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ABSTRACT

The asteroid Athor, residing today in the inner main asteroid belt, has been recently associated as
the source of EL enstatite meteorites to Earth. It has been argued that Athor formed in the terrestrial
region — as indicated by similarity in isotopic compositions between Earth and EL meteorites — and
was implanted in the belt =260 Myr after the formation of the solar system. A recently published
study modelling Athor’s implantation in the belt (Avdellidou et al. 2024) further concluded, using
an idealized set of numerical simulations, that Athor cannot have been scattered from the terrestrial
region and implanted at its current location unless the giant planet dynamical instability occurred after
Athor’s implantation (260 Myr). In this work, we revisit this problem with a comprehensive suite
of dynamical simulations of the implantation of asteroids into the belt during the terrestrial planet
accretion. We find that Athor-like objects can in fact be implanted into the belt long after the giant
planets’ dynamical instability. The probability of implanting Athor analogs when the instability occurs
at < 15 Myr is at most a factor of ~2 lower than that of an instability occurring at ~ 100 Myr after
the solar system formation. Moreover, Athor’s implantation can occur up to 2100 Myr after the giant
planet instability. We conclude that Athor’s link to EL meteorites does not constrain the timing of
the solar system’s dynamical instability.

Keywords: Solar system terrestrial planets — Main belt asteroids — Solar system evolution — Solar

system formation

1. INTRODUCTION

It is widely accepted that the the solar system’s giant
planets formed in a more compact orbital configuration
and evolved to their current orbits via a dynamical plan-
etary instability (Gomes et al. 2005; Levison et al. 2011;
Nesvorny & Morbidelli 2012; Deienno et al. 2017). The
timing of this envisioned event, however, remains dif-
ficult to constrain (Boehnke & Harrison 2016; Zellner
2017). While it was originally suggested to have hap-
pened relatively late, about 500-800 Myr after the for-
mation of the solar system (see Gomes et al. 2005; Tsiga-
nis et al. 2005, and references there in), recently derived
dynamical and cosmochemical constraints indicate that
the instability happened within the first ~100 Myr of the
solar system history (Morbidelli et al. 2018; Nesvorny
et al. 2018; Mojzsis et al. 2019; de Sousa Ribeiro et al.
2020). The exact timing of the instability has dramatic
implications for the early evolution of the inner solar

system. If it happened earlier in this window (poten-
tiall as early as just after dispersal of the sun’s gaseous
disk; Liu et al. 2022) it would have had a strong impact
on the middle phases of terrestrial planet growth (Kaib
& Chambers 2016; Clement et al. 2018). On the other
hand, if it occurred later in this window it might have
coincided with the timing of the Moon forming event
(e.g. Yin et al. 2002; Kleine et al. 2009; DeSouza et al.
2021).

The timing of the giant planet instability also has im-
portant implications for the early evolution of the as-
teroid belt, Kuiper Belt, and other small body reser-
voirs (e.g. Nesvorny et al. 2021). Thus, strongly con-
straining the instability’s timing has the potential to
confirm or refute a number of different models and the-
ories. It remains a central challenge to advance our un-
derstanding of solar system formation and evolution.

It was recently proposed that the inner main belt as-
teroid Athor (¢ =~ 2.38; e =~ 0.14; i ~ 9 deg) con-
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strains the instability’s timing to 260 Myr after the
formation of the solar system (Avdellidou et al. 2024).
Athor is a member of an asteroid family. Athor’s fam-
ily has recently been associated via spectroscopic obser-
vations as the source of rare EL type enstatite mete-
orites (Avdellidou et al. 2022). Asteroid family iden-
tification and reconstruction techniques were used to
suggest that Athor’s parent body was originally about
64 km in diameter (Athor is today about 44 km) and
that an impact event within the inner main belt about
3702 Gyr ago (Delbo et al. 2019) created its current as-
teroid family. Thermal evolution models and thermo-
chronometric data of EL meteorites suggest that EL
meteorites are fragments of an even larger planetesi-
mal, with diameter of about 240-420 Km. In order to
reconcile the proposed link between EL meteorites and
Athor with these thermo-chronometer models, Avdelli-
dou et al. (2022) suggested that Athor’s parent body was
a fragment of this same large planetesimal. The study
further suggested that the break-up of the initial D~240-
420 Km planetesimal that produced Athor’s parent body
occurred no earlier that >60 Myr after the condensation
of calcium-aluminum- rich inclusions (CAls; Avdellidou
et al. 2022; Trieloff et al. 2022). An earlier fragmenta-
tion would not be consistent with thermochronological
data of EL meteorites (Trieloff et al. 2022).

If Athor’s parent body indeed formed from the break-
up of a D~240-420 Km object, it is highly unlikely that
the formation event occurred within the modern main
belt region. That would result in an X-complex aster-
oid family population much larger than the current one,
or produce relics of a “lost” asteroid family, which are
features not observed today (Avdellidou et al. 2022).
Therefore, the most likely scenario, according to Avdel-
lidou et al. (2022), is that Athor’s parent body formed
when a large planetesimal (D~240-420 Km) was frag-
mented via an impact interior to the asteroid belt (e.g.
<1.8 au) no earlier than >60 Myr after the formation of
the solar system, and was subsequently implanted into
the belt. Athor itself is the largest surviving remnant
of a second collision that occurred about a ~Gyr after
Athor’s parent body’s implantation into the belt (Delbo
et al. 2019). This secondary event formed the Athor
family and made possible the delivery the EL-type me-
teorites to Earth (Avdellidou et al. 2022; Trieloff et al.
2022).

As discussed in Avdellidou et al. (2022), Athor’s im-
plantation from the terrestrial region seems to be further
supported by the strong isotopic similarities bewteen EL
meteorites and Earth (Javoy et al. 2010; Dauphas 2017).
The implantation of Athor from the terrestrial planet
formation region into the asteroid belt is also broadly

aligned with new solar system formation models suggest-
ing that terrestrial planets formed from a narrow ring
of planetesimals (Hansen 2009; Izidoro et al. 2022; Mor-
bidelli et al. 2022), and the asteroid belt may have been
born ‘empty’ — that is, devoid of planetesimals (Ray-
mond & Izidoro 2017; Izidoro et al. 2022, 2024). Athor
is potentially the best evidence that these models may
be plausible.

Building on the arguments and results of Avdellidou
et al. (2022), Avdellidou et al. (2024) suggested that
Athor can not have been implanted from the terrestrial
region into the belt — near to its current location — if
the giant planet dynamical instability occurred earlier
than ~ 60 Myr after the formation of the solar sys-
tem. To rule out a dynamical instability at < 60 Myr,
Avdellidou et al. (2024) performed a set of numerical
simulations modelling the implantation of planetesimals
in the asteroid belt considering different idealized dy-
namical scenarios. In their nominal simulations, they
did not model the accretion of terrestrial planets as we
do here, but instead assumed that the terrestrial planets
were fully formed and interacting with a leftover popu-
lation of planetesimals crossing the asteroid belt. A set
of their simulations also included the effects of a leftover
embryo on a moderately eccentric orbit crossing the as-
teroid belt, which they refer to as Theia. From these
simulations, Avdellidou et al. (2024) concluded that the
only plausible way to implant Athor into the belt at such
a late epoch (between ~60 and ~100 Myr after the for-
mation of the solar system) is if the planetary dynamical
instability occurred after Athor’s implantation (i.e., >60
Myr after CAls formation). We will further discuss the
differences between our simulations and theirs later in
the paper.

In this paper, demonstrate that a much broader range
of instability times are consistent with Athor’s implan-
tation into the belt at = 60 Myr. Plausible scenarios in-
clude dynamical instabilities that took place during the
first ~15 Myr of the solar system evolution. We show
that the simulations of Avdellidou et al. (2024) failed
to capture key dynamical processes that commonly take
place during the accretion of terrestrial planets and that
influence the capture of planetesimals in the belt. Fur-
thermore, we discuss the challenges involved in using
metrics derived from a single small body to constrain
key aspects of the solar system’s early evolution such as
the timing of the giant planet instability

Our paper is structured as follows. In Section 2 we de-
scribe our methods and numerical simulations. In Sec-
tion 3 we present our results, and in Section 4 we present
our final conclusions.



2. METHODS

Our simulations model the accretion of terrestrial
planets within a narrow ring of planetesimals. These
simulations were first presented and analyzed in Izidoro
et al. (2024); here we explore the relevance in the con-
text of Athor’s implantation specifically. They were
conducted in two steps. First we modeled the growth
from planetesimals to planetary embryos (Kokubo & Ida
2000) using the LIPAD code (Levison et al. 2012). Each
ring was assumed to have a specific radial surface den-
sity profile, proportional to X(r) = r~*, and different
simulations considered different values of x (0, 1, and
5.5). We also performed simulations with an “upside-
down U-shape” ring profile, represented by X(r) =
(—200(r/au — 1)% + 24) g/cm? (Izidoro et al. 2022).
Our LIPAD simulations started with 3000 planetesimals
(Izidoro et al. 2022), which collisionally evolved follow-
ing the LIPAD prescription. We neglected the effects of
gas-driven planet migration in all simulations, but we ac-
counted for the effects of aerodynamic gas drag (Adachi
et al. 1976), as well as inclination and eccentricity gas-
tidal damping (Cresswell & Nelson 2006). The gas disk
lifetime was set to 5 Myr (e.g. Williams & Cieza 2011),
and it dissipated following an exponential decay with e-
fold timescale of 2 Myr. Our simulations were integrated
using a time-step of 4 days.

In the second step, we used the outcome of our LIPAD
simulations as inputs to simulate the growth from plan-
etary embryos to final planets (Chambers & Wether-
ill 1998). For step-2, we used the Mercury integration
package (Chambers 1999) and assumed that the sun’s
natal disk was already dissipated. Objects more massive
than the Moon were treated as self-interacting particles.
Lower mass objects did not self-interact, but gravita-
tionally interact with the sun and other massive objects.
Our step-2 simulations started with approximately 300
to 500 planetesimals and 20 to 30 planetary embryos,
depending on the planetesimal ring surface density pro-
file (see Izidoro et al. 2024, for details).

The timing of the instability was treated as a free
parameter. We performed simulations with instability
times (tinst) of 0, 5, 10, 50 and 100 Myr relative to the
time of gas disk dispersal (start of step-2). Assuming
that the sun’s natal disk dissipated 5 Myr after the con-
densation of CAls, our instability times correspond to
5, 10, 15, 55 and, 105 Myr after the solar system’s for-
mation, i.e, the time of CAls condensation Amelin et al.
(2010). Unlike our previous work (Izidoro et al. 2024),
in this paper we exclusively express time relative to the
birth of the solar system formation (CAI formation).
We performed 50 simulations, starting with slightly dif-
ferent distributions of planetary embryos and planetes-
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imals, for each combination of instability time and ring
surface density profile.

We used two different approaches to simulate the dy-
namical instability of the giant planets. In the first one
we model the instability using numerical interpolation
of a giant planet dynamical evolution which has been
shown to be broadly consistent with solar system con-
straints (Deienno et al. 2018). We refer to these simula-
tions as “Interpolated instability”. In the second case,
we model the giant planet instability assuming the giant
planets instantaneously “jump” from pre-instability or-
bits to their current ones. We refer to these simulations
as “Instantaneous Instability”. This latter approach is
common in the literature (e.g. Bottke et al. 2012; Brasser
et al. 2013; Deienno et al. 2016), and allows us to cir-
cumvent potential specific effects associated with weakly
constrained variables when modelling the giant planet
dynamical instability. For instance, the initial resonant
configuration of the giant planets, the total mass as-
sumed of the primordial planetesimal disk beyond Nep-
tune, the extension of the planetesimal disk, etc. are
weakly constrained parameters in giant planet instabil-
ity instability models (e.g. Nesvorny 2011). Different as-
sumptions for these parameters may lead to very differ-
ent dynamical evolution pathways for the giant planets
themselves. The main advantage of invoking the “In-
stantaneous instability” approach is that it allows us to
mitigate any specific dynamical effect coming from the
assumed interpolated instability itself.

Our “Interpolated instability” simulations were nu-
merically integrated until the end of the instability phase
only (tinst+0.8 Myr). Our “Instantaneous instability”
simulations were integrated up to 200 Myr following gas
disk dispersal. We do not extend the integration time
of our “Interpolated instability” simulations up to 200
Myr in order save cpu-time (for details see Izidoro et al.
(2024)).

Before the dynamical instability, Jupiter and Saturn
were initially placed in the 3:2 mean motion resonance
(Masset & Snellgrove 2001; Morbidelli & Crida 2007, see
also Deienno et al. (2017)) with ay = 5.4 au, ag = 7.3 au,
ey =es =0, and i3 = 0, and i3 = 0.5 deg. After the
instability, their orbits are represented by ajy = 5.25 au,
as = 9.54 au, ey = 0.048, es = 0.056, and 735 = 0, and
i3 = 1.5 deg.

3. RESULTS

We first present results from the interpolated insta-
bility simulations (Section 3.1), followed by results from
the instantaneous instability simulations (Section 3.2).
Given the uncertainties in the exact evolution of the
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giant planets during the instabilities, we consider that
each of these scenarios carries equal weight.

3.1. Interpolated Instability

In this section, we first analyzed the implantation of
planetesimals into the Athor region (hereafter defined
as 2.3 < a < 2.5 au; e < 0.15; ¢ < 15 deg) in simu-
lations with interpolated instabilities. We remind the
reader that we do not follow the full accretion phase of
the terrestrial planets and long term evolution of the
solar system in our interpolated simulations. These spe-
cific simulations stop shortly after the instability phase
(tinst + 0.8 Myr). At the end of these simulations, we
look for Athor-like objects in the asteroid belt and con-
strain their implantation efficiency. Only in our sub-
sequent section, dedicated to simulations modelling the
instability as an instantaneous event, we do constrain
the efficiency of implantation during the epoch of terres-
trial planet formation after the instability. We choose to
present these results separately in order to improve our
statistics and compare the results of these two different
instability approaches.

To start our analysis of the interpolate instabilities,
we neglect the constraint suggested by Avdellidou et al.
(2022) that the Athor must be implanted in the belt at
least ~60 Myr after the formation of the solar system.
We will return to this point later. Our goal at this point
is simply to check whether objects can be implanted in
the Athor region in our various simulations with differ-
ent instability times or not.

Altogether, the initial number of planetesimals in our
simulations at 5 Myr is ~80 K planetesimals. We report
probabilities and implantation efficiencies relative to this
initial number of planetesimals.

Our interpolated simulations with s = 5 Myr did
not implant any Athor-like objects in the belt. Simula-
tions with tinst = 10 Myr, 15 Myr, 55 Myr and 105 Myr
implanted 1, 2, 10, and 5 objects with Athor-like orbits,
respectively. The number of Athor-like objects produced
in simulations with different ring surface density pro-
files were: 8 planetesimals for 7°, 7 planetesimals for
r~!, 2 planetesimals for “U-shape” ring profile , and 1
planetesimal for »~>. These objects are shown in Fig-
ure 1. Considering all implanted planetesimals, in all
our simulations with instability times occurring at any-
time between 10 and 105 Myr, the average implanta-
tion probability was about 18/80,000 ~2.2x10~* . The
average implantation probability for ti,g <S15 Myr is
~3.7x107%, and for ti,s >55 Myr is ~1.9x107%.

These probabilities do not account for the timing of
implantation. In order to effectively determine whether
our implanted planetesimals are truly consistent with
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Figure 1: Distribution of planetesimals implanted in
the main belt and Athor’s region from 17 selected simu-
lations with interpolated instabilities. We plot together
all simulations that implanted at least one planetesi-
mal in the Athor-region. Yellow dots show planetesi-
mals that were implanted in the Athor region >60 Myr
after the formation of the solar system and, therefore,
are consistent with Athor (Athor analogues). Green dots
show planetesimals implanted in the Athor region before
60 Myr. Red dots show asteroids implanted in the main
belt. Athor’s orbit is represented by the black square.

Athor or not, we must further constrain our sample to
those implanted in the belt late enough to be consistent
with the thermo-chronometer modeling of Trieloff et al.
(2022).

We follow the arguments of Avdellidou et al. (2024)
and assume that Athor-like objects should be implanted
in the asteroid belt later than ~60 Myr after CAls, after



the break-up of its larger parent body as suggested by
thermo-chronometer models (Trieloff et al. 2022; Avdel-
lidou et al. 2022). By construction, our interpolated
simulations with tinst <15 Myr cannot be used to test if
they can implant Athor-like objects or not because they
stop at about ¢ <1540.8 Myr. However, we can use our
simulations with t;,s¢ = 55 Myr and 105 Myr to look
into this.

Our simulations with t,¢ = 55 Myr implanted 10
planetesimals in the Athor region, for an implantation
efficiency of ~1.2x10~%. Nevertheless, a closer inspec-
tion shows that all ten planetesimals were already tran-
siting across the belt region (on orbits where 1.8 < a <
3.5 au, i < 30 deg and e < 0.35) before the instabil-
ity time. These objects are shown in green in Figure
1. These planetesimals entered the belt region between
25 and 45 Myr, with an average entrance time of 40
Myr. Consequently, although they were not effectively
implanted until the instability finally occurred, these
planetesimals are unlikely to be consistent with Athor
because their eventual break-up inside the belt (even if
at > 60 My after CAls) would leave features which are
not observed today (Avdellidou et al. 2022).

In simulations with ¢i,st = 105 Myr, 5 planetesimals
were implanted in the Athor region. These planetesimals
entered the asteroid belt region between ~25 and ~60
Myr, with an average entrance time in the asteroid belt
of ~53 Myr. In these simulations, 4 out of the 5 plan-
etesimals reached the asteroid belt at about ~60 Myr
making them, at best, marginally consistent with EL
meteorites and Athor. These objects are shown in yellow
in Figure 1. This yields an implantation efficiency in the
Athor region of roughly ~5x10~5. However, because no
planetesimal was implanted at > 60 Myr in the Athor
region in any of our simulations with ;54 = 105 Myr,
one can conclude from these simulations that the im-
plantation of Athor at >60 Myr may be an event with
a probability as low as <1.2x1075. This suggests that
implanting Athor at ~100 Myr in the framework of a
late instability is in fact quite challenging.

It is important to keep in mind that these reported im-
plantation probabilities might be misleading since they
could be positively or negatively weighted by simulations
that may or may not turn out to be good solar system
analogs at the end. There are also many different ways
to compute and report implantation probabilities. For
instance, one may decide to account only for the total
number of planetesimals in a specific simulation (or set
of simulations) with successful implantation. Our sim-
ulations typically start with 300 to 500 planetesimals.
If a single planetesimal is implanted in a specific simu-
lation, its implantation could be given as 1/500, which
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is a much higher value than our average probability, re-
ported over our full sample of simulations (with 80,000
planetesimals). That being said, because we have only
a single Athor asteroid, any non-zero probability is in
fact quite reassuring.

In the next section, we will present the implanta-
tion probabilities of selected solar system analogues pro-
duced in simulations with “Instantaneous Instability”.
The primary goal of the next section is to demonstrate
that Athor-like objects can be implanted in the asteroid
belt even if the giant planet instability occurred very
early, for instance around the time gas disk dispersal
(e.g. Liu et al. 2022). We will use these same simulations
to compute the probability of Athor’s late implantation
for a range of different instability times.

3.2. Instantaneous Instability

We now turn our attention to the simulations in which
the giant planet instability was modeled as an instanta-
neous jump in their orbital elements, as described above.
These simulations were numerically integrated for 200
Myr.

Altogether, out of 200 simulations (50 for each ring
profile) starting with rings with surface density profiles
proportional to 0, »—1, 735 and “U-shape” and ting; =
5 Myr, 3 planetesimals were implanted in the Athor-
region (one planetesimal per simulation). This corre-
sponds to an implantation efficiency of ~ 3.7 x 107° at
200 Myr. These three simulations produced fairly good
solar system analogues, with small Mars analogues and
at least 3 terrestrial planets. Planetesimals were im-
planted in the Athor region after the instability took
place (tinss = 5 Myr). We have verified that the three
implanted planetesimals of these simulations typically
entered the asteroid belt between about 28 and 40 Myr,
with an average entrance time of 33 Myr after CAls for-
mation.

We extended the integration time of these simulations
with ¢inst = 5 Myr to 1 Gyr, and only one of them pro-
duced a long-term stable implanted object. We will refer
to this specific simulation in this section as “Athor-1”.
As no planetesimal was implanted in the Athor region
after 60 Myr in any of these 200 simulations with, we
can already expect that the probability of implanting
Athor after 60 Myr is relatively low, and roughly of the
order of < 1.2 x 107°. Later in this paper we will con-
firm that Athor’s implantation probability after 60 Myr
for an early instability scenario (e.g. tinst = 5 Myr) is
about =~ 2 x 107°.

With the goal of improving the statistics of our simula-
tions when probing the long-term stability of Athor-like
objects, we performed additional simulations in which
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we cloned selected simulations that produced good so-
lar system analogues. Mars-analogues are defined as
planets with the following orbital and physical param-
eters: semi-major axes between 1.3 < a < 1.8 au;
orbital eccentricities lower than < 0.1; orbital incli-
nations lower than ¢ < 10 deg, and masses between
0.05 < M < 0.3 Mg. Earth-analogues are defined as
planets with masses higher than 0.5 Mg, orbital eccen-
tricities lower than ~0.1, and orbital inclinations lower
than ~5 degrees. We do not define Mercury and Venus
analogues, but some of our selected simulations also pro-
duced reasonable analogues of these planets, with a, e,
1, and mass within a factor of ~ two of the real planets.

We cloned our selected systems by changing planetes-
imals’ semi-major axes by a tiny fraction (£0.001%).
This cloning process allows us to increase our simula-
tion sample size and to save CPU time, instead of run-
ning new simulations from the beginning to increase our
simulation number.

We start by cloning our “Athor-17 simulation. We
focus on it exclusively in the subsequent paragraphs and
analyses. We cloned this simulation 100 times at 70 Myr,
when there were about 30 leftover planetesimals in the
system and the terrestrial planets were not fully formed
yet. We integrated each clone simulation up to 200 Myr.
For the most successful cases (i.e. when an object is
implanted in the Athor-region), we further extended the
simulation to 1 Gyr.

From this set of 100 clone simulations, 4 simulations
implanted an object in the Athor-region (one planetesi-
mal per simulation). 3 out of the 4 implanted planetes-
imals were the same object implanted in our original
Athor-1 simulation. In all 3 cases, this object survived
in the belt for 1 Gyr. However, one new planetesimal
(which was ejected in the original Athor-1 simulation)
was implanted in the Athor region in one of the clone
simulations. Figure 2 shows the implantation of this ob-
ject and its long-term dynamical evolution for 1 Gyr.
This clone simulation produced three terrestrial plan-
ets (Analogs 1 through 3). Note that the planetesi-
mal implanted in the Athor-region, shown in grey, is
at about 1.4 au at 5 Myr and finally reaches the aster-
oid belt at about ~100 Myr. This late implantation in
the belt makes this object consistent with Athor (Avdel-
lidou et al. 2024), i.e., it lived in the terrestrial region
(a < 1.8 au) for > 60 Myr before implantation. We
can also use this set of clone simulations to reassess the
probability of implanting such an object at late time.

Envisioning that each of our clone-simulations would
have started with about 500 planetesimals within 1.5 au
(see Section 2 and Izidoro et al. (2024)) as our original
“Athor-1” simulation, the overall probability of implant-

ing this object is ~2x107° (1 object implanted/(100
clonesx500 planetesimals)). This represents the proba-
bility of implanting an Athor-like object at ~100 Myr
for an instability taking place at ~5 Myr.
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Figure 2: Implantation of a planetesimal from the ter-
restrial region into the asteroid belt during the final ac-
cretion phase of terrestrial planets in our Athor-1 simu-
lation. The planetesimal is implanted in the inner main
belt, in the Athor-region. The x-axes shows time and the
y-axes shows, from top-to-bottom, semi-major axis, or-
bital eccentricity, and inclination. Dashed lines delimit
the Athor region defined as 2.3 < a < 2.5 au, e < 0.15,
and i < 15 deg. This simulation corresponds to an ex-
ample where the instability takes place at the time of
the disk dispersal, i.e., tins¢ =5 Myr after the solar sys-
tem formation. At 5 Myr, the grey-line planetesimal is
at about 1.4 au and it finally enters the asteroid belt at
~100 Myr (a 2 1.8 au). Its effective implantation oc-
curs at ~120 Myr, when an planetary embryos (which
will be later refereed to as Krios) (light-brown) is ejected
from the system.

We performed a second set of simulations where we
selected another simulation with ¢;,st =5 Myr that pro-
duced an Athor analog and cloned it 120 times. We refer



to this simulation as “Athor-2”. We cloned this system
at the 25 Myr point of our original simulation, with the
goal of improving our statistics and motivated by the
fact that the system at 25 Myr looks like a good candi-
date for solar system analog. Out of our 120 simulations,
one implanted a planetesimal in the Athor region. The
dynamical evolution of this system is shown in Figure 3.
This clone simulation produced four terrestrial planets
(Analogs 1 to 4). In Figure 3, the implanted planetesi-
mal finally entered the asteroid belt at about 105 Myr
but it did not attain its final, fully implanted semi-major
axis and eccentricity until ~290 Myr. It started initially
at about 1.4 au at 5 Myr, reached the asteroid belt re-
gion (a>1.8 au) for the first time between 15 and 20
Myr, left the main belt region again between 65 and 100
Myr, and finally re-entered the main belt at about 105
Myr. This late implantation makes this object consis-
tent with Athor (Avdellidou et al. 2024).

A few other clone simulations of Athor-2 implanted
planetesimals in the belt with slightly higher orbital ec-
centricities and inclinations than our favourite case (and
Athor). We do not consider these cases when computing
implantation probabilities. The implantation probabil-
ity of our best Athor-analogue by itself, accounting for
all 120 clone simulations (1 implanted planetesimal /
(120 clonesx500 planetesimals), is about &~ 1.7 x 107°
for an instability with ti,st =5 Myr. Accounting for
these additional slightly less appreciable implantation
cases the overall implantation efficiency could be up to
2 to 3 times higher.

Our Athor-1 and Athor-2 simulations produced our
best examples of solar system analogues containing
Athor-like objects. Both our Athor-1 and Athor-2 sim-
ulations match our defined solar system analogue con-
straints. We have verified that the two Mars-analogues
of Figures 2 and 3 grew relatively fast and were almost
fully formed (reaching > 90-95% of their final masses)
during the gas disk phase. This makes them broadly
consistent with estimated Mars’ accretion timescale (e.g.
Dauphas & Pourmand 2011).

Given the combined results of our instantaneous and
interpolated instability (see previous section) simula-
tions, we conclude that, if the instability occurred within
15 Myr of solar system formation, as in our Athor-1
and Athor-2 simulations, the probability of implanting
an Athor-like planetesimal into the main belt after >60
Myr was only ~2-3 times lower than the probability of
implantation before <60 Myr.

Until now we have dedicated this section to analyse
and discuss the results of simulations with early insta-
bility times, i.e., tinst =5 Myr and 15 Myr. Now we an-
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Figure 3: Implantation of a planetesimal from the ter-
restrial region into the asteroid belt during the final ac-
cretion phase of terrestrial planets in our Athor-002 sim-
ulation. The planetesimal is implanted in the inner main
belt, in the Athor-region. The x-axes shows time and the
y-axes show, from top-to-bottom, semi-major axis, or-
bital eccentricity, and inclination. Dashed lines delimit
the Athor region defined as 2.3 < a < 2.5 au, e < 0.15,
and i < 15 deg. Like figure 2, this simulation corre-
sponds to another example where the instability takes
place at the time of the disk dispersal, i.e., tinst =5 Myr
after the solar system formation. At 5 Myr, the grey-
line planetesimal is at about 1.6 au and it finally enters
the asteroid belt at ~100 Myr (a 2 1.8 au). Its effective
implantation occurs at ~290 Myr, when Krios (orange)
is ejected from the system.

alyze the implantation probability in simulations with
late instabilities, ti,s; =55 and 105 Myr.

Out of our 200 simulations with ¢;,s¢ =55 Myr, 4 plan-
etesimals were implanted in the Athor region, resulting
in an implantation efficiency of ~ 5 x 10~°. However,
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all these four planetesimals first entered the asteroid belt
(a>1.8 au) between 15 and 40 Myr after CAls, with an
average entrance time of ~25 Myr, making them incon-
sistent with Athor (Trieloff et al. 2022).

Out of our 200 simulations with #j,s¢ =105 Myr, a
total of 13 planetesimals were implanted in the Athor
region of the belt. Out of these 13 planetesimals 4 were
implanted in the asteroid belt after 60 Myr, with an
average time of entrance in the belt of ~ 70 Myr after
CAIs. This yields an implantation probability of Athor-
analogues of about ~ 5 x 107°, which is marginally con-
sistent with the estimate derived from our interpolated
simulations (see previous section). Confirming our re-
sults of the previous section, these results also suggest
that implanting objects in the Athor region at ~100
Myr with tis¢ =105 Myr has a probability of the order
of <1.2x 1075,

3.2.1. The Implantation mechanism

Athor analogs implanted after the giant planet insta-
bility all have similar origins. This is true regardless of
whether they are implanted as late as those in Figures 2
and 3 or earlier (see examples in the Appendix). They
are typically planetesimals scattered from ~1-1.7 au into
the Mars-region that undergo multiple scattering events
by a Mars-analogue and a leftover unstable planetary
embryo on an asteroid-belt-crossing orbit. We refer to
this embryo as Krios, the brother of Theia, the name
commonly given to the Moon-forming impactor. These
objects are shown in Figures 2, 3, and 4. We also
found implantation examples in our sample of simula-
tions where Theia assumes the role of “Krios”. In these
specific cases, Theia, rather than being ejected from the
solar system like Krios, collides with the Earth-analogue
while also promoting Athor’s implantation.

Figure 4 shows the evolution of the semi-major axis,
pericenter, and apocenter of all objects shown in Figure
2. Although orbital overlap between the planetesimal
and the asteroid belt exists for <60 Myr, this planetes-
imal may have avoided break up to 80 Myr or so, when
it may have finally fragmented near its pericenter. Note
that at 85 Myr it is outside the belt (¢ < @ < 1.8 au). In
this case, as all fragments would be in terrestrial planets
crossing orbits, all but one (the lucky Athor) would have
been lost.

In our simulations, Athor-like objects were typically
implanted into the asteroid belt after experiencing a
secular torque from Krios (or Theia), typically during
Krios’ (Theia’s) final high eccentricity/inclination phase
(see Figure 4 and an additional example in the Ap-
pendix).

Our simulations show that planetary embryos like
Krios play a fundamental role in implanting Athor-like
objects in the asteroid belt. The simulations of Avdelli-
dou et al. (2024) did not capture the effect of this type of
object during the final phase of accretion of terrestrial
planets. Their simulations did not implant planetesi-
mals in the Athor region for early instability times due
to assumptions in their design and very limited num-
ber of simulations. Avdellidou et al. (2024) tested four
different implantation scenarios: i) implantation after
terrestrial planet formation, where the terrestrial plan-
ets and giant planets are assumed to be fully formed
and in their current orbits; ii) implantation during ter-
restrial planet formation, using a single simulation out-
come from Nesvorny et al. (2021); iii) implantation due
to the gravitational effects of a leftover planetary embryo
envisioned to be Theia; and iv) implantation during the
giant planet instability. Avdellidou et al. (2024) ruled
out scenarios i), ii), and iii) and concluded that only iv)
is plausible. Our results support their conclusions that
scenario 1) can not implant Athor like objects. However,
we show here that scenario ii) and iii) are also consistent
with Athor. Their simulation of scenario ii) probably
failed to implant planetesimals in the Athor region be-
cause they only tested a single accretion history of the
terrestrial planets. Their scenario iii) failed to implant
planetesimals in the Athor region because they assumed
an ad-hoc initial orbit for the putative leftover embryo.

3.2.2. Which instability timing is more likely to implant
Athor?

Our simulations with an instability occurring within
15 Myr after CAls formation yield a probability of im-
planting Athor after 60 Myr of at least ~ 2 x 107°.
Simulations with an instability occurring at 105 Myr
after CAls formation produce implantation probability
of ~ 5 x 107°. This shows that the probability of im-
planting Athor in the early instability scenario (Clement
et al. 2018; Nesvorny et al. 2021; Liu et al. 2022) is at
most a factor of ~2.5 lower than that of implanting it
in the late instability. We argue that a simple difference
of about a factor of two is insufficient to rule out one
dynamical scenario over the other. Indeed, simulations
of the giant planet instability itself have a probability
of matching the present-day giant planets’ orbits that
is significantly lower than 50% (e.g. Nesvorny & Mor-
bidelli 2012; Clement et al. 2021). If one were to make
judgments on past events in Solar System history based
on factors of two, the instability itself would be thrown
out.

Our implantation probabilities — and the factor of ~2
difference for Athor’ s implantation in a late vs early
instability — can be more easily understood if we recall
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Figure 4: Evolution of semi-major axis, pericenter, and
apocenter of all planetary bodies shown in Figure 2, us-
ing the same color-coding in both figures. The implan-
tation of the planetesimal in the belt (grey-lines object)
at about 120 Myr occurs due to its gravitational inter-
action with Krios and Mars. The high eccentricity and
inclination phases of Krios before its ejection induce sec-
ular effects on the planetesimal that reduce its orbital
inclination and eccentricity, ultimately implanting it in
the belt around Athor’s modern orbit.

that, to first order, derived implantation efficiencies are
a function of the total number of planetesimals available
for implantation at different times. We have computed
the ratio of the number of planetesimals existing outside
the belt in simulations with an instability occurring at 5
Myr and those where the giant planets are kept in pre-
instability orbits. Our results are presented in Figure
5.
Figure 5 shows that the inferred factor of two differ-
ence in implantation efficiencies between our early and
late instability simulations is largely in agreement with
the evolution of the ratio of the number of planetesimals
outside the asteroid belt in these simulations. As one
can see, simulations with giant planets in pre-instability
orbits tend to have a factor of ~1.4 to ~2 more planetes-
imals available outside the belt between 60 and 100 Myr
than those where they have attain their modern orbits at
5 Myr after CAls. Once Jupiter and Saturn are placed
on their present-day orbits, they slightly accelerate the
process of accretion and depletion in the terrestrial re-
gion. Thus, the number of planetesimals available to be
implanted on Athor-like orbits is reduced quicker than
when the giant planets are on their pre-instability or-
bits. Therefore, Figure 5 supports our findings and sug-
gests that the inferred mere factor of ~2 difference in

<I.\I>pre-instabilit:,fl <N>a1’ter—instability
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Figure 5: Temporal evolution of the ratio of the av-
erage number of planetesimals outside the main aster-
oid belt in simulations where the instability takes place
at 5 Myr (giant planets are in their current orbits) af-
ter solar system formation and simulations where the
giant planets are kept in pre-instability orbits. Plan-
etesimals outside the belt are defined as those in the
terrestrial region (1 < a < 1.8 au) and those in the belt
region but with very high orbital eccentricities and incli-
nations (1.8 < a < 3.5 au, and e > 0.4, and ¢ > 35 deg).
We have tested several different cutoffs for the defini-
tion of planetesimals outside the main belt and the re-
sults were similar to the presented case. For instance,
accounting only for planetesimals in the terrestrial re-
gion (1 < a < 1.8 au) leads to broadly similar results.
The number of planetesimals outside the belt for each
giant planet configuration is averaged over 50 simula-
tions modelling the accretion of terrestrial planets. The
grey-lines show 1-¢ standard deviation.

the probabilities of implanting Athor with an instabil-
ity at < 15 Myr compared to an instability at >60 Myr
is reasonable and robust. From our results, we can not
firmly exclude the possibility that these probabilities are
virtually the same, in particular for implantation times
> T0Myr.

We conclude this section by re-emphasizing that the
link between Athor and EL meteorites suggested by
Avdellidou et al. (2022); Avdellidou et al. (2024) is not
sufficient to constrain the timing of the giant planet dy-
namical instability.

4. CONCLUSION

In this paper we studied the implantation of the as-
teroid Athor from the terrestrial region into the aster-
oid belt. We were motivated by the recent results of
Avdellidou et al. (2024) suggesting that Athor can not
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be implanted in the belt if the giant planet dynamical
instability occurred before 60 Myr after the formation of
the solar system. To revisit this problem, we performed
and analyzed a suite of numerical simulations modelling
the accretion of terrestrial planets from narrow ring of
planetesimals (Izidoro et al. 2024), with a focus on the
implantation of planetesimals from the terrestrial region
into the asteroid belt.

We modelled the giant planet dynamical instability
by assuming that the giant planets formed in a more
compact, circular, and coplanar configuration, before
evolving to their current dynamical state. The timing
of the instability was treated as a free parameter in this
work. We performed simulations assuming that the gi-
ant planet instability occurred at 5, 10, 15, 55, and 105
Myr after the formation of the solar system.

Our simulations showed that Athor-like objects can
be implanted in the asteroid belt up to 2100 Myr af-
ter the solar system dynamical instability occurred. We
compared the probability of implanting Athor after 60
Myr in scenarios where the instability occurs “early”,
within 15 Myr, and relatively “late”, at ~100 Myr after
the solar system formation. Our results show that the
probability of implanting Athor-like objects when the
instability occurs at ~ 100 Myr is at most a factor of 2
higher than that from the scenario where the instability
occurs within 15 Myr after the formation of the solar
system.

We conclude this work by stating that Athor’s ori-
gin alone can not be used to constrain the time of the
solar system dynamical instability. A dynamical insta-

bility occurring at <15 Myr after the formation of the
solar system remains a plausible scenario to explain both
the implantation of the asteroid Athor, as well as the
total mass carried by S-complex asteroids (taxonomic
class, i.e., DeMeo & Carry 2014) in the belt (see Izidoro
et al. 2024). A very early instability could have been
triggered by dynamical interactions between the giant
planets themselves (de Sousa Ribeiro et al. 2020) or by
dispersal of the gaseous disk (Liu et al. 2022). Such a
scenario has already been shown to be compatible with
thermochronological measurements of asteroidal mete-
orites (Harper Edwards et al. 2023), and the dynamical
influence of an early instability could explain a number
of features of Earth, the terrestrial planet system, and
asteroid belt (Clement et al. 2018; Clement et al. 2019;
Nesvorny et al. 2021; Clement et al. 2023; Joiret et al.
2023).
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APPENDIX

A. ADDITIONAL EXAMPLES OF IMPLANTATION OF PLANETESIMALS IN THE ATHOR-REGION

Examples presented in this section show implantation of planetesimals in the Athor region in simulations that also
produced good solar system analogues. Although in both Figures 6 and 8 planetesimals were only effectively implanted
in the belt at about 100 Myr, both implanted objects arrived in the belt region too early (before 60 Myr after CAls
formation), making them inconsistent with Athor.
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Figure 6: Representative example of implantation of a planetesimal that arrives relatively early in the belt, at about
~40 Myr. The early arrival of this object in the asteroid belt makes it most likely inconsistent with Athor. As
in Figure 2, the x-axes shows time and the y-axes shows, from top-to-bottom, semi-major axis, orbital eccentricity,
and inclination. Dashed lines delimit the Athor region defined as 2.3 < a < 2.5 au, e < 0.15, and i < 15 deg.
This simulation corresponds to an example where the instability also takes place at the time of the disk dispersal,
tinst =D Myr relative to the solar system formation time. The final implantation of this planetesimal happens at about
85 Myr when Krios is ejected from the system.
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Figure 7: Evolution of semi-major axis, pericenter, and apocenter of all planetary bodies shown in Figure 6, using
the same color-coding for both figures. The implantation of the planetesimal in the belt (grey-lines object) at about
85 Myr occurs due to its gravitational interaction with Krios and Mars, but note that it enters the asteroid belt region
(a 2 1.8 au) between 30 and 40 Myr. As in Figure 4, the high eccentricity and inclination phases of Krios before
its ejection induce secular effects on the planetesimal, reducing its orbital inclination and eccentricity, and ultimately
implanting it in the belt and Athor’s region.
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Figure 8: Representative example of implantation of a planetesimal that arrives relatively early in the belt, at about
~40 Myr. The early arrival of this object in the asteroid belt makes it most likely inconsistent with Athor. As
in Figure 2, the x-axes shows time and the y-axes shows, from top-to-bottom, semi-major axis, orbital eccentricity,
and inclination. Dashed lines delimit the Athor region defined as 2.3 < a < 2.5 au, e < 0.15, and i < 15 deg.
This simulation corresponds to an example where the instability also takes place at the time of the disk dispersal,
tinst =D Myr relative to the solar system formation time. The final implantation of this planetesimal happens at about
85 Myr when Krios is ejected from the system.
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