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Abstract

Our goal is to determine whether or not the observed sudden termination of the Edgeworth—Kuiper belt can be the result of perturbations
from a hypothetical planet. We investigate the effects that such an object would produce on the primordial orbital distribution if the trans-
neptunian objects, for a range of masses and orbital parameters of the hypothetical planet. In this numerical investigation, the motion o
the hypothetical planet was influenced by the existing planets but not by its interaction with the disk. We find that no set of parameters
produce results that match the observed data. Dynamical interaction with the disk is likely to be important so that the orbit of the hypothetical
planet changes significantly during the integration interval. This is also discussed. The overall conclusion is that none of the models for
the hypothetical planet that were investigated can reproduce the observed features of the Edgeworth—Kuiper belt starting from any probabl
primordial distribution.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction subclass of EKO’s has now been identified, composed of
objects moving on orbits with large semimajor axes and

Since the discovery byewitt and Luu (1993)f the first ~ high eccentricity. They have popularly been called the ‘Scat-
trans-neptunian object the region has proved to be full of un- tered disk objects’ (SDOs), because it was considered that
expected features (sédg. 1). First, it was realized that a  they formed as a resu!t of recurrent close encounters of
large number of the objects were orbiting in mean-motion classical belt objects with Neptur{®uncan and Levison,
resonances with Neptune, most residing in the32exte- ~ 1997) However, the discovery of some SDOs with perihe-
rior mean-motion resonancBecause their orbits are sim- 12 S0 large as to be beyond the control of the Neptune has
ilar to that of Pluto, these members are popularly known led to other theories for their origifGladman et al., 2001;

as plutinos. As the number of plutinos initially appeared Collander-Brownetal., 2001) o
to be very high compared to what might be expected from As more EKOs were discovered and the distribution of

random captureMalhotra (1995)uggested that radial mi- orbital elements became gradgally knownz it was r_ealized
gration of Neptune could enhance the number of objects that there were many more objects on orbits with high ec-

captured in resonance. However, recent observations byCentrlcr[y and high inclination than might be expected on a

Trujillo et al. (2001)indicate that the ratio of the number formation model within a standard solar nebula. A number of

of known resonant to classical Edgeworth—Kuiper objects explanations for this have been suggested, including a tran-
(EKOs) do not show an excess of the former, which ei- sient interaction with a massive planetesim@orbidelli

ther removes the need for the radial migration hypothesis :23 }Ga;szgglb.lg%?gg u;%r(;g)sdogirocsisggfaﬂ(mggsamasawa

or implies that the capture efficiency is smaller than previ- ' ' ' P

: s o etal., 2000)
ously suggeste@Velita and Brunini, 2000)An additional It is also clear that beyond 50 AU there is a total lack

of discoveries of trans-méunian objects with low eccen-
* Corresponding author. tricities and inclinations. There is an edge to the classical
E-mail address: m.d.melita@gmul.ac.uk (M.D. Melita). Edgeworth—Kuiper belfTrujillo and Brown, 2001; Allen et
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40 . . . .
' ' ' ' location. What has not been investigated is whether such

e a body can also generate higltlimation hicgh eccentricity
orbits while preserving the numbers of resonant and classi-
° cal bodies. We thus investigate numerically the effects of a
hypothetical planet (with various masses and orbital parame-
ters) on the distribution of bodies in the Edgeworth—Kuiper
® belt.

Inclination (deg)

o o 2. The dynamics of the classical EK B—Planet X
interaction

50 80 70 80 A broad-brush view of the effects of a tenth planet is easy
to describe. The observed classical Edgeworth—Kuiper ob-
jects lie on orbits that areaf from Neptune. Hence, except
08 ' ' ' AR for those lying close to a secular resonance (for the location
05 - ° ° T of secular resonances s€aezévic et al., 199 their orbits
’ ! P are stablg¢Duncan et al., 1995Y0n the other hand, because
Plutinos . S . .
o8 o of their high eccentricity, the scattered belt objects can have
- %/"0 perihelia close to the orbit of Neptune and their orbits can
<0 be heavily perturbed in a close encounter. Since slightly dif-
°o° © h ferent geometries of the close encounter can result in very
Scattered Disk different outcomes, the scattering can be regardeql as chaotic.
The end-states could range from Centaurs to objects in hy-
perbolic orbits(Levison and Duncan, 1997)
Planet X perturbs the surrounding objects mainly through
| | gravitational close encounters, which is an interaction with
80 70 80 a timescale much smaller than the orbital period. For a thin
disk, the period between encounters depends on the synodic
period. The strength of the perturbation depends on the semi-
Fig. 1. Observed multiopposition EKBOs. The lines of perihelion distance major axis, the relative longitudes and the mass of Planet X
at 30 and 35 AU are indicated. (see, for exampleDuncan et al., 1999 Subsequent to each
encounter, the interaction with Planet X is negligible, unless
al., 2001) It was suggested bgtern and Colwell (1997a) the objects fall into any of its resonances.
that at large distances the relative velocities are too small  If the initial eccentricity of the EKBO is large, it can
for self-interactions to be important, so that an increase of be reduced following an encounter. Thus, with time, in an
the EKO surface density should be expected beyond 50 AU. a—e plot a bell-shaped distribution develops, centered at the
Present observations indicate that, if the edge at 50 AU rep-semimajor axis of the Planet X. Objects with large synodic
resents the start of a gap rather than the termination of theperiod compared to that of Planet X suffer encounters only
disk, then the ‘outer’ disk does not start again until at least rarely. How sharp and tall the bell distribution is depends on
~ 75 AU from the SunLevison and Morbidelli (20033ug- the mass and orbit of Planet X.
gested that these features can be explained if the belt initially
formed closer to the Sun and was pushed outwards as a con-
sequence of the outward migration of Neptune. 3. Themodel
Another possible explanation for both the highly ex-
cited state and the edge is the existence of some other per- It is clear that the dynamics described above can not be
turbing agent, not yet included in dynamical theory, which followed by analytical means. Our simulations involve the
operated—or operates—in the region. Two possibilities are numerical integration of the equations of motion of massless
either a close stellar passage or an undiscovered planet. Th@articles representing the primordial Edgeworth—Kuiper belt
stellar passage scenario has been discusdactt al., 2000; in the region of interest. These are assumed to move through
Kobayashi et al., 2004; Melita et al., 2004 this work the gravitational field of the Sun, the four giant planets and
we investigate the plausibility of the additional planet hy- Planet X, of roughly terrestrial size. Planet X is assigned sets
pothesis. It is clear, as was shown Byunini and Melita of differing initial values of semimajor axig,p, eccentricity
(2002) that a Mars-sized body orbiting at 60 AU at a ep, inclinationip and massn p. Other than the effects of
moderately eccentric and inclined orbit can provide the per- the Sun and the four major planets, no other perturbations
turbations necessary to remove objects from that generalare considered to act on Planet X in this simulation. Hence

04

eccentricity

Semimajor axis (AU)
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there is little change in the orbital parameters of Planet X Table 1

throughout the simulation. Initial orbital parameters and masses of the planetoid for each simulation
A total of 300 bodies were taken to represent the ini- Run mp (Mg) ap (AU) ep  ip (deg) Tsim(10°y) fpLu

tial belt, with orbital elements uniformly distributed in the

1 1/10 56 015 10 1 05
ranges 35< a < 80 AU, 0.0 < ¢ < 0.05, 00° <i < 5.0°, 2 1 60 01 10 1 065
wherea denote the semimajor axis.the eccentricity and 3 13 60 a2 10 45 015
the inclination. A ‘Plutino’ population of another 20 test- 4  1/3 60 ais - 10 45 065
. ) . 5 1/3 60 Q15 15 45 0.45
particles in known long term stable orbits has been also . 5 60 2 10 1 03
added. We use the stability of this group as an additional 7  1/19 60 00 10 1 1
constraint. 8  1/10 60 01 10 1 1
The numerical integrator used is a hybrid symplectic sec- 9  1/10 60 02 10 1 Q75
ond order method previously used Brunini and Melita 10 /10 60 03 10 L 02
(2002) which treats close encounters using a Burlish and H 10 61 02 10 ! 065
! X 12 0.087 61 @ 10 45 0.6
Stoer integrator with the strategy developed @®yambers 13 016 61 ® 10 45 03
(1999) The integration time was in the range of 154 10° 14 333 70 ®5 10 45 0.05
years. The corresponding total simulated tinE;y, and the fraction of plutinos
left at the end of the simulationpy, are also given.
4. Results simulation. A small value would indicate that the model is

unacceptable, irrespective of its success in generating a gap
The observed EKB distribution is shown kig. 1L The at 50 AU or a good population of SDO’s.
aim of any simulation must be to reproduce something In Fig. 2we show the final EKB distributions for three
akin to this. In particular we are looking for the continued different values of the eccentitg of the planetoid, keeping
existence of high eccentricity plutinos, the sharp edge at other parameters the same. These are runs 8, 9, and 10 in
~ 48 AU and the existence of SDOs, that is high inclina- the above table. It is apparent that high values of both eccen-
tion, high eccentricity objects. Emne are constraints on the tricity and inclination have been generated in all three cases.
range of values for some of the parameters. However, neither the eccentricity nor the inclinations have
The IRAS survey detected no planet and so the brightnessreached the maximum vads in the observed dat&ig. 1)
of any hypothetical planet in the infrared must be below the when the eccentricity is.0. For the other two values, the ec-
limiting magnitude of that survey. The observed brightness centricity reaches theotrect range, but the inclinations are
depends on size and distance. Since the infrared brightnesstill low. However, in none of the cases is there any real indi-
comes from emission (rather than reflection), then the re- cation of an edge developing at 50 AU. Hence we conclude
sults are not sensitive to the albedo. Accordinbltmg et al. that these sets of parameters do not satisfy the requirements.
(1991) the maximum allowed mass at 60 AU is abaddi,, It is also clear that the distribution obtained when= 0.3
increasing to about®g, at 70 AU. In our investigationswe s no better than that obtained whep= 0.2. Hence explo-
thus only select masses for Planet X that are consistent withration of sets with larger values ef was not undertaken.
these limits. In run 11 (not shown) the semimajor axis was increased
A further restriction comes from the fact that a significant slightly to 61 AU, from the value of 60 in run 9, but this
number of both plutinos and classical EKBO'’s must survive. did not produce any improvement and so exploration of the
By running our program, we found that planets at 55 AU parameter space with further small changes jinwas not
or less tend to clear completely the EKB. Hence we have undertaken.
not investigate hypothetical planets with a semimajor axis  In Fig. 3we investigate the effect of changing the mass of
smaller than 55 AU. Planet X and show the final distribution for runs 3, 6, and 9,
A total of 14 runs were carried out, each with a different that is withap = 60 AU, ep = 0.2 andip = 10°. As ex-
set of parameters for Planet X. These were not all prese-pected, there is evidence thiatreasing the mass increases
lected, the information gleaned from one set of runs was both the inclination and th eccentricity of the belt popu-
then used to restrict the choice of further sets of parame-lation. Indeed it may be claimed that the high end roughly
ters. Al runs were inspected after running foP y@ars. If matches the observation. However, there is still no real sign
it was very clear that no serious evolution towards the ob- of a gap being cleared or an edge developing.
served end state was taking place, or that most objects were The major problem in the above runs has been an inability
being lost, the run was terminated. Otherwise the integrationto generate a gap in the final distribution. We thus investi-
continued up to 4 x 10° years. The adopted values and in- gate a set of situations that is most likely to produce a gap,
tegration time are shown ifeble 1 The orderin the tableis  namely an orbit with a perihelion distance close to 50 AU,
by increasing:p, and not the chronological order in which and a mass as large as possible, consistent with nondetection
the runs were actually performed. Also shown in the table by IRAS at the mean orbital distanaeg (not at perihelion).
is fpLu, the fraction of plutinos surviving to the end of the These are runs 1, 2, and 14, with the final distribution being
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Fig. 2. Final eccentricity and inclination distributions getedain the belt population for different values of the eccentricify,of the hypothetical planet.
The mass of the planet is1Mg and the initial semimajor axis i8p = 60 AU. These are runs 10, 9, and 8 frofable 1 The lines of representing
orbits with perihelion distances of 30 and 35 AU are indicated. PlanebXsatg orbits refer to values of the eccentricity such that lines indicétiaigthe
aphelion/perihelion of the orbit at the given semimajogsgoincide with the perihelion/aphelion of Planet X.

shown inFig. 4. There is now clear evidence of bodies be- tion in the belt that matches observations. Since we have
ing removed from around 50 AU. However none of the final made attempts to investigate the extremes of acceptable
distributions really look like the observed distribution. parameters for Planet X, we conclude that the Planet X

We thus conclude that none of parameter sets for Planet Xscenario does not work. in some cases the exited state
that we have investigated produce a final orbital distribu- of the belt can be produced, but no gap. In others a
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Fig. 3. Final eccentricity and inclination distributions genedaite the belt population after 1 Gyr for different values of the masg, of the hypothetical
planet. The eccentricity of the planetes = 0.2, the inclinationi p = 10° and the initial semimajor axis isp = 60 AU. These are runs 3, 6, and 9. The lines
have the same meaning asHiy. 2

gap is formed, but classical belt objects and plutinos are the accretion of such a big object at those distances is
lost. very unlikely. A further problem is that the only effect on
There is a further difficulty with the Planet X models that Planet X that we have included is the gravitational pertur-
have been investigated. The parameter set that gets closbations of the major planets. The primordial disk that we
est to the observed distribution involves a large planet at have considered is in fact far more massive than Planet X.
a large distance. According t8tern and Colwell (1997b) Hence, as Planet X has a gravitational effect on the disk,
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Fig. 4. Final eccentricity and inclination distributions generated irbtepopulation after 1 Gyr for differg orbital and physical parametestPlanet X. The
initial perihelion distance in all cases4s50 AU. These are runs 14, 2, and 1. The lines have the same meaningigsanMasses are iMg;.

we should expect a corresponding reaction on Planet X.5. Evolution of theorbit of a hypothetical Planet X

In other words, it is unrealistic to assume that the orbit

of Planet X effectively remains with a value of eccentric- As we have said, the accretion of a terrestrial-size
ity close to the initial one throughout the integration in- Planet X at around 60 AU is not very like{tern and Col-
terval. We consider these points further in the next sec- well, 1997b) A far more likely formation location is the
tion. Uranus—Neptune region, with the planet subsequently being
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Fig. 5. 71 as a function ofn p for a planetoid a = 80 AU and a massive Fig. 6. (%,E)DF as a function ofn p. Also shown by the dotted lines are
EKB. the values ot‘%”)E whenap = 40 and 300 AU.

expelled by either Uranus or Neptune after these have al-
ready accumulated much of their present nm@ssnini and
Melita, 2002) A close encounter with Neptune can not place
Planet X on an orbit similar tdhbse investigated, since the GMZerg
point at which the encounter took place must be on both the Ae ~ 575 = 2)

. . . . . . o)
old and the new orbit. Hence interaction with the primordial r
Edgeworth—Kuiper belt is essential. We first tackle this prob- Where Mnep is the mass of Neptune, and is the relative
lem by semianalytical means and then produce the results ofvelocity at the encounter. We assume that 35 AU and the

mentum, hence the perihelion distagoeill remain roughly
constant. Energy conservation gives

a numerical simulation. impact parametds ~ 5 AU is. From this we obtain
For moderate to large eccentricities the scale of the inter- ep
action with the disk is local. In this caseapaloizou (2002) <—> < Ae/Ts, 3)
E

gives the rate of change of the eccentricity of the planet as:
whereTs is the time between encounters with Neptune. We

<dﬁ> — 72%ap(10— e%)a/sz7 1) assume thaf’s is approximately given by the synodic pe-
dt Jpp ZRquoMé riod of the planet with respect to Neptune. Note that with
where$2 is the mean motion of Planet X is the surface  the Planet at perihelion, the time between encounters can be
mass-density of the disk anfly is local interaction dis-  largerthan this, so that our estimation(8§2)pr is an upper
tance, which we take as the Hill radius. We can calculate limit.

a time-scaler; for a significant change in eccentricity, (that In Fig. 6 we show the values of)pr as a function

is (Aep)/eo ~ 1)) for any given set of disk parameters and of mp. Also shown is the estimated value G%’)E for a
initial Planet X parameters. planet witha = 40 AU anda = 300 AU. If mp > 0.3Mg,

Fig. 5 showsty for a disk of mass 3Wg and planet it is apparent that the decoupling is possible for all reason-
with initial perihelion distance of 35 AU and semimajor axis able values ofip providedm p > 0.3Mg. Further, ifmp <
80 AU for varying planetary massp. 0.05Mg, there is no reasonable valueaf so that decou-

As can be seen, the time-scale for the orbit of Earth-masspling can take place. Cometary-sized planetesimals would
planet to significantly change is less than’ 40 Kenyon either be expelled from the Solar System or would still be
and Luu (1999klaim that a massive disk is still present at found only in the Scattered disk. This estimation indicates
these time-scales, with large Edgeworth—Kuiper objects still that objects with large perihelion such as 2000;gRuwill
forming. This tells us that Bhet X can easily escape from not be ‘trapped’ in the disk. However since we taken an up-
the Neptune crossing regime with the available time, but it per limit for (%’)DF, the masses that can be captured may
also says that the orbit will be essentially circular. The data be smaller. In reality the behavior is very sensitive to the
does not tell us the radius of the circular orbit since it deals conditions in the disk and a more detailed numerical study is
only with changes in the semimajor axis. Though the time- necessary to explore this. This will be carried out in the next
scales change slightly, the conclusions remain the same forsection.
any planet with mass in the range 0.3343.

In order that the planet is decoupled from the control of
Neptune, we need to consider the rate of change of eccen6, A numerical smulation of the orbital evolution
tricity caused by recurrent close-encounters with Neptune,
der) . If this is much greater than the rate of change es-  Given sufficient computer power, producing a computer
timated above, then this effect will dominaté’d—et’()E can simulation of the whole process, including the effects of a
be estimated as follows. At perihelion, the velocity of the primordial disk, is not difficult. AsFigs. 7 and 8ve show
Planet and the kick it receives from Neptune are roughly or- the evolution of two hypothetical planets of massesdhd
thogonal, implying a minimal change in both energy and mo- 3Mg with semimajor axes at 80 and 62 AU, respectively,
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Fig. 7. Eccentricity evolution of a planet of mas8#@ g embedded in a disk

of total mass 301, The end-state of the disk after 30 My is also shown. Fig. 8. Eccentricity evolution of a planet of mas8® g embedded in a disk

of total mass 30/g. The end-state of the disk after 10 My is also shown.

embedded in a disk of total massidg@ produced by H. Lev-
ison(Duncan et al., 1998)

These firmly confirm the conclusions reache&éttion 5
above, namely that the orbit of any hypothetical Planet X
become circular well within the integration time considered
and the semimajor axes do not show any significant evolu-
tion. Once this occurs, only a very narrow gap can be swept
out, as can be seen.

lead to an interesting dynamical problem. Similarly, the dis-
covery of a real Planet X would imply a greater primordial
number of plutinos. This would add considerable strength to
the resonance capture and outdvplanetary migration pro-
posed byMalhotra (1995)
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