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ABSTRACT

Context. Binary asteroids are common in the solar system, including in the Kuiper belt. However, there seems to be a marked disparity
between the binary populations in the classical part of the Kuiper belt and the part of the belt in the 3:2 resonance with Neptune —i.e.,
the region inhabited by the Plutinos. In particular, binary Plutinos are extremely rare.

Aims. We study the impact of the 3:2 resonance on the formation of Kuiper belt binaries, according to the Nice model, in order to
explain such phenomenon.

Methods. Numerical simulations are performed within the 2 + 2 body approximation (Sun/Neptune + binary partners). The MEGNO
chaos indicator is used to map out regular and chaotic regions of phase space. Residence times of test (binary) particles within the
Hill sphere are compared inside and outside of the 3:2 resonance. The effect of increasing the heliocentric eccentricity of the centre
of mass of the binary system is studied. This is done because mean-motion resonances between a planet and an asteroid usually have
the effect of increasing the eccentricity of the asteroid.

Results. The stable zones in the MEGNO maps are mainly disrupted in the resonant, eccentric case: the number of binary asteroids
created in this case is significantly lower than outside the 3:2 resonance.

Conclusions. In the 2 + 2 body approximation, the pumping of the eccentricity of the centre of mass of a potential binary destabilises

the formation of binaries. This may be a factor in explaining the scarcity of binaries in the Plutino population.

Key words. Kuiper belt: general — celestial mechanics

1. Introduction

Wide, roughly same-sized, binaries are common in the “cold”,
classical part of the Kuiper belt (Noll et al. 2008) but rare
among objects in the 3:2 mean motion resonance with Neptune
(the Plutinos). Indeed, to date, only a single example of such
an object is currently known — the binary object 2007 TY430
which was discovered only recently (Sheppard et al. 2012).
The dramatic scarcity of Kuiper belt binaries (KBBs), or trans-
Neptunian binaries (TNBs), in the 3:2 resonance was pointed
out by Keith Noll in a talk at the Space Telescope Science
Institute 2010 Hydra-Nix Meeting entitled: KBO Multiples
(Observations)'.

It is generally thought that KBBs are survivors from the ear-
liest stages of the formation of the solar system. If so, then these
wide and fragile objects contain information about the forma-
tion and evolution of the solar system. For example, the orig-
inal location of Kuiper belt objects (KBOs) remains a matter
of discussion. This is because different models of the forma-
tion of the outer solar system (Gomes 2003; Gomes et al. 2005;
Levison & Morbidelli 2003; Malhotra 1995; Morbidelli et al.
2005; Tsiganis et al. 2005) make different predictions about the

' A video of the talk can be found here: https://webcast.stsci.

edu/webcast/detail.xhtml?talkid=1912&parent=1. Here we
investigate possible reasons for the lack of binary asteroids among the
Plutinos.

Article published by EDP Sciences

initial location and evolution of KBOs. For example, in the Nice
model (Gomes et al. 2005; Morbidelli et al. 2005; Tsiganis et al.
2005), the proto-planetary disk extended only to 30-35 AU with
the current Kuiper belt being empty. Neptune’s subsequent mi-
gration delivered particles to their present location in the Kuiper
belt. (Herein the term Kuiper belt will refer to the present day
locale of KBOs.)

The Nice model suggests that particles were transferred to
the Kuiper belt when Neptune’s eccentricity temporarily in-
creased. For eccentricities larger than ~0.15, various mean mo-
tion resonances overlap and a vast chaotic sea is formed which
would have allowed particles to diffuse out to the Kuiper belt.
After Neptune’s eccentricity subsided, the chaotic sea receded
and objects in the Kuiper belt were trapped (Levison et al. 2008).
However, the Nice model presents problems for KBB formation
models. For example, recent calculations (Parker & Kavelaars
2010) suggest that any primordial population of wide binaries
interior to #35 AU would have been decimated through scatter-
ing encounters with Neptune. Two alternatives were proposed:
(i) that binaries were formed in situ, i.e., at their present loca-
tion or (ii) that binaries were transported to the Kuiper belt by a
(nonspecified) “gentler” mechanism.

Alternative solar system formation models (Gomes 2003;
Malhotra 1995) posit that the proto-planetesimal disk extended
to at least ~50 AU. Therefore, the classical Kuiper belt, and any
KBBs therein, were formed in situ. In these models KBOs are
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divided into two broad categories: the resonant and hot classical
belt populations (KBOs with high inclination) and the cold clas-
sical belt population (KBOs with low inclination). The first pop-
ulation resulted from the migration of Neptune while the second
was formed in situ and was only weakly perturbed during the
resonance sweeping phase. In this scenario, the lack of binaries
among the Plutinos can neatly be explained: the Plutinos suffered
close encounters with Neptune and it is this which removed any
KBBs or which prevented binary formation. This case is treated
in more detail in Murray-Clay & Schlichting (2011).

Because the Nice model explains more features of the Kuiper
belt than do alternative models (Levison et al. 2008), we here fo-
cus on it. Combining the work of Parker & Kavelaars (2010)
with the Nice model suggests that binary formation may have
occurred in situ at the Kuiper belt but after Neptune’s eccentric-
ity was damped. This view is also supported indirectly by the
recent N-body simulations of Kominami et al. (2011). The sce-
nario considered here is as follows: first, while binaries may have
been created in the early stages of the solar system, most of these
would have been disrupted during the migration of Neptune
(Parker & Kavelaars 2010). Subsequently, a second period of
formation occurred during the latter stages of the migration of
Neptune. In this work, we will try to understand the lack of bi-
naries among the Plutinos during this period. We will consider
two epochs: after the damping of the eccentricity of Neptune and
just after the last encounter of Neptune with Uranus, i.e. when
Neptune had its largest eccentricity (up to ~0.3 before settling
down to its present value in roughly 1 My). We will call the later
epoch “Circular-Neptune” and consider a semi-major axes equal
to 30.01 AU and a circular orbit for Neptune (close to the actual
system). The earlier epoch will be called “Eccentric-Neptune”
with a semi-major axis equal to 27.5 AU and a Neptunian eccen-
tricity equal to 0.3. We will discuss intermediate times in the last
section.

Various mechanisms for binaries formation have been pro-
posed and each of them leads to different predictions for the
physical and orbital properties of KBBs. These formation mech-
anisms can, broadly, be broken down into three classes: col-
lision, capture and gravitational collapse. We summarise them
here.

In the collision model of Weidenschilling (2002), two ob-
jects collide inside the Hill sphere of a third and larger object.
These objects then fuse into a single object thereby producing a
binary. However, this mechanism depends on the existence of ap-
proximatively two orders of magnitude more massive bodies in
the primordial Kuiper belt than currently accepted (see Astakhov
et al. 2005).

The capture models of Goldreich et al. (2002) rely on two
objects interpenetrating their mutual Hill sphere and then be-
ing stabilised either through dynamical friction (the L? mecha-
nism) or through a scattering event with a third, similarly sized,
object (the L? mechanism). Funato et al. (2004) proposed a hy-
brid collision-capture mechanism. Initially two objects collide to
produce a binary whose components have quite different masses.
Subsequently, exchange “reactions” with larger third bodies tend
to displace the smaller secondary body and so ramp up the mass
ratio. This eventually leads to binaries having similarly sized
partners. However, this mechanism appears to lead to orbital
properties (in particular, mutual orbit eccentricities) dissimilar
to those actually observed (Astakhov et al. 2005; Noll 2003;
Noll et al. 2004). A further capture scenario, chaos-assisted cap-
ture (CAC; Astakhov et al. 2005; Lee et al. 2007) supposes that
two objects become caught up in very long living, yet ultimately
unstable, chaotic orbits within their mutual Hill sphere. During
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this phase the binary may be permanently captured and subse-
quently hardened through multiple scattering encounters with
relatively small “intruder” bodies. The chaos-assisted capture
(CAC) model of binary formation in the Kuiper belt seems to
explain many of the unusual properties of KBBs: a propensity
for roughly equal size binary partners, moderately eccentric mu-
tual orbits (very high/low eccentricities are rare), large semi-
major axes of mutual orbits and a range of mutual orbit inclina-
tions. Furthermore, recent N-body simulations (Kominami et al.
2011) find that the CAC scenario emerges naturally from their
calculations.

Finally, Nesvorny et al. (2010) recently proposed a model
in which KBBs formed during gravitational collapse. Angular
momentum considerations in the planetesimal disk explain the
formation of binaries rather than them condensing into a sin-
gle object. This gravitational instability model predicts identi-
cal compositions and colours for KBB partners and also inclina-
tions generally i < 50°, retrograde mutual orbits are predicted
to be rare. Unfortunately little information about the true in-
clinations of mutual KBB orbits is currently available although
projects have been proposed to unearth this data (e.g. Farrelly
et al. 2006). Recent results however (Grundy et al. 2011), even
with small statistical sample, do not confirm such high asym-
metry between prograde and retrograde orbits. We note that a
recent paper by Porter & Grundy (2012) discusses the evolution
of KBBs.

Here we focus on capture scenarios especially in the context
of late formation. The first step of these models is temporary cap-
ture into a binary. The second is the capture into a permanently
bound binary via an energy-loss mechanism which depends on
the details of the model used (see Lee et al. 2007). We are mainly
interested here in the first stage of KBB formation in the CAC
model: in particular, can long-living binaries form in the 3:2 res-
onance with Neptune?

To begin, a pilot calculation is presented in which the stabil-
ity of a proto-KBB is studied under the combined influence of
the Sun and Neptune, the two most important massive bodies in
this context. The dynamical model used here is the 2 + 2 body
problem of Whipple & Szebehely (1984) and Whipple & White
(1985). The main bodies (the Sun and Neptune) are assumed
not to be perturbed by the two small bodies (the “proto-binary”
partners).

The overall idea is to integrate the planar equations of motion
for test KBB objects located either in the 3:2 resonance or in the
classical Kuiper belt. In a first step, we use a chaos indicator (the
Mean Exponential Growth factor of Nearby Orbits (MEGNO),
see Cincotta & Sim6 2000) to determine if the KAM islands sur-
rounded by chaos — which are critical to the CAC mechanism —
are disrupted by the resonance. This tool determines the stability
of an orbit by the study of the evolution of its tangent vector. In a
second step, we compute the residence time of the proto-binary
(the time a binary asteroid remains inside its mutual Hill sphere,
see Astakhov & Farrelly 2004) of hundreds of thousands of test
binaries to check whether or not the number of couples formed
is different in the resonant case.

We first assume (Sect. 2) that the centre of mass of the KBB
evolves on a planar and circular orbit around the Sun. Then, con-
sidering that the resonance increases the eccentricity, the centre
of mass is placed on a planar eccentric orbit (Sect. 3). Eventually
(Sect. 4) we introduce the third spatial dimension into the model,
to model non-zero inclinations.

We find that a non-null initial eccentricity for the centre of
mass (excited by the resonance) destroys the main KAM islands
in the MEGNO maps. As a result, very few binary asteroids can
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be created. This will be confirmed by the histograms of residence
times.

2. The 2 +2 body problem: the planar circular case

We present here the 2 + 2 body problem of Whipple & Szebehely
(1984) and Whipple & White (1985). This is a simplified 4-body
problem in which Neptune follows a Keplerian orbit around the
Sun while the two asteroids interact with each other while being
perturbed by the Sun and Neptune. We start with a planar version
of the 2 + 2 body problem.

2.1. Model

The fixed frame is centred on the Sun, the x axis is chosen in
direction of the initial centre of mass (CM) of the two asteroids
and the y axis is perpendicular to the x axis in the rotation plane
of the CM. The equations of motion for the coordinates of the
first asteroid r;, of the second one r, and of Neptune ry are
(Whipple & Szebehely 1984):

7 GM@I'] sz(l‘l — r2) GM'(I‘] — I'N)
1 = -—- —_— —

[l 1P llry — ralP llry = NP
; GMory  Gmy(rp—ry) GM'(r; —rn) )
2 —_ — —_— —

[lr2]? liry — P llry — r~lIP

. GMo + M')ry
N ——2—— &

lirsI1?

where G is the gravitational constant and My, M’, m; and m, are
respectively the mass of the Sun, of Neptune, of the first asteroid
and of the second one.

We introduce some scalings and normalisations to simplify
the problem:

w(0) =1,
m=m; +my =3, (2)
G=1,

where w(?) is the (not necessarily constant) angular mean motion

of the CM around the Sun: w(?) = , /GMO/R%M(I), Rcm(?) being

the radius of the centre of mass at time ¢. The first normalisation
defines the unit of time, the second one, the unit of mass and the
last one, the unit of length.

In the simulations, we will need to ascertain if the two aster-
oids actually form a proto-binary. With this in mind, we will in-
troduce the Hill sphere. In our case, the Hill sphere is the sphere
centred at CM that determines the volume within which the mu-
tual attraction of the asteroids dominates the attraction of the Sun
(see Goldreich et al. 2004; Murray & Dermott 2000). The radius
of this sphere, called the Hill sphere radius, is defined by

mp + nyp
Rysin = Row 2[4+ 12 3
min = Remy [ =57 3)

With this choice of units, the Hill sphere radius is equal to 1. So,
if the distance between the potential binary partners is smaller
than 1, the two asteroids may potentially form a proto-binary.
Conversely, if the distance is larger than 1, the asteroids will
revolve around the Sun and will not form a binary.

2.2. Initial conditions

The initial orbit of Neptune, which is Keplerian, is chosen in
Keplerian coordinates and transformed afterwards to Cartesian
coordinates. For the Circular-Neptune case, the initial semi-
major axis is equal to 30.0940 AU and the eccentricity is zero.
For the Eccentric-Neptune case, the initial semi-major axis is
equal to 27.5 AU and the eccentricity is equal to 0.3. In any
case, the longitude of the pericentre and the mean anomaly are
chosen equal to 0. We have checked that the results are similar
with a non null longitude of the pericentre or a non null mean
anomaly. The initial conditions of the CM of the asteroids are
also chosen in Keplerian coordinates and then transformed to
Cartesian ones. The semi-major axis and eccentricity will de-
pend on the specifics (binary in 3:2 resonance with Neptune or
not). The longitude of the pericentre and the mean anomaly are
equal to O (recall that the x axis is chosen in the direction of the
initial CM).
For the initial position of the asteroids, we will consider:

ri=rcm t¥i, (4)
r» =rcMm t Y2,

where rcy is the position vector of the CM (the initial one is al-
ready determined) and y; = (x1,y;) and Yy, = (x2, y») are linked
by the fact that my; + mpy; = 0. For the initial y; and y,, we
work on a local scale and consider that the two asteroids con-
stitute a two body problem around their mutual CM. With this
hypothesis, the “local” energy for the first asteroid

Gm; 1

1
E==(@+§)- —2——,
(& +47) (m1 +mo? g1l

> &)

remains constant. As we are interested in binary asteroids of
more or less the same mass, let us work with m; = m,. Then,
when we use the normalisations presented above, the energy is
written

E 1 (;2 + ;2) ﬁ‘? 1 (6)
= —\|X VSN Bt
2T 9 gl

where the overbars represent normalised variables. The overbars
will be omitted from now on. The initial conditions for the aster-
oids are calculated in this way: first, we fix the initial energy E.
Then, as the Hill sphere is constructed for the sum of both as-
teroids, x;(0) and y;(0) are chosen between —0.5 and 0.5. We
choose x1(0) = 0 and #;(0) must satisfy the energy integral:

n(0) = \/2E+

Zm‘? 1

9 Ty O

(N
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Initial conditions are real numbers only if the term under the
square root is positive. If it is not the case, the simulation is
stopped. We choose in (7) the positive sign for y;(0) but in
fact, the negative case gives the same results as the positive

case with (—x,(()), —41(0), 0, —,(0) = — \/ZE +2m} /9||y1(0)||).

The MEGNO maps for example (see Sect. 2.4) will be the same
in the positive as in the negative case through an axial symmetry
in x and y and the Monte Carlo simulations (see Sect. 2.5) will
not be affected by the choice of one or the other possibility. For
the second asteroid, x, = —x1, y2 = —y1, X, = 0 and i, = —y;.

The simulations’ were performed using an Adams-
Bashforth-Moulton 10th order predictor-corrector integrator
(Hairer et al. 2008), already implemented and used in
Verheylewegen et al. (2013).

The masses are fixed at 1.98892 x 10°° kg for the Sun
(M) and 1.02410 x 10?® kg for Neptune (M’)’. We approx-
imate the mass of both asteroids by 2.0 x 10'® kg, similar to
the primary in the 1998 WWj3,; system (see Veillet et al. 2002).
However, the results are similar with smaller equal masses down
to 2.0 x 10'7 kg. This corresponds to a sphere with a diame-
ter of about 90 km with a reasonable assumption of bulk den-
sity of 1.5 grams per cubic centimetre. This range of masses is
consistent with the database of binary asteroids http://www.
johnstonsarchive.net/astro/astmoontable.html.

2.3. Chaos indicators and numerical methods

The first indicator used is the surface of section (SOS, singular
and plural). The SOS are computed in this way: a grid of initial
conditions (with E fixed and x;(0) = 0) are integrated up to a
predetermined time. When the trajectory crosses the planar sec-
tion x; = 0 with a positive i, the point is recorded and plotted. A
trajectory tracing a solid curve is indicative of a quasi-periodic
trajectory while one that fills a two-dimensional area indicates
chaotic motion.

In order to distinguish between regular and chaotic orbits,
we use, as a second indicator, the MEGNO map defined by
Cincotta & Sim¢6 (2000). The MEGNO map is a fast chaos in-
dicator which has proven to be reliable in a broad number of
dynamical systems (Cincotta et al. 2003; Gozdziewski et al.
2001, 2008; Breiter et al. 2005; Compere et al. 2012; Frouard
& Compere 2012). The MEGNO is a characterisation of the di-
vergence rate of two nearby orbits and is based on the numerical
integration of a tangent vector defined for the orbits. For stable
orbits, the MEGNO converges towards 2 for quasi-periodic or-
bits and towards O for periodic orbits. For chaotic motion, the
MEGNO increases linearily with time with a slope that is half of
the Lyapunov characteristic exponent value of the orbit (Benettin
et al. 1980).

In our program, the variational equations and the MEGNO
differential equations of GoZdziewski et al. (2001) are integrated
along with the equations of motion. The choice of the initial tan-
gent vector does not influence its evolution and so this is set
randomly. The computation of an orbit is stopped if its MEGNO
value attains 5. On the maps, the points with a value equal to
10 correspond to scattering orbits escaping before the end of the
simulation.

2 The computations were performed on an HPC cluster at the
Interuniversity Scientific Computing Facility center (iSCF — http://
www.iscf.be) located at the University of Namur (Belgium).

3 Seehttp://ssd.jpl.nasa.gov/
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Fig. 1. Comparison between a) SOS and b) MEGNO maps for the pla-
nar 2 + 2 body problem for the Circular-Neptune case. The maps are
done with the CM in the classical belt (R = 45 AU) and the value of the
initial energy E is —1.5.

The last tool used is a two-dimensional Monte Carlo sim-
ulation as in Astakhov et al. (2003). A set of test asteroids is
taken randomly in the Hill sphere: E is chosen randomly in
[-3,-0.4] and x;(0) and y,(0) are taken randomly in [-0.5, 0.5].
The bounds for E are chosen in a way that enough initial condi-
tions are real numbers (so E is not too big) and non chaotic in the
non-resonant case (so E is not too small). Indeed we need initial
conditions which are a temporarily trapped binary system. The
mutual orbits computed with these initial conditions are usually

close to parabolic ones.

. 2m3 .
We let each system (with 2E + % VIIH > 0) evolve until one

of the following situations occurs: the asteroid leaves the Hill’s
sphere (|ly;]] > 0.5) or it survives for a predetermined cut-off
time (here 10000 years). As a second step, we use these final
conditions to perform back integrations in time until again the
exit of the asteroid or the reach of a predetermined cut-off time
(here, —10000 years). The total time in these integrations gives
us the residence time of the asteroids in the Hill sphere, i.e. the
time during which the asteroids remain inside the Hill sphere.
The reason for the backwards in time integration is that when
we pick random initial conditions, some of them will escape al-
most immediately because they are picked “on their way out” of
the Hill sphere. By back integrating, their actual total residence
time can be computed accurately. We then plot histograms of the
residence time of all the initial conditions.

2.4. Surfaces of section and MEGNO maps in the planar
2+ 2 body problem

In this subsection, we present surfaces of sections (SOS) and
MEGNO maps of the 2 +2 body problem (with CM in the 3:2
resonance with Neptune or in the classical belt). In the SOS, 100
initial conditions (with x(0) € [-0.5,0.5], y(0) = 0, E fixed,
X1(0) = 0 and #;(0) as in (7)) are integrated up to 50 000 years
with a step of 0.1 h. For the MEGNO maps, each point of a grid
of 150 % 150 initial conditions corresponds to the MEGNO value
associated to the orbit after 10* years with a step of 1 h.

Figure 1 shows a comparison between a SOS and a MEGNO
map for a specific value of the energy in the 2 + 2 body problem
for the Circular-Neptune case. The positive values of x of each
graph correspond to prograde orbits while the negative ones cor-
respond to retrograde orbits. As we can see, the MEGNO map
shows similar characteristics to the SOS plot. We conclude that
this indicator is adequate to bring out the dynamics of the orbits.
The SOS, which is a graphical method, has severe restrictions
when dealing with systems with more than 2 degrees of freedom.
In contrast, the MEGNO indicator has proven to be a very useful
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Fig. 2. MEGNO maps of the planar 2 + 2 body problem for the Circular-
Neptune case. The maps in the left are done with the CM in the classical
belt (R = 45 AU) and the ones in the right are done with the CM in the
resonance (R = 39.4343 AU). The values of the initial energy E are,
Jfrom top to bottom: 0.5, -0.75 and —1.5.

tool even with more degrees of freedom (as will be the case here)
(Gamboa Suarez et al. 2010; Maffione et al. 2011). In addition,
MEGNO has the advantage of being able to pick out resonances
and to make a clear distinction between initial conditions lead-
ing to chaotic orbits. Also, “forbidden” regions of phase space
are easier to demarcate using MEGNO: in the MEGNO maps,
unphysical (forbidden) initial conditions are plotted in white.

Now, we come back to our central question: is there a differ-
ence in the stability of orbits in the 3:2 resonance with Neptune
and outside the resonance. To investigate that point, we construct
MEGNO maps of the 2 + 2 body problem with the centre of mass
of the asteroids in the resonance or in the classical belt. We will
first look at the Circular-Neptune case. In the resonance, the ra-
dius R is equal to 39.4343 AU and we choose to take R = 45 AU
to analyse what happens outside the resonance. The choice is
motivated by the fact that, in this case, the two asteroids are in
the classical Kuiper belt which means that they are not influ-
enced by any resonance with Neptune. However, all our results
are unchanged if we take for example R = 40 AU instead of
R =45 AU.

The results are presented in Fig. 2. We can first analyse the
maps outside the resonance (i.e. the maps in the left-most col-
umn): for the prograde orbits, the mapping is very regular for
low values of E (map (e)). Then some chaotic and scattering
zones appear when E increases (maps (c)) leading to a mainly
scattering map for higher E (maps (a)). In fact, up to E ~ -0.7,
no prograde orbits are regular. The retrograde orbits are not as
much influenced by E as are the prograde orbits.

Table 1. Percentage of binaries in each residence times category for all
the cases studied in this article.

Cat.1 Cat.2 Cat.3 Figure
Planar Circular-Neptune case
Non-resonant and ecy = 0 51.8 1.2 47.0 4,10
Resonant and ecy = 0 52.8 2.9 443 4
Resonant and ecy = 0.3 69.7 7.3 23.0 10
Planar Eccentric-Neptune case
Non-resonant and ecy = 0 52.8 1.7 45.5 5,11
Resonant and ecy = 0 52.4 1.5 46.1 5
Resonant and ecy = 0.3 70.3 5.6 24.1 11
Non-planar Circular-Neptune case
Non-resonant and ecy = 0 81.3 5.3 13.4 13
Resonant and ecy = 0.3 89.8 4.7 5.5 13

Notes. The first category corresponds to binaries which exit the Hill
sphere in less than 2000 years, the second one to binaires staying cou-
pled between 2000 and 20 000 years and the last one to asteroids which
remain inside the Hill sphere for 20 000 years or longer. The number of
the figures related to these data is also given.

If we compare now the maps outside and in the resonance,
we see the influence of the resonance on some orbits, especially
for E = —0.75. The resonance induces some extremely stable
orbits (with a MEGNO value of 0) but mainly chaotic and scat-
tering ones. For E around —0.75, the prograde stable zones are
totally destroyed. This leads us to think that a random initial bi-
nary will have less chance to be created in the resonant case.

The same figure can be drawn for the Eccentric-Neptune
case. In this case, the radius R is equal to 36.0352 AU in the res-
onance and to 40 AU in the classical belt. The results are shown
in Fig. 3. The maps do not show many differences according to
the location of the centre of mass. This is then not sufficient to
explain the lack of binaries.

We will now compute residence times to see if these calcu-
lations confirm our assumptions.

2.5. Residence times in the planar circular 2 + 2 body
problem

Histograms of residence times in the resonance and in the clas-
sical belt (for one hundred thousand initial conditions) are pre-
sented in Fig. 4 for the Circular-Neptune case and in Fig. 5 for
the Eccentric-Neptune case. The orbits are binned using a log-
arithmic scale. The asteroids fall mainly into three categories:
binaries which exit the Hill sphere in less than 2000 years, bi-
naires staying coupled between 2000 and 20 000 years and as-
teroids which remain inside the Hill sphere for 20 000 years or
longer (in red). The last category corresponds mainly to orbits in
a stable zone which were not (and will not be) disrupted, so they
are not captured orbits (that is why this bin is drawn in red). The
second category represent only a few number of orbit according
to the total number of initial conditions. So mainly all the cap-
tured orbits fall in the first category, which means that they stay
coupled for less than 2000 years. The distribution of the number
of orbits in the three categories is given in Table 1. These re-
sults are in agreement with the MEGNO maps: if we simplify,
for the Circular-Neptune case, some stable orbits (so in the third
category) in the classical belt become chaotic (in the second
category) or scattering (in the first category) in the resonance.
However, these changes are really weak. For the Eccentric-
Neptune case, there is even less differences. This prompted us

A4, page 5 of 9


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201321137&pdf_id=2

A&A 558, A4 (2013)

10

3

o

051 o 05 10
8
b
E
> 0 > 0
4
2
-0.5 05 - o
0.5 0 a5 08 Q D5
X X

Fig.3. MEGNO maps of the planar 2+2 body problem for the
Eccentric-Neptune case. The maps in the left are done with the CM
in the classical belt (R = 40 AU) and the ones in the right are done with
the CM in the resonance (R = 36.0352 AU). The values of the initial
energy E are from top to bottom: 0.5, —0.75 and —1.5.
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Fig. 4. Distribution of residence times (in Log scale) of 100000 aster-
oids in the Hill sphere of the CM (with a null eccentricity) in the planar
2 +2 body problem for the Circular-Neptune case. In a), the CM is in
the classical belt (R = 45 AU) and in b), the CM is in the resonance
(R = 39.4343 AU). These histograms are linked to the MEGNO maps
of Fig. 2.

to introduce another influence of the resonance in the model: an
initial non-null eccentricity for the CM.

3. The 2 + 2 body problem: the planar eccentric case

Mean-motion resonances between a planet and an asteroid
usually have the effect of increasing the eccentricity of the
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Fig. 5. Distribution of residence times (in Log scale) of 100000 aster-
oids in the Hill sphere of the CM (with a null eccentricity) in the planar
2 + 2 body problem for the Eccentric-Neptune case. In a) the CM is in
the classical belt (R = 40 AU) and in b) the CM is in the resonance
(R = 36.0352 AU). These histograms are linked to the MEGNO maps
of Fig. 3.
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Fig. 6. Distribution of eccentricities according to the semi-major axes
of the currently known trans-Neptunian objects. The position of
the 3:2 resonance and the locations of known, roughly same-sized
trans-Neptunian binaries. Data from the Minor Planet Center and
from the database http://www.johnstonsarchive.net/astro/
astmoontable.html

asteroid. This is confirmed for the 3:2 resonance with Neptune in
the Kuiper Belt population, as shown in Fig. 6. Indeed, this figure
presents the eccentricities (versus semi-major axes) of the trans-
Neptunian objects present in the database of the Minor Planet
Center. We can clearly see that, in the resonance (at approxi-
mately 39.4 AU), the eccentricities are mainly concentrated in
the range [0.1; 0.35]. This is also confirmed for example, in
Malhotra et al. (2000) and in Hahn & Malhotra (2005). These
articles clearly show larger eccentricities for the objects in mean
motion resonance with Neptune and especially eccentricities up
to 0.35 for the 3:2 resonance.

3.1. MEGNO maps in the planar eccentric case

Assuming eccentricities comparable to those observed for the
Plutinos, we integrate the equations of motion and compute
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Fig.7. MEGNO maps of the 2 + 2 body problem with the CM in the
resonance (R = 39.4343 AU) for the Circular-Neptune case. The value
of the initial energy E is —0.75 for the fop frames and —1.5 for the bottom
Jframes. The initial eccentricity of the CM is, from left to right: 0, 0.1
and 0.3.
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Fig. 8. MEGNO maps of the 2 + 2 body problem with the CM in the
resonance (R = 36.0352 AU) for the Eccentric-Neptune case. The value
of the initial energy E is —0.75. The initial eccentricity of the CM is,
Jfrom left to right: 0, 0.1 and 0.3.

MEGNO maps. Because we are looking at the last stage of the
migration of Neptune, we can assume that the growth of the ec-
centricity of objects captured into resonance is almost finished.
MEGNO maps for two different values of E and for initial ec-
centricities of the CM of 0, 0.1 and 0.3 are compared in Figs. 7
and 8 for the Circular-Neptune case and the Eccentric-Neptune
case.

With an initial eccentricity of 0.3, almost all the orbits are
scattering or chaotic, especially for the Circular-Neptune case.
The KAM islands are totally destroyed for both prograde and
retrograde orbits suggesting that few binary asteroids can be cre-
ated in the 3:2 resonance if the eccentricity of the centre of mass
is large.

Note that for stable orbits, the eccentricity will stay close to
its initial value during the integrations. For example, the varia-
tion of an initial eccentricity of 0.1 is about 0.012 with a period
of 9000 years.

The scattering behaviour of the orbits mainly comes from
the eccentricity of the CM and not from the direct influence of
the resonance. This is shown in Fig. 9 which shows the same
MEGNO maps as Fig. 7 but with the CM outside the reso-
nance. So, few binaries can be created with a high eccentricity.
Obviously, eccentric asteroids are also present in other regions of
the Kuiper Belt but in smaller numbers (see Fig. 6). The classical
belt is mainly composed of asteroids on nearly circular orbits. In
fact, we can see in Fig. 6 that the classical belt contains only
a small number of same-sized binaries with a large eccentricity
(proportionally to the number of detected binaries). On the other

(b)

(d)

(@ . ()

Number of orbits {in Log scale)

0 0.5 1

Residence time (in years)

Residence time (in years)

Fig. 10. Distribution of residence times (in Log scale) of 100000 as-
teroids in the Hill sphere of the CM in the planar 2+ 2 body prob-
lem for the Circular-Neptune case. In a) the CM is in the classical belt
(R =45 AU) and with a null eccentricity and in b) the CM is in the res-
onance (R = 39.4343 AU) and the initial eccentricity of the CM is 0.3.
These histograms are linked to the MEGNO maps of Fig. 7.

hand, mainly all the asteroids in the 3:2 resonance have large ec-
centricities. These results suggest that the proportion of binary
asteroids created in the 3:2 resonance will be lower than in the
classical belt.

3.2. Residence times in the planar eccentric case

We now compute histograms of the residence times of binary as-
teroids with an initially eccentric CM. For the Circular-Neptune
case, the results are shown in Fig. 10 for the non-resonant and
non-eccentric case (in the left) and for the resonant one with an
initial eccentricity of the CM of 0.3 (in the right). Similar graphs
are shown in Fig. 11 for the Eccentric-Neptune case. The dis-
tribution of the number of orbits in the three categories is also
given in Table 1.

The number of binary asteroids that form proto-binaries last-
ing more than 20 000 years in the resonant eccentric case is about
half the number in the non-resonant circular case (the numbers of
orbits are given in Log scale in the histograms). This means that
the stable zones are really smaller in the resonant-eccentric case.
This strengthens the conclusion about the MEGNO maps: almost
all the stable zones in the non-resonant circular case became
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Fig. 11. Distribution of residence times (in Log scale) of 100000 as-
teroids in the Hill sphere of the CM in the planar 2 + 2 body problem
for the Eccentric-Neptune case. In a), the CM is in the classical belt
(R = 40 AU) and with a null eccentricity and in b), the CM is in the res-
onance (R = 36.0352 AU) and the initial eccentricity of the CM is 0.3.
These histograms are linked to the MEGNO maps of Fig. 8.

scattering or chaotic in the resonant eccentric case. This means
that the number of binary asteroids in the first and in the sec-
ond category grows in the resonant eccentric case. However, the
number of binaries in the second category remains a small frac-
tion of the total number of test particles. These results support
therefore the idea that there is much less stable zones for binary
asteroids in the 3:2 resonance than in the classical belt.

4. The 2 +2 body problem: the non-planar eccentric
case

We can also check the results in the non-planar 2 + 2 body prob-
lem. Figure 12 shows the inclinations (versus semi-major axes)
of the trans-Neptunian objects present in the database of the
Minor Planet Center. We see that the objects in the 3:2 resonance
with Neptune (at approximately 39.4 AU) cover a large range of
inclinations. In order to understand the affect of inclination, we
include the third dimension and choose a random initial incli-
nation for the heliocentric CM (between 0° and 60°) also for
the mutual orbit (also between 0° and 60°). The results are pre-
sented in Fig. 13 and in Table 1 for the Circular-Neptune case
in both cases: the non-resonant non-eccentric case and the res-
onant eccentric one. The results for the Eccentric-Neptune case
are similar.

The effect of the inclination is to decrease the number of
long-lived binaries in both cases. Nevertheless, the ratio of bina-
ries coupled for 20 000 years or more in the resonant and in the
non-resonant case is more or less the same as in the planar 2 + 2
body problem. We can then say that the conclusions drawn in the
planar case are still valid in the non-planar one.

5. Conclusions

The goal of this article was to provide insight into the scarcity
of binary asteroids among the Plutinos. We assumed that binary
formation occurred in situ (within the present day Kuiper belt)
when Neptune’s eccentricity was damping (according to the
Nice model). Using the 2 +2 body approximation of Whipple
& Szebehely (1984) and Whipple & White (1985), we took into

A4, page 8 of 9

60

3:2

50

40- N ]

Salacia

Haumea

inclination (deg)
(6]
[=]

20+ +Qreus
Pluto
Huya

10 c

9% a4 3 38 40 4
Semi-major axis (AU)

Fig. 12. Same as Fig. 6 but for the distribution of inclinations according

to the semi-major axes of the currently known trans-Neptunian objects.
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Fig. 13. Same as Fig. 10 but in the non-planar 2 + 2 bodies.

account the fact that the 3:2 resonance increases the eccentric-
ity of the centre of mass of the asteroids. We performed nu-
merical integrations of the motion of test particles inside their
common Hill sphere to determine whether or not they formed
a binary. We plotted MEGNO maps and histograms of the resi-
dence time of these particles inside and outside the resonant zone
for two different periods of formation (called here the Circular-
Neptune and the Eccentric-Neptune cases). The MEGNO maps
showed, for both epochs, that the stable zones present in the non-
resonant case are almost totally destroyed for both prograde and
retrograde orbits in the eccentric resonant case. This means that
two asteroids cannot easily form a stable and long-lived binary.
Furthermore, the histograms of residence times showed that far
fewer binaries can stay coupled for more than 20 000 years in
the Plutinos region.

Our results indicate that a pair of asteroids in the resonance
has less chance to form a binary than a corresponding couple
exterior to the resonance. Moreover the higher the eccentricity
of their CM, the smaller the probability of binary capture. This
means that objects formed or trapped for very long times in the
resonances will not produce many binaries. So the small number
of binaries observed in the 3:2 resonance are probably very ro-
bust old binaries, which avoided close encounters with Neptune
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and ended up trapped in the resonance, only after Neptune’s ec-
centricity was damped.
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