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Figure 8. Examples of simulations with temporary resonant capture followed by escape. Dots show results from numerical simulations for the libration angle� and
eccentricitye as a function of time. Subscripts 1 and 2 represent the inner and outer satellites, respectively. Left-side plots: results of a simulation with temporary
capture intoe1e2 resonance, where bothe1 ande2 increase. Initial conditions for eccentricity aree1 = 0.001 ande2 = 0.04. Right-side plots: results of a simulation
with temporary capture intoe2

1 resonance, where onlye1 increases. Initial conditions for eccentricity aree1 = 0.007 ande2 = 0.04.

arguments are in agreement with the results from our numerical
experiments.

If we contemplate scenarios in which resonant capture never
occurred in SylviaÕs past, then we must adopt the critical
eccentricities as lower limits on the past eccentricities of
Remus and Romulus. Their past eccentricities cannot be lower
than these limits because otherwise capture would have been
guaranteed. We note that these lower limit eccentricities are
lower than the nominal observed eccentricities (Table4), and
hence this evolutionary pathway is a plausible scenario without
requiring any signiÞcant modiÞcations in eccentricity over time.

To summarize these results, from these three pathways we Þnd
that both (1) temporary capture followed by escape and (2) no
capture are plausible scenarios that occurred when Remus and
Romulus encountered 3:1 resonance. If pathway (1) occurred,
our calculations of the necessary damping required to bring
post-resonance eccentricities to observed values show this is
possible for Remus but may be prohibitively long for Romulus,
depending on its post-resonance eccentricity. Therefore, it
is unlikely that a substantial increase in the eccentricity of
Romulus occurred, even if the system was temporarily captured
in thee2

2 or e1e2 resonances. If pathway (2) occurred, we can set
lower limits on past eccentricities of both satellites to be equal
to their critical eccentricities.

7. CONCLUSIONS

The goals of this study were to characterize SylviaÕs current
orbital conÞguration and masses as well as to illuminate the past
orbital evolution of this system. Our work can be summarized
as follows.

1. We reported new astrometric observations of Sylvia in 2011
that increased the number of existing epochs of astrometry
by over 50%. These new observations extended the existing
baseline of observations to 7 years for Remus and to
10 years for Romulus.

2. We Þt a fully dynamical three-body model to the available
astrometric data. This model simultaneously solved for or-
bits of both satellites, individual masses, and the primaryÕs
oblateness (Table4). We found that the primary has a den-
sity of 1.29± 0.39 g cmŠ3 and is oblate with aJ2 value
in the range of 0.0985Ð0.1. Constraints on satellite radii
can be obtained from the mass determinations by assuming
that the satellites have a bulk density equal to that of the
primary; we Þnd� 4.5Ð6.1 km for Remus and� 2.6Ð8.2 km
for Romulus. These ranges would have to be modiÞed if
the actual density of the primary or of the satellites was
different from the nominal value assumed here. The or-
bits of the satellites are relatively circular. We Þnd that the
primaryÕs spin pole is best Þt when aligned to RomulusÕ or-
bital pole, and that the satellitesÕ orbit poles are coplanar to
within 1 deg.

3. We numerically investigated the short-term and long-term
stability of the orbits of SylviaÕs satellites. There are
periodic ßuctuations in eccentricity for both satellites, most
notably for the inner satellite Remus. We veriÞed that these
eccentricity excursions are due to the effects of primary
oblateness. From long-term integrations we found that the
system is in a very stable conÞguration, in agreement with
previous investigations.

4. We studied the past orbital evolution of SylviaÕs satellites,
including the most recent low-order mean-motion reso-
nance crossing, which is 3:1. We used directN-body in-
tegrations with forced tidal migration to model such an
encounter. To examine the case of resonant capture fol-
lowed by escape, we calculate the tidal damping timescale
to go from the post-encounter eccentricity to the ob-
served value. Using available tidal models, we Þnd that
the damping timescale for Romulus can be prohibitively
large if its post-resonance eccentricity exceeded� 0.023.
This suggests that the system crossed thee2

2 ande1e2 reso-
nances without capture, or that it was not captured in these
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resonances for a sufficient duration to substantially increase
the eccentricity of Romulus. Similar timescale constraints
from tidal damping also imply that Remus may have a rub-
ble pile structure if its post-resonance eccentricity exceeded
∼0.032. Alternatively, if no capture in any resonance oc-
curred then we are able to set lower limits on their past
eccentricities (e1 = 0.00864 and e2 = 0.00410).

The detailed characterization of Sylvia presented in this paper
has allowed for analyses of its orbital evolution. Such studies
of triple systems are important in order to understand their
key physical properties, orbital architectures, and intriguing
evolutionary histories.
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Ćuk, M., & Burns, J. A. 2005, Icarus, 176, 418
Descamps, P., Marchis, F., Berthier, J., et al. 2011, Icarus, 211, 1022
Drummond, J., & Christou, J. 2008, Icarus, 197, 480
Fang, J., Margot, J.-L., Brozovic, M., et al. 2011, AJ, 141, 154
Farinella, P., Vokrouhlicky, D., & Hartmann, W. K. 1998, Icarus, 132, 378
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