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ABSTRACT

Interplanetary dust grains originate from a variety of source bodies, including comets,
asteroids, and Edgeworth—Kuiper belt objects. Centaurs, generally defined as those objects with
orbits that cross the outer planets, have occasionally been observed to exhibit cometary-like
outgassing at distances beyond Jupiter, implying that they may be an important source of dust
grains in the outer Solar system. Here, we use an interplanetary dust grain dynamics model to
study the behaviour and equilibrium distribution of Centaur-emitted interplanetary dust grains.
We focus on the five Centaurs with the highest current mass-loss rates: 29P/Schwassmann-
Wachmann 1, 166P/2001 T4, 174P/Echeclus, C/2001 M10, and P/2004 A1, which together
comprise 98 per cent of the current mass loss from all Centaurs. Our simulations show
that Centaur-emitted dust grains with radii s < 2 pm have median lifetimes consistent with
Poynting—Robertson (P-R) drag lifetimes, while grains with radii s > 2 pm have median
lifetimes much shorter than their P-R drag lifetimes, suggesting that dynamical interactions
with the outer planets are effective in scattering larger grains, in analogy to the relatively
short lifetimes of Centaurs themselves. Equilibrium density distributions of grains emitted
from specific Centaurs show a variety of structure including local maxima in the outer Solar
system and azimuthal asymmetries, depending on the orbital elements of the parent Centaur.
Finally, we compare the total Centaur interplanetary dust density to dust produced from
Edgeworth—Kuiper belt objects, Jupiter-family comets, and Oort cloud comets, and conclude
that Centaur-emitted dust may be an important component between 5 and 15 au, contributing
approximately 25 per cent of the local interplanetary dust density at Saturn.

Key words: meteorites, meteors, meteoroids—minor planets, asteroids: individual: Cen-
taurs —zodiacal dust.

et al. 2002; Brown et al. 2008; Campbell-Brown 2008), as well as
via comparison to dynamical models (e.g. Landgraf et al. 2002;
Nesvorny et al. 2010; Han et al. 2011; Vitense et al. 2012; Rowan-
Robinson & May 2013; Poppe 2016; Poppe et al. 2019).

1 INTRODUCTION

The production of interplanetary dust grains with sizes between
~0.1 um and 1 mm arises from mutual collisions, cometary out-

gassing, and interplanetary and interstellar meteoroid bombardment
of various minor Solar system bodies. These bodies include aster-
oids, comets [including both short-period Jupiter-family and long-
period Halley-type and Oort cloud comets (OCC)], and Edgeworth—
Kuiper belt (EKB) objects. The relative contributions of each of
these parent body sources to the equilibrium interplanetary dust
grain distribution have been quantified through both in situ (e.g.
Humes 1980; Griin et al. 1997; Dikarev & Griin 2002; Landgraf
et al. 2002; Poppe et al. 2010; Szalay, Piquette & Horanyi 2013;
Malaspina et al. 2014; Piquette et al. 2019) and remote sensing
observations (e.g. Hanner et al. 1974; Kelsall et al. 1998; Hahn
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Among the various classes of minor bodies in the Solar system,
the Centaurs represent a highly dynamic and relatively unstable pop-
ulation. Centaurs are generally defined as objects whose perihelia
and semimajor axes are within the semimajor axes of Jupiter (a¢; =
5.2 au) and Neptune (ay = 30.0 au) and thus, experience relatively
frequent encounters with the outer planets. (Note that Jupiter trojans
are typically omitted from the designation of Centaurs, as most
Trojans have g < a;.) Dynamical simulations suggest that Centaurs
are sourced from the scattered disc of EKB objects and following
a stochastic series of encounters with the outer planets, can either
be injected into Jupiter-family cometary orbits or ejected from the
Solar system completely, with dynamical lifetimes ranging from 103
to 107 yr (e.g. Levison & Duncan 1997; Tiscareno & Malhotra 2003;
Horner, Evans & Bailey 2004; Di Sisto & Brunini 2007; Bailey &
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Malhotra 2009; Volk & Malhotra 2013). Centaurs thus represent
a link between the distant, quiescent EKB and the volatilized
outgassing and disruption seen in the Jupiter-family comets (JEC).

Interestingly, despite their distance beyond the sublimation point
of water ice (which drives the behaviour of typical inner Solar
system comets), a fraction of Centaurs have been observed to
undergo cometary-like outgassing (e.g. Hartmann, Tholen & Meech
1990; Mazzotta Epifani et al. 2011, 2014, 2017; Kulyk et al.
2016) of both steady and episodic nature. Jewitt (2009) compiled
an extensive set of observations of 23 Centaurs, of which nine
displayed detectable comae due to active outgassing. Calculations
of the mass-loss rates from these ‘active’ Centaurs ranged from 10!
up to 10 kg s~! (the lattermost rate for the well-known Centaur
29P/Schwassmann-Wachmann 1). This activity is most likely not
driven by sublimation of crystalline water ice (which would occur
at much lower heliocentric distances) but rather by the conversion
of amorphous water ice into its crystalline form, thereby releasing
trapped gases that then entrain and accelerate dust grains away from
the object (e.g. Jewitt 2009; Meech et al. 2009). Thus, outgassing
and dust grain loss from Centaurs could be an important source
of interplanetary dust grains in the outer Solar system. Indeed,
Landgraf et al. (2002) modelled the dynamics of 5 and 10 pm
radius dust grains produced from 29P/Schwassmann-Wachmann 1,
compared these results to Pioneer 10 and 11 in sifu measurements of
Humes (1980), and suggested that 29P could alone be responsible
for a large fraction of dust inside the orbit of Saturn.

A quantification of interplanetary dust grain sources is critical to
understanding a variety of physical processes in the outer Solar
system. For example, interplanetary dust grains can contribute
exogenous material to the atmospheres of the outer planets and Titan
thereby altering both atmospheric photochemistry (e.g. English
et al. 1996; Feuchtgruber et al. 1999; Moses et al. 2000; Cavalié
et al. 2014; Frankland et al. 2016; Moses and Poppe 2017) and
ionospheric structure and composition (e.g. Lyons 1995; Moses &
Bass 2000; Petrie 2004). An influx of interplanetary dust grains is
also thought to play an important role in both ‘polluting’ the main
ring system of Saturn with dark, exogenous materials and modifying
the radial distribution of mass and angular momentum within the
rings (e.g. Durisen et al. 1989, 1992, 1996; Poulet & Cuzzi 2002;
Estrada et al. 2015). The formation of tenuous rings at all four of the
outer planets, including, for example, the inner rings of Jupiter (e.g.
Burns et al. 1999) and the extended Phoebe ring at Saturn (Verbiscer,
Skrutskie & Hamilton 2009), and the formation of tenuous ‘dust ex-
ospheres’ at the Galilean satellites (e.g. Kriiger et al. 1999; Kriiger,
Krivov & Griin 2000; Sremcevi€ et al. 2005), are all governed by
bombardment of small satellites by interplanetary dust grains.

Here, we use the observations of Centaur mass-loss rates by
Jewitt (2009) and the dynamical dust grain model of Poppe (2016)
to quantify the dynamics and equilibrium distributions of Centaur-
emitted dust grains. In Section 2, we summarize the observations
of active Centaurs and calculate the relevant dust grain production
rates. In Section 3, we present results from the dynamical dust
grain model for Centaur-emitted dust, including the distribution
of Centaur-emitted grain lifetimes, equilibrium density distribu-
tions, and comparisons to other dominant interplanetary dust grain
sources. Finally, we discuss our results and conclude in Section 4.

2 DUST PRODUCTION ESTIMATES FROM
CENTAURS

Since the discovery of the first Centaur object, (2060) Chi-
ron (Kowal, Liller & Marsden 1979), decades of observations
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have now identified 263 objects that meet the criteria used here
(5.2 < [g, a] < 30.01) for classification as a Centaur.! Observations
have furthermore established that a subset of these objects shows
cometary-like activity at distances beyond that considered ‘typical’
for a comet (e.g. Hartmann et al. 1990; Bauer, Ferndndez & Meech
2003; Bauer et al. 2008; Jewitt 2009; Mazzotta Epifani et al. 2011,
2014; Hosek et al. 2013; Kulyk et al. 2016). In particular, Jewitt
(2009) reported observations of nine active Centaurs among a
population of 23 observed (or ~40 per cent, although we note
that the selection of Centaurs observed by Jewitt 2009 is by design
most likely biased in favour of active objects). The active Centaur
group was also observed to have a lower median perihelion distance
of 5.9 au compared to the median perihelion distance of inactive
Centaurs of 8.7 au. Of the nine observed active Centaurs, mass
production rates for dust grains with radii between 0.1 pm and
1 cm ranged from 4.3 kg s~ (39P/Oterma) up to 5.1 x 10° kg s~
(29P/Schwassmann-Wachmann 1). For our study, we identified the
five Centaurs with the highest mass-loss rates: 29P/Schwassmann-
Wachmann 1, 166P/2001 T4, 174P/Echeclus, C/2001 M10, and
P/2004 A1. Taken together, these five objects comprise ~98 per cent
of the total observed mass-loss rate from the nine active Centaurs
observed by Jewitt (2009).

Table 1 lists the characteristics of the five Centaurs studied here,
including the perihelion distance, ¢, semimajor axis, a, aphelion
distance, Q, eccentricity, e, inclination, i, argument of pericentre, ,
and longitude of ascending node, 2. Furthermore, we also list the
0.1 um-~1 cm dust production rate, M, from Jewitt (2009). Previous
theoretical and computational modelling of interplanetary dust grain
production has more often cited production rates over sizes ranges
from 0.1 to 10 um (e.g. Stern 1996; Yamamoto & Mukai 1998; Han
et al. 2011; Poppe 2016) and thus, to more directly compare with
previous work, we assume a power-law distribution for the mass
production of dust grains given by dM /dm o« m~%/3, where a = 2.5
(e.g. Dohnanyi 1969), and calculate the mass production rate strictly
between 0.1 and 10 pm, defined as M’. One can see from Table 1
that the dominant dust-producing Centaur is 29P/Schwassmann-
Wachmann 1, with 80.0 per cent of the total. The following four
Centaurs (166P, 174P, C/2001 M 10, P/2004 A1) all produce smaller
amounts of dust than 29P (around 3-5 per cent of total each). The
remaining active Centaurs not selected here for study account for
the final 2 per cent of total Centaur-emitted dust.

Fig. 1 shows the orbits of the five selected Centaurs (coloured
lines) projected down on to the ecliptic plane with the orbits of
the outer planets as well (grey lines). Different types of orbits
exist even among these five selected Centaurs: 29P/Schwassmann-
Wachmann 1 is on a nearly circular orbit (e = 0.045) just outside
the orbit of Jupiter; 166P, 174P, and P/2004 A1 have moderate
eccentricities (e ~ 0.3-0.45) and cross the orbits of Saturn and
Uranus (the latter in the case of 166P); and C/2001 M10 is on
a highly eccentric orbit (¢ = 0.801) and crosses the orbits of all
four outer planets (Jupiter’s aphelion at 5.45 au lies just outside the
perihelion of C/2001 M10 at 5.30 au). We again note that the orbits
of Centaurs are highly dynamic and/or chaotic. For example, Hahn
et al. (2006) showed that P/2004 Al suffered a close approach
to Saturn in 1992 that lowered its semimajor axis from 12.2 to
7.91 au and that it will undergo a close approach to Jupiter in 2026
that will further lower its semimajor axis to 6.49 au. Numerical
simulations of the orbit of 29P show that despite its current low-
eccentricity orbit, it is in fact in a chaotic regime and most likely
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Table 1. The list of Centaurs studied here, including their orbital elements (perihelion, ¢, semimajor axis, a, aphelion, Q, eccentricity, e, and
inclination, i, argument of pericentre, w, and longitude of ascending node, 2) as of 2019 April 1 from the JPL/HORIZONS data base. The
total dust mass-loss rate, M, taken from Jewitt (2009) and the corresponding 0.1-10 pm dust mass-loss rate, M', are also listed. The final
column lists the fraction amount that each Centaur contributes to the overall Centaur mass production rate.

Centaur name q (au) a (au) Q (au) e i(°) w (%) Q(°) M (g s7h M (gs™h) M | Mo
29P/S-W 1 5.72 5.99 6.26 0.045 9.39 49.05 312.6 5.1 x 100 1.5 x 10° 80.0%
166P/2001 T4 8.56 13.9 19.2 0.383 15.37 321.8 64.5 33 x 10° 9.4 x 103 5.2%
174P/Echeclus 5.82 10.7 15.6 0.456 4.34 162.9 173.3 32 % 10° 9.1 x 103 5.0%
C/2001 M10 5.30 26.7 48.0 0.801 28.08 5.48 293.9 2.8 x 10° 8.0 x 103 4.4%
P/2004 A1 5.46 7.9 10.3 0.308 10.58 20.5 125.2 2.0 x 10° 5.7 x 103 3.1%
Orbits of the active Centaurs
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Figure 1. The orbits of the five active Centaurs selected as dust grain parent bodies for study here. Grey curves denote the orbits of the outer planets.

originated from the Oort cloud (NesluSan, Tomko & Ivanova 2017).
Thus, we emphasize that our use of the current five most active
Centaurs as initial conditions is, strictly speaking, only valid in
today’s epoch; however, we nevertheless consider current conditions
at least reasonably representative of Centaur-emitted dust grain
distributions over time.

Before embarking on detailed dynamical simulations, we can
compare to first-order the production rates of 0.1-10 pm dust
grains from Centaurs as derived here from the observations of Jewitt
(2009) with constraints on the dust production rates from other dust
grain sources in the Solar system. The main recognized sources of
interplanetary dust grains throughout the Solar system include the

asteroid belt, JFC, Halley-type comets, OCC, and EKB objects. As
argued by Nesvorny et al. (2010), contributions from asteroids and
Halley-type comets are at levels <10 per cent of the overall dust
production in the inner Solar system and can therefore generally be
neglected. Thus, JEC, OCC, and EKB grains are the primary sources
with which to compare Centaur dust production rates. Recently,
Poppe (2016) and Poppe et al. (2019) have employed a dynamical
dust grain model along with in situ dust flux observations from
the Pioneer 10 meteoroid detector (Humes 1980) and the New
Horizons/Student Dust Counter (Horanyi et al. 2008; Poppe et al.
2010; Szalay et al. 2013; Piquette et al. 2019) to constrain the
overall distribution of interplanetary dust and by extension, the dust
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Table 2. A comparison of the dust grain production rates and approximate
source regions for various interplanetary dust grain sources (Poppe et al.
2019).

Family 0.1-10 pm production rate Approximate source region
(gs™) (au)

EKB 3 x 107 30-200

JFC 5 x 10 0.1-10

occ 3% 10° 0.1-10

Centaurs 2 x 10° 5-15

production rates from JFC, OCC, and EKB sources. Table 2 lists
the 0.1-10 wm dust grain production rates based on the results of
Poppe et al. (2019) along with the general source region (expressed
as a range of heliocentric distances) for these three sources. The
dominant source of dust grains are EKB objects, with a total 0.1—
10 um dust production rate of approximately 3 x 107 g s~!. JFC
and OCC grains are produced at rates of 5 x 10° and 3 x 10° gs~',
respectively. In comparison, the total Centaur 0.1-10 pm production
rate as derived from the observations of Jewitt (2009) stands at
2 x 10° g s7!, nearly equal to that of the contributions from
JFC and OCC sources. In some ways, this perhaps should not
be so surprising, given the recognition in previous work of the
fairly prodigious amount of dust generated from 29P/Schwassmann-
Wachmann 1 (e.g. Fulle 1992; Landgraf et al. 2002). Nevertheless,
this comparative exercise provides strong motivation to further
explore and quantify the contribution of dust emitted from active
Centaurs to the interplanetary dust distribution.

3 CENTAUR DUST DYNAMICS MODELLING

3.1 Model description and initial conditions

To further quantify the dynamics and equilibrium distributions of
Centaur-emitted dust grains, we employed the dynamical dust grain
model of Poppe (2016). This model uses a Bulirsch—Stoer integrator
to track the trajectory of individual dust grains from specified initial
conditions under the influence of gravitation (both solar and all
eight planets), Poynting—Robertson (P-R) and solar wind drag, solar
radiation pressure, and the electromagnetic Lorentz force. Dust
grains are also subject to sublimation and solar wind sputtering,
which can reduce the grain radius over time. Individual grains are
integrated from their initial position until they are either (a) ejected
from the Solar system, (b) reach a distance of 0.05 au, or (c) reach a
lifetime of 10° yr. Modelled grain masses range from 10~"2to 103 g
in half-logarithmic intervals (i.e. [1072, 1071, .., 1073%,1073] g)
that, assuming a material density of approximately 2.5 g cm™3,
corresponds to radii between 0.5 and 500 pm. Observations of
material dust grain densities vary from 0.5 to 6.0 g cm™3 (e.g.
Flynn & Sutton 1991; Love, Joswiak & Brownlee 1994; Fulle
et al. 2015, 2017). Many of the lowest density dust grains are
highly porous and are composed of aggregates of smaller elements.
Variability in the material density of dust grains has implications
for the dynamical behaviour of dust grains, including changes to
the orbital decay due to P-R drag (e.g. Burns, Lamy & Soter
1979; Gustafson 1994), the rates of mass loss due to sputtering and
sublimation (e.g. Mukai & Schwehm 1981), and the probabilities
of shattering and/or destruction upon impact with other grains (e.g.
Borkowski & Dwek 1995). Lower density dust grains undergo faster
orbital decay due to P-R drag (since S o 1/p) and are more likely
to be shattered in the event of a grain—grain collision. Our assumed
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material density of 2.5 g cm~3 lies close to the mean material density
of 2.2 g cm ™3 found in unmelted stratospheric micrometeorites by
Love etal. (1994), yet is higher than that found from freshly emitted
cometary dust (e.g. Fulle et al. 2015, 2017). Further discussion of
the impact of material density variability is presented in Section 4.
Compositionally, we assume the dust grains to be composed of
general astrosilicates, which is supported by observations of ejecta
from 29P (Schambeau et al. 2015) and other comets (e.g. Lisse et al.
2006, 2007). While water ice grains do exist in cometary ejecta, they
will be rapidly lost due to both sublimation for heliocentric distances
<~10-20 au (Kobayashi et al. 2009, 2010) and photodesorption,
potentially out to much greater heliocentric distance (Grigorieva
et al. 2007). Thus, we do not model icy grains here.

For each of the five modelled Centaurs, we initialized a set of
dust grain state vectors using the orbital elements listed in Table 1
with true anomalies spread between [0 and 27t]. To these initial state
vectors, we added an ejection velocity of 25 m s~! in a randomized
direction to account for the (small) deviation in trajectory due to
emission drag forces acting on the grains (e.g. Jones 1995; Ma,
Williams & Chen 2002). For each dust grain size and Centaur,
we traced 2400 individual grains, resulting in a total number of
approximately 45 000 grains for each active Centaur.

3.2 Modelling results

Fig. 2(a) shows the distribution of Centaur-emitted dust grain
lifetimes as a function of grain radius. We also denote the theoretical
P-R lifetime for a grain born on a circular orbit at 5 au (dashed
line) and the median dynamical lifetime from the simulations
(solid line), for comparison. Median Centaur grain lifetimes across
nearly all grain sizes are on the order of 10°-10° yr. At sizes
below approximately 1 pm, the median grain lifetimes correspond
reasonably well to the theoretical P-R drag lifetime, suggesting that
planetary encounters play less of a role in their dynamics than does
solar radiation effects. The small population of s < 2 wm grains
with lifetimes on the order of 10? yr are those grains born directly
on to escaping trajectories, i.e. they are classified as a form of -
meteoroids (Zook & Berg 1975; Wehry & Mann 1999). For grains
with s > 1 wm, the theoretical P-R drag lifetimes and the median
simulated lifetimes quickly diverge, with the median dynamical
lifetimes never exceeding 10° yr. Interestingly, the median lifetime
of s > 1 um Centaur grains found here, ~8 x 103 yr, is an order-
of-magnitude smaller than the median lifetime found for Centaurs
themselves from the simulations of Tiscareno & Malhotra (2003),
although we do note that the initial Centaur conditions used in
Tiscareno & Malhotra (2003) (e.g. see their fig. 1) have generally
higher perihelia and semimajor axes than the initial conditions of
the five active Centaurs used here as initial conditions for the dust
grains. Perturbative forces that are relevant for dust grains (e.g. P-R
and solar wind drag, Lorentz force, etc.) may accelerate the rate of
planetary encounters compared to the parent Centaurs, which are
not perturbed by these same forces. Finally, we note the presence of
some grains with s > 50 pm that do survive up to 10° yr, at which
point the simulations are terminated. Manual inspection of these
long-lived orbits shows that many of them are grains that suffered
planetary encounters early-on in their lifetimes and evolved on to
high inclination (i ~ 90°) orbits, which appear to be relatively well
protected from subsequent planetary encounters.

In addition to the grain lifetimes, Fig. 2(b) shows the relative
fraction of Centaur-emitted grains that either (i) escaped the Solar
system or (ii) drifted to <0.05 au as a function of grain size (the
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Figure 2. (a) The distribution of Centaur-emitted dust grain lifetimes as a function of grain radius. The dashed line denotes the theoretical Poynting—Robertson
(P-R) drag lifetime for a grain born at 5 au on a circular orbit, for comparison. (b) The fraction of Centaur-emitted dust grains that either (i) escape the Solar

system or (ii) drifted to heliocentric distances <0.05 au.

number of grains that reached lifetimes of 10° yr is quite small
comparatively). For grains with s > 2 pum, an increase in grain size
correlates with a higher fraction of ejection from the Solar system
compared to those grains that are able to spiral into the inner Solar
system. For grains with s < 2 pm, the curve rolls over and nearly
all grains are ejected. This trend is actually not due to ejection of
grains by the outer planets, as many of these smaller grains actually
did indeed drift well into the inner Solar system. Instead, these
grains continuously lose mass due to solar wind sputtering and/or
sublimation, following which they are ejected from the Solar system
by radiation pressure, i.e. they became B-meteoroids.

Fig. 3 shows the mass density of 0.5-500 pm grains in the ecliptic
plane for each of the five modelled Centaurs. In each plot, we
also show the projection of each Centaur’s orbit on to the ecliptic
plane. In Fig. 3(a), dust grains emitted from 29P/Schwassmann-
Wachmann 1 are concentrated most in the inner Solar system, due
to dust grains that decouple from Jupiter and drift via P-R drag

through the inner Solar system. Dust emitted from 29P is also
azimuthally symmetric, corresponding to the near-circular orbit
of 29P itself (e = 0.045). The equilibrium density distributions
for dust grains emitted from 166P, Fig. 3(b), 174P, Fig. 3(c),
and C/2001 M10, Fig. 3(d), possess local maxima near approx-
imately 10 au with varying degrees of azimuthal asymmetry, as
well as absolute maxima in the inner Solar system. The most
asymmetric distribution among these three objects is for the case of
C/2001 M10, which due to the highly eccentric orbit of the parent
body, yields a concentration of mass density near the argument
of pericentre. The asymmetries in these cases are due to orbital
element grouping of freshly emitted dust grains in direct analogy
to the formation of meteoroid streams in the inner Solar system.
Finally, the density distribution for grains emitted from P/2004 A1,
Fig. 3(e), is similar in morphology to that of 29P, with only a
single maximum in the inner Solar system and broad azimuthal
symmetry.
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Figure 3. The equilibrium, in-ecliptic dust grain mass densities for each of the five selected active Centaurs. In each panel, the orbit of the parent Centaur is

projected on to the ecliptic plane and denoted by the dotted curve.

Fig. 4 shows the azimuthally averaged, in-ecliptic absolute
density and fractional density of EKB, JFC, OCC, and Centaur
dust grains for four different grain sizes: (a) and (b): 0.5 pm;
(c) and (d): 5 um; (e) and (f): 50 wm; and (g) and (h): 500 pm.
This comparative plot puts the contribution of Centaur-emitted dust
into context with the other main interplanetary dust grain sources
(e.g. Poppe 2016; Poppe et al. 2019). For 0.5 um, Figs 4(a) and
(b), EKB grains are dominant throughout nearly all of the Solar
system with small exceptions near 5 au, where JFC grains are
locally concentrated due to trapping in mean motion resonances
with Jupiter, and within approximately 0.25 au, where JFC grains
are also of equal density to EKB grains. EKB grain densities are
generally flat out to approximately 40 au, beyond which densities
decline. JFC 0.5 um grains peak locally near 5 au as noted above, but
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rapidly fall off in density outside this peak. OCC 0.5 pm grains have
densities lower than 0.5 pm JFC grains inside of ~10 au, but have a
shallower slope beyond this, thereby becoming dominant over JFC
grains outside 10 au (albeit still lower than 0.5 wm EKB grains). In
comparison, Centaur 0.5 um grains are generally a minor species
throughout the Solar system. Within approximately 10 au, they
comprise only ~5 per cent of the total density, while outside 10 au,
they comprise at least two orders of magnitude smaller relative
contribution.

The radial densities of 5, 50, and 500 um grains follow generally
the same pattern to one another. Within approximately 10 au, JEC
grains are dominant and Centaur grains typically contribute between
1 and 10 per cent to the overall density. EKB and OCC 5 pum grains
contribute around 10 per cent of the total within 10 au, but larger
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Figure 4. The in-ecliptic absolute density and fractional density as a function of heliocentric distance for four dust grain parent sources (EKB, green; OCC,
um, (e) and (f) 50 pm, and (g) and (h) 500 pum radius. Vertical grey lines

blue; JFC, orange; Centaurs, dashed black) for (a) and (b) 0.5 um, (c) and (d) 5

denote the semimajor axes of the outer planets.

sized EKB and OCC grains (50 and 500 pm) do not substantially
contribute in the inner Solar system compared to JFC and Centaur
grains. Near 10 au, the contributions of all four sources (including
Centaur grains) to the equilibrium density are nearly equal, with
only 500 pm OCC grains as an exception as they are approximately
an order of magnitude less than other sources near 10 au. Between

approximately 10 and 200 au, EKB grains are dominant by several
orders of magnitude, reflecting the presence of the EKB parent
bodies within this region (e.g. Petit et al. 2011). JFC and Centaur
grains diminish much faster than the EKB grain densities and thus,
do not significantly contribute to densities beyond 10-15 au. At
distances beyond ~200 au, OCC grains surpass the density of EKB
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grains, which have a ‘shoulder’ in their density profile between
approximately 200 and 400 au. Thus, the interplanetary dust grain
distribution is dominated by OCC grains in the far reaches of the
Solar system beyond ~400 au.

4 DISCUSSION AND CONCLUSION

Using the known orbital elements and dust mass production rates of
the active Centaurs (Jewitt 2009), we have modelled the dynamics
of Centaur-emitted dust grains and quantified their potential contri-
bution to the interplanetary dust density. From our simulations, we
find that Centaur-emitted dust grains may represent an important
source of interplanetary dust grains, in particular within heliocentric
distances of approximately 5—15 au. We also found that dynamical
lifetimes of Centaur-emitted grains can be divided into two groups:
(i) grains with radii s < 2 pm that have lifetimes on the order of their
theoretical P-R drag lifetimes and (ii) grains with radii s > 2 pm
that have median lifetimes much shorter than their theoretical P-R
drag lifetimes. The break in these two groups occurs at a lifetime
between ~200 000 and 500 000 yr, which can be interpreted as the
time-scale of planetary perturbations for Centaur-emitted grains. In
concordance with this, our simulations show an increasing fraction
of grains ejected from the Solar system as a function of grain radius,
a sure sign of planetary perturbation. Outer planet perturbations
are also responsible for a population of high-inclination (i > 60°)
Centaur-emitted grains that tend to have longer lifetimes than
lower inclination grains. Variability in dust grain material densities
may affect the conclusions above. In particular, grains with lower
densities than assumed here (p = 2.5 g cm™?) have shorter lifetimes
against P-R drag and thus, will spiral into the inner Solar system
faster. Thus, one would expect particles of radius larger than the
2 um (as discussed above) to have lifetimes closer to their P-R
drag time and be less susceptible to perturbation and/or ejection
by the giant planets. Lower density grains may also be more likely
to undergo catastrophic disruption in the event of a grain—grain
collision (e.g. Borkowski & Dwek 1995), thereby reducing their
spatial number density relative to that expected for higher material
density grains.

Based on the equilibrium density distributions shown in Fig. 4,
our modelling suggests that while Centaur-emitted dust grains
are present throughout the Solar system, their most important
contribution may be as a source of dust flux to the Saturnian
system, on par with that expected from EKB, JFC, and OCC
grains. The Cassini mission, in orbit around Saturn from 2004
to 2017, catalogued a wide variety of dust grains on approach
to and within the Saturnian system via the Cassini Cosmic Dust
Analyzer (CDA; Srama et al. 2004). These observations include
planetary grains mainly from the E-ring sourced from Enceladus
(e.g. Spahn et al. 2006; Srama et al. 2006; Kempf et al. 2008),
nanometre-sized ‘stream’ particles accelerated away from Saturn
due to electromagnetic forces (e.g. Hsu, Kempf & Jackman 2010;
Hsu et al. 2011), interstellar dust (Altobelli et al. 2004, 2016), and
finally, interplanetary dust (Altobelli et al. 2007; Hillier et al. 2007).
Continued analysis of the Cassini CDA data set during its orbital
tour may yield further identification of not only the interplanetary
dust component, but also various subsets (e.g. EKB, JFC, OCC,
and Centaurs) of the dust population expected at Saturn’s orbital
distance.

Finally, we note that while we have selected five specific,
currently active Centaurs for our modelling here, the chaotic and
relatively short-lived nature of Centaurs (Tiscareno & Malhotra
2003) implies that there is likely to be a high degree of spatial
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and temporal variability in the Centaur-emitted dust population.
For example, our specific modelling results depend heavily on the
dust emission from 29P alone (which comprises ~80 per cent of
the current total Centaur emitted dust) and thus, may be particularly
sensitive to changes in 29P’s orbit and instantaneous dust production
rate. Temporal variability in the rate of Centaur-emitted dust grains
may also sensitively depend on cases where perturbations by the
outer planets cause the perihelion of a given Centaur to drop
to low enough heliocentric distance to trigger the conversion of
amorphous ice to crystalline ice, which has been theorized as the
main mechanism underlying active Centaur emission (e.g. Jewitt
2009; Meech et al. 2009). Dust emission from Centaurs may also
be expected to form collimated meteoroid streams as evidenced
by azimuthally asymmetric structures seen in Fig. 3, for example;
however, such streams are likely to be shorter lived than their inner
Solar system counterparts due to both outer planet perturbations
of the constituent meteoroid stream dust grains and of the parent
Centaurs themselves.
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