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The gravitational interaction of atelite with a  and weaken precipitously. However, if the IVR leaves
Roche-interior disk orbiting a primahj, is examined. A the disk, the satellite’s migration stalls and a quasi-
satellite of masbl; = uM, launches spiral density waves equilibrium is established between the viscous spreading
in the disk of masM, = u M, at resonance sites, and the rate of the disk and the outward drift rate of the satellite
associated torques cause the satellite and disk to mutuallihich maintains the IVR near the disk edge. The IVR
recoil [1]. The most powerful zero-order resonancesnd ILR continue to draw angular momentum from the
(inner Lindblad resonances that are independent of théisk even as it spreads so that its mass and surface density
satellite’s eccentricityg, and inclination]), occur where drop. If the disk is not too large, the disk mass is
the ratio of the disk’s orbital frequend@(r), to that of  eventually accreted by the primary along with a portion,
the satelliteQ,, ism/m-1; the ordem (a positive integer) i.e., L, = Md‘/GMpR, of the disk’s original angular
denotes the number of arms in the spiral wave. For mmomentum; the remaining angular momentum winds up
satellite that forms just exterior to the disk, there aren the moonj.e.,
many resonances, but eventually the mutual separation
equals the distance to the most interio~2) resonance
atr = 22%a = 0.63@&, wherea(t) is the satellite’s semi- M(GM_a)"4/1-e’cosl = L - L. (2)
major axis. From this point the lowest order resonances
remaining in the disk are time= 2, first-order resonances
with forcing functions that depend linearly erandl. where L, is the initial total angular momentum of all
There are two such resonances; an inner Lindbladrbiting material andy is the final orbital semi-major
resonance (ILR) first order ig, and an inner vertical axis when the disk is exhausted. Combining with eqgn (1),
resonance (IVR) first order ih These resonances lie one finds that
near wher&/Q, = mt+1/m-1, which form = 2, impliesr
= 3%%3 = 0.48%. Their exact positions are split by the a2 _ _
apsidal and nodal precession rates of théiasnd disk 1-e“cosl = 20(3M-1) 3)
material which cause the IVR to fall slightly interior to
the ILR [2]. wheref = (L;-L, )L, ,and, = M(GMa)"* . This

First-order torques$T , T,} are relatively weak can rearranged to read
compared to their zero-orderounterparts, and the
outward migration of the satid# slows accordingly. - \/ﬁ _ BTV =1V /(2f
Both them = 2 ILR and IVR have pattern speeds ¢ e’cost + siri (5F-D)F- D/ -1) (4)
st = mQJ/m+1. The torques change the perpendicular
component of the angular momentum, The quantitye can be considered a measure of the
L = MsaZQS\/lfezcosl, and the energy, epicyclic energy of the satellite. A - o,

E - -M(aQ)%2,  of the satellite at rates yl-e?cosl - 2/3, ande - /5/3 = 0.745 is the upper
L=T +T,,E-= st(TL + T,). Combining,one limit attainable by this process.

can show that [3] To relatef to r, = aa, = 2°%3a andM/M,, we
define x(r) = L/M(GMr?and write
Ly = Li(1+yay,M /M), to infer

f = 1+ MM (x e - [Ria)) (5)

d

_a2 - 1 _ _a2
P 1-e“cosl = Z_a(QS/QpS y1-e“cosl) (1)

which is easily integrated to give wherey, = x(r,) . Combining eqns (4) a(¥ yields the
1-e%cosl = (m+\{|@1)/(m+1) assuming e, =1, =0,  epicyclic quantitye as a function_of non-dimensional

wherea, denotes the satellite’s position when the lastguantities M’ = x,M/M, a' = x’a/R as shown in

zero-order resonance leaves the disk. This expressionksgure 1

valid for m = 2 as long as the first-order resonances The validity of these curves probably breaks down if

dominate the evolution. the final position of the disk; = aa, is predicted to be
Angular momentum conservation arguments can bgast the Roche distance, ~ 3R (appropriate for the
used to estimate the final value &—ezcosl . As theEarth-Moon system) because the disk may spawn other

moon recedes, the ILR and then the IVR leave the disk
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satellites instead and no longer torque the first formed
satellite efficiently. The final edge distance is

r, = a(3f-1ya,/4 (6)

2-n[1-(RIN%*M

10 = e 8)

For a constant surface density 0,y approaches 4/5 as
5 r/R - ». For lown and modest/R ~ 3, egn (8) is fairly
: insensitive ta.

As an example, consider the Earth-Moon system.
Recently, Ward and Canup [3] have suggested that
interactions of the newly formed Moon with a remnant of
its precursor disk could be responsible for theé ~5
inclination of the Moon to the ecliptic. Backward tidal
integrations imply that when the Moon resided clse
the Earth its orbit was inclined by ~ 10°1® the equator
[4-5]. This implies a minimum of = sinl ~ 0.2 . For
x = 0.85, a colocation distance &f~ 3R translates to a

y non-dimensional distanca,’~ y*a/R ~ 2.2.Figure 1
,;,f." indicates that the requisite valuesafan be generated by
’ M’ of a few tenths.
So far our results have not depended specifically on a
knowledge of the torqueg andT,. However, the ratio
¢/l does depend on their relative strengi@gnerally, the
full strength ILR is much stronger than the IVR, but two
_ _ A _ o ~ factors mitigate this: (1) Density waves from the ILR
Figure 1: The epicycle strength (solid curves) generated during satellite recoil. Dashed line . . .
indicates disks that spread to the Roche distance before depletion. Dotted curves indicate propagate toward the dISk edge, Whlle bendlng waves
colocation point of satellite and disk edge. from the IVR propagate toward the primary' If the
resonances are closer to the disk edge than the wave
damping length, the angular momentum flux carried by
Settingr; = ry results in the dashed boundary shown inthe density waves may reflect at the disk boundary and
Figure 1 assuming a value of 0.85fothe surface of the return to resonance largely undamped, which greatly
planet,R, is also shown for this value gf reduces the net torque. On the other hand, torque
It is convenient to define an orbital distance byreduction is less for the bending waves because of the
Ly = Mg+xM)y/GMa,, X, = x(&,) . Thisisthe position greater round trip path length. (2) Since the ILR is
the satellite would have if its evolution were extrapolatecexternal to the IVR, it lies outside the disk when the IVR
backward until it touched the disk’s (also evolving) edgeis at its edge. Thus, thel ratio will depend on the
In terms of\’, detailed wave mechanics of a particular satellite-disk pair.
In general, however, the viscous damping length tends to
increase with disk mass so that lower mass disks may

\ , favor eccentricity growth whereas higher mass disks may
Jaja = (L+/aM (LM 'y /x,) (7) have an increasing inclination contributioreto

N
1
1o =1.587
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