dr co ; planet loses

sk5Ln9kjIFgin±€m;mon€
Net direction

of migration depends en difference
btw interior and ettaior torque .

A tkl tyne , integrate for whole disk

Mass in b
;

btdb → dm = 27 a Edb

gas =r ; planet rp , gas suffer impulses separated
by

Dt  = ZTErp ,
lsbhodic periodic )

fbka ; HAPI = data - b = }r±b
.
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Total temporal dense must he the integral of
angular momentum transfer of all parcels per

unit

time I:tt¥¥ .

sv = lrlpl ab = I Rpb / duasi - kepknin orbits )

oI= . / 862Mt db
dt 9Npb4

Diverges at inner bounder ,
. Most give minimum

bm :
=

ad¥
... 862Mt negative

.

274,2 b?
, n

bmw k Tt

This is an approximation ,

but gives thecorrect
scaling . note that

;Toynesideswith the SUR fat DENSITY
I

' SQUARE of PLANET MASS
:
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More massive planets migrate faster
.

For Mp = 1 M€ at r= 5N
,

E ~ IN fkwi ,

and bm , ~te
~

1 My r

Mp = in ] v e ~ 2×105 Mgr
.

This was made by following g- packets
in time ,

and checking now they epehengl
ang

momentum with the disk . Hmpulkappxinotoi )

Another way is to analyse how azimuthal

asymmetries in the disk graatetionlly pull
on the planet .

.
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Resonate

In orbital locationswhere the gas is in resonance

with the planet,
we can expect the perturbations to

Hedisk to be largest .
Let us calculate where these

resonances happen .

The planet orbits

withfrequency
112reff ) .÷

Resonances will happen at a rotation

R = Rp

And whenever the fewenq

between

gas and planet
matches a natural frequency of the system ,

K

in ( R . rp ) =±K

Here m is N¥ mass
,

but a positive integer
'

m .
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And X a natural frequency of the system ,
is the

/
epicycle frequency I last class

!



These resonances are known  as Lindblad
resonances

m ( or . rp )=±KRecallingr±6M/r3
,

we solve this for
radius :

- 213 zuner Lindblad
K =rp ⇐ ) resonances

r+ = tp in
-213 Outer Lindblad

⇐ )resonances
Or

,
more

compact
± =¢±dn)2b

Show slide : they form a
" resonant comb 's

with resonances piling up near the planet as m

increases .

Notice there is an asymmetry : for a given m ,
the outer resonance is closer to the planet . This

means that the outer Lindblad spiral has a

stronger effect than the inner
. The outer spiral

removes angular momentum 1 the inner spiral
Injects. If the outer one wins

, the planet migrates
inwards .



Gardening

If a planet is massive enough ,
it will carve a

gap in the disk . The condition , given b) the geometry
below

- for h=o
. os

* HE' t.tnfilm
r Neptune= mess .

Is that the planet 's Hill radius is larger than the
disk scale height . If that happens ,

the planet
disrupts the pressure efnitbnum of the

dsk
.

The scale height is given by balancing pressure
and gravity :

. fs¥= - Nz ⇒ s22=l÷p= - Nz  ⇒Qp÷IEg2+C

so PH =p .
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with H= E sung the pressure scale hujth .

r

So
,

the condition is :



Tt > H

r(3n%pBsH

Call of =
Mmpz

the planet mass ratio
.

1 confusing ,

1 Know
,

since q was already used for the shear

parameter ,
but - Ks that's the convention )

M¥113 >H  ⇒ q ) 3

f¥)3
¥ = En =

§=
is the inverse of the disk Mahnumber

Man 20 for disks usually .

That yields

f~lo4 for gap opening,
which is close to the

mass of Neptune .

Show planet population synthesis model

Show observation of HL Tau

.

.


