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ABSTRACT

Trans-Neptunian objects (TNOs) are remnants of a collisionally and dynamically evolved planetesimal disk in
the outer solar system. This complex structure, known as the trans-Neptunian belt (or Edgeworth—Kuiper belt),
can reveal important clues about disk properties, planet formation, and other evolutionary processes. In contrast
to the predictions of accretion theory, TNOs exhibit surprisingly large eccentricities, e, and inclinations, i, which
can be grouped into distinct dynamical classes. Several models have addressed the origin and orbital evolution of
TNOs, but none has reproduced detailed observations, e.g., all dynamical classes and peculiar objects, or provided
insightful predictions. Based on extensive simulations of planetesimal disks with the presence of the four giant
planets and massive planetesimals, we propose that the orbital history of an outer planet with tenths of the Earth’s
mass can explain the trans-Neptunian belt orbital structure. This massive body was likely scattered by one of the
giant planets, which then stirred the primordial planetesimal disk to the levels observed at 40-50 AU and truncated
it at about 48 AU before planet migration. The outer planet later acquired an inclined stable orbit (=100 AU;
20-40°) because of a resonant interaction with Neptune (an r:1 or r:2 resonance possibly coupled with the Kozai
mechanism), guaranteeing the stability of the trans-Neptunian belt. Our model consistently reproduces the main
features of each dynamical class with unprecedented detail; it also satisfies other constraints such as the current
small total mass of the trans-Neptunian belt and Neptune’s current orbit at 30.1 AU. We also provide observationally
testable predictions.
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1. INTRODUCTION

Based on anomalies in the motion of Uranus and Neptune
(whose features were spurious, however; Standish 1993), Per-
cival Lowell predicted the existence of a massive planet beyond
Neptune (“Planet X), the search for which led to the accidental
discovery of (134340) Pluto in 1930 orbiting at a semimajor
axis, a, 39.4 AU. Nevertheless, it was soon realized that Pluto
was several orders of magnitude less massive than Planet X
(Duncombe et al. 1968; Delsanti & Jewitt 2006 and references
therein). In addition, Pluto was also too small to account for
the outer solar system mass distribution. That is, considered
in terms of surface density, o, the mass distribution decreases
with heliocentric distance, R, in a way that can be described
by a power law with the exponent —3/2 £ 1/2 (Hayashi et al.
1985; Morbidelli & Brown 2004; Jewitt 2008). The extrapola-
tion of this distribution to trans-Neptunian distances allowed the
prediction of several Earth masses (Mg) beyond Neptune. This
motivated researchers to postulate the existence of a massive
trans-Neptunian belt composed of a “large” number of small
icy trans-Neptunian objects (TNOs) (Leonard 1930; Edgeworth
1949; Kuiper 1951). Because of this pioneer work, the trans-
Neptunian belt is also commonly referred as the “Kuiper belt”
or “Edgeworth—Kuiper belt.” We use the most general nomen-
clature in this paper.

Although its discovery showed that the region beyond
Neptune was not empty, Pluto was recognized as a planet and
not a member of the hypothesized trans-Neptunian belt. The dis-
covery of (15760) 1992 QB; in 1992 (Jewitt & Luu 1993) and
subsequent discoveries of TNOs (Williams 1997; Jewitt 1999)
confirmed the existence of the trans-Neptunian belt and also put
Pluto into context as just one of the largest members of the belt.
Because TNOs have had insufficient time or surface density
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to form large planets, it is now widely accepted that these icy
bodies constitute the remnants of the primordial planetesimal
disk, which represents a fingerprint of the planet-formation era.
TNOs thus offer several clues about the dynamical, collisional,
and thermal evolution of the solar system over billions of years
(Luu & Jewitt 2002). Furthermore, TNOs are also linked to
other solar system minor body populations, namely the short-
period comets (SPCs) and Centaurs (Fernandez 1980; Duncan
et al. 1988; Holman & Wisdom 1993; Duncan & Levison 1997;
Horner et al. 2003; Ferndndez et al. 2004; Emel’yanenko et al.
2005).

As of 2007 June, more than 1100 TNOs with diameters (D)
typically larger than 100 km have been observed.! This sam-
ple represents only 1-2% of the expected population within the
same size range (Trujillo et al. 2001a; Sheppard 2006). More
than 700 TNOs have been observed during two or more op-
positions; thus in principle, these bodies possess more reliable
orbital elements (e.g., with small uncertainties). However, the
observations suffer from several biases, and TNO orbital distri-
butions should be accepted with caution. Trans-Neptunian belt
members exhibit near-circular to large eccentricity (e) orbits
within a &~ 48 AU, whereas TNOs in the scattered disk reservoir
of the belt have typically large eccentricities (usually set at a >
48 AU) (Duncan & Levison 1997; Luu et al. 1997; Morbidelli
et al. 2004). In general, TNOs also present a wide inclination
distribution, reaching up to inclination, i ~ 48° (Figure 1). Fur-
ther details about the characterization of TNOs in element space
are given in Morbidelli & Brown (2004), Gladman et al. (2007)
and Lykawka & Mukai (2007b) (hereafter, LMO7b).

I Orbital elements of TNOs are available at public domain databases: Lowell

Observatory, ftp://ftp.lowell.edu/pub/elgb/astorb.html; Minor Planet Center,
http://cfa-www.harvard.edu/iau/TheIndex.html
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mailto:patryk@dragon.kobe-u.ac.jp
ftp://ftp.lowell.edu/pub/elgb/astorb.html
http://cfa-www.harvard.edu/iau/TheIndex.html

1162 LYKAWKA & MUKAI

o
W

.

Eccentricity
o o o
N 2w 2 &
L4 w (4] o~ o
— — T
.
.
®
N

o
(]
T

015

011

0.05

60 65 70

Semimajor axis (AU)

50 11 54 43 32 5374 2:1 9:4 52 83 31

.

a5 §
40 .
351 | o ]
3ot ' d = - | g
’ .
25+ ce
- e
1 . I
- - 2 o .
wte® & s o . jomae
4 g.' ° . * o " :. '. . . -
-t P . . * .
BT
10+ - {‘- IRA AL . :

4y WA e S

L J . . |
5 - t'o.! %, _é.'l- ol *e
olt AN, A i ev,. . .

30 35 40 45 50 55 60 65 70
Semimajor axis (AU)

Inclination (degrees)

15+ =

Figure 1. Orbital distribution of TNOs. Observational data were taken from the
Lowell Observatory database on 2006 September 12. Only objects with long-arc
orbits are plotted (=2 oppositions). Vertical dashed lines indicate the positions
of resonances with Neptune. Dotted curves represent the perihelia of 30 and
37 AU (upper panel). Pluto and Eris are shown as white and gray large circles,
respectively.

The complex orbital structures of TNOs have revealed dis-
tinct dynamical classes: the classical, resonant, scattered, and
detached TNOs (e.g., LM07b and references therein). Classical
TNOs are nonresonant objects that orbit around 37 AU < a <
48 AU (the classical region). Curiously, these bodies repre-
sent the superposition of two different subclasses, the cold
and hot populations, which are defined as classical bodies with
i < 5%andi > 5° respectively (Morbidelli & Brown 2004 and
references therein; LMO7b; Chiang et al. 2007). This division is
supported by studies of the distributions of their colors, sizes,
inclinations, and dynamical origin/evolution (Brown 2001;
Levison & Stern 2001; Doressoundiram et al. 2002; Hainaut
& Delsanti 2002; Trujillo & Brown 2002; Gomes 2003b;
Bernstein et al. 2004; Morbidelli & Brown 2004; Peixinho et al.
2004). Resonant TNOs are currently locked in resonances with
Neptune, which we take to refer to any external mean motion
resonance with Neptune described by r:s, where r and s are
integers. Resonant populations have been observed at distances
from 30 AU (Neptune Trojans) to almost 108 AU (27:4 reso-
nance). Some resonances are notably populated, particularly the
3:2 (a =394 AU), 5:3 (a = 42.3 AU), 7:4 (a = 43.7 AU), 2:1
(a = 47.8 AU), and 5:2 (a = 55.4 AU) resonances (Figure 1).
Pluto is one of the 3:2 resonance members. Scattered TNOs
are objects associated with gravitational scattering by Neptune
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Figure 2. Orbital distribution of TNOs up to a = 230 AU. Observational data
were taken from the Lowell Observatory database on 2006 September 12. Only
objects with long-arc orbits are plotted (=2 oppositions). Vertical dashed lines
indicate the positions of resonances with Neptune. Beyond 50 AU, the strongest
resonances are of the r:1 and r:2 type (some of interest are shown). Dotted
curves represent the perihelia of 30, 37, and 40 AU (from the top in the upper
panel). Pluto and Eris are shown as white and gray large circles, respectively.
Detached TNOs are enclosed with squares, after their identification in LMO07b.
Another detached body, Sedna, is out of the range of this figure (a = 525.6 AU;
q=762AU;i=11.9°).

(Duncan & Levison 1997). These bodies have no particular
boundaries in the semimajor axis, but usually possess perihe-
lion distances close to the giant planet, g < 37-40 AU. A notable
member of the scattered population is (136199) Eris, the largest
and most massive TNO known thus far (Bertoldi et al. 2006;
Brown et al. 2006a; Brown & Schaller 2007). Finally, detached
TNOs are nonclassical objects that do not encounter Neptune;
thus, they appear to be “detached” from the solar system. In
fact, orbital integrations have shown that these bodies evolve in
quasi-static orbits over 4-5 Gyr (Gladman et al. 2002; LMO7b).
Here, we consider TNOs with a > 48 AU (i.e., beyond the 2:1
resonance) and ¢ > 40 AU as part of the detached population
(Figure 2). See LMO7b for a detailed discussion of the identifi-
cation of detached TNOs.

Classical and scattered TNOs should be roughly equally
populated, while resonant TNOs should represent about 10%
of the former (Trujillo et al. 2001a). However, the total mass
of scattered bodies, in particular, is quite uncertain (Gomes
et al. 2007). Moreover, the intrinsic fraction of resonant TNOs
is likely to be higher because only the 3:2- and 2:1-resonant
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populations were taken into account by Trujillo and colleagues.
The detached population was also unknown at that time.
This means that the contribution of other resonant bodies and
detached TNOs might reduce the intrinsic fraction of classical
TNOs. Lastly, because of strong observational biases, there must
be a substantial population of detached TNOs that could even
surpass that of scattered bodies (Gladman et al. 2002; Allen
et al. 20006).

According to accretion models, TNOs should have formed
only if the primordial planetesimal disk was under very cold
orbital conditions (i.e., orbits with ¢ ~ 0 and i ~ 0°) (Stern
& Colwell 1997; Kenyon & Luu 1998; Kenyon & Luu 1999;
Kenyon & Bromley 2004a). In contrast, the trans-Neptunian
belt is currently in an excited orbital state (i.e., large e and/or
i). Indeed, it is currently in an erosive regime; that is, the
encounter velocities of TNOs are large enough to favor dis-
ruptive collisions in the region. How the trans-Neptunian belt
acquired its intriguingly complex orbital structure is there-
fore a subject of great importance (Morbidelli & Brown 2004;
Jewitt 2008).

What mechanisms could excite the trans-Neptunian belt? An
obvious mechanism is gravitational perturbation by the plan-
ets. However, although the excited orbits of scattered TNOs
can be well explained by continuous scattering by Neptune,
the same is not true for other classes of TNOs (Morbidelli &
Brown 2004). Resonance dynamics represents another impor-
tant mechanism for TNO excitation. In particular, sweeping
resonances played an essential role in capturing TNOs from the
planetesimal disk during planet migration, an event that is well
supported by several lines of evidence (Fernandez & Ip 1984;
Malhotra 1995; Liou & Malhotra 1997; Hahn & Malhotra 1999;
Ida et al. 2000b; Levison & Stewart 2001; Gomes 2003b;
Levison et al. 2007). According to adiabatic theory, captured
bodies are transported outwards by resonances (i.e., @ increases)
with an increase in eccentricity (Peale 1976; Murray & Dermott
1999; Chiang et al. 2007). Depending on the resonance, a mod-
erate excitation in inclination is also a common outcome. Reso-
nance dynamics could also explain the origin of detached TNOs
(Figure 2). However, although a small fraction of scattered ob-
jects can be temporarily detached from the gravitational domain
of Neptune through resonant interactions with the giant planet,
this mechanism cannot account for the intrinsic total population
of detached bodies (Gomes et al. 2005a; Chiang et al. 2007;
LMO07b).

In conclusion, the existence of distinct classes of TNOs
is the outcome of several evolutionary processes that can
sculpt the solar system. Some of these ceased long ago (e.g.,
planetary migration), whereas others are still active, such as the
gravitational perturbation and resonant effects of the planets.
However, the unexplained excited e-distribution of cold classical
TNOs and the existence of a substantial population of detached
TNOs require a sculpting mechanism other than the foregoing
ones. Alternative excitation mechanisms include passing stars,
large (massive) planetesimals that existed in the past, giant
molecular clouds, an unseen planet, and a temporarily eccentric
Neptune (Kobayashi & Ida 2001; Brunini & Melita 2002;
Morbidelli & Levison 2004; Gladman & Chan 2006; Morbidelli
et al. 2007).

We next discuss the main observational constraints and some
scenarios that are invoked to explain this complex structure.
‘We introduce our own scenario in Section 3, which is based on
the existence of a massive trans-Plutonian planet. In Section 4,
we explain the methods used in our model. Sections 5 and 6 are
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devoted to the preliminary and main simulations of our scenario.
The main results of the paper are shown in Section 7. We discuss
additional implications of our scenario and the orbital/physical
properties of a hypothetical trans-Plutonian planet in Sections 8
and 9. We summarize the main achievements and predictions
of this study in Section 10. Finally, caveats and future work are
given in the last section.

2. THE TRANS-NEPTUNIAN BELT ARCHITECTURE
AND MAIN SCENARIOS

2.1. Constraints from the Trans-Neptunian Belt

Cold and hot classical TNOs with different physical prop-
erties. In general, whereas cold classical TNOs are fainter
(smaller) and exhibit mostly red colors, their counterparts in
the hot population are intrinsically brighter (larger) with a wide
variety of colors. Apparent correlations of colors and sizes with
inclinations have been found (Tegler & Romanishin 2000; Lev-
ison & Stern 2001; Trujillo & Brown 2002; Doressoundiram
2003 and references therein; McBride et al. 2003). Although
noteworthy, these properties are not caused by mechanisms re-
lated to impacts (Morbidelli & Brown 2004). Distinct color,
size, and inclination distributions can be interpreted as evidence
that cold and hot classical TNOs formed at distinct places in
the primordial planetesimal disk (Gomes 2003b). That is, the
cold classical population would have formed in situ, thus rep-
resenting relics of the planetesimal disk between about 35 AU
and the original edge of the disk. The hot population would
consist of planetesimals that formed in the inner solar system
(15-35 AU) and were later deposited in the classical region via
resonant interactions (Gomes 2003b). Intriguingly, the super-
position of cold and hot populations is apparent only among
classical bodies;

Orbital excitation of cold (in eccentricities) and hot (both in
eccentricities and inclinations) classical populations. Classical
TNOs present an unexpected excitation in their eccentricities
and inclinations (Figures 1 and 3) that cannot be attributed to
gravitational interactions with Neptune (assuming the current
solar system architecture) or to mutual planetesimal gravita-
tional stirring (Morbidelli 2005). The excitation of eccentricities
alsoreveals an apparent lack of low-e TNOs beyond about 45 AU
(Figure 3). This remarkable feature is probably not due to obser-
vational biases (Morbidelli & Brown 2004; Morbidelli 2005).
Moreover, studies of the long-term evolution of classical TNOs
have confirmed that the outer skirts of the trans-Neptunian belt
are stable at low eccentricities, so the absence of low-e TNOs
beyond about 45 AU is unexpected (Holman & Wisdom 1993;
Duncan et al. 1995; Kuchner et al. 2002; Lykawka & Mukai
2005c¢).

Resonant TNOs. Prominent resonant populations that are sta-
ble over the age of the solar system are found throughout the
entire trans-Neptunian region (Figures 1-3; Lykawka & Mukai
2007a; LMO7b). To account for the population of 5:2-resonant
TNOs, Chiang et al. (2003) showed that a disk of planetesi-
mals with initially excited orbits is necessary prior to planet mi-
gration. This result was recently confirmed (Hahn & Malhotra
2005). In addition, the origin of long-term resonant bodies in the
scattered disk strongly suggests that the ancient trans-Neptunian
belt was already excited in both its eccentricities and inclinations
when the Neptunian resonances passed through the belt (Fig-
ure 3; Lykawka & Mukai 2007a). A similar condition would
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Figure 3. Orbital distribution of TNOs, the classical region (~37-48 AU), and
resonant populations (aligned vertically). The orbits were averaged over 10 Myr
after integration into the future. Original observational data were taken from
the Lowell Observatory database on 2006 September 12. Only objects with
long-arc orbits are plotted (=2 oppositions). Vertical dashed lines indicate the
positions of resonances with Neptune. Dotted curves represent the perihelia
of 30 and 37 AU. Pluto is shown as a white large circle. The 9:4-, 5:2-, and
8:3-resonant TNOs are enclosed with diamonds. The enclosed region defines
the eccentricities needed in an excited planetesimal disk to reproduce long-term
members in the latter resonances, as derived in Lykawka & Mukai (2007a). The
resemblance between the distribution of TNOs and the gray region suggests that
current observations may reveal the relics of the ancient excited trans-Neptunian
belt.

also explain the formation of all 3:2-resonant TNOs (Wiegert
et al. 2003).

Scattered TNOs. There is a substantial population of TNOs
evolving on orbits that undergo scattering by Neptune (Figure 2).
Scattered TNOs are thought to be primordial, and not sustained
by TNOs coming from unstable regions of the trans-Neptunian
belt (Morbidelli 2005).

Detached TNOs (Figure 2). This population is intriguing
because the sole presence of the giant planets cannot explain
their origin (Gomes et al. 2007). This is particularly evident
in the case of extreme objects such as (148209) 2000 CR s
(a = 224.6 AU; g = 44.1 AU) and (90377) Sedna (a = 525.6
AU; g = 76.2 AU), and low-i detached TNOs. Indeed, the great
majority of detached bodies produced by resonances have i >
30° (Lykawka & Mukai 2004; Gomes et al. 2005a; Gallardo
2006a; Lykawka & Mukai 2006). Of all currently identified
detached TNOs (nine objects) in LM07b, only one member is
in resonance (8:3 resonance). In addition, all members but one
have i < 30°.

Very high i TNOs (objects with i > 40°; LMO7b). There
are only three members known thus far, i.e., 2004 DG7; (i =
47.6°), Eris (i = 44.0°), and 2004 XR 99 (i = 46.7°), because
severe observational biases are involved. That is, most surveys
focus near the ecliptic. Because very high i TNOs spend an
extremely small time of their orbits near the ecliptic, their
discovery is discriminated against. For a survey probing a
sky region near the ecliptic, the probability of discovering
a TNO with i = 40° is approximately 20-50 times smaller
than finding one with i = 0 (Trujillo and Brown 2001; see
also Jones et al. 2005). The apparent fraction of very high
i TNOs is about 0.5% (3 out of 600-650 TNOs with longer-
arc orbits), so we estimate the intrinsic fraction to be roughly
~10-25%. Because the results of simulations predict that 1% of
objects would possess i > 40° (LMO07b, and references therein),
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resonances or the sole perturbation of Neptune cannot produce
this subclass.

The outer edge of the trans-Neptunian belt at 48 AU. The
outer edge is characterized by the absence of near-circular TNOs
beyond about 48 AU and the abrupt decrease in the number of
TNOs with R, revealing a dearth of these objects at ~47-50 AU
(Jewittet al. 1998). Despite the observational capability to detect
sufficiently large TNOs beyond 48 AU, several observations
did not find them, thus supporting the existence of the edge
(Gladman et al. 1998; Jewitt et al. 1998; Allen et al. 2001;
Gladman et al. 2001; Trujillo et al. 2001a; Bernstein et al. 2004;
Morbidelli & Brown 2004; Larsen et al. 2007). Simulations of
the orbital evolution of objects in near-circular orbits around 45—
55 AU have shown that this region is stable over the age of the
solar system (e.g., Brunini 2002). The 2:1 resonance is also
unable to produce the edge (Duncan et al. 1995; Lykawka
& Mukai 2005¢). Furthermore, a cold thin disk composed of
bodies larger than 185 km beyond 48 AU and with a similar size
distribution as in the classical region can be ruled out with 95%
confidence for any disk with inclination < 1° to the invariable
plane (Allen et al. 2002). Alternative explanations for the edge
such as extreme size/albedo effects (e.g., maximum size/albedo
decreases with R), drop in e-distribution with R, and steeper
ecliptic-plane surface density variation with R have been ruled
out (Trujillo & Brown 2001; Trujillo et al. 2001a). Possible
explanations for the edge include external perturbations such as
massive planetesimals, passing stars, or UV photoevaporation
(Ida et al. 2000a; Brunini & Melita 2002; Adams et al. 2004);
inward radial migration of bodies during the assembly of <1 km
sized planetesimals (Weidenschilling 2003); or the outward
transportation of bodies by the 2:1 resonance (Levison &
Morbidelli 2003).

Current low total mass of the trans-Neptunian belt. Es-
timates of the total mass are on the order of 0.1 Mg (Je-
witt et al. 1998; Gladman et al. 2001; Bernstein et al.
2004; Chiang et al. 2007). Stern (1995) and Stern & Col-
well (1997) demonstrated that 100 km sized TNOs are un-
able to form via accretion in the current outer solar system
in timescales comparable to the formation of Neptune. Indeed,
the formation of Neptune is likely to preclude the growth of
>50 km sized TNOs because the planet induces eccentricities
larger than 0.01 (i.e., higher collisional velocities), which favor
nonaccreting collisions. This problem can be solved assuming
that the trans-Neptunian belt carried much more mass in the
past. Accretion/collisional models indicate that this would re-
quire at least ~10-30 Mg in an annulus from 35 AU to 50 AU
(about 100 times more massive than now) to account for the for-
mation of TNOs with sizes of 100-1000 km (Davis & Farinella
1997; Stern & Colwell 1997; Kenyon & Luu 1998; Kenyon
& Luu 1999; Kenyon & Bromley 2004a). The formation of
large rubble piles and satellites around planetary-sized TNOs
requires a much more active collisional environment than now,
and hence a more massive primordial belt (Jewitt & Sheppard
2002; Sheppard & Jewitt 2002; Brown et al. 2006b). If the an-
cient trans-Neptunian belt was more massive in the past, we have
a new problem: because collisional grinding cannot account for
all the mass loss, how was 99% of the mass lost?

In summary, a successful model for the trans-Neptunian re-
gion must explain (1) the excitation of the primordial planetesi-
mal disk, (2) distinct classes of TNOs and their orbital structure,
physical properties, and intrinsic ratios, (3) the creation of an
edge at about 48 AU, and (4) the missing mass of the trans-
Neptunian belt.
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2.2. Scenarios for the Origin and Evolution of the
Trans-Neptunian Belt

Several models have addressed the origin and orbital evolu-
tion of TNOs, but none has reproduced detailed observations of
all dynamical classes or provided insightful predictions. How-
ever, we note that the intent of several models below was not to
explain the entire trans-Neptunian belt structure. We included
them because a more comprehensive model probably requires
two or more mechanisms.

2.2.1. The Scattered Disk Model

Duncan & Levison (1997) proposed that scattering by
Neptune could produce a population of scattered bodies.
Morbidelli et al. (2004) revisited this scenario and showed it
to be successful in explaining the origin and orbital structure of
scattered TNOs. The inclination distribution of scattered TNOs
also supports their origin via scattering by Neptune (Brown
2001). According to the scattered disk model, scattered TNOs
would represent approximately 1% of the original population
that was in Neptune-encountering orbits 4.5 Gyr ago. Recently,
Morbidelli (2005) has convincingly confirmed the foregoing
scenario, ruling out other possibilities for the origin of the
scattered population such as the 3:2 resonance (via chaotic
diffusion).

2.2.2. The Passing Star Model

Ida et al. (2000a) and Kobayashi & Ida (2001) proposed that
a passing star could explain the orbital excitation in the trans-
Neptunian belt. Assuming that the Sun formed in a dense cluster,
a neighboring star might have encountered this system within
a distance of about 80-200 AU during very early times, thus
perturbing the outer regions of the cold primordial planetesimal
disk. Kobayashi et al. (2005) revisited this scenario, focusing
mainly on reproducing the dual character of the classical region.

The passing star model can excite the trans-Neptunian belt,
deplete its total mass, and effectively truncate the disk (creat-
ing an outer edge). However, serious issues exist, including star
passage timing problems (timescales too short, thus precluding
the growth of TNOs), the preservation of the Oort cloud, and an
orbital structure of TNOs incompatible with observations. The
model also fails to preserve cold classical TNOs (Levison et al.
2004; Chiang et al. 2007). Finally, a close encounter at 80—
200 AU is a low-probability event. To match the classical TNOs’
inclination distribution and satisfy the accretion timescale con-
straint (tens of Myr), the star must have passed near 100 AU and
after 100 Myr, which has a much lower probability. At any rate,
unless planet migration was considerably delayed, this particu-
lar “late” stellar encounter can be ruled out by the stability of
3:2- and other stable-resonant TNOs, which would otherwise
have been destroyed (Gladman et al. 2001; Morbidelli & Brown
2004).

2.2.3. The Large Planetesimal Model

There are two variations of this scenario. The first case
considers the temporary existence of massive planetesimals
in the trans-Neptunian belt (rogue planets) (Morbidelli &
Valsecchi 1997; Petit et al. 1999; Gladman & Chan 2006). The
second suggests the existence of an as yet undiscovered planet
orbiting at trans-Plutonian distances. We call this the “unseen
planet scenario” (Matese & Whitmire 1986; Harrington 1988;
Maran et al. 1997; Brunini & Melita 2002; Melita & Williams
2003; Melita et al. 2004).
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Morbidelli & Valsecchi (1997) and Petit et al. (1999)
showed that Neptune-scattered massive planetesimals could
have sculpted the ancient trans-Neptunian belt and produced or-
bital excitation and dynamical depletion. It was recently shown
that rogue planets can also create a population of detached bod-
ies (Gladman & Chan 2006). However, in these scenarios, the
massive planetesimals would break the stability of any primor-
dial resonant TNOs, including the prominent 3:2-resonant pop-
ulation.

The distant resident planets postulated by Matese & Whitmire
(1986), Harrington (1988), Maran et al. (1997), and other
early studies (see references in Hogg et al. 1991) are very
unlikely based on constraints from the motion of planetary
orbits/spacecraft and observations (Hogg et al. 1991; Morbidelli
et al. 2002; Gaudi & Bloom 2005). Therefore, we have not
included these models in our discussions below. Brunini &
Melita (2002) proposed the existence of a Mars-like planet at
about 60 AU to explain the excitation in the classical region and
the trans-Neptunian outer edge. The unseen planet scenario was
further explored by Melita & Williams (2003) and Melita et al.
(2004), focusing on the detached population and the edge of the
trans-Neptunian belt, respectively.

The advantages of the large planetesimal model include the
excitation of the classical region, dynamical depletion, the cre-
ation of an outer edge, and an effective production of detached
objects. However, the published orbital structure hardly resem-
bles that of the classical TNOs. The hot classical population
cannot be reproduced without simultaneously destroying the
cold component. The resonant populations are also not obtained.
Another problem is that in unseen planet scenarios, the planet
would be at 50-60 AU on a near-circular and low-i orbit. Un-
der these circumstances, it should have already been discovered
by any of the wide sky area surveys (Morbidelli et al. 2002).
Finally, Melita et al. (2004) concluded that a resident planet as
proposed in their model is unable to simultaneously satisfy the
creation of the outer edge, excitation of classical TNOs, and the
existence of 3:2-resonant TNOs.

2.2.4. The Resonance Sweeping Model

Resonance sweeping over a cold disk of planetesimals was
first introduced to explain Pluto’s orbit (Malhotra 1995). During
planet migration, Jupiter, Saturn, Uranus, and Neptune suffered
radial displacements on the order of —0.2 to —0.3, +0.7 to +0.9,
+3 to 45, and +8.5 to +15 AU, respectively (Malhotra 1995;
Fernandez & Ip 1996; Chiang & Jordan 2002; Chiang et al.
2003; Gomes 2003b; Gomes et al. 2004; Hahn & Malhotra
2005). At the same time, all of Neptune’s resonances swept
the planetesimal disk, eventually capturing many bodies. This
process can be understood by monitoring the location of an
ris resonance, given by aps = ay(r/s)*>, where ay is the
semimajor axis of Neptune. In addition, according to model
parameters, the intrinsic ratio of 3:2- to 2:1-resonant TNOs and
the spatial distribution of the latter resonants would provide
important constraints on the migration history of Neptune (Ida
et al. 2000b; Melita & Brunini 2000; Chiang & Jordan 2002;
Murray-Clay & Chiang 2005).

Although resonant TNOs are mostly reproduced within 48 AU
in this model, the stable resonant populations in the scattered
disk are not. In addition, the model does not produce enough
excitation in the classical region and it fails to produce detached
objects. A variant of the model was proposed to explain high-
i 3:2-resonant and hot classical TNOs (Gomes 2003a, 2003b,
2006). Nevertheless, the production efficiency of hot classicals
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is too low and possibly in conflict with observations (Chiang
et al. 2007). Moreover, there is a clear deficiency of detached
objects in Gomes’ model (see Section 2.1).

Hahn & Malhotra (2005) performed simulations of planet
migration over both cold and hot (excited) planetesimal disks.
A merit of using excited disks is the ability to produce resonant
populations in the scattered disk (e.g., Lykawka & Mukai
2007a). Nevertheless, the assumption of an initially stirred
planetesimal disk is unjustified.

In general, the resonance sweeping models have problems
explaining the outer edge and low total mass of the trans-
Neptunian belt. Moreover, independent of model parameters, the
obtained detached population outnumbers the intrinsic observed
one by at least several times.

2.2.5. The Solar Companion Model

This scenario would necessitate a massive body (a few to
hundreds of Mg) orbiting the Sun at some 10°~10* AU, which
has unconstrained eccentricity and inclination. The models pro-
posed in Murray (1999) and Collander-Brown et al. (2000) are
inconclusive concerning any effects on TNOs. More recently,
Matese et al. (2005) and Gomes et al. (2006) presented an im-
proved model in which the main achievement is the production
of extreme detached TNOs, especially Sedna-like objects.

2.2.6. The Packed-Ice Giants Model

Recently, Chiang and colleagues have argued that the solar
system may have begun as a compact and crowded system
consisting of Jupiter, Saturn, and as many as five ice giant
planets of Neptune mass at R < 25 AU (Chiang et al. 2007;
Ford & Chiang 2007). Because such systems are initially
unstable, these ice giants can stir each other and undergo strong
perturbations from the larger gas giant planets. In general,
their models indicate that the surviving ice giants could have
strongly perturbed the primordial planetesimal disk, and the
latter could have circularized the orbits of the analogs of Uranus
and Neptune. However, see Levison & Morbidelli (2007) for a
critical analysis of this scenario.

Although their model can markedly excite classical and
scattered objects, the lack of high-i bodies in the resulting
systems is an important limitation. Furthermore, because little
emphasis was given to the formation of the trans-Neptunian
belt, it is unclear whether this scenario can reproduce the fine
structure of the classical region, form the scattered, resonant, and
detached populations, and satisfy the other constraints discussed
above.

2.2.7. The Nice Model

This model is currently the most comprehensive scenario for
the outer solar system. In the Nice model, the planetesimal disk
is assumed to be truncated at 30-35 AU. During the early stages,
the mutual 1:2 resonance lock of Jupiter with Saturn would
have created a large instability, and Uranus and Neptune were
scattered outwards, severely perturbing the disk. The orbits of
Uranus and Neptune would have been circularized by dynamical
friction, and slowly migrated outwards. Focusing on the trans-
Neptunian region, the merits of the model include plausible
explanations for the outer edge at a &~ 48 AU (based on the
assumption that it coincides with the current 2:1 resonance
location), the missing mass problem, and Neptune “naturally”
migrating until 30 AU, among others (Gomes et al. 2005b;
Morbidelli et al. 2005; Tsiganis et al. 2005). This model has
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been recently reviewed by Levison et al. (2007) and Morbidelli
et al. (2007).

An uncomfortable situation with the Nice model is that an
extensive comparison of detailed results with the populations of
TNOs and their general properties has not yet been published.
For this reason, it is not clear if the model can consistently
explain the main constraints mentioned above (Section 2.1). In
any case, the resonant structure in the scattered disk (>50 AU),
cold classical TNOs, the detached population, TNOs with i >
40°, and peculiar TNOs represent critical tests for the model.

3. THE UNSEEN PLANET SCENARIO REVISITED

3.1. Planet Formation and the Existence of a Large Population
of Massive Planetesimals

The most comprehensive planet formation models are based
on the accretion of planetesimals and can be divided into
three main stages: planetesimal formation, runaway growth, and
oligarchic growth (Kenyon 2002; Kokubo & Ida 2002; Rafikov
2003; Goldreich et al. 2004b). First, there is the build-up of
kilometer-sized bodies. After this stage, the largest bodies in
the swarm of planetesimals grow much faster than their smaller
neighbors. Finally, several large planetesimals (or planetary
embryos) are obtained, a few of which can eventually collide to
form larger planets or the cores of giant planets (Pollack et al.
1996; Kenyon & Luu 1999; Goldreich et al. 2004a; Kenyon &
Bromley 2004a; Rafikov 2004).

Accretion models agree that planet formation is an inefficient
process, despite the different parameters and assumptions used
in these models (Gladman 2005). In the late stages of planet
formation, giant planets clean their neighborhoods by scattering
disk planetesimals that move through the system, many of
which are massive. A huge number of planetesimals carrying a
substantial mass have been scattered by the planets (Fernandez
& Ip 1984, 1996; Pollack et al. 1996, Jewitt 1999; Petit et al.
1999). In addition, a natural consequence of these scattering
events is planet migration (Fernandez & Ip 1984; Hahn &
Malhotra 1999; Gomes et al. 2004). In the end, the fate of
scattered planetesimals is one of the following: (a) ejection
from the solar system; (b) collision with a planet or the Sun;
(c) placement in the scattered disk; or (d) placement at very
large distances (formation of the Oort cloud) (Oort 1950; Brasser
et al. 20006).

Several lines of evidence in the present solar system support
the existence of a substantial population of massive planetes-
imals in the past: Pluto and other multiple systems, the high
tilts of Uranus and Neptune, the retrograde orbit of Triton, and
the discovery of very large TNOs (e.g., Eris). The origin of
the Pluto system is better understood as a giant impact of em-
bryos during the early solar system (Stern 1992, 1998; Canup
2005; Stern et al. 2006; Weaver et al. 2006). The formation
of Eris and (136108) 2003 EL¢; satellite systems and the tilts
of Uranus and Neptune are also explained by giant collisions
during the late stages of planet formation (Stern 1991 and ref-
erences therein; Brunini & Melita 2002; Brunini et al. 2002 and
references therein; Barkume et al. 2006; Brown et al. 2006b;
Lee et al. 2007). Further evidence includes the Neptunian satel-
lites Triton and Nereid. The former was possibly captured from
the trans-Neptunian region because of its retrograde orbit (Luu
& Jewitt 2002; Agnor & Hamilton 2006). Nereid may also be
a captured TNO (Brown 2000; Schaefer & Schaefer 2000). In
summary, the above examples are best explained by giant im-
pact or close encounter events of massive planetesimals, which
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must have existed in large numbers to permit such events (Stern
1991; Brown 2002). Indeed, Stern (1991) predicted hundreds of
planetary bodies with ~0.1-1.0 Mg and a few very large ones
with ~1-5 Mg during the early history of the solar system.

Finally, we note that current observations are still incomplete.
For instance, the existence of still other Pluto-sized objects in
the trans-Neptunian region is predicted (Trujillo et al. 2001a).
This expectation has been fulfilled recently, in particular with
the discovery of planetary-sized TNOs such as Eris, 2003 ELg,
and (136472) 2005 FY9 (Brown et al. 2004, 2005a; Brown
et al. 2006b). Thus, it is perfectly possible that planetary bodies
larger than Pluto or Eris exist in more distant resonances or far
away in the scattered disk (Jewitt 2003; Gladman 2005).

3.2. Primordial Planetesimal Disk Orbital Conditions

The results of Lykawka & Mukai (2007a) suggest that the
trans-Neptunian belt had a substantial population of planetesi-
mals in excited orbits before planet migration (Figure 3) and the
radius of the planetesimal disk was at least 45-50 AU. However,
planetesimals in very excited orbits (above the gray region in
Figure 3) or in near-circular and low-i orbits may have existed.
Nevertheless, nonresonant objects with g < 37 AU are likely to
be removed from the solar system through scattering by Nep-
tune, implying that even if very excited planetesimals existed,
they are long gone. Therefore, we think that the pre-migration
ancient trans-Neptunian belt extended to 50 AU or more and
was composed of objects with eccentricities and inclinations
ranging from near zero (up to ~45-50 AU) to the excited values
illustrated by the gray region in Figure 3. This hypothesis is sup-
ported by the current distribution of TNOs in which we observe
classical TNOs in near-circular orbits up to 45 AU and an ex-
cited portion (45-50 AU) overlapping with the gray region. This
would imply that the original cold planetesimal disk suffered an
excitation from outside prior to planet migration, leading to the
observed perturbed orbital distribution (Figure 3). We propose
that a massive planetesimal could be the main agent that excited
the disk.

3.3. Building a Coherent Hybrid Scenario

Here, we argue that the orbital history of a massive planetes-
imal with tenths of Mg can explain the orbital structure in the
trans-Neptunian belt. This massive body was likely scattered by
one of the giant planets and managed to survive in the scattered
disk. We refer to this body as the “outer planet,” “trans-Plutonian
planet,” or “planetoid,” denoted by a p subscript. We built the
model intending to self-consistently satisfy the main constraints
discussed in Section 2.1.

For a given orbital configuration, the planetoid should be
massive enough to efficiently perturb the outer regions of the
trans-Neptunian belt and truncate it at 48 AU. However, this
excitation should not last over excessive timescales, otherwise
the inner trans-Neptunian belt would be excessively depleted.
Likewise, for a certain fixed timescale, the outer planet should be
located in a convenient orbital configuration (neither too close
nor too far away) for its perturbation to affect classical TNOs.

More importantly, because trans-Plutonian planets in near-
circular and low-inclination orbits have been ruled out
(Morbidelli et al. 2002), our hypothetical planet must be inclined
(>10°) and relatively distant (e.g., >60-70 AU). A Neptune-
scattering mechanism probably provided such orbital conditions
for this planet. However, because gravitational scattering occurs
at approximately fixed positions in space (Gladman et al. 2002),
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the perihelion of the outer planet could remain near the orbit of
Neptune over prohibitively long periods of time, thus destroying
the entire trans-Neptunian belt. Alternatively, dynamical friction
could raise the planetoid’s perihelion before the disruption of
the belt (Del Popolo et al. 1999). However, this process could
lead to a near-circular and very low i orbit, which would be in
conflict with the observational constraint above.

Investigations of resonances in the scattered disk offer an
appealing possibility. First, the strongest and dominant reso-
nances beyond 50 AU are distributed mainly at a < 250 AU
and have the lowest argument s, in particular those of type r:1
or r:2 (ie., 3:1, 4:1, ..., 24:1; 5:2, 7:2, ..., 35:2) (Gallardo
2006a, 2006b; Lykawka & Mukai 2006, 2007¢). Furthermore,
the increase in perihelion during resonance captures is particu-
larly important for the resonances cited above (Figure 4). The
capture probability in 7:1 or r:2 resonances is also higher than
in other resonances in the scattered disk (Lykawka & Mukai
2007c¢). In conclusion, we postulate that after being scattered
outwards by a giant planet, the outer planet interacted with a
Neptunian r:1 or r:2 resonance. Therefore, capture in a strong
scattered disk resonance represents an excellent mechanism to
modify the outer planet’s orbit, helping to protect the classical
region from disruption.

4. METHODS

We performed extensive simulations placing many thousands
of disk planetesimals under the gravitational influence of the
Sun, the four giant planets, and the outer planet, most over the
age of the solar system. We used the hybrid symplectic second-
order integrators EVORB and MERCURY (Chambers 1999;
Brunini & Melita 2002; Fernandez et al. 2002). The mass of
the terrestrial planets was added to the Sun. The giant planets
were fully considered as massive perturbers in a self-consistent
way with initial orbital elements obtained from Jet Propulsion
Laboratory ephemeris files (DE405), and minor bodies suffered
only perturbation from massive bodies. Disk planetesimals were
treated as massive and massless bodies in the MERCURY and
EVORB integrations, respectively. The integrations completely
accounted for collisions and close encounters with the planets
and the Sun; particles that collided with a massive body were
removed from the integration. The time step used was 6 months
in self-consistent planet migration simulations, and typically
12 months in the 4 Gyr runs. This time step is sufficiently
small to reliably integrate the orbits of trans-Neptunian bodies
(Wisdom & Holman 1991; Duncan et al. 1998; Chambers 1999;
Horner et al. 2004).

In most investigations, the ancient trans-Neptunian belt was
represented by a cold planetesimal disk (e ~ 0.001 and i ~ 0.2°),
usually extended from 17 to 50-100 AU. The giant planets were
initially considered in both static (at their current orbits) and pre-
migration compact orbital configurations (within ~17-20 AU).
The planetoids were in typical Neptune-scattered and distant
orbits (~40-160 AU), and with ip = 10-40°. In most cases the
masses of the outer planets ranged from 0.1 to 1.0 Mg. This
mass range is well within the upper limits provided by several
theoretical and observational constraints, namely 1-3 Mg inside
60-70 AU (Hogg et al. 1991; Melita et al. 2004 and references
therein; see also Figure 6 in Gaudi & Bloom 2005). The initial
argument of perihelion wp, longitude of ascending node Qp, and
mean anomaly Ap (angular orbital elements) of the outer planet
were chosen randomly in the simulations.

Initially, we performed preliminary simulations to test the
feasibility of our scenario. Later, after obtaining important
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Figure 4. Orbital evolution of two scattered particles over 4 Gyr. Small dots
represent the orbital evolution plotted every 1 Myr. Dashed curves represent the
perihelia of 30 and 35 AU (upper and lower, respectively). The particles began
on Neptune-crossing orbits and with a < 50 AU. The final orbital elements of
the particles are indicated by gray circles. Long dashed vertical lines refer to the
locations of relevant resonances where the particles spent most of their lifetimes
during temporary trapping (r:1 and r:2 resonances played the greatest role).
In particular, the particle spent more than 3 Gyr in the 6:1 resonance, reaching
g~ 60 AU and i &~ 38° during Kozai interactions (top panel). Similarly, the other
particle exhibited g &~ 76 AU and i ~ 45° in the 5:1 resonance for more than
1 Gyr (bottom panel).

constraints from the results of these simulations, we conducted
major simulations to investigate the outcomes of the hybrid
trans-Plutonian planet model (Section 6). Details of the simu-
lations, as well several complementary runs, are given in the
relevant sections below.

5. PRELIMINARY SIMULATIONS AND RESULTS

We performed more than 700 runs to investigate the excitation
of an outer planet on the trans-Neptunian belt. These systems
were evolved over varied timescales (from tens of Myr to 4 Gyr),
depending on the purpose of the investigation.

5.1. Static Outer Planets

We first explored the influence of outer planets in fixed orbits,
varying the initial orbital and mass parameters of the planet in
systems with the giant planets at their current orbits. The main
goal was to see if a massive planet with an orbit near a resonance
location in the scattered disk could reproduce the excitation in
the classical region and form the edge at 48 AU. The time span
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Figure 5. Orbital distribution of a cold planetesimal disk with static outer planets
after 4 Gyr (black filled circles). The disk was initially set at 40—120 AU (panels
(a) and (b)) and 40-240 AU (panel (c)). TNOs are illustrated for reference (gray
open circles). Dotted curves represent the perihelia of 30 and 37 AU. Dashed
vertical lines indicate the location of the 3:2, 2:1, 3:1, 4:1, and 10:1 resonances.
The outer planet has (a) 0.15 Mg and ip =~ 10° (3:1 resonance), (b) 0.3 Mg
and ip &~ 12° (4:1 resonance), and (c) 1.0 Mg and ip &~ 12° (10:1 resonance)
(gray spheres). Objects above the long-dashed curves could encounter the trans-
Plutonian planet.

of the simulations was 4 Gyr. A summary of the runs is given in
Table 1.

We found that an outer planet, provided that it is massive
enough and possesses a convenient perihelion distance, is able
to disrupt the local cold disk at 48 AU, in particular the removal
of objects with e < 0.1. This was possible for planetoids with
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Table 1
Preliminary Simulations (SIM)—Outer Planets in Selected Resonances in the Scattered Disk
SIM Planetoid location Mp* (Mg) ip® (°) qr* (AU) Cold disk® 3:2 survival® 2:1 survival® 5:2 survival® Scattered diskd
1 ap =47.8 AU (2:1) 0.01 5 45 1
2 0.025 5 45 1
3 0.05 5 45 1
4 ap =62.6 AU (3:1) 0.1 10 37-53 29 2 2 2
5 20 50-51 2
6 30 50-51 2
7 0.15 10 48-53 14 4 4 4
8 ap =758 AU (4:1) 0.1 10 37-53 21
9 20 50-53 1
10 30 50-53 1
11 0.2 10 37-53 19 1 1 1
12 20 50-53 3
13 30 50-53 3
14 0.3 10 40-53 23 7 8 7
15 20 50-53 2 1 3 2
16 30 50-53 2 1
17 40 50-53 1 1
18 0.4 10 50-51 1
19 0.5 10 50-51 1
20 ap = 82.0 AU (9:2) 0.3 10 59 1 1 1
21 0.35 10 59 1 1 1
22 0.4 10 59 1 1 1
23 ap = 88.0 AU (5:1) 0.25 10 47-53 8
24 0.4 10 50-53 10
25 ap=93.8 AU (11:2) 0.4 15 70 1 1 1
26 40 70 1 1 1
27 0.5 15 70 1 1 1
28 40 70 1 1 1
29 ap =99.4 AU (6:1) 0.1 36 82 1
30 0.2 36 82 1
31 0.3 36 82 1
32 0.4 36 82 1 1 1 1
33 25 52 1
34 0.5 36 82 2
35 46 81 1
36 41 91 1
37 ap = 1204 AU (8:1) 0.4 25 75 1
38 40 75 1
39 0.5 25 75 1
40 40 75 1
41 ap =130.2 AU (9:1) 0.4 36 82 1
42 0.5 36 82 1
43 41 83 1 1 1
44 41 91 1
45 0.7 20 87 1
46 40 87 1
47 ap = 139.7 AU (10:1) 0.2 10 40-56 18
48 0.5 10 53-56 7
49 0.7 36 87 1
50 1.0 10 55-56 8 2 4 2
51 20 55-56 1 1
52 30 55-56 1 1
53 40 55-56 1 1
54 1.5 10 56 1
55 ap =148.9 AU (11:1) 0.5 10 70-71 3
56 0.7 40 87 1
57 1.0 10 70-71 6
58 1.5 10 70-71 2
59 ap = 157.8 AU (12:1) 0.5 21 83 1
60 0.5 40 82 1
61 0.7 40 87 1 1 1
62 1.0 35 92 1
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Table 1
(Continued)

SIM Planetoid location Mp* (Mg) ip® (°) qpr* (AU) Cold disk® 3:2 survival® 2:1 survival® 5:2 survival® Scattered diskd
63 50 92 1

64 ap =206.7 AU (18:1) 0.7 30 87 1

65 1.0 30 90 1

66 ap =250.4 AU (24:1) 0.5 30 86 1

67 0.7 30 88 1

68 1.0 30 92 1
Notes.

4 Mp = mass in Earth masses, ip = inclination, and gp = perihelion distance of the outer planet. A range of perihelia was used in some cases.

b Number of runs using a disk of particles uniformly distributed in cold orbital conditions (near-circular and very low i orbits). The disk for the 2:1 resonance
contained 301 particles inside 35-55 AU. For close resonances (3:1 to 5:1), the disk was set at 40—120 AU and was modeled with 100 particles. For farther
resonances, a larger disk at 40-240 AU was used with 250 particles. All runs were followed for 4 Gyr.

¢ Number of runs to check the survival of specific stable resonant populations with an outer planet over 4 Gyr. We used pre-recorded long-term resonant
members, namely 166, 147, and 260 particles inside the 3:2 (0.10 < e < 0.34), 2:1 (0.07 < e < 0.40), and 5:2 (0.35 < e < 0.45) resonances (all i < 25°).

4 Number of runs using a disk of particles distributed initially on Neptune-encountering orbits (g < 35 AU). In most cases the disk was set between 50 and

500 AU. All runs were followed for 4 Gyr.

50 AU < gp < 56 AU and having ip < 20-25° and a few tenths
of Mg when located within about 90 AU. At larger distances,
more massive outer planets yielded better results (0.5-1.0 Mg)
(Figure 5). Planetoids with smaller perihelia yielded too much
excitation in the trans-Neptunian belt, whereas those with larger
perihelia and/or higher inclinations did not produce an edge at
all. The disruption of the cold disk beyond 48 AU occurred on
timescales of 0.5-1 Gyr for planetoids at 63—88 AU (3:1, 4:1,
and 5:1 resonances), although better removal of objects with
low e requires more than 2-3 Gyr. In the 10:1 resonance, these
timescales were approximately twice as long. Another outcome
of these runs was an excitation of inclinations for objects orbiting
the outer planet crossing region.

We also tested the presence of a less massive planetary body
in the 2:1 resonance using Mp = 0.01-0.05 Mg over 1.5 Gyr
(SIM 1-3, Table 1). The planetoids excited local planetesimals
to large eccentricities and i ~10-20° in only a few hundred Myr,
creating narrow and sharp peaks in a—e and a—i element space
distributions. Nevertheless, 2:1-resonant planetoids either led
to too little perturbation in the classical region and beyond or
excessively depleted the inner classical region. Thus, a Moon-
like or more massive body in the 2:1 resonance cannot satisfy
the trans-Neptunian belt observational constraints discussed
previously (Section 2.1).

A drawback of static planets is that the observed orbital
distribution in the classical region is not reproduced (e.g.,
Figure 5). Indeed, in general, particles survived billion of
years in near-circular orbits within 50 AU. When the classical
region is excited by the planet (usually when gp < 50 AU),
the final distribution is incompatible with observations. In
conclusion, static planets cannot form the edge of the trans-
Neptunian belt and at the same time reproduce the orbits of
TNOs in the classical region. A similar conclusion was found
by Melita et al. (2004). However, one could argue that the fine-
tuning of simulations or a much larger number of runs with
higher resolution could yield results that are in agreement with
observations. However, this is not the case, as we will show in
Section 5.3.

5.2. Migrating Outer Planets

Considering the difficulties of static outer planets in consis-
tently explaining the excitation of the classical region and the
trans-Neptunian belt edge, we decided to investigate systems

with planet migration. The main goal was to verify whether a
planetoid initially crossing the classical region could provide
the appropriate excitation to the latter and remove bodies be-
yond 48 AU while migrating outwards. When not mentioned,
the simulation time span was 100-200 Myr. A summary of the
runs is provided in Table 2.

The giant planets are assumed to have formed in a more
compact configuration than at present, in line with migration
models (Morbidelli et al. 2007 and references therein). We
assumed the planetoid had initial perihelion gpy < (ano +
10 AU), where ayp is the initial semimajor axis of Neptune
before migration. Thus, the planetoid represented a “recent”
Neptune-scattered body. We set apg as a free parameter using
arbitrary values beyond 40 AU (sometimes close to the initial
position of a resonance of interest) and 10° < ipy < 30° and
tested different masses for the outer planet. We performed
simulations in which, along with the giant planets, the planetoid
was forced to migrate outwards obeying a predefined radial
displacement (in some cases according to the position of a
distant and strong r:1 resonance with Neptune). We imposed
an artificial force to induce planet migration as described in
Malhotra (1995) and Hahn & Malhotra (2005). For simplicity,
we neglected disk interactions and other stochastic phenomena
during migration, so most outer planets ended the simulations
with perihelia around 50-80 AU. We stress that the intent of this
simple migration model was to test the viability of the scenario
in which a planetoid initially perturbs the classical region and is
later transported outwards, ending the migration phase in a stable
distant orbit near/in a resonance in the scattered disk. Thus, the
final outcomes acquired by the outer planet here resemble the
initial conditions conjectured in Section 5.1.

The giant planets and the outer planet migrated according to

ay(t) = a, — Aay exp(—1/7), ey

where Aa, (in AU) is the total radial displacement of the
planet (indicated by the subscript n), a, is the current planet’s
semimajor axis, and t is the migration timescale. We prepared
three sets where Aa, = {—0.2, 0.8, 3.0, 7.0}, {—0.2, 0.9, 4.0
4.3, 9.9-10.2}, and {—0.2, 0.9, 4.5-5.0, 12.0-13.0} for Jupiter
(), Saturn (S), Uranus (U), and Neptune (N), respectively (i.e.,
Neptune started at 23.1, ~20, and 17.1-18.1 AU). We tested
various migration timescales, but preferentially used v = 5—
15 Myr. These values are constrained by several past studies
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Figure 6. Orbital evolution of a planetesimal disk with a migrating outer planet at (a) 0, (b) 5, (c) 20, and (d) 50 Myr (black filled circles). For reference, the outcomes
of these simulations without the planetoid are indicated by gray filled circles. Dotted curves represent the perihelia of 30 and 37 AU. Dashed vertical lines indicate
the location of the 3:2, 2:1, and 9:2 resonances. Uranus and Neptune are indicated by hatched circles. The trans-Plutonian planet (0.4 Mg; ip &~ 10°) migrated from
ap = 48.5 to 83 AU. Objects above the long-dashed curves could encounter the trans-Plutonian planet. Planet migration followed Equation (1) with t = 10 Myr. No
resonant populations beyond 50 AU formed, in particular in the 9:4, 5:2, and 8:3 resonances (long-dashed vertical lines; see the text for details).

(Hahn & Malhotra 1999; Gomes 2000; Ida et al. 2000b; Melita
& Brunini 2000; Friedland 2001; Chiang et al. 2007).

In general, the inclusion of a migrating planetoid resulted in
the simultaneous formation of resonant populations (<50 AU),
excitation of the classical region (mostly in eccentricities), and
the disruption of the disk beyond about 48 AU well before the
long-term stage (Section 5.1). Moreover, as the outer planet
moved to large distances, the stability of the classical region
was also guaranteed. A didactic example is shown in Figure 6,
and some of the best runs are illustrated in Figure 7. Fast
migrations (i.e., using smaller 7) yielded too little excitation
in the disk, whereas incursions over several Myr at <50 AU
caused too much perturbation in the region. Finally, even for
final orbits as close as ap = 60 AU, low-mass outer planets
(£0.2 Mg) had difficulties in correctly reproducing the classical
region excitation and the creation of the trans-Neptunian belt
edge.

Although a migrating outer planet could explain some of the
main constraints posed by observations, the formation of hot
classical TNOs is problematic. We performed a few simulations
to investigate the formation of the hot classical component
following the approach of Gomes (2003b). We set two cold
disks, i.e., 18.6-30.1 AU and 27.6-30.1 AU, with 9900 particles
each, and evolved these systems over 200-250 Myr using the

same model parameters of some of the best runs (Table 2). Hot
classical particles were obtained in most cases. However, the
efficiency is quite low at less than 0.1-0.2%. Also, the smallest
eccentricities of hot objects appear to be somewhat higher than
those of hot classical TNOs. We also noticed that the efficiency
depends on the migration timescale. In test simulations, we
found that the production of hot classical objects decreases with
increasing migration timescales. Thus, because most of the best
runs have T > 5 Myr, the low efficiency problem cannot be
solved using models with fast migration in our scenario.
Another serious issue is the formation of long-term resonant
populations beyond 50 AU. In fact, none of the runs produced
any obvious resonant populations in the 9:4 (a = 51.7 AU), 5:2
(a=55.4 AU), and 8:3 (a = 57.9 AU) resonances. The reason for
this negative result is easy to understand. The formation of TNOs
with 9:4, 5:2, and 8:3 resonances requires that a population of
planetesimals had e > 0.1-0.3 before the resonances swept
the region (Figure 3; Lykawka & Mukai 2007a). In Figure 6,
when the resonances are passing through the classical region at
5 Myr (panel (b)), the eccentricities are less than 0.05. Later on,
although the disk acquires ¢ ~ 0.1-0.12 near the resonances at
20 Myr (panel (c)), it is still quite below the minimum necessary
to account for observed resonant populations (Figure 3). In
other runs we noted very similar outcomes, some of which had
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Figure 7. Orbital distribution of planetesimal disks with migrating outer planets after the end of planet migration at 100-125 Myr (black filled circles). The disks
were initially in cold orbital conditions, as shown in Figure 6(a). TNOs are illustrated for reference (gray open circles). Dotted curves represent the perihelia of 30 and
37 AU. Dashed vertical lines indicate the location of the 3:2, 2:1, and resonances near the outer planet. The trans-Plutonian planet has (a) 0.3, (b) 0.3, (c) 0.4, and
(d) 0.5 Mg, respectively. All outer planets possess ip ~ 10°. Objects above the long-dashed curves could encounter the trans-Plutonian planet. The orbital excitation
in the classical region and the formation of an edge at 48 AU are evident. The formation of resonant objects was also accomplished, although resonant populations

beyond 50 AU were absent (see the text for details).

even smaller stirred eccentricities. In summary, there are two
major issues. First, the excitation of the trans-Neptunian belt
occurs too late when distant resonances have already swept the
disk. Second, the resulting excitation is not high enough inside
50 AU, even in the case of Mp > 0.5 Mg or longer timescales
for passages through the disk by the planetoid.

If the planetesimal disk were initially excited at an appro-
priate level, would the planetoids preclude resonant capture in
resonances beyond 50 AU? We re-ran a few runs of migrating
outer planets using excited disks with broad initial eccentricities
beyond 45 AU. The outcomes after 100 Myr indicate that 5:2
and other resonant bodies beyond 50 AU are obtained.

5.3. Survival of 3:2, 2:1, 5:2, and Other Resonant TNOs

In most of the successful runs discussed above, the perihelia of
the outer planet were within 50-60 AU. In such circumstances,
the planetoid could threaten the stability of 3:2, 5:3, 7:4, 2:1,
and other observed resonant populations over 4 Gyr. That is,
eccentric resonant bodies near aphelion could encounter the
trans-Plutonian planet during its perihelion approach. These
perturbations are likely to dislodge bodies from the resonances
in question. Because these bodies will no longer be protected
from close encounters with Neptune by the libration mechanism

(e.g., Peale 1976; Malhotra 1998; Murray & Dermott 1999),
they will be ultimately scattered by the giant planet for large
eccentricities (¢ < 37 AU). For lower eccentricities, former
members of resonances will become fossilized in orbits near
their parent location, a.s. Because the majority of TNOs in
the 3:2, 2:1, 5:2, and other resonances are known to be stable
over the age of the solar system (i.e., with orbital motion
deeply inside the resonances), could they survive under the
perturbing influence of a massive outer planet as considered
above?

To determine the survival of the resonant populations of
interest, we initially evolved 1000 particles inside the 3:2, 2:1,
and 5:2 resonances over 4 Gyr with initial i < 30°, and 0.05 < e
<0.36,0.1 <e <0.42,and 0.35 < e < 0.45, respectively. These
ranges cover the observed orbital distributions. Angular orbital
elements were chosen at random within 0-360°. Only the four
giant planets were considered in this particular investigation.
We then obtained three populations stable over the age of the
system for the 3:2 (166 particles), 2:1 (147 particles), and
5:2 (260 particles) resonances within about the same eccentricity
and inclination ranges. Finally, we checked the evolution of the
stable resonant populations with the inclusion of a massive outer
planet (see also Table 1).
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Table 2
Preliminary Simulations (SIM)—Migrating Outer Planets

SIM Final planetoid location Mp? (Mg) t° (Myr) ¢p° (AU) Cold disk! Extension over Gyr® Hot classicals! Excited disk®

1 ap ~ 62.5 AU (3:1) 0.1 1 47-48 10
2 5 47-52 12 1
3 10 47-50 15 3
4 0.15 10 47-48 8(8) 1(1)
5 ap ~ 76 AU (4:1) 0.2 1 50 7
6 5 50 9 1
7 10 50 9 3 1
8 0.3 5 56-65 9 3
9 10 52-65 20 (8) 74 2
10 ap ~ 82 AU (9:2) 0.3 5 59 1
11 10 57-59 2
12 15 57-60 5(2) 1* 2
13 0.35 10 59-60 4(2) 1* 2
14 15 60 1
15 0.4 5 59 1 1
16 8 59 1
17 10 59-60 4(2) 1* 3
18 ap ~ 88 AU (5:1) 0.3 15 66 1
19 20 59 1
20 0.35 10 66 1
21 15 66 1
22 0.4 10 66 1 1
23 15 66 1 1
24 ap ~ 94 AU (11:2) 0.4 10 71-75 2 1
25 15 71 1
26 0.5 10 71 1
27 15 71 1
28 ap ~ 100 AU (6:1) 0.3 10 59 1
29 15 59 1
30 20 59 1
31 0.4 10 75 1 3
32 15 77 2 1
33 0.5 10 59-77 3 1
34 15 59-77 3
35 20 59 1
36 ap ~ 105 AU (13:2) 0.4 10 76 1 2
37 ap ~ 110 AU (7:1) 0.3 20 62 1
38 0.4 10 75-77 2 5
39 0.7 5 53-84 3
40 10 53-84 4
41 15 62 1
42 20 62 1
43 ap ~ 120 AU (8:1) 0.4 10 75 1 1
44 ap ~ 130 AU (9:1) 0.4 10 77 1 1
45 ap ~ 140 AU (10:1) 1.0 1 53 9
46 5 53 8 1
47 10 53 20 (6) 11(2)
Notes.

2 Mass of the outer planet in Earth masses.

b Migration timescale (Equation (1)).

¢ Outer planet perihelion acquired at the end of migration.

d Total number of runs using a disk of particles uniformly distributed in cold orbital conditions (near-circular and very low i orbits).
The disk consisted of two regions set within 20-48.5 AU with 220-445 particles and within 49-78 AU with 50-105 particles. The
planetoid’s default inclination was 10°. When 20° or 30° were used, the number of extra runs is indicated in parentheses. All runs
were followed for 100-125 Myr.

¢ Total number of runs with cold disks extended to 4 Gyr. The numbers in parentheses indicate the cases in which ip = 20° or 30°.
A few simulations were followed for 1 Gyr only (marked with *).

f Number of runs to investigate the formation of hot classical objects using an approach similar to that of Gomes (2003b).

€ Number of runs using an excited disk of particles representing observations in the 42—-58 AU region. All runs were followed for

100-125 Myr.
First, we report on the survival of 3:2- and 2:1-resonant pop- (Figure 8). The 3:2 resonance was depleted at ~30-90% lev-
ulations for outer planets with gp = 50-60 AU. As expected, els (Table 3). In particular, the destabilization of very large

resonant bodies were strongly perturbed by the planet e-3:2 bodies (>0.25-0.3) was evident, often leading to their
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Figure 8. Orbital distribution of particles in the 3:2 and 2:1 resonances with
resident outer planets after 4 Gyr (black filled circles and squares, respectively).
The initial orbital elements of 3:2 and 2:1 resonant populations were 0.1 < e
< 0.34 and 0.07 < e < 0.4 (i < 25°). TNOs are illustrated for reference (gray
open circles). Dotted curves represent the perihelia of 30 and 37 AU. Dashed
vertical lines indicate the locations of the 3:2,2:1, 3:1, 4:1, and 10:1 resonances.
The outer planet has (a) 0.15 Mg and ip &~ 10° (3:1 resonance), (b) 0.3 Mg,
and ip &~ 12° (4:1 resonance), and (c) 1.0 Mg and ip =~ 12° (10:1 resonance)
(gray spheres). Objects above the long-dashed curves could encounter the trans-
Plutonian planet. Large-e 3:2-resonant bodies were depleted and the entire 2:1
population was devastated after 4 Gyr.

total disruption. In the case of the 2:1 resonance, the situation
was much more severe (Figures 8 and 9). In fact, the 2:1-resonant
population was completely devastated in almost all runs and
yielded resonant survivors with e < 0.26 (Table 3). Therefore,
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Figure 9. Orbital distribution of particles in the 2:1 and 5:2 resonances with a
resident outer planet after (a) 500 Myr, (b) 1 Gyr, and (c) 4 Gyr (filled squares
and circles, respectively). The initial orbital elements of 2:1- and 5:2-resonant
populations were 0.07 < ¢ < 0.4 and 0.35 < e < 0.45 (i < 25°). TNOs are
illustrated for reference (gray open circles). Dotted curves represent the perihelia
of 30 and 37 AU. Dashed vertical lines indicate the locations of the 2:1, 5:2,
and 9:2 resonances. The outer planet has 0.3 Mg and ip ~ 11° and is near
the 9:2 resonance (gray sphere). Objects above the long-dashed curves could
encounter the trans-Plutonian planet. The entire 5:2-resonant population was
destroyed and large-e 2:1 bodies were severely depleted within 1 Gyr. After
4 Gyr, both resonant populations are practically devastated and in conflict with
observations.

the general tendency was fast destruction of the 2:1-resonant
population at high eccentricities (500 Myr to 1 Gyr timescales)
and significant depletion of the 3:2, 5:3, and 7:4 resonances over
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4 Gyr. These results remain valid even if the outer planet’s incli-
nation is as high as 40° because higher inclinations just increased
the timescales for the dynamical depletion in these resonances
(but still « 4 Gyr). Thus, the existence of stable resonant pop-
ulations provides an invaluable constraint on the perihelion of
the trans-Plutonian planet. That is, in our simulations, a frac-
tion of resonant objects can survive 4 Gyr if their aphelion, Q,
is about 2-3 AU smaller than the outer planet’s perihelion for
Mp =0.1-0.5 Mg. This condition translates into gp > Q + 2 or +
3 AU.

We conclude that the observed 3:2- and 2:1-resonant pop-
ulations can survive over the age of the solar system only if
gp > 53 AU and gp > 67 AU, respectively (Figures 8 and 9 and
Table 3). More importantly, a planetoid with perihelion around
50-60 AU cannot create the outer edge of the trans-Neptunian
belt and excite the classical region without destroying most (if
not the whole) of the 2:1-resonant population. Moreover, even
if a few percent of 2:1-resonant TNOs could survive 4 Gyr, their
maximum eccentricities would be in clear conflict with obser-
vations (Figure 9 and Table 3). It turns out that resident outer
planets as shown in panels (a)—(c) of Figure 7 cannot hold for
4 Gyr because their final perihelia are too small. In contrast,
outer planets that acquired gp > 70-80 AU after migration
could allow the survival of resonant populations in the trans-
Neptunian belt (<50 AU; see Figure 7, panel (d)). These results
also rule out resident outer planets as proposed by Matese &
Whitmire (1986), Harrington (1988), Brunini & Melita (2002),
Melita & Williams (2003), and Melita et al. (2004) because they
generally have 50 AU < ¢gp < 60 AU.

The survival of 5:2-resonant TNOs offers another important
constraint. We tested the long-term survival of 2:1- and 5:2-
resonant populations with planetoids analogous to those in
Figure 7 (see also Table 1). In general, we found that 5:2-
resonant bodies can survive 4 Gyr if gp is about the same or
slightly greater than their aphelia (ip = 10-40° and 0.3-1.0 Mg,).
This result implies that any resident trans-Plutonian planet must
have gp > 80 AU, otherwise we would not observe stable 5:2
resonants with their present orbital distributions (Figures 9 and
10). This result is also independent of the semimajor axes (60—
140 AU) used for the outer planet. Consequently, the unseen
planet at ~70 AU proposed by Brown et al. (2004) to explain
Sedna’s orbital characteristics is also ruled out.

6. MAIN SIMULATIONS: HYBRID MIGRATING OUTER
PLANET MODEL

In an aim to provide an early excitation to the planetesimal
disk to account for the formation of 9:4-, 5:2-, and 8:3-
resonant TNOs (Figure 3), we improved the model discussed in
Section 5.2 by allowing the outer planet to perturb the cold
planetesimal disk before planet migration. In other words, we
proposed that after the outer planet was scattered by Neptune; it
managed to temporarily excite the disk to appropriate ranges of
e and i and the trans-Plutonian planet was transported outwards
by resonance sweeping with Neptune and/or scattering by the
giant planet. In this manner, the migrating outer planet model
with delayed migration corresponds to our hybrid scenario. This
is consistent with a late start of planet migration (Gomes et al.
2005b).

The hybrid outer planet model is divided into three phases.
Our time ¢ = 0 is set at the late stages of giant planet formation,
tens of Myr after the birth of the solar system (e.g., see
Montmerle et al. 2006).
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Figure 10. Orbital distribution of particles in the 5:2 resonance with a resident
outer planet after (a) 500 Myr, (b) 1 Gyr, and (c) 4 Gyr (filled circles). The initial
orbital elements of 5:2-resonant populations were 0.35 < e < 0.45 (i < 25°).
TNOs are illustrated for reference (gray open circles). Dotted curves represent
the perihelia of 30 and 37 AU. Dashed vertical lines indicate the locations of
the 5:2 and 8:1 resonances. The outer planet has 0.4 Mg and ip ~ 25° and
is near the 8:1 resonance (gray sphere). Objects above the long-dashed curves
could encounter the trans-Plutonian planet. The 5:2-resonant population was
quite depleted over 4 Gyr (80%). Only a few members remained with Q > gp.

1. Pre-migration excitation of the planetesimal disk (t = 0
until 7 & 30-100 Myr). In pre-migration systems, the four
giant planets, located within ~17-20 AU, and the scattered
outer planet perturb the primordial cold planetesimal disk.
Inspired by the best results of the previous sections, we
preferentially used planetoids with apy = 50-80 AU,
Mp =0.3-1.0 Mg, and gpy a few AU distant from Neptune.
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Table 3
Survival of Resonant TNOs and Their Maximum Eccentricities with the Presence of Outer Planets in the Scattered Disk after 4 Gyr
Planetoid location ~ Mp* (Mg) ip® (°) gqp® (AU) 3:2 resonance 2:1 resonance 5:2 resonance
Fraction® (%) Maximum ¢®  Fraction® (%) Maximum e® Fraction® (%) Maximum e”
ap ~ 62.5 AU (3:1) 0.1 10 50 21 0.259 (49.7 AU) 0
10 50 14 0.245 (49.1 AU) 0
0.15 10 50 22 0.224 (48.3 AU) 0
10 50 9 0.236 (48.8 AU) 0
10 50 20 0.274 (50.3 AU) «l1
10 50 14 0.258 (49.6 AU) <1
ap ~ 76 AU (4:1) 0.2 10 53 69 0.311 (51.7 AU) 0
0.3 10 50 35 0.278 (50.4 AU) 0
10 50 15 0.265 (49.9 AU) 0
10 52 0
10 53 45 0.297 (51.2 AU) 0
10 53 65 0.341 (52.9 AU) «l1
10 53 35 0.268 (50.0 AU) 0
10 53 41 0.262 (49.8 AU) 0
10 53 43 0.321 (52.1 AU) 0
20 52 0
20 53 37 0.251 (49.4 AU) 0 e
20 53 «1 0.255 (*) (60.0 AU)
30 52 0 .
40 52 1 0.137 (54.3 AU)
ap ~ 82 AU (9:2) 0.3 10 59 79 0.336 (52.6 AU) 4 0.256 (60.0 AU) 1 0.373 (*) (76.2 AU)
0.35 10 59 74 0.320 (52.0 AU) 3 0.213 (58.0 AU) 1 0.316 (*) (73.0 AU)
0.4 10 59 75 0.332 (52.5 AU) 3 0.174 (56.1 AU) 0 .
ap ~ 94 AU (11:2) 0.4 15 70 48 0.436 (68.6 AU) 3 0.372 (76.1 AU)
40 70 57 0.414 (67.6 AU) 3 0.326 (73.5 AU)
0.5 15 70 47 0.395 (66.7 AU) 2 0.356 (75.2 AU)
40 70 44 0.351 (64.6 AU) 2 0.272 (70.5 AU)
ap ~ 100 AU (6:1) 0.4 36 82 85 0.321 (52.0 AU) 52 0.395 (66.7 AU) 49 0.459 (80.8 AU)
ap ~ 120 AU (8:1) 0.4 25 75 16 0.388 (77.0 AU)
40 75 23 0.449 (80.4 AU)
0.5 25 75 10 0.382 (76.7 AU)
40 75 19 0.418 (78.6 AU)
a =130 AU (9:1) 0.5 41 83 55 0.377 (65.8 AU) 54 0.461 (81.0 AU)
ap ~ 140 AU (10:1) 1.0 10 55 15 0.319 (52.0 AU) 0
10 55 25 0.284 (50.7 AU) 0
10 56 0
10 56 «l1
20 56 0
30 56 0
40 56 0 e
a~ 158 AU (12:1) 0.7 40 87 52 0.395 (66.7 AU) 62 0.476 (81.8 AU)
No outer planet® 100 0.330 (52.5 AU) 100 0.399 (66.8 AU) 100 0.440 (79.9 AU)

Observations?

0.324 (52.2 AU)

0.374 (65.7 AU) 0.439 (79.8 AU)

Notes.

4 Mp = mass in Earth masses, ip = inclination, and gp = perihelion distance of the outer planet.

b Fraction of stable resonant bodies that survived 4 Gyr. We estimated an error of +5% to account for the stochastic long-term evolution of resonant bodies after
the inclusion of the planetoid in the system. The aphelion distance associated with the maximum eccentricity is indicated in parentheses. In a few cases, survivors
with high eccentricity were either captured or had their eccentricity excited by resonance dynamics near the end of the run (marked with *).

¢ Results of simulations for the stability of 3:2-, 2:1-, and 5:2-resonant TNOs over 4 Gyr in which only the four giant planets were included.

d Averaged values were taken from LMO7b. Original orbital data are from the Lowell Observatory database.

The planetesimal disks were represented by several hundred
to a few thousand small-mass particles (seeds) in uniform
distributions. No migration was imposed on any of the
planets.

. Planet migration (t & 30—100 Myr until &~ 150-200 Myr).
We took the excited disks at the end of pre-migration
runs (1000-2000 particles up to 60-65 AU) as initial
conditions for the planet migration simulations. Next,
we assumed that the outer planet was quickly captured
in an r:1 (or r:2) resonance during or at the end of

planet migration. To satisfy the required gp > 80 AU
(Section 5.3), two potential mechanisms can pump up
the perihelion: dynamical friction with the planetesimals
disk and the Kozai resonance (KR), which is defined as
the libration of the argument of perihelion rather than
circulation (Kozai 1962; Wan & Huang 2007). Because
the KR is quite common inside these resonances (Gomes
et al. 2005a; Gallardo 2006a, 2006b; Lykawka & Mukai
2007c), the outer planet likely exhibited decreased ep
(increased gp) at the expense of increased ip. This effect was
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Table 4
Main Simulations (SIM)—Migrating Outer Planets Using the Hybrid Migration Model

SIM ano® (AU) Mp® (Mg) Aap® (AU) Aip® (°) Agp® (AU) Cold disk!  Pre-migration  Excited disk"

perturbed disks®

1 30.1* 0.4 ~100* 10-36 35-76 1 2
2 20 0.4 66.5-99.5 =~10* 30-35 1 2
3 20 0.4 66.5-99.5 10-36  30-79.5 2 13 (2) 4
4 20 0.5 66.5-99.5 10-36  35-79.5 1 3 2
5 18 0.4 54.5-99.5 10-26  35-79.5 2

6 18 0.4 60.5-99.5 10-29  30-79.5 2 6(2)

7 17 0.5 73.5-130 1143 22-85 5 16 (2)

Notes.

? anp = initial semimajor axis of Neptune, before planet migration. * In SIM 1, the giant planets did not migrate.
b Mass of the outer planet in Earth masses.

¢ Approximate variation in the outer planet’s semimajor axis during planet migration. * In SIM 1, there was no
such variation.

4 Variation in the outer planet’s inclination during planet migration. * In SIM 2, there was no such variation.

¢ Variation in the outer planet’s perihelion during planet migration.

f Total number of runs using a disk of particles uniformly distributed in cold orbital conditions (near-circular
and very low i orbits). The disk consisted of inner and outer regions set within ~33-49 AU with 400 particles
and within 49-110 AU with 95 particles. All runs were followed for 100-200 Myr.

£ Total number of runs using perturbed disks as found at the end of the best runs of pre-migration excitation
(see Section 6.1). The numbers in parentheses indicate simulations extended to 4 Gyr using the same disks,
performed with several thousand particles.

" Number of runs using an excited disk of particles representing observations in the 42-58 AU region. All runs

1177

were followed for 100-200 Myr.

modeled in a way that approximately conserved vertical

angular momentum, v'1 — e%, cos(ip). Alternatively, the
outer planet could have acquired large gp and moderate
ip even if the KR was not active (e.g., moderate dynamical
friction and r:1-resonant effects). Ultimately, the planetoid
acquired a detached and highly inclined orbit, satisfying
several constraints (Hogg et al. 1991; Morbidelli et al. 2002;
Melita et al. 2004 and references therein).

In the simulations, the outer planet acquired about
gp = 80-85 AU and ip = 30-45° in timescales comparable
to planet migration itself, ~100-200 Myr. Similar KR
timescales have been reported in the literature (Gomes
etal. 2005a; Lykawka & Mukai 2006). It is worth noting that
for diverse plausible outer planet’s initial eccentricities and
inclinations, further evolution associated with KR dynamics
limits the final ip to within 30-50° and ep to values near the
minimum to maintain resonance lock in an r:1 resonance.
In non-KR cases, smaller inclinations would be expected

~10-30°).

3. Eong-term) sculpting by the planets (t ~150-200 Myr until
present). The long-term gravitational perturbation by the
giant planets and the outer planet would have sculpted the
solar system for more than 4 Gyr. To explore this phase, we
extended some of the planet migration runs to 4 Gyr. In
the end, the trans-Plutonian planet should currently be
located near an r:1 (or 7:2) resonance.

In summary, we introduce a new hybrid model that combines
the main mechanisms invoked in the scattered disk, large plan-
etesimal, and resonance sweeping models. This combination
means that some basic and well-supported aspects of the solar
system history are taken into account: scattering of large plane-
tary bodies by the newly formed giant planets, planet migration,
and resonance capture.

6.1. Pre-migration Perturbation

We executed 300 runs of pre-migration systems with scat-
tered planetoids over tens of Myr to provide a convenient

e—i excitation in the outer part of the planetesimal disk
(Sections 5.2 and 6). The wandering of the outer planets in
the semimajor axis was never greater than 5 AU over the same
timescales as a result of their perihelia ~5-10 AU away from
the initial position of Neptune.

A scattered outer planet represents an excellent stirring
mechanism. In addition to satisfying the required excitation for
the formation of distant resonant TNOs on reasonable timescales
(typically tens of Myr), an interesting and unexpected feature
is that the perturbed disks presented orbital distributions very
similar to observations (nonresonant populations), especially
those observed in the 40-50 AU region (Figure 11).

For reference, we show some outcomes of stirred disks in
pre-migration systems for different initial masses and orbital
parameters of the outer planet in Figure 12. Although the helio-
centric location of perturbations in the disk depends essentially
on the initial position of the outer planet, the shape and degree
of excitement of the disk depends on the outer planet’s mass and
time span.

6.2. Some Detailed Investigations

In certain large-scale simulations conducted in the migration
phase, the planetesimal disk was modeled with a few thousand
particles following an R~! distribution. In these simulations,
outer planets of 0.4 and 0.5 Mg were transported outwards fol-
lowing the location of the 6:1 and 9:1 resonances, respectively.
The giant planets and the outer planet were forced to migrate us-
ing T = 10 Myr (Table 4). We also confirmed that the results are
independent of the timing of the onset of KR for the outer planet
(SIM1, 2 in Table 4). We integrated all migrating systems for
100 Myr. A few outcomes after planet migration are illustrated
in Figure 13. In the long-term stage, we created clones of each
object up to 54 AU in high-resolution runs, obtaining an excited
planetesimal disk composed of several thousand particles (up to
17,000). We evolved the system of four giant planets plus the
outer planet plus the disk over 4 Gyr.
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Table 5
Resonant Populations Using 60 AU sized Disks after 4 Gyr—Summary
Resonant tres® (AU) NP e €C)  Nkr°  fxr® (%) MinAY(C) MaxAd(°)
population
5:4 349 20 (20) 0.11 5.6 1 5 20 126 (126)
4:3 36.5 152 (152) 0.11 9.7 18 12 10 142 (142)
75 37.7 50 (48) 0.13 12.4 15 30 14 113 (113)
3:2 394 2184 (2157) 0.22 5.3 535 24 5 150 (146)
8:5 41.2 54 (34) 0.15 7.9 9 17 23 137 (111)
5:3 423 1193 (1163) 0.18 2.8 69 6 7 164 (164)
7:4 43.7 171 (134) 0.14 5.7 59 35 14 155 (131)
9:5 44.5 15 (12) 0.10 2.8 0 0 34 145 (116)
11:6 45.1 17 (11) 0.16 4.4 0 0 26 135 (132)
2:1 47.8 4122 (4088) 0.26 4.1 223 5 60 175 (175)
5 60 (60)
13:6 50.4 12.(5) 0.26 5.2 0 0 53 131 (77)
11:5 50.9 25(22) 0.26 6.8 0 0 34 136 (129)
9:4 51.7 49 (44) 0.23 4.5 0 0 27 134 (134)
7:3 53.0 75 (64) 0.24 5.8 11 15 20 128 (128)
5:2 55.4 397 (353) 0.27 6.7 158 40 9 169 (161)
[277 (264)] [0.30] [8.2] [118] [43]
8:3 57.9 30 (12) 0.28 3.6 1 3 33 146 (128)
[9(5)] [0.33] [5.8] [1] [11]
11:4¢ 59.1 17 (6) 0.26 2.7 0 0 54 134 (98)
3:1 62.6 206 (175) 0.11 3.1 3 1 103 174 (174)

[20 (3)] [0.41]  [17.8] (1] (5]

Notes.

2 Resonance semimajor axis.

Y N = number of resonant particles. The number of particles locked in resonance over timescales >3 Gyr is
indicated in parentheses. Ngg = number of objects that experienced Kozai resonance and their fraction of the
total resonant population, fxg. When considering truncation of the initial disks at ~51-54 AU, the populations
and fractions of KR bodies in affected resonances are given within brackets.

¢ Orbital elements represent the median of each population, where e = eccentricity and i = inclination. When
considering truncation of the initial disks at ~51-54 AU, the values of e and i in affected resonances are given
within brackets.

4 Min A and Max A give the minimum and maximum vales of libration amplitudes (amplitudes of the resonant
angle), respectively. When only particles with timescales >3 Gyr are taken into account, the maximum libration
amplitude is indicated in parentheses. The error is approximately 5°. In the case of 2:1-resonant objects, the
second line represents asymmetric librators.

¢ 11:4-resonant bodies were obtained only in planetesimal disks extending beyond 55 AU.

7. MAIN RESULTS

Except in Section 7.9, the results presented below are based
mainly on a series of large-scale simulations extended to 4 Gyr.
However, we note that the model used in these simulations
has limitations (e.g. smooth planet migration and disks of
“massless” planetesimals).

7.1. Depletion of the Inner Trans-Neptunian Belt

Unsurprisingly, the migration of Neptune was responsible for
the dynamical depletion of the inner region of the disk until
39 AU, confirming the results of previous studies (Morbidelli
& Brown 2004). The removal of objects in this region occurred
through the triple action of Neptune’s gravitational scattering
(quickly clearing a region up to 35 AU), overlapping of
resonances giving rise to unstable chaotic behaviors, and the
capture of local bodies by strong first-order sweeping resonances
(e.g., 5:4, 4.3, 3:2). Therefore, the lack of TNOs in this
particular region is evidence of the outward migration of
Neptune, supporting our current understanding of the theory
of planet migration.

7.2. Classical Region Structure
7.2.1. Cold and Hot Classical Populations

To compare our results with current observations, we con-
sidered cold (i < 5°) and hot (i > 5°) classical populations as
nonresonant particles with a < 50 AU and g > 37 AU at the end
of simulations. The results confirm the standard picture for the
origin of cold and hot classical TNOs (Section 2.1), although it
differs in some points, as discussed below.

The cold population was probably formed in situ beyond
a ~ 37 AU and was perturbed early by the planetoid
(Sections 6 and 7.2.2). The final eccentricities of classical bod-
ies were remarkably similar to observed values (cf. Figures 14
and 3). Our obtained median e and i of cold populations were
0.056-0.077 and 2.4-3.2°, respectively, comparable to the ob-
served values of 0.056 and 2.4°. Furthermore, we found that
some local (initially cold) classical bodies acquired i ~ 5-15°.
In addition, recalling that resonance excitation is active in the
classical region (Nesvorny & Roig 2001; Lykawka & Mukai
2005a; LMO07b), possibly a significant part of the observed cold
population was promoted to the hot one, especially in the 5-15°
range of inclinations.
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Figure 11. Orbital evolution of planetesimal disks with scattered outer planets after (a)-(c) 60 Myr, (d) 80 Myr, (¢) 90 Myr, and (f) 110 Myr before planet migration
(black circles). The disks were initially in cold orbital conditions from 17 to (a)—(d) 59 AU, (e) 57 AU, and (f) 54 AU. TNOs are illustrated for reference (open circles).
Dotted curves represent the perihelia of 30 and 37 AU. Dashed and long-dashed vertical lines indicate the primordial locations of the 3:2, 5:3, 2:1, and 9:4, 5:2, and
8:3 resonances, respectively. In these reference simulations, Neptune is at (a)—(d) 20 AU and (e and f) 17 AU, and is indicated by a hatched circle. The outer planet
has 0.4 Mg, ip ~ 10°, and evolves at ap ~ 60-70 AU (gray sphere). In the bottom panels, the planetoid is more massive (0.5 Mg) and evolves at ap ~75-80 AU.
Objects above the long-dashed curves could encounter the trans-Plutonian planet. The enclosed region defines the conditions needed in an excited planetesimal disk
to reproduce long-term TNOs in the 9:4, 5:2, and 8:3 resonances according to Lykawka & Mukai (2007a) (see the text for details). Objects did not exhibit appreciable
radial changes. The planetoid is very effective in exciting the outer trans-Neptunian belt (45-50 AU) and truncating the disks. In addition, the orbital excitation obtained
from the simulations in the 40-50 AU region is strikingly similar to that currently observed for TNOs in the same region.

(A color version of this figure is available in the online journal)

The hot population should have originated from two distinct
sources, i.e., the local planetesimal disk and the inner solar
system, between ~15-35 AU. Interestingly, hot classical TNOs
formed by the excitation of local planetesimals (mechanism

above) should be moderately inclined (5-15°), whereas bodies
that entered the classical region from inner regions would
constitute hot classical TNOs with moderately high inclinations
(10-35°) (Figure 15).
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Figure 12. Orbital excitation of planetesimal disks with scattered outer planets (gray spheres), before planet migration (filled circles). The disks were initially in cold
orbital conditions (e ~ 0 and i &~ 0). Dotted curves represent the perihelia of 30 and 37 AU (left panels). The dashed vertical line indicates the primordial location of
the 6:1 resonance. In these reference simulations, Neptune is at 20 AU and is indicated by a hatched circle. The enclosed region defines the conditions needed in an
excited planetesimal disk to reproduce long-term TNOs in the 9:4, 5:2, and 8:3 resonances according to Lykawka & Mukai (2007a) (see the text for details). Objects
did not exhibit appreciable radial changes. In all panels, the light to dark gray color variation represents increasing numbers for each varying quantity of interest. Top
panels: perturbation of a planetoid with ap = 71 AU and 0.7 Mg at four distinct timescales r = 20, 50, 80, and 150 Myr. The planetesimal disk extended to 53 AU.
Middle panels: perturbation of a planetoid with ap = 71 AU at r = 50 Myr for four distinct masses 0.2 Mg, 0.5 Mg, 0.7 Mg, and 1.0 Mg. The planetesimal disk
extended to 51 AU. Bottom panels: perturbation of a planetoid with 0.5 Mg at r = 50 Myr for four distinct initial semimajor axes ap = 57, 66, 75, and 85 AU. The

planetesimal disk extended to 54 AU.

Consequently, distinct physical properties (i.e., color and
size distributions) would become more evident among classical
TNOs with low inclinations and those with i > 10-15°. In-
deed, this finding is supported by the distribution of inclinations
with spectral slopes of classical TNOs (see Figure 4 of Chiang

et al. 2007) in which the differences in these distri-
butions become clearer for classical TNOs with higher
inclinations.

Finally, the above picture also offers an explanation for the
intrinsic fraction of cold and hot populations, estimated at unity
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Figure 13. Orbital distribution of previously stirred planetesimal disks with migrating outer planets at the end of planet migration (black circles). The total migration
time was 100 Myr. The initial orbital conditions of each disk were taken from the end states of pre-migration runs for the same disks, but taken up to ~51-54 AU
(as shown in Figure 11). TNOs are illustrated for reference (open circles). Dotted curves represent the perihelia of 30 and 37 AU. Vertical dashed lines indicate the
position of resonances with Neptune, which is indicated by a hatched circle. In panels (a)—(d), the trans-Plutonian planet (0.4 Mg) was transported to ap =~ 100 AU
(ep = 0.2 and ip ~ 29-36°), following the location of the 6:1 resonance, while in the bottom panels, the planetoid (0.5 Mg) acquired ap =~ 130 AU (ep =~ 0.345 and
ip ~ 40-43°) near the location of the 9:1 resonance. Objects above the long-dashed curves could encounter the trans-Plutonian planet. The orbital distribution from
the simulations matches several of the observed structures in the trans-Neptunian region: resonant populations (including those in the 9:4, 5:2, and 8:3 resonances),
excited classical region, outer edge at 48 AU, lack of low-e TNOs beyond 45 AU, and the detached population.

(A color version of this figure is available in the online journal)

(Morbidelli & Brown 2004). This fraction is in serious conflict objects was promoted to the hot population, helping to balance
with Gomes’ scenario (Gomes 2006 and references therein) the estimated ratio of the populations. The ratios of cold to hot
because of the too-low efficiency to produce hot classicals. classical bodies from the large-scale simulations can vary as

According to our results, an important fraction of cold classical much as 0.7-5.0.
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(A color version of this figure is available in the online journal)

7.2.2. An Excited Classical Region

In our scenario, despite the shortage of high-i classical
bodies (>15-20°), the planetoid can explain the excitation of
eccentricities and inclinations in the classical region quite well,
including the lack of low-e objects beyond 45 AU (Figures 13
and 16). This excited orbital distribution is a consequence of
the perturbation from the outer planet during the pre-migration
phase (see Figures 11-13; see also Section 6.1). The time span
necessary to reproduce the observed excitation was about 50—
100 Myr for Mp = 0.3-0.5 Mg, although it can be as small
as 20-30 Myr in the case of more massive planetoids (Mp =
0.7-1.0 Mg). Finally, the perturbation of the planetoid on the
region during the migration phase was not significant.

In summary, our results suggest that the global excitation of
the classical region was created during the first tens of Myr
after planet formation (4.5 Gyr ago) and ended when planet
migration ceased. Consequently, the excitation of the classical
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(A color version of this figure is available in the online journal)

region would provide an important constraint on the orbital
evolution and elementary properties of the planetoid.

7.3. Resonant Structure in the Trans-Neptunian Region

We identified objects locked in various resonances in the
trans-Neptunian region (Figures 14, 16, and 17). The great
majority of the resonant population was originally distributed
between 30 and 50 AU during resonance capture. After 4 Gyr,
the main occupied resonances, sorted by distance from the Sun,
are: 5:4, 4:3, 7:5, 3:2, 8:5, 5:3, 7:4, 9:5, 11:6, 2:1, 13:6, 11:5,
9:4,7:3,5:2,8:3, 11:4, and 3:1. We also found 4 Gyr members
in all of these resonances. More importantly, the stable resonant
populations in the scattered disk agree well with the existence
of long-term 9:4-, 5:2-, and 8:3-resonant TNOs (see also
Section 5.2). Symmetric and asymmetric 2:1-resonant TNOs
were also reproduced (see Murray-Clay & Chiang 2005 for
details about the 2:1 resonance).

The model is able to reproduce resonant TNOs quite well
in eccentricities and inclinations (Figure 16 and Table 5).
Moreover, the eccentricities of scattered disk resonant TNOs
were better matched for disks without bodies beyond ~51-
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(A color version of this figure is available in the online journal)

54 AU in low- to intermediate-eccentricity orbits. Nevertheless,
we stress that the scattered disk resonant structure is still
not well known (i.e., low number statistics), so only future
observations will better constrain model results. Concerning
inclination distributions, our resonant objects had typically i <

20-25°, whereas the observed high-i component of 3:2-resonant
TNOs (i > 25°) was obtained only in specific runs via the
mechanism proposed in Gomes (2003b).

Concerning resonance properties, the distribution of the
amplitudes of resonant angles (libration amplitudes), which



1184

i
©

LYKAWKA & MUKAI

o

Vol. 135

Eccentricity
o o o o o o°o
w £ (4] [+ ~ w

et
(]

0.1 Hi

322152
T

Inclination (degrees):

&)

°
o
o
o

T
:
-
.
-
.
.

PSP
&
°
.

2
.

o® * .

°0 ®

100 125 150 175 200 225 250
Semimajor axis (AU)

0.9

Eccentricity
o ©o o ©o o o
w o~ (4, [o)] ~ [+

o
[§]

01}

322:152
T

T
I
I
I
I
I
I
I
I
}.o
I
I
I
I
I
I
|
I

\
\
\
\
\
\
Inclination (degrees)
w
a
My

125 150 175
Semimajor axis (AU)

o

125 150 175 200 225 250
Semimajor axis (AU)

o4
®

o
~

o
o

o
o

o
~

Eccentricity

o
w

=
(¥

0.1

\ i y

L n L L

—o————1%

]

o

50 75 100 125 150 175 200
Semimajor axis (AU)

250 275

100 125 150 175 200 225 250
Semimajor axis (AU)

275

Figure 17. The same outcomes as shown in Figure 16, but extended to 280 AU. A detached population with bulk 40 AU < g < 60 AU was formed. Because of severe
observational biases, the observed detached population is underrepresented.

(A color version of this figure is available in the online journal)

are a measure of Neptune to TNOs’ relative distance during
resonant motion (e.g., Murray & Dermott 1999), is in good
agreement with those derived from observations (Figure 18).
Libration amplitudes ranged from a few to 120-160° for most

occupied resonances (Table 5). In addition, stable populations in

the 9:4, 5:2, and 8:3 resonances yielded a wide range of libration
amplitudes, which is compatible with values determined from
TNOs. Lastly, particles experiencing KR were found among
resonant populations in the 5:4, 4:3, 7:5, 3:2, 8:5, 5:3, 7:4, 2:1,

The maximum eccentricities of 5:2-, 8:3-,
3:1-resonant TNOs can give clues to the perihelion ap-
proaches of the outer planet (Figure 14 and Table 5) because

7:3,5:2, 8:3, and 3:1 resonances. The relative fraction of Kozai
librators inside these resonances is reasonably compatible with
observations, except for the underabundance in the 5:3 and 2:1
resonances (compare Table 5 with Table 6 of LM07b).

7.3.1. Stability of 5:2, 3:1, and Other Distant Resonant Populations
11:4-, and
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(A color version of this figure is available in the online journal)

primordial populations of high-e bodies in these resonances
were removed from resonance beyond critical eccentrici-
ties (Section 5.3). For the same reason, long-term resonant
populations were almost completely absent beyond the 3:1
resonance.

In conclusion, the maximum eccentricity of distant resonant
bodies obeyed the relation Q < gp, implying that the future
identification of long-term populations in these resonances will
provide an important constraint on the existence of the proposed
planet.

7.3.2. Neptune Trojans

We found a stable Neptune Trojan body with e ~ 0.06 and
i & 11° at the end of 4 Gyr in one of the large-scale simulations
(Figure 16). Although this object was initially scattered by
Neptune before migration, it was quickly captured in the
sweeping 1:1 resonance during the first Myr of planet migration
when Neptune was at 24.5 AU. In addition, the outcome of
extra simulations of planet migration yielded the formation
of Neptune Trojans with wide distributions of eccentricity
(e < 0.14) and inclination (i < 20°). These results suggest
that the observed Neptune Trojan population could arise within
the framework of the resonance-sweeping model used in our
scenario. We will address the formation of Neptune Trojans in
more detail in the near future.

7.4. Scattered Population

There is a clear population of scattered objects at the end
of the simulations (Figure 17), found in typical eccentric and
low-to-high-inclination orbits (<50°), as a result of gravita-
tional encounters with Neptune (mainly) and the planetoid.
This is in agreement with observations. Although their iden-
tification is more difficult, scattered bodies are also found
in the classical region (Figure 14). Even with the inclu-
sion of an outer planet, the formation of scattered objects
over billions of years proceeds in a very similar fashion to
that proposed by Duncan & Levison (1997). For instance,
the fraction of scattered bodies is on the order of 1-2% of
the original population on Neptune-encountering orbits 4 Gyr
ago.

Interestingly, the early excitation of the trans-Neptunian
belt allowed the region beyond 40 AU to contribute signif-
icantly as a source of scattered bodies. Excluding objects
leaving the main resonances (<10%), about half of the scat-
tered TNOs would have originated somewhere around 40—
50 AU, <5% in the path transversed by the migrating Nep-
tune (~20-30 AU), and the remaining (a few tens of percent)
from the region sculpted by Neptune over Gyr, namely 30—
40 AU. Table 6 shows the statistics of scattered populations
during their evolution as compiled from several independent
runs.
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Table 6
Time Evolution of Scattered and Detached Populations with Resident Outer Planets in the Scattered Disk

Planetoid location Mp* (Mg) ip* (°) gqp® (AU) Pocat® (%) Pael® (%) Ratiosp at 4 Gyr®  Median gge® (AU)
t=200 r=700 =4 t=200 t=700 =4
Myr Myr Gyr Myr Myr Gyr
ap ~ 100 AU (6:1) 0.1 36 82 99.9 99.2 83.9 0.1 0.8 16.1 52 42.5
0.2 36 82 99.8 98.3 68.3 0.2 1.7 31.7 22 42.5
0.3 36 82 98.9 95.7 58.0 1.1 43 42.0 14 433
04 36 82 99.0 91.0 472 1.0 9.0 52.8 0.9 45.7
0.5 36 82 98.6 90.8 442 1.4 9.2 55.8 0.8 44.8
0.5 41 91 98.7 92.0 46.2 1.3 8.0 53.8 0.9 442
0.5 46 81 98.6 91.2 454 1.4 8.8 54.6 0.8 44.8
a =130 AU (9:1) 0.4 36 82 98.0 89.2 47.6 2.0 10.8 524 0.9 454
0.5 36 82 96.8 87.9 50.0 32 12.1 50.0 1.0 49.2
0.5 41 83 97.3 88.5 59.8 2.7 11.5 40.2 1.5 48.1
0.5 41 91 97.9 89.8 54.2 2.1 10.2 45.8 1.2 435
0.7 20 87 91.7 65.4 34.8 8.3 34.6 65.2 0.5 514
0.7 40 87 96.6 84.2 39.7 34 15.8 60.3 0.7 47.4
ap ~ 140 AU (10:1) 0.7 36 87 95.1 77.9 35.7 4.9 22.1 64.3 0.6 57.0
a=~ 158 AU (12:1) 0.5 21 83 92.7 72.1 37.8 7.3 27.9 62.2 0.6 54.6
0.5 40 82 97.0 89.4 52.0 3.0 10.6 48.0 1.1 474
0.7 40 87 95.4 85.0 51.2 4.6 15.0 48.8 1.0 48.3
1.0 35 92 91.2 72.4 30.5 8.8 27.6 69.5 0.4 51.5
1.0 50 92 94.9 80.5 46.0 5.1 19.5 54.0 0.9 47.4
a=~207 AU (18:1) 0.7 30 87 94.1 80.0 38.4 5.9 20.0 61.6 0.6 56.2
1.0 30 90 86.3 65.6 34.8 13.7 34.4 65.2 0.5 56.1
a=~ 250 AU (24:1) 0.5 30 86 98.9 88.4 58.1 1.1 11.6 41.9 14 48.6
0.7 30 88 95.3 79.1 43.0 4.7 20.9 57.0 0.8 53.9
1.0 30 92 89.2 67.6 32.0 10.8 324 68.0 0.5 72.9
No outer planet® . . ... 99.9 99.0 93.2 0.1 1.0 6.8 13.7 40.6
No outer planet—extral 88-95 5-12 7.33-19.0 41.6
80 20 4.0 414
~84-88 ~12-16 5.25-7.33 41.5
Observations apparent® . .. .. .. .. ~90 .. .. ~10 ~9.0 >41.3

Notes.

3 Mp = mass in Earth masses, ip = inclination, and gp = perihelion distance of the outer planet.

b We evolved a disk of 2475 particles initially on Neptune-encountering orbits (g < 35 AU) set between 50 and 500 AU. Py and Py represent the proportion of
scattered and detached particles (g > 39 AU, ¢ > 39.5 AU, and g > 40 AU) to the total population at 200 Myr, 700 Myr, and 4 Gyr, respectively (beyond 48 AU).

¢ Ratio of scattered to detached populations at the end of 4 Gyr (beyond 48 AU).

4 Median perihelion distance of the detached population at 4 Gyr.

¢ Results of simulations in which only the four giant planets were included (without planet migration).

f Results of extra simulations in which only the four giant planets were included. The first line refers to cumulative results of runs with 29000 particles that started on
Neptune-encountering orbits (¢ < 35 AU; a < 50 AU) and were evolved over 4 Gyr. The second line refers to a single run executed for 100 Myr (planet migration)
+ 3.9 Gyr (long-term evolution) using 37200 particles. Neptune migrated from 20 to 30 AU and the disk was initially set at 19-30 AU in cold orbital conditions. The
last line shows the combined results of both investigations.

£ Computed with the identification of 72 scattered and 9 detached TNOs (LMO07b). Long-term scattered disk resonant TNOs were excluded from this list (Lykawka &
Mukai 2007a). Because of severe observational biases, the observed detached population is underrepresented so that the intrinsic ratio of scattered to detached TNOs
is expected to be approximately <1.0 (e.g., Gladman et al. 2002). For the same reason, the median of this population should be >41.3 AU because detached TNOs
with greater perihelia are discriminated against discovery.

Finally, scattered bodies in orbits close to the outer planet
suffered significant excitation in inclinations, leading to i = 40—
50° (Figures 17, 19, and 20). The model also produced analogs
of Eris (Section 8.3).

7.5. Detached Population

A large population of detached objects was obtained in several
simulations (Figures 17, 19, and 20). Detached bodies originated
mostly from Neptune-scattered orbits and later acquired larger
perihelia and/or inclinations caused by perturbation from the
outer planet over typically several hundred Myr. At the end
of 4 Gyr, the bulk of the detached population resulted in ¢ =
40-60 AU and i < 60° (the two were weakly correlated), a
result compatible with observational constraints (Morbidelli &
Levison 2004). We observed this tendency in all runs with Mp

< 0.5 Mg. In runs in which larger values of Mp were used, the
distribution of perihelia tended to reach higher values, revealing
a more irregular pattern (Figure 20). More massive planetoids
were also more efficient in creating detached objects with larger
semimajor axes and perihelia. Alternatively, detached bodies
could also have originated from the effect of the planetoid’s
perturbation on originally cold objects of the disk, which would
have acquired higher eccentricities but still kept ¢ > 40 AU.
Furthermore, the detached populations are comparable to
or a few times larger than the final population of scattered
objects, which is in agreement with unbiased observational
estimates (Gladman et al. 2002; Allen et al. 2006; Chiang et
al. 2007). It is worth noting that simulations using only the
four giant planets (static and migrating) result in ratios of
scattered to detached populations higher than 4.0 (see Table 6).
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Figure 19. Orbital distributions of scattered objects after 700 Myr (left panels) and 4 Gyr (right panels) (open circles) and the dependence on the outer planet’s mass.
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masses, respectively. For reference, the outcomes of scattered objects after 4 Gyr without an outer planet are indicated by filled circles (right panels).

(A color version of this figure is available in the online journal)

Finally, similar to the formation sites of scattered objects, there
was no obvious preference for the source region of detached
bodies.

The outer planet’s influence could account for the existence
of detached TNOs with low i (Figures 19 and 20), a feature
not achieved in scenarios that rely just on resonant interactions

(Gomes et al. 2005a; Lykawka & Mukai 2006; LMO07b). We
also report the production of some extreme bodies with a =
500-800 AU and usually 40 AU < ¢ < 50 AU. The model
also produced analogs of typical detached TNOs such as 2004
XRig9, 2000 CRjgs, and Sedna, although the Sedna population
was small (see Section 8.3).
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(A color version of this figure is available in the online journal)

Finally, the long-term residence of the planetoid can leave
observable orbital signatures in the scattered disk. For instance,
scattered and detached objects with orbits near that of the outer
planet acquired the largest inclinations and perihelia (Figures 19
and 20). In conclusion, a better characterized orbital distribution
of TNOs in the scattered disk may reveal the perturbing
signatures of the outer planet.

7.6. Very High i Population

Unlike standard models (e.g., Duncan & Levison 1997,
LMO07b), the trans-Plutonian planet can produce very high i
objects, predicting a non-negligible fraction of TNOs with
i > 40° beyond 50 AU. In particular, for Mp < 0.5 Mg,
scattered and detached bodies acquired inclinations up to 50°
and 60°, respectively (Sections 7.4 and 7.5). More massive
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outer planets can excite the inclinations of some objects to
values as high as 90°. The i excitation has a broad distribution
in the semimajor axis, with a peak near the location of the
outer planet (Figures 19 and 20). Another mechanism that
can promote TNOs to the very high i subclass is the KR
(Section 7.3). Therefore, it is possible that the outer planet
perturbation and the KR mechanism may together explain this
highly inclined subpopulation.

We discuss the production of analogs of very high i TNOs in
Section 8.3.

7.7. The Trans-Neptunian Belt Outer Edge

During simulations, the outer planet was very effective in
truncating the trans-Neptunian belt at approximately 48 AU,
thus reproducing not only the absence of low-e bodies, but also
the abrupt decrease of the number density of TNOs with R
beyond 45 AU (e.g., Figures 13, 16, and 21). This finding is
connected to planetoid-induced orbital excitation at 40-50 AU
(Figures 11 and 12), a feature that arose before planet migration,
when the planetoid was still on a typical Neptune-scattered orbit.
Because these features exhibited shifting in heliocentric distance
according to the planetoid’s initial location, planetoids at 60—
80 AU, with gp = 20-30 AU and ip < 15°, yielded the best
outcomes before migration. This takes into account uncertainties
in the initial position of Neptune at 15-20 AU.

The location of the outer edge depends on the mass, initial
orbital conditions, and timing of the perturbation of the planet
(Figure 12). The subsequent migration of the planetoid plays a
minor role. In summary, the outer edge of the trans-Neptunian
belt was possibly created during the first tens of Myr of solar
system existence, before planet migration. Thus, similar to the
conclusions of Section 7.2.2, the outer edge would tell us about
the origin and orbital history of the trans-Plutonian planet.

7.8. Losing 99% of the Ancient Trans-Neptunian
Belt Total Mass

This scenario could solve the problem of the missing mass in
the trans-Neptunian belt and offers two particular advantages.
First, the planetesimal disk was dynamically depleted during
pre-migration stirring (scattering of objects by Neptune) and
remained active over the age of the solar system. For instance, in
general, 15%—-40% of the planetesimals remained in the system
after 4 Gyr for disks of ~51-54 AU radius. Second, with the
outer planet’s perturbation, a large fraction of planetesimals
initially on very cold orbits were excited to levels at which
random velocities render fragmentation rather than accretion
(Stern & Colwell 1997; Kenyon & Bromley 2004a). Random

velocity is given by
Und = vV Uﬁisp + vezsc’ (2)

where vgisp and vese are the dispersion and the planetesimal’s
escape velocities, respectively. The former is given by

Vdisp = VKV e?+ iz» (3)

where vy = 29.8 a='/2 (km s7!) is the Keplerian velocity, and
the orbital elements refer to the planetesimal.

By using the eccentricities and inclinations of excited plan-
etesimals found in our pre-migration systems (e.g., Figures 11
and 12), Equation (2) yields catastrophic collisional velocities.
Consequently, the trans-Neptunian belt experienced quite in-
tense collisional grinding during this early period, and possibly
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Figure 21. Radial distribution of objects that survived 4 Gyr from three reference
large-scale simulations (those shown on the left panels of Figures 16 and 17).
Only nonresonant objects are shown. The disks were originally 51 (top panel)
and 54 AU (middle and bottom panels), following an R~ decay in the top
and middle panels and an R~!> decay in the bottom panel (dashed curves).
After 4 Gyr, the decay around 45-50 AU is much more abrupt (solid curve),
in excellent agreement with unbiased radial studies of the trans-Neptunian belt
(e.g., see Morbidelli & Brown, 2004, and references therein).

after migration as well (Figure 13). In other words, the outer
planet was the smoking gun enhancing total mass loss in the
disk.

By combining dynamical depletion (60-85%) (this work) and
collisional grinding (92-97%) (Kenyon & Bromley 2004a), we
obtain (0.15-0.4) (0.03-0.08) &~ 0.5-3% as the remainder of the
original belt mass. This is certainly an upper limit, though. An
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overabundance of stable resonant populations results in the un-
derestimation of dynamical depletion fractions. That is, stochas-
tic migration (not modeled here) suggests a smaller probabil-
ity of resonance capture (e.g., Zhou et al. 2002). Moreover,
collisional grinding estimates are based on planetesimal disks
under much less excited conditions because no external per-
turbers such as the outer planet proposed here were considered
in these studies.

7.9. Nature of Neptune’s Migration

Neptune’s migration is fed by planetesimals that can be
scattered (transferring angular momentum), which follows the
relation ay o n(t), where n(¢) is a function describing the
total mass in planet-encountering orbits. This behavior has been
observed in simulations with massive disks (Levison et al. 2007).
Past studies also claimed that Neptune should migrate beyond
30 AU for massive disks extending out to 50 AU or beyond
(Gomes et al. 2004). To solve this problem, Gomes et al. (2004)
proposed that Neptune would have stopped at 30 AU because
it reached the original planetesimal disk outer edge at ~30—
35 AU.

In our scenario, could Neptune stop at 30 AU in a 50—
60 AU sized disk with embedded planetoids? First, we con-
sidered only the four giant planets in compact orbital configu-
rations. We prepared disks composed of 10,000-20,000 equal-
mass bodies with an inner edge at ~10-20 AU and extended to
50-60 AU (27 runs). In 88 runs, we included a 0.5 Mg planetoid
in diverse initial orbits (e.g., near Neptune or already eccentric
with i = 10° at 50-70 AU). Finally, in 16 other runs we included
5-10 planetoids embedded in each disk. In all of these runs, we
used massive disks with objects in near-circular orbits and i ~
0. All disks followed an R™# distribution with g =3/2 £ 1/2
and total mass corresponding to 1, 0.9, 0.8, 0.5, 0.3, 0.25, and
0.1 times the minimum mass solar nebula (MMSN). The sur-
face densities used at 40 AU were o = 0.14, 0.125, 0.11, 0.07,
0.04,0.035,and 0.014 g cm~2, respectively. We considered less
massive disks (<1 MMSN) as an expected result of collisional
grinding during the pre-migration epoch (see Kenyon et al. 2007
and references therein). The outcomes of these simulations re-
sulted in Neptune migrating over 30 AU for most 1| MMSN
disks. However, we found that in almost all 0.9-0.5 MMSN
disks, Neptune reached ~25-30 AU after a few hundred Myr
(Figure 22). Conversely, the giant planet ended at smaller orbital
radii for less massive disks. These results are valid for disks with
and without planetoids.

Therefore, provided that the disks evolved collisionally be-
fore Neptune’s migration, acquiring total masses <1 MMSN,
Neptune can stop at 30 AU without requiring the disk to be
truncated at 30-35 AU. It is worth noting that this can be
true even in 50-60 AU sized 1 MMSN disks suffering run-
out of feeding planetesimals (damped migration), which can
be caused by asymmetries in the planetesimal disk. In addi-
tion, a close encounter or giant collision with a massive ancient
planetesimal during migration could also change the migration
behavior of the planet, leading to damped migration or even forc-
ing the planet to stop migrating (Ida et al. 2000b; Gomes et al.
2004; Murray-Clay & Chiang 2006; Chiang et al. 2007; Levison
et al. 2007). Such giant impacts involving large planetesimals
and giant planets are the most accepted theory to explain the
obliquities of Neptune and Uranus (Brunini et al. 2002; Lee
et al. 2007). In support of these hypotheses, Neptune acquired
30 AU in one of our 1 MMSN disks due to the lack of planet-
encountering planetesimals (Figure 22). In addition, giant
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Figure 22. Evolution of Neptune in self-consistent simulations of planet
migration using massive planetesimal disks. In all cases, we used 10,000 equal-
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an R~'9 distribution (1 MMSN). Only the four giant planets were included
in the simulation. Neptune started at 17.1 AU. (b) The disk was set at 20—
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planets and a 0.5-Mg planetoid were included in the simulation. Neptune and
the planetoid started at 18.5 AU and 20 AU, respectively. (c) The disk was set
at 10-50 AU with 35 Mg, following an R~2 distribution (0.5 MMSN). The four
giant planets and ten 1.0-Mg planetoids (representing massive planetesimals)
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collided with Neptune at 59.4 Myr. The stochastic behavior of Neptune was due
to scattering encounters with other massive bodies. At the end of 975 Myr, two
of the planetoids remained in the scattered disk.
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collisions of planetoids with Uranus and Neptune occurred in
two other runs within the first 100 Myr. Due to the impact
events, the planets were dislodged by ~0.5-1 AU, significantly
affecting their migration behavior. Finally, mutual resonance
crossings between giant planets also altered the migration evo-
lution of Uranus and Neptune due to quick radial displacements
of both planets.

8. DISCUSSION

The hybrid outer planet model can consistently explain the
main features of all observed populations and satisfy other
constraints (Section 2.1), indicating the robustness of our
proposed unseen planet scenario. The results and the like-
lihood of this scenario (e.g., there were more less-massive
planetesimals in the past) tend to favor planetoids with
0.3-0.7 Mg, but 1 Mg planetoids are also considered for com-
pleteness. Finally, the dependence of results on the initial plan-
etoid’s angular elements or the integrator used was negligible.

8.1. Resonances and Their Role in the Scattered Disk

Resonant configurations are a natural outcome after all dissi-
pating forces are gone (e.g., gas drag, tidal effects, disk torques).
Indeed, planets, satellites, and other minor bodies have a pref-
erence for commensurabilities in the solar system (Dermott
1973). Giant planets are in near-mutual resonances, namely
2:5 (Saturn—Jupiter), 1:3 (Uranus—Saturn), and 1:2 (Neptune—
Uranus) (Malhotra 1998). Prominent resonance structures do ex-
ist in the asteroid belt and the trans-Neptunian region (Nesvorny
et al. 2002; LMO7b). Pluto is in 3:2 resonance with Neptune.
Resonant configurations have been found in extrasolar systems
too (Udry et al. 2007). Therefore, as discussed in Section 6, the
possibility of the outer planet occurring inside a distant reso-
nance with Neptune is in line with the above reasoning.

The scenario presented here relies essentially on the capture
of the outer planet in an r:1 (or r:2) resonance (Sections 3.3
and 6). In addition, according to the best results, the planetoid
must have spent at least tens of Myr within about 60-80 AU
before migration (see also Section 7.7). Which r:1 resonances
were located within this distance range in the past? There is
not yet consensus about Neptune’s location at the beginning
of planet migration. Thus, if the giant planet was initially
located within 15-24 AU prior to migration, the best candidate
r:1 resonances to trap the planetoid range from 6:1 to 12:1.
Alternatively, those resonances or even farther r:1 resonances—
in particular, similarly strong 13:1 and 14:1 resonances—could
lock the planetoid after planet migration (Table 7; See also
Section 9.2). What would be the likelihood of the capture of the
planetoid into these resonances?

Recent studies using planet migration have shown that the
capture probability of initially scattered bodies in the 9:4, 7:3,
5:2, 8:3, and 3:1 resonances are 0.5-1%, 0.5-1.2%, 2-3.5%,
0.5-1.2%, and 2-3%, respectively (Lykawka & Mukai 2007a).
In supplementary simulations, we found capture probabilities
of 1.5-2.6% and 1.3-2.2% in the 3:1 and 4:1 resonances,
respectively (using © = 1-10 Myr). Capture probabilities are
linked to resonance strength and stickiness, both of which can
be determined quantitatively (e.g., Gallardo 2006b; Lykawka
& Mukai 2007c). Based on these quantities, we calculated
capture probabilities in the 6:1, 7:1, ... , 14:1 resonances
to be within a factor of ~0.25-1 times that found for the
3:1 and 4:1 resonances, finding roughly 0.5-3% for the r:1
resonances considered in our scenario (smaller for farther
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Table 7
Best r:1 Resonance Candidates for the Outer Planet
Resonance Current semimajor Qp* (AU) dp® (AU) ano® (AU)
axis (AU)
6:1 99.4 118.8  ~101.3 (ep =~ 0.195) 19-24
7:1 110.1 1404  =~1143 (ep = 0.274) 1721
8:1 120.4 160.9  ~127.2 (ep ~ 0.336)  15-20
9:1 130.2 180.5 =139.9 (ep = 0.386) 15-18
10:1 139.7 199.5 ~152.5 (ep ~0.428) 15-17
11:1 148.9 2179 =164.9 (ep ~ 0.463) 15-16
12:1 157.8 235.6 ~177.0 (ep ~ 0.493) 15
13:1 166.4 252.8  ~188.9 (ep = 0.519) <15
14:1 174.8 269.6  ~200.5 (ep ~ 0.542) 5

Notes.

2 Aphelion of a hypothetical planet in the resonance assuming perihelion gp =

80 AU.

b Average distance of a hypothetical planet in the resonance assuming perihelion
2

gp = 80 AU, calculated using dp = ap <1 + %) where ap = semimajor axis

and ep = eccentricity of the outer planet.

¢ Initial semimajor axis of Neptune for the resonance to be within ~60-80 AU

before migration.

resonances) (Table 7). These capture probabilities are quite low.
Nevertheless, there are at least two important points favoring
captures in an r:1 resonance. First, during pre-migration stages,
the giant planets were in a more compact orbital configuration.
Consequently, all of Neptune’s resonances were mutually closer.
For instance, for initial locations of Neptune at 15-20 AU, the
r:1 resonances of interest are spaced only 5-10 AU apart (or
about half if we include r:2 resonances). Therefore, a scattered
planetoid would have traversed a distance range (e.g., 60—
80 AU) with a higher density of r:1 and r:2 resonances. Second,
the probability of capture in these high-order resonances is
maximized at high eccentricity, a region of space in which
resonance width is wider (e.g., Murray & Dermott 1999). Thus,
because the outer planet was initially scattered by Neptune,
its eccentric orbit would favor resonance capture (see also
Figure 23).

In conclusion, the capture of the outer planet in an r:1 (or
r:2) resonance during the early solar system appears likely.
Moreover, recalling that large populations of massive planetes-
imals have appeared in the past, the likelihood of this scenario
becomes plausible and consistent.

8.2. Primordial Planetesimal Disk Size and the Existence of
TNOs Formed in situ Beyond 48 AU

On the basis of orbital distributions and the properties of
objects at the end of our simulations (especially distant res-
onant populations and detached bodies around 50-60 AU),
we found that the ancient trans-Neptunian belt appeared to
have a radius of at least 50 AU. Moreover, disk planetesimals
suffered eccentricity excitation with negligible radial changes.
This disk size thus not only supports the formation of the ob-
served distant resonant populations (Lykawka & Mukai 2007a),
but also suggests that the planetesimal disk extended beyond
the apparent outer edge at a &~ 48 AU. Further observational
evidence is the existence of two detached TNOs, 2003 UYg;
(a = 49.3 AU; g = 41.3 AU) and (48639) 1995 TLg (a =
52.6 AU; g = 40.0 AU). Interestingly, their stable orbits and
proximity to the outer trans-Neptunian belt suggest that these
objects represent the continuation of the classical region beyond
48 AU. Therefore, 2003 UY,9; and 1995 TLg could be members
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Figure 23. Evolution of scattered planetoids in self-consistent simulations using
massive planetesimal disks with the presence of the four giant planets. Dots
connected with lines represent the orbital evolution of planetoids for every
0.5 Myr. Vertical dashed lines indicate the locations of resonances with Neptune.
The dotted curve represents the perihelion of Neptune at a given time during its
migration. In all cases, we used 10,000 equal-mass planetesimals. Top panel:
the disk was set at 10-50 AU with 18 Mg following an R=2 distribution (0.3
MMSN). Neptune and the planetoid (1.0 Mg) started at 17.1 AU and 25 AU,
respectively. After being quickly scattered, the planetoid spent several tens
of Myr around the 8:1-10:1 resonances when Neptune was at ~21.5-23.5 AU.
Bottom panel: the disk was set at 20-60 AU with 54 Mg, following an R~
distribution (1 MMSN). Neptune and the planetoid started at 18.5 AU and 40 AU,
respectively. The planetoid spent 30 Myr in the 6:1 and neighboring resonances.
During Kozai resonance interactions, the planetoid’s inclination reached up to
36°.

of the primordial planetesimal disk prior to eccentricity pump-
ing. If true, the minimum size of the ancient trans-Neptunian
belt would be about 53 AU.

The future identification of long-term populations in distant
resonances can also constrain the extension of the primordial
planetesimal disk. According to our scenario, we found that
the number of bodies, orbital elements, and other properties in
the 5:2, 8:3, 11:4, and 3:1 resonances were different for disks
extended to ~51-54 AU and 60 AU (see Table 5).

In more extended trans-Neptunian belts (>53 AU), local
planetesimals perturbed by the outer planet acquired moder-
ately eccentric orbits and remained after 4 Gyr, forming excited
wings beyond 50 AU (Figures 11, 13, and 14). In principle,
these orbital structures are detectable by surveys. However, the
timescale for accretion growth is proportional to R®. Consid-
ering that the largest cold classical TNO at 45 AU has a di-
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ameter of about 600 km (assuming an albedo p = 0.05), its
size at 55 and 65 AU would be a factor of 0.55 (330 km)
and 0.33 (200 km) for the same growth time span, respec-
tively. If planetesimals were perturbed by the planetoid during
their formation era, the excited eccentricities and inclinations
would lead to nonaccreting collisions (see Equation (2) and
Section 7.8). Therefore, TNOs formed in situ beyond 48 AU
may have suffered a growth cutoff. As a result, these distant lo-
cal TNOs may be intrinsically smaller, perhaps with maximum
diameters within 150-200 km, thus justifying their present non-
detection by surveys (Trujillo et al. 2001a; Allen et al. 2002).
Lastly, the characterization of an anomalous size distribution
among some TNOs at a > 45-60 AU would also support the idea
of interrupted growth. Indeed, the distribution of the largest (i.e.,
brightest) classical TNOs showing an apparent preference at a <
45 AU appear to support the above scenario (see also Lykawka &
Mukai 2005b). The results of state-of-the-art collisional models
and their further comparison with physical properties of TNOs
provide additional evidence for external perturbers in stirring
the primordial planetesimal disk (Kenyon et al. 2007).

8.3. TNOs of Interest

In this section, we briefly discuss the production of some
TNOs of interest according to our scenario.

(148209) 2000 CR;9s and (90377) Sedna. These objects are
currently the most distant detached TNOs, and their origin is
of great importance for understanding the history of the solar
system (Gladman et al. 2002; Brown et al. 2004). The outer
planet model produced several analogs of 2000 CR¢s in almost
all runs, even with different initial conditions for the planet
(Figures 19 and 20). The 2000 CRos5-like bodies were usually
first scattered by Neptune and later detached from the giant
planet’s domain by external perturbation from the outer planet.
Although the model had difficulties in creating Sedna-like
bodies with less massive planetoids (<0.5 Mg) at ap < 160 AU
(Figures 19 and 20), more “Sednas” were commonly obtained
in runs using planetoids with Mp = 0.7 Mg and 1 Mg, and/or
located at ap = 200-250 AU (the outermost boundaries for
resonance interactions to work. See also Figure 20). The analogs
of Sedna originated in two possible ways: (a) near-circular
objects located at 120-210 AU, which were later scattered
by the outer planet (Sedna’s accretion would be possible at
these distances; Kenyon & Bromley 2004b; Stern 2005); and
(b) objects initially scattered by Neptune that were detached
by the influence of the planetoid. In both cases, long timescales
(>1 Gyr) were a common requirement. Lastly, we stress that our
model is able to produce more extreme detached TNOs with g
~100-200 AU and various inclinations. Alternative scenarios
to produce Sedna-like objects include a passing star (Kenyon &
Bromley 2004b; Morbidelli & Levison 2004), formation of the
solar system in a dense star cluster (Brasser et al. 2006), massive
(1-2 Mg) rogue planets that may have roamed the solar system
at hundreds of AU in the past (Gladman & Chan 2006), and a
solar companion model (Matese et al. 2005).

2004 XRj99. This is a very high i object in a detached or-
bit located close to the planetary system (a = 57.5 AU; g =
51.2 AU). The discovery of a TNO with such orbital prop-
erties was unexpected (Allen et al. 2006). In our model,
analogs of 2004 XRj9p were obtained in several runs
due to the planetoid’s perturbation. A few are visible in
Figures 19 and 20. It is noteworthy that all 2004 XRgo-like
objects originated from Neptune-scattered orbits, suggesting
that this TNO was a scattered body in the past. A similar
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orbital history has been suggested previously (Allen et al.
2006; Gladman & Chan 2006). Alternatively, being close to
the 8:3 resonance, 2004 XRjgp’s small e and very high i
could arise through the KR, which is expected to induce
such e—i anticorrelated configurations. However, the likeli-
hood of being an 8:3-resonant TNO is only 4-5% (Allen
etal. 2006; LMO7b). On the other hand, the TNO could have left
the 8:3 resonance in its very high i phase during planet migration
(Gomes et al. 2007).

(136199) Eris. This planetary-sized very high i body is
classified as a scattered TNO (LMO7b). We obtained some
analogs of Eris at @ < 100 AU in our simulations (i = 40-45°).
Although the outer planet excited inclinations, Eris-like objects
managed to remain with ¢ < 40 AU at the end of the runs
(e.g., Figure 19). Therefore, a probable scenario for the history
of Eris would be formation near Neptune, further scattering by
the giant planet, and extra i excitation by the outer planet. It is
worth noting that this agrees with the idea that a small fraction
of Pluto-sized objects that were initially located near the giant
planets were deposited in the trans-Neptunian belt (Stern 1991).

(134340) Pluto. The largest TNO known thus far in the 3:2
resonance was fully reproduced in our model. Pluto-like objects
were obtained in substantial number in the 3:2 resonance,
reproducing not only Pluto’s orbital elements, but also its
libration amplitude and the locking in KR over the age of the
solar system (Figures 16 and 18). This supports the idea that
Pluto was initially located in a near-circular orbit closer to the
Sun during the capture by the sweeping 3:2 resonance (Malhotra
1995; Hahn & Malhotra 2005).

(136108) 2003 ELg;. Apart from the Pluto quadruple sys-
tem, 2003 ELg; is currently the only other known mul-
tiple system in the trans-Neptunian belt, with two satel-
lites (Brown et al. 2005b, 2006b). In addition, 2003 ELg;
is currently locked in the 12:7 resonance (a = 43.1 AU)
(LMO7b). According to our results, there were four 12:7-
resonant objects, but only two of them survived over
4 Gyr. However, the orbits of these objects are not compati-
ble with that of 2003 ELg;. Interestingly, 2003 EL¢; appears to
be part of a collisional family (Brown et al. 2007), supporting
the giant impact theory for the creation of its satellite system.
Therefore, we think that 2003 ELg; was probably captured in the
12:7 resonance after the collision event; otherwise, it would have
been dislodged from the resonance with such a quite energetic
impact.

2003 UY;9; and (48639) 1995 TLg. The outer planet model
can reproduce the orbital elements of these detached TNOs
quite easily (e.g., Figure 16). Our results suggest that both of
these objects are part of the excited outer region of a primordial
planetesimal disk of at least 53 AU radius (Section 8.2).

8.4. Clues from the Distribution of Trans-Neptunian
Binary/Multiple Systems

Several TNOs have been identified as binary or multiple sys-
tems (Noll et al. 2007). Interestingly, there is a statistically
significant preference for binarity among classical TNOs with
i < 10° compared with the other TNO populations (approxi-
mately a 3—4 times greater fraction) (Stephens & Noll 2006).
Because close gravitational encounters are likely to disrupt
weakly bound binaries, this preference can be interpreted as evi-
dence that low-i classical TNOs suffered little perturbation from
the giant planets, in contrast to the active dynamical evolution
of high-i classical, resonant, scattered, and possibly detached
populations. Alternatively, early conditions in the planetesimal
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disk may have favored binary formation in specific regions of
the disk. Thus, more binary systems may have formed at about
35-50 AU than in the inner regions of the disk, so that the bina-
rity preference among low-i classical TNOs would represent a
primordial feature (Noll et al. 2006; Noll et al. 2007 and refer-
ences therein). In any case, either possibility is consistent with
the view that cold classical TNOs formed in situ (Section 2.1).

According to our findings (Sections 7.2 and 8.2), the bulk of
the population of classical bodies with i < 10-15° formed in situ
and extended to atleast a = 50 AU. These bodies were perturbed
solely by the outer planet before migration (e.g., Figure 11) and
later survived for 4 Gyr essentially unaffected by any of the
planets. Thus, the preference for binarity among low-i classical
objects could result from the lack of continuous perturbation
from the giant planets and the planetoid over 4 Gyr and/or for-
mation in situ in the classical region, where supposedly more
binary systems were formed during the pre-migration epoch.
The binary TNOs 1995 TLg (@ = 52.6 AU; i = 0.2°) and 2002
GZ3, (a = 50.2 AU; i = 1.1°) provide additional evidence for
our scenario. That is, both TNOs have orbital properties compat-
ible with those obtained for objects at the excited wings around
50-53 AU in our simulations (Figures 12—-14), suggesting that
both TNOs are members of the primordial planetesimal disks
that extended to 53 AU (see also Section 8.2).

8.5. Remarks on the Outer Planet Orbital Dynamical History

In accordance with the results of Melita et al. (2004), we
found that the strength of the planetoid’s perturbation depends
essentially on ap, its relative longitudes with disk planetesimals,
and Mp (e.g., Figure 12). According to our self-consistent
simulations (Section 7.9), the dynamical evolution of a planetoid
in a massive planetesimal disk is complex and stochastic. The
planetoid’s initially scattered orbit and the properties of the disk
such as its total mass and size can lead to diverse evolutionary
paths. If the disk is relatively small, the effect of dynamical
friction is reduced, implying that the outer planet could survive
a much longer time in a typical scattered disk orbit. In extended
disks (e.g. 100 AU), dynamical friction is stronger and the
timescales for circularization and flattening of the orbit (i near
the plane of the disk) become smaller.

Figure 23 illustrates two representative examples of the
evolution of scattered planetoids through massive disks. These
bodies spent a few tens of Myr under the control of r:1
resonances during different stages of the pre-migration systems.
Although not exhaustive, these examples show that the early
capture of a large planetesimal in resonances would be possible.

9. PROSPECTS FOR THE EXISTENCE OF A
TRANS-PLUTONIAN PLANET

Is a resident planetoid necessary to explain the observations?
How is it possible to detect this massive outer planet? What are
the orbital and physical properties of a hypothetical planetoid
orbiting at a large distance?

9.1. A Resident Trans-Plutonian Planet: What do the
Observations Tell us?

Below, we provide evidence supporting the current existence
of a trans-Plutonian planet as described in our scenario.

A prominent population of detached TNOs. To explain the
detached population and, in particular, its large total population
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number (e.g., its intrinsic ratio to the scattered population is
>1.0), a quite broad inclination distribution (currently from a
few degrees to almost 50°), and peculiar members (e.g., 2004
XRig99, 2000 CRygs, Sedna), the perturbation of the planetoid
over 4 Gyr is probably the most plausible mechanism (see
Sections 2.1, 2.2, and 7.5). Furthermore, other distant and
detached TNOs were reproduced only when the gravitational
influence of the outer planet lasted over billions of years. Note
also that even very massive outer planets (1 Mg) are apparently
unable to explain all these features in timescales less than 1 Gyr
(Table 6);

A population of TNOs with inclinations larger than 40°. As
demonstrated in Section 2.1, the existence of a significant frac-
tion of very high i TNOs cannot be explained according to pre-
viously published models. On the other hand, in our scenario,
apart from gravitational scattering by Neptune, the planetoid
provides an extra perturbation that, on average, increases the
inclinations of objects in the whole trans-Neptunian region (see
Figure 19). Finally, to better match the estimated intrinsic frac-
tions of the very high i subclass, the outer planet’s perturbation
had to last longer than 3 Gyr (see also Sections 7.4-7.6);

Lack of long-term resonant populations beyond the 8:3 reso-
nance. Although 3:1-, 7:2-, and 4:1-resonant populations stable
over 4 Gyr (located beyond the 8:3 resonance) could occur in
the trans-Neptunian region according to recent models (Hahn &
Malhotra 2005; Lykawka & Mukai 2007a), no evidence exists of
such populations (LM0O7b). Despite the low numbers of TNOs
in the scattered disk, this intriguing feature is unexplained by
other scenarios. However, here the absence of long-term reso-
nant TNOs at the 3:1 (at high eccentricities) and greater reso-
nances can be well explained by the gravitational perturbation of
an outer planet with gp = 80-90 AU in timescales comparable
to the age of the solar system (e.g., see Sections 5.3 and 7.3.1).

Taking together all the aforementioned observational evi-
dence, we conclude that a massive undiscovered trans-Plutonian
planet is required to explain them consistently.

9.2. Orbital and Physical Properties

The possible capture in a distant resonance suggests ap ~
100-175 AU near current locations of 6:1-14:1 resonances. It
is noteworthy that large e—i variations and long-term resonant
capture during the planetoid’s orbital evolution would have been
more likely to occur in those resonances (Lykawka & Mukai
2007c¢ and references therein). However, the planetoid may have
left its resonant configuration during the stochastic migration of
Neptune, after dynamically diffusing at low eccentricity or by
dynamical friction (Hahn & Malhotra 1999; Zhou et al. 2002;
Gomes et al. 2007). Indeed, stochastic jumps in semimajor axis
caused by continuous scattering may have allowed the planetoid
to encounter resonances beyond 175 AU. Nevertheless, the
presence of sufficiently strong resonances is limited at a <
250 AU (Gallardo 2006a, 2006b; Lykawka & Mukai 2007c).
Finally, as discussed in Sections 5.3 and 6, the model suggests
gp > 80 AU and ip = 10-50°, although 20—40° were apparently
more commonly obtained in self-consistent simulations.

Concerning the physical properties of the outer planet, ideally
we would like to constrain these from the distributions of
planetary-sized TNOs. However, the sample of objects with
determined physical properties is still very small (Luu & Jewitt
2002; Delsanti & Jewitt 2006; Delsanti et al. 2006; Cruikshank
et al. 2007).
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Simultaneous measurements of reflected and emitted light
from the object of interest permit us to calculate albedos and
diameters using well-established formulas (Russell 1916; Jewitt
& Sheppard 2002; Jewitt 2008),

D 2
p <5> D(o) = 2.25 x 100 Ry 210%4m=m) (4

where D is in kilometers, ®(«) is the phase function, R is in
AU, v is the geocentric distance (AU), and m is the apparent
magnitude of the object (m, represents that of the Sun). For
the sake of simplicity, we assume that the phase function is
negligible for our purposes.

A massive trans-Plutonian planet would very probably be a
differentiated body with a rocky interior and layers composed
of ices (e.g., De Sanctis et al. 2001; Merk & Prialnik 2006).
In such a case, we can expect mean densities of ~2-3 g cm™>.
This density range is consistent with 2 g cm™3, 2.3 g cm™3,
and 2.6 g cm—3 densities determined for Pluto, Eris, and 2003
ELg), respectively (Stern 1992; Rabinowitz et al. 2006; Brown
& Schaller 2007; Lacerda & Jewitt 2007). We then estimated
the planetoid’s diameter assuming a spherical shape, Mp = 0.3—
0.7 Mg, and a mean density of 2-3 g cm~3, finding a Dp of
~10,000-16,000 km. Using the equation of density as a function
of diameter given in Jewitt (2008), we obtain 2.1-2.4 g cm™3
for a 10,000-16,000 km sized body.

Considering the planetoid’s orbital properties given above
(ap > 100 AU; gp > 80 AU), we assumed an albedo pp = 0.1—
0.3 for the outer planet, which agrees with expected values for
hypothetical distant icy planetoids (Stern 1991). For instance, a
planet with gp &~ 100 AU would be too far to hold an atmosphere;
so surface darkening would be expected (~0.03-0.3). The lower
albedos of these distant bodies may be a consequence of long
exposure to space weathering because icy surfaces are expected
to get darker from continuous UV irradiation and bombard-
ment of solar and galactic ions (Thompson et al. 1987; Moroz
et al. 1998; Cooper et al. 2003; Brunetto et al. 2006). Other
potential reasons include very low temperatures that inhibit
the sublimation of volatiles and negligible collisional resur-
facing effects. Furthermore, our albedo assumption above also
agrees with Sedna’s albedo, which was constrained in the
range 0.1-0.3 (Emery et al. 2007 and references therein).
Sedna is the best-known representative of distant large icy
bodies.

The planetoid possibly accreted near Uranus and Neptune
during the pre-migration period (probably at the 10-20 AU
region); so it would be composed mainly of CHy, CO, or Ny,
which are the most common outer solar system volatiles. Given
its appreciable mass, the outer planet would probably have large
reservoirs of icy species on the surface. For instance, recent
spectral measurements support the existence of large amounts
of CHy, H,O, and N, on the surface of planetary-sized TNOs
(Brown et al. 2005a; Barkume et al. 2006; Licandro et al. 2006a;
Licandro et al. 2006b; Rabinowitz et al. 2006; Dumas et al.
2007; Tegler et al. 2007; Trujillo et al. 2007). Besides, due to
the orbital characteristics and large diameter of the planetoid,
it should have retained its surface ice over the age of the solar
system (Schaller & Brown 2007). Therefore, we should expect
an inactive surface and the presence of heavily space-processed
ice on the planetoid.

Finally, using Equation (4) with the derived ranges of Dp and
pp above, we found mp ~15-17 mag for a planetoid with gp =
80-90 AU during perihelion approach. The predicted apparent
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magnitude is uncertain because the planetoid’s orbital properties
and assumed albedo cannot be more strictly constrained.

9.3. Plausibility of Detection by Surveys

First, it is important to understand some physical quantities
derived from surveys and the strategies used in the surveys. The
cumulative luminosity function (CLF) provides the cumulative
number of TNOs per sky surface area at a given limiting
magnitude. The CLF is given by log[Z(m)] = b(m — mg), where
X(m) is the number of objects per square degree brighter than
the apparent magnitude m, b is a constant defining the slope of
the curve, and my is a constant for which X =1 deg‘z. Recent
studies suggest that b = 0.6-0.8, and my =~ 23 mag (Trujillo
et al. 2001b; Bernstein et al. 2004). The size distribution is
usually derived from the CLF, described by a power law with
exponent u = 5b + 1 (Bernstein et al. 2004 and references
therein).

A straightforward interpretation of the CLF implies smaller
sky densities for brighter bodies (bigger TNOs), and larger
sky densities for fainter ones (smaller TNOs). Therefore, large
TNOs have a greater probability of being discovered in volume-
limited surveys (i.e., wide-area surveys) than in flux-limited
surveys. Regarding the outer planet, we estimate that there
would be one object every ~10*-10° square degrees as bright
as mp ~ 15-17 mag (at perihelion); hence, it would be rare in
the sky.

Surveys usually concentrate the search near opposition when
a TNO has the highest relative sky motion due to parallax.
Indeed, the probability of discovery of large TNOs is also
affected by their apparent rate of movement across the sky,
which can be determined using

oz 18 (arcsec h™") S
R++VR '

where R is in AU. For typical trans-Neptunian belt orbits (30—
60 AU), TNOs move at a rate of 2—5 arcsec h~!. Because the
majority of surveys has used the strategy of finding TNOs that
move at such apparent sky motions, they are sensible at most to
1.5 arcsec h™! (Brown et al. 2004). For example, when Eris and
Sedna were discovered (the most distant TNOs discovered thus
far), they were moving at similar critical rates, i.e., 1.42 and
1.75 arcsec h™!, respectively (Trujillo & Brown 2003; Brown
et al. 2005a). In our scenario, for an outer planet with
gp = 80-90 AU, we obtain ©®p = 1.5-1.7 arcsec h~! during
perihelion approach, near the lower limit discussed above. In
addition, having a moderately large ep (Table 7), the outer planet
would also spend more time near aphelion during its orbit, thus
implying smaller apparent rates (i.e., more difficult to detect).
Only a few recent wide-area surveys have probed apparent mo-
tion below these critical values (Larsen et al. 2007).

Past wide-area surveys have searched for very bright bod-
ies in the outer solar system (m < 17 mag). Tombaugh
(1961) concluded that there were no objects brighter than
m = 15.5 mag in the entire sky north of a declination —40°,
and no bodies with m < 17.5 mag for any object near the eclip-
tic (see also Trujillo et al. 2001b). Kowal (1989) surveyed the
sky near the ecliptic for objects with m < 20 mag and found
no TNOs. However, photographic plates have poor sensitiv-
ity for slowly moving objects and can present surface defects
(Tryjillo et al. 2001b). Except for Pluto, only recent planetary-
sized TNOs have been discovered by dedicated surveys (Brown
et al. 2004, 2005a). For reference, Pluto, Eris, 2003 ELg;, 2005
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Figure 24. Apparent magnitudes of an outer planet in distant orbits. Pink,
blue, and black curves represent outer planets with 0.3, 0.5, and 0.7 Mg (top
panel), respectively, and black and red curves indicate outer planets with 0.7 and
1.0 Mg (bottom panel), respectively (mean density p = 2 g cm™3). Thinner
curves indicate higher albedos for the assumed values 0f 0.1, 0.2, and 0.3. Greater
mean densities shift the curves upwards as a consequence of slightly smaller
diameters. For example, when p = 3 g cm™3, the apparent magnitudes become
approximately 0.3 mag darker. A decreasing curve is also shown, representing
the apparent sky motion of an outer planet as a function of heliocentric distance.
The variation in a typical planet’s heliocentric distance, as exemplified in
Figures 16 and 17, is plotted as a horizontal gray line with a dot representing
the planetoid’s semimajor axis (top panel). Two other hypothetical orbits are
shown assuming gp = 80 AU, ap ~ 130 AU (near the 9:1 resonance), and ap
~ 158 AU (near the 12:1 resonance). The planetoid’s aphelion would be about
120, 180, and 270 AU for those orbits, respectively. For other possible orbital
configurations, such as more distant hypothetical orbits at ap ~ 207 AU (near
the 18:1 resonance), or ap =~ 250 AU (near the 24:1 resonance—the uppermost
limit for r:1 resonances to work in this scenario), the planetoid’s aphelion could
reach about 335 or 420 AU (bottom panel). Finally, if the outer planet has a
moderately large eccentricity, it will spend more time near aphelion during its
orbit, resulting in smaller apparent rates and fainter apparent magnitudes.

(A color version of this figure is available in the online journal)

FYy, and Sedna had apparent magnitudes of 14, 18.8,17.5, 16.8,
and 21 at discovery, respectively (Brown et al. 2006b). Other
wide-area surveys have not found any very bright TNOs within
about 10° (Sheppard et al. 2000; Trujillo & Brown 2003; Jones
et al. 2006; Larsen et al. 2007) (see also Figure 24).

In addition, recalling that the planetoid would have an
inclined orbit (20—40°), we stress that (a) high-i objects are
approximately four times more likely to be discovered at ecliptic
latitudes, B = i, than in the ecliptic (8 = 0°); (b) Z(m) is
smaller at higher 8 and drops off quickly (for instance, the
sky density at 20° is about one order of magnitude smaller than
that near the ecliptic); and (c) among high-i objects (20—40°),
the fraction of an orbit spent near the ecliptic (8 = 0-10°) is only
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~1.5-4% (Trujillo et al. 2001a). In general, because wide-area
surveys have searched near the ecliptic, the discovery of objects
with higher inclinations has been less likely, even in surveys
probing very slowly moving objects (Tombaugh 1961; Luu &
Jewitt 1988; Kowal 1989; Jewitt & Luu 1995; Jewitt et al. 1998;
Sheppard et al. 2000; Gladman et al. 2001; Trujillo et al. 2001a,
2001b; Trujillo & Brown 2003; Jones et al. 2006; Larsen et al.
2007).

Therefore, a massive trans-Plutonian planet has probably
escaped detection because it is currently either far from the Sun
(with sky motion below survey sensibility) or away from the
nodal crossing point with the ecliptic. Apart from the planet’s
properties, the probability of nondetection should be ~10-15%
because surveys avoid the region near the galactic plane (Chiang
& Jordan 2002; Trujillo & Brown 2003). Other potential biases
that may have prevented the detection of massive bodies in
distant orbits are discussed in Bernstein & Khushalani (2000)
and Horner & Evans (2002).

10. CONCLUSIONS AND SUMMARY

We performed extensive numerical simulations to study
the origin and evolution of the entire trans-Neptunian region
(>30 AU) with the presence of massive planetoids (0.01-
1.0 Mg) in trans-Plutonian orbits covering a wide range of
orbital parameters (ap, gp, and ip). The results allowed us to
clarify the effects of a putative outer planet within the solar
system.

First, we found that a static trans-Plutonian planet is unable
to reproduce the fine architecture of the trans-Neptunian belt,
in particular the excited orbital structure of classical TNOs and
the outer edge of the belt. Note that the main orbital element
connected to this conclusion is the planetoid’s perihelion dis-
tance, implying that the semimajor axis and inclination play a
negligible role. Moreover, a putative Moon-like or more massive
body in the 2:1 resonance also cannot satisfy the constraints of
Section 2.1.

The stability and orbital properties of currently known trans-
Neptunian resonant populations provide important constraints
on the presence of massive planetoids. Indeed, we concluded
that the existence of 3:2-, 2:1-, and 5:2-resonant TNOs implies
that any hypothetical resident distant planet must have an overall
gp > 80 AU. Therefore, we believe we can rule out all previous
modern models based on the unseen planet scenario (Brunini &
Melita 2002; Melita & Williams 2003; Brown et al. 2004; Melita
et al. 2004) because they suggest resident planets with gp <
70 AU. Earlier models (e.g., Matese & Whitmire 1986; Harring-
ton 1988; Hogg et al. 1991; Maran et al. 1997 and references in
those papers) are ruled out by the same reasoning and also on
observational grounds (Hogg et al. 1991; Morbidelli et al. 2002;
Gaudi & Bloom 2005).

In addition, in attempting to satisfy the constraints described
above, we found that a migrating trans-Plutonian planet repre-
sents an excellent way to reconcile the excitation of the trans-
Neptunian belt and the preservation of the latter, in particular
its resonant populations. However, this modified model with a
migrating planetoid does not form distant resonant populations
(beyond 50 AU), in particular in the 9:4, 5:2, and 8:3 resonances
(e.g., see Lykawka & Mukai 2007a). We solved this problem by
allowing the planetoid to perturb the trans-Neptunian belt well
before planet migration.

Therefore, we constructed a refined model divided into three
main phases: pre-migration excitation of the belt (30-100 Myr),
planet migration (100 Myr), and long-term sculpting (4 Gyr). We
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assumed the outer planet was originally a Uranus- or Neptune-
scattered massive planetesimal, thus probably a member of a
large population of bodies that formed in the vicinity of the giant
planets at 10-20 AU during the late stages of planet formation
(e.g., Stern 1991; Kenyon 2002; Goldreich et al. 2004a, 2004b).
In fact, our results showed that planetesimal disks excited early
by a scattered outer planet were remarkably similar to current
observations in the 40-50 AU region. Moreover, the planetoid’s
perturbation also provided the necessary trans-Neptunian belt
orbital conditions to satisfy the formation of distant resonant
populations. In the migration phase, recalling the important
role of strong r:1 and r:2 resonances in the scattered disk
and the common outcome of the Kozai resonance inside those
resonances, the outer planet was probably transported outwards
by resonant interactions with and gravitational scattering by
Neptune. Thus, these mechanisms emplaced the planetoid
somewhere around ap = 100-175 AU (or less likely at 175—
250 AU) and changed its orbital elements in a few hundred Myr
(i.e., increase of perihelion and inclination), guaranteeing the
stability of the trans-Neptunian belt over the age of the solar
system.

After integrating tens of planetesimal disks and following
a few of the obtained systems over 4 Gyr, we found that
our model naturally explains the orbital characteristics of
currently known TNOs and satisfies a large number of other
constraints in unprecedented detail. Our scenario also suggests
that the outer planet did not form in situ near its semimajor
axis. That is, although theoretically possible (e.g., Kenyon &
Bromley 2004b; Stern 2005), in situ formation would require
the planet to undergo a very complex orbital history to satisfy all
observational constraints discussed in this paper (e.g., inward
migration to perturb the classical region followed by an outward
transport to satisfy gp > 80 AU).

Finally, we conclude that the orbital excitation at 40-50 AU
and the truncation near 48 AU in the trans-Neptunian belt
probably represent fossilized signatures of the outer planet,
whereas the detached population and perhaps TNOs with i
> 40° resulted from the planetoid’s perturbation over billions
of years. Indeed, the existence of a substantial population
of detached and very high i TNOs appears to require the
presence of a resident distant planet within the solar system.
In summary, our scenario reproduces all main aspects of trans-
Neptunian belt architecture and offers insightful predictions
(Section 10.3).

10.1. Tentative Chronological History of the
Outer Solar System

The planets, planetary embryos, and other TNOs formed
in <100 Myr (Pollack et al. 1996; Kenyon 2002; Kenyon &
Bromley 2004a). Uranus and Neptune formed within ~10-20
AU. The planetesimal disk was dynamically very cold (nearly
circular and i ~ 0) and at least 53 AU in size.

During the late stages of planet formation, a large planetesi-
mal (a planetoid with 0.3-0.7 Mg) was scattered by Neptune in
a few Myr, experiencing an ap ~60-80 AU, gp near the location
of Neptune, and probably a moderate ip (e.g., 10—-15°).

The outer planet excited the outer region of the planetesimal
disk for several tens of Myr. This produced the first hot
classical TNOs (moderate 7). At the same time, the outer planet’s
perturbation also disrupted the disk at 48 AU.

During planet migration, all resonant TNOs and the remaining
hot classical TNOs were created.
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During or just after the end of planet migration, the outer
planet was captured by a distant r:1 resonance (e.g., 6:1). The
outer planet likely evolved into a KR orbit, which forced the
planet to decrease its eccentricity and increase the inclination in
100-200 Myr (gp > 80 AU, ip = 20-40°). The trans-Plutonian
planet was detached from the solar system, remaining in a stable
orbitat ~100-175 AU (the exact location depends on the current
specific r:1 resonance location).

The giant planets and the planetoid gravitationally sculpted
the trans-Neptunian belt over billions of years. The belt’s outer
edge appeared as unstable objects left the region around 45-53
AU. Scattered and detached TNO populations were produced
mainly during the long-term phase. Cold classical TNOs, formed
in situ, represent relics of the local disk planetesimals. The
region beyond 30 AU lost 99% of its initial total mass by
dynamical depletion and enhanced collisional grinding.

10.2. Main Achievements of the Hybrid Outer Planet Model

1. It explains the lack of TNOs up to 39 AU (Figures 13 and
14).

2. It explains the dual nature of the classical region (cold
and hot populations), including their orbital excitation
and distinct physical properties. The final distributions
in eccentricities are remarkably similar to observations
(Figure 16).

3. It reproduces the resonant structure in the entire trans-
Neptunian region, including eccentricities, inclinations,
dynamical properties (e.g., libration amplitudes), and KR
members (Figures 14, 16, and 18 and Table 5).

4. It reproduces the population of scattered TNOs with their
distribution of orbital elements, including analogs of Eris
(Figures 16 and 17).

5. It produces a substantial population of detached TNOs, in-
cluding analogs of 2004 XRg9, 2000 CR¢s, and Sedna.
The obtained detached population is in agreement with in-
trinsic fraction estimates for this population in the scattered
disk (Figures 17, 19, and 20 and Table 6).

6. It produces low-i detached TNOs (Figures 19 and 20).

7. The very high i population can be produced by the simulta-
neous perturbation of the outer planet and the action of the
KR mechanism inside resonances (Figures 19 and 20).

8. It produces the trans-Neptunian belt outer edge at 48 AU
without threatening stable resonant populations, namely
those in the 3:2, 2:1, and 5:2 resonances (Figures 13, 14,
and 16 and Table 3).

9. It reproduces the abrupt decrease in number density of
TNOs beyond 45 AU (Figure 21).

10. The problem of the missing mass of the trans-Neptunian
belt can be solved by the simultaneous action of enhanced
collisional grinding induced by the planetoid and dynamical
depletion.

11. It explains Neptune’s current orbit at 30.1 AU (Figure 22).

10.3. Predictions of the Hybrid Outer Planet Model

The following predictions are testable, so future observations
will help to confirm and/or improve the model.

10.3.1. Outer Solar System

1. Cold and hot classical bulk populations concentrated at i <
5°and i > 10-15°, respectively, and mixed at intermediate
inclinations. If cold and hot classical TNOs formed at
different places in the planetesimal disk, their supposedly
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distinct physical properties will appear more evident within
the respective inclination ranges above.

2. Resonant TNOs stable over the age of the solar system in
the following resonances: 1:1 (¢ = 30.1 AU), 54 (a =
34.9 AU), 4:3 (a = 36.5 AU), 7:5 (a = 37.7 AU), 10:7 (a
=38.2 AU), 3:2 (a = 39.4 AU), 8:5 (a = 41.2 AU), 5:3 (a
=42.3 AU), 12:7 (a = 43.1 AU), 7:4 (a = 43.7 AU), 9:5
(a =445 AU), 11:6 (a = 45.1 AU), 13:7 (a = 45.5 AU),
2:1 (a = 47.8 AU), 13:6 (a = 50.4 AU), 11:5 (a = 50.9
AU), 9:4 (a =51.7 AU), 16:7 (a = 52.2 AU), 7:3 (a = 53.0
AU), 12:5 (a = 54.0 AU), 17:7 (a = 54.4 AU), 5:2 (a =
55.4 AU), 8:3 (@ =579 AU), 11:4 (a = 59.1 AU), and 3:1
(a = 62.6 AU) (Figure 14).

3. Quite anemic resonant populations within 39 AU
(Figure 14).

4. If there were favorable conditions for the formation of Gyr-
resident TNOs in the 8:3 and other farther resonances, their
orbits would be conditioned to Q < gp (Figure 16).

5. Kozai resonant TNOs in the following resonances: 5:4, 4:3,
7:5,3:2, 8:5,5:3,7:4,2:1,7:3,5:2, and 3:1 (Table 5).

6. Detached TNOs beyond 48 AU with bulk g = 40-60 AU.
A smaller fraction of detached TNOs with larger perihelia
is also predicted. The detached population i-distribution
would be 0-60° (up to 90° for more massive outer planets,
Mp = 1.0 Mg), and weakly correlated with perihelion.
In addition, objects with the highest inclinations will be
concentrated near the planet’s semimajor axis (Figures 19
and 20).

7. Very high i scattered and detached TNOs with i = 40—
50° and 40-60° (up to 90° for more massive outer planets,
Mp = 1.0 Mg), respectively (Figure 19 and 20).

8. A relatively small population of Sedna-like bodies for
Mp < 0.5 Mg.

9. The existence of a massive resident outer planet in a distant
orbit in the scattered disk.

10.3.2. Tentative Properties of the Resident Trans-Plutonian Planet

Orbital elements: ap = 100-175 AU (less probable, but also
possible at 175-250 AU), gp > 80 AU, ip = 20-40°;

Probably locked in or near a strong r:1 resonance with
Neptune;

Mass: 0.3-0.7 Mg;

Apparent sky motion: 0.35-1.7 arcsec h~! (Equation (5) and
Figure 24);

Visual apparent magnitude: 14.8—17.3 at perihelion (gp =
80-90 AU) (Equation (4) and Figure 24).

11. CAVEATS AND FUTURE WORK

The unseen planet scenario presented here cannot explain all
observational constraints; thus, unsolved issues remain. First,
the mutual ratios of the populations of TNOs are not completely
reproduced. Indeed, the model produced too many resonant
objects. Because stochastic migration can yield a smaller total
resonant population (Hahn & Malhotra 1999; Zhou et al.
2002), we intend to implement the effects of stochasticity in
planet migration in the future. Another issue is the difficulty
in obtaining hot classical objects with i > 15-20°, causing an
overrepresentation of classicals at lower inclinations. Finally, if
the real population of “Sednas” is large, the efficiency of our
scenario might be too low to produce such extreme objects.
We will further explore the production of Sedna-like bodies in
upcoming refinements of our scenario.
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To better constrain the proposed orbital elements of the outer
planet, we plan to investigate the dynamics of comets, recalling
that a group of comets could show peculiar features caused by
an unseen distant planet (Horner & Evans 2002 and references
therein; Kuz’michev & Tomanov 2006).

Regarding the dynamical evolution of the outer planet,
we are aware that more extensive simulations with massive
disks are necessary to better understand important physical
phenomena not well explored here such as dynamical friction
and the behavior of embedded planetoids (e.g., the probability of
planetoid placement in distant and inclined orbits). We intend to
address the nature of scattered planetoids by performing a much
larger number of similar simulations to draw firmer conclusions
and more detailed statistics. Furthermore, one could ask whether
a planetoid (or a system of planetoids) with lifetime less than
the age of the solar system could satisfy the main observational
constraints (Section 2.1). Although we showed several lines of
evidence in favor of a resident planet in this paper, we cannot
currently rule out such alternative variants of the scenario.

We stress the predictions of our model should not be regarded
as “exact” because inevitable model uncertainties are involved,
in particular the unexplored conditions in parameter space
(ap, qp, ip, Mp), lack of statistics about the behavior of
large planetesimals in realistic self-consisting simulations (e.g.,
using much larger populations of planetesimals following mass
distribution), and the absence of a fragmentation code to deal
consistently with the collisional evolution of disk planetesimals.

Finally, an important unexplained event in our scenario is the
Late Heavy Bombardment (LHB) (Chapman et al. 2007 and
references therein). We intend to address the LHB in future
investigations within the framework of our scenario.
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