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The Edgeworth-Kuiper belt encodes the dynamical histoth@buter solar system. Kuiper belt objects
(KBOs) bear witness to coagulation physics, the evolutibplanetary orbits, and external perturbations
from the solar neighborhood. We critically review the preasgay belt's observed properties and the
theories designed to explain them. Theories are organizeatding to a possible time-line of events. In
chronological order, epochs described include (1) cogigmaof KBOs in a dynamically cold disk, (2)
formation of binary KBOs by fragmentary collisions and gtational captures, (3) stirring of KBOs by
Neptune-mass planets (“oligarchs”), (4) eviction of excegarchs, (5) continued stirring of KBOs by
remaining planets whose orbits circularize by dynamiciatifm, (6) planetary migration and capture of
Resonant KBOs, (7) creation of the inner Oort cloud by passtars in an open stellar cluster, {B)situ
coagulation of Neptune Trojans, and (9) collisional comution of the smallest KBOs. Recent work
underscores how small, collisional, primordial planeteds having low velocity dispersion permit the
rapid assembly of-5 Neptune-mass oligarchs at distances of 20-40 AU. We expla consequences of
such a picture. We propose that Neptune-mass planets whaisgeaoss into the Kuiper belt for up to40
Myr help generate the high-perihelion members of the hos€ital disk and Scattered belt. By contrast,
raising perihelia by sweeping secular resonances durimgude’s migration might fill these reservoirs too
inefficiently when account is made of how little primordiahss might reside in bodies large enough to be
observable. These and other frontier issues in trans-Nigptispace are discussed quantitatively.

1. INTRODUCTION distant, extra-solar analogues.
Section 2 summarizes observed properties of the Kuiper

The discovery bylewitt and Luu(1993) of what many belt. Some of the data and analyses concerning orbital ele-
now regard as the third Kuiper belt object opened a newents and spectral properties of KBOs are new and have not
frontier in planetary astrophysics: the direct study ofita been published elsewhere. Section 3 is devoted to theoret-
Neptunian space, that great expanse extending beyond tbal interpretation. Topics are treated in order of a pdssib
orbit of the last known planet in our solar system. Thighronology of events in the outer solar system. Parts of the
space is strewn with icy, rocky bodies having diameterstory that remain missing or that are contradictory are-den
ranging up to 2000 km and occupying orbits of a formerlified. Section 4 recapitulates a few of the bigger puzzles.
unimagined variety. Our review is packed with simple and hopefully illumi-

Kuiper belt objects (KBOs) afford insight into processesating order-of-magnitude calculations that readers are e
that form and shape planetary systems. In contrast to maiouraged to reproduce or challenge. Some of these con-
belt asteroids, the largest KBOs today have lifetimes againfirm claims made in the literature that would otherwise find
collisional disruption that well exceed the age of the unino support apart from numerical simulations. Many esti-
verse. Therefore their size spectrum may preserve a recondates are new, concerning all the ways in which Neptune-
unweathered by erosive collisions, of the process by whictized planets might have dynamically excited the Kuiper
planetesimals and planets coagulated. At the same tintelt. While we outline many derivations, space limitations
KBOs can be considered test particles whose trajectoripsevent us from spelling out all details. For additionaldyui
have been evolving for billions of years in a time-dependerance, see the pedagogical review of planet formation by
gravitational potential. They provide intimate testimafy Goldreich et al.(2004a, hereafteG04), from which our
how the giant planets—and perhaps even planets that on@erk draws liberally.
resided within our system but have since been ejected—had
their orbits sculpted. The richness of structure revealed b 2. THE KUIPER BELT OBSERVED TODAY
studies of our homegrown debris disk is unmatched by more



2.1. Dynamical Classes 0.4

Outer solar system objects divide into dynamical classed 0.3
based on how their trajectories evolve. Fig. 1 displays or-s,
bital elements, time-averaged over 10 Myr in a numericalc

orbit integration that accounts for the masses of the fours 0.2 x & ol

giant planets, of 529 objects. Dynamical classifications of§ 01k ? ‘ P
these objects are secure according to criteria developed b § ® e Ga

the Deep Ecliptic Survey (DES) tear&l{iot et al., 2005, 0.0 Lo 3 g . !
hereaftelE05). Fig. 2 provides a close-up view of a portion — | Lo ' |
of the Kuiper Belt. We distinguish 4 classes: § : Lo :

1. Resonant KBOEL22/529) exhibit one or more mean- » 30F [ |
motion commensurabilities with Neptune, as judged by ¥V : b bo :
steady libration of the appropriate resonance angl€)-( & 201 1 o ° 1% 10 | @
ang et al, 2003, hereafte€03). Resonances most heav- & | o | éx O'@.&:#ﬂ o® & .
ily populated include the exterior 3:2 (Plutino), 2:1, and (_EJ 10F | | Hropd @ el 3
5:2; see Table 1. Of special interest is the first discov- € ol & X x %?, m

ered Neptune Trojan (1:1). All Resonant KBOs (except the
Trojan) are found to occupy-type resonances; the ability 30 . . 49 S0

of an e-type resonance to retain a KBO tends to increase Semi-major axis <a> (AU)

with the KBO’s eccentricitye (e.g.,Murray and Dermott . . )

1999). Unless otherwise stated, orbital elements are-helif!9- 2-—Same as Fig. 1, zoomed in.

centric and referred to the invariable plane. Several @12

also inhabit inclination-typeif) or mixed-type ¢i) 1es0- 1+ - 3 anq, > x cannot cross the orbit of the planet
nances. None inhabits ag-type resonance whose stability (i.e., their periheliay = a(1 — ¢) remain greater tham).
depends on the (small) eccentricity of Neptune. The lattef, s c|assical KBOs can be argued to have never under-
observation is consistent with numerical experiments th%One close encounters with Neptune in its current nearly
suggestn-type resonances are rendered unstable by ad rcular orbit and to be relatively pristine dynamically- |
cente-type resonances. deed, many Classical KBOs as identified by our scheme

Table 1.—Observed Populations of Neptune Resonanced@e low inclinationsi) < 5° (“cold Classicals”), though

(securely identified by the DES team as of 8 Oct 2005) SOMe do not (“hot Classicals”). Our defining threshold for
(e) is arbitrary; like our threshold fofT'), it is imposed

OrderO] Orderl | Order2]| Order3 | Order4 to suggest—perhaps incorrectly—which KBOs might have

mn #lmn #l!mn #l mn #|mn # formed and evolvedh situ.

11 1154 4153 9| 74 8195 2 Classical KBOs have spectral properties distinct from
43 3|31 1|52 10/ 73 1 those of other dynamical classes: Their colors are more uni-
32 72 formly red (Fig. 3; see the chapter I§ruikshank et a).
21 11 According to the Kolmogorov-Smirnov tesPiess et al.

1992; Peixinho et al. 2004), the probabilities that Clas-

2. Centaurs(55/529) are non-Resonant objects whosrtzIcal KBOs haveB—V colors and Boehnhardi-slopes

perihelia penetrate inside the orbit of Neptune. Most Ce Boehnhardt et a).2001) drawn from distributions identi-

-2 -3 _
taurs cross the Hill sphere of a planet within 10 Myr. Cen-Cal t?. thlosev\flcr)]r R%slona.nt IKES(S) are~* and 10 d’treS t
taurs are likely descendants of the other 3 classes, rgcen?PeC IVEy. en tlassica S are compared 1o >cat-
dislodged from the Kuiper belt by planetary perturbation%ered KBOs (see below), the corresponding probabilities ar
0~% and10~%. An alternative interpretation is that loiv-

(Holman and Wisdom1993, hereafteHW93; Tiscareno . .
: : KBOs are redder than highKBOs (Trujillo and Brown
Malhotrg 2 .Th Il not further. = : o -
and Malhotra 2003). They will not be discussed further 2002;Peixinho et al. 2004). This last claim is statistically

3. Classical KBOs(246/529) are non-Resonant, non-~—"""" A

planet-crossing objects whose time-averagadk 0.2 and S|gn|f|canF when Classical, Scattered, anq Resonant KBOs

whose time-averaged Tisserand parameters are comblned and analyzgd asone sgt (F.lg. 4). However, no
correlation between physical properties ar{dr any other
measure of excitation) has proven significant within any in-

(T) = {(an/a) +2+/(a/axn)(1 — e2) cos Ai) (1) dividual class.
) o Both the inner edge of the Classical belwat 37 AU,
egceed 3. Herd: is the mutual |ncI|_nat|on betyveep the Or-and the gap in the Classical beltats 40-42 AU and(i) <
bit planes of Neptune and the KB@is the semi-major axis 10° (see Fig. 2), reflect ongoing sculpting by the present-

of the KBO, anduy is the semi-major axis of Neptune. In gay planets. The inner edge marks the distance out to which
the circular, restricted, 3-body problem, test particléthw
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Fig. 3.—Visual colors of KBOs and Centaurs calculated fromFig. 4.— Spectral slopeS vs. time-averaged inclination. The
published photometry, with the average uncertainty irtditdoy typical uncertainty inS is indicated by the dotted bar. Classical
the upper left oval. The spectral slopeis calculated for wave- KBOs evince no trend of color witki). The solid line is fitted to
lengths in the range of JohnsbhthroughI. Neutral (solar) colors Classicals only; statistical tests using Spearman’s adkr coef-

are indicated by». Symbols for dynamical classes are the same afcient and Kendall's tauRress et al. 1992) show that no signif-
those for Fig. 1. Classical KBOs constitute a distinct ragstdr,  icant correlation exists. When Classical, Resonant, aadtt&ed
except for (35671), which also has a small semi-major axB8of KBOs are combined$ and(:) correlate significantly (with a false
AU. Other classes are widely dispersed in color. alarm probability of10~°); the dashed line is a fit to all three

classes. The two most neutral Classicals are (35671) andl 199

WV 24, having semi-major axes of 38 and 39 AU, respectively.
the planets have eroded the Kuiper belt over the last few

billion years HW93; Duncan et al. 1995, hereafteD95).
The gap is carved by thasg, v17, andvs secular resonances Non-Resonant objects whose perihelion distagaesnain
(HWO3; D95; KnezevE et al, 1991). At a secular resonanceoutside the orbit of Neptune. (The “Scattered-Near” and
denoted byv;, the orbital precession frequency of a testScattered-Extended” classes defined EO5—see also
particle—apsidal iff < 10 and nodal ifj > 10—matches Gladman et al(2002)—are combined to simplify discus-
one of the precession eigenfrequencies of the planets (s&en. Also, while we do not formally introduce Oort cloud
chapter 6 oMurray and Dermott 1999). For example, at objects as a class, we make connections to that popula-
low i, thers resonance drivesto Neptune-crossing values tion throughout this review.) How were Scattered KBOs
in ~10%yr. Particles having large, however, can elude €mplaced onto their highly elongated and inclined orbits?
thewvs (Knezeve et al, 1991). Indeed, 18 KBOs of various Appealing to perturbations exerted by the giant planets in
classes and all having largé reside within the gap. their current orbital configuration is feasible only for sem
By contrast, the outer edge of the Classical beli at ~ Scattered objects. A rule-of-thumb derived from numerical
47 AU is likely primordial. Numerous surveys (e.g05; experiments for the extent of the planets’ collective reach
Bernstein et al.2004; and references therein) carried outs ¢ < 37 AU (D95; Gladman et al.2002). Fig. 1 reveals
after an edge was initially suspectetkyitt et al, 1998) that many Scattered objects possess- 37 AU and are
all failed to find a single object moving on a lower- therefore problematic. Outstanding examples include 2000
bit outside 47 AU. The reality of the “Kuiper Cliff" is CRios (¢ = 44 AU; Millis et al., 2002; Gladman et al.
perhaps most convincingly demonstrated Byijillo and  2002) and (90377) Sedna € 76 AU; Brown et al, 2004).
Brown(2001), who simply plot the distribution of heliocen- ~ These classifications are intended to sharpen analyses
tric discovery distances of (mostly Classical) KBOs afteAnd initiate discussion. The danger lies in allowing them
correcting for the bias against finding more distant, faintet®0 unduly color our thinking about origins. For example,
objects. This distribution peaks at 44 AU and plummets to #iough Sedna is classified above as a Scattered KBO, the
value 10 times smaller at 50 AU. The statistical significancBistory of its orbit may be distinct from those of other Scat-
of the CIiff hinges upon the fact that the bias changes leggred KBOs. We make this distinction explicit below.
dramatically—only by a factor of 2.2—2.4 for reasonable pa-
rameterizations of the size distribution—between 44 and 50 2.2. Sky Density and Mass
AU. The possibility remains that predominantly small ob-
jects having radii? < 50 km reside beyond 47 AU, orthat ~ We provide estimates for the masses of the Kuiper belt
the Cliff marks the inner edge of an annular gap having rdcomprising objects having < 60 AU anda > 30 AU;
dial width > 30 AU (Trujillo and Brown 2001). §2.2.1); the inner Oort Cloud (composed of Sedna-like ob-
4. Scattered KBO$106/529) comprise non-Classical,j€cts;§2.2.2); and Neptune Trojans & 30 AU; §2.2.3).



2.2.1. Main Kuiper Belt Nominal Diameter at 42 AU (km)
1000 100 10 1

Bernstein et al(2004, hereafteB04) compile data from
published surveys in addition to their own unprecedent-
edly deep Hubble Space Telescope (HST) survey to com-
pute the cumulative sky density of KBOs versus appar-
ent red magnituden (“luminosity function”), shown in &
Fig. 5. Sky densities are evaluated near the ecliptic planeg
Objects are divided into two groups: “CKBOs” (similar £
to our Classical population) having heliocentric distance =
38 AU < d < 55 AU and ecliptic inclinationg < 5°, and %
“Excited” KBOs (similar to our combined Resonant and =
Scattered classes) having AU < d < 60 AU andi > 5°. o
Given these definitions, their analysis excludes objedis wi ~ _o
ultra-high perihelia such as Sedna. With 96% confidence,
BO4 determine that CKBOs and Excited KBOs have differ-
ent luminosity functions. Moreover, neither function con- _4 L .
forms to a single power law froormp = 18 to 29; in- 20 25 30 35
stead, each is well-fitted by a double power law that flat-
tens towards fainter magnitudes. The flattening occurs nelz_ar

- . Ig. 5.—Cumulative sky density vs. apparent red magnitude for
mpg = 24 for both groups. To the extent that all objectsCKBOS and Excited KBOS, frorB04. If N(< mp) o 1097,

In agroup havg the Se,‘me_ albedo and ar? cur.rently l_qcatﬁ%n the size distribution indeéx= 5a+1 (see§2.2.1). Envelopes
at the same heliocentric distance, the luminosity funagson enclose 95% confidence intervals. The top abscissa is mibdifie

equivalent to the size distribution. We defipas the slope  from Bo4: here it assumes a visual albedo of 10%. Figure provided
of the differential size distribution, whew®V o« R™9dR by Gary Bernstein.

equals the number of objects having radii betwéeand

R + dR. As judged from Fig. 5, for CKBOsj flattens

from 5.5-7.7 (95% confidence interval) th.8-2.8 asR de-  for how much larget4, d°, and(Q/q)*/* are for Excited
creases. For Excited KBOG flattens fromt.0—4.6to 1.0—  KBOs than for CKBOs suggests that the former population

3.1. Most large objects are Excited (see also Fig. 1). might weigh~10 times as much as the latter,00.05 M.
By integrating the luminosity function over all magni- This estimate assumes thigfor Excited KBOs is such that
tudesB04 estimate the total mass in CKBOs to be most of the mass is concentrated neas ~ 24, as is the

case for CKBOs. I for the largest Excited KBOs is as
small as 4, then our mass estimate increases by a logarithm

N p 2 d \° t0 ~0.15 M.
Mexzo ~ 0.005 (0.10) (42 Au) ~
A 2.2.2. Inner Oort Cloud (Sedna-Like Objects)
P )
2gem—3 ) \360° x 6° ) ¢

What about objects with unusually high perihelia such as
where all CKBOs are assumed to have the same alpedoSedna, whose massids ~ 6 x 10~*(R/750 km)3 Mg ?
heliocentric distance, and internal density. The solid The Caltech Palomar Survey searclfed 1/5 of the celes-
angle subtended by the belt of CKBOsAs Given uncer- tial sphere to discover one such objestdwn et al, 2004).
tainties in the scaling variables—principallyand p (see By assuming Sedna-like objects are distributed isotrdipica
the chapter byCruikshank et alfor recent estimates)—this (not a forgone conclusion; s€@.7), we derive an upper
mass is good to within a factor of several. The mass is cofimit to their total mass of\/s(Q/q)*/?f~! ~ 0.1Mg. If
centrated in objects having radti ~ 50 km, near the break all objects on Sedna-like orbits obey a size spectrum resem-
in the luminosity function. bling that of Excited KBOsK04), then we revise the upper
The mass in Excited KBOs cannot be as reliably calimitto ~0.3Mg,. The latter value is 20 times smaller than
culated. This is because the sample is heterogeneoughe estimate byBrown et al.(2004); the difference arises
comprising both Scattered and Resonant KBOs havingfeom our use of a more realistic size distribution.
wide dispersion inl—and because corrections need to be
made for the observational bias against finding objects near 2.2.3. Neptune Trojans
the aphelia of their eccentric orbits. The latter bias can be
crudely quantified agQ/q)%/?: the ratio of time an ob-  The first Neptune Trojan, 2001 QR (hereafter “QR”),
ject spends near its aphelion distariggwhere it is unde- was discovered by the DE€Q3). The distribution of DES
tectable) versus its perihelion distanc@vhere it is usually search fields on the sky, coupled with theoretical maps of
discovered). An order-of-magnitude estimate that aceounthe sky density of Neptune Trojandésvory and Dones



2002), indicate thalv ~ 10-30 objects resembling QR li- .
brate on tadpole orbits about Neptune'’s forward Lagrange foof ~ M PR PR 3)

(L4) point (C03). Presumably a similar population exists at M (0/h) R 09’

L5. An assumed albedo of 12-4% yields a radius for QR c{X/hereM is the rate at which mass from the surrounding

R ~ 65_115 km. Spreading the inferred populatiOI_"n of _QR'disk impacts the object; is the disk’s surface mass density
like objects over the area swept out by tadpole orbits gives g, 1< per unit face-on area) in smaller objeets, is the

surface mass density in a 'smglv.a Neptune Tr,ol"fm cloud th lative collision velocityh ~ v, /€2 is the effective verti-
approaches that of the main Kuiper belt to within factors OI:aI scale height occupied by colliders, &ids the orbital

a few Chiang and Lithwick2005). angular frequency. Relative velocities, depend on how

e andi are distributed. Equation (3) requires tle& and

1's be comparably distributed and large enough that gravita-
, i , , tional focussing is ignorable. While these conditions seem
Veillet et al. (2002) optically resolved the first binary largely met by currently observed KBOs, they were not dur-

(1998 WWs;) among KBOs having size® ~ 100km. ,qhe primordial era. Our expressions below represent ap-
Over twenty binaries having components in this size ran opriate modifications of (3)

are now resolved. Components typically have comparable

brightnesses and are separated (in projection) by 36G0-10 3.1. Coagulation

km (e.g.,Stephens and NgIR005). These properties re-

flect observational biases againSt reSOlVing binariesateat The mass inferred for the present_day Kuiper be|t,

separated by 0.1” and that contain faint secondaries. ~0.05-0.3Mg, (§2.2), is well below that thought to have
Despite these selection bias&sephens and No[2005)  peen present while KBOs coagulatedkenyon and Luu

resolved as many as 9 out of 81 KBOs1(0%) with HST. (1998, 1999) andenyon(2002), in a series of particle-

They further report that the incidence of binarity appearg-a-box accretion simulations, find that3—30 Mg, of

4 times higher in the Classical disk than in other dynamiprimordial solids, spread over an annulus extending from

cal populations. It is surprising that so many binariestexi®? to 38 AU, are required to (a) coagulate at least 1 ob-

with components widely separated and comparably sizefct as large as Pluto and (b) coagulate)® objects having

A typical binary in the asteroid belt, by contrast, compsise g > 50 km. The required initial surface density,~ 0.06—

dissimilar masses separated by distances only slightietar (.6 g cm—2, is of order that of the condensible portion

than the primary’s radius. Another peculiarity of KBO bi-of the minimum-mass solar nebula (MMSN) at 35 AU:
naries is that components orbit one other with eccenggiti 5, «x ~ 0.2 gcm 2.

of order unity. In addition, binary orbits are inclined rela
tive to their heliocentric orbits at seemingly random asgle 3.1.1. The Missing-Mass Problem
SeeNoll (2003) for more quantitative detalils.

Although close binaries cannot be resolved, their com- That primordial and present-day masses differ by 2 or-
ponents can eclipse each oth®heppard and Jewit2004) ders of magnitude is referred to as the “missing-mass” prob-
highlight a system whose light curve varies with large amlem. The same accretion simulations point to a possible
plitude and little variation in color—suggesting that itds resolution: Only~1-2% of the primordial mass accretes to
near-contact binary. They infer that at least 10% of KBOsizes exceeding100 km. The remainder stalls at comet-
are members of similarly close binaries. like sizes 0f~0.1-10 km. Stunting of accretion is attributed

Among the four largest KBOs having ~ 1000 km—  to the formation of several Pluto-sized objects whose grav-
2003 UB;13, Pluto, 2005 FY, and 2003 Ek;—three are ity amplifies velocity dispersions so much that collisions
known to possess satellites. Secondaries for 2003 Bhd  between planetesimals are erosive rather than accregionar
2003 UB;;3 are 5% and 2% as bright as their primaries, an@hus, accretion in the Kuiper belt may be self-limiting
separated by 49500 and 36000 km, respectivBlpwyn et (Kenyon and Lup1999). The bulk of the primordial mass,
al., 2005b). In addition to harboring Charo@Hristy and stalled at cometary sizes, is assumed by these authors to
Harrington, 1978), Pluto possesses two, more distant conerode away by destructive collisions over Gyr timescales.
panions having? ~ 50 km (Weaver et a].2006). The three We can verify analytically some dfenyon and Lus
satellites’ orbits are nearly co-planar; their semi-majogs results by exercising the “two-groups method304),
are about 19600, 48700, and 64800 km; and their eccentriwhereby the spectrum of planetesimal masses is approx-

2.3. Binarity

ities are less than 19B(ie et al, 2006). imated as bimodal. “Big” bodies each of siz& massM,,
Hill radius Ry, and surface escape velocity,. comprise
3. THEORETICAL TIMELINE a disk of surface densit{y. They are held primarily re-

sponsible for stirring and accreting “small” bodies of size
We now recount a possible history of trans-Neptunian, surface density, and random velocity dispersian By
space. Throughout our narration, it is helpful to remembeandom velocity we mean the non-circular or non-planar
that the timescale for an object of siZzeand mass\/ to component of the orbital velocity. As such,is propor-
collide into its own mass in smaller objects is tional to the root-mean-squared dispersion amds.



To grow a big body takes time planetesimals failed to form outside this distance. Extra-
) solar disks are also observed to have well-defined bound-
R N PR ( u ) ) aries. The debris disks encircling Pictoris and AU Mi-
R o0 ’ croscopii exhibit distinct changes (“breaks”) in the slspe
8f their surface brightness profiles at stellocentric distes
of 100 AU and43 AU, respectively (e.gKalas and Jewitt
995; Krist et al, 2005). This behavior can be explained
y having dust-producing parent bodies reside only at dis-
tances interior to break radisrubbe and Chian@006).
We cannot predict with confidence how planetesimal
oR < w >4 disks truncate. Our understanding of how micron-sized

tacc ==

Uesc

where the term in parentheses is the usual gravitational f
cussing factor (assumed 1). Gravitational stirring of
small bodies by big ones balances damping of relative v
locities by inelastic collisions amongst small bodies. sThi
balance sets the equilibrium velocity dispersion

~ a9 (5)  dust assembles into the “small,” super-meter-sized bodies
that coagulation calculations presume as input is too poor.
Combining (4) and (5) implies Recent work discusses how solid particles might drain to-
wards their central stars by gas drag, and how the accu-
1/2 mulation of such solids at small stellocentric distancigs tr
foe ~ 10 ( R 5 ZJ/0’> ("Mﬂ) Myr (6) gers self-gravitational collapse and the formation of éarg
100km 100m 0.01 o bodies Youdin and Shu2002; Youdin and Chiang2004).
s $/o\Y* R \Y* These ideas promise to explain why planetesimal disks have
u (100 m m) <100 km) S () sharp oqt_er edges, _but_are sybject.t_o u.ncerta|nt|es regardi
the viability of gravitational instability in a turbulentag.
at a distance of 35 AU. All bodies reside in a remarkTo sample progress on planetesimal formation,Gasaud
ably thin, dynamically cold disk: Eccentricities and incli and Lin (2004), Youdin and Goodma(2005), andGomez
nations are at most of ordey (2a) ~ 0.001. Our nominal and Ostriker(2005). In what follows, we assume that ob-
choices foro, 3, ands are informed byKenyon and Lus  jects havingR ~ 100 km coagulated only inside 47 AU.
proposed solution to the missing-mass problem. Had we

pS
30

Uesc

chosen values resembling those of the Kuiper belt today— 3.2. Formation of Binaries
¥ ~ o ~ 0.0lopmsn—Ccoagulation times would exceed
the age of the solar system. To have formed from a fragmentary collision, binary

The above framework for understanding the missingeomponents observed today cannot have too much angular
mass problem, while promising, requires developmenimomentum. Consider two big bodies undergoing a gravita-
First, account needs to be made for how the formatiotionally focussed collision. Each body has radRismass
of Neptune—and possibly other planet-sized bodies—/, and surface escape velocity.. Prior to the collision,
influences the coagulation of KBOs. None of the simtheir angular momentum is at moBl,.x ~ Mvgsc R. Af-
ulations cited above succeeds in producing Neptune-matss the collision, the resultant binary must have angular mo
objects. Yet minimum-mass disks may be capable, in theorgientumL < L,.,. Unless significant mass is lost from the
if not yet in simulation, of producing several planets havin collision, components can be comparably sized only if their
masses approaching that of Neptune at distances of 20-g€paration is comparable to their radii. Pluto and Charon
AU on timescales much shorter than the age of the solar syseet this constraint. Their mass ratio~g /10, their sep-
tem (G04; see§§3.4—-3.5). The inability of simulations to aration is~20Rp1,t,, and hence their angular momentum
produce ice giants may arise from their neglect of small- obeysL /L., ~ v/20/10 < 1. Canup(2005) explains
low-u particles that can be efficiently accret€Dd). Sizes how Charon might have formed by a collision. The re-

s as small as centimeters seem possible. How would theimaining satellites of PlutoStern et al. 2006), the satel-

inclusion, and the consequent formation of Neptune-matites of Pluto-sized KBOs 2003 El. and 2003 UB;3, and

planets at Kuiper belt distances, change our understarttie candidate near-contact binaries discovere8hmsppard

ing of the missing-mass problem? Second, how does tlaad Jewitt(2004) might also have formed by collisions.

outer solar system shedd9% of its primordial solids? The By contrast, binary components having wide separations

missing-mass problem translates to a “clean-up” problenand comparable masses have too much angular momentum

the solution to which will involve some as yet unknownto have formed by gravitationally focussed collisions. And

combination of collisional comminution, diffusive trarmp  if collisions were unfocussed, collision times would extee

by interparticle collisions, gravitational ejection byapkts, the age of the solar system—assuming, as we do throughout

and removal by gas and/or radiation drag. this review, that the surface density of bif§ (~ 100 km)
bodies was the same then as ngd; §3.9).

3.1.2. The Outer Edge of the Primordial Planetesimal Disk Big bodies can instead become bound (“fuse”) by purely
gravitational means while they are still dynamically cold.

How far from the Sun did planetesimals coagulate? Thimdeed, such binaries testify powerfully to the cold stdte o
outer edge of the Classical disk at 47 A}2) suggests that the primordial disk. To derive our expressions below, re-



call that binary components separated-bfty orbit each

other with the same period that the binary’s center of mass

orbits the Sun~Q~"'. Furthermore, we assume that the f,;.(z ~ Ry) = Nbin

velocity dispersion of big bodies is less than their Hill Nall o Ry

velocity vy = QRy. Then big bodies undergo runaway . .

cooling by dynamical friction with small bodies and settIeATQ‘ v decreages, shrm.kage SIC.)WS' Theretﬁ.rjgmcreases

into an effectively two-dimensional disiG04). Reaction with declregsmg:. Scaling relations can .be derived by a(l)rgu-

rates between big bodies must be calculated in a 2-D geo ments similar to thgosedabove.ﬂﬂfldfom|natesfbin > x2

etry. Because > vy, reaction rates involving small bodies > * ~ R%(UH/@ and foin o T/ or z < Ru(va/u)

take their usual forms appropriate for three dimensions. (G02). IfL. dommate;fbin o . . .
Goldreich et al.(2002, hereafte&02) describe two col- AItemayve format|0.n scenarios require, in gddmon

lisionless formation scenarios, dubbéd and L2s. Both to gravitational scatterings, physical collision$\Veiden-

: . : ... schilling (2002) suggests a variant 6f in which the third
begin when one big bodyL{ enters a second big body’s . ; - : .
(L) Hill sphere. Per big body, the entry rate is bllg body cqllldes V\_nth one member of the scattering pair.

Since physical collisions have smaller cross-sections tha

. 50 /Re\? %0 gravitational interactions, this mechanism requirek)?
H —92 . .
Ny ~ R <?> ~ —Ra , (8) more big ® ~ 100 km) bodies than are currently observed
P P to produce the same rate that is cited above fo(Weiden-

wherea = R/Ry ~ 1.5 x 107*(35AU/a). If no other schilling, 2002).Funato et al(2004) propose that observed
body participates in the interaction, the two big bodieginaries form by the exchange reactiba+ L — L? + s:
would pass through their Hill spheres in a timé& ' (as- A small body of massn, originally orbiting a big body of
suming they do not collide). The two bodies fuse if theymassi/, is ejected by a second big body. In the major-
transfer enough energy to other participants during the efty of ejections, the small body’s energy increases by its
counter. InL?, transfer is to a third big body: + L+ L —  orbital binding energy~mu2../2, leaving the big bodies
L? + L. To just bind the original pair, the third body musthound to each other with separation~ (M/m)R. The
come within Ry of the pair. The probability for this to rate-limiting step is the formation of the pre-existins]
happen in time) ! is Py ~ NgQ~'. If the third body binary, which requires (as in the asteroid belt) two big bod-
succeeds in approaching this close, the probability that twes to collide and fragment. Hence

bodies fuse is order unity. Therefore the timescale for a

Yo,
~—a “~04%. (11
pRa %. (11)

given big body to fuse to another by is Fruse.cxchange ~ g_gaa/g ~ 0.6 Myr . (12)
1 R\2 o Estimating f1,;, as a function ofx under the exchange
truse,[? ~ = ~ <p_) — ~2Myr, (9) hypothesis requires knowing the distribution of fragment
NuPps b & massesn. WhetherL2s, L3, or exchange reactions domi-
where the numerical estimate assunfies- 100 km, ¥, =  hate depends on the uncertain parameers, ands.
0.01lonmsn, anda = 35 AU. As depicted above, newly formed binaries should be

In L28, energy transfer is to small bodies by dynamiﬂearly Co-planar with the 2-D disk of blg bodies, i.e., bi-
cal friction: L + L + s — L2 + 5. Intime Q~!, the Nhary orbit normals should be nearly parallel. Observations
pair of big bodies undergoing an encounter lose a fractiggPntradict this picture§e.3). How dynamical stirring of the
(0 pR) (vese /u)* Q1 of their energy, under the assump-Kuiper belt subsequent to binary formation affects binary
tion vese > u > vy (GO4). This fraction is of order the inclinations and eccentricities has not been investigated

probability P; -, that they fuse, whence
3.3. Early Stirring by Growing Planetary Oligarchs

tfuse,L2s ~

2
. 1 - (@) ja_Z ~7Myr, (10) Coagulation of KBOs and fusing of binaries cannot pro-
Ny Pr2, o R ’ ceed today, in part because velocity dispersions are now
where we have used (5) and set 100 m, so large that gravitational focugsmg is defgated on a wide

. : S ! range of length scales. What stirred the Kuiper belt? There
Having formed with semi-major axis ~ Rpg

. : . . is no shortage of proposed answers. Much of the remaining
7000£, % t_nnarys orbit shr!nks by futher energy trans'review 6§3.3—-3.7) explores the multitude of non-exclusive
fer. If L* is the more efficient formation process, pass; ossibilities. We focus on stirring “large” KBOs like those
ing big bodies predominantly harden the binary;Lifs P : g 1arg

. . . - . . _currently observed, having ~ 100km. Our setting re-
is more efficient, dynamical friction dominates hardenmgr‘nains the orimordial disk. of whose mass large KBOS con-
The probability P per orbit thatx shrinks from~Ry to P ’ 9

) : P
~[n/2is of order either®,s or P:,. We equate the for- Stltll\Jlt(S ?Sglxéz\ig]allr;rr?ucg(;rr‘e(%hgu@i.tlt.ol?al.ccrete as oligarchs
mation rate of binariesyV.i /tse, With the shrinkage rate, P 9 g ’

) ach dominating their own annulus of full widths Hill
QP Nbin|z~Ry, to conclude that the steady-state fraction oF . ) : ) )
KBOs that are binaries with separatiéiy is radii (GO4; Ida and Making 1993;Greenberg et a).1991;



the coefficient of 5 presumes that oligarchs feed in a shearhe coefficient of 0.1 is attributed to more careful ac-
dominated disk in which planetesimals have random vesounting of encounter geometries; equation (15) gives ejec
locities u that are less than the oligarch’s Hill velocity tion times similar to those found in numerical simulations
vg = QRy. If u > vy, oligarchs’ feeding annuli are wider (G04). Neptune-mass oligarchs @t~ 30 AU kick their

by ~u/vn. In practiceu/vy does not greatly exceed unity excess brethren out over... ~ 1 Gyr. Removal is faster
since it scales weakly with input parameters.) Each oligardf excess oligarchs are passed inward to Jupiter and Saturn.

grows until its mass equals the isolation mass, Oligarchs moving on eccentric orbits likely traverse dis-
tances beyond 30 AU and stir KBOs. We expect more mem-
M, ~2ma X 5Rup X 0, (13) Dbers are added to the Scattered KBO disk during this stage.

We have painted a picture of dynamically hot oligarchs
similar to that drawn byThommes et al(1999; see also
Tsiganis et al. 2005), who hypothesize that Neptune and

Uranus form as oligarchs situated between the cores of

Neptune-mass ollggrchs can form in .nested annul bEt.\Ne.eJﬂpiter and Saturn at 5-10 AU. The nascent ice giants are
20 and 40 AU. Inspired b%04 who point out the ease with . . ,
scattered outward onto eccentric orbits once the gas giant

which ice giants coagulate when the bulk of the disk mass . .
. : cores amass their envelopes. While Neptune and Uranus
comprises very small particle$3.1.1), we assume thatall5 = . . ; : .
. . i ) ; reside on eccentric orbits, they can stir KBOs in much the
do form in a disk that is a few times more massive than thsearne way as we have described aboleofnmes et al
MMSN and explore the consequences of such an initiall Y

packed system. %002). Despite the 5|.m|Iar|ty.of |mpllcat|ons for the sty
) : . of KBOs, the underlying motivation of the cosmogony pro-
While oligarchs grow, they stir large KBOs. A KBO that . )
A : . posed byThommes et a[1999) is the belief that Neptune-

comes within distanceof massi/,, has its random velocity . . :

: 1/2 : mass bodies do not form readily at distances-@0 AU.
excited tovk ~ (G'My/b)7*. Take the surface density of Recent work highlighting the importance of inelastic col
perturbers to bel,. Over timet, a KBO comes within ghiighting P

. lisions an ongst very small bodies Challenges this belief
distance [Mp/(Eth)] ofa perturber. Therefore (GO 1: §3.1).

where Ry ;, is the oligarch’s Hill radius. Foz = 30 AU
and M, equal to Neptune's masd/y = 17Mg, equa-
tion (13) impliesoc ~ 0.6gcm™2 ~ 3onvsn. About 5

1/2 1/4

v ~ G2 (M Zp00) 1 (14) 3.5. Dynamical Friction Cooling of Surviving Planets
Since Neptune and Uranus contain more hydrogen than
can be explained by accretion of icy solids alone, they Planetary oligarchs that survive ejection—i.e., Uranus
must complete their growth withit,.., ~ 1-10 Myr, and Neptune—have theiis andi’s restored to small values
before all hydrogen gas in the MMSN photo-evaporatelsy dynamical friction with the remnant disk (comprising
(e.g.,Matsuyama et a).2003, and references therein). Fompredominantly small KBOs of surface densityand veloc-
t = tacep = 10Myr, M, = My, ¥, = 0.6gcm™2 ity dispersionu) over time
(corresponding to 5 Neptunes between 20 and 40 AU), and .
Q = 27/(160yr), equation (14) impliesk ~ 1kms—! . _ W PRy (v (16)
orex ~ 0.2. It is safe to neglect damping of; for large rdf,cool = Op 0 \Wesep/)
KBOs, which occurs by inelastic collisions over a timescal@vhereR

, Vesc.n, @andv, > v are the planet’s radius, sur-
teol ~ 800 (0.6 gcm™2/0) Myr >> tace.p- pr reseb P P

face escape velocity, and random velocity, respectivedy. F
vp = Qa/2 (planetary eccentricity, ~ 0.5), a = 30 AU,

R, = 25000km, Vese,p = 24 kms~!, ando = p =
gem ™2 (since the velocity instability occurs when the
face density of oligarchs equals that of the parent disk;
4), we findtdﬁwol ~ 40 Myr.

While Neptune’s orbit is eccentric, the planet might re-
o o : #Ieatedly invade the Kuiper belt and stir KBOs. Neptune
ity instability occurs because damping of planetary rando would have its orbit circularized by transferring energy to

velocities b_y dyna_mpal f”Ct'on with f[he disk can no Iongerboth small and large KBOs. Unlike small KBOs, large ones
compete with excitation by neighboring, crowded oligarchs annot shed this energy because they cool too inefficiently

The ep'och of Iarge'planetary eccentricities lasts unt y inelastic collisions (see the end§#.3). Insert (16) into
enough oligarchs are ejected from the system. We can eggf

R . . 4) and sett, = o to estimate the random velocity to
mate the ejection time by following the same reasoning th hich large KBOs are excited by a cooling Neptune:
led to (14). Replacek with the system escape velocity
Vesc,sys ~ $2a, and replaceZ, with the surface density of
oligarchs~M,,/a?. Then solve for

3.4. Velocity Instability and Ejection of Planets

. 0.6

Once the cohort of Neptune-mass oligarchs consumes
~1/2 the mass of the parent disk, they scatter one anothgej
onto highly elliptical and inclined orbitsG04, see their |
equation [111];Kenyon and Bromley2006). This veloc-

UK ~ Up . a7

Thus large KBOs are stirred to the same random velocity
R Mg 20.1 (15) that Neptune had when the latter began to cool, regardless
= Peject ™ M,) Q° of the numerical value ofys 001 Large KBOs effectively



record the eccentricity of Neptune just prior to its cooling In addition to scouring the disk, Neptune’s migration
phase. Final eccentricitiesc might range from~0.1 to has been proposed to sculpt the disk in other ways—by
nearly 1. During this phase, the population of the Scatapturing bodies into mean-motion resonang8s31), re-
tered KBO disk would increase, perhaps dramatically sdlistributing the Classical disk by resonance capture and re
If all large KBOs are stirred tex >> 0.1, new large KBOs lease §3.6.2), and deflecting objects onto Scattered orbits
must coagulate afterwards from the remnant disk of small$3.6.3). We critically examine these proposals below.
dynamically cold bodies to re-constitute the cold Cladsica

disk. Cold Classicals might therefore post-date hot KBOs. 3.6.1. Capture and Excitation of Resonant KBOs

3.6. Planetary Migration As Neptune migrates outward, its exterior mean-motion
resonances (MMRs) sweep across trans-Neptunian space.
Having seen a few of its siblings evicted, and having seProvided the migration is sufficiently slow and smooth,
tled onto a near-circular, flattened orbit, Neptune remaindMRs may trap KBOs and amplify their orbital eccen-
immersed in a disk of small bodies. The total mass of theicities and, to a lesser extent, their inclinations. The e
disk is still a few times that of the planet because the priazentric orbits of Pluto and the Plutinos—objects which all
velocity instability occurred when the surface densitylef o inhabit Neptune’s 3:2 resonance—may have resulted from
garchs was comparable to that of the disk. By continuing teesonance capture and excitation by a migrating Neptune
scatter small bodies, Neptune migrates: Its semi-majar axjiMalhotra, 1993, 1995;Jewitt and Luy 2000). The ob-
changes while its eccentricity is kept small by dynamicaserved occupation of other low-order resonances—e.g., the
friction. Absent other planets, migration would be Sunward:3, 5:3, and 2:1 MMRs—by KBQOs on eccentric orbits (see
on average. Planetesimals repeatedly scattered by Neptuiig. 2 and Table 1) further support the migration hypothe-
would exchange angular momentum with the planet in ais (C03). In this section, we review the basic mechanism
random-walk fashion. Upon gaining specific angular moef resonant excitation of eccentricity, examine how the mi-
mentum~(y/2 — 1)Qa?, whereQ anda are appropriate gration hypothesis must change in light of the unexpected
to Neptune’s orbit, a planetesimal initially near Neptun@®ccupation of high-order (e.g., the 7:4, 5:2, and 3:1) MMRSs,
would finally escape. Having lost angular momentum to thand discuss hown:1 resonances serve as speedometers for
ejected planetesimal, Neptune would migrate inward. (Aleptune’s migration.
single planet can still migrate outward if it scatters mialer ~ Consider the interaction between a test particle (KBO)
having predominantly higher specific angular momenturrand a planet on an expanding circular orbit. In a frame of
Gomes et al(2004) achieve this situation by embeddingeference centered on the Sun and rotating with the planet’s
Neptune in a disk whose mass is at led80M /g and is angular velocity,(t), the particle’s Hamiltonian is
weighted towards large distancesif « a]; see also the
chapter byMorbidelli et al)). H=E-Q,(t)L —R(1), (18)
Other planets complicate this process. Numerical simu- oN11/2
lations byFernandez and 11§1984) andHahn and Malhotra whereg = —GMo/2a, L = [GMoa(l — e)]'/?, andR

(1999) incorporating all 4 giant planets reveal that plaset 'S the disturbing potential _due to th_e planet (.these quanti-
) e : ) ties should be expressed in canonical coordinates). From
imals that originate near Neptune are more likely ejected

Jupiter. Over the course of their random walks, planetes-b_%m(;l;o$sgré?§fehanlc%H/dt = OM/0t = —O,L -
mals lose angular momentum to Neptune and thereby cross /ot.
Jupiter’s orbit. Jupiter summarily ejects them (see eguati d& dr
[15] and related discussion). Thus, on average, Neptune E(l —€) - QPE =0, (19)
gf‘r']”;n?j”g:‘;}Lg‘mﬁzti%ﬁ;‘f;gg?ﬁ if]‘lig""ard’ as do S rec = (AR /dt — OR/01)/(dE /dt). We re-write (19):

An outward bound Neptune passes objects to the interior
planets for eventual ejection and seeding of the Oort Cloud. ge2 (1 — ¢2)1/2 20172 da
We refer to this process as “scouring” the trans-Neptunian ;. =~ [(1 =)= /(1 - )| —,
disk. Scouring and migration go hand in hand; the fraction (20)
by which Neptune’s semi-major axis increases is of ordewvhere(l is the particle’'s angular frequency.
the fraction that the disk mass is scoured. Scouring isylikel For a particle trapped im:n resonance (wherg: and
a key part of the solution to the clean-up (a.k.a. missings are positive, relatively prime integers), e, and the res-
mass) problem. If clean-up is not achieved by the end @fhance angle change little over the particle’s orbitalquri
Neptune’s migration, one must explain how to transporf synodic period is not much longer than the orbital period,
the bulk of the trans-Neptunian disk to other locales whil&ve may average the Hamiltonian over the former (we may
keeping Neptune in placé&pmes et aJ.2004). Scouring do this by choosing appropriate terms in the expansion of
has only been treated in collisionless N-body simulationg?). This yields2/Q,(1 — €) = n/m. For a particle in res-
How scouring and migration proceed in a highly collisionabnancele| < 1. By change of variable to = (1 — e2)1/2,
disk of small bodies is unknowi33.6.4). equation (20) integrates to



where the migration timescalg.i; = a,/|ap|. The higher

(1—e)HY2 —n/m ’ a = constant , (21) the ordefm —n| of the resonance, the greatemust be to
satisfy (23) C03;Hahn and Malhotra2005).
which relates changes in to changes ine for any Asymmetric (n:1) resonances afford a way to estimate

resonance—exterion > n, interiorm < n, or Trojan the migration timescale observationally. An asymmetric
m = n. In the case of a planet that migrates towardsIMR furnishes multiple islands of libration. At the fixed
a particle in exterior resonance, increases to maintain point of each island, a particle’s direct acceleration bpNe
resonant lock Goldreich 1965; Peale 1986). Then by tune balances its indirect acceleration by the Sun due to the
(21), e also tends to increase, towards a maximum valugun'’s reflex motionRan and Sari2004;Murray-Clay and
[1 — (n/m)?]*/2. Particles inhabiting either an exterior or Chiang 2005, hereaftevC05). The multiplicity of islands
interior resonance have their eccentricities amplifiedf®  translates into a multiplicity of orbital longitudes, maesd
because they are perturbed by a force pattern whose angetative to Neptune’s, where resonant KBOs cluster on the
lar speed?,, does not equal their orbital angular speéed sky. The pattern of clustering varies systematically with
Particles receive energy and angular momentum from thgigration speed at the time of captu@hjang and Jordan
planet in a ratio that cannot maintain circularity of orbits  2002). For example, when migration is fast—occurring on
Among observed 2:1 Resonant KBGsax(e) ~ 0.38  timescaleq ,;, < 20 Myr—objects are caughtinto 2:1 res-
(Fig. 2). If 2:1 Resonant KBOs had their eccentricities amenance such that more appear at longitudes trailing, rather
plified purely by migration, they must have migrated bythan leading, Neptune’s. The degree of asymmetry can be
Aa =~ 13 AU (equation [21]). Neptune must have migratecas large as 300%. When migration is slow, the distribu-
correspondingly byAa,, ~ 8 AU. This is an upper bound tion of captured 2:1 objects is symmetric about the Sun-
on Aa,, because it does not account for non-zero initial ecNeptune line. The preference for trailing versus leading
centricities prior to capture. longitudes arises from migration-induced shifts in the sta
In early simulations Nlalhotra, 1993, 1995) of reso- ble and unstable equilibria of the resonant potential. tShif
nance capture by a migrating Neptune, resonances swéptthe equilibrium values of the resonance angle are given
across KBOs having initially smaffs andi’s. These mod- in radians by equation (23) and are analogous to the shiftin
els predicted that if Neptune’s orbit expandedAwy, ~ the equilibrium position of a spring in a gravitational field
8 AU, low-order resonances such as the 4:3, 3:2, 5:3, affMIC05). The observation that trailing 2:1 KBOs do not out-
2:1 MMRs would be occupied by objects haviid < e S number leading ones constraifig;; > 20 Myr with nearly
0.4 and:i < 10°. Eccentric KBOs indeed inhabit these reso-3+ confidenceIC05). This measurement accords with nu-
nances (Fig. 2). Two observations were not anticipated: (herical simulations of the migration process itselfHghn
Resonant KBOs are inclined by upstez 30°, and (2) high-  and Malhotra(1999) and byGomes et al(2004, see their
order resonances—e.g., the 5:2, 7:4, and 3:1—enjoy ocdlig. 10); in these simulationg;,i; = 40 Myr.
pation. These observations suggest that Neptune’'s MMRs
swept across not only initially dynamically cold objectstb ~ 3.6.2. Stochastic Migration and Resonance Retainment
also initially hot ones: The belt was pre-heated. For ex-
ample, to capture KBOs into the 5:2 MMR, pre-heated ec- Finite sizes of planetesimals render planetary migra-
centricities must be> 0.1 (C03). Neptune-sized perturberstion stochastic (“noisy”). The numbers of high and low-
(§3.3—3.5) might have provided the requisite pre-heating imomentum objects that Neptune encounters over fixed
e andi. time intervals fluctuate randomly. These fluctuations spo-
To understand why capture into high-order resonanceadically hasten and slow—and might occasionally even
favors particles having larger initial recognize that cap- reverse—the planet’s migration. Apportioning a fixed disk
ture is only possible if, over the time the planet takesnass to larger (fewer) planetesimals generates more noise.
to migrate across the maximum possible libration widtlExtreme noise defeats resonance capture. Therefore the

max(dayp,), the particle completes at least 1 libration: existence of Resonant KBOs—which we take to imply cap-
ture efficiencies of order unity—sets an upper limit on the
max(dab) > T (22) Ssizes of planetesimals (small bodies) comprising the bfilk 0

|ap| “ the mass of the diskMurray-Clay and Chiang2006, here-

where Ty, is the libration period Dermott et al, 1988). afterMC06) estimate this upper limit to bgyax ~ 600 km;
Otherwise, the particle would hardly feel the resonant pef shortened derivation of their result reads as follows.
turbation as the planet races towards it. Simee(Jay,) ~ For a given planetesimal size, most noise is generated
(Torn/Thib)ap and Ty, ~ Torb(M@e—W—"'/Mp)l/? per unit mass disk by plapeteamals having gub-&all{
(Murray and Dermott 1999), whereZ,;, is the orbital pe- vH,p = §2[2,/a) velocity dispersions and semi-major axes
riod of the particle and\/,, is the mass of the planet, we displacedt Ry, from the planet's FIC06). A single such

re-write equation (22) as planetesimal of mass, after undergoing a close encounter
with the planet, changes the planet's semi-major axis by
T2, Tory Mo 1 ) (23) Aay ~ £(pu/Mp)Ru,p. The planet encounters such plan-

TorbTmig - Tmig My, elm—nl < etesimals at a rat&/ ~ aRIQ_Lpr/u. Over the duration
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of migration~(Aay/ay)Tmig, the planet’s semi-major axis planets migrate, SRs sweep across trans-Neptunian space.
random walks away from its nominal (zero-noise) value byAfter having itse andi amplified by close encounters with
Atrnd ~ £(NAapTmig/ap)'/?|Aa;|. We assume that the Neptune, a planetesimal may be swept over by an SR. Un-
libration amplitude ina of any resonant KBO increases bylike MMRs, SRs cannot alter particle semi-major axes and
this same|Aa,nq|. (This assumption is valid iti,(¢) is  therefore do not permanently trap particles. However, a par
such that [22] is not satisfied a fraction of order unity of thdicle that is swept over by an apsidal-type SR can have its
time. In the simulations of stochastic migration BMCO6  eccentricity increased or decreased. A particle swept over
that confirm thak ... ~ 600 km, [22] is not satisfied about by a secular resonance is analogous to an ideal spring of
50% of the time.) Then stochasticity does not defeat resoatural frequencyy, driven by a force whose time-variable
nance capture ifAa;nq| < max(dany); thatis, if frequencyw(t) sweeps pasty. Sweepingu pastw, can
increase or decrease the amplitude of the spring’s free os-
1/ 13 cillation (the component of the spring’s displacement that
s < (%) ( pRyeap ) o2/3R (24) varies with frequencyy), depending on the relative phas-
~ \ Mo 0QpTmigAay P ing between driver and spring near the moment of resonance
. crossing whew = wy.
which evaluates t@ S 600 km for a, = 30 AU, Aa, = Lowering e at fixed a raisesq. Gomes(2003ab) and
8 AU, Thujg ~ 40 Myr, 0 = 0-2gcm‘2- _a”d@ =0.2. Gomes et al(2005) find in numerical simulations of plan-
The above constraint on size applies to those planetegizyry migration that Neptune-scattered planetesimatg-ori
mals that comprise the bulk of the disk mass. Noise is al§gyting on orbits inside 28 AU can have their perihelia raised
introduced by especially large objects that constituteallsm up to 69 AU by a combination of sweeping SRs, MMRs,
fraction of the disk mass. The latter source of noise has begp g Kozai-type resonances (which are a kind of SR). In ad-
invoked to explain the curious near-coincidence betweg\ion to offering an explanation for the origin of high-
the edge of the Classical disk£ 47 AU) and Neptune's 2:1 pjgh; KBOs, this scenario also suggests a framework for
resonanced = 47.8 AU). Levison and Morbidell(2003)  ngerstanding differences in physical properties between
suggest that the sweeping 2:1 MMR captures KBOs only tgynamical classes. Compared to Classical KBOs, which
release them en route because of close encounters betwggl naid to coagulate and evolve largelysitu, Scattered
Neptune and objects having10 times the mass of Pluto kgog originate from smaller heliocentric distanagsTo
(*super-Plutos”). Dynamically cold KBOs, assumed 10 COthe (unquantified) extents that coagulation rates and chemi
agulate wholly inside 35 AU$3.1.2), are thereby combed 5| environments vary front ~ 20 to 50 AU, we can hope
outwards to fill the space interior to the final location ofy ,nderstand why a large dispersioniawhich in the pro-

the 2:1 MMR. Why the super-Plutos that are invoked tQ),seq scenario reflects a large dispersion in birth distance
generate stochasticity have not been detected by Wlde-fle&d_imp"es a large dispersion in color/size.

surveys is unclearMorbidelli et al, 2002). The required  The main difficulty with this perihelion-raising mecha-
stochasticity might have arisen instead from a larger popiism is its low efficiency: Only~0.1% of all objects that
lation of ;ub—PIuto-sued pIaneteS|ma_Is._ The scenario f“[mdergo close encounters with a migratory Neptune have
ther requires that-3M, be trapped within the 2:1 MMR' e perihelia raised to avoid further close encountees ov
so that a secular resonance maintains a population of Zijg age of the solar systerG¢mes 2003ab). Based on
resonant KBOs on low-orbits during transport. this mechanism alone, a disk weighirgi0Mg prior to
o o migration would have~0.05Mg deposited into the Scat-
3.6.3. Contribution of Migration to Scattered KBOS  (greq and hot Classical belts for long-term storage. But
) i . only ~1-2% of this mass would be in bodies having sizes
ngtune mlgrat'es by scatterlng planetesimals. Wha} > 100 km (Kenyon and Lup1998, 1999Kenyon 2002;
fraction of these still reside today in the Scattered belv? D§3'1)_ Therefore this scenario predicts that Scattered and
hot Classicals (havingz 5°) owe their excitation to a mi- pot Classical KBOs having® > 100 km would weigh, in
gratory Neptune? Many Scattered and hot Classical KBQgi4) ~10~3Mz—about 50-150 times below what is ob-
observed today have> 37 AU. This factis difficult to ex-  gerved §2.2). This discrepancy is missed by analyses which
plain by appealing to perturbers that reside entirely isidyeglect consideration of the KBO size distribution. A sec-
30 AU. Insofar as a close encounter between a perturbgfgary concern is that current numerical simulations f thi
and a pgrn(,:le can be modelled as a discontinous changefschanism account for the gravitational effects of disk par
the particle’s velocity at fixed position, the particle @S5 icles on planets but not on other disk particles. Proper
ing it remains bound to the Sun) tends to return to the samgcylation of the locations of secular resonances resyire
location at which it underwent the encounter. however, a full accounting of the mass distribution.
~ Gomegq2003ab) proposes that despite this difficulty, 0b-  Gjyen the low efficiency of the mechanism, we submit
jects scattered by Neptune durl’ng its migration fre/20 4t the highg orbits of hot Classical and Scattered KBOs
to 30 AU can evolve into today's Scattered and hot Clasgiq not arise from Neptune’s migration. Instead, these or-
sical K.BOs by having their perihelia raised by a variety of,;i5 may have been generated by Neptune-mass oligarchs
sweeping secular resonances (SRs;i@#). As the outer \yhose trajectories passed through the Kuiper belt. While
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a numerical simulation is necessary to test this hypothesis A passing star may have emplaced Sedna onto its high-
our order-of-magnitude estimaté§8.3—3.5) for the degree perihelion orbit. For the last ~ 4 Gyr, solar-mass stars
to which oligarchs stir the belt by simple close encounter® the Solar neighborhood have had an average density
are encouraging. No simulation has yet been performed in. ~ 0.04 stars pc?® and a velocity dispersiofv?)/2 ~
which the Kuiper belt is directly perturbed by a mass a80kms~!. If we assume that the Sun once resided within
large as Neptune’s for a time as longtasc.oo ~ 40 Myr.  a “typical” open cluster, them, ~ 4 stars pc?® and
Differences in physical properties between Classical an@?)'/? ~ 1kms~! overt ~ 200Myr. Overt >
Scattered/Resonant KBOs might still be explained along tH®)0 Myr, open clusters dissolve by encounters with molec-
same lines as described above: Scattered/Resonant KB@ar clouds Binney and Tremainel987). The number
were displaced by large distances from their coagulationf stars that fly by the Sun within a distange large
zones and so might be expected to exhibit a large dispegnough that gravitational focussing is negligiblg (2
sion in color and size, while Classical KBOs were not s@ M,/ (v2) ~ 900 AU for (v2)'/? ~ 1kms~!) increases
displaced. Even if all KBOs having = 100km were as [*n,(v2)!/2dt. Therefore fly-bys during the current
heated to large or i by planetary oligarchs, the cold Clas-low-density era outnumber those during the cluster era by a
sical disk might have re-generated itself in a second wavgctor of ~6. Nonetheless, intra-cluster encounters can be
of coagulation from a collisional disk of small bodies. more effective at perturbing TNO trajectories because en-
counter velocities are 30 lower.

Fernandez and Brunin{2000) simulate the formation

The analyses of migration cited above share a commdif the Oort cloud within an open cluster having param-
shortcoming: They assume that planetesimals are colfisiofiters similar to those cited above. They find that pass-
less. But coagulation studie§3(1) indicate that much of iNg stars create an “inner Oort cloud” of objects having
the primordial mass remains locked in small bodies fos? S a(AU) < 1000, 300 < a(AU) < 10% (e) ~ 0.8, and
which collision times threaten to be shorter than the dué®)'/? ~ 1. Sedna may be the first discovered member of
ration of planetary migration. By (3), planetesimals havthis inner Oort cloudBrown et al, 2004). Such objects co-
ing sizes< 1km in a minimum-mass disk have collision @gulate in the vicinity of the giant planets and are scattere
times< 20 Myr. How Neptune’s migration unfolds when first by them. Since a scattering event changes velocities
most of the disk comprises highly collisional bodies has ndhore effectively than it does positions, objects’ periaeli
been well exp|0red_ Neptune may open a gap in the d|§ﬁma|n at heliocentric distances €6—30 AU while aphe-

(in the same way that moons open gaps in collisional plaki2 diffuse outward. Aphelia grow so distant that objects
etary rings) and the planet's migration may be tied to ho@'e scattered next by cluster stars. These stars raiseasibjec
the disk spreads by collisional diffusio@¢ldreich et al, Perihelia beyond the reach of the giant planets.

2004b). We confirm the ability of cluster stars to raise the perihe-

How does the Classical belt shed 99% of its primordidion of Sedna with an order-of-magnitude calculation. Dur-
mass? Situated at 40-47 AU, it may be too distant for Nep0g the open cluster phase, the number of stars that pass
tune to scour directly. Perhaps the small bodies of the Cla¥dthin distancey. of the Sun is
sical belt are first transported inwards, either by gas drag o
collisional diffusion, and subsequently scoured. Clepn-u ” 5 n (v2)1/2 "
and migration are intertwined, but the processes are oftenN, ~ 1 ( - ) ( — )
not discussed together (but S8emes et a).2004). 4000AU/ \4pc™ lkms™ 200 Myr (25)

Are there alternatives to migration for the capture ofA tar of massM, having perihelion distance. much
Resonant KBOs? Perhaps Resonant KBOs are captur& ater than a planetesimal’'s aphelion distar@ex{ 2a)

as Neptune’s orbit cools by dynamical frictiogB(5). B_e— Perturbs that object’s specific angular momentum by
fore capture, many belt members would already be stirred to

largee ands, not only by unstable oligarch§3.4), but also GM. [ a\2
by Neptune while it cools. Cooling accelerates as it pro- Oh = £Cr=m7 (—) ;
ceeds (equation [16]). A rapid change in the planet's semi- v) e
major axis towards the end of cooling might trap KBOswhere the numerical coefficieatdepends on the encounter
into resonance by serendipity. Just after Neptune’s senfieometry Yabushital1972). We can derive the form of (26)
major axis changes, objects having orbital elements (ghclu by noting thavh ~ Qdv, wherejv is the perturbation to the
ing longitudes) suitable for libration would be trappedisTh object’s velocity relative to the Sun. We wrife as the tidal
speculative “freeze-in” mechanism might be too inefficjentacceleratiorG M. Q/q? induced by the star, multiplied by
since it requires that the fraction of phase-space volume othe durationy. /(v2)!/2 of the encounter, to arrive at (26).
cupied by resonances equal the fraction of KBOs that afeor highly eccentric orbitsq = hdh/(G M), whence
Resonant. Taken at face value, observations suggestthe lat ) 12

ter fraction is not much smaller than order unig2 (1). dq +C M, < a > (2GM®> . 27)

q Mo \ g« q(v?)

3.6.4. Problems Regarding Migration

(26)

3.7. Stellar Encounters
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For M, = Mg, ¢. = 4000AU, C ~ 6 (see equa- tionregionis

tion [3.17] of Yabushitg{1972]), (v2)*/2 = 1kms~*, and

pre-encounter values of = 35AU anda = 600 AU, (8 My /3Mg)"/2ax

0q/q ~ 1. Thus, Sedna’s perihelion could have dou- 5Ry

bled to near its current valug, ~ 76 AU, by a single attractively close to the number of QR-sized Neptune Tro-

slow-moving cluster star. Multiple encounters at larger jans inferred to exist today2.2.3). The numerator in (28)

causeg to random walk and change its value less effecequals the maximum width of the 1:1 MMRy ~ 30 AU

tively: ((9g)%)"/2 oc (N.)'/2¢7% o g7 is Neptune’s current semi-major axi&y = R/« is the
Had we performed this calculation for parameters apfrojan’s Hill radius, and? ~ 90 km is the radius of QR.

propriate to the present-day stellar environment, we would The input parameters of the coagulation model are the

have foundiq/q ~ +0.2. The reduction in efficacy is due surface density and sizess of small bodies in 1:1 reso-

to the larger(v;) today. nance. Big bodies grow by consuming small bodies, but
The cluster properties cited above are averaged overggowth is limited because small bodies diffuse out of reso-

half-light radius of 2 pcBinney and Tremainel987). For nance by colliding with other small bodies. The time for a

comparison, the Hyades cluster Haslowern., 3x lower  small body to random walk out of the Trojan sub-disk is

(v2)1/2, and6x longer lifetimet (Binney and Merrifield

1998;Perryman et al. 1998); the Hyades therefore gener- ps [ (My/Mz)"?ax 2

ates2x fewer encounters than does our canonical cluster. bese ~ -Q {u/—Q]

Younger clusters like the Orion Trapezium maintaix . .
g y The term in square brackets follows from noting that a

[ X imi 2)1/2 2 hortert (Hil- e . o .
highern.. and similar (vz) '~ over 200x shortert (Hi small body shifts its orbital guiding center by of order its

lenbrand and Hartmann1998), and therefore yield even™ . i litudewtu /) time it collid ith
fewer encounters. Scenarios that invoke stellar encasintéfP oY ¢/1¢ ampiitude~ u/ every time It cofides with an-
other small body in an optically thin disk. To escape res-

for which ¢, < 1000 AU to explain such features as the gance the small body must random walk the maximum
f the Classical belt ire that th h id S . :
edge of the Classical belt require that the Sun have resi ibration width. We equaté.s. to the growth time of a big

in a cluster having atypical properties, i.e., dissimilamf . . X
those of the Oriogn T¥2peziﬁmpthe Hyades, and all opetﬁOdytaLCC (equation [4]) to solve for the maximum size to
' ' which a large body coagulates:

clusters documented Binney and Merrifield1998). That
parent bodies in extra-solar debris disks also do not extend

NTrojan ~ ~ 20, (28)

(29)

beyond~40-100 AU §3.1.2) argues against explanations 9 \4/3 s /3
that rely on unusually dense environments. R = Rna ~ 100 (u/—vH> (m) km. (30)
3.8. Coagulation of Neptune Trojans Our normalization ofs /vy ~ 2 is derived froms ~ 20 cm

ando ~ 4 x 107*gcm~2 ~ 10 times the surface den-

Planetesimal collisions that occur near Neptune’s Lasity inferred in QR-sized objects today; we derivery by
grange points insert debris into 1:1 resonance. This debti&lancing gravitational stirring by big bodies with dangpin
can coagulate into larger bodies. The problem of accretidoy inelastic collisions between small bodi€3L05). For
in the Trojan resonance is akin to the standard problem tiiese parameter value$,. ~ tacc ~ 1 x 10% yr. Unlike
planet formation, transplanted from a star-centered disk t Neptune-sized oligarchs that may have been ejected out of
disk centered on the Lagrange point. As with other kinds ahe solar system§8.4), all ~10-30 Trojan oligarchs in a
transplant operations, there are complications: Add#ion single cloud should be present and eventually accounted for
timescales not present in the standard problem, such as theAs speculated b¥’L05, orbital inclinations of Trojans
libration period7;, about the Lagrange point, require jug-with respect to Neptune’s orbit plane might be small; per-
gling. Chiang and Lithwick2005, hereafteEL05) account haps(i?)!/? < 10°. A thin disk of Neptune Trojans would
for these complications to conclude that QR-sized Trojansontrast with the thick disks occupied by Jupiter Trojans,
may form as miniature oligarchs, each dominating its owmain belt asteroids, and non-Classical KBOs, and would
tadpole-shaped annulus in the ancient Trojan sub-disk. Aleflect a collisional, dissipative birth environment. Four
ternative formation scenarios for Trojans such as pulltdowcandidate Neptune Trojans have since been announced
capture and direct collisional emplacement of QR-sized ofafter the discovery of QR, having inclinations respect
jects into resonance are considered@iy05 and deemed to the ecliptic of 1.4, 24.8, 3.C°, and 5.2 (http://cfa-
unlikely. Also, the mechanism proposed Blorbidelli et  www.harvard.edu/iau/lists/NeptuneTrojans.html). Name
al. (2005) to capture Jupiter Trojans cannot be applied tget securely classified according to criteria developed by
Neptune Trojans since Uranus and Neptune today lie insidiee DES EO5). If a large fraction of Neptune Trojans have
their 1:2 MMR and therefore could not have divergently mihigh , we might look to the/;s secular resonance, unmod-
grated across itMorbidelli, personal communication). elled byCLO5, to amplify inclinations. See alStsiganis et

In the theory of oligarchic planet formation (e.@04), al. (2005) who find that Neptune Trojans can be captured
each annulus is of ordéizy in radial width; the number of collisionlessly; the capture process is related to “freieze
QR-sized oligarchs that can be fitted into the tadpole libraas described i§3.6.4.
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3.9. Collisional Comminution We assume (and can check afterwards) tRgl,; <
Rirear < R to write
Over the last few billion years, sufficiently small and nu-

merous bodies in the Kuiper belt suffer collisional atiti 1-do -G
As interpreted byPan and Sar{2005, hereafteP05), the Noroj = No (Rbreak) ( Rproj ) . (35)
break in the size distribution of KBOs @& ~ 50km as Ry Ryreak
measured bBernstein et al(2004;§2.2.1) divides the col-
lisional spectrum at smalk from the primordial coagula-
tion spectrum at larg®&. For the remainder of this subsec-
tion, we do not distinguish between the various dynamical Rironk gz [V 72
classes but instead analyze all KBOs together as a single Ro ~ (WNORoQt) (m) ’ (36)
group. AtR > Rpyeak, the size spectrumdN/dR « R™%,
wheredN is the number of objects per unit face-on areavherez; = (6 + y)/[5y + (6 + y)(Go — 3)] and 2, =
of the belt having sizes betwedtand R + dR (the dif- 5/[5y + (6 + y)(go — 3)]. For targets held together by self-
ferential surface number density). The slape~ 5 (see gravity, Q* ~ 3v2./10 andy = 2. If we insert these
§2.2.1 for more precise values) presumably represents thalues into (36), together with,,; = 1kms™', §o = 5,
unadulterated outcome of coagulation. Bodies at thislarg€) = 27/(300yr), andt = 3 x 10%yr, we find that
R end of the spectrum are insufficiently numerous to collide®;,,.... =~ 0.4Ry ~ 40km, in good agreement with the ob-
amongst themselves and undergo attrition RAL. Ryreax,  Served break in the luminosity function (Fig.BS05). The
dN/dR o« R~9, whereq derives from a quasi-steady col- small-R end of the KBO size spectrum as observed today
lisional cascadel¥ohnanyj 1969;P305). By definition of reflects the catastrophic comminution of bodies that derive
Rireak, the time for a body of radiu,,..x 10 be catas- their strength from self-gravity (“rubble piles”). Furthe
trophically dispersed equals the time elapsed: more, the Kuiper belt has been dynamically hot for the last
few billion years P05).

Combining the above relations yields

1
~t 31
Nproj X TRE ¢ x 7 &) 4. DIRECTIONS FOR FUTURE WORK
whererR? ., is the collision cross-section amil,,,,; is . . _
the surface number density of projectiles that are juselarg 1. Collisional vs. Collisionless:Most explorations of
enough to dispers&y....-sized targets (catastrophic dis_plgpetary 'm'lgratlon and' of'how the Kwper belt was stirred
persal implies that the mass of the largest post—collisioHt'“Ze golhsmnless grawtgnongl simulations. But tbxaer-.
fragment is no greater than half the mass of the originyheélming bulk of the primordial mass may have resided
target and that collision fragments disperse without gravin Small, collisional bodies. Simultaneously accountiag f
tational reassembly). This expression is valid for the sanf@llisions and gravity might revolutionize our understand
assumptions underlying equation (3), i.e., for today’s dyind of the clean-up (a.k.a. missing-mass) problem. Insight

namically hot belt. from the study of planetary rings will be helpful.
We proceed to estimat®y,..c given the parameters 2 Classical KBO Colors vs. Heliocentric DistancBo
of the present-day Kuiper belt. F@® > Rprea, N = Classical KBOs exhibit a trend in color from neutral to red

No(R/Ry)* %, where N is the surface number densityWith increasing heliocentric distane® The two neutral

of objects having sizes betwedhand2R. We estimate Classicals atl ~ 38 AU, contrasted with the predomi-
that for fiducial radiusR, = 100km, Ny ~ 20 AU2 at nantly red Classicals at ~ 42 AU, suggest the answer is
a ~ 42 AU. The minimum radiusk,,.; of the projectile YeS (Figs. 3 and 4). Confirmation would support ideas that

that can catastrophically disperse a target of radiys.. ~ Classicals coagulatedsitu, and that neutrally colored Res-
is given by onant/Scattered KBOs coagulated from snadind were

transported outwards. We must also ask why trends in color
with birth distancel would exist in the first place.
3. Formation of the Scattered Belt by Neptune-Mass Oli-
where garchs: We argue that Neptune’s migration and the con-
comitant sweeping of secular resonances do not populate
« o R Y 33 the Scattered and hot Classical belts with enough objects to
Q"= (R_0> (33) explain observations. When account is made of the primor-
. .- - . dial size distribution of planetesimals—a distributiomth
is the collisional specific energysfeenberg et a).1978; should be preserved today at large siZds §3.9)—the ex-

Fujiwara et al, 1989) andv,; is the relative collision ve- ) . .
Iochty. Since forR < )Rbrea:éls much mass is ground into pected population of Scattered / hot Classical objects hav-

N ° : ing sizes above 100 km is less than that observed by a fac-
every logarithmic interval irfz as is ground out (€.g2905), tor of 50-150. We propose instead that planetesimals were

. 214y deflected onto Scattered / hot Classical orbits by simple
1= % +y (34) close encounters with marauding Neptune-mass oligarchs

proj

1 *
§R3 U?el = R%reakQ (32)
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that have since been ejected from the solar system, and grnandez J. A. and Brunini A. (200@arus, 145 580-590.
Neptune while its orbit circularized by dynamical friction Fujiwara A., Cerroni P., Davis D., Ryan E., and di Martino M.
These contentions are supported by order-of-magnitude es-(1989) InAsteroids II(R. P. Binzel et al., eds.), pp. 240-265.
timates but require numerical simulations to verify. Univ. of Arizona, Tucson.

4. Kuiper Cliff: Why do planetesimal disks have SharpFunato Y., Makino J., Hut P., Kokubo E., and Kinoshita D. (200
outer edges? Nature, 427518-520.

5. Binaries Kuiper belt binaries might prove the mostGaraUd P.and Lin D. N. C. (200#strophys. J., 6080501075,

inf . . h he hi f Gladman B., Holman M., Grav T., Kavelaars J., Nicholson P., e
Informative witnesses we have to the history of trans- (2002)lcarus, 157 269-279.

Neptunian space. They hearken back to a primordiallgqigreich p. (1965Mon. Not. R. Astron. Soc., 13059-181.
dense and cold disk in which collisions and multiple-bodysoldreich P., Lithwick Y., and Sari R. (200Nature, 420 643—
encounters were orders of magnitude more frequent than 646 G02).

they are today. Binary orbit properties must also refledsoldreich P., Lithwick Y., and Sari R. (2004#nn. Rev. As-
how the Kuiper belt was stirred as a whole. How binary tron. Astrophys., 42549-601 G04).

inclinations, eccentricities, and component mass raties aGoldreich P, Lithwick Y., and Sari R. (2004B)trophys. J., 614
distributed, and how/why the incidence of binarity corre- 497-507.

lates with dynamical class are open issues for observer ag@mes R. S. (2003agarus, 161 404-418.

theorist alike. Gomes R. S. (2003tgarth Moon Planets, 929-42.
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Fig. 1.—Orbital elements, time-averaged over 10 Myr, of 529 seguriaissified outer solar system objects as of 8 Oct 2005. Skambo
represent dynamical classes: Centaw} Resonant KBOs<), Classical KBOs«), and Scattered KBOs). Dashed vertical lines
indicate occupied mean-motion resonances; in order otasing heliocentric distance, these include the 1:1, 534342, 5:3, 7:4, 9:5,
2:1, 7:3, 5:2, and 3:1 (see Table 1). Solid curves trace lbconstant periheliog = a(1 — ¢). Especially large (2003 UB3;, Pluto,
2003 Elg1, 2005 FYy; Brown et al, 2005ab) and dynamically unusual (2001 QR[Trojan; Chiang et al, 2003;Chiang and Lithwick
2005], 2000 CRys [high ¢; Millis et al., 2002;Gladman et al.2002], Sedna [higly; Brown et al, 2004]) TNOs are labelled.
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