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Abstract
We have observationally confirmed [1] a theoretically
predicted [2] equilibrium between tidal and BYORP
torques acting within the synchronous binary asteroid
system 1996 FG3. For the first time, we can solve
for asteroid tidal parameters given this torque balance
and a BYORP coefficient for the synchronous sec-
ondary. While the “rubble pile” interior structure hy-
pothesis explains large inferred porosities, the surface
of Itokawa, the observed spin limit amongst the aster-
oid population, and evidence that asteroid pairs form
from rotational fission, the implications for asteroid
geophysics are not well understood. These material
properties are set by the asteroid’s strength (rigidity)
and internal energy dissipation, which determine tidal
synchronization timescales and are related to phenom-
ena such as seismic shaking of asteroids. Current the-
ory and observations degenerately determine geophys-
ical parameters of the primary and the BYORP coef-
ficient of the secondary. A detailed shape model of
the secondary is necessary to remove this degeneracy.
This is added incentive for spacecraft missions to visit
synchronous binary asteroids such as 1996 FG3 over
other asteroid system morphologies.

1. Theory
Mutual body tides are due to deformations caused
by the changing gravitational field of orbiting bod-
ies. These tides dissipate energy and exchange an-
gular momentum between spin and orbit. To first or-
der, these tidal interactions can be parameterized by
two factors. The tidal Love number k is the ratio
of the additional gravitational potential produced by
the redistribution of mass relative to the deforming
potential and is related to the strength (rigidity) of
the body. The tidal dissipation number Q describes
how effective the body dissipates mechanical energy.
Both parameters are not well-known for “rubble pile”
structures, and are constrained by dynamical evolu-
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Figure 1: Points represent the calculated BQ/kp with
derived 1-σ uncertainties as a function of radius as-
suming these synchronous binaries are in the tidal-
BYORP equilibrium (updated from [2]). 1996 FG3

is encircled as the only confirmed equilibrium binary.
The solid line is a simple fit to the data: BQ/kp =
6 × 103Rp. The upper and lower dashed lines repre-
sent possible uncertainties in the BYORP coefficient
ranging between 10−2 and 10−5, respectively.

tion arguments (e.g. [3]). The BYORP torque is the
summation of radiative torques from the surface of a
synchronous binary member onto the barycenter of
the system. McMahon & Scheeres [4] showed that
showed that to first order in eccentricity the evolu-
tion of the semi-major axis and eccentricity depends
only upon a single constant coefficient determined by
the shape of the secondary (size-independent). The
BYORP coefficient of the secondary of 1999 KW4 is
modeled to be B ∼ 10−3 [4]. When the BYORP
torque is contractive, it balances the expansive tidal
torque and the system evolves to an equilibrium semi-
major axis that is stable in eccentricity due to tidal
decay [2]. We can therefore solve for the unknown
parameters B, k, and Q assuming that the observed
systems occupy this equilibrium:
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Figure 2: Points are photometric lightcurve observa-
tions of 1996 FG3 spanning over fifteen years. The
line is the best fit model to the data with the quadratic
drift of the mean anomaly ∆Md as a free parameter
allowing for the possibility for evolution of the mean
motion. The best fit has ∆Md = 0.00+0.18

−0.10. Timing
of mutual events determined the value of the quadratic
drift ∆Md. Magnitude scale is relative for each date.

This was done and is shown in Figure 1.

2. Observations
Changes to the semi-major axis reveal themselves
most radically in the evolution of the mean anomaly,
detected via mutual events (i.e. occultations and
eclipses) [4, 5]. The mean anomaly M of a Keplerian
orbit evolves as: M = n(t−t0)+∆Md(t−t0)2 where
t and t0 are the observation and periapse passage ref-
erence times, and ∆Md = ṅ/2 is the quadratic drift
in the mean anomaly due to evolution of the mean mo-
tion. At the Asteroids, Comets and Meteorites meeting
in May [1], Scheirich et al. determined basic param-
eters for 1996 FG3 including sizes and shapes (ellip-
soidal approximations) of both components, the mu-

tual orbit (Keplerian approximation), and the quadratic
drift in the mean anomaly ∆Md, as an independent pa-
rameter, using data from over 15 years and a numerical
model as described in [6]. Results are shown in Fig-
ure 2.

3. Consequences for Spacecraft
We have determined that 1996 FG3 and possibly all
synchronous binary asteroids occupy an equilibrium
between tidal and BYORP torques. For the first time,
the tidal parameters k and Q may be directly assessed,
however without appropriately detailed shape models
of the synchronous secondary member these parame-
ters are degenerate with the BYORP coefficient of the
secondary. These shape models will be a challenge
to construct from ground observations because these
synchronous satellites are small and very close to their
companions. Spacecraft missions would be able to
provide the necessary shape models to assess the sys-
tem’s BYORP coefficients, from which the tidal pa-
rameters could be directly calculated. This is an added
incentive for spacecraft missions targeting asteroids
for other goals (e.g. sample return) to consider low
Delta-V synchronous binary asteroids such as 1996
FG3 over other system morphologies. The tidal pa-
rameters k and Q constrain bulk asteroid geophysics
providing insight into the strength (rigidity) and the
energy dissipation mechanisms of these bodies.
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