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Jovian Trojans are asteroids that follow essentially the same orbit as Ju-
piter, but lead or trail that planet by an angular distance of ~60 degrees (co-
orbital motion). They are hypothesized to be planetesimals that formed near
Jupiter and were captured onto their current orbits while Jupiter was grow-
ing[1][2], possibly with the help of gas drag[3]-[6] and/or collisions[7]. How-
ever, this idea cannot explain some basic properties of the Trojan population,
in particular its broad orbital inclination distribution, which ranges up to ~ 40
degrees[8]. Here we propose a new model in which the Trojans formed in more
distant regions and were captured into co-orbital motion with Jupiter during
the time when the giant planets migrated by removing neighboring planetesi-
mals [9]-[12]. More precisely, the capture was possible during a short period of
time, just after Jupiter and Saturn crossed their mutual 1:2 resonance, when
the dynamics of the Trojan region were completely chaotic. Our simulations
of this process satisfactorily reproduce the orbital distribution of the Trojans

and their total mass.



Recent numerical experiments [13][14] have shown that the orbits of the giant planets
are best reproduced if Saturn and Jupiter crossed their mutual 1:2 mean motion resonance
(MMR) during their migration. This occurs when the ratio of their orbital periods, Ps/ Py,
equals to 2. The current ratio of Ps/Pj is slightly less than 2.5. However, there is a serious
argument in the literature against the idea that Jupiter and Saturn crossed the 1:2 MMR.
If the crossing had happened, any preexisting Jovian Trojans would have become violently
unstable, and Jupiter’s co-orbital region would have emptied[15][16]. Indeed, we performed
a simulation similar to that in Ref.[15], but with 1.3 million particles in the Trojan region

— none survived the 1:2 MMR crossing.

However, the dynamical evolution of a gravitating system of objects is time reversible.
Thus, if the local objects can escape the Trojan region when the latter becomes unstable,
other bodies can enter the same region and be temporally trapped. Consequently, a tran-
sient Trojan population can be created if there is an external source of objects. In this case,
the source is constituted by the very bodies that are forcing the planets to migrate[9]-[12],
which is of considerable magnitude given how much the planets must move. When Jupiter
and Saturn get far enough from the 1:2 MMR so that the co-orbital region becomes stable,
the population that happens to be there at that time remains trapped. It becomes the

population of permanent Jovian Trojans still observable today.

To first investigate the above idea, we performed a numerical simulation which involved
integrating the orbits of a series of massless planetesimals initially on Saturn-crossing orbits
under the gravitational influence of the Sun, Jupiter and Saturn. In this simulation, the
planets were on non-migrating orbits close to the 1:2 MMR, so that the Trojan region was
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fully unstable. We found that ~1% of the planetesimals initially on Saturn-crossing orbits
spent more than 100 yr as Jovian Trojans, which we define as objects having orbital periods
relative to Jupiter’s between 0.97 and 1.03, absolute values of angular distance from the
planet between 40 and 90°, and eccentricities less than 0.15. These values were derived
from the current orbital distribution of the Trojans. The particles temporally trapped
in the Trojan region covered the whole region of co-orbital motion. More importantly,
their orbital inclination covered all values up to ~ 40 degrees, as a result of previous
close encounters with the planets. Therefore, our idea became appealing because it could
potentially explain, for the first time, the puzzling broad inclination distribution of the
Jovian Trojans. Motivated by this possibility, we proceeded with a far more comprehensive,

and time consuming, set of simulations of this idea.

The first step in this expanded study was to determine exactly when the Trojans
become unstable during the resonant crossing. For this purpose, we started by adopting
the migration rates from one of the simulations reported in Ref.[13]. In particular we
chose a simulation where the planets migrated relatively slowly. From that simulation
we measured the ratio Ps/P; at 40 timesteps(Figure 1A). Then, we performed 40 orbital
integrations of massless test particles under the influence of Sun, Jupiter and Saturn. The
planets were placed on non-migrating orbits, with the same values of Ps/P; as measured
in Figure 1A. The initial distribution of test particles was chosen to mimic the current
distribution of Trojans relative to Jupiter. Each simulation covered 2 x 10° yr, and the
fraction of the initial test particle population that remained in the Trojan region is reported
in Figure 1B, where each simulation is represented by a single point. We note two planetary
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configurations that are critical for the survivability of the Trojans. Omne occurs when
Ps/Pjy ~ 2.05 (t = 4.5 x10° yr in the reference simulation), at which point all resident
Trojans escape. This indicates that the entire co-orbital region is particularly unstable at
this time. This instability is due to a secondary 3:1 resonance [17] between (1/Py —2/Ps)
and the oscillation frequency of the Trojans around the Lagrange point. The other critical
configuration occurs when Ps/Pj; ~ 2.08 (t = 10° yr), which corresponds to a secondary

2:1 resonance between the same two frequencies, and depletes 70% of the Trojans.

In our scheme, the capture of Jovian Trojans had to have occurred during these two
critical planetary configurations. Thus, we designed a pair of simulations intended to study
the capture process. In the first of these simulations (referred to as the slow simulation
hereafter) we adopted the same migration rate as in the last paragraph. Jupiter and Saturn
were forced to migrate by including a suitably chosen drag term in the planets equations of
motion, as prescribed in Ref.[10], so that they reproduced the evolution of Ps/P; shown
in Figure 1A. From 3.5 x 10° yr (just before the first critical configuration is reached)
to 1.2 x 10% yr (just after the second critical configuration has passed), we supplied a
steady flux of 5,466,000 planetesimals through the Jupiter-Saturn system (see methods).
This simulation covered 10 Myr, at which point the orbits of the planets were sufficiently
close to their observed ones. The second simulation was identical to the first, but with a
migration rate that was three times larger and an integration time 3 times shorter. We
will refer hereafter to this as the fast simulation. Comparably fast migration rates have

been observed in many of the runs in Ref.[13].

At the end of the slow simulation, 2.4 x 1076 of the planetesimals were found to be
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on orbits trapped in the Trojan region. The capture efficiency raises to 1.8 x 10~° in the
fast simulation. Of these trapped Trojans, ~ 50% (same ratio in both simulations) have
libration amplitudes (the semi-amplitude of the oscillation of the angular distance from
Jupiter) smaller than 30 degrees, like 87% of the known Trojans. The vast majority of
the captured Trojans with larger amplitude of libration would not survive up to current
times, because their dynamics are unstable on long time scales[18]. Thus, we restrict the

analysis of our fictitious Trojans to those objects with libration amplitudes less than 30°.

In terms of total mass (see the methods section for a description of the mass estimates),
our trapped Trojan population is quite consistent with the real population, when scaled
to the mass required to move the planets the required distance. Our slow simulation
predicts a total Trojan mass of ~ 4 x 1076Mg, while the fast simulation predicts a mass
of ~ 3 x 1075Mg. Using the most up-to-date observations, we estimate the mass of the
Trojan population with D < 30° to be 1.1 x 1075Mg. So, the actual mass of the Trojans

appears to be in the range predicted by our two simulations.

The reason why the mass trapped in the Trojan region increases so sharply with
the planetary migration rate is twofold. First, a faster migration rate correspond to a
proportionally higher mass flux. Thus, the transient population that resides in the co-
orbital region when this region is chaotic is proportionally enhanced. This explains a
factor ~ 3 between the results of the two simulations. Second, faster migration results in
a sharper transition from instability to stability in the co-orbital region, which increases
the fraction of transient population that becomes permanently trapped. This probably
explains the remaining factor ~ 7/3 between the results of the two simulations.
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Figure 2 shows the distribution of the captured Trojans in the space of the three fun-
damental orbital parameters that characterize co-orbital dynamics: the proper eccentricity
e, inclination 7 and libration amplitude D. The adjective proper refers to parameters that
are suitably averaged over short periods of time and is usually introduced to characterize
oscillating orbits[26]. Their computation is explained in the methods section. Because
the distribution of the captured objects is similar in both simulations, we have included
both datasets in Figure 2 in order to improve statistics. The distribution of the known
Trojans is also plotted, for visual comparison. There is an excellent qualitative agreement
between the observed and simulated distributions. The captured Trojans cover the same
range of values of the orbital parameters as the observed ones. There is no macroscopic
region of orbital parameter space that is both occupied by the real Trojans and is left
empty by the simulated ones. In particular, simulated Trojans are found even on orbits
with D < 5°. These orbits are the hardest to populate, in any capture model[8]. We stress
that the inclinations of the trapped Trojans range from 0 to 40 degrees, like those of the
observed population. This is the first time that the orbital distribution of Jovian Trojans

is reproduced reasonably well by a model of their formation.

On a side issue, our result may provide an explanation for why Jovian Trojans look so
similar to cometary nuclei and to some (the bluest) Centaurs and Kuiper belt objects in
the visible wavelength [20][21]. In fact, it has been argued that both the Kuiper belt[22][23]
and the Scattered disk[24] — which is the current source of Centaurs and Jupiter-family
comets, and probably also the progenitor of the Oort cloud — originated in the planetesimal
disk that drove planetary migration. Our model places the origin of Jovian Trojans in the
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same parent population.

Our result may also provide an explanation for the fact that Trojans are apparently
deficient in water and organics[25]. Before being captured in the Trojan region, planetesi-
mals typically evolved through a large eccentricity phase that brought them relatively close
to the Sun. Indeed, all the particles that spent more than 100 yr in the Trojan region in
our first simulation, reached perihelion distance ¢ less than ~3 AU. Of them, 72% spent
more than 10,000 yr on orbits with ¢ < 3 AU, and 68% even reached ¢ < 2 AU. Since it
takes roughly 10,000 yr for an active Jupiter-family comet to become dormant[30], it is
possible that the surfaces of the Trojans could have been devolatilized during their high
eccentricity phase.

Our simulation shows that objects captured into Jupiter’s co-orbital regions immedi-
ately after Jupiter and Saturn crossed the 1:2 MMR have an orbital distribution remarkably
similar to that of the observed Trojans. In addition, it shows that the capture efficiency
can explain the total number of objects observed. Since our model is the only one available
that can explain these features, we believe that the Trojans represent observational evi-
dence for this resonance crossing, which in Ref.[13] was shown also to produce the correct
planetary orbits. Thus, this work, together with Ref.[13] and Ref.[14], provides a totally

novel, self-consistent, view of the formation and primordial evolution of the Solar System.

Methods

Simulation of Trojan capture.

We start with our ‘slow’ simulation where Jupiter and Saturn are forced to migrate
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as in Figure 1A. The flux of planetesimals is modeled by setting test particles on Saturn
crossing orbits with orbital periods larger than Pg and a distribution of eccentricities and
inclinations that mimic that in our reference simulation from Ref.[13] when the 1:2 MMR
is crossed. Every time that a test particle is dynamically eliminated, it is reintroduced on
its original trans-Saturnian orbit rescaled to the current position of Saturn. In this way
the number of particles in the simulation at any time is constant (1,163,000) and their
orbital distribution remains in steady state. In total 5,466,000 particles are eliminated and
reintroduced during the considered time-span. At t = 1.2 x 10® yr, when the co-orbital
region becomes stable again, 98 particles are found on Trojan-like orbits. These particles
are each cloned 19 times. The integration is then continued with the planets migrating,
for 10 Myr, until the planets come reasonably close to their current semi-major axes. A
drag force is also added to the planets’ equations of motion, in order to slowly damp their
eccentricities to their current values. At the end of the simulation, 266 particles are in the

Trojan region. The final trapping efficiency is 266,/20/5, 466,000 ~ 2.4 x 1076.

In the fast simulation, the migration rate of the planets is increased by a factor three.
A total of 2,773,000 particles are eliminated and reintroduced. 174 particles are found to
be on Trojan-like orbits at the end of the second ‘critical planetary configuration’. Of these
particles, cloned 9 times each, 486 survive in the Trojan region at the end of planetary

migration. The final trapping efficiency is 486/10/2, 773,000 ~ 1.8 x 10~°.

The above simulations did not take into account Uranus and Neptune. These planets
could affect the capture of Trojans in two ways. Immediately after the 1:2MMR, crossing
they provided kicks to Saturn during close encounters. Thus, we modify the first stage of
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the above simulations by including stochastic kicks to Saturn every 150,000 years with a
magnitude of 0.53 km/sec (based on [13]). Then during the post-capture, 10 Myr migration,
Uranus and Neptune could destabilize the Trojans by generating additional resonances.
Thus, we perform again the second stage simulation, but including Uranus and Neptune.
These planets are forced to migrate from 16.5 and 20 AU to their current positions, while
their eccentricities are damped from 0.1. We find that the inclusion of the ice giants does

not affect Trojan capture.

Estimates of Trojan mass.

According to Ref.[13], ~3.4 Mg of planetesimals are cycled through the system as the
planets migrate through the unstable Trojan configurations. Of the trapped planetesimals,
~50% are in the region D < 30°. The mass of captured Trojan is the product of 3.4Mg,

0.5, and the capture efficiency of the corresponding simulation.

According to Ref.[19], the current mass of the Trojans is ~3-25 times larger than the
value we find. However, Ref.[19] probably overestimated the real value because it assumed:
(i) an outdated density of 2g/cm?, while it is now believed to be p = 1.3g/cm? [27]-[28]; (ii)
an outdated mean albedo p, = 0.04, while later observations|[20] showed that it is probably
py = 0.056 and (iii) an absolute magnitude (H) distribution that predicts 2.5 times more

objects with H < 11 than observed.

Correcting for (i) and (ii), while keeping thee H-distribution in Ref.[19]’s Figure 9,
reduces the Trojan mass estimate to 2.5 x 107° Mg. Correcting for (iii) requires a more
involved procedure. Ref.[19] constrains the slope of the H distribution for H > 10.5, but
their estimate of the total number is problematic because of the paucity of bright objects
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observed in their narrow field deep survey. To overcome this problem, we use the most
recent catalog of Trojan bodies (http://hamilton.unipi.it/cgi-bin/astdys/astibo)
which, according to SDSS findings (Szabo & Ivezic, personal comm.) is complete up to
H = 11.5. Beyond this threshold we extrapolate the catalog’s distribution using the slope
of Ref.[19]. This reduces the total Trojans’ mass to 1.3 X 107° Mg, 87% of which is in the

considered D < 30° region.

Computation of Trojan proper elements.

We integrate each Trojan orbit for 105 yr under the gravitational influence of only the
Sun and Jupiter. No planetary migration is imposed. The numerical output is digitally
filtered[29] in order to eliminate the short periodic oscillations of the orbital elements.
The libration amplitude D is computed as (6Amax — 0Amin)/2, where 6 is the difference
between the mean longitude of the Trojan and of Jupiter, and the suffix min/max denote,
respectively, its minimal and maximal value over a libration cycle. The proper eccentricity
is computed as (kmax — kmin)/2, Where k = esin w, w is the Trojan’s perihelion longitude
and Kpax/min are computed over a secular oscillation of the Trojan’s orbit. The proper
inclination is computed in a similar way. This procedure is consistent with that used in

Ref.[26] for the real Trojans, which allows a direct comparison in Figure 2.
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Figure Captions:

Figl. The stability of Trojans during planetary migration. A) The temporal evolution
of the ratio of orbital periods of Saturn and Jupiter from the migration simulation that
we chose from Ref.[13]. The magnitude of the jump in Ps/P; when the planets cross
Ps/Pj=2 reflects the width of the 1:2 MMR. The planets are not captured into resonance
but jump over it. B) The fraction of the Trojan population that survives for 2 x 10° y in

the co-orbital region, as a function of Pg/Pj (and hence of migration time).

Fig.2. Comparison of the orbital distribution of Trojans between model and observations.
The simulation results are shown as filled circles and the observations as dots in the space
of the three orbital parameters for co-orbital motion. The distribution of the simulated
Trojans is somewhat skewed towards large libration amplitudes, relative to the observed
population. However, this is not a serious problem because a fraction of the planetesimals
with the largest amplitudes would leave the Trojan region during the subsequent 4 Gyr
of evolution[18], leading to a better match. The similarity between the two inclination

distributions is strong support for our model.
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