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Asteroid 243 Ida and its moon Dactyl as seen by the Galileo spacecraft

Binary minor planets have a long history

Andre, 1901

The first suspected binary asteroid was 433 Eros. The anomalous lightcurve is
due to its elongated shape, and not due to eclipsing events as first thought.

Do asteroids have satellites?
On the basis of occultation and
lightcurve data obtained in the
late 70s, it was thought that many
asteroids have satellites (Van
Flandern, Tedesco, Binzel,
Asteroids, 1979).
Failure to unambiguously detect
satellites during the 80s raised
level of skepticism
(Weidenschilling, Paolicchi,
Zappala, Asteroids II, 1989).
Of the 20 asteroids that were
suspected to be binary at the time,
none have been confirmed.
Bowell et al., 1978

Major milestone: Mutual events in Pluto-Charon

Binzel, Tholen, Tedesco, Buratti, Nelson, Science 228, 1985
Tholen, Buie, Binzel, Frueh, Science 237, 1987

Pluto-Charon have ~1,200 km and ~600 km radii with an orbital
separation of ~20,000 km. System is doubly synchronous with spin and
orbital periods of 6.4 days. System density is ~2 gcm-3. Albedos are
high: 0.44-0.61 for Pluto and 0.38 for Charon.

Ida-Dactyl and Eugenia-Petit Prince
First spacecraft discovery and first ground-based discovery of binary asteroids

Chapman et al., Nature 374, 1995
Belton et al., Nature 374, 1995

Merline et al., Nature 401, 1999

A very active area of research
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Binary objects detected by lightcurve are not included in this chart.
Over 50 binary minor planets can be studied from the ground.

Why are binary systems important?
Formation mechanisms: accretional and collisional processes that
are critical in planet formation and evolution.
Evolution mechanisms: collisional interactions and collisionless
interactions mediated by gravity provide important constraints on
minor planet populations.
Internal structure and mechanical properties: porosity, tensile
strength, elastic modulus, tidal dissipation factor. Important in
understanding how small bodies respond to impacts and in
estimating their collisional lifetimes.
Dynamics: synchronous rotation, Cassini states, precession.
Constraints on moments of inertia and internal structure.
Yarkovsky effects: evolution of heliocentric elements and of the
binary itself. Constraints on mass and thermal properties.

Observations of binary minor planets provide
critical mass/density measurements
Fundamental indicators of composition. Small bodies are
relatively unprocessed material and reflect the abundance
of elements and the chemical and physical conditions at the
time of formation.
Long-term imperative: survey the size, albedo, rock/ice
fraction, and composition of asteroids, trojans, irregular
satellites, centaurs, Kuiper belt objects (KBOs).
Crucial link between asteroids and meteorites.
Total mass in the Kuiper belt is uncertain by an order of
magnitude due to poor knowledge of albedo/density.
Distribution of volatiles (extinct cometary nuclei, ice in outer
main belt asteroids, rock/ice fraction in KBOs).

The inner solar system
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Plot courtesy of Minor Planet Center

The outer solar system
Classical KBOs
Scattered disk KBOs
Resonant KBOs

Plot courtesy of Minor Planet Center

Different binaries in different populations
Binaries shown with unit separation
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Margot, Nature 416, 2002

Recent discoveries highlight diversity
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22 Kalliope

1089 Tama
1998 SM165
1997 CQ29

Focus on six binary minor planets
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Rp and Rs are the radii of the primary and secondary, respectively.
Ps is the spin period of the primary. Po is the orbital period.
The orbital separation (semi-major axis) is labelled a.
Lo/Ls is the ratio of orbital to spin angular momentum.

Binary NEAs

305 m antenna at Arecibo, Puerto Rico

Radar observational techniques
CW: Transmit pure tone (monochromatic,
continuous wave).
Asteroid rotation causes Doppler
broadening of reflected signal.
Analyze frequency content of returned
echoes (Fourier transform).

Imaging: Transmit encoded signal.
Different parts of the asteroid reflect
signal at different times.
Slice echo in time and frequency.

First images of a binary NEA: 2000 DP107
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Binary Near-Earth Asteroid 2000 DP107
with Golden Gate Bridge for scale.
Margot, Nolan, Benner, Ostro, Jurgens, Giorgini, Slade, Campbell, "Binary Asteroids in the Near-Earth
Object Population", Science, 296, 24 May 2002.

Binary NEA: 2000 DP107
Range extents: diameters of primary and secondary
(800 m and 300 m).
Doppler bandwidths: spin periods of both
components (3 hours and 1.7 days).
Range-Doppler separations: orbit
(a=2620 +/- 160 m, P=1.755 +/- 0.007 days,
M=4.6 +/- 0.5 x 1011 kg, r =1.7 +/- 1.1 g/cm3).
Reflex motion of primary: mass ratio (20:1).
With good SNR and rotational coverage, detailed
shape models and reliable volume estimates.

Margot, Nolan, Benner, Ostro, Jurgens, Giorgini, Slade, Campbell, "Binary Asteroids in the Near-Earth
Object Population", Science, 296, 24 May 2002.

The revenge of the lightcurve
Shortly after the radar discovery, Pravec
et al. reported the detection of mutual
events in the 2000 DP107 system.
Nice agreement between times of
observed mutual events and times
predicted on the basis of the radarderived orbit.
Confirmation of mutual event detections
since 1997.
Lightcurve observers have detected 15+
binary NEAs to date, allowing important
statistical inferences to be made.
Pravec et al., 2004

Long-lost Hermes (1937 UB) is binary

Shortly after the recovery of Hermes, radar observations showed it to be
binary. Preliminary analysis shows that the diameter of the primary is
~630 m and the diameter of the secondary is ~560 m.

Hermes is a doubly synchronous system
Orbital period: 13.92 +/- 0.02 hours.
Spin periods: 13.89 hours from lightcurve
(~synodic).
Semi-major axis: 1.2 km = 3.8 Rp.
Density: 1.9 g/cm3.
Radar data show that spin axes of both
components are perpendicular to orbital plane.
First NEA binary in a doubly synchronous
configuration where both components maintain
the same face towards each other at all times
(like Pluto-Charon).
Margot et al., in preparation.

Other radar images of binary NEAs

1998 ST27

1999 KW4

2002 BM26

2002 CE26

Benner et al.

Ostro et al.

Nolan et al.

Shepard et al.

Primaries of binary NEAs are spheroidal and fast rotators, with a spin rate near
the breakup rate for a strenghtless body. Angular momentum budget shows
that the primaries were beyond the breakup rate at the time of formation.

NEA binary formation scenario
Primaries are spheroidal. Low density and rigidity imply little or no
tensile strength.
Gravitational aggregate structure
Primaries are beyond the breakup spin rate at time of formation,
implying likely formation by spin-up mechanism:
Glancing collision? (Weidenschilling et al., 1989).
Tidal disruption during close planetary encounter? (Bottke et al., 1996,
Asphaug & Benz, 1996, Richardson et al., 1998).
Spin-up by re-radiation of sunlight (YORP)?? (Bottke et al., 2003).

NEA results

About 16% of NEAs larger than 200 m are binary.
Secondary to primary size ratio Rs/Rp ~ 0.07 to 0.9.
Typical orbital separation a ~ 5 Rp.
Typical orbital period P ~ 1 day.
Densities observed so far range from ~1 to ~2.6 g/cm3, about half those
of meteorites, implying high porosity in NEAs.
Expect and observe synchronous rotation. Two examples where spin
lock is not observed also have non-zero eccentricity.

Variety of NEA binaries

2002 CE26

2000 DP107

69230 Hermes

Binary MBAs

Keck II 10-m telescope on Mauna Kea, Hawaii

Palomar 5-m telescope, California

Adaptive optics observational technique

Merline et al., 1999.

Visible light reaches wavefront sensor.
Distortions compensated in real time by deformable mirror.
Corrected infrared light reaches science instrument.

Binary MBA: 22 Kalliope and Linus
Discovered at Keck II on 29 Aug 2001 (Margot & Brown,
IAUC 7703). Proposed to name satellite “Linus”, inventor
of melody and rythm.
First satellite found around M-type asteroid. M-types are
traditionally interpreted as the disrupted metallic cores of
differentiated bodies.
Low density (2.37 +/- 0.4 g/cm3) implies that this M-type
cannot be predominantly composed of metal. Chondritic
composition with 30% porosity likely.

J. L. Margot and M. E. Brown, "A Low-Density M-type Asteroid in the Main Belt", Science, 300, 20 Jun 2003.

The orbit of Linus

Separations and position angles obtained over 500-day span.
a=1063 +/- 23 km, P=3.596 +/- 0.04 days, e=0, M=7.36 x 1018 kg.
The density of Kalliope is r =2.37 +/- 0.4 g/cm3.

Tidal evolution
Best-fit orientation of orbital plane at ecliptic longitude and latitude of
(196, +3) with +/- 1 degree formal errors.
Completely independent estimate of spin vector orientation (Kaasailanen
et al., 2002) at ecliptic longitude and latitude of (197, +6) with +/- 5
degree error bars.
Therefore the orbital plane is in the equatorial plane of the primary. This
zero inclination is expected on the basis of tidal evolution.
Based on axial ratios of the primary (Magnusson et al., 1994), one can
compute J2 ~ 0.12 and derive an orbital precession period of ~ 8 years.
Because the inclination was driven to zero by tides, there is no
observable precession of the node.

Other images of binary MBAs

87 Sylvia

107 Camilla (A. Storrs)

107 Camilla

Typical discovery distances are 0.5”.
Selection effects: faint, close-in satellites are undetected.
Small binaries at large separations with HST (Merline et al., this meeting).

Clues on MBA binary formation
Orbital angular momentum represents a ~15% fraction of primary spin
angular momentum. Secondary may have formed close to primary and
tidally evolved outward.
Primary spin rate is not near the breakup rate.
Systems with reliable orbit determination and spin pole solution are
prograde (orbit pole aligned with spin axis).
Reaccumulation of impact ejecta after a collision on the primary?
(Weidenschilling et al., 1989, Michel et al., 2001, Durda et al., 2004).
Capture after catastrophic collision? (Hartmann 1979, Durda 1996,
Doressoundiram et al., 1997).

Binary MBAs discovered with lightcurves
Amateur and professional
astronomers surveyed ~400
MBAs with 20-cm
telescopes.
Equal-sized binaries.
Doubly synchronous.
Component radii ~ 6 km.
Orbital separation ~ 5 Rp.
Orbital period ~16 hours.
Density r ~ 2.5 g/cm3.

Behrend and 39 others, "Four new binary minor planets”, AA, submitted.

MBA densities
Object

Tax.

a

Density

Ref.

1 Ceres
2 Pallas
4 Vesta
22 Kalliope
45 Eugenia
87 Sylvia
90 Antiope
121 Hermione
243 Ida
253 Mathilde
762 Pulcova
1089 Tama

G
B
V
M
FC
P
C
C
S
C
F
S

2.77
2.77
2.36
2.91
2.72
3.49
3.16
3.44
2.86
2.65
3.16
2.21

2.12 +/ 0.04
2.71 +/- 0.11
3.43 +/- 0.12
2.4 +/- 0.3
1.2 +/- 0.4
1.6 +/- 0.3
1.3 +/- 0.4
1.2 +/- 0.3
2.6 +/- 0.5
1.3 +/- 0.2
1.8 +/- 0.8
2.5 +/- 0.3

Standish, 2001
Standish, 2001
Standish, 2001
Margot & Brown, 2003
Merline et al., 1999
Margot & Brown, 2001
Merline et al., 2000
Marchis et al., preprint
Belton et al., 1995
Yeomans et al., 1997
Merline et al., 2000
Behrend et al., preprint

The taxonomy is the asteroid spectral type. The heliocentric
distance is labelled a and given in Astronomical Units.

MBA densities

Unconvincing correlation with heliocentric distance (sign. level 18%).
Except for Ceres and Pallas, all C-types have densities less than 2 g/cm3.

MBA results

A few % of MBAs are binary (caution: large selection effects).
Secondary to primary size ratio Rs/Rp ~ 0.1 to 1.
Most detected so far at orbital separation a ~ 10 Rp and with orbital
period P ~ 4 days.
Densities observed so far range from ~1 to ~3.4 g/cm3, about half those
of meteorites, implying high porosity in MBAs.
For systems with small satellites, angular momentum suggests that
primaries never exceeded breakup rate. Secondaries may be reaccumulated impact ejecta from sub-catastrophic impacts.

Variety of MBA binaries
17246

22 Kalliope

1089 Tama

Binary Trojans

Jupiter Trojan 617 Patroclus was discovered by Merline et al. (2001)
with Gemini North. This image was obtained by Margot (2003) with
the 5-m Palomar telescope using adaptive optics on a nearby star.
Components are clearly resolved at ~0.2” separation. Search for and
characterize faint, distant binaries in Trojan population.

Binary KBOs

Hubble Space Telescope, 600 km above mean sea level

HST observational technique
Design observing strategy that minimizes the number of HST visits.
Obtain preliminary orbit based on ground-based or initial HST data.
Target next observation at time that provides the greatest reduction in orbital
element uncertainties.
25 HST visits with ACS/HRC for 1999 TC36, 1998 SM165, 2001 QC298,
1997 CQ29, 2000 CF105, 2001 QT297.
Sample images at 0.6, 0.4, and 0.2” separations:

HST data reduction technique
Fit for source locations by modeling Point Spread Function (PSF).
Derive astrometry at different epochs.
Measure flux ratio.
Example for 1997 CQ29:

Data

Model PSF

Residuals

1998 SM165
2 STIS positions (Trujillo & Brown)
+ 5 ACS positions.
Position uncertainties 2.5 mas.
Best-fit solution (c 2 = 0.6):
Orbital period: 130 days.
Semi-major axis: 11309 km.
Eccentricity: 0.47.
Inclination: 24o.
Total mass: 6.8 x 1018 kg.

1997 CQ29
4 WFPC2 positions (Noll et al.,
2002) + 3 ACS positions.
Position uncertainties 2.5 mas.
Best-fit solution (c 2 = 0.6):
Orbital period: 309 days.
Semi-major axis: 8325 km.
Eccentricity: 0.47.
Inclination: 22o.
Total mass: 4.8 x 1017 kg.

Best-fit solutions for KBO binary orbits
Object

P [days]

a [km]

M [10^18 kg]

Rp/Rs

H

1999 TC36
1998 SM165
2001 QC298
1997 CQ29

50.38 +/- 0.5
130.1 +/- 1
19.23 +/- 0.2
309.2 +/- 3

7640 +/- 460
11310 +/- 110
3690 +/- 70
8320 +/- 240

13.9 +/- 2.5
6.78 +/- 0.24
10.8 +/- 0.7
0.48 +/- 0.04

2.7
3
1.2
1.2

4.7
5.7
6
6.4

Orbital period, semi-major axis yield total system mass with typical
uncertainties < 10%.
Component sizes are unknown. Assume that binary components have
identical density/albedo and use the flux ratio to apportion mass to each.
No mutual events for these objects until 2022.

KBO densities and albedos
Object
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1997 CQ29

10
10
10
10
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0.1
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r
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%

Rp [km]

1
1
1
1

23
15
8
41

147
116
117
42

For unit density, wide range of albedos (8-40%) in the Kuiper Belt.
Traditional assumption of 4% comet-like albedos severely overestimates
the size and mass of Kuiper Belt objects.
If average albedo is 12 (20) %, total mass in the classical Kuiper Belt must
be reduced from 0.01 Mearth (Bernstein et al., 2004) to 0.002 (0.001) Mearth.

Binary KBO statistics: eccentricities

Includes
1999 TC36, 1998 SM165,
2001 QC298, 1997 CQ29,
1998 WW31 (Veillet et al., 2002),
2001 QT297 (Osip et al., 2003),
1999 RZ253 (Noll et al., 2004).

Low eccentricities do not appear to support the Funato formation model
(nor possibly the Goldreich model, to be quantified).
Subsequent interactions may have lowered eccentricity.

Binary KBO statistics: inclinations

Includes
1999 TC36, 1998 SM165,
2001 QC298, 1997 CQ29,
1998 WW31 (Veillet et al., 2002),
1999 RZ253 (Noll et al., 2004).

A couple of orbit solutions still degenerate wrt inclination.
Lack of a-i correlation does not appear to support the Goldreich formation
model.

Angular momentum budget
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Ratio of orbital angular momentum to spin angular momentum ranges
from ~2 to ~40. This appears to rule out collisions as a formation
mechanism for distant binaries.
Binary KBO 2001 QW322 was discovered at 4” separation (Kavelaars,
Petit, Gladman, Holman, 2001).

KBO results

Perhaps ~10% of known KBOs are binary (caution: selection effects).
Secondary to primary size ratio Rs/Rp ~ 0.3 to 1.
Typical orbital separation a ~ 20 to 400 Rp.
Typical orbital period P ~ 6 to 800 days.
KBOs are more diverse, brighter and less massive than previously
thought.
Current statistics do not support a particular formation model, but
angular momentum considerations imply that widely separated binary
KBOs must have formed differently than NEA or MBA binaries.

Did some binaries spiral in?

Arecibo radar image of
2002 NY40
Howell et al., 2003.

Launch satellite below synchronous height?
Dynamical friction? (Goldreich, Lithwick, Sari, 2003).
YORP influences? (Cuk and Burns, this meeting).

Where are the triple systems?
If percentage of binaries is high (e.g. NEA population ~16%),
what about triple systems?
If formation/capture/survival of tertiary is independent of
existence of secondary, then one might expect a ~2% fraction of
triple systems.
The sample is getting large enough that we ought to see triple
systems.
Solid evidence might come from undisputable images and/or
consistent orbital solutions for secondary and tertiary.

Conclusions
More than 50 binary minor planets can be studied from the ground. Look
forward to improved statistics as sample size increases.
Large abundance of binary NEAs (1 in 6). Most appear to form by spin-up
and mass shedding, possibly during glancing collision, close planetary
encounters, or YORP evolution. Do they come from the main belt?
Moderate abundance of binary MBAs (few %, affected by selection
effects). Some with small satellites may form by sub-catastrophic
collision. How do widely separated binaries and closely separated twins
form?
Moderate observed abundance of binary KBOs (~10 %, affected by
selection effects). Formation of distant binaries presumably involves threebody or many-body interactions. Orbital parameters do not appear to
support a particular model at this time.

Diversity of binary minor planets

Binary systems provide fundamental insights into a wide range
of minor planet properties, their environment, their formation
and evolution processes, and the physical and chemical
conditions in the early solar system.

