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Abstract

Stable small, binary asteroid systems will evolve ac-
cording to three processes: the YORP effect, mutual
body tides, and the binary YORP (BYORP) effect.
The interplay of these effects on the dynamics of the
system must result in the observed binary asteroid sys-
tems: asynchronous binaries, synchronous binaries,
and doubly synchronous binaries.

1. Introduction

The YORP effect rotationally accelerates small bodies
in the inner Solar System. Small asteroids are “rub-
ble piles” that when spun fast enough can fission into
two co-orbiting components. The subsequent dynami-
cal evolution can stabilize the orbit, typically resulting
in a rapidly spinning primary relative to the mutual or-
bit [1]. The secondary spin states are often also rapid
and prograde, however a fraction are retrograde and
another fraction are close to synchronous. Three non-
conservative effects continue to evolve these systems
on timescales shorter than the planetary and solar flyby
lifetimes of these binaries: the YORP effect, mutual
body tides, and the BYORP effect.

1.1. YORP Evolution

The YORP effect is the summation of radiative torques
on a small body. The total torque can change the
spin rate of the body over short timescales (10° — 10°
years) [2]. To first order, the evolution of the spin rate
of a body depends on a unitless YORP coefficient Y,
which depends on the shape of the body and varies
from —0.025 <Y < 0.025 [3]. The YORP effect will
evolve the spin rate [3]:
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diation constant, a, and e, are the heliocentric semi-
major axis and eccentricity, and p and R are the bod-
ies’ density and radius.
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1.2. Tidal Evolution

Relative motion between components in a binary sys-
tem dissipates energy and transfers angular momen-
tum between spin and orbit states via tides. Assuming
spherical, homogenous bodies with identical composi-
tions and a mutual orbit with low eccentricity and low
inclination, an asteroid’s first order geophysics can be
characterized by two parameters: the tidal Love num-
ber k£ and the tidal dissipation factor (). The torque
from tides evolves the spin state of a body [4]:
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where a is the mutual orbit semi-major axis, n is the
mean motion, and wy = (47Gp/3)/? is the surface
disruption limit for a sphere. Tides raised on the sec-
ondary by the primary synchronize the spin of the sec-
ondary to the mutual orbit period, this is the fastest
binary evolutionary process [5]. On longer timescales,
tides also evolve the mutual orbit [4]:
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where ¢ is the mass ratio, e is the mutual eccentricity,
and subscripts denote the primary p or secondary s.
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1.3. BYORP Evolution

The BYORP effect is the summation of radiative ef-
fects on a synchronous component. Asymmetries in
the shape of the synchronous body create torques on
the mutual orbit, which secularly change both the
semi-major axis and eccentricity [6]. To first order, the
evolution of the semi-major axis and the eccentricity
only depends upon the unitless BYORP coefficient B,
which is the averaged, normalized acceleration in the
direction parallel to the motion of the secondary and
determined from the shape of the body. A symmetric
body has a value of B = 0. and common values for



asteroids are B ~ 1073, The BYORP effect can ei-
ther expand or contract the semi-major axis, however
the sign of the eccentricity evolution is always oppo-
site that of the semi-major axis evolution [6]:
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2. Synchronous Binaries

Assuming an appropriate “rubble pile” interior model,
analysis shows that the synchronous binary asteroid
population may be in an equilibrium between mutual
body tides and the BYORP effect [7]. Mutual body
tides must be stronger than the YORP effect to syn-
chronize the secondary. Afterwards, the mutual or-
bit evolves according to tides and the BYORP effect.
For nominally 50% of these systems, the BYORP ef-
fect contracts the semi-major axis and this drives the
system to an equilibrium state. Outside of this equi-
librium, the BYORP effect dominates and the system
semi-major axis contracts to the equilibrium, and in-
side of this equilibrium, mutual body tides are stronger
and the system semi-major axis expands to the equi-
librium. These systems resemble the observed syn-
chronous binary population with a synchronous sec-
ondary, a rapidly rotating primary (the effect of the
equilibrium is to slowly rotationally accelerate the pri-
mary) and this is a stable state explaining the abun-
dance of these systems [7]. The other 50% of these
systems, where the BYORP effect expands the orbit,
are discussed in the asynchronous binary section.

3. Doubly Synchronous Binaries

At larger system mass ratios, the primary is tidally
locked before the mutual orbit significantly evolves.
These systems resemble the observed doubly syn-
chronous population. Since the bodies are compara-
ble in size the strength of the effect will be on the
same order, however the BYORP effect on each body
is independent and so for each direction of evolution
(expansion or contraction) there is nominally a 50%
probability for each body. For 25% of all doubly syn-
chronous systems, the BYORP effect on both bodies
will act to contract the semi-major axis potentially cre-
ating the contact binary population. For another 25%,

the BYORP effect on both bodies will continue to ex-
pand their semi-major axes; their continued evolution
is discussed further in the asynchronous binary sec-
tion. The remaining 50% will have one member act to
contract and the other act to expand. While the BY-
ORP effect won’t necessarily be of the same magni-
tude for each body, these combined effects will cancel
to some extent and create a pseudo-stable doubly syn-
chronous population.

4. Asynchronous Binaries

Both of the previous evolutions required that mutual
body tides dominate the spin state evolution of a body
over the YORP effect. The tidal torque responsible
for synchronization has a very strong dependence on
semi-major axis, but the YORP effect does not. If the
YORP coefficient is not zero, then there exists for all
systems a semi-major axis where the tidal torque is
equivalent in strength to the YORP torque, and exte-
rior to this semi-major axis the YORP torque will dom-
inate and the body will rotationally accelerate. 50% of
synchronous binaries and 25% of doubly synchronous
binaries (another 25% at a reduced rate) are expand-
ing in semi-major axis due to tides and the BYORP
effect, which causes very rapid expansion in certain
cases. Eventually, all either expand so far that they
are easy prey to planetary and solar flybys disrupting
the system and creating asteroid pairs, or reach the
semi-major axis at which the YORP torque wrests con-
trol of the spin state of the secondary from the tidal
torque and rotationally accelerates the body. These
systems appear as the asynchronous binary population
with semi-major axes that resemble synchronous and
doubly synchronous binaries but secondaries that are
rapidly rotating.
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