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Binary asteroids (bound and unbound)

Systems of 2 or more components, bound or unbound, among small asteroids.
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Bound asteroids —
Binary/ternary systems: -

(Ostro et al. 2006) (Scheirich and Pravec 2009)

Unbound asteroids —
Asteroid pairs:

If mass ratio < 0.2

YORP 7 P Dynamic
Spin-up ‘ | Process
(~ 10s Myears) (< 1 year)

Escaping Secondary,
Rubble Pile Asteroid Fissioned Proto-Binary System becomes
Asteroid Pair

(Pravec et al. 2010)




Photometric observations of a binary asteroid

(9783) Tensho-kan

06 0.8
Phase (Epoch 2456363.11015, P, = 29.57 h)

/A 2013-03-09.2
[ 2013-03-10.2
) 2013-03-11.3
-+ 2013-03-12.3
<> 2013-03-13.2
> 2013-03-14.3
0.2 04 06 0.8
Phase (P, =3.0111 h)

prim



Binary formation theories

Ejecta from large asteroidal impacts (e.g., Durda et al. 2004) — does not
predict the observed critical spin.

Tidal disruptions during close encounters with terrestrial planets (Bottke et
al. 1996; Richardson and Walsh) — does not work in the main belt, so, it
cannot be a formation mechanism for MB binaries. It may contribute to
and shape the population of NEA binaries.
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(Walsh and Rlchardson 2006)

Fission of critically spinning parent bodies spun up by YORP (e.g., Walsh
et al. 2008) — appears to be a primary formation mechanism for small
close binaries.




Small asteroids as cohesionless structures



Small asteroids —
cohesionless bodies, easily breakable

Asteroids with sizes within about a factor of 10 around a diameter of 1 km show a number
of characteristics indicating they are predominantly cohesionless structures.

Binary asteroid primaries

Zero or negligible tensile strength
indicated by the existence of
a ‘barrier’ against spins faster than P =2.2 h:

cohesionless spin barrier
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Diameter (km)

At the spin barrier — balance between the gravity and centrifugal where w,,, 1s the critical spin rate for the sphere
acceleration at the equator of a sphere with p ~ 3 g/cm?3,

taking into account also the angle of friction (30-40°). Weaph = \_I.T oG,




Small asteroids —
cohesionless bodies, easily breakable
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The critical spin rate w.(90°) for a prolate spheroid (a = b -
of friction ¢ = 90° has been derived by Richardson et al. (D

o
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Amplitude (ma

where w = \;‘#1 — (b/a)?.

Accounting for angles of friction < 90° with
theory of cohesionless elastic-plastic solid
bodies (Holsapple 2001, 2004).
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The spin barrier in the 2nd dimension
(asteroid elongation).

Vast majority of asteroids larger than ~0.2 km
rotate slower than the critical rate for bulk
density 3 g/cm3,
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YORP — a spin-up mechanism



Spin-up fission of asteroids

A mechanism to spin up an asteroid to the critical spin (disruption)

frequency is provided by the Yarkovsky-O'Keefe-Radzievskii-Paddack
(YORP) effect.

After fission, a process of exchange of the angular momentum and energy

between the components leads to a few possible outcomes :

* Long-term stable or slowly evolving bound asteroids (binary/ternary
SYSICING))

* Unbound asteroids (asteroid pairs)

« Contact binary/re-shaped asteroid

S.A. Jacobson, DJ. Scheeres/Icarus 214 (2011) 161-178

7 (Rubincam and Paddack 2007)
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Asteroid spin-up fission systems

Observed systems:

2001 May 27 -

Bound asteroids —

Binary/ternary systems:

« Studied with radar
(among NEAS) and
photometry (among
NEAs and MBAS)

Unbound asteroids —

Asteroid pairs:

* Recognizable
among MBAs

« Age <~ 2 Myr

These two groups are not
mutually exclusive; there
exist paired binaries/ternaries:
(3749) Balam, (8306) Shoko

Rubble Pile Asteroid

(Ostro et al. 2006)
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YORP

Spin-up
(~ 10s Myears)

Fissioned Proto-Binary

1358 RO1
JD=2432302 950 (2003/03/20 430)

(Scheirich and Pravec 2009)

If mass ratio < 0.2

Dynamic
Process
(< 1 year)
Escaping Secondary,
System becomes
Asteroid Pair

(Pravec et al. 2010)



Spin-up fission asteroid systems

Current sample:

Binary/ternary systems (bound asteroids):

144 systems with D, < 15 km. Of them
48 are NEAs

* 96 are MBAS/MCs.
(Pravec and Harris 2007, update June 2014):

Asteroid pairs (unbound asteroids):
179 pairs identified (all MBAS).
* Most of them confirmed with backward orbital integrations showing convergence.

« Some of them have got also spectral observations (Polishook et al. 2014; Wolters et al. 2014,
and other works) Showing largely similar spectra.

A contamination of the sample by coincidental pairs is small.
(Vokrouhlicky and Nesvorny 2008, Pravec and Vokrouhlicky 2009, Pravec et al. 2010, plus others in prep.)




Sizes: D, = ~0.15t0 ~13 km

Binary asteroid primaries— 0.01

Primary sizes:

Largest D, ~ 13 km
(1741) Giclas: 13.1 km

(939) Isberga: 10.6 km
(both Masiero et al. 2012, unc. ~10%)

cohesionless spin barrier
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Smallest D, ~ 0.15 km

2004 FG11: 0.15 £ 0.03 km
(Taylor et al. 2012)

2003 SS84: 0.12 km
(Nolan et al. 2003, no unc. given)

Diameter (km)
This size range coincides with where we observe the spin barrier — gravity dominated
regime, cohesionless, ‘rubble-pile’ asteroid structure implied.
where w,, 1s the critical spin rate for the sphere
At the spin barrier — balance between the gravity and centrifugal

acceleration at the equator of a sphere with p ~ 3 g/cm3, taking into
account also the angle of friction (30-40°).




Evidence for formation by rotational fission



Asteroid pairs - correlation between P, and q

The observed correlation is an evidence for formation
of asteroid pairs by rotational fission.
(Scheeres 2007, Pravec et al. 2010)

P, measured for 64 asteroid pair primaries.
The correlation between P, and g holds for 60:

 Low-mass ratio pairs (q <~0.05): Primary
rotations not substantially slowed down in the
separation process, P, =2.4t0 5 h.

*  Medium-mass ratio pairs (q = 0.05 to ~0.2):
Primaries slowed down as a substantial amount
of angular momentum taken away by the escaped
secondary.

» High-mass ratio pairs (q > 0.2): Three observed
cases require an additional supply of angular
momentum.
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Total angular momentum of binaries

Small binaries have the total angular

momentum close to critical, as expected for

systems originating from critically spinning
rubble piles. (Pravec and Harris 2007, updated)

The ratio oy is then expressed as
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Evidence for spin up by YORP



Anisotropic orbit pole distribution

Orbital poles of 18 small binary MBAs (D, = 3 to 8 km) show highly

anisotropic distribution: they are oriented preferentially up/down-right
(Pravec et al. 2012)
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It is proposed to be due to the YORP tilt of spin axes of their parent bodies
or the primaries toward the asymptotic states near obliquities O and
180° (Pravec et al. 2012)



Gentle separation in the asteroid’s
equatorial plane



Low relative velocities of asteroid pair components;
low satellite’s inclination in binaries

1) Relative velocities < 1 m/s, on an order of the escape velocity from parent body.
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2) Orbital poles of most binary asteroids constant, i.e., the orbits not precessing on
timescales of days to years, indicating a low inclination of the satellite’s orbit - in the
primary’s equatorial plane.




Primaries’ rubble pile structure



Rubble pile primaries

1) The primary’s “top shape” and equatorial ridge —
“landsliding” and re-deposition of a large amount of
regolith by tides from the secondary. (Harris et al. 2009)

Model of the primary of 1999 KW4
(Ostro et al. 2006)

2) Extremely low rigidity suggested from the apparent

tidal-YORP equilibrium for 1996 FGS3 (Scheirich et al. 2014,
submitted)

Finally, we look at how the result converts to p(J), the product of the rigidity and
quality factor. Using
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from Goldreich and Sari (2009), we obtain () = 1.3 x 107 Pa. While the upper limit



Secondaries probably rubble piles too



Secondaries above the Roche’s limit for
strenghtless satellites

Distances between components:

Shortest P, ~11.9 h
*+ (65803) Didymos: 11.91 + 0.02 h
(Pravec et al. 2006)
« 2006 GY2: 11.7+0.2 h
(Brooks 2006)

Corresponds to a/R, = 3.0 = 0.4.
Consistent with the Roche’s limit
for strengthless satellites at a/R,
= 2.54 (for same densities of the
two bodies) that corresponds to
P, ~ 9.5 h for the bulk density
of 2 g/cms.
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Alternatively, closer orbits may
be unstable or short-living?
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Anomalous cases — systems with
super-critical angular momentum



Systems with super-critical angular momentum

A few percent of systems, both bound and unbound, have an increased amount of angular
momentum.

An explanation for the bound systems (32039) and (4951) proposed.

The three high-q asteroid pairs remain to be explained.

D,/D, <= 0.5
+ DJD,>05

(32039) 2000 JO23

%951 Iwamoto
+617 Patroclus

490 Antiope
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Medium-sized binaries
- prospects for their detection with Gaia



Binary population Py, VS D,

1000

Binary fraction
15+4 %
among NEAs

(Pravec et al.
2006).

Similar binary
fraction among
MBAS (up to D, =
10 km)
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Binary system’s photocenter displacement

Photocenter displacement vector:

Ar=r[(1+¢) ' = (1+85)71,

where r is a projected radius vector, ¢ = Mz /M, is the mass ratio, and 5
the brightness ratio between the components of the binary.

For spherical components with the same albedo and phase effect. it is ¢ = X and
S = X?and

Ar=r[(1+ X% = (1+X7)7], )

where X = Do/ D is the size ratio between the binary components.

Degeneration — from an observed amplitude of the photocenter variation,
we cannot separate the components’ distance r and the size ratio X.

If P,,, IS determined and D, estimated (from other observations), then the
system’s semimajor axis r can be constrained using The Third Kepler’s Law,
assuming a plausible range of bulk densities. Estimating of the size ratio X
still largely ambiguous.



Photocenter displacement vs size ratio
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residuals
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0-13.1t0 16.9
007-10-31.1t0 11-08.1

04 0.8
Phase (P,.. = 11.099 h)

1

D, =2 km

D,/D, = 0.58
P,=3.300r6.60 h
P,=11.10 h

Py, =360 h

a/lR, ~ 32

a, = 2.3 (super-critical)

Jacobson et al. (2014) proposed it formed as
a result of the expanding singly synchronous
mechanism. The extra angular momentum

added by BYORP expanding the orbit. The
secondary desynchronized as a result of the
adiabatic invariance between the libration of
the secondary and the mutual orbit — the
system stranded at the wide separation.
Observational test: Low e.

The other discussed mechanism —a direct
outcome of rotational fission— does not
explain the super-critical angular momentum.



(4951) lwamoto

D,=4.2+0.6 km
D,/D, =0.88 £ 0.1
g P,=P.,,=1179+£0.2h
<+ 2006-12-25.1 to 28.2 3
& 2007-01-10.3 10 17.3 - (at least one component
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A 200702-12.3 a/R, ~ 17
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0.2 04 0.6 .
Synodic phase (epoch 2454118.1, P = 117.92 h) SynChronOUS SyStem expanded
by BYORP.
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Conclusions

Asteroid systems, both bound and unbound, with primary sizes less
than 15 km were formed by rotational fission of ‘rubble pile’ asteroids
spun-up by YORP.

A tidal-BYORP dynamics can explain a couple observed anomalous
bound systems with apparently super-critical amount of angular
momentum.

A few high-mass ratio asteroid pairs (unbound systems) remain to be
explained.



