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Abstract

We present numerical simulations of near-Earth asteroid (NEA) tidal disruption resulting in bound, mutually orbiting systems. Using
pile model we have constrained the relative likelihoods for possible physical and dynamical properties of the binaries created. Overa
simulations were run, with each body consisting of∼1000 particles. The encounter parameters of close approach distance and veloci
varied, as were the bodies’ spin, elongation and spin axis direction. The binary production rate increases for closer encounters, at low
for more elongated bodies, and for bodies with greater spin. The semimajor axes for resultant binaries are peaked between 5 to 20 pr
and there is an overall trend for high eccentricity, with 97% of binaries havinge > 0.1. The secondary-to-primary size ratios of the simula
binaries are peaked between 0.1 and 0.2, similar to trends among observed asteroid binaries. The spin rates of the primary bodies a
distributed between 3.5- and 6-h periods, whereas the secondaries’ periods are more evenly distributed and can exceed 15-h periods. T
of the primary bodies are very closely aligned with the angular momenta of the binary orbits, whereas the secondary spin axes are nea
The shapes of the primaries show a large distribution of axis ratios, where those with low elongation (ratio of long and short axis) are b
and prolate, and nearly all with large elongation are prolate. This work presents results that suggest tidal disruption of gravitational a
can make binaries physically similar to those currently observed in the NEA population. As well, tidal disruption may create an equal n
binaries with qualities different from those observed, mostly binaries with large separation and with elongated primaries.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

1.1. Motivation

The discovery and observation of binary asteroids over
past decade have provided new ways to study the properti
Solar System bodies. Before the 1993 Galileo mission dis
ery of Ida’s companion Dactyl in the main asteroid belt, th
were unconfirmed detections and theoretical speculation a
binary asteroids.van Flandern et al. (1979)reported on anom
alous occultations of Main Belt Asteroids (MBAs) (6) Heb
(532) Herculina, and (18) Melpomene, which suggested the
istence of companions, but these observations have never
confirmed.

* Corresponding author. Fax: +1 301 314 9067.
E-mail address: kwalsh@astro.umd.edu(K.J. Walsh).
0019-1035/$ – see front matter 2005 Elsevier Inc. All rights reserved.
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e
of
-

ut

-
en

Cellino et al. (1985)published anomalous lightcurves for 1
objects, one of which has since been shown to be a conta
nary, (216) Kleopatra(Ostro et al., 2000a; Merline et al., 2000
Tanga et al., 2001). Gehrels et al. (1987)and Gradie and
Flynn (1988)searched MBAs via imaging and coronagrap
techniques, neither detecting any binaries. After the disc
ery of Dactyl, Roberts et al. (1995)examined 57 asteroid
with speckle interferometry, failing to discover any compa
ions. Pravec and Hahn (1997)used lightcurve measuremen
to make a very strong case for a companion to NEA 1
AW1, by observing a lightcurve with two components and
cultations/eclipses. Similarly, NEAs 1991 VH, 3671 Dionys
and 1996 FG3 were considered highly probable targets
ing similar methods(Mottola and Lahulla, 2000; Pravec et a
2000b, 2005). Storrs et al. (1999)inspected 10 with HST an
found no binaries.

Merline et al. (1999a)were the first to definitively find a
companion with Earth-based methods by direct imaging of
Eugenia. Radar observations in 1999 demonstrated the

http://www.elsevier.com/locate/icarus
mailto:kwalsh@astro.umd.edu
http://dx.doi.org/10.1016/j.icarus.2005.08.015
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tence of NEA binaries 2000 DP107 and 2000 UG11 (Ostro et al.,
2000b; Margot et al., 2002; Nolan et al., 2000). Since then, 24
NEA binaries have been found using lightcurves and radar
servations. Binaries have also been observed in the Main
Kuiper Belt and the Trojan population.

Bottke and Melosh (1996a, 1996b), citing the frequency o
occurrence of doublet craters on terrestrial planets, investig
the effects of planetary flybys on contact binaries. This ef
estimated that∼15% of Earth-crossing asteroids could be
naries.Richardson et al. (1998)usedN -body simulations of
“rubble pile” asteroids disrupting during close encounters w
Earth and also estimated that∼15% of NEAs could be bina
ries. TheseN -body simulations were very similar to the on
presented in this current paper.

Tidal disruption has been credited with a large role in bin
formation among NEAs due to some of the prominent si
lar properties shared by these binaries(Merline et al., 2002c
Margot et al., 2002). Understanding how tidal disruption cr
ates binary asteroids is thus extremely important because
formation mechanism can shed light on the interior structur
NEAs, elucidate the history and evolution of NEAs, and m
aid in future discovery of NEA binaries.

Studies suggest tidal disruption can also change the s
of bodies, make crater chains and doublet craters, and cre
tear apart binaries(Solem and Hills, 1996; Schenk et al., 199
Bottke et al., 1997, 1999; Richardson et al., 1998; Merline
al., 2002c). Here we study in detail the properties of the NE
binaries created by numerical simulations of tidal disruption

1.1.1. Observed NEA binaries
The known NEA binaries have been discovered from

combination of lightcurve and radar observations. Lightcu
studies have been conducted on a large number of bo
but certain orbital properties (asynchronous orbit and fa
able geometry) are needed to make an unambiguous as
ment of the state of the binary(Weidenschilling et al., 1989
Pravec and Hahn, 1997). The secondaries must be large enou
(∼20% of the primary) for their nonsynchronous periods to
observed above any noise in the lightcurve of the primaries.
servations must also capture multiple occultations/eclipses
multiple revolutions of the secondary body, which requires
tensive observations at a viewing angle near the binary or
plane.

Radar observations require the close approach of an ast
to Earth, but can provide detailed physical and orbital inform
tion about the binary. The signal-to-noise ratio (SNR) of ra
measurements is proportional toR−4

tar andD
3/2
tar , whereRtar and

Dtar are the distance to and diameter of the target body, res
tively. The SNR is also proportional toP 1/2, the square roo
of the rotation period. Thus radar observations are more li
to discover nearby, larger, slower rotating secondaries(Ostro et
al., 2002).

The currently known NEA binaries share similar physi
and orbital traits. All currently known or suspected binar
have primary bodies with a diameter (Dpri) less than 4 km
(seeTable 1). All primaries with measured rotations, with th
exceptions of NEAs 69230 Hermes and 2000 UG11, have rota-
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tion periods between 2.2 and 3.6 h. The critical spin limit fo
spherical strengthless body is approximately given by

(1)Pcrit ≈ 3.3√
ρ

(h),

whereρ, the bulk density of the body, is in g cm−3. For a body
with ρ = 2.2 g cm−3, Pcrit ≈ 2.2 h, which defines the lowe
limit for primary spin rate(Pravec and Harris, 2000).

All the primaries have similar lightcurve amplitudes, typ
cally below 0.2 mag. The amplitude of a primary’s lightcur
(�m) has a simple relationship with the bodies shape

(2)�m ∼ 2.5 log
a

b
,

wherea andb are the long and intermediate length axes of a
axial ellipsoid. Thus the largest lightcurve amplitudes obser
∼0.2 mag, imply a 1.2:1.0 axis ratio. The entire population
NEAs has a much larger range of lightcurve amplitudes; 0
relatively close to spherical in comparison(Pravec and Harris
2000).

The secondaries have diameters typically between 0.2
0.6 times the diameter of the primary (Dpri). Again, the ex-
ception is Hermes which is a suspected synchronously rota
binary with equal-sized components. All others are async
nous systems, with the primary rotating much faster than
orbital period of the secondary(Pravec et al., 2004b). An ob-
servational limit exists for bodies below 0.2Dpri, but between
0.6 and 1.0Dpri, no biases are known. The secondaries are
consistent in their separation from the primary, with most be
within 6 primary radii (Rpri). The exception is 1998 ST27 with
a separation∼10Rpri, which also has a relatively fast-spinnin
secondary (period<6 h) and a high eccentricity(e > 0.3).
Other than ST27, the few eccentricities that are known are
below 0.1. Few rotations of secondaries are well known, tho
they appear mostly synchronized with the orbital motion, w
1998 ST27 again being an exception(Pravec et al., 2004b).

1.1.2. Main Belt asteroid binaries vs near-Earth asteroid
binaries

Binaries in the Main Belt population (roughly in orbi
with 2–4 AU semimajor axis) share few similarities with t
NEAs just discussed. First, Main Belt asteroid binaries h
been observed to have a much smaller percentage of o
rence (∼2–3%) than NEA binaries (∼15%)(Pravec et al., 1999
Margot et al., 2002; Merline et al., 2002c). Even accounting fo
different discovery techniques and observing scenarios the
a significant, sizable difference in relative numbers. Second
but a few have primaries that are larger than 4.5 km, with ne
half larger than 100 km. Thus nearly all the primaries for kno
MBA binaries are larger than the largest NEA (4 km). Thi
the primaries’ spin periods are spread between 2.6 and 16
with only three with periods below 4.0 h (seeFig. 1, Table 2).
This differs significantly from the very tight grouping of pr
mary spin for NEAs. Fourth, the secondaries are between
and 1.0 times the size of the primaries, going well below the
size threshold for NEA binaries (the 0.2 size threshold is lik
an observational bias for NEAs, rather than a physical lim
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Table 1
Orbital and physical properties for well-observed or suspected NEA binaries

Binary a e Dpri Ppri a Dsec Porb Discovery References
(AU) (km) (h) (km) (km) (d)

(66391) 1999 KW4 0.64 0.68 1.2 2.77 2.5 0.4 0.73 R [1,2]
1998 ST27 0.81 0.53 0.8 3.0 4.0 0.12 R [3,4]
1999 HF1 0.81 0.46 3.5 2.32 7.0 0.8 0.58 L [2,5]
(5381) Sekhmet 0.94 0.29 1.0 2.7 1.5 0.3 0.52 R [6,7]
(66063) 1998 RO1 0.99 0.72 0.8 2.49 1.4 0.38 0.60 L [2,8]
1996 FG3 1.05 0.35 1.5 3.59 2.6 0.47 0.67 L [2,9,10]
(88710) 2001 SL9 1.06 0.27 0.8 2.40 1.4 0.22 0.68 L [2,11]
1994 AW1 1.10 0.07 1.0 2.52 2.3 0.5 0.93 L [2,12]
2003 YT1 1.10 0.29 1.0 2.34 2.7 0.18 1.25 L/R [2,13]
(35107) 1991 VH 1.13 0.14 1.2 2.62 3.2 0.44 1.36 L [2,14]
2000 DP107 1.36 0.37 0.8 2.77 2.6 0.3 1.76 R [2,15,16,17]
(65803) Didymos 1.64 0.38 0.8 2.26 1.1 0.17 0.49 L/R [2,18]
(69230) Hermes 1.65 0.62 0.6 13.89 0.54 R [2,19]
1990 OS 1.67 0.46 0.3 0.6 0.05 0.88 R [20]
(5407) 1992 AX 1.83 0.27 3.9 2.55 6.8 0.78 0.56 L [2,21]
2002 BM26 1.83 0.44 0.6 2.7 0.1 R [22]
(85938) 1999 DJ4 1.85 0.48 0.4 2.51 0.8 0.17 0.74 L [2,23,24]
2000 UG11 1.92 0.57 0.2 4.44 0.4 0.08 0.77 R [2,25]
2003 SS84 1.93 0.57 0.1 0.06 R [26]
2002 KK8 1.95 0.46 0.5 0.1 R [27]
(31345) 1998 PG 2.01 0.39 0.9 2.52 1.5 0.3 L [2,28]
(3671) Dionysus 2.19 0.54 1.5 2.71 3.8 0.3 1.16 L [2,29]
2002 CE26 2.23 0.55 3.0 3.29 5.1 0.21 0.67 R [2,30]
2005 AB 3.21 0.65 3.33 0.75 L [31]

The discovery techniques are (L) lightcurve and (R) radar. References: [1]Benner et al. (2001b); [2] Pravec et al. (2005); [3] Benner et al. (2001a); [4] Benner et
al. (2003); [5] Pravec et al. (2002); [6] Nolan et al. (2003b); [7] Neish et al. (2003); [8] Pravecn et al. (2003b); [9] Pravec et al. (2000b); [10] Mottola and Lahulla
(2000); [11] Pravec et al. (2001); [12] Pravec and Hahn (1997); [13] Nolan et al. (2004); [14] Pravec et al. (1998); [15] Ostro et al. (2000b); [16] Pravec et al.
(2000a); [17] Margot et al. (2002); [18] Pravec et al. (2003a); [19] Margot et al. (2003); [20] Ostro et al. (2003); [21] Pravec et al. (2000b); [22] Nolan et al. (2002a);
[23] Pravec et al. (2004a); [24] Benner et al. (2004); [25] Nolan et al. (2000); [26] Nolan et al. (2003a); [27] Nolan et al. (2002b); [28] Pravec et al. (2000b); [29]
Mottola et al. (1997); [30] Shepard et al. (2004); [31] Reddy et al. (2005).
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Fifth, the observed separations are quite large, ranging fro
to 100 primary radii, well beyond any observed for NEAs.

The different discovery techniques and different format
mechanisms of MBA binaries are likely the cause of many
stark differences in the two groups. Most MBA binaries
discovered via adaptive optics (AO) observations, which p
erentially find distant companions, outside of the point spr
function of the brighter primary. These observations are
sensitive to large brightness differences, for example (45)
genia’s moon Petit Prince was 7 mag dimmer at discovery
its primary(Merline et al., 2002c). These two effects deman
that the observed MBA binaries have large separations an
low a wide range of size ratios.

Another limiting factor is primary size. This is a complic
tion regardless of observing technique, as a 1-km body in
Main Belt is substantially more difficult to study than one
the near-Earth population.

Primary spin rate is a quantity which should not be bia
in AO observations. The differences in primary spin betw
MBA and NEA binaries is commonly cited as the main e
dence for different formation scenarios. With well-correla
primary spins, NEA binaries likely result from some kind
spin-up mechanism acting on the primary, with disruption
capture happening after the asteroid spins past its breakup

Currently it may be safe to consider a typical NEA
nary (with a primary diameter of∼1 km and a small, clos
2
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Fig. 1. (Top) The primary rotation period of the known NEA (filled) and MBA
(open) binaries as a function of the pericenter of the binary’s orbit. (Bottom)
The component separations of the same binaries as a function of pericenter. In
both panels, each point represents one binary, with the size of the point propor-
tional the size of the primary.
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Table 2
Orbital and physical properties for well-observed or suspected MBA binaries

Binary a e Dpri Ppri a Dsec Porb Discovery References
(AU) (km) (h) (km) (km) (d)

(4674) Pauling 1.86 0.07 8 250 2.5 AO [1]
(1509) Esclangona 1.87 0.03 12 2.64 140 4 AO [2,3]
(9069) Hovland 1.91 0.11 3 4.22 0.9 L [4]
(5905) Johnson 1.91 0.07 5.0 3.783 2.0 0.91 L [4,5]
(1089) Tama 2.21 0.13 13 16.44 20 (9) 0.68 L [6]
(3749) Balam 2.24 0.11 7 350 1.5 100 AO [7,8]
(854) Frostia 2.36 0.17 1.57 L [9]
(3782) Celle 2.41 0.09 6.1 3.84 20.0 2.6 1.52 L [10,11]
(1313) Berna 2.65 0.20 25.464 1.061 L [12]
(45) Eugenia 2.72 0.08 215 5.70 1190 13 4.69 AO [8,13]
(4492) Debussy 2.76 0.17 26.59 1.11 L [14]
(22899) 1999 TO14 2.84 0.08 4.5 170 1.5 HST [15]
(17246) 2000 GL74 2.84 0.02 4.5 230 2 HST [16]
(243) Ida 2.86 0.05 31 4.63 108 1.4 1.54 SC [8,17]
(22) Kalliope 2.91 0.10 181 4.14 1020 38 3.58 AO [18,19,20]
(283) Emma 3.04 0.15 148 6.88 600 12 3.36 AO [21,22,23]
(130) Elektra 3.12 0.21 182 5.22 1250 4 3.9 AO [21,24,25]
(379) Huenna 3.13 0.19 92 7.02 3400 (7) 81 AO [23,26,27]
(90) Antiope 3.16 0.16 85 16.50 170 85 0.69 AO [8,28]
(762) Pulcova 3.16 0.09 137 5.84 810 20 4.0 AO [8,29]
(121) Hermione 3.43 0.14 209 5.55 775 13 2.57 AO [30,31,32,33]
(107) Camilla 3.47 0.08 223 4.84 1240 9 3.71 HST [8,34]
(87) Sylvia 3.49 0.07 261 5.18 1370 15 3.66 AO [8,35]

The discovery techniques are (L) lightcurve, (AO) adaptive optics, (T) ground-based telescope, (SC) for spacecraft, and (HST) for Hubble space telescope. Refer-
ences: [1]Merline et al. (2004); [2] Merline et al. (2003b); [3] Warner (2004); [4] Warner et al. (2005a); [5] Warner et al. (2005b); [6] Behrend et al. (2004b); [7]
Merline et al. (2002a); [8] Merline et al. (2002c); [9] Behrend et al. (2004a); [10] Ryan et al. (2003); [11] Ryan et al. (2004); [12] Behrend (2004c); [13] Merline
(1999b); [14] Behrend (2004); [15] Merline et al. (2003d); [16] Tamblyn et al. (2004); [17] Belton and Carlson (1994); [18] Merline et al. (2001); [19] Margot et al.
(2001); [20] Marchis et al. (2003); [21] Marchis et al. (2005); [22] Merline (2003c); [23] Stanzel (1978); [24] Merline et al. (2003e); [25] Magnusson (1990); [26]
Margot and Keck (2003); [27] Harris et al. (1992); [28] Merline et al. (2000b); [29] Merline et al. (2000a); [30] Merline et al. (2002b); [31] Merline et al. (2003a);
[32] Marchis et al. (2004a); [33] Marchis et al. (2004b); [34] Storrs et al. (2001); [35] Brown et al. (2001).
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secondary) to be extremely difficult to observe in the M
Belt. Adaptive optics would have trouble detecting seconda
with small separations, whereas high precision lightcurves
quire a long baseline of observations on reasonably large
scopes. Recent discoveries in the Main Belt have started p
ing the small end of the MBA binary size boundaries, with t
lightcurve discoveries of binaries withDp below 5 km, and
AO discoveries withDp below 10 km. However, the number
these small Main Belt binaries is not yet large enough to st
their statistics in detail.

1.1.3. Tidal encounters and the origin of binaries
Tidal disruption of a rubble pile1 has been invoked to ex

plain the disruption of Comet D/Shoemaker–Levy 9 (SL9) a
has also been applied to asteroid studies. SL9 disrupted
the comet passed within∼1.36RJ of Jupiter on 1992 July 7
The comet was torn apart and∼21 fragments or reaccumu
lated clumps were later observed.N -body studies have sinc
matched many of the comet’s basic post-disruption feat
(train length, position angle, and morphology) using a stren

1 A rubble pile is a moderately porous, strengthless body with constitu
bound only by their own self-gravity. SeeRichardson et al. (2002, 2005)for
discussion of rubble piles, gravitational aggregates, and “perfect” nume
rubble piles.
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l

less rubble pile model(Solem, 1994; Asphaug and Benz, 199
Walsh et al., 2003).

Solem and Hills (1996)used similarN -body techniques to
simulate the change in elongation (ratio of long axis to sh
axis length) of an asteroid due to a planetary close appro
Citing 1620 Geographos as an extreme case with an elong
of 2.7, encounters with Earth between close approach dist
q = 1.02 and 2.03 Earth radii (R⊕) were sampled with a rang
of v∞ (the speed at infinity of a hyperbolic encounter) betw
∼15 and 25 km s−1. The models represented the progenit
with 135 particles, and some simulations produced outco
more elongated than Geographos, providing a potential m
of creating very elongated solar system bodies.

Bottke and Melosh (1996a)simulated splitting of contact bi
naries to explain doublet craters on Earth, Venus, and Mar
this model a binary asteroid is formed during a close encou
with a planet, and the binary’s separation grows through su
quent encounters. Eventually the binary hits a planet, maki
doublet crater. This scenario depends on a constant refre
of the NEA binary population via tidal disruptions, and predi
that∼15% of NEAs may be binaries at any given time.

Simulations of NEA tidal disruption byRichardson et al
(1998) covered a large parameter space of elongated rota
bodies (constructed with 247 particles) passing Earth at var
q andv∞. The study was designed to quantify disruption a
mass loss for tidal encounters, but noted binary formatio
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an observed outcome and suggested that tidal disruption c
explain up to∼15% of the NEAs being binaries. The sim
lations sparsely covered the parameters ofq, v∞, progenitor
elongation, progenitor spin rate and long axis alignment. B
trends in disruption were observed, with increasing disrup
for closer approaches, slower approach speeds, and faste
grade rotation rates. More subtle results were seen as a fun
of body elongation and long axis alignment at close approa

Bottke et al. (1999)compared the shape of 1620 G
ographos, obtained from delay-Doppler measurements, to
of a tidal encounter outcome. The well-defined shape of
ographos matched many features of the simulation ou
including the cusped ends, an opposed convex side, a
nearly concave side with a large hump. This study was s
ilar in approach toSolem and Hills (1996), but matched the
high-quality images with high-resolution (∼500-particle) sim-
ulations.

Scheeres et al. (2000)provided analytical descriptions of ro
tation state changes to rigid bodies caused by close plan
flybys. This work has implications for the spin rate distributi
of NEAs, which strongly influences binary creation. When t
model was combined with a Monte Carlo sampling of plane
flybys, it demonstrated an overall increase in NEA spin rate
well as a flyby-induced upper spin rate limit near 2 h(Scheeres
et al., 2004).

Durda et al. (2004)simulated large-scale (100-km-diame
target body) catastrophic collisions of asteroids to determ
the efficiency of forming binaries via collision. These simu
tions used a smoothed particle hydrodynamics (SPH) cod
model the collision and anN -body code to simulate the pos
collision evolution and reaccumulation of the fragments. T
collisions were efficient at creating bound systems out of
reaccumulated debris and many of the binaries produced
qualitatively similar to those observed in the Main Belt.Michel
et al. (2002, 2001)also noted binary formation in their SPH a
N -body simulations of asteroid family formation.

The studies cited have investigated tidal disruption and
tortion of NEAs using a rubble pile model and other techniq
to simulate binary formation. The present study consists
very large set of simulations designed to quantify many of
diagnostic qualities of binary NEAs created via tidal disrupti
We adopt numerical techniques similar to those of previousN -
body rubble pile simulations, and cover parameters previo
shown to produce catastrophic tidal encounters, but in m
greater detail. This study is unique in the large number of s
ulations performed and detailed investigation into the phys
and orbital attributes of the resulting binaries. In Section2 the
details of the simulations and analysis are explained, and
results are discussed in Section3. Conclusions and future wor
are presented in Section4.

2. Method

2.1. Simulations

All simulations were done usingpkdgrav, a parallelized
tree code designed for efficientN -body gravitational and col
ld
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lisional simulations(Richardson et al., 2000, 2005; Leinhar
et al., 2000; Stadel, 2001; Leinhardt and Richardson, 20.
The simulations used a timestep of 10−5 yr/2π (about 50 s,
or ∼2% of the dynamical time for the particles) and all si
ulations were initially run for 10,000 timesteps (∼5.8 days).
Simulations that produced binaries or systems of bound
ies were run an additional 20,000 timesteps to reach a
of 30,000 timesteps (∼17.4 days). The collisions of individ
ual particles were governed by coefficients of restitution, b
normal (εn) and tangential (εt), which determine how much en
ergy is dissipated during collisions. The normal coefficien
restitution,εn, was fixed at 0.8 in these simulations, similar
previous studies, andεt was fixed at 1.0 (no surface friction
Previous work has shown thatεn has little effect on the out
come of a tidal disruption so long asεn < 1.0 (Richardson et
al., 1998).

2.2. Progenitors

The rubble pile models used in these simulations consis
identical rigid spheres bound to one another by gravity alo
There were five separate progenitors used in the simulat
each with different elongations: 1.0, 1.25, 1.5, 1.75, and
(here elongation is defined ase = a/c with a, b, and c rep-
resenting the long, intermediate and short axis length o
tri-axial ellipsoid; in our simulations,b was set to∼c). The
bodies were all constructed using particles with an internal d
sity of 3.4 g cm−3, but the bulk density of the body woul
vary depending on its packing efficiency, which was usu
around∼60%, making a bulk density of∼2.0 g cm−3. Each
progenitor consisted of approximately 1000 particles; the
act number varied between 991 and 1021 depending on
final overall shape.2 Recent work byRichardson et al. (2005
shows that the resolution of a rubble pile simulation can h
an effect on the outcome: as resolution increases, the gra
behavior becomes more fluid-like, aiding disruption. To j
tify our use of 1000 particles, we assume the smallest build
block for rubble piles in the inner Solar System is∼150 m,
based on SPH collision studies and the observed spin
cutoff of kilometer-sized asteroids(Benz and Asphaug, 1999
Pravec et al., 2002). With 150-m particles, a spherical clos
packed rubble pile with 1000 particles is∼3.3 km in diameter.
This diameter is nearly as large as the largest observed NE
nary primary, but also has enough resolution to model eje
fragments which may remain bound to each other, and to a
accurate measurement of size ratios.

The progenitors were given one of four rotation rates: 3-,
6-, or 12-h periods. Large asteroid (D > 40 km) spin rates hav
been shown to follow a Maxwellian distribution, but small a
teroids (D < 10 km) have an excess of fast and slow rotat
(Pravec et al., 2002). Studies have attempted to fit the pop

2 The packing algorithm uses hexagonal closest packing, which depen
a certain level of symmetry to construct bodies out of a finite number of pe
spheres. This results in variation in the number of particles for various sh
Similarly, due to boundary algorithms and the finite size of the building blo
the bulk density can vary slightly.
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Fig. 2. Progenitor initial parameters of the reciprocal of elongation (c/a) and
normalized angular spin frequency (ω/

√
2πGρ ) are plotted as points. (soli

line) This is compared with the limiting curve for a cohesionless granular
loid with friction angleφ = 40◦ (Holsapple, 2001; Richardson et al., 200.
(dashed line) The solutions for Jacobi and Maclaurin sequences repres
theoretical axis ratios for rotating fluids.

lation of small asteroids with 3 different Maxwellians, with
combination of fast, moderate, and slow rotation rates of∼6.4,
11.3, and 27.5 h(Donnison and Wiper, 1999). However, with
the large proportion of fast-rotating NEAs (possibly as h
as 50%) observed to be primaries of binary systems, they
have already experienced a tidal disruption and had their
state altered(Margot et al., 2002; Scheeres et al., 2004). Our
selections were made to sample fast rotators (3, 4 h), as
as some moderate ones (6, 12 h). No spin periods longer
12 h were simulated due to the small contribution rotation a
ally makes to tidal disruption at slower spins(Richardson et al.
1998).

The 3-h spin rate simulations were only carried out
progenitors with an elongation of 1.0 and 1.25. Compari
to Richardson et al. (2005), as well as separate tests, indic
that bodies with elongation of 1.5 or greater would be un
ble at a 3-h spin rate, thus shedding mass and distorting
to encountering the tidal forces of Earth (Fig. 2). The subset o
results for 3 h will be presented independent of the bulk of
studies.

The progenitors used in this work are all below the lim
for cohesionless granular proloids with friction angleφ =
40◦ (Holsapple, 2001). This limit, verified byRichardson e
al. (2005) as a rotational stability limit for numerical mod
els of rubble piles, differs from the Maclaurin/Jacobi lim
for fluid bodies (essentially a sequence of allowed equ
rium shapes). The Maclaurin/Jacobi sequence can be de
analytically and provides a useful fiducial for comparing l
idealized models. For example,Guibout and Scheeres (200
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Fig. 3. The distribution ofv∞ for close hyperbolic encounters with Earth, wi
v∞ in km s−1 and they-axis indicating the normalized probability for eachv∞
bin (Bottke, personal communication, 2004).

determined that when a body is spinning beyond the Ja
limit, the flow of material on the surface of the body is towa
the equator, whereas below the limit, the flow is towards
poles.

2.3. Tidal encounters/initial conditions

The hyperbolic encounters asteroids have with planets
be described by the close approach distanceq and the rel-
ative speed at infinityv∞. When v∞ � vesc (where vesc =√

2GM/R ), close approach is distributed with likelihood i
creasing as the square of the distance. This means that a
teroid is four times more likely to encounter Earth at 4R⊕
than at 2R⊕. Thev∞ of these encounters depends on the b
ies’ pre-encounter orbits. A distribution of expected encou
statistics was taken from a series ofN -body simulations of
NEA migration from major source regions in the Main B
(3:1 mean-motion resonance with Jupiter,ν6 secular resonance
Mars crossers;Bottke et al., 2002; Bottke, personal commu
nication, 2004; the distribution is similar to the impact spe
distribution of Bottke et al., 1994). This was used to dete
mine the expectedv∞ for the hyperbolic encounters with Ear
(Fig. 3). Simulated parameters were selected to cover the m
frequently occurring encounters and those previously show
create very disruptive encounters likely to form binaries,
sampled at a frequency to balance detail with computationa
pediency:q = 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3
4.0 and 4.5R⊕ andv∞ = 8, 12, 16, 20, and 24 km s−1.

Richardson et al. (1998)determined that the orientation
a non-spherical body can have a significant effect on the
come of a tidal disruption. Specifically when the leading lo
axis of a body is rotating towards or away the planet, disr
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Fig. 4. Snapshots of a tidal disruption simulation that led to the formation of a binary asteroid. The frames span about 72 h.

Table 3
Cumulative statistics from all 110,500 simulations

Total binaries T-PROS T-EEBs Prolate Oblate S-class B-class M-c

4939 4556 383 4692 246 226 2299 2414

3-h spin periods; 1.0 and 1.25 elongations only
798 702 96 740 58 59 357 382

Total binaries is simply a count of all systems observed in the simulations. T-PROS and T-EEBs represent the total binaries split into dynamical gs (see
Section3.2). Prolate and oblate columns separate the binaries according the shape of the primary body (see Section3.1.3). The binaries are also separated accord
to the class of disruption in which they were formed, S-class being the most disruptive, followed by B-class and M-class (see Section3.3).
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tion is enhanced or suppressed, respectively. Near perige
equipotential surface of the body is stretched in the direc
of Earth, and particles may rearrange to fill that shape
Fig. 4 for a representative disruption). So if the long axis
rotating away from the planet, the rotation of the body oppo
the movement of the particles. Instead of parameterizing
specifics of body axis alignment, a compromise was made
each set of encounter (q and v∞) and body (elongation an
spin rate) parameters, the simulation was run 100 times,
time randomizing the orientation of the body’s spin axis. Th
given that the hyperbolic encounters were always in the s
plane, some bodies were spinning prograde and some r
grade with respect to the encounter with Earth, dependin
the randomization outcome. The long axis position at per
was also random. This means that each set of parameters
distribution of possible outcomes rather than one unique s
tion.

2.4. Analysis

Identification of orbiting systems was done using thecom-
panion code(Leinhardt and Richardson, 2005). This code is
optimized for extremely fast searches over all simulations, id
tifying and analyzing those with bound systems. First, e
simulation was searched for re-accumulated clumps of p
cles(Leinhardt et al., 2000). Once the clumps were identifie
those consisting of more than three particles were fed
companion to search for systems. Any bound clumps w
then analyzed to obtain important physical parameters, su
spin vector, elongation, mass, radius and position/velocity
tors.

The codecompanion sorts binaries according to iden
fication of the primary and secondary clumps. In a situa
where a specific clump has multiple secondaries, it will
listed once for each. Thus a triple, or larger, system may
sult in the same primary being counted multiple times in
statistics presented. The situation of an hierarchical sys
where a secondary body itself has an orbiting clump, will
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Fig. 5. Normalized probability of binaries formed versus (a)q, (b) v∞, (c)
initial spin rate, and (d) initial elongation.

sult in that body being counted as both a secondary and a
mary.

3. Results and discussion

3.1. Bulk results

The bulk results covered 1105 sets of parameters, which
compasses 110,500 total simulations. From these simulatio
total of 5737 bound systems were found after 30,000 times
(seeTable 3for a summary of bulk statistics). Of all the b
naries, 798 were formed in the subset of 3 h, low-elonga
simulations (to be referred to as the 3-h subset, and not incl
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Fig. 6. Normalized probability of binaries formed versus the mass of the la
remnant divided by the mass of the progenitor. The vertical lines separa
disruptions into defined classes, with S-class being most disruptive, follo
by B-class and M-class(Richardson et al., 1998). The percentages represe
the total number of binaries in each class.

in plots or tables unless specifically mentioned; see Section2.2
and 3.4).

Fig. 5shows the relative contributions each parameter m
to binary production. The trends are consistent with the fi
ings of Richardson et al. (1998). The lower thev∞, the more
disruptive the outcome, and hence more binary formation
sults. Likewise binary production falls off very smoothly
q increases. The spin period distribution shows the dram
increase in production at high spin rates, as bodies with
periods were nearly 60% more likely to create a system
those with a 6-h period. Similarly, elongated bodies were
nificantly more efficient at producing binaries, with elongatio
of 2.0 making nearly 3 times the number of binaries as elon
tions of 1.0 or 1.25.

Fig. 6 displays the number of binaries formed as a funct
of the mass of the largest remnant divided by the mass o
progenitor, basically a measure of how disruptive the encou
was. This measure was used by(Richardson et al., 1998)to
delineate 3 classes of tidally disruptive encounters:

1. S-class disruption: Named for an SL9-type disrupt
where the largest remnant has no more than 50% of
progenitor’s mass. This class of disruptions is the m
dramatic, as the progenitor is stretched into a long t
of particles before numerous clumps take shape. Bina
can be created if two clumps form close enough to bec
bound, or if a clump has accreted multiple fragments.

2. B-class disruption: A rotational breakup where the larg
remnant contains between 50 and 90% of the mass o
progenitor. A B-class breakup involves a similar situat
st
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Fig. 7. (a) Satellite eccentricity and (b) semimajor axis (in terms of
mary radii, Rpri) distributions for binaries formed by tidal disruption. (
Inclination of the orbit with respect to the encounter orbital plane,i =
cos−1((Lbin · Lenc)/(|Lbin||Lenc|)). (d) Angle between the progenitor’s sp
axis,ωpro, and the binary angular momentum,Lbin.

as the S-class, but less extreme, allowing a central l
clump to form from the distorted and stretched progeni

3. M-class disruption: A mild breakup with less than 10%
the mass of the progenitor lost during the disruption. As
body is spun up, it is stretched along its long axis, partic
slide to the equator of the body, and many are launche
the main body. Unlike the more disruptive breakups wh
a long chain of particles separates into separate clumps
M-class encounters appear more like a body that starts
ning too fast (beyond the Jacobi and related cohesion
granular proloid limits), distorts, and then sheds mass f
its equator.

Binary production peaks for encounters classified as
class, with the largest remnant containing 90 to 95% of the m
of the progenitor. With a large percentage of the mass conta
in the largest remnant, the binaries formed are limited to s
size ratios. B-class and M-class outcomes account for ne
equal amounts of the binaries created and about 95% of th
tal created.

3.1.1. Orbital properties
The eccentricity distribution in the simulations is domina

by high (e > 0.1) eccentricities, and has similar morpholo
to the eccentricity distribution inDurda et al. (2004)found in
binaries formed after MBA collisions (Fig. 7a). However, the
known binary NEAs with measured eccentricity are usu
found to have eccentricity below 0.1. Such systems are for
at one tenth the rate of those withe > 0.9 in our simulations
and account for only∼3% of the total results. This differ
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ence might be explained by lightcurve studies possibly be
more likely to discover low-eccentricity secondaries or by e
lutionary eccentricity damping(Weidenschilling et al., 1989
Murray and Dermott, 1999). Tidal dissipation mechanisms a
expected to damp eccentricities, where the timescales ar
pendent onQ (the tidal dissipation parameter for the se
ondary), the diameter of the secondary, and the semimajor
of the orbit (see Section3.6).

The semimajor axis distribution is relatively smooth, pea
around 5Rpri and extending out to nearly 1000Rpri (Fig. 7b).
The Hill sphere radius,rH ∼ a(Mpri/3M	)1/3, whereM	 is
the mass of the Sun, anda = 1 AU at Earth, equates t
rH ≈ 130Rpri. Thus inclusion of the Sun in these simulatio
would eventually eliminate many of the systems with v
large separation, asHamilton and Burns (1991)showed that
circular prograde orbits are stable with respect to solar t
only out to∼ rH/2, and retrograde orbits are stable to∼ rH.
The small number of binaries witha < 2 Rpri are expected to
have extremely short lifetimes against collision with the p
mary(Scheeres, 2002). Observed NEA binaries nearly all hav
a/Rpri between 3 and 10, which is also the most likely outco
seen in the simulations. However, the simulations create m
systems with larger separations that are not observed in
NEA population, suggesting a possible strong observationa
lection effect or an evolutionary/survival property. Nearly h
the simulations produced a separation of over 10Rpri, which
may suggest that we are only currently observing half of
NEA binaries.

The inclination of the binary favors an alignment with t
progenitor’s encounter orbit (0◦), where inclination is mea
sured as the angle between the plane of the encounter
and the plane of the binary orbit (seeFig. 7c). The inclina-
tion distribution peaks around 20◦, and has some cases wi
values between 90◦ and 180◦, which describe outcomes whe
the binary orbit is retrograde with respect to the progenit
encounter with Earth. This could have come about if a prog
itor had retrograde spin with respect to the encounter, or
a chance post-disruption circumstance, most likely involvin
very small secondary.

The rest of the angular momentum of the system comes
the spin of the progenitor, which is quantified by measuring
angle between the spin axis of the progenitor and the bina
angular momentum vector (ωpro and Lbin; seeFig. 7d). This
has a peak around 45◦ falling off towards 0◦ and 90◦, with very
small contributions between 90◦ and 180◦. This result suggest
that neither progenitor spin nor encounter orbit will domin
the resultant binary inclination but that the encounter orb
slightly more important. The encounter scenario likely de
mines which factor dominates, with a fast spinning progen
disrupting at a distantq having the plane of the binary de
termined by the progenitor’s spin, whereas a slow spinn
low q encounter placing debris mostly in the plane of the
counter.

3.1.2. Body properties
The size ratio between secondary and primary bodie

strongly peaked between 0.1 and 0.2 (Fig.8a). This is a slightly
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Fig. 8. (a) Normalized probability of binaries formed as a function of s
ondary-to-primary size ratio. (b) Primary (shaded) and secondary (cross-h
obliquity. (c) Primary (shaded) and secondary (cross-hatch) spin period.

lower and narrower peak than that observed for NEA binar
for which size ratios typically range between 0.2 and 0.6, w
the exception being Hermes, with a size ratio very near
(Margot et al., 2003; Pravec, 2003c). The lowest size ratio
in the simulations were<0.05, which is limited by the arbi
trary requirement we imposed that three particles are ne
to make a clump, and various complications of measuring
elongated shapes of rubble piles. These two main dispa
with observations, the width and position of the simulation s
ratio peak, may potentially be an effect of the simulation r
olution. If resolution affects resultant size ratios, and, as
discussed in Section2.2, progenitors are constructed out
150–200-m-diameter building blocks, then smaller progeni
would require lower resolution. This effect could potentially a
count for both the higher observed size ratios and their w
range, as a range in progenitor sizes might generate a w
peak in simulated size ratios. Another problem is potentia
regular shapes and sizes of building blocks, which may d
significantly from the perfect hard spheres used for comp
tion simplicity. On the other hand, lightcurve studies are limi
by the size ratio, and cannot detect secondaries below 0.2
the size of the primary(Merline et al., 2002c).

The spin of the primary in the simulations is bracketed
tween 3.5- and 6.0-h spin periods, while the secondary h
peak around 6 h and falls off slowly out to 20 h and grea
(Fig. 8c). The spin of the primary has been exceptionally c
sistent in observed NEA binaries, with nearly all measure
have spin periods between 2.2 and 3.6 h. This disparity betw
our simulations and the observations is potentially cause
our choice of parameters. The fastest progenitor spin pe
simulated was 3 h and likely does not represent the fa
spinning NEAs that encounter Earth. For the densities use
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the simulations, and following the work ofRichardson et al
(2005), the critical spin period for a spherical rubble pile of t
density we used is approximately 2.7 h (see Eq.(1)). This is
significantly slower than the shortest observed periods in
NEA population; however, the observed distribution of s
rates for NEAs does not suggest that an overwhelming n
ber have periods less than 3.0 h(Pravec et al., 2002). Some of
the disparity may be the numerical simplifications needed
the simulations, notably perfect spherical particles, which co
artificially inflate porosity and decrease critical spin rate. T
could make the idealized rubble piles disrupt at a slower
rate than observed. The bulk density of the progenitor is∼2.0
g cm−3 with a porosity of 35%, neither of which are extrem
for observed NEAs. However, any tensile forces or mech
cal strength which could push critical spin rate faster, even
briefly, may contribute to the very fast spinning primary. Furt
work is needed to show whether these caveats are respon
for the difference between the observed and simulated spin
distributions.

The obliquity of the primary in simulations is quite lo
(where obliquity is the angle betweenωpri andLbin), with close
to 90% of the binaries having an obliquity less than 20◦. The
obliquity of the secondary has no such relation, being nearly
between 0◦ and 90◦, and falling off from 90◦ to 180◦ (Fig. 8b).
With many secondaries formed from accreting material in o
around the primary, retaining an aligned spin axis appears
unlikely for a secondary.

3.1.3. Shape of the primary
The shape of the primary was measured along the bo

three principal axes,a, b, andc for the longest, intermediate an
shortest axis length. Nearly all primaries are in a principal a
rotation state, rotating around the shortest axis. Thus the s
irregularities which are associated with a rotational lightcu
are a result of a difference between the long axis,a and the
intermediate axis,b. If the intermediate axis,b, equalsa or c,
the body is either oblate (b = a) or prolate (b = c). However,
few bodies approach such perfect classification, so for the
of simplicity we define a shape index

I = (a − b)/(a − c),

whereI = 1 means prolate, andI = 0 oblate.
The progenitor bodies were created to be simple pro

ellipsoids (b = c), with different values ofa/c for varying
amounts of elongation. The resulting primaries, as sh
in Fig. 9a, have a distribution ofa/c concentrated betwee
2.0 and 3.0. The progenitor elongations used in the si
lation were only varied between 1.0 and 2.0, so elonga
was significantly enhanced during the binary-forming enco
ters.

The distribution ofa/b is a more valuable comparison
the shape derived via lightcurve studies for bodies rota
around their shortest principal axis. This distribution has
same peak asa/c, at 1.95, but a larger concentration of o
jects near 1.0 (Fig. 9b). When the distribution is separated in
bodies withI < 0.5 and >0.5 (more oblate-like or prolate
like), the oblate-like bodies account for nearly half of the
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Fig. 9. (a) Ratio of axesa/c for primaries of resultant binary systems. (b) Ra
of axesa/b. (c) Ratio of axesa/b separated into prolate (thin lines) and obla
(thick lines, cross hatch fill). (d) Ratio ofI = (a −b)/(a − c), showing whether
the intermediate axisb is closer toa, making the body oblate-like, or close
to c, making the body prolate-like.

that havea/b < 1.2; few oblate-like bodies havea/b > 1.5
(Fig. 9c).

As mentioned above, virtually no bodies were perfec
oblate or prolate. The valueI was computed for all primaries
which describes how near the body was to being exactly pro
or oblate (Fig. 9d). The plot shows that many bodies are v
nearly completely prolate withb nearly equal toc. Conversely
oblate-like primaries are frequently only mildly oblate, withb

nearly evenly betweena andc.
The observed population of NEA binaries typically ha

quite spherical primaries, where in most cases amplitud
the lightcurve is used to interpret the shape of the bo
Some elongations could potentially be larger if the lightcu
amplitudes are artificially low due to non-ideal viewing a
gles. The simulations produce some low-elongation prima
but relatively few in comparison with high-elongation bo
ies with elongation above 2.0. Furthermore, the simula
low-elongation primaries have a high probability of appe
ing oblate. When isolated, the low elongation primaries sh
no properties suggesting that they are more likely to h
small separation or other properties related to the obse
binary population. They have a slight trend toward lower
centricity, possibly suggesting that the lack of observed h
elongation primaries may be more related to survival, as
posed to formation. For example, how many of the curre
observed binaries could survive with a primary of elon
tion 1.5 or 2.0? With all observed binaries having simila
small separations, studying orbital stability around irregula
shaped primaries is appropriate. An answer may be fo
in large-separation NEA binaries (when/if they are disc
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ered), where elongated primaries would have a less signifi
impact on the dynamics of the binary orbit, so the bina
may have a better chance of surviving long enough to be
served.

3.2. T-PROS and T-EEBs

Durda et al. (2004)introduced terminology to differenti
ate between two types of satellites formed in a collision. T
SMAshed Target Satellites (SMATS) form from debris orbiti
around a remaining target body. The Escaping Ejecta Bina
(EEBs) form from fragments escaping the collision and bec
ing bound to one another. Similar analogs exist in the case
tidal disruption. We have dubbed systems that form around
largest remnant of the disruption “Tidal PROgenitor Satellit
(T-PROS), and those that form from escaping debris “Tidal
caping Ejecta Binaries” (T-EEBs). As seen in the collisio
cases, there are distinct differences between the two gro
The strongest difference is in size ratio, where the T-PROS
a high probability of having a size ratio between 0.1 and
while the T-EEBs have a strong chance of being 0.8 and hi
(Fig. 10a). Some of this effect may be due to the resolution
the simulations, where if most of the 1000 particles are inve
in the largest remnant, there are only limited remaining pa
cles to create a T-EEB, which will then necessarily have
ratio near unity (to be considered, a clump must have at l
3 particles). This was also observed byDurda et al. (2004),
where many of the EEBs are the lowest-resolution partic
thus having a size ratio of exactly 1. With only one NEA
nary (Hermes) with a size ratio above 0.7, T-EEBs may no
common; in the simulations they made up only∼10% of the to-
tal systems created, and have even stronger tendencies to
from extreme disruptions with lowq and v∞ (Figs. 10c and
10d).

There is also a distinct difference in the spin axis alignme
for the two types (Fig. 10b). The T-PROS’ primary spin axe
are typically closely aligned with the binary orbital angular m
mentum, while the T-EEBs’ primaries have only a slight cor
lation with the orbit. The T-PROS distribution matches that
the overall distribution, with close to 90% being aligned with
20◦ of the binaries’ orbits. T-EEBs show only a slight alignme
with the binary orbit, and has significant contributions out n
180◦. The spin rates for the primaries of the T-EEBs are m
more distributed than for T-PROS, and the secondaries ha
similar distribution to that of all secondaries (not shown).

3.3. Classes of disruption

The three classes of disruption (S-, B-, and M-class; see
tion 3.1) form binaries which have different properties. As we
each class of disruption prefers to form binaries from differ
types of encounters. First, the more disruptive the encou
the more likely it was to have been produced by a lowq or
low v∞ encounter.Figs. 11a and 11bshow the relative contri
butions each of the three classes made as a function ofq and
v∞. The resultant binaries from each class had some phy
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Fig. 10. Plots comparing T-PROS (shaded) with T-EEBs (bold lines) in terms
of relative number, meaning each distribution is normalized independently due
to large disparity in overall numbers: (a) secondary-to-primary size ratio; (b)
primary obliquity; (c) relative binary formation as a function of encounter con-
ditionsq and (d)v∞.

Fig. 11. Comparison of S-class (gray fill), B-class (wide cross-hatch) and
M-class (small cross hatch) tidal disruptions in terms of relative number of bi-
naries formed for each class. (a) The three classes are plotted as a function of
close approachq and (b)v∞. The binaries produced within each class are also
plotted as a function of (c) eccentricity and (d) size ratio of the secondary to the
primary.
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Fig. 12. Histograms of the primary (shaded) and secondary (cross-hatch
periods for the binaries produced in the 3-h spin subset.

differences, mostly in eccentricity and size ratio. Mild enco
ters had a stronger peak in high eccentricity, as compared t
S-class disruptions where a 0.95 eccentricity was only slig
more likely to occur than anything>0.25 (Fig. 11c). This trend
continues in size ratio with mild encounters producing a str
peak between 0.1 and 0.2, while disruptive S-class encou
were peaked at 0.9–1.0 (Fig. 11d).

3.4. 3-h spin rate subset

The subset of simulations run with a progenitor 3-h s
period was done to investigate the relationship between
progenitor spin and the binary primary spin period. Of the
simulations run, using only elongations of 1.0 and 1.25, 798
naries were formed from 13,000 simulations. The 3-h su
produced a similar primary spin distribution to that of the
tire set of simulations, with none below 3.7-h period (Fig. 12).
Overall the periods for the primary and secondary were es
tially the same for the full parameter simulation. This res
suggests that primary spin is not strongly dependent on pro
itor spin, and is likely dominated by other factors such as b
density, particle shape or small internal strength.

3.5. Triples and hierarchical systems

In general, triple systems (a system with two secondarie
biting one primary) are likely to be unstable on short timesc
in the inner Solar System. Currently no asteroids have b
observed in this state anywhere. However, the simulations
duced these and more complicated systems withN > 3. The
simplest case of two satellites orbiting the largest remnant
found in 757 of the simulations with another 357 having th
or more satellites in orbit.
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Some unique situations involved multiple systems form
around the second, third, and fourth largest remnant. T
were 5 simulations with at least 2 secondaries around the
ond largest remnant, 6 that produced them around the
largest, and 1 simulation that produced them around the fo
largest remnant. These situations almost exclusively origin
from very close encounters (q < 1.6 R⊕) and fast-spinning pri
maries (4 h).

A hierarchical system, where a secondary has a bound
panion, was a rare outcome. A total of 102 simulations p
duced these systems. These were typically simple situa
with a satellite bound to the second-largest remnant, w
in turn was bound to the largest remnant. Though no sim
systems have been observed among asteroids, they do occ
mediately post-disruption in simulations.

3.6. Tidal evolution and eccentricity damping

The simulations represent snapshots of binary properties
mediately after formation. Subject to tidal interactions, pla
tary encounters, and thermal effects, the binaries will evo
with time. Tidal forces between the primary and secondary
affect the binary in most cases by: changing the semimajor
of the secondary’s orbit, synchronizing the secondary’s rota
with its orbital period, and changing the eccentricity of the s
ondary.Weidenschilling et al. (1989)determined the change o
the semimajor axis of a tidally evolving asteroid binary to
given by
(

af

Rpri

)13/2

−
(

a0

Rpri

)13/2

(3)

= 312π3/2G3/2ρ5/2(Rsec/Rpri)
3(1+ (Rsec/Rpri)

3)1/2R2
pri

19
√

3µQ

× �t,

wherea0 andaf are the initial and final semimajor axes of t
binary’s orbit,G is the gravitational constant,ρ is the bulk den-
sity, µ is a measure of the rigidity of the body in dyn cm−2,
Q is the tidal dissipation factor, and�t is time. Theeffective
rigidity of a body,µ̃, is defined as

(4)µ̃ = 19µ

2ρgR
,

whereg = GM/R2 is the surface gravity of a body(Murray
and Dermott, 1999).

Margot et al., 2002obtained a value of̃µ = 1.66× 104 for
the radar-observed binary NEA 2000 DP107 by assuming the
secondary had evolved from nearly touching the primary to
present separation over the median NEA lifetime of 10 Myr3

For the known properties of 2000 DP107 (Dpri = 800 m,
ρ = 1.7 g cm−3) and a commonly estimated value ofQ = 100,
the rigidity value is thenµ = 2.26× 106 dyncm−2. For com-
parison, solid rock has a value ofµ near 1011 dyn cm−2 and

3 The value constrained byMargot et al. (2002)was actuallyk2/Q, wherek2
is the Love number and is related to rigidity byk2 = (3/2)/(1+ µ̃).
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Fig. 13. The final separations (a/Rpri) for different tidal evolution times for a
binary starting at a separation of 1Rpri as a function of their size ratio. Th

value forµQ used was 2.37× 109 for a density of 2.2 g/cm3.

Phobos hasµQ of 1012 dyn cm−2 (Weidenschilling et al., 1989
Yoder, 1981).

The values ofµQ = 2.26× 108 dyncm−2 andµ̃ = 1.66×
104 dyncm−2 were used to estimate basic timescales for
bit evolution of the simulated binaries.Rpri was set at 1 km
and the initial starting separation used for the calculations
1.0 Rpri; this simplification is made because the starting sep
tion is largely insignificant for the relevant timescales (Fig. 13).
The smaller size ratios evolve very slowly, with a binary
size ratio= 0.1 taking 10 Myr to evolve from a separatio
of 1 Rpri out to 4Rpri. Larger size ratios evolve much fast
(as shown inFig. 13), but have a smaller maximum attainab
a/Rpri based on a simple conversion of initial primary spin
orbital angular momentum. For example, Hermes is presu
to be in a doubly synchronous state at<5 Rpri with a pri-
mary rotation and orbital period of∼13.8 h (Pravec, 2003c
Margot et al., 2003). This binary represents a possible fu
evolved system, with a smalla/Rpri compared to a similar sys
tem with a smaller size ratio.

The calculations suggest that over a median NEA lifet
of 10 Myr the most observable effects of tidal evolution w
be that binaries with near-equal-mass components appro
synchronous state quickly(Gladman et al., 2000). Orbital evo-
lution is quite slow for smaller mass ratios, especially bey
5 Rpri.

Of the observed binary NEAs with known eccentricities,
but one havee < 0.1. The damping timescales of eccentric
due to tidal interactions is governed by

(5)τe = −e

ė
= 4

63

(
Rsec

Rpri

)3(
a

Rsec

)5
µ̃secQ

n
,

-

s
-

d

a

Fig. 14. The eccentricity damping timescales for binaries as a function of
size ratio and separation (a/Rpri). Plotted as dots are the simulation-produc
binaries and plotted as solid squares are the NEA binaries.

wheren is the mean motion and̃µsec is the effective rigidity
of the secondary(Murray and Dermott, 1999). This formalism
is for a secondary with a spin period equal to its orbital per
and considers only the effects of the tides raised by the prim
on the secondary. Tides raised on the primary by the secon
which play a greater role for larger mass ratios, can have
effect of raising the secondary’s eccentricity(Goldreich, 1963;
Margot and Brown, 2003). Most of the known binaries hav
relatively small separations and size ratios, which is the reg
in which eccentricity damping may be very efficient.Fig. 14
shows damping timescales as a function of size ratio and s
ration, with the simulated binaries and observed binaries i
cated for reference. All but one observed binary has a da
ing timescale less than 10 Myr, and only 7 of the 24 h
a damping timescale greater than 1 Myr. The outlier is 1
ST27, with a separation of 10Rpri and an observed ecce
tricity >0.3. This is the only NEA binary with an eccentri
ity measured to be greater than 0.1, and is the only one
which the estimated damping timescale is greater than 10
(Benner et al., 2003). This suggests that large-separation
naries discovered in the future may also have high eccen
ties.

These evolution calculations are very dependent onµ̃sec, for
which the value used was derived from a single well-studied
nary, 2000 DP107. Not considered are other forces which m
alter the binary on timescales comparable to those of mu
tidal forces, such as planetary tidal encounters or therma
fects. Previous work on binary encounters with Earth or Ve
out to 8 planet radii showed that orbit properties of the
nary can be altered dramatically(Chauvineau and Farinella
1995; Bottke and Melosh, 1996a). In addition, the therma
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Yarkovsky and YORP effects have been identified as res
sible for both orbital evolution and spin axis re-orientation
asteroids(Chesley et al, 2003; Vokrouhlický et al., 2003). Cuk
and Burns (2004)propose that the YORP effect can alter the
bit of a synchronized secondary in a manner similar to ho
affects a single body. Under ideal circumstances it may w
on timescales as short as 105 yr, dominating tidal evolution in
some situations.

4. Conclusions

This study usedN -body simulations to model the tidal di
ruption of strengthless asteroids, or rubble piles, during c
encounters with Earth. We presented distributions for the
sultant physical and orbital properties of the binaries form
citing similarities and differences with the observed popula
of NEA binaries. The spin of the primary body is bracketed
a similar fashion to the observed population, though the si
lation’s range of primary spin periods is centered on a so
what slower spin period. Similarly, size ratios are smaller
less distributed than the observed binaries. Eccentricity p
one of the largest differences, with the simulations prod
ing eccentricities greater than 0.1 for nearly all cases, whe
all observed binaries have eccentricity less than 0.1. Rou
half the simulated binaries had separations below 10Rpri,
which is the upper limit for nearly all observed NEA bin
ries.

Due to the nature of the simulations, and the expensive c
putations involved, this manyN -body runs cannot all be sim
ulated forward to map the evolution of the overall populati
Instead this task will have to be handled on a case-by-cas
sis, partly using analytical techniques developed byScheeres
(2002)to model evolution of binary systems with non-spheri
primaries and secondaries. Other numerical techniques in
velopment, such as freezing the rubble piles into rigid ag
gates, thereby eliminating collision calculations, would red
computation time making some stability and evolution simu
tions more practical.

As young binaries evolve and new binaries form, a stea
state distribution of properties may develop. Modeling t
would help determine which binaries are created in the
ner Solar System via tidal disruption and which, if any, m
have entered intact from the Main Belt. Work byChauvineau
and Farinella (1995)and Bottke and Melosh (1996a)sug-
gest further encounters of binaries with planets may incre
the separation of binaries. Synthesis of these studies
this presented work could provide estimates of evolution
tracks and help establish the steady-state distribution of p
erties.

An improvement in our knowledge of physical traits of sm
MBAs would help determine what effect tidal disruption has
the NEA population as a whole. Better determination of v
small MBA shape and spin distributions will help set the init
conditions for future studies.

Overall this work points towards a population of NEA bin
ries yet to be discovered, those with small size ratio, and
separations greater than 10Rpri. This population could very
-
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well equal in numbers the current known small-separation
naries, and will likely be less uniform. These binaries may h
elongated primaries, more eccentric orbits, and small size
tios.
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