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Alone of all the major Solar System satellites, Triton may have an obliquity near 100°.
Such an obliquity could result in significant tidal heating of the satellite and will eventu-
ally lead to damping of its orbital inclination to 180°. © 1989 Academic Press, Inc.

INTRODUCTION

Triton is a most unusual satellite in sev-
eral respects. Moving on a nearly circular
orbit at 14 Neptune radii with an inclination
of 159°, Triton fits neither into the category
of “‘regular’’ satellites (nearly circular, low
inclination, prograde orbits) nor into that of
the ““irregular’’ satellites (distant, often ret-
rograde, highly elongated, and highly in-
clined orbits) (Goldreich 1966). Its unusual
orbital characteristics have led to the sug-
gestion that Triton did not accrete in orbit
about Neptune, but is instead a captured
body (McKinnon 1984). Here we explore
the possibility that Triton is unusual in yet
another way: its rotational state.

In introducing the subject of satellite ro-
tational states it is both useful and histori-
cally relevant to consider the Moon. In
1693, G. D. Cassini published three laws
describing lunar motion. He noted that (1)
the rotation of the Moon is synchronous
with its orbital motion, (2) the lunar spin
axis maintains a constant inclination of
~1.5° to the ecliptic plane, and (3) the lunar
spin axis and orbit normal remain coplanar
with one another, and with the ecliptic nor-
mal, during their mutual precessional mo-
tion (Colombo 1966).

Due to gravitational torques exerted by
the Sun, the lunar orbit plane currently re-

gresses with a period of 18.6 years. The lu-
nar orbit normal thus sweeps out a cone,
maintaining a constant inclination of 5.2°
from the normal to the ecliptic plane. In
satisfying Cassini’s third law, the Moon’s
spin axis also regresses about the normal to
the ecliptic plane with the same 18.6-year
period. This latter precession is caused by
torques exerted by the Earth on the non-
spherical figure of the Moon. Such copre-
cession is only possible for values of the
lunar obliquity, # (measured from the orbit
normal), which satisfy the expression
(Peale 1969)

@)ny sin 6 cos 6 + ($)nB sin 6(1 — cos §)
- Qsin@—I)=0. (1)

Here, n is the Moon’s orbital mean motion,
—Q is the orbital precession rate, I is the
orbital inclination, y = (C — A)/C,and 8 =
(B — A)/C. A < B < C are the lunar princi-
pal moments of inertia. Solutions to Eq. (1)
are called Cassini states. For the Moon, 6 =
6.7°, measured from the orbit normal to-
ward the ecliptic normal, so that the spin
axis and orbit normal are located on oppo-
site sides of the ecliptic normal. Equation
(1) can be generalized to any spin-locked
satellite undergoing orbital precession at a
uniform rate. All regular satellites fall into
this category and are expected to occupy
the appropriate Cassini states (Peale 1977).
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CASSINI STATES

In general, the motion of a satellite’s spin
axis can best be visualized by examining
the Hamiltonian of the system. In a coordi-
nate system coprecessing with the orbit
plane, the Hamiltonian is a constant of the
motion, and its level curves thus prescribe
the allowed spin axis trajectories (Colombo
1966). Figure 1a shows the projection of the
unit sphere on the rotating plane containing
the orbit normal (the Z axis) and perpendic-
ular to the ascending node of the orbit on
the invariable plane (the X axis, out of the
page) for parameters appropriate to Triton.'

In this coordinate system, the precession
trajectories of the spin vector follow the in-
tersection of the parabolic cylinder

(Z - K1) = Kx(Y ~ K3) 2

with the unit sphere, where two of the three
constants are given by (Peale 1977, Eqs.
(25)-(28))

_(cos1—-1285)
K=& +s) 3)
_sinl
TR @
and where, for a circular orbit,
2ny —
R = 3n ('y. .B/Z) )
400
3n8
S =— 6
1602 ©

i and € are the satellite spin angular veloc-
ity and magnitude of the orbital precession
rate, respectively. Equation (6) holds only

! For Triton, the invariable plane is defined by the
total angular momentum vector of the Neptune-Triton
system, and is located close to the planet’s equatorial
plane (Harris 1984). For our purposes, however, it is
simpler to abandon a Neptunocentric viewpoint and to
treat Triton’s orbit as prograde, with an inclination of
21°, regressing about the (inverted) invariable plane
normal. This is entirely equivalent to the more conven-
tional viewpoint, but emphasizes the correspondence
between the Cassini states of Triton and those of pro-
grade satellites.
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FiG. 1. (a) Precession trajectories of Triton’s spin
vector on the unit sphere. The Z axis is Triton’s orbit
normal, and N denotes the normal to the Neptune—
Triton invariable plane, about which Triton’s orbit pre-
cesses. The solid circles mark the locations of the four
Cassini states. The dotted line shows the critical pa-
rabola (see text) immediately prior to spin-locking.
The heavy solid line shows the critical parabola after
spin-locking. (b) Obliquities of the four Cassini states
as a function of Triton’s orbital semimajor axis for the
present inclination of 159° and zero eccentricity. The
solid circles indicate the two possible obliquities which
are stable in the presence of tidal torques.

for synchronous rotation; for nonsynchro-
nous rotation, S = 0. The third constant,
K3, is determined by the Hamiltonian of the
system in the rotating coordinate frame.
Figure la shows some representative pre-
cessional trajectories for Triton’s spin axis
(solid lines). The different parabolas are ob-
tained by varying the parameter K>, which
slides the parabolic cylinder along the Y
axis.
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Cassini states correspond to extrema of
the Hamiltonian and are thus found at those
locations where parabolic cylinders are tan-
gent to the unit sphere. Triton’s current
possible Cassini states are shown in Fig. la
by the four solid circles labeled S, through
S4. From the diagram, it is evident that li-
bration is possible about any of states §,
through §;, while state S, is dynamically
unstable.

In general, a satellite will possess either
two or four possible Cassini states, depend-
ing upon the values of ny/Q) and ng/Q}. De-
creasing these ratios increases the coeffi-
cients K; and K,, thus shifting the
corresponding parabolic cylinders up the Z
axis and causing them to increase in width.
As K| nears unity, a point is reached where
only two parabolic cylinders are tangent to
the sphere. At this point, states 5; and S,
merge, and then cease to exist for larger
values of K. The Moon currently falls into
this category and is observed to lie in Cas-
sini state 2.

Variations in the semimajor axis due, for
example, to tidal evolution, change both
the spin and orbital precession rates. Figure
1b shows the locations of Triton’s Cassini
states as a function of semimajor axis, a,
for Triton’s current eccentricity (zero) and
inclination. (Because of its retrograde orbit,
Triton must currently be evolving toward
Neptune under the influence of tides it
raises on the planet, though the rate of this
evolution is probably much less than that
estimated by McCord (1966; also see Harris
1984). Tidal evolution is expected, how-
ever, to have produced only modest
changes in inclination, though the same
cannot necessarily be said for the eccentric-
ity (Chyba et al. 1989).) As a is increased,
the ratios ny/C) and nB/{} decrease until, at
about 105 Ry, Cassini states 1 and 4 disap-
pear. Beyond ~75 Ry, Q is dominated by
solar perturbations, rather than by Nep-
tune’s oblateness. A similar diagram was
constructed for the Moon by Ward (1975a),
from which he deduced that the Moon
probably resided in Cassini state 1 until the
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tidal expansion of its orbit caused that state
to disappear at ~35 Rg.

TIDAL DESPINNING

In the presence of tidal dissipation, the
same torques that despin a satellite act to
drive its spin vector toward a Cassini state
(Peale 1974, Ward 1975b). However, not all
Cassini states are possible end points of
tidal evolution. Although the spin vector
may librate about state 3, the influence of
tides renders this state unstable over longer
time scales (Peale 1974). (Core-mantle in-
teractions and/or atmospheric thermal tides
have been proposed to maintain Venus’s
retrograde spin orientation near state 3
(Goldreich and Peale 1970), but such mech-
anisms seem unlikely to apply to satellites
and are not considered further here.) This
leaves Cassini states 1 and 2 as the only
possible end points of tidal evolution. The
time scale for collapse to a Cassini state is
comparable to a satellite’s despinning time
scale (Peale 1974). Thus all spin-locked sat-
ellites should currently lie very close to one
of these two Cassini states.

Ground-based observations of Triton
have tentatively found a synchronous rota-
tional state (Franz 1981) consistent with
predicted despinning times (~10* years for
Ot = 100; Peale 1977), indicating that Tri-
ton is almost certainly rotating synchro-
nously. The solid circles in Fig. 1b show the
two possible current spin states for Triton:
S at an obliquity of —0.26° and S, at 100°.
Beyond ~100 Ry, only state 2 is stable, and
Triton’s spin axis would have been located
close to the normal to its invariable plane
(= Neptune’s orbit plane, at this distance).
Inward tidal evolution would then have re-
sulted in Triton’s present obliquity being
~100°. However, despinning time scales
for Triton beyond 100 Ry are longer than
the age of the Solar System, unless the orbit
is highly eccentric (in which case states 1
and 4 survive out to greater distances.)
Thus if Triton has evolved in from some
great distance, it is unlikely to have col-
lapsed into any Cassini state until well in-
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side of 100 Ry, where both states 1 and 2
are possible end points.

The mass and radius of Triton are poorly
known. We adopt here a radius of 1750 km,
consistent with radiometric measurements
(Morrison er al. 1982, Lebofsky et al.
1982). However, this value when combined
with the best mass determinations (Alden
1943, Duncombe et al. 1974) yields a pro-
hibitively high density (~6 g cm™3). We
therefore assume a more realistic density
for a large icy satellite of p = 2.0 g cm 3,
corresponding to a mass ratio M/My =
0.00044. If p = 3.0 g cm ™, the Cassini state
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obliquities become S, -0%240 and S, =
98°, while if p = 1.3 g cm™3, we have S, =
—0217 and S, = 101°.

COMPARISON OF TRITON WITH OTHER
SATELLITES

In Table I we compare the two possible
spin orientations of Triton with the theoret-
ical Cassini obliquities for the principal reg-
ular satellites; for completeness, we also
give the inclinations and orbital precession
rates used in the calculations. Hydrostatic
moment differences were calculated sepa-
rately for each Cassini state (subscripts 1

TABLE 1

HYDROSTATIC MOMENT DIFFERENCES AND STABLE CASSINI STATE OBLIQUITIES

Satellite g O Moment differences Obliquities A¢
(deg) (deg year™') (x1073) (deg)
Y Bi Y2 Bz S AYS

Moon? S.15 19.3 — — 0.63 0.23 —_ 6.7 —
lo 0.040 48.6 8.49 6.37 1.36 1.66 0.00 89. S.1
Europa 0.470 12.0 2.53 1.90 0.513 0.637 0.04 81. 1.3
Ganymede 0.195 2.63 0.953 0.715 0.212 0.260 0.02 78. 2.0
Callisto 0.281 0.643 0.183 0.137 0.0826 0.0816 0.12 57. 4.4
Mimas 1.53 36S. 90.7 68.0 13.0 12.6 0.03 98. 1.6
Enceladus 0.02 153. 39.1 29.3 5.63 5.93 0.00 96. 1.
Tethys 1.09 72.2 21.6 16.2 3.15 3.46 0.04 94. 1.3
Dione 0.02 31.0 9.03 6.77 1.42 1.71 0.00 90. 7.6
Rhea 0.35 10.1 3.46 2.60 0.615 0.768 0.03 85. 1.5
Titan 0.33 0.50 0.198 0.149 0.0698 0.0752 0.08 65. 2.5
Iapetus® 7.52 0.12 — — 0.020 0.010 — 13. —
lapetus / 7.52 0.12 0.63 0.23 0.63 0.23 0.62 91. —
Miranda 4.22 20.4 41.0 30.8 6.00 4.74 0.02 102. 2.5
Ariel 0.31 6.07 9.63 7.22 1.39 1.17 0.00 101. 5.9
Umbriel 0.36 2.94 3.66 2.74 0.523 0.492 0.01 99. 3.6
Titania 0.14 1.23 0.786 0.589 0.143 0.178 0.01 84, 2.3
Oberon 0.10 0.928 0.337 0.253 0.112 0.123 0.02 67. 4.4
Triton 159. —0.578 1.37 1.03 0.196 0.175 0.26 100. 0.6

2 Inclinations and satellite physical parameters are from Burns (1986).

& Orbital precession rates for the Jovian and Saturnian satellites (except for Iapetus) and for Triton are from the
Astronomical Almanac for the year 1989, U.S. Government Printing Office, Washington, DC. The value for
lapetus is from Peale (1977). The precession rates of the Uranian satellites all vary considerably with time due to
mutual secular perturbations (Dermott and Nicholson 1986). The rates shown for these satellites are mean values
calculated using masses and Uranus gravity parameters from Tyler et al. (1986).

cA=|KP— KP|IV2K® cos(KP), for small K, where the superscripts 0 and 2 refer to values immediately
before and after synchronization in Cassini state 2, respectively.

4 Lunar moment differences are from Peale (1977).
¢ Assuming hydrostatic moment differences.
f Assuming lunar moment differences.
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and 2 refer to Cassini states 1 and 2, respec-
tively). For the hydrostatic moment differ-
ences for a synchronously rotating satellite
with nonzero obliquity, we find

v(0) = (5¢q/32)(5 + 6 cos 0§ + 21 cos? 8)
7

B(0) = (15g/16)(1 + cos 6)?, (8)

where g = (Mp/Ms)(Rs/a)’, Mp is the pri-
mary mass, and Ms, Rs, and a are the satel-
lite mass, radius, and semimajor axis, re-
spectively. Equations (1), (7), and (8) were
solved self-consistently for the obliquities
and moment differences listed in Table I.

Note that two entities are shown for
Iapetus. If Iapetus possessed close to hy-
drostatic moments, it would lie in state 2
(Ward 1975b). If somewhat large lunar-like
moment differences are assumed, however,
Cassini state 1 will also exist (Peale 1977).
Voyager images revealed that Iapetus has
an obliquity very close to 0° (Davies and
Katayama 1984), indicating that Iapetus’s
moment differences are larger than hydro-
static.

Observations thus far have shown that all
spin-locked satellites appear to have their
spin axes oriented approximately normal to
their orbit planes. The obliquities listed in
Table I indicate that all of these satellites,
with the exception of the Moon, must lie in
state 1. In order to understand the preva-
lence of satellites in state 1, and to assess
the likelihood of Triton’s occupying state 2,
it is necessary to examine spin axis evolu-
tion prior to collapse into a Cassini state.

CHOOSING A CASSINI STATE

In Fig. 1a the precession trajectory pass-
ing through Cassini state 4, hereafter called
the ‘‘critical parabola,”’ is of fundamental
importance in determining which Cassini
state is selected as an end point. Initial spin
orientations above the critical parabola are
driven by tides to state 1, while initial spin
orientations inside of the critical parabola
are driven to state 2. Initial spin orienta-
tions below the critical parabola are driven
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by tides up to and inside of the critical pa-
rabola, eventually evolving to state 2 (Peale
1974). Thus if a satellite’s spin orientation is
ever inside or below its critical parabola, its
spin vector will evolve to Cassini state 2.

Since most satellites have small K, val-
ues (see Peale 1977), their critical parabolas
are narrow and centered very close to the Y
axis in Fig. 1a If these satellites’ primordial
obliquities were larger than about 90°, their
spin axes would have evolved to state 2.
Since most satellites’ rotational states have
been significantly altered by tides, our
knowledge of their primordial spin states is
poor. If we assume random orientations for
the primordial spin axes, then roughly one-
half of the satellites would have initial
obliquities greater than 90°. If satellite for-
mation results in initial spin states similar to
those resulting from planetary formation,
then perhaps one-quarter of the satellites
would have initial obliquities greater than
90°. For captured satellites, random spin
axis orientations again seem probable. In
any event, it seems highly unlikely that no
regular satellites formed with primordial
obliquities larger than 90°. We are thus led
to examaine the durability of Cassini state 2
as an end point of tidal evolution in more
detail.

The width of the critical parabola, deter-
mined by the parameter K, is an important
measure of the stability of Cassini state 2.
The range of obliquities enclosed by this
parabola in the Y-Z plane is given by
sin~!2V2K, cos(K,;)), where K; is as-
sumed small. Triton’s critical parabola en-
closes about 50° (see Fig. 1a). However, K,
« sin I, so that for most regular satellites
the critical parabola is much narrower.

For satellites with sufficiently narrow
critical parabolas, Cassini state 2 is not a
likely end point because of the spin-locking
event itself. When a satellite attains syn-
chronous rotation, its critical parabola un-
dergoes two ‘‘shifts.”” An instantaneous
shift is caused as the satellite’s orientation
becomes fixed relative to the planet and the
parameter S becomes nonzero (Peale 1974).
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The size of this shift is determined by the
satellite’s B value immediately prior to
spin-locking. A second shift is caused by
the adjustments in the satellite’s y and 8
values as it relaxes from an oblate spheroid
to a tidally distorted triaxial ellipsoid. This
second shift is not instantaneous, but oc-
curs over a time dependent upon the satel-
lite’s physical parameters (Darwin 1879).
Both of these effects decrease K, although
if the relaxation time is long compared with
the precessional period of the satellite’s
spin axis about the Cassini state, then the
spin axis may adiabatically follow the sec-
ond shift. Thus, while the obliquity of the
satellite remains essentially fixed, its criti-
cal parabola shifts down the Z axis. The
dashed line in Fig. 1a shows the critical pa-
rabola for Triton immediately prior to spin-
locking, where we have assumed for sim-
plicity purely hydrostatic moments and
Triton’s current orbital semimajor axis.

For a satellite to evolve to Cassini state
2, it must not only be driven toward state 2
by tides prior to synchronization, but also
afterward. In other words, the spin vector
after spin-locking, which should be very
close to the old (presynchronization) Cas-
sini state 2 point, must also lie inside of the
new (postsynchronization) critical parab-
ola. In Fig. 1a, Triton’s old Cassini state 2
location is marked by the open circle. It is
clear from the figure that Triton’s new criti-
cal parabola is broad enough to contain the
old Cassini state 2 location after the spin-
locking event. If Triton’s preexisting 8
were less than the hydrostatic value as-
sumed here, this conclusion is strength-
ened.

Although Cassini state 2 is not rendered
unstable during the spin-locking event for
Triton, such is the case for the other satel-
lites. We have investigated the stability of
state 2 for each of the satellites in Table 1.
The column marked A shows the ratio of
the shift in the K, parameter due to spin-
locking to the half-width of the new critical
parabola, assuming hydrostatic moments
throughout. For A > 1, the old Cassini state
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2 position (the location of the spin vector) is
left above the new critical parabola after
spin-locking. Tidal forces then drive the
spin to state 1. Due to its large inclination,
Triton is the only satellite with A < 1 (this is
true for densities of 1.3 and 3.0 g cm 3 also)
and, hence, is the only satellite for which
Cassini state 2 is not rendered unstable dur-
ing synchronization. (In a few cases where
A is close to unity, this conclusion might be
altered by the presence of preexisting mo-
ments very different from the hydrostatic
values assumed here or by allowing for tidal
evolution of the satellite’s semimajor axis
since synchronization.)

Recent work by Wisdom (1987) indicates
that irregularly shaped satellites must tum-
ble chaotically immediately prior to syn-
chronization. It is unclear if this holds for
larger, more regularly shaped satellites. For
satellites passing through such a chaotic
state, Cassini state 2 might not be rendered
unstable by synchronization. However, the
narrow width of the critical parabola for
most satellites suggests that subsequent es-
cape from state 2 due either to impactors or
to orbital perturbations is likely (Peale
1974).

HEATING DUE TO OBLIQUITY TIDES

Although tidal heating is generally asso-
ciated with spin-locked satellites on eccen-
tric orbits, a satellite with a large obliquity
can undergo substantial heating due to
obliquity tides, even on a circular orbit. In
such a case, the satellite’s elastic tidal bulge
will sweep above and below its equator, re-
sulting in frictional heating of the satellite’s
interior. In Cassini state 2, with an oblig-
uity near 90°, the tidal bulge moves almost
from one pole to the other, crossing the
equator twice each orbit (see Fig. 2).

A tidal heating model which accounts for
both the eccentricity and obliquity effects
has been developed by Peale and Cassen
(1978). Applying their model of an incom-
pressible homogeneous satellite with zero
eccentricity but nonzero obliquity, and as-
suming a frequency-independent Q, we find
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F1G. 2. The path of the sub-Neptune point on the
surface of Triton over one orbit, assuming a Cassini
state 2 orientation. The elastic tidal bulge will follow
this path, lagging the sub-Neptune point in time due to
the anelasticity of the satellite. For a Cassini state 1
orientation, the sub-Neptune point would remain es-
sentially at one point, located on Triton’s equator.

for the energy dissipation rate
dEldt = B)(ky/1 + kz)(R3nS/GQ) sin? 6

6=0° (%)
dEldt = (38 )(ky/1 + k) (R3nSIGQ)
(0 = 90°), (9b)

where Q is the tidal dissipation factor (see
Goldreich and Soter 1966), and %, is the sec-
ond-order Love number (see Munk and
MacDonald 1960). The latter is given by

ko = @/(1 + 19u/2pgRs),  (10)

where u is the satellite’s modulus of rigidity
and g is its surface gravity. As Triton’s ra-
dius and bulk composition are unknown,
we have calculated heating rates for both a
primarily icy Triton (p = 1.3gem™3, u = 4
x 10" dyn cm=2; Proctor 1966) and a
mostly silicate Triton (p =3.0gecm™3, u =3
x 10" dyn cm~2; Bullen 1981), for radii be-
tween 1500 and 2000 km. For a Q of 100, we
find the Cassini state 2 heating rates

(dEldt)iey = (2.5 — 18)

X 102 erg sec™! (11a)
(dEldt)g; = (1.0 — 6.8)
X 1020 erg sec™! (11b)
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where the larger heating rates refer to the
larger radius. The corresponding Cassini
state 1 heating rates are lower by roughly
five orders of magnitude, and thus quite
negligible.

The Cassini state 2 heating rates are
much higher than the maximum plausible
radiogenic heating rates (for a large, pri-
marily silicate Triton, (dE/dt)r.ga = 5.0 X
108 erg sec!). In fact, they exceed the tidal
heating rate calculated for Io using the
same model (Peale et al. 1979). The largest
heating rate in (11a) is capable of heating
the surface of Triton isothermally up to ~90
K. This is clearly inconsistent with obser-
vations of Triton (Morrison et al. 1982).
However, the lower heating rates could es-
cape detection, particularly if the heat is
preferentially radiated in a few localized re-
gions, as is the case for Io.

Clearly such heating would have impor-
tant consequences for the present state of
Triton’s interior and surface, as well as the
satellite’s orbital evolution (Chyba et al.
1989). The only satellite known to be under-
going significant tidal heating is Io. One
must be careful in drawing analogies be-
tween a tidally heated Triton and Io, how-
ever, due to their almost certainly very dif-
ferent bulk compositions and mechanisms
of tidal heating. However, it is expected
that such violent heating would result in
widespread volcanism and outgassing.

CONCLUSIONS

What is the probability that Triton is
now, or was at one time, in Cassini state 2?
We have argued that Triton’s substantial
orbital inclination results in an unusually
broad region of stability for obliquities near
100°, sufficient to ensure the preservation
of state 2 during the spin-locking process
itself, and in the presence of modest im-
pact-induced displacements in the spin
axis. This is in contrast to the situation for
most (perhaps all) other tidally despun sat-
ellites.

If Triton does have such a large oblig-
uity, it could presently be undergoing sig-
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nificant heating due to obliquity tides. The
results of such heating should be evident
during the August 1989 Voyager flyby.

Ironically, the strongest argument
against Triton’s current residence in state 2
follows from the substantial orbital inclina-
tion and the resulting energy dissipation
due to obliquity tides. This energy loss,
with no accompanying change in the com-
ponent of Triton’s total angular momentum
perpendicular to the invariable plane, will
inevitably lead to a damping of the inclina-
tion to 180° (Chyba et al. 1989). For the
heating rates calculated above in state 2,
the damping time scale is 2 X 107 to 2 x 108
years. Unless we are privileged to live at a
very special time in Triton’s history, or un-
less Q1 = 103, it therefore seems unlikely, if
not impossible, that Triton’s obliquity is
presently ~100°. Should Triton indeed be
found to have an obliquity ~100°, then we
can set a plausible lower limit on its Q,
which may well be applicable to other icy
satellites.

If Triton had occupied state 2 at an ear-
lier period in its history, and Qr were not
large, then obliquity tides should have rap-
idly damped its inclination to 180°, at which
point the critical parabola shrinks to zero
width and state 2 becomes unstable. The
obliquity would then damp to zero.
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