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a b s t r a c t

Dawson and Murray-Clay (Dawson and Murray-Clay [2012]. Astrophys. J., 750, 43) pointed out that the
inner part of the cold population in the Kuiper belt (that with semi major axis a < 43:5 AU) has orbital
eccentricities significantly smaller than the limit imposed by stability constraints. Here, we confirm their
result by looking at the orbital distribution and stability properties in proper element space. We show
that the observed distribution could have been produced by the slow sweeping of the 4/7 mean motion
resonance with Neptune that accompanied the end of Neptune’s migration process. The orbital distribu-
tion of the hot Kuiper belt is not significantly affected in this process, for the reasons discussed in the
main text. Therefore, the peculiar eccentricity distribution of the inner cold population cannot be
unequivocally interpreted as evidence that the cold population formed in situ and was only moderately
excited in eccentricity; it can simply be the signature of Neptune’s radial motion, starting from a moder-
ately eccentric orbit. We discuss how this agrees with a scenario of giant planet evolution following a
dynamical instability and, possibly, with the radial transport of the cold population.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

The Kuiper belt has a complex orbital structure and can be di-
vided in multiple sub-populations (see Gladman et al., 2008 for a
review). Among them are the cold and the hot populations, which
are defined as the collections of objects inwards of the 1/2 reso-
nance with Neptune (�48 AU) with, respectively, inclinations
smaller or larger than 4�. The cold and hot populations have also
distinct physical properties (see Morbidelli and Brown, 2004 for a
review).

There is a quite general consensus that the hot population
formed originally closer to the Sun, was dynamically excited by
the perturbations from the giant planets and finally was trans-
ported into the Kuiper belt (Gomes, 2003; Levison et al., 2008).
However, there is no consensus on the origin of the cold popula-
tion. Some models argue that it also was transported into the Kui-
per belt from a region closer to the Sun (Levison and Morbidelli,
2003; Levison et al., 2008), while others argue that the cold popu-
lation formed locally (e.g. Parker et al., 2011; Batygin et al., 2011).

An important point in this debate was made by Dawson and
Murray-Clay (2012). First they observed that the usual partition

of the cold and hot populations according to the 4� inclination
boundary is simplistic; in reality these populations have distinct,
but partially overlapping inclination distributions (see Brown,
2001). Thus, to limit the contamination of the cold population by
the hot population, they restricted their analysis to objects with
inclination i < 2�, where the relative fraction of low-inclination
‘‘hot’’ objects is expected to be negligible. Then they showed that,
inside of 43.5 AU, this low-inclination population has also small
eccentricities (e K 0:05), even though orbits would be stable up
to e � 0:1 (Lykawka and Mukai, 2005a). The hot population, in fact,
has eccentricities up to this limit. The lack of moderate eccentricity
orbits in the cold population obviously cannot be explained by
observational biases. Dawson and Murray-Clay therefore inter-
preted this result as evidence that the cold Kuiper belt was only
very moderately excited relative to its original quasi-circular and
coplanar orbits. This argues against models in which the cold pop-
ulation originates closer to the Sun and is implanted into the Kui-
per belt, because such models predict a cold population with an
eccentricity distributions covering the whole stability range.

Given the importance of this argument, we have decided to re-
visit the problem of the eccentricity distribution of the cold Kuiper
belt. In Section 2 we redo the same analysis as Dawson and Mur-
ray-Clay, but using proper elements instead of osculating elements.
Our results confirm theirs, but we notice that the transition be-
tween the inner part of the cold population, where eccentricities
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are all small, to the outer part, where the eccentricities cover a
wider range, happens exactly at the 4/7 mean motion resonance
with Neptune. This suggests that this resonance might have played
a role in sculpting the inner cold belt during a phase of outward
migration. Then, in Section 3 we conduct migration experiments,
testing different migration timescales and eccentricities of Nep-
tune. Section 4 analyzes more in details how moderate-eccentricity
cold Kuiper belt objects are removed by resonance sweeping and
compares their evolution with that of high inclination bodies.
Our conclusions are discussed in Section 5.

2. Distribution of proper elements and stability map for the cold
Kuiper belt

We have selected all TNOs from the MPC catalog with semi ma-
jor axis larger than 25 AU and orbits determined from observations
covering at least three oppositions. Such procedure selected a set of
811 TNOs. For each of these objects we computed numerically the
orbital proper elements using integrations covering 132 My. The
proper semi major axis was computed by numerical average of
the values recorded during the simulation, with an output time-
step of 1000 y. For the proper eccentricities and inclinations, the
computational procedure was more elaborated, although standard
(Knežević and Milani, 2000). We first computed the Fourier series
of ðhðtÞ; kðtÞÞ and ðpðtÞ; qðtÞÞ, where:

hðtÞ ¼ eðtÞ cos½-ðtÞ�
kðtÞÞ ¼ eðtÞ sin½-ðtÞ�
pðtÞ ¼ iðtÞ cos½XðtÞ�
qðtÞÞ ¼ iðtÞ sin½XðtÞ�

ð1Þ

and eðtÞ; iðtÞ;-ðtÞ and XðtÞ are the values of eccentricity, inclination,
longitude of perihelion and longitude of node recorded over time t.
We then removed from the series expansions the terms with fre-
quencies close (i.e. within one arcsec/y) to the proper frequencies
of the planets. Finally, we selected as proper eccentricity and incli-
nation the coefficients of the largest remaining term in the each of
the two Fourier series.

In order to evaluate the accuracy of proper eccentricity and
inclination, we performed the procedure described above for the
first and the second halves of the whole integration, i.e.,
65.536 My. Then, we adopted as an estimate of the error, the larg-
est difference among the proper elements calculated for the whole
integration time-span and those computed in each of the two half
time-spans. The relative accuracy in proper semi major axis was al-
ways better than 3� 10�4. The absolute accuracies in proper
eccentricity and inclinations were better than 0.01� and 0.1�
throughout the region of interest (i.e. inside of 44 AU and not in
the 4/7 mean motion resonance with Neptune).

Once in possession of this proper element catalog, following
Dawson and Murray-Clay we retained as members of an ‘‘uncon-
taminated cold population’’ the objects with proper inclination
smaller than 2�. Fig. 1 shows the distribution of the selected objects
(dots) in proper semi major axis vs. eccentricity plane.

We also computed a new stability map. In fact, the map used by
Dawson and Murray-Clay, from Lykawka and Mukai (2005a), was
computed for a wide range of inclinations, whereas here we are
interested to very low inclinations only. We could have used the
stability map in Duncan et al. (1995), which was computed for
i ¼ 1�, but the latter was quite sparse, due to the computing limi-
tations of the time. Moreover, both Lykawka and Mukai and Dun-
can et al. reported their maps relative to the initial osculating
elements. Here, for a consistent comparison with the proper ele-
ments of the real objects, we needed a map computed in proper
elements space.

To compute the stability map, we proceeded as follows. We
adopted a grid of particles’ initial conditions, with osculating ele-
ments in the following ranges: 42 AU < a < 48 AU, 0 < e < 0:2 and
0 < i < 2�, with resolutions of 0.2 AU in a, 0.01 in e and 0.5� in i.
The secular angles X and - were set equal to 0�. Each particle
was integrated for 132 My. We then computed their proper ele-
ments following the same procedure described above. Finally, we
continued the simulations for 4 Gy in order to asses the long-term
survival of the test particles.

To construct Fig. 1, for each given pair of initial a and e, we se-
lected the particle with the smallest value of proper inclination.
Then, for the particles that survived in the 4 Gy integration (i.e.
they did not encounter Neptune within a Hill radius within this
time), we plotted on a white background a light-gray square of size
0.2 AU � 0.01 centered on their values of proper semi major axis
and eccentricity measured on the first 132 My. Moreover, particles
that did not survive were denoted by dark-gray squares centered
on the initial pair of osculating semi major axis and eccentricity.

The stability map of Fig. 1 shows few surprises. In general, par-
ticles are unstable at large eccentricity and stable at low eccentric-
ity, where the perihelion distance is larger than �38–40 AU. Mean
motion resonances represent the exception to this general rule.
The light-gray squares at large eccentricity are all associated to
mean motion resonances, as well as the vertical white columns
at low or moderate eccentricities. Some mean motion resonances,
therefore, clearly stand out from the stability map, and they are la-
beled on the figure.

In general, as expected, the dots fall on light-gray squares.
Those that do not, are associated to mean motion resonances. In
fact, in a mean motion resonance there is a third dimension char-
acterizing the orbit: the resonant amplitude. It is well possible that
none of the test particles that we used for the stability map
sampled the orbit of a real particle because their libration ampli-
tude is different. In this case, a dot is plotted over the white
background.

Overall, Fig. 1 confirms the results of Dawson and Murray-Clay.
Inside of 43.5 AU, all real objects have small eccentricities, barely
exceeding 0.05. The stability map, however, ranges up to 0.1 in
the 42.2–42.6 AU region. Thus, there is clearly a stable region
(approximately in the range 0:05 < e < 0:1) in the inner belt that
is not inhabited by the cold population. At a closer inspection,
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Fig. 1. The dots show the distribution of proper semi major axis and proper
eccentricities of the Kuiper belt objects with well-defined orbits and proper
inclination smaller than 2�. The light-gray squares denote the regions of proper
element space that are stable in 4 Gy simulations and the dark-gray squares denote
the initial orbital elements of unstable particles. White color is the background. The
light-gray squares are not regularly spaced because the application mapping the
initial conditions (regularly spaced) to proper elements is not linear. The vertical
dashed lines depict the main mean motion resonances as labeled.
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