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The main asteroid belt, which inhabits a relatively narrow annulus ~2.1-3.3
AU from the Sun, contains a surprising diversity of objects ranging from
primitive ice/rock mixtures to igneous rocks [1]. The standard model used
to explain this assumes that most asteroids formed in situ from a primordial
disk that experienced radical chemical changes within this zone [2]. Here we
show that at least some of this variation was produced by dynamical processes,
namely the capture of numerous comets in the outer belt during a violent
period of planetary orbital evolution. These results fundamentally change
our view of the asteroid belt because they imply that the observed diversity
says as much about the dynamical processes of planet formation as it does
about the intrinsic variation of the proto-planetary disk. The captured comets,
composed of physically weak, organic-rich primitive materials, would have
been more susceptible to collisional evolution than typical main belt asteroids.
Accordingly, while our numerical results indicate comets once dominated the
outer main belt, they have since been reduced by collisions over billions of
years to a few tens of percent of the present-day population. Their weak nature
makes them a prodigious source of micrometeorites — sufficient to explain
why most are primitive in composition and are isotopically different from most

macroscopic meteorites [3, 4].

It has recently been argued that the Trojan asteroids near Jupiter, the irregular
satillites of the giant planets, and Kuiper belt objects share a common origin — they
formed in a primordial trans-planetary disk and were tranported to their current locations
by the early dynamical evolution of the planets [5, 6, 7]. This idea is supported by the

spectral characteristics of these bodies. In particular, the vast majority of Trojans are D- or
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P-types (hereafter referred to as D/P-types), low albedo asteroids with featureless, flat to
reddish spectra in visible wavelengths. These properties are thought to indicate organic-rich

primitive compositions and are a good match to the observed dormant comets [8].

The results described above naturally lead to the new and innovative idea that the
most primitive objects, like D/P-type asteroids (see discussion in Supplemental Material,
hereafter SM, §S0), followed a similar evolutionary history. The main sticking point with
this hypothesis is the presence of D/P-type objects on orbits completely interior to that of
Jupiter, which is unexpected for objects that were at one time gravitationally scattered by
the giant planets (cf. Fig.1). In particular, most of the Hildas (see caption of Fig.1) and
about 20% of the larger outer main belt (objects beyond 2.8 AU; hereafter either outer MB
or OMB) are D/P-types. In addition, there are several known OMB asteroids that display

cometary activity [9].

The issue thus becomes whether the evolution of the giant planets could dynamically
implant the correct number of these objects onto their currently observed orbits. To
investigate this intriguing possibility, we performed a series of numerical simulations similar
to the ones in Ref. [5]. Our techniques are explained in detail in SM §S1 and §S3, but are

briefly reviewed here.

Our simulations were performed in the context of the so-called Nice model [10, 11, 5]
because it is the most successful model to date at explaining the characteristics of the
outer Solar System. In the Nice model, the giant planets are assumed to have formed in a
compact configuration (all were located between 5-15 AU) and be surrounded by a ~35M
planetesimal disk stretching between ~16-30 AU. Slow migration was induced in the planets
by gravitational interactions with planetesimals leaking out of this disk. After a period
of time that could have been as long as 1.2 Gyr, Jupiter and Saturn crossed their mutual

1:2 mean motion resonance (MMR, the location when the ratio of their orbital periods
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equals to 1/2). This event triggered a global instability in the orbits of the planets that
led to a violent reorganization of the outer Solar System. Uranus and Neptune penetrated
the trans-planetary disk, scattering its inhabitants throughout the Solar System. The
interaction between the ice giants and the planetesimals damped the orbits of these planets

- leading them to evolve onto their current orbits.

The Nice model is compelling not only because it can quantitatively explain the orbits
of the Jovian planets [10]. The dispersal of the primordial trans-planetary disk can also
explain the origin of the so-called Late Heavy Bombardment (LHB), a spike in the cratering
history of the terrestrial planets that occurred ~ 650 Myr after planet formation [11].
Furthermore, as noted above, some of the original inhabitants of this disk are captured onto
stable orbits and thus can be seen today. In particular, this model explains the existence
of the Trojan asteroids of both Jupiter [5] and Neptune [10], the Kuiper belt and scattered
disk [7], and the irregular satellites of the giant planets [6]. These accomplishments are

unique among models of outer Solar System evolution.

To investigate the possible capture of cometary planetesimals into the asteroid belt,
we first integrated the orbits of a large number of massless planetesimals initially on
Saturn-crossing orbits under the gravitational influence of the Sun, Jupiter and Saturn.
The planets were forced to migrate by including a suitably chosen acceleration in the
planets equations of motion, so that they reproduced the evolution of the ‘fast migration’
run in Ref. [5] (see SM §S1 for more detail). The integrations covered 20 Myr. During
the first 10 Myr of the simulation, we supplied a steady flux of planetesimals through the
Jupiter-Saturn system. These objects represent the planetesimals that originally formed in
the trans-planetary disk, but were destabilized and fed inward by Uranus and Neptune. In
all we followed the evolution of ~ 1.2 million such particles. At the end of the calculation

there were 1270 particles captured into orbits decoupled from Jupiter.
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Next, we tracked the long-term evolution of the population of the particles captured
during the migration simulations in order to compare it to observations. This population is
affected by two processes: dynamical erosion and collisional grinding. We address each of

these separately.

It is well known that the long-term dynamical stability of asteroids, particularly those
in MMRs with the giant planets, is sensitive to the exact orbits of the planets [12, 13].
So, although the above migration simulations place Jupiter and Saturn on roughly their
current orbits, we found we needed to correct for some small differences. In addition, the
long-term stability of MB asteroids is also affected by the terrestrial planets. Thus, we
developed a technique, which is described in SM §S1, for transferring our particles from the
final planetary system in the migration runs (containing Jupiter and Saturn only), to the

real planetary system (containing all the planets but Mercury).

We integrated the system containing the 1270 particles and seven planets for a total of
100 Myr. We followed this with a 3.9 Gyr integration where we placed the terrestrial planets
into the Sun and used a timestep of 0.4yr. We removed any object if it either became
Mars-crossing or reached 15 AU. Fig. 1 shows that, not only do the above calculations
generate reasonable Trojan and Hilda populations, but they cover the range of the orbital
elements of the D-type asteroids taken from the database of D. Tholen [14] and S. J. Bus
[15]. A total of 174 particles survived the integration: 18 (10%) were Trojans, 7 (4%) were
Hildas, and 149 (85%) were in the outer main belt (cf. Fig. 1). For comparison, among
bodies with diameter D >40km (a size above which all the populations of interest here are
presumably complete) there are 304 (39%) real Trojans , 58 (7%) Hildas, and 417 (54%)
OMB asteroids (2.82 < a < 3.27 AU). (To calculate these numbers we assumed that Hildas
and Trojans have albedos of 4% and the OMB objects have albedos of 9%; see SM §S3.1.)

The next and last step in our analysis is to estimate the total number of primitive
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objects we expect to find in each population and compare them to observations. To
accomplish this, we not only need to account for their long-term dynamical evolution, but
for their collisional evolution as well. We used CoDDEM, a self-consistent code capable
of following the collisional evolution and dynamical depletion of multiple interacting
size-frequency distributions (SFDs) [16, 17]. We tracked five populations: (1) indigenous
inner MB (a < 2.82 AU), (2) indigenous OMB, (3) captured OMB, (4) Hildas, and (5)
Trojans. The collision probabilities and impact velocities with both themselves and each
other were computed from the observed objects or, in the case of the Trojans, were taken
from the literature [18, 19, 20]. Objects in pop. 1 and 2, which represent native asteroids,
had a bulk density of 2.7 and 2.0 g cm ™3, respectively, and were assumed to follow the same
disruption scaling law of undamaged basalt [21]. We also assumed that the MB SFDs had

approximately the same shape 3.9 Gyr ago as they do today.

The captured populations (3, 4, and 5) have a bulk density of 0.5 g cm™2, which is
consistent with observations (see SM §S3.2). In addition, we employed a disruption scaling
law consistent with fragmented ice [22] for these objects (see SM §S3 for a fuller discussion).
Note that this implies that the implanted comets are easier to break up than the indigenous
asteroids. For reasons explained in SM §S3.2, we assume that the initial shape of the SFDs

of these populations was the same as that of the currently observed Trojans.

CoDDEM also requires us to input the dynamical depletion rates of the populations due
to long-term orbital instabilities. For the captured populations we know this evolution from
our dynamical simulations above. Unfortunately, the dynamical evolution of the indigenous
asteroids is unknown. For simplicity sake, we assume that these asteroids decayed at the

same rate as the captured MB objects (pop. 3, see the discussion in SM §S1).

The results of our collisional calculations are shown in Fig. 2a,b. We find that our

model reproduces the SFDs of both the Trojan and Hilda populations for D > 40 km fairly
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well given our model uncertainties. This is important because each population has unique
characteristics that test our model’s assumptions. For example, while the Trojan and Hilda
populations are both composed of weak primitive objects, comminution in the former comes
mainly from Trojan objects hitting one other, while that in the latter is driven by impactors
from across the asteroid belt. Matching the SFDs of these populations simultaneously in

the same model, therefore, increases our confidence that our assumptions are reasonable.

The initial and final states of the captured OMB is shown in Fig. 2c. Because of our
choice of a weak disruption scaling law, a much larger fraction of the captured objects
are destroyed by impacts than their stronger indigenous counterparts. As a result, the
remaining population of captured objects only makes up ~15% of the current OMB with
diameters D >40km. This is consistent with the best available bias-corrected estimates of
the fraction of D/P-types within the OMB over the same size range (~20%; [23, 24, 25]).
The model also predicts that the SED of the primitive bodies is steeper than that of the
indigenous population for D 2 20km, so that the fraction of D/P-types should increase
for decreasing diameter. Though bias-corrected data at smaller sizes is limited, this also

appears to match observations [23].

It should be noted that our ability to match observations is strongly dependent on the
disruption scaling laws that we chose, particularly on the fact that captured comets are
much weaker than native asteroids. While the true disruption scaling law for cometary
material is unknown, test runs using asteroid-like disruption laws for all of these objects
cannot reproduce the observed Trojan, Hilda, and main belt SFDs. They also predict that
at least 90% of the OMB should be cometary, results that are inconsistent with observations
(although see the discussion in SM §S0). Thus we conclude that our basic model requires

that comets be significantly weaker than asteroids.

If the implanted objects are indeed weaker than the indigenous objects, then we can
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also solve another long-lasting problem in planetary science. The micrometeorites collected
on the Earth are dominated by material reminiscent of carbonaceous chondrite meteorites.
At most 16% of these objects are believed to be associated with ordinary chondritic material
[26] (see SM §S4). And yet, the asteroid belt, which has traditionally been considered the
dominant source of this material [27] (see discussion in SM §S4.2), is roughly an equal mix
of ordinary chondrite-like asteroids (e.g. S-types) and carbonaceous chondrite-like asteroids
(e.g. C-types), see SM §54.1. So the question has been why the micrometeorites do not

reflect this ratio.

In our collisional grinding model we find that, at the current epoch, the implanted
population produces nearly three times as many micrometeorites as the rest of the entire
main belt, despite that fact that it accounts for only 15-20% of the outer belt population
(see SM §S4.2 for details). And since the material that it produces is mineralogically
indistinguishable from that produced by C-type asteroids', the model predicts that the
overall proportion of ordinary chondritic dust is roughly 10% (i.e. less than 16%), in good
agreement with observational constraints. This would not be possible if the implanted

population were not significantly weaker than the indigenous one.

Our model also provides an explanation for the surprising fact that there are not many
micrometeorite analogs in our meteorite collection. If we suppose that these micrometeorites
are generated by the collisional cascade of embedded comets, we would not expect to
see many macroscopic samples for two reasons. First, our implanted population resides

in a region of the main belt from where it is very difficult to get meteorites [29, 30]. In

!The difficulty in distinguishing between C-like and D-like micrometeorites based on
mineralogy is due to the small size of these objects, to the continuum observed among
the different Solar System objects [28], and to the heterogeneous nature of carbonaceous

chondrites at the scale of micrometeorites (~100um).
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particular, macroscopic objects leaving this region of the asteroid belt are most likely to
be ejected from the Solar System by Jupiter, while the microscopic bodies, which are
more susceptible to radiation forces, are more likely to be delivered to the Earth (see
introduction to SM §S4). In addition, the presumed weak nature of the captured objects
probably makes their macroscopic fragments unlikely to survive the passage through the
Earth’s atmosphere or, if they do, survive for long on the Earth’s surface. In fact, in
terms of oxygen isotope composition, the majority of the micrometeorites lie along a single
fractionation line, and the only primitive meteorites that fall on this line are the ClIs and
Tagish Lake (see SM §54.2). The nature of these very rare meteorites (6 in total) supports
our hypothesis because they are weak, primitive objects. More importantly, Tagish Lake
has been spectroscopically linked to D-type objects [31], and and Orgueil’s orbit has been

shown to be compatible with that of a comet [32].

We conclude that the primitive asteroids, including the Trojans and Hildas, could have
formed at large heliocentric distances and been injected on to their current orbits by the
early dynamical evolution of the giant plants. Our results, coupled with the idea that, at
least, some metallic asteroids come from the terrestrial planet region [33], have a profound
effect on our view of the asteroid belt. The traditional interpretation of the diversity of the
asteroid belt is that it represents the original condensation sequence in the proto-planetary
disk [2]. Indeed, their orbital distribution has been used to constrain both the thermal
structure of the nebula and the effectiveness of various heating mechanisms as a function
of heliocentric distance (e.g., the decay of short-lived radionuclides like 26Al) [34]. If most
D/P-types in the inner solar system are captured from farther out, however, our models
of the proto-planetary disk will have to be significantly revised. Indeed, the diversity in
the asteroid belt may be telling us more about the dynamical processes that controlled
planet formation than about the physical characteristics in the proto-planetary nebula. In

particular, the main asteroid belt has been a collection point for rogue planetesimals from



across the Solar System.
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Figure Captions

Figure 1: The semi-major axis (a), eccentricity (e), and inclination (i) distribution of
asteroids in Hilda (objects which orbit in the 2:3 MMR with Jupiter near 3.9 AU), Trojan,
and MB populations. The small blue dots show all the numbered objects in the IAU Minor
Planet Center database. As such, they illustrate the overall distribution of asteroids. The
red symbols show the D-type asteroids as cataloged by refs. [14] and [15]. It is important to
note that asteroid (336) Lacadiera at a = 2.25 AU, e = 0.1, and ¢ = 5.6°, which is classified
as a D-type by ref. [14], has an unsual spectrum [35], and thus is probably a different type
of object. Thus, we used a smaller dot to plot the location of this object and do not include
it in our analysis. We only include D-type asteroids here because it is difficult to distinguish
P-types from other, more processed, asteroids, such that the catalog of P-types probably
suffers from significant contamination [36]. The black dots show the location of objects
captured during our simulations. Both the Hildas and the Trojans are well reproduced.
Indeed, a Kolmogorov-Smirnov test [37] shows a reasonable statistical agreement between
the predictions of our model and observations for both populations (see SM §S2). The
main result of our simulations is that, in addition to the resonant asteroids, a significant
number of objects are trapped in the OMB. Unfortunately, it is not possible to do a direct
comparison between the orbital element distribution of our trapped objects and that of the
D-types because the observations are biased due to selection criteria, asteroid families, and
the like. However, we find noteworthy the fact that the inner edge of both populations are
at a~2.6 AU.
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Figure 2: The beginning and end states of the SFDs in three of the regions studied. The
left and center panels show the two resonant populations, while the right is the OMB, as
defined in SM §3.1. In each plot, the blue curve shows the initial conditions for the captured
populations in our CoDDEM simulations, which were assumed to have commenced at
the end of planet migration. The shape of the initial SFDs for these populations were
taken from the currently observed Trojan SFD. We chose the Trojans because, as we show
below, these objects have been least affected by collisional grinding. In particular, using
the cumulative number N(> D) o< D% we assigned ¢=6.4 for D > 105 km and ¢=1.8
for D <105 km, where D is diameter. The overall scales of the SFDs for the captured
populations are derived from a combination of the observed Trojans and the results of the
20 Myr migration simulations. For details see SM §S3.2—§S3.4. As described in SM §S3.5,
we performed many simulations where we slightly changed the initial conditions and
seeds for the random number generators. The red curves show one of our best-fit model’s
prediction for the present day SFDs of the captured objects. For the Hildas and Trojans we
expect the model SFD to match observations (black curves). The agreement is quite good,
particularly given the large uncertainties in parameters of our models (see the Supplemental
Material). Of particular note, the Trojans are known to have a significantly steeper SFD
at D 2 100 km than the Hildas. Our model reproduces this because the Hildas, which
cross the MB, undergo more collisional grinding. The comparison for the main belt is more
complicated because it contains a mixture of different asteroid types. However, our model
predicts that roughly 15% of D >40km objects in this region are comet-like, which is in

good agreement with the observed relative abundance of D/P-type asteroids in this region.
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