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Abstract

Interplanetary dust grains (IDPs) originate from a variety of sources and are dynamically transported across the
solar system. While in transport, high-Z solar energetic particles (SEPs) with energies of ~1 MeV nuc™' leave
damage tracks as they pass through IDPs. SEP track densities can be used as a measure of a grain's space exposure
and, in turn, helg to constrain their lifetimes and origins. Stratospherically collected IDPs with relatively high track
densities (>10'""cm?) have been interpreted as originating from the Edgeworth—Kuiper Belt (EKB). To further
test this hypothesis, we use a dynamical dust grain tracing model to explore the accumulation of SEP tracks within
EKB dust grains. We demonstrate that, neglecting collisions, dust grains with radii up to 500 ym are capable of
transiting from the EKB to 1 au despite gravitational perturbations from the outer planets, albeit with decreasing
probability as a function of size. Despite this, we find that EKB grains cannot accumulate sufficient tracks to match
those reported in the terrestrial stratospheric IDP collection when applying SEP track accumulation rates
established from lunar samples at 1 au and assuming the SEP flux scales with heliocentric distance as r~'”. By
exploring the radial scaling of the SEP flux, we find that a shallower SEP radial distribution of ' does allow for
the accumulation of >10' tracks cm 2 in EKB dust grains that reach 1au. We urge further research into the
propagation and distribution of high-Z SEPs throughout the heliosphere in order to better constrain track

accumulation in IDPs.

Unified Astronomy Thesaurus concepts: Interplanetary dust (821); Kuiper Belt (893); Solar energetic

particles (1491)

1. Introduction

Interplanetary dust grains (IDPs) originate from a wide
variety of sources in the solar system, including asteroids,
comets, and Edgeworth—Kuiper Belt (EKB) objects (e.g., see
review by D. Koschny et al. 2019). After their birth, these
grains are subject to several forces, including gravity, solar
radiation pressure, Poynting—Robertson and solar wind drag,
and electromagnetism (e.g., J. A. Burns et al. 1979;
B. A. S. Gustafson 1994), which in turn allows IDPs to
migrate long distances from their birthplace (e.g., E. Griin et al.
1985; A. A. Jackson & H. A. Zook 1992; J.-C. Liou et al. 1995;
M. Landgraf et al. 2002; A. Moro-Martin & R. Malhotra 2003).
Thus, the influx of IDPs to any object in space is dependent on
both the location of such an object and the time-integrated
dynamics of IDPs originating from various sources. At Earth,
for example, multiple lines of evidence suggest that the IDP
influx is primarily composed of dust originating from Jupiter-
family comets (JFCs; e.g., D. Nesvorny et al. 2010; J. D. Carr-
illo-Sanchez et al. 2016) with smaller contributions from Oort
cloud comets (D. Nesvorny et al. 2011), Halley-type comets
(M. Campbell-Brown et al. 2014), and the main asteroid belt
(e.g., D. D. Durda & S. F. Dermott 1997; D. Nesvorny et al.
2010). In contrast, the IDP influx in the outer solar system is
believed to transition from JFC-dominated near Jupiter to
EKB-dominated near Neptune (e.g., M. J. Kuchner &
C. C. Stark 2010; C. Vitense et al. 2012; A. R. Poppe 2016;
M. Piquette et al. 2019; A. R. Poppe et al. 2019; E. Bernardoni
et al. 2022). Additionally, dynamical simulations have also
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suggested the possibility that IDPs from the EKB could
potentially migrate all the way to lau and comprise a
component of the zodiacal cloud at Earth (e.g., J.-C. Liou
et al. 1996; A. Moro-Martin & R. Malhotra 2003); however,
supporting evidence for an influx of EKB grains to Earth has,
until recently, remained lacking.

As IDPs migrate through the solar system, they are subjected
to charged-particle irradiation over a wide range of species and
energies. Among these various populations, high-Z (Z > 26)
jons with energies of ~1MeV nuc™' leave visible damage
tracks within meteoritic minerals due to local melting and
subsequent amorphization (e.g., R. L. Fleischer et al. 1975;
G. Szenes et al. 2010). These track-inducing particles,
comprised mainly of iron (Fe, Z = 26) with minor contributions
from even heavier elements (e.g., Ni, Zn, etc.), primarily
originate from solar flares near the Sun's surface or from
coronal mass ejections that propagate through the heliosphere
and are part of a broader population of “solar energetic
particles” (SEPs; e.g., D. V. Reames 2013, 2019). The
convolution of the track-inducing SEP distribution throughout
the heliosphere and the time history of IDP trajectories governs
the rate at which IDPs accumulate damage tracks. Additionally,
energetic particle irradiation of IDPs by both SEPs and galactic
cosmic rays (GCRs) can also stimulate the formation of
cosmogenic radionuclides (e.g., 98¢, 25A1, 3*Mn, GOFe),
observations of which have recently been used to infer an
outer solar system origin for several terrestrial micrometeorites
(e.g., J. Feige et al. 2024). While highly complementary to the
analysis of SEP-induced track densities studied here, we note
that the production of cosmogenic nuclides within IDPs is not
the focus of the current study and is left to future work.

At Earth, IDPs that have entered the terrestrial atmosphere
can be collected in the stratosphere for inspection and analysis
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in ground-based laboratories. J. P. Bradley et al. (1984)
reported the first discovery of SEP-induced tracks in strato-
spherically collected IDPs, and subsequent studies have used
SEP track densities to establish the exposure ages of IDPs and,
by extension, constrain their parent populations (e.g.,
S. A. Sandford 1986; G. J. Flynn 1989; K. Thiel et al. 1991).
Building on this idea, G. J. Flynn (1994, 1996) suggested that
one could identify EKB grains that managed to transit to 1 au
based on an unusually high amount of space exposure in the
form of SEP-induced tracks. Recently, L. P. Keller &
G. J. Flynn (2022) have reported the possible discovery of
such EKB grains in the stratospheric IDP collection, based on a
combination of unusually high SEP-induced track densities
within some IDPs, ~0.4-5 x 10" tracks cm72, and a revised
calibration for the SEP track-production rate at 1 au based on
lunar samples returned from the Apollo missions (L. P. Keller
et al. 2021). By employing an analytical model of IDP
dynamics under the influence of only Poynting—Robertson drag
(i.e., without planetary perturbations), L. P. Keller &
G. J. Flynn (2022) noted that grains released from the EKB
region (~40-50au) tended to accumulate between 0.4 and
4.0 x 10" tracks cmfz, somewhat lower than their observed
distribution. L. P. Keller & G. J. Flynn (2022) further suggested
that, based on the dynamical results of J.-C. Liou et al. (1996),
trapping within mean-motion resonances (MMRs) outside the
orbit of Neptune could yield the additional fraction of
accumulated track densities needed to achieve a more
satisfactory comparison with the observed high-track-density
SEPs; however, an explicit dynamical calculation of this
potential effect was not performed.

Here, we build upon and extend the work of L. P. Keller &
G. J. Flynn (2022) by using a dynamical dust grain model that
includes all major perturbing forces to investigate the dynamics
and track accumulation of IDPs originating from the EKB. In
particular, we explicitly assess the role that planetary perturba-
tions, including trapping within MMRs, play in the overall
accumulation of SEP-induced tracks within IDPs. Section 2
describes the modeling approach used in the study, including
both the interplanetary dust dynamics model and the distribu-
tion of track-inducing SEPs. Section 3 presents the results of
our simulations, while Section 4 provides a discussion of our
findings in the context of explaining high-track-density IDPs at
1 au. Finally, we conclude in Section 5.

2. Model Description

In order to model the dynamics and SEP-induced track
accumulation within IDPs, we combine the results from the
IDP dynamical model previously described in A. R. Poppe
(2016) and A. R. Poppe et al. (2019) and an analytical
description for the rate of SEP track accumulation as a function
of heliocentric distance. Below, we describe both model
components in detail.

2.1. Interplanetary Dust Dynamics Model

The IDP model uses a dynamic approach to integrate dust
grain state vectors according to the equations of motion with a
Bulirsch—Stoer integrator (W. H. Press et al. 2007). In addition
to solar gravity, the dynamical model includes the gravitational
forces of the eight planets, solar radiation pressure, Poynting—
Robertson drag, solar wind drag, and the electromagnetic
Lorentz force (see full description in A. R. Poppe 2016). With a

Lin & Poppe

specified initial condition (discussed below) and under the
combined action of these forces, each individual dust grain is
integrated forward in time until either (i) the dust grain is
ejected from the solar system or (ii) the dust grain reaches
<0.05 au. During integration, the dust grain state vector is
periodically printed to a file for subsequent analysis. Individual
dust grains are initialized with orbital elements drawn from the
distributions of EKB objects constrained by the debiased
observations reported in J. Petit et al. (2011). As described in
further detail in A. R. Poppe (2016; see their Appendix A), the
full population of EKB objects is separated into four primary
subpopulations: classical, scattered, resonant, and outer. The
relative contributions of each of these EKB subpopulations to
the total EKB dust production rates are estimated as follows:
classical, 11%; scattered, 60%; resonant, 14%; and outer, 15%.
For this study, we used the library of previously generated EKB
IDP state vectors analyzed in the earlier work of A. R. Poppe
(2016) and A. R. Poppe et al. (2019), which contains a total of
approximately 50,000 individual EKB dust grains across 15
discrete, logarithmically spaced grain radii ranging from 2 to
500 pm. Dust grains are subjected to erosive mass loss via solar
wind sputtering and thus, their radii shrink over time as they
transit through interplanetary space. However, this effects tends
to only reduce dust grain radii by ~20% over their lifetimes
and thus does not significantly affect the total accumulation of
SEP tracks. The dust grain material density is assumed to be
2.5gcm ™, consistent with “astrosilicate”-type material. We
neglect the role that grain—grain collisions play in altering the
dynamics and lifetimes of IDP grains (e.g., C. C. Stark &
M. J. Kuchner 2009; M. J. Kuchner & C. C. Stark 2010;
A. R. Poppe 2016), leaving this more detailed investigation to
future work.

2.2. SEP Track Accumulation Model

SEPs are comprised of ions and electrons between energies
of ~tens of keV to several GeV that originate from solar and
heliospheric processes and stream through the heliosphere
guided by interplanetary electromagnetic fields (e.g.,
D. V. Reames 2013, 2021; K.-L. Klein & S. Dalla 2017).
SEPs are typically produced via one of two processes: (i)
impulsive events that accelerate particles close to the Sun via
flares and/or jets or (ii) gradual events that accelerate particles
as coronal mass ejections plow through the corona and
interplanetary space (D. V. Reames 2013). Compositionally,
ion SEPs are dominated by protons, yet also contain species up
to Fe (Z=26) and beyond (J. P. Meyer 1985;
D. V. Reames 2019). After their initial acceleration, SEPs
propagate throughout the heliosphere, guided to first order by
the interplanetary Parker spiral magnetic field, yet also subject
to other electromagnetic drifts and scattering from turbulence
that introduce additional complexity to their overall dynamics
(C. Pei et al. 2006; J. Kelly et al. 2012; S. Dalla et al. 2013;
M. S. Marsh et al. 2013; T. Laitinen et al. 2016). A key open
question in the study of SEP dynamics is the average
heliocentric radial scaling of SEP fluxes as a function of ion
composition, energy, and solar cycle. Previous work has often
focused on the radial behavior of the peak ion flux in SEP
events (e.g., D. Lario et al. 2007, 2013; O. P. Verkhoglyadova
et al. 2012; H.-Q. He et al. 2017; H.-Q. He & W. Wan 2019)
due to its importance in space weather applications, with only
more limited investigations into the propagation of high-Z
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species (e.g., M. S. Marsh et al. 2013; A. J. Tylka et al. 2013;
S. Dalla et al. 2017a, 2017b).

In order to model the total accumulation of SEP tracks in
IDP grains, one must adopt a description for the radial
dependence of the high-Z SEP flux; however, such a
description is not currently available in the literature. Previous
work by L. P. Keller & G. J. Flynn (2022) has thus used the
radial scaling of the peak proton intensity as an approximation
for the behavior of high-Z SEPs. In particular, they adopted an
equation of the form R = Ryr °, where Ry is the track
accumulation rate at 1 au and « is the radial decay exponent.
Based on studies of Apollo sample 64455, L. P. Keller et al.
(2021) determined the rate coefficient at lau to be
R,=44 + 04 x 10*cm ?yr ! for a 27 exposure (or,
equivalently, 8.8 x 10*cm 2yr ' for a full 47 exposure).
Furthermore, they adopted a value of o = 1.7 based on the
peak proton flux behavior reported by H.-Q. He et al. (2017).
Here, we adopt the same functional form for the SEP
accumulation rate as L. P. Keller & G. J. Flynn (2022) in
order to first provide a direct comparison; however, as
described later in the manuscript, we test the effects of varying
the radial exponent o on IDP track accumulation rates. We do
note that recent analysis of in situ Fe-group SEPs at 1au
(A. R. Poppe et al. 2023) has suggested a higher flux of track-
inducing SEPs than found by L. P. Keller et al. (2021; i.e., the
R, coefficient); however, a reconciliation between these two
differing conclusions is not yet in hand. Thus, we use the rate
from L. P. Keller et al. (2021) in this study to maintain a direct
comparison.

Using the dust grain state vectors from the IDP model
described above, we derived each grain's heliocentric distance
and the corresponding instantaneous track accumulation rate at
each time step. Integrating over this track accumulation rate for
each dust grain thus yields the total tracks accumulated as a
function of time. For this study, the prime periods of interest in
each grain's lifetime occur whenever its trajectory crosses
Earth's orbit and potentially enters the atmosphere. Given the
Earth's orbital eccentricity, we selected times when the
heliocentric distance of the dust grain lay between 0.982 and
1.02 au (i.e., Earth's perihelion and aphelion) as an instance of
the dust grain potentially entering the Earth's atmosphere. This
method ensures that we retain the rough likelihood of each dust
grain entering the Earth, as the more instances the dust grain
crosses said interval, the higher its chances of entering the
Earth's atmosphere. With this selection, we identified all
instances and found the total accumulated track density of the
dust grain at each instance. In the present exercise, we did not
consider the effects of gravitational focusing by the Earth on
the relative flux of dust grains entering the atmosphere. Such an
effect would bias the IDP collection to the grain population
with slower average velocities (e.g., S. J. Kortenkamp 2013);
however, such comparative studies are left for future work.

3. Model Results
3.1. EKB Transit Probabilities to 1 au

Before implementing the SEP track accumulation model, we
first analyzed the library of IDP trajectories to determine if, and
with what frequency, IDPs originating from the EKB reached
lau. As shown in Figure 1, IDPs across all size ranges
modeled (i.e., 2-500 um) are capable of reaching 1 au,
although Figure 1 also shows that the fraction of dust grains
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that migrated to 1 au decreases as the grain size increases. In
particular, at 2 yym, ~30% of all grains reach 1 au with slight
variations seen for different EKB subpopulations. For 10 ym
grains, this fraction drops to ~15%, while grains with radii of
100 ym and larger only reach 1au approximately 1%—2% of
the time. The overall trend seen in Figure 1 is to be expected as
Poynting—Robertson drag induces faster inward drift for
smaller dust grains, causing larger dust grains to be
comparatively more susceptible to gravitational ejection from
the solar system by outer planets, in particular, Neptune (e.g.,
J.-C. Liou et al. 1996; A. Moro-Martin & R. Malhotra
2002, 2003; A. R. Poppe 2016). For grain sizes 7 um and
smaller, we note a trend for fewer classical grains (blue dots)
reaching 1au. This may be caused by the relatively low
inclinations and eccentricities of these grains, making them
more likely to be captured in MMRs with Neptune and
subsequently ejected from the solar system. By the same logic,
scattered, resonant, and outer family dust grains may be more
likely to reach Earth's orbit due to the opposite reason, i.e.,
relatively higher eccentricities and inclinations and thus less
susceptibility to trapping within MMRs. Overall, the model
results clearly demonstrate that from a dynamical perspective,
IDP grains can successfully migrate from the EKB, past the
outer planets, and into the inner solar system with significant
fractions. We note that our results are in agreement with earlier
conclusions reached by J.-C. Liou et al. (1996), who found that
between 15% and 25% of EKB grains with diameters between
1 and 9 um were able to transit past the outer planets and into
1 au. Curiously, the results of J.-C. Liou et al. (1996) show an
increasing fraction of grains able to transit to 1 au as a function
of diameter as opposed to the decreasing trend we find in our
results; however, this may be due to the relatively low number
of grains simulated in J.-C. Liou et al. (1996; 20 grains at each
size, compared to ~2500 grains per size in our simulations).

3.2. SEP Track Accumulation

Having established that IDPs can dynamically migrate from
the EKB to 1 au, we can now select such grains and analytically
model their SEP track accumulation. Figure 2 shows an
example set of results from the IDP and SEP track
accumulation models for a 20 yum EKB classical grain. This
particular dust grain was born with a semimajor axis of 42.7 au
and an eccentricity of 0.073 and remained within the Kuiper
Belt for the majority of its lifetime trapped within an MMR
with Neptune. During this trapped period, the grain accumu-
lated tracks at a steady rate of ~150 tracks cm ™2 yr— . Just after
100 Myr, it broke free from the MMR with Neptune and drifted
inward through the outer solar system over the next ~20 Myr.
During this portion of the grain's lifetime, the track accumula-
tion rate increased up to ~10%trackscm ? yr ' as it
approached the orbits of Saturn and Jupiter. Finally, this grain
rapidly entered the inner solar system (i.e., <5.2au) near
~125Myr before spiraling past the Earth's orbit and into
0.05 au within only 0.14 Myr. During this last phase of the
grain's lifetime, the track accumulation rate correspondingly
increased up to the 8.8 x 10*trackscm Zyr ' at 1au.
Inspecting the total cumulative tracks gained (blue curve,
bottom panel), we see that this grain accumulated a majority of
its total tracks during its residence outside of Neptune. Indeed,
68.6% of the total tracks accumulated over this grain's lifetime
came at distances greater than Neptune (i.e., >30au), while
96.1% of the total tracks came before the grain passed Jupiter
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Figure 1. The fraction of modeled IDP grains that migrated from their birthplace in the EKB to 1 au as a function of grain radius for each separate EKB subpopulation.

(>5.2 au). Despite the rapid increase in the track accumulation
rate in the inner solar system, the grain only spent ~0.1% of its
lifetime within Jupiter's orbit. The behavior seen in this
example dust grain is in fact fairly typical in our results for
those grains that reach 1 au. Overall, the majority of tracks
accumulated for dust grains in the dynamical model occurred in
the outer solar system. We also find that this effect is more
prominent for larger dust grains since larger fractions of their
lifetimes are spent in the outer solar system, typically trapped
within MMRs.

From a statistical point of view, Figure 3 shows the distributions
of accumulated track densities for those grains that reached 1 au for
four separate IDP grain sizes, broken down by EKB parent family
in color. Overall, the track densities of dust grains generally
increase as a function of dust grain size. For the 2 ym sized dust
grains, the total tracks accumulated generally ranged from
~1 x 10° to ~5 x 10°trackscm 2 with a median value of
~2.5 x 10° tracks cm 2. In comparison, the total tracks accumu-
lated in the 10 um sized dust grains ranged from ~2 x 10° to
~3 x 10" tracks cm* with a median of ~1 x 10" tracks cm 2.
At 30 um, where the statistics are noticeably poorer, most track
densities are within ~1-4 x 10" tracks cm > with a single outlier
near 10'! tracks cm 2. Indeed, in all four distributions there exist
dust grains that accumulated noticeably more tracks than the overall
distribution. The existence of these outliers is consistent with the
observational data of L. P. Keller & G. J. Flynn (2022) that show a
small number of grains with comparatively higher track densities.
Despite these outliers, however, the main distributions of track
densities in the 30 um grain population are lower by a factor of
~2-3 than the observed distribution from L. P. Keller &

G. J. Flynn (2022), which demonstrated a strong clustering near
~6 % 10" tracks cm 2. For comparison, the highest track density
achieved by any grain that reached 1 au in our model was a 70 ym
radius grain that accumulated 1.8 x 10" trackscm ™2 after an
exceptionally long, ~1 Gyr period trapped within an MMR near
42 au; however, such a grain is unlikely to survive collisional
grinding in the EKB over such a timescale (e.g., M. J. Kuchner &
C. C. Stark 2010; A. R. Poppe 2016; D. Koschny et al. 2019).

3.3. Comparison to Analytical Poynting—Robertson-drag-only
Simulations

To further investigate the apparent discrepancy between our
dynamically modeled IDP track-density distributions and
those measured in the stratospheric dust collection by
L. P. Keller & G. J. Flynn (2022), we conducted an additional
set of simulations to calculate track densities under the
assumption of only Poynting—Robertson drag (i.e., no
planetary perturbations). This setup, which we term the
“analytical model,” is similar to the calculations performed in
L. P. Keller & G. J. Flynn (2022) but uses the identical
starting orbital conditions for the dynamical model—in other
words, for each dust grain we dynamically modeled, we also
calculated its trajectory and track accumulation under the
assumption of no planetary perturbations, allowing for a one-
to-one comparison. Figure 4 shows a comparison of the full
dynamical (blue) and analytical (red) track-density distribu-
tions for three grain sizes: 2, 5, and 10 pm grains. Across all
three sizes, the track densities of the analytical model are on
average greater than those of the dynamical model by a factor
of ~2. We also note that the dynamical model distributions
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Figure 2. The semimajor axis, eccentricity, track accumulation rate, and total accumulated tracks for a typical 20 ;sm EKB classical grain that successfully drifted from

the EKB to 1 au.

have greater spreads compared to the analytical model, most
likely attributable to planetary interactions in the full
dynamical model. To further quantify this, Figure 5 compares
the average tracks accumulated per au as a function of
heliocentric distance for all 5 ym radius grains between the
analytical (red) and dynamical (blue) calculations. At
distances greater than ~30au, the two curves are similar,
with only a slight enhancement in the accumulation of tracks

in the dynamical case. Inward of 30 au, however, the curves
diverge sharply, with the dynamical case remaining approxi-
mately flat and the analytical case sharply increasing. Thus,
the dynamical interactions with the giant planets slightly
increase track accumulation outside of 30 au while strongly
suppressing track accumulation inside 30 au. Because both the
dynamical and analytical calculations use the same track
accumulation distribution (i.e., oc '), this difference
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implies that the dynamically integrated grains are simply tracks accumulated (taken by the integrals under the two
spending far less time inside the orbit of Neptune than their curves, respectively) yields a factor of ~2 difference, in
analytic counterparts. Overall, the calculation of the fotal accordance with the distributions shown in Figure 4.
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densities in grains reaching 1 au for 2, 5, and 10 zm IDPs. The vertical dashed
lines denote the mean track densities for each distribution.

3.4. Variation in SEP Radial Distributions

As discussed in the Introduction, one major uncertainty in
the modeling of SEP track accumulation in IDPs is the radial
distribution of high-Z SEPs throughout the solar system.
L. P. Keller & G. J. Flynn (2022) adopted a power-law SEP
track-production distribution of R = R,r~ %, with a = 1.7 based
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on the radial dependence of the peak proton SEP flux
(H.-Q. He et al. 2017; H.-Q. He & W. Wan 2019); however,
it is not immediately clear that such a choice accurately
describes the distribution of high-Z SEPs. Thus, as a final
exercise, we repeated the calculation of accumulated track
densities in the subset of EKB grains that reached 1 au over a
range of values for the radial exponent, a. In addition to the
o = 1.7 case simulated in our primary results, we also
considered exponents of aw = [1.5, 1.3, 1.1, 0.9]. The shallower
nature of these profiles implies that greater fluxes of high-Z
SEPs and the corresponding track-production rate will be
increasingly larger at distances >1 au (assuming a constant rate
coefficient, R, at 1 au). Conceptually, the shallower high-Z SEP
slope then allows for IDPs to accumulate a greater number of
tracks during the portion of their lifetimes that are beyond
Neptune. Figure 6 shows the results of this exercise for 7 ym
scattered grains, which are the most abundant dust grain
subgroup in the dust grain size range that L. P. Keller &
G. J. Flynn (2022) examined. These results clearly show that as
« is progressively lowered, the distribution of accumulated
tracks in the 7 pm scattered grains increases, as expected. In
particular, the results also show that the median modeled track
density (blue dashed lines) agrees with the median track density
reported by L. P. Keller & G. J. Flynn (2022) between the cases
of @ = 1.1 and = 0.9. An analysis of other modeled grain
sizes (not shown) yielded similar behavior, namely, an increase
in the overall distribution of track densities as a function of
decreasing o, with improved agreement with the L. P. Keller &
G. J. Flynn (2022) observational results approximately between
a=1.1and a = 0.9.

4. Discussion

The simulations presented above have further quantified both
the accessibility of EKB grains to 1 au and the degree of SEP-
induced track accumulation such grains gain during their
interplanetary transit. In general agreement with previous
simulation studies (e.g., J.-C. Liou et al. 1996; A. Moro-Martin
& R. Malhotra 2003), we find that EKB grains can transit to
1 au in nonnegligible fractions, ranging from ~30% for 2 ym
grains to ~1%-3% for grains ~100 um when neglecting
collisions (although see below for further discussion on this
point). One question that naturally arises from this finding is
the degree to which these EKB grains contribute to the overall
mass flux of interplanetary dust to Earth in comparison to that
from other sources such as comets (e.g., Jupiter-family, Halley-
type, etc.) and asteroids. If we assume a standard crushing law
for the distribution of masses generated in the EKB and apply
both the overall EKB dust mass production rate of
~2 x 10" gs ! reported in A. R. Poppe et al. (2019) and the
relative fraction of grains capable of reaching 1 au as presented
in Figure 1 here, we estimate a mass accretion rate at Earth of
several x 10%tonsyr . In comparison, estimates of the total
IDP flux to Earth vary from ~5 x 10* tons yr ' from the LDEF
experiment (S. G. Love & D. E. Brownlee 1993), to
~10°tons yr ' from comparison of a dynamical model to
thermal infrared emission (D. Nesvorny et al. 2010), to
1.5 x 10*tons yr ' as inferred from terrestrial lidar measure-
ments of ablated meteoric material (J. D. Carrillo-Sanchez et al.
2016). Thus, we estimate that EKB grains could represent
somewhere between 1% and a few tens of percent to the total
mass flux at Earth; however, we generally favor the lower end
of this range because, as discussed earlier, this work does not
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Figure 5. A comparison of the average number of tracks accumulated per au for 5 um grains for (blue) dynamical integration and (red) analytical integration.

account for grain—grain collisions, which will tend to remove
mass from the EKB dust distribution. More quantitative
modeling and analyses of the EKB mass flux contribution to
Earth and other inner solar system bodies is clearly warranted
in future work.

Despite demonstrating that EKB grains are dynamically
capable of transiting to 1au, our quantitative assessment of
track accumulation in EKB grains does not achieve full
agreement with the observed track-density distributions in
stratospheric dust populations reported by L. P. Keller &
G. J. Flynn (2022). Indeed, a primary finding from our
simulations is that the inclusion of planetary perturbations
tends to reduce the accumulated track density in IDPs
compared to calculations with only Poynting—Robertson drag.
Our simulations do show that trapping within planetary MMRs,
in particular outside Neptune's orbit, does significantly increase
the time grains spend at distances >30au; however, track
accumulation rates are relatively low at such distances (i.e.,
assuming an '’ scaling, fluxes at 42.5 au are 0.2% of that at
1 au). Subsequently, our simulations also show that planetary
perturbations significantly reduce the amount of time that IDPs
originating from the EKB spend transiting through the outer
and inner solar systems compared to PR drag, where SEP track
accumulation rates are higher. In total, our dynamically
integrated IDPs accumulated a factor of ~2 fewer SEP tracks
compared to the analytical, Poynting—Robertson-drag-only
computation. Briefly, we note that use of the SEP flux obtained
in A. R. Poppe et al. (2023), which is a factor of ~25x higher
than that determined in L. P. Keller et al. (2021), would yield
model-predicted track-density distributions in EKB grains
greater than that observed in L. P. Keller & G. J. Flynn
(2022); however, we again note that the nature of the
discrepancy in the Fe-group SEP flux at 1 au is not presently
understood. Thus, in light of our finding of fewer tracks in
EKB grains at 1 au with the use of the L. P. Keller et al. (2021)
track-inducing SEP flux, we consider below several additional

ideas to explore in order to bring about a better understanding
of the origin(s) of high-track-density IDPs collected at 1 au.
First, the results of our simulations have demonstrated a
critical need for a better understanding of high-Z SEP dynamics
throughout the heliosphere. Due to a lack of such under-
standing, previous work has relied on observations and
modeling of the behavior of the peak proton SEP flux as a
function of heliocentric radial distance (e.g., H.-Q. He et al.
2017; H.-Q. He & W. Wan 2019); however, it is possible, if not
likely, that the average Z > 26 SEP flux maintains a different
radial scaling. Indeed, full-particle integration of both proton
and Fe SEPs through Parker spiral interplanetary magnetic
fields has demonstrated varying degrees of electromagnetic
drift as a function of the SEP charge-to-mass ratio (M. S. Marsh
et al. 2013). A full understanding of high-Z SEP dynamics
would also account for variations in the solar cycle, including
the effects of focusing versus defocusing interplanetary
magnetic fields, the degree of scattering due to interplanetary
turbulence, and the distribution of SEP source locations. Such
simulations could be tested against our findings that a relatively
shallower high-Z SEP profile with exponential slope, o ~ 1.0
(i.e., see Figure 6), allows for a consistent data—model
comparison for accumulated SEP tracks in EKB grains.
While high-Z SEPs have been assumed here as the sole
source of tracks observed within IDPs, one may consider other
sources of high-energy particles that may contribute to track
formation. L. P. Keller & G. J. Flynn (2022) considered the
possibility that GCRs could contribute to track formation, yet
they concluded that this was unlikely, as GCRs must penetrate
on the order of meters in depth before depositing their energy
and inducing track formation, a far greater depth than the IDP
radii considered here. Despite this, it is theoretically possible
that GCR irradiation of EKB parent bodies with sizes of meters
and larger could provide an initial set of GCR-induced tracks
before an individual EKB dust grain was generated (e.g., via
mutual EKB parent-body collisions) and released into
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Figure 6. A comparison of the effects of varying the o decay constant on the tracks accumulated for 7 pm size dust grains in the resonant class. The blue vertical
dashed line shows the average of the track accumulation distribution, while the orange dashed line shows the expected mean track density from L. P. Keller &

G. J. Flynn (2022).

interplanetary space.

the EKB could also occur during periods where the heliosphere
passed through dense and/or cold interstellar clouds (e.g.,

Stochastic increases in the GCR flux in

H.-R. Miiller et al. 2006, 2008; M. Opher et al. 2024) or was
subjected to supernova ejecta (B. D. Fields et al. 2008;
J. A. Miller & B. D. Fields 2022). Either type of event could
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expose both the EKB parent bodies and the interplanetary dust
populations in the outer solar system to increased fluxes of
energetic particles; however, the present uncertainty in the
timing, duration, and energetic particle intensity of such events
currently prevents us from quantitatively assessing their
potential contribution to track formation within EKB IDPs.

An additional source not considered by L. P. Keller &
G. J. Flynn (2022) that is within the appropriate energy range
for generating track formation are anomalous cosmic rays
(ACRs). ACRs are a population of approximately
0.5-50 MeV nuc ' energetic ions that likely originate from
the acceleration of interstellar and interplanetary pickup ions at
the distant heliospheric termination shock (or somewhere
beyond) that stream inward into the heliosphere proper (e.g.,
J. R. Jokipii & J. Giacalone 1998; B. Klecker et al. 1998;
J. Giacalone et al. 2022). The seed populations of ACRs come
from three primary sources: (i) inflowing interstellar neutrals
(e.g., L. A. Fisk et al. 1974), (ii) an “inner” source of neutrals
originating from solar wind interactions with interplanetary
dust (e.g., G. Gloeckler & J. Geiss 1998; N. A. Schwadron
et al. 2000; P. R. Quinn et al. 2018), and (iii) an “outer” source
of neutrals from solar wind interactions with EKB dust grains
(e.g., N. A. Schwadron et al. 2002; N. A. Schwadron &
G. Gloeckler 2007). ACRs are comprised of a broad
composition reflecting both the interstellar neutral gas and
solar wind sources from which they arise (e.g.,
D. V. Reames 1999; A. C. Cummings & E. C. Stone 2007).
ACRs up to Ar (Z=18) have been reported at 1au
(D. V. Reames 1999), while analysis of Voyager observations
has reported ACR detections up to Fe (Z=26; E. C. Stone &
A. C. Cummings 1997). Despite these Voyager observations,
however, little remains known about the full intensity and
distribution of Fe ACRs in the outer heliosphere. A population
of Fe ACRs could contribute additional track formation to
interplanetary grains, in particular those grains that originate
from the EKB outward, as ACR fluxes increase as one
approaches the Termination Shock (located near ~70-150 au;
D. J. McComas et al. 2019). Further measurements and/or
modeling of Fe (and heavier) ACRs in the outer solar system
are clearly needed to better understand the potential contrib-
ution of Fe ACRs on IDP track accumulation rates.

We have neglected grain—grain collisions in our analysis
here; however, they are likely to play some role in the
distribution of track densities for grains that transit to 1 au.
First, grain—grain collisions may decrease the fraction of EKB
grains that successfully transit to 1au, although previous
simulations that implemented collisional-grooming algorithms
(e.g., A. R. Poppe 2016) still demonstrate a nonzero flux of
EKB IDPs to 1au. While not explicitly calculated in
A. R. Poppe (2016), estimates of the EKB mass flux to 1 au
in the fully collisional case are on the order of ~1% of the total
mass to Earth (e.g., D. Nesvorny et al. 2010; J. D. Carrillo-Sa-
nchez et al. 2016). The relatively low value of this estimate is
primarily dictated by the collisional destruction of larger dust
grains that possess the majority of the IDP mass flux. Grain—
grain collisions may also affect the total accumulation of SEP
tracks in IDPs, albeit in two competing directions. First, grain—
grain collisions can effectively limit the lifetimes of grains
entrained in MMRs, at least for grains with radii larger than
~5 pm (i.e., see Figure 10 in D. Koschny et al. 2019). Thus,
the “enhancement” in SEP track densities that grains >5 pum

10

Lin & Poppe

may theoretically receive while trapped in MMRs could be
severely limited as such grains are collisionally ground down
on faster timescales. In contrast, however, grain—grain colli-
sions may instead offer a path for an accumulation of SEP
tracks starting in very large (e.g., ~1 mm) grains that are then
successively ground down in a cascade of smaller grains, each
of which accumulates tracks during its own lifetime before
disruption. A more quantitative assessment of these processes
requires a combination of a collisional-grooming algorithm for
IDPs and a Monte Carlo—type method for simulating SEP track
accumulation in individual grains as they are collisionally
broken up.

If the primary populations of the EKB are not the source of
high-track-density IDPs, one could consider alternative
sources. L. P. Keller & G. J. Flynn (2022) briefly considered
Oort cloud cometary (OCC) grains as a possible source, yet
they dismissed it as unlikely due to expectations that OCC
grains cross Earth's orbit at relatively high speeds and thus are
likely to suffer thermal annealing effects during atmospheric
entry. Indeed, dynamical simulations of OCC grains at 1au
tend to support this hypothesis (e.g., D. Nesvorny et al. 2011;
M. Sarantos et al. 2018), and, barring any new simulations that
demonstrated a dynamical pathway for OCC grains to arrive at
1 au on relatively low-eccentricity, low-inclination orbits, we
would agree with the conclusion that OCC grains are a less
likely source of high-track-density grains than the EKB. To be
clear, we do note that neither L. P. Keller & G. J. Flynn (2022)
nor our work here have actually calculated the predicted SEP
track densities within OCC grains that reach 1au. Such an
exercise may be worthwhile to at least establish to first order if
OCC grains can accumulate the observed number of tracks. If
they do, this may provide motivation to revisit more critically
the assumption that high-velocity OCC grains will not maintain
a full record of their tracks as they enter Earth's atmosphere and
decelerate.

Apart from OCC grains, one could also consider the
possibility of the existence of a source of dust grains more
distant than the main EKB on low-eccentricity, low-inclination
orbits. While the “outer” EKB dust grain population that we
have considered here does not accumulate sufficient tracks (i.e.,
see the orange distribution in Figure 3), these outer grains are
launched on relatively high-eccentricity orbits that tend to bring
their perihelia close to Neptune (between ~30 and 40 au).
These close encounters with Neptune tend to scatter the grains
prematurely and thus limit the degree of tracks they can
accumulate. If, however, there was a low-eccentricity comp-
onent to the outer EKB, such grains might remain dynamically
decoupled from Neptune for much longer periods of time,
allowing them to accumulate a greater number of tracks as they
slowly drift inward under the influence of Poynting—Robertson
drag. For example, using the analytic approach to calculating
track densities, a 25 um radius, 2.0g cm grain would
accumulate ~6 x 10" tracks cm 2 (near the median observed
by L. P. Keller & G. J. Flynn 2022) if it originated at 100 au on
a zero-eccentricity orbit. Curiously, we do note that the New
Horizons Student Dust Counter, which is currently transiting
through the EKB near ~60 au, has recently reported higher-
than-expected dust fluxes compared to earlier model predic-
tions (A. Doner et al. 2024). While a full understanding of this
model-data discrepancy is an active area of research, one
hypothesis suggested by A. Doner et al. (2024) is the presence
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of a more distant population of the EKB as an additional, and
previously unaccounted for, source of IDPs (see also
W. C. Fraser et al. 2023). Continued exploration of the EKB
and its ultimate extent will help to further test this intriguing
hypothesis.

5. Conclusion

A study of SEP-induced track accumulation in IDPs
originating from the EKB has shown that such grains do not
accumulate sufficient tracks in comparison to high-track-
density grains reported in the stratospheric dust collection at
lau (L. P. Keller & G. J. Flynn 2022). In fact, dynamically
integrated trajectories for EKB IDPs tend to accumulate a
factor of approximately 2 less track density compared to
analytical integrations with only Poynting—Robertson drag.
Thus, with our current understanding of outer solar system dust
dynamics as well as the magnitude and radial distribution of the
flux of high-Z SEPs throughout the heliosphere, the origin of
such high-track-density grains remains an open problem.
Despite this, research into several key areas could further
improve and/or change our understanding. In particular, a
better understanding of the dynamics of high-Z (Z > 26) SEPs
throughout the heliosphere and the resulting average flux
experienced by IDPs is of key importance. Simulations of these
SEP dynamics are well within reach using current computa-
tional methods (e.g., M. S. Marsh et al. 2013; S. Dalla et al.
2017a, 2017b). Additionally, the presence of Fe and heavier
ACRs in the outer heliosphere (e.g., E. C. Stone &
A. C. Cummings 1997) may be an additional source of tracks
within IDPs. Further research into the flux and distribution of
these ACR populations is thus warranted. One could also
consider exploring how variations in the assumed IDP particle
properties (e.g., material density, optical scattering properties)
that control perturbing forces such as Poynting—Robertson
and/or solar wind drag affect the overall track accumulation.
Finally, a full reconciliation between lunar-derived SEP-
induced track rates (L. P. Keller et al. 2021) and in situ Fe-
group SEP flux measurements (A. R. Poppe et al. 2023) is also
required to fully understand SEP track accumulation in IDPs.
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