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Overview: We present theoretical evidence for the

existence of a long-term stable equilibrium solution
for synchronous binary asteroids accounting for mutual
body tides, the binary YORP (BYORP) effect and dy-
namics. The observed population of small (0.1 - 10 km
diameter), synchronous binaries may be in static configu-
rations that are no longing evolving. This would be con-
firmed by a lack of migration in observational tests for
the BYORP effect. The existence of this equilibrium and
a secondary shape model enables direct study of asteroid
geophysics through tidal theory. Analysis shows that a
monolithic geophysical model is not satisfactory, while
the “rubble pile” model proposed by Goldreich and Sari
[1] is sufficient but still does not properly model the size
dependance of the tidal Love number.

Tidal Evolution: Relative motion between compo-
nents in a binary system lead to tidal dissipation of en-
ergy and transfer of angular momentum between spin
and orbit states. Assuming spherical, homogenous bod-
ies with identical compositions and a mutual orbit with
low eccentricity, an asteroid’s first order geophysics can
be characterized by two parameters in the tidal theory:
the tidal Love number, k, and the specific tidal dissi-
pation number, Q. Tides raised on the primary by the
secondary synchronize the spin of the secondary to the
mutual orbit period, this is the fastest binary evolution-
ary process [1]. After this process, tides raised on the
primary by the secondary cause the semi-major axis to
expand. The tidal semi-major axis time rate of change is:
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where a is the semi-major axis measured in primary radii
Rp, kp is the tidal Love number of the primary, and ωd =
(4πGρ/3)1/2 is the surface disruption limit for a sphere,
and q is the mass ratio [2]. Tides raised on the primary by
the secondary cause the eccentricity to grow, while tides
raised on the secondary by the primary cause eccentricity
to damp. The tidal eccentricity time rate of change is:
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where ks is the tidal Love number of the secondary [2].
BYORP Evolution: The BYORP effect is the

summation of radiative effects on a synchronous sec-
ondary. McMahon and Scheeres [3] using averaging the-
ory showed that this effect secularly evolves both the
semi-major axis and the eccentricity, because radiative

forces acting on assymetries in the shape of the sec-
ondary create torques on the mutual orbit. After aver-
aging over the the mutual orbit, the heliocentric orbit,
and the rotation of the node, the BYORP effect approxi-
mates an average force acting on the orbit. To first order,
the evolution of the semi-major axis and the eccentricity
only depends upon a single constant term B that repre-
sents the averaged acceleration in the direction parallel
to the motion of the secondary [3]. This BYORP coef-
ficient B is unitless, depends only and strongly on the
shape of the body, and can be though of as a ratio relat-
ing the assymetric area that the average force of the BY-
ORP effect acts on to the total area. A sphere has a value
of B = 0, and the BYORP coefficient has a maximum
value of B = 2 in either direction. The BYORP effect
can either expand or shrink the semi-major axis, however
the sign of the eccentricity evolution is always opposite
that of the semi-major axis evolution. The evolution of
the semi-major axis and eccentricty is:
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ėB = ∓3H�B
8π

(
a1/2e

ωdρR2
p

) √
1 + q

q1/3
(4)

where H� = F�/(a2
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√
1− e2�), F� is the solar radia-

tion constant, a� and e� are the heliocentic semi-major
axis and eccentricity [3]. The ratio of the strength of the
semi-major axis evolution rates is A and an important
Love number relationship is K:
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Joint Evolution: Synchronous binary asteroids will
evolve under the influence of both tides and BYORP.
There are two scenarios: joint expansive evolution and
joint opposing evolution. Both tides and the BYORP ef-
fect can change the energy of the system over time, and
the BYORP effect can also change the system angular
momentum.

Joint Expansive Evolution: Both effects are growing
the semi-major axis, so that tides are removing energy
by spinning down the primary and transferring angular
momentum from the primary spin to the orbit, while BY-
ORP directly adds both energy and angular momentum
to the orbit. The condition for stable semi-major axis
growth without growth in eccentricity is: (19−28K)A ≤
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2. Since the semi-major axis growth is always posi-
tive, systems under these conditions will grow to the Hill
sphere and disrupt. Systems that do not satisfy the ec-
centricity condition will grow in both semi-major axis
and eccentricity until the evolutionary equations in the
first order theory no longer apply.

Joint Opposing Evolution: Tides are acting to grow
the semi-major axis, but the BYORP effect is acting to
shrink it. An equilibrium point exists for the evolution of
the semi-major axis at
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This is a stable equilibrium, and regardless of the initial
semi-major axis, the system will evolve to this equilib-
rium point. In this scenario, BYORP is removing an-
gular momentum and energy from the system. Interior
to the equilibrium point, tidal energy dissipation domi-
nates and the orbit grows. Exterior, BYORP controls the
evolution and the orbit shrinks. At the equilibrium, the
amount of angular momentum removed from the orbit is
equivalent to the amount tidally transferred into the orbit
from the primary, de-spinning it, however that process is
much slower than all other timescales in the system. The
condition for stable evolution without growth in eccen-
tricity is: (19− 28K)A ≤ −2, and so at the semi-major
axis equilibrium point: K ≥ 3/4 for the system to also
be stable in eccentricity as well as semi-major axis.

Equilibrium Condition on the Love Number: In
order for an observed binary system to be in equilib-
rium, the condition above must be met. It can be re-
written: ks/kp ≥ 3Rs/4Rp. The tidal Love number
for the monolithic case has the form: kM ∝ R2 [1].
This satisfies the above condition only when the mass
ratio q ≥ 3/4, and thus excludes the observed syn-
chronous binaries from this equilibrium condition. How-
ever, small asteroids are not monoliths, but rather have
internal structures resembling “rubble piles.” Goldreich
and Sari [1] derived a “rubble pile” theory by modifying
the continuum tidal theory, where the tidal Love num-
ber: kR ∝ R. This satisfies the above equilibrium condi-
tion for all mass ratios; the observed synchronous binary
population can remain in the equilibrium without growth
in eccentricity.

Implications for the Binary Asteroid Population:
If we assume that the observed synchronous population
is in this joint opposing evolutionary equilibrium state.
We can setA = 1 and solve Eqn. 5 for the three unknown
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Figure 1: Points areBQ/kp for each known synchronous
binary as a function of primary radiusRp, and the dashed
line is a simple theoretical model explained in the text.
Data compiled by Johnston et al. [4].
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Fig. 1 is a plot of BQ/kp for each of the known syn-
chronous binary systems using observational data [4].
Also plotted is a simple theoretical model of BQ/kp

using estimates of B ∼ 10−3 from the shape model-
ing of the secondary of 1999 KW4 [3], and Q ∼ 102

and kR ∼ 10−5Rp from Goldreich and Sari [1]. The
tidal dissipation factor Q is an intensive property that we
expect to be similar for all of these bodies, so the scat-
ter and size dependence in Fig. 1 should be from B and
k. Since B depends only on the shape of the secondary,
which may vary greatly, the BYORP coefficient may
be responsible for much of the scatter but should have
no direct relationship with size. The tidal Love num-
ber is expected to vary with size, however the data sug-
gest k ∝ R−1.2±0.6, which is different than the kR ∝ R
predicted by the Goldreich and Sari [1] “rubble pile” the-
ory. This may highlight the difficulty of using a con-
tinuum theory to model “rubble piles.” In the future, if
B is determined through secondary shape modeling for
each system, the geophysical parameters Q/k could be
assessed directly.
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