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Abstract

It was recently proposed that there exists a “gateway” in the orbital parameter space through which Centaurs
transition to Jupiter-family comets (JFCs). Further studies have implied that the majority of objects that eventually
evolve into JFCs should leave the Centaur population through this gateway. This may be naively interpreted as
gateway Centaurs being pristine progenitors of JFCs. This is the point we want to address in this work. We show
that the opposite is true: gateway Centaurs are, on average, more thermally processed than the rest of the
population of Centaurs crossing Jupiter’s orbit. Using a dynamically validated JFC population, we find that only
~20% of Centaurs pass through the gateway prior to becoming JFCs, in accordance with previous studies. We
show that more than half of JFC dynamical clones entering the gateway for the first time have already been JFCs—
they simply avoided the gateway on their first pass into the inner solar system. By coupling a thermal evolution
model to the orbital evolution of JFC dynamical clones, we find a higher than 50% chance that the layer currently
contributing to the observed activity of gateway objects has been physically and chemically altered, due to
previously sustained thermal processing. We further illustrate this effect by examining dynamical clones that match
the present-day orbits of 29P/Schwassmann-Wachmann 1, P/2019 LD2 (ATLAS), and P/2008 CL94 (Lemmon).
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1. Introduction

Jupiter-family comets (JFCs) are continuously replenished
from their outer solar system reservoirs, the Kuiper Belt and the
scattered disk (Fernandez 1980; Duncan et al. 1988; see
distributions in Figure 1). Before JFCs enter the inner solar
system, where they are typically observed on short period
orbits with perihelion distances close to the Sun, they spend a
significant amount of time as Centaurs (Levison & Dun-
can 1997; Tiscareno & Malhotra 2003). This dynamical
cascade between populations, and the individual orbital tracks
that these icy objects follow, can entail extensive modifications
of their internal structure and composition (e.g., Gkotsinas et al.
2022, and references therein). In this context, the transient
population of Centaurs is a key target for understanding
progenitors of JFCs.

Recently, Sarid et al. (2019) reported that the transition from
the Centaur to the JFC region involves a passage through a
restricted area in the orbital elements space, described by orbits
with a perihelion distance of ¢ >5.4au and an aphelion
distance of Q < 7.8 au, which translates into orbits with a
semimajor axis of 5.2<a<7.8au and an eccentricity of
e <0.2. This “gateway” region has a heliocentric distance
range that coincides with that where cometary nuclei are
observed to be increasingly active within the giant-planet
region (see the active Centaurs displayed with orange stars in
Figure 1). Their dynamical models suggest that the majority of
objects which eventually become JFCs transition from the
Centaur population through this gateway. Subsequent work
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have emphasized the importance of studying the activity
pattern of so-called gateway Centaurs, as they will likely
transition to JFCs in relatively short timescales, becoming ideal
targets to investigate how dynamical and thermal evolution
alters comet nuclei before becoming JFCs (e.g., Steckloff et al.
2020; Kareta et al. 2021).

In this work, we examine the thermal processing of objects
transitioning from the Centaur to the JFC region, with an
emphasis on the gateway region. We use a sample of simulated
JFCs (hereafter “dynamical clones”), successfully reproducing
the current orbital distribution of JFCs, taken from a N-body
simulation tracking the orbital evolution of the giant planets,
and a large number of small bodies of the outer planetesimal
disk (Nesvorny et al. 2017). We apply a thermal evolution
model (Guilbert-Lepoutre et al. 2011) to the resulting orbital
evolution tracks, in order to constrain the internal thermal
structure—a method developed by Gkotsinas et al. (2022). Our
goal is to assess the significance of this region for the physical
properties of active Centaurs, as they evolve from the outer
solar system to Jupiter-crossing orbits.

2. Coupled Thermal and Dynamical Evolution Study
2.1. Dynamical Clones

We consider in this study a sample of JFC dynamical clones
generated from simulations performed by Nesvorny et al.
(2017). The goal of their work was: (a) to model the formation
of cometary reservoirs early in the solar system history; (b)
follow their evolution up to the present time; and (c) assess
how current observations of well-characterized JFCs could be
used to constrain the orbital structure of the trans-Neptunian
region. In order to do so, they performed end-to-end
simulations, forming cometary reservoirs and letting them
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Figure 1. Distribution of icy objects in the solar system, from the trans-
Neptunian to the JFC populations, in the semimajor axis (in au) vs. eccentricity
plane. Neptune’s orbit is marked by a vertical dashed line. Other lines of
interest are displayed: on the top panel, the locus of perihelion distances at 5.2,
30, 40 au; on the bottom panel, the locus of perihelion distances at the giant
planets and 12 au, and the locus of aphelion distance at Saturn. Orbital
elements come from the JPL Solar System Dynamics database (https://ssd.jpl.
nasa.gov). Active Centaurs are marked with orange stars on the bottom panel.

evolve for 4.5 Gyr. These simulations rely on a dynamical
framework for the early evolution of the solar system,
including the planetary migrations and instabilities which lead
to the solar system as we know it now. They used the model
described by Nesvorny & Morbidelli (2012), for which self-
consistent simulations were performed and tested against
various constraints from small body populations (e.g.,
asteroids, Kuiper Belt, Jupiter Trojans, and regular and
irregular moons of the giant planets; Nesvorny 2018).
Nesvorny et al. (2017) calibrated their model by confronting
the characteristics of their JFC dynamical clones (e.g., number
and orbital element distributions) to observed comets. The
observable JFCs, with a perihelion distance below 2.5 au,
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amount to 350-380 objects currently known and well-enough
characterized to be used to perform such calibration (see also
Seligman et al. 2021). For each resulting dynamical clone, they
record the dynamical pathway from the time it leaves the
reservoir until it is ejected out of the solar system. These
trajectories can thus be used to study the dynamical and
physical evolution of JFCs in a statistically significant manner.
We note that non-gravitational forces were ignored. The time
step for the simulations is 0.5 yr, however the trajectories
themselves are recorded every 100 yr from the first time the
clones reach 30 au on their way inward, out of the outer solar
system’s reservoirs.

2.2. Coupled Thermal and Orbital Evolution

For this study, we consider a total of 350 JFC dynamical
clones, all of which have a perihelion distance within 2.5 au at
some point in their lifetime. Coupling the thermal evolution of
these clones to their orbital evolution requires making a number
of assumptions to constrain their effective long-term thermal
processing, which we describe below.

Heat equation—we use a 1D thermal evolution model
derived from Guilbert-Lepoutre et al. (2011), which solves the
heat diffusion equation:

or . —
Poulk€ o + div(—k grad T) = S, (1)

with ppuk (kg m_3) the clone’s bulk density, ¢ (J kg_1 K_l) the
material’s heat capacity, T (K) the temperature, x (W m! Kil)
the material’s effective thermal conductivity, and S the heat
sources and sinks. First, we exclude phase transitions, which
we cannot track properly because they occur on timescales
much smaller than the dynamical time step (Gkotsinas et al.
2022). Moreover, our thermal evolution model would require a
prohibitive calculation time to solve time-dependent equations
of heat transfer and gas flow in a porous medium, while
accounting for multiple phase transitions, during the millions of
years achieved by dynamical simulations. In Equation (1), this
leads to S = 0.

Physical properties—each dynamical clone is considered as
a sphere with a 5 km-radius. This parameter has no influence on
our results, as the only source of heating we consider is
insolation of the surface. The size of clones (R, in m) would
affect the conduction timescale 7= Rzpbulkc/ Kk (s), which
informs the time required to heat an object down to the core,
and which is much longer than the orbital evolution timescale
(for kilometer-sized objects). Essentially, we are interested in
the processing of the subsurface layer which contributes to any
activity observed today, i.e., a few hundred meters at most. All
physical characteristics are assumed to remain constant through
the dynamical evolution. For each parameter, we select a
reference value extensively used in the literature (e.g., Prialnik
et al. 2004; Huebner et al. 2006). The most critical of those is
the thermal conductivity « (W m~! Kil), which defines the
fraction of heat diffusing toward the interior (see Gkotsinas
et al. 2022 for the influence on the long-term processing of
JFCs). Different values of the thermal conductivity ultimately
result in different depths at which heat waves can penetrate
below the surface, e.g., a lower conductivity induces the
processing of a shallower subsurface layer. This effect does not
modify the heating patterns that we describe though, nor the
general conclusion, as subsequent activity generated from the
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subsurface layers is also scaled with the thermal conductivity.
Therefore, in the following, we only show results obtained with
a thermal conductivity of 5 x 10 °Wm™' K~!, a realistic
value in agreement with laboratory experiments on cometary
material (i.e., 0.002 <k <0.02W m~'K~!; Krause et al.
2011).

Energy balance at the surface—further simplifications are
adopted regarding the calculation of the energy balance at the
surface over the 100yr dynamical time step. An averaged
energy flux is computed at every time step, based on analytical
solutions for the time-averaged energy flux received by objects
in eccentric orbits (Williams & Pollard 2002; Méndez &
Rivera-Valentin 2017). This averaged energy flux defines an
averaged orbital distance computed as a.q = a(l —ez) (au),
which is used in the surface boundary condition of
Equation (1):

(1_7“42)% = cosgT* + na—T, )

dmag or

with A4 the Bond’s albedo, L. the solar constant, ¢ the
emissivity, and ogg the Stefan—Boltzmann constant. Diurnal
and seasonal variations are not considered in our thermal
simulations, as they are simply not resolved in such long-term
dynamical simulations. Additional limitations arise when it
comes to sharp orbital changes taking place mainly in the inner
parts of the solar system, close to Jupiter and Saturn (Seligman
et al. 2021): these are not resolved by the 100 yr time step in
the dynamical simulation outputs. This implies that some short-
scale heating episodes will go unnoticed in our thermal
simulations. However, internal heating on such short timescales
is likely limited to a shallow subsurface layer. Indeed, an
intense but quick passage close to the Sun has a limited effect
on a comet’s interior than a lengthier exposure to a lesser
amount of averaged energy received at the surface. Our
averaging strategy over a 100 yr time step thus mitigates the
effects of both short and long exposures to insolation.

3. Transition of Clones Between Centaurs and JFCs
3.1. Definition of Populations

To investigate the transition of icy objects between the
Centaur and JFC populations, we first need to define the
contours of these populations. To do so, we put labels on these
bodies, based on cuts and thresholds in the distribution of their
orbital elements, despite the clear continuity between popula-
tions (see Figure 1 for instance). In other words, these
definitions do not inform, nor alter, the nature of these objects.
Many definitions can be found in the literature, as recently
reviewed by Seligman et al. (2021). In this study, we based our
definitions for Centaurs and JFCs on the definition of the
gateway as given in Sarid et al. (2019). We remind that it is
introduced as orbits which do not cross the orbit of Jupiter, i.e.,
with a perihelion distance of ¢ > 5.4 au. Objects in the gateway
should also be well separated from the orbit of Saturn, i.e., they
should have an aphelion distance of Q < 7.8 au. We thus define
the Centaur population as having 5.4 <g<30.1au and
5.4 <a<30.1 au, which is relatively similar to the compre-
hensive definition of Jewitt (2009). Consequently, Centaurs
which are not in the gateway have g > 5.4 au, and Q > 7.8 au,
and JFCs are objects with ¢ <5.4au and Q < 7.8 au. With
these definitions, a number of objects (or rather, orbits explored
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Figure 2. Distribution of dynamical clones in the semimajor axis vs.
eccentricity plane on the first time they enter the gateway or cross Jupiter’s
orbit. Crosses correspond to clones (191 objects, 54.6% of the population)
entering the gateway for the first time. Distributions as a function of their origin
are given on the right panels (Centaurs in blue, JFCs in orange, and Jupiter-
crossers in green). Circles correspond to the 159 clones (45.4%) which never
go through the gateway: their distribution is given on the first time they become
Jupiter-crossers before becoming JFCs.

by clones) do not find any “host” population, because their
orbital elements do not satisfy the thresholds to receive the
corresponding label. Indeed, a number of clones transition to
the JFC population from regions in the orbital space that do not
fit the above cuts, due mainly to them having an e > 0.3
eccentricity, allowing clones with a large semimajor axis to
reach Jupiter-crossing orbits. Hence, to achieve a complete
description of the distribution, we define a population of
Jupiter-crossers, with ¢ <5.4au and 7.8 < Q < 14.5 au. This
14.5 au threshold is based on the consideration that a should be
smaller than the semimajor axis of Saturn (so that the orbital
evolution is dominated by interactions with Jupiter). We note
that this category is relevant in particular for objects which
never go through the gateway region during their lifetime.

3.2. To Go or Not Go Through the Gateway

With these thresholds in mind, we investigate the population
of dynamical clones from Nesvorny et al. (2017) as they
transition from Centaurs to JFCs. Among the 350 clones, we
find that 191 objects reach the gateway region at least once in
their lifetime (54.6%). Of those, 73 were Centaurs prior to
entering the gateway (i.e., 20.9% of the overall clone
population), while 102 objects (29.1%) were previously JFCs.
In other words, these clones had already transitioned from
Centaurs to JFCs without going through the gateway, which
they entered then later during their lifetime. The remainder 16
clones (4.6%) entered the gateway from Jupiter-crossing orbits.
The distribution of these objects is given in Figure 2.

Overall, we find that, strictly speaking, our population has
only 20.9% of Centaurs which actually go through the gateway
prior to becoming JFCs for the first time. Since 159 clones
(45.4%) never go through the gateway at any point of their
lifetime, we find that most Centaurs (79.1%) make their first



THE ASTROPHYSICAL JOURNAL, 942:92 (14pp), 2023 January 10

25K isotherm
100

80K isotherm

Guilbert-Lepoutre et al.

110K isotherm

80

B Others
B Gateway

Fraction of clones [%)]

Depth [km]

IR IR

Depth [m]

O O O O O 0 Q \a) O 0

Depth [m]

Figure 3. Temperature distributions for clones when they enter the gateway for the first time (teal), and clones when they first cross Jupiter prior to reaching JFC orbits

(dark blue).

transition to the JFC population outside of the gateway region.
As reported by Sarid et al. (2019), we find that an object—of
those reaching the gateway region—can enter and exit the
gateway more than once during its lifetime: the mean number
of entrance is 7 to 8 times, the median is at 4 entrances though.

3.3. Thermal Processing of Clones in the Gateway

In the same way as Gkotsinas et al. (2022), we assess the
thermal processing of our dynamical clones in a statistical
manner, by tracking the depth of three isotherms representative
of key phase transitions: (a) 25K, for the sublimation of
hypervolatile species such as CO; (b) 80 K, for the sublimation
of moderately volatile species such as CO,; and (c) 110K, for
the crystallization of amorphous water ice. For clones which go
through the gateway at some point of their lifetime, we record
the depth of those isotherms the first time they enter this region:
their corresponding orbital elements are shown in Figure 2. For
clones which never go through the gateway, we record these
depths the first time they cross the orbit of Jupiter, i.e., the first
time their orbit satisfies ¢ < 5.4 au and 7.8 < Q < 14.5 au. The
distribution of orbital elements of these clones in the semimajor
axis versus eccentricity plane is given in Figure 2. We show the
corresponding internal temperature distributions in Figure 3.
We find some differences in the thermal processing of the two
sub-populations, i.e., clones passing through the gateway
versus clones reaching JFC orbits without ever entering the
gateway in their lifetime.

Indeed, objects are statistically more processed on their first
entrance in the gateway than the rest of the Centaurs when they
transition to JFC orbits outside of the gateway. We applied a
Mann—Whitney U non-parametric test for each isotherm: this
test can be used for non-normal distributions of populations
with different variances, to test the null hypothesis that two
samples come from the same population. Each test confirms
that the two groups are statistically different (null hypothesis
rejected with a p-value of 10° for 25K, and 10® for 80 and
110 K). This is mainly due to the fact that more than half of
these objects (102 clones, or 53.4% of objects going through

Table 1
Depth of the 25, 80, and 110 K Isotherms for the Gateway and No-gateway
Centaurs

Gateway Centaurs (191 Objects)

Isotherm Average depth (m) Median depth (m)
25K 4760 5000

80 K 110 61

110 K 20 4.4

No-gateway Centaurs (159 objects)

Isotherm Average depth (m) Median depth (m)
25 K 3810 5000

80 K 62 11

110K 4.2 0.25

Note. The averages and medians are computed from the temperature
distributions shown in Figure 3.

the gateway) have already been close to the Sun on JFC orbits,
prior to reaching the gateway. In contrast, objects which never
go through the gateway (which we call the “no-gateway”
objects) are considered on their first time of crossing the orbit
of Jupiter, prior to becoming JFCs in this comparison. The
gateway clones are thus more processed on average than those
of Centaur origin: their internal structure and composition are
affected by the cumulative effect of experiencing higher
temperatures in JFC orbits, and having spent more time (on
average) close to the Sun. This effect was accounted for by
Sarid et al. (2019) through a fading activity law.

If most dynamical clones are heated above 25 K down to the
core, the no-gateway population has the largest fraction of
objects able to maintain some hypervolatiles (as pure
condensates) within the 1 km-subsurface layer (see Figure 3
and Table 1). Similarly, the 80 K isotherm is located on average
~60 m below the surface for the no-gateway clones (median
around 10 m), while the gateway population is heated above
that temperature for more than 100 m on average (median at
60m). The crystallization front (represented by the 110K
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isotherm) remains close to the surface for both sub-populations,
although more objects in the gateway experience crystallization
below 50—100 m than the no-gateway objects.

4. Implication for Individual Objects
4.1. Context of Active Centaurs

As of today, the origin of Centaurs’ activity has not been
definitively identified, and different processes may be involved
for different individual objects (e.g., Prialnik et al. 1995; Capria
et al. 2000; De Sanctis et al. 2000). Crystallization of
amorphous water ice appears as a phase transition of choice
to trigger activity, given the physical and orbital properties of
active Centaurs (Jewitt 2009; see also Figure 1): indeed,
currently known active Centaurs are too cold for water ice to
sublimate, while the sublimation of other species such as CO or
CO, would imply that activity should be observed even further
out in the giant-planet region. Overall, Guilbert-Lepoutre
(2012) suggested that the activity of Centaurs seems tightly
linked to their orbit: as amorphous water ice crystallization
progresses inward below the surface, sustained cometary
activity fades with time. A change in surface energy balance
(e.g., due to a drop in perihelion distance) is thus required to
trigger a subsequent new spurt of activity. Davidsson (2021)
argued that the sublimation and segregation of CO, may
additionally play some role to explain the level of activity
observed in the 10-12 au region.

Fernandez et al. (2018) studied the dynamical evolution of
both active and inactive Centaurs. They found that active
Centaurs are prone to drastic drops in their perihelion distances,
with a timescale of 10°~10° yr. The thermal results of Guilbert-
Lepoutre (2012) are consistent with these timescales, as they
suggested that a change in orbital elements might be required to
trigger phase transitions, ensuing the adjustment to new thermal
conditions. We note that searches for activity among recently
discovered Centaurs have failed (e.g., Cabral et al. 2019; Li
et al. 2020; Lilly et al. 2021), however, targeted objects are
found on relatively stable orbits beyond Saturn, where no
significant activity would be expected from the aforementioned
processes.

With these considerations in mind, we find it relevant to
study the coupled thermal and dynamical evolution of
individual objects before they evolve to the orbit in which
they are currently observed, to inform their possible past
history and activity. We put an emphasis on the 80 and 110 K
isotherms, representative of CO, sublimation and amorphous to
crystalline phase transitions, respectively.

4.2. Selecting Clones for Centaurs of Interest

The study of gateway Centaurs has focused so far on two
specific objects, 29P/Schwassmann-Wachmann 1 and P/
2019 LD2 (ATLAS) (hereafter 29P and LD2, respectively;
Sarid et al. 2019; Steckloff et al. 2020; Hsieh et al. 2021;
Kareta et al. 2021; Seligman et al. 2021). In light of the results
presented above, we provide some insight on the coupled
thermal and dynamical evolution of the clones of these two
bodies. We have added P/2008 CL94 (Lemmon) in this work
(hereafter CL94), since it is an active Centaur currently located
in the gateway (Kulyk et al. 2016). Clones of a specific object
can be selected from the whole population by defining “boxes”
around the values of the currently observed semimajor axis a,
eccentricity e, and inclination i. For each orbital element, we

Guilbert-Lepoutre et al.

08 L LR i L L T T T N R LI G- ‘_7.-" T L
i :
: [ 1
L : \ 12 -8 -4 0 1
) Time [kyr]
L 1 4
0.6 o -
3
L I .’;@.’@0 _
2 .
3] i 1
E 04 §
Q B .
Q
L | . y
L o
0.2 d
L1 T ML .'A[ P I : | T S S N T T
0.00 5 10 15 20 25 30
Semi-major axis [au]
——————————————————
L £l
[—— |
t 0 131 -065 000 ¥
08 ! Time [Myr] =" e
A = 3
. e
[ e
20 /
S [ 3 = ]
= L A
[«}] r o
S04
w =g
02 F g / -
0.0 I . A Al .".. PR . SR P B .-
0 10 20 30 40 50

Semi-major axis [au]

Figure 4. Orbital evolution of two clones of comet 29P in the eccentricity—
semimajor axis plane. The clone from the top panel underwent relatively little
heating before approaching the orbit of comet 29P, whereas the clone from the
bottom panel was strongly heated during close passages to the Sun. One data
point is given every 100 yr of dynamical evolution: the color code provides the
time evolution for the duration subsequently displayed in Figure 8. The orbital
evolution prior and after this time subset is shown in dark and light gray,
respectively. The black solid line shows orbits with a perihelion distance of
5.2 au, the black dashed line shows orbits with an aphelion distance of 9.4 au,
and the red lines provide the limits of the gateway. The blue dotted—dashed line
shows orbits with a perihelion distance of 12 au.

define an acceptable range of tolerance where our dynamical
clones can fall: the larger the acceptable range, the larger the
number of clones that will satisfy the conditions at some point
of their orbital evolution. We typically allow £0.05 au for the
semimajor axis, £0.05 for the eccentricity, and =1° for the
inclination. For each of the three objects mentioned above, we
thus define the following “boxes”:

29P 595<a<6.05au
0.01 <e<0.09
8.73 <i<10°73
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Figure 5. Orbital evolution of two clones of comet LD2 in the eccentricity—
semimajor axis plane. As in Figure 4, the clone from the top panel underwent
relatively little heating before approaching the orbit of comet LD2, whereas the
clone from the bottom panel was strongly heated during close passages to the
Sun. One data point is given every 100 yr of dynamical evolution: the color
code provides the time evolution for the duration subsequently displayed in
Figure 9. The orbital evolution prior and after this time subset is shown in dark
and light gray, respectively. The black solid line shows orbits with a perihelion
distance of 5.2 au, the black dashed line shows orbits with an aphelion distance
of 9.4 au, and the red lines provide the limits of the gateway. The blue dotted—
dashed line shows orbits with a perihelion distance of 12 au.

LD2 524 <a<5.34au
0.08 <e<0.18
10.56 < i< 12956

CL94 6.10<a<6.20au
007 <e<0.17
73<i<9%3

We find 10 clones which at some point of their lifetime had
orbital elements similar to the observed 29P and LD2. For
CL94, we find 21 clones whose orbital elements satisfy the
conditions at some point of their lifetime. In the following, we
only consider the orbital history of each object before it evolves
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Figure 6. Orbital evolution of two clones of comet CL94 in the eccentricity—
semimajor axis plane. As in Figure 4, the clone from the top panel underwent
relatively little heating before approaching the orbit of comet CL94, whereas
the clone from the bottom panel was strongly heated during close passages to
the Sun. One data point is given every 100 yr of dynamical evolution: the color
code provides the time evolution for the duration subsequently displayed in
Figure 10. The orbital evolution prior and after this time subset is shown in
dark and light gray, respectively. The black solid line shows orbits with a
perihelion distance of 5.2 au, the black dashed line shows orbits with an
aphelion distance of 9.4 au, and the red lines provide the limits of the gateway.
The blue dotted—dashed line shows orbits with a perihelion distance of 12 au.

into the relevant box as a proxy for the past orbital history of
each Centaur. As a sanity check, we have searched for clones
of each known active Centaur (i.e., 31 additional Centaurs, as
displayed in Figure 1 bottom panel), with the same accepted
range for each orbital element. For each active Centaur, we find
a number of clones that satisfy our conditions: on average 18
clones per object, ranging from 2 clones for C/
2012 Q1 (Kowalski) to 50 clones for P/2010Cl1 (Scotti)
(median at 14). We thus conclude that there is nothing
particular with the orbital boxes defined for 29P, LD2, or CL94
that would have led to a significantly different number of
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Figure 7. Temperature distributions of the clones of 29P (blue), LD2 (green),
and CL94 (orange).

clones than the rest of the active objects in the giant-planet
region.

4.3. Orbital Considerations

For our three objects, several features of interest are
observed. First, the lifetimes of clones span a wide range of
values. For 29P, some clones transition from 30 au to the box
as fast as ~4.5Myr, while others take much longer than
100 Myr to reach 29P’s orbit from the outer solar system (the
longest being 375.5 Myr). For LD2, the dynamical timescales
range from 16.6 to 480.5 Myr, and for CL94, the lifetime range
is even larger: from 9.3 to 878.1 Myr. Figures 4, 5, and 6
provide details on the evolution of the orbital elements of the
clones of 29P, LD2, and CL94, respectively, before they enter
the designated box. The dynamical behavior of each clone is
unique and chaotic, with sometimes long periods spent in
regions where phase transitions would be expected to occur
(see Guilbert-Lepoutre 2012; Davidsson 2021; and Figures 4-6).
Second, we see that before entering the designated box, most
clones explored orbits with lower perihelion distances (either as
JFCs or Jupiter-crossers). Indeed, once their orbital evolution is
dominated by gravitational interactions with Jupiter, changes in
the perihelion distance become more frequent and chaotic.
Third, some clones can enter the orbital box defined for each
object several times during their lifetime. Furthermore, we
notice that clones can enter the orbital box of two different
objects throughout their lifetime. For instance, we have one
clone in common between 29P and LD2, three clones in
common between 29P and CL94, and two clones in common
between LD2 and CL94.

4.4. Thermal Evolution and Internal Structure

Clones of individual objects experience a variety of time-
scales of residency in the giant-planet region, and of variations
in orbital elements. This inevitably entails a diversity in thermal
processing. The relationship between timescale and thermal
processing is not straightforward though, and is clearly
dependent upon the unique orbital track followed by each
clone. In order to assess the degree of processing of each
individual clone, we record the depth of the two isotherms of
interest: their distributions in depth for clones of our three

Guilbert-Lepoutre et al.

objects are shown in Figure 7. Visualizing how the heat
propagates below the surface is also informative, so we show in
Figures 8, 9, and 10 two examples of thermal evolution coupled
to the dynamical evolution for clones of 29P, LD2, and CL94,
respectively. These correspond to clones whose orbital
evolutions are presented in Figures 4-6. For each Centaur of
interest, we have selected one clone arriving relatively
unaltered in the designated box, and one comparatively
thermally processed clone.

Centaur 29P is the object, among our three, with the largest
fraction of relatively unaltered clones: two of them, despite
having quite long lifetimes (~29 and 76.7 Myr, respectively),
reach the 29P current position with an unaltered composition.
Their interiors are barely heated above 80 K in the upper 10 m.
Three clones have 80 and 110 K isotherms located around 50
and 10 m deep, respectively, while half of the 29P clones have
been processed to the extent that the 110 K isotherm is located
below 50 m, and the 80 K isotherm below 100 m or more (up to
~360 m). For the clones of LD2, the depths for the 80 and
110K isotherms are statistically greater than for 29P, since no
LD2 clone reaches the orbital box as unprocessed as the two
29P clones mentioned above. Of the 10 clones of LD2, all are
thus moderately to substantially processed, with the 80 and
110 K isotherms found at least below 10 m, and mostly below
100m for the 80K isotherm. For the two most-processed
clones, with two different lifetimes of more than 480 Myr
versus 40 Myr, the 80K isotherm is located beyond 400 m
when they arrive in the LD2 orbital box. Of the CL94 clones,
only one remains relatively unprocessed (with the 80 and
110K isotherms within the uppermost 10 m), while for most
the 80 and 110K isotherms are located beyond 110 m and
60 m, respectively.

5. Discussion
5.1. On Transitioning Through the Gateway

By means of forward modeling of the dynamical cascade
from trans-Neptunian Objects to JFCs, Sarid et al. (2019)
suggested that a specific dynamical pathway should facilitate
the transition between the Centaur and JFC populations. They
found that 21% of Centaurs transition to JFC orbits through the
gateway (30% when adding the gravitational perturbations
from inner solar system planets). Because of stochastic
gravitational perturbations from Jupiter, objects can jump in
and out of the giant-planet region several times in their lifetime,
so that more than 3 /4 of them would eventually go through the
gateway, or nearly half of objects with a perihelion distance
smaller than 3 au.

We use a sample of simulated active and visible JFCs, all
with perihelion distances smaller than 2.5 au at some point in
their lifetime. Our results can be directly compared with those of
Sarid et al. (2019), as they provide statistics for clones reaching
q < 3 au. They find that nearly half of those clones spend some
time in the gateway, which is consistent with the 54.6% of
clones we find. In terms of pure dynamical pathways, our results
are thus completely aligned with those of Sarid et al. (2019).

However, when it comes to the pristine nature of these
objects, the thermal processing sustained prior to their passage
in the gateway, and hence the direction from which they enter
the gateway, matters. When we constrain the origin of clones
the first time they reach the gateway, we find that, strictly
speaking, our population has only 20.9% of Centaurs which
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Figure 8. Distribution of the internal temperature as a function of depth and time for two clones of 29P, resulting from orbital evolution. The top panels show the
evolution of the perihelion distance as a function of time. The bottom panels show the resulting evolution of the internal temperature. The least-processed clone of 29P
is shown on the left. The timeline focuses on the last 100 kyr of thermal and dynamical evolution, before the clone’s orbital elements match those of 29P. On the right,
one of the most-processed clone is shown: the timeline focuses on the last 1 Myr of thermal and dynamical evolution, before the clone’s orbital elements match those
of 29P. The maximum depths of the 80 and 110 K isotherms are shown with a white dotted and dashed line, respectively.

actually go through the gateway prior to becoming JFCs for the
first time, again consistent with Sarid et al. (2019). Since 159
clones (45.4%) never go through the gateway at any point of
their lifetime, we find that most Centaurs (79.2%) transition
from the giant-planet region to the JFC population outside of
the gateway region.

As a result, objects in the gateway are statistically more
prone to being thermally processed than other Centaurs
crossing the orbit of Jupiter for the first time, because a higher
fraction of gateway objects have already been processed as
JFCs. Guilbert-Lepoutre et al. (2016) suggested that typical
JFCs could have their subsurface altered down to a few
hundred meters before entering the inner solar system.
Gkotsinas et al. (2022) found that due to the stochastic nature
of comet trajectories toward the inner solar system, JFCs can
experience multiple heating events resulting in substantial
chemical alteration of their upper layers, down to several
hundred meters. Accessing material below this depth would
require the cumulative erosion effect of multiple perihelion
passages as JFCs (typically a few meters per perihelion
passage; Prialnik et al. 2004; Huebner et al. 2006). Therefore,

for most JFCs, outgassing observed today might occur from a
layer thermally altered during the Centaur stage. Because
several transitions between the Centaur and the JFC popula-
tions are possible (Sarid et al. 2019; Gkotsinas et al. 2022; and
this work), the cumulative effect of multiple transitions should
lead to a complex internal structure and composition. Our
results suggest that statistically, there is a ~50% chance that
any object in the gateway is one of these processed bodies.

5.2. On Objects Currently in the Gateway

To illustrate the latter point, we focused on three objects of
interest: Centaur 29P/Schwassmann-Wachmann 1 and comets
P/2019 LD2 (ATLAS) and 423P/Lemmon (2008 CL94)
currently residing in the gateway. For the first two, the
dynamical evolution of many dynamical clones was integrated
backwards in time (Sarid et al. 2019; Steckloff et al. 2020).
This method can only inform a recent past, typically hundreds
to thousands of years, before stochastic gravitational interac-
tions with Jupiter make clones diverge. These backward
integrations suggest that it is unlikely they should have spent
any significant amount of time in the inner solar system. As a
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Figure 9. Distribution of the internal temperature as a function of depth and time for two clones of LD2, resulting from orbital evolution. The top panels show the
evolution of the perihelion distance as a function of time. The bottom panels show the resulting evolution of internal temperature. The least-processed clone of LD2 is
shown on the left. The timeline focuses on the last 100 kyr of thermal and dynamical evolution, before the clone’s orbital elements match those of LD2. On the right,
one of the most-processed clone is shown: the timeline focuses on the last 300 kyr of thermal and dynamical evolution, before the clone’s orbital elements match those
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result, they should not have experienced any significant
thermophysical evolution, and their current activity would be
representative of nearly pristine objects.

Our results stem from a different methodology, arguably the
only reliable strategy, i.e., forward modeling of the dynamical
evolution (Morbidelli et al. 2020). Our statistics are necessarily
limited, given the number of clones for 29P and LD2 in
particular. However, there are issues in using backward
integrations to investigate the evolution of solar system objects,
as detailed by Morbidelli et al. (2020). Therefore, even if the
JFC clones from Nesvorny et al. (2017) yield a smaller number
of clones for each individual object of interest compared to the
aforementioned studies, the overall sample has strengths that
cannot be excluded. For instance, our results span a much
longer period, since our dynamical tracks follow objects from
the time they leave the trans-Neptunian region for several
million to hundred million years. Our analysis justifies that a
broad look at the time spent in the giant-planet region is not
sufficient for assessing the thermal evolution of Centaurs.
Instead, the detailed orbital evolution, and the resulting thermal
processing, must be constrained for each object. We find that
each object of interest has a higher than 50% chance that the

layer currently contributing to its observed activity has been
physically and chemically altered, due to thermal processing
sustained during previous stages of evolution.

5.3. Significance for the Centaur and JFC Populations

Understanding the mechanisms at the origin of Centaurs’
activity is paramount to comprehend fully the extent of the
post-formation thermal processing of JFCs. Current impedi-
ments for fulfilling that goal come, on one hand, from a lack of
volatile detection in their coma. No strong detection of gaseous
CO has been made to date (e.g., Drahus et al. 2017), except for
29P (Senay & Jewitt 1994; Crovisier et al. 1995; Gunnarsson
et al. 2008; Wierzchos & Womack 2020). CO was marginally
detected in the coma of 2060 Chiron at 8.5 au (Womack &
Stern 1999; Womack et al. 2017), as well as in the coma of
174P /Echeclus during an outburst at 6.1 au (Wierzchos et al.
2017). These observations are consistent with the activity of
Centaurs not being driven by the sublimation of CO, but such a
limited data set does not allow one to constrain phase
transitions at the source of outgassing from nuclei. This may
be due to current observational sensitivities, which will
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line, respectively.

improve in the JWST and Atacama Large Millimeter/
submillimeter Array (ALMA) era. On the other hand, Cabral
et al. (2019) argued that we currently do not have an
appropriate data set to constrain the origin of Centaurs’
activity, because no survey has ever been dedicated to this
population. Compared to trans-Neptunian objects, Centaurs
have a different detectability in motion rate-dependent surveys.
For instance, a survey such as the Outer Solar System Origins
Survey (OSSOS; Bannister et al. 2016) has an observation
cadence biased toward detecting dynamically stable orbits
beyond Saturn (Tiscareno & Malhotra 2003; Di Sisto et al.
2010). As of today, no survey has adequately targeted the
motion rate of objects in the 5-12 au region, where Centaurs
with more unstable orbits can be found, and active Centaurs are
currently observed, in a well-characterized manner.

As for any Centaur or JFC, the activities of 29P, LD2, and
CL94 reflect the composition and structure inherited from their
previous stages of evolution. As such, our results suggest that
current outgassing likely arises from a layer significantly
altered prior to observations. Depending on the thermophysical
parameters, compositions, and other poorly constrained

10

properties, it is still possible that the effects of such thermal
processing could be limited to a modest near-surface layer, for
29P in particular. Because the degree of activity, reflected, for
example, by production rates, may not be straightforwardly
linked to the degree of processing experienced by comets prior
to current observations, it is important to remain cautious when
claiming that any active Centaur is representative of a pristine
nucleus. Our results suggest that objects in the gateway may
not have a particular significance, compared to other active
Centaurs, for a better understanding of this population or the
onset and development of activity in the giant-planet region. In
any case, some caution ought to be applied when claiming that
gateway Centaurs and their activity are representative of the
onset of activity experienced by supposedly pristine objects,
prior to their transition into JFC orbits

6. Summary

We aim to constrain the internal thermal structure resulting
from the orbital evolution of Centaurs, prior to their transition
in the JFC region, and whether this transition occurs through
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the gateway or not. We use simulation outcomes of the coupled
thermal and dynamical evolution from Gkotsinas et al. (2022),
for a population of JFC clones from Nesvorny et al. (2017). We
find that:

1. Only ~20% Centaurs go through the gateway prior to
transitioning into JFC orbits. Most Centaurs in our
sample make their first transition to the JFC population
from outside of this region.

. More than half of the dynamical clones entering the
gateway for the first time have already been JFCs.
Statistically, objects in the gateway are thus more
processed than the rest of the objects when they start
transitioning into JFC orbits.

. 29P/Schwassmann-Wachmann1, P/2019 LD2 (ATLAS),
and P/2008 CL94 (Lemmon) have a higher than 50%
chance to be thermally processed. As a result, the layer
currently contributing to their observed activity could be
physically and chemically altered, and not representative
of the initial state of these objects.
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Appendix

To illustrate the diversity of dynamical behaviors, we show
in Figures 11, 12, and 13 the evolution of the perihelion
distance for nine clones of 29P, LD2, and CL94, respectively.
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Figure 11. Evolution of the perihelion distance for nine clones of 29P, within the last 100 Myr (left) and 50 kyr (right) of their orbital evolution toward “becoming”
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11



THE ASTROPHYSICAL JOURNAL, 942:92 (14pp), 2023 January 10 Guilbert-Lepoutre et al.

LU B S B BN S B B S B B R B B B S B B S B B R B

+—+——t1T+++1T+++1++1T+ T

=
o o
L e
g

PR SR W N NN SN SN SN TN (NN TN S SN TN (NN SN SN ST S (NN SO SHNT T T (N S §

+———+——+—+—+—+—————t—————————————
= '5'10_ N
& 8 s5F B e e O
Q - -
Q 8 L. ] 1 PR 1 1
= o T e e e R L S S B e
e 3 i 1
@ B 10 ]
° 5 - J
5 g 5 .
D % ————— e e
< < r 1
= = = =
b 5 10 1
a o

=
n o
T
j

10 N ]

5 - -
r PO S R T (N SR R S T N S S | | L

L L L L L

o ]

5 |~ W

1 N N N 1 " " " 1 N " " | " L 1 " " " i S P T BT SET RS RTINS TS NP TR RO (R
-100 -80 -60 -40 -20 0 -50 -40 -30 -20 -10 0

Time [Myr] Time [kyr]

Figure 12. Evolution of the perihelion distance for nine clones of LD2, within the last 100 Myr (left) and 50 kyr (right) of their orbital evolution toward “becoming”
LD2—marked as black dots. Reference time O is chosen as the last time the clone enters the “LD2 box” of accepted orbital elements.

12



THE ASTROPHYSICAL JOURNAL, 942:92 (14pp), 2023 January 10 Guilbert-Lepoutre et al.

l...,..w_.w-,-w.,.. L e e o I s s e o o e e e e B

20 | 1 1w} F’_:
A 1 I_
10 -l 1 1 1 1 'r]: 5 [ 1 l’ )'J‘NI \’MJ_-‘,:".I/\"{“T‘ i
r HM%,:::,:-:,::I: ) L S I B S
20 C w iw ] 10 _—)——A—-—-——-—’mwm‘ 5l
10 - ] SF L T
. ] e e = .::E;;::}::_
20 - 10_— W_‘Nl ]
10 ] 9 T
————————————+——1 p—t—f————+—}
— 20 41 — 10 W—“Ah—»ﬂ_ﬁw‘ 1
8 10| |1 3 s} MR
= - 1 = - e
8 [ | [ 1 — .’- 8 N T T L Ulw
c U & % % & | & & kg & % b | — c LU O S I T P LN MR LS B N S RN [
I F 1 «© r .
o 20 1 810 =1
-010; _"05'_ \\"*‘*—‘———-’”“-’ﬁ‘_“'\. i
c c \
'g -l.a.l-.‘l...l‘..lj..+-‘g ---..l.n.;ln‘..l PR | a-lf.j.-
[7] | T AL LSRN A (RN Y DN SN E L [7] LSRN N OO BN S T 2 S L O ML R R
= I IT 1 £ I i
§ 201 1 510 .
B 10 F A R g f———— N\
.l PO | 1 .....l....i....l.. L 1 ..
—————t 1 [N B e B
20_— . 10_'—*““‘—%‘ 9
10 - . 5| A e
[l 1 ] 1 | I PR |

Y o e
e PR S U S T Y "

1)) g

20
10

10

T
1
P I
(4)]
g.l.

20
10

-
g
.

1 1 " L 1 n 1 " 1 i n " 1 L 1 L 1 " PR W TR S ST VN TN ST TN [ TR W ST S SN S VY U S [ T W S L
-100 -80 -60 -40 -20 -50 -40 -30 -20 -10 0
Time [Myr] Time [kyr]
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