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The influx of interplanetary dust grains (IDPs) to the Pluto–Charon system is expected to drive several
physical processes, including the formation of tenuous dusty rings and/or exospheres, the deposition
of neutral material in Pluto’s atmosphere through ablation, the annealing of surface ices, and the
exchange of ejecta between Pluto and its satellites. The characteristics of these physical mechanisms
are dependent on the total incoming mass, velocity, variability, and composition of interplanetary dust
grains; however, our knowledge of the IDP environment in the Edgeworth-Kuiper Belt has, until recently,
remained rather limited. Newly-reported measurements by the New Horizons Student Dust Counter
combined with previous Pioneer 10 meteoroid measurements and a dynamical IDP tracing model have
improved the characterization of the IDP environment in the outer Solar System, including at Pluto–
Charon. Here we report on this modeling and data comparison effort, including a discussion of the IDP
influx to Pluto and its moons, and the implications thereof.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction disfavored over amorphous water ice (Porter et al., 2010). Finally,
All objects in the Solar System are subject to a flux of sub-
micron to millimeter sized dust grains and knowledge of this influx
is critical for understanding several physical processes in the
Pluto–Charon system. For example, interplanetary dust flux should
drive the production of tenuous dusty rings or exospheres. Model-
ing efforts have shown that ejecta from Pluto’s smaller satellites
(Nix and Hydra, as well as the newly-discovered Kerberos and
Styx) dominates the equilibrium density of grains within the
Pluto–Charon system (Thiessenhusen et al., 2002; Poppe and Horá-
nyi, 2011; Pires dos Santos et al., 2013); however, estimates of the
expected geometric optical depth of such rings diverge over several
orders of magnitude. Observational searches for any rings through
either direct backscattering or stellar occultation have yielded no
detections and have correspondingly placed an upper limit for
the optical depth of approximately 6� 10�6 at the orbit of Hydra
(Steffl and Stern, 2007). Characterizing the interplanetary dust in-
flux to the Pluto system will allow for more accurate calculations of
any putative ring densities and optical depths. The presence of im-
pact ejecta within the Pluto–Charon system will contribute to ejec-
ta transfer amongst Pluto and its satellites, mainly from the smaller
satellites to larger (Stern, 2009; Poppe and Horányi, 2011), which
may be a process by which the albedos and colors of Pluto’s satel-
lites may evolve to a self-similar state. Interplanetary dust bom-
bardment may anneal water ice on the surfaces of Charon and
the smaller satellites, helping to explain the presence of crystalline
water ice in the outer Solar System where it is energetically
interplanetary dust bombardment may contribute to other
processes not yet considered for the Pluto–Charon system, includ-
ing the production of neutral exospheres via impact vaporization
similar to the Moon and Mercury (Verani et al., 1998; Stern,
1999), the deposition of external material in Pluto’s atmosphere
via ablation and its subsequent photochemical consequences
(Krasnopolsky and Cruikshank, 1999; Krasnopolsky, 2012), and
impact gardening of surfaces in the Pluto–Charon system (Papike
et al., 1982; Lucey et al., 2006).

At the Pluto–Charon system, the interplanetary dust distribu-
tion is dominated by grains produced from the Edgeworth-Kuiper
Belt (EKB) itself through both mutual collisions and bombardment
of EKB objects by interstellar grains (Stern, 1996; Yamamoto and
Mukai, 1998), with a small contribution from cometary sources
(Landgraf et al., 2002); however, given the historically limited
in situ dust density measurements outside the orbit of Jupiter, dust
fluxes in the outer Solar System have often been estimated by
using the well-characterized flux at 1 AU (Grün et al., 1985) and
extrapolating outwards. Since the Grün et al. (1985) model applies
to asteroidal and cometary dust produced within the orbit of Jupi-
ter, it does not necessarily represent the dust complex in the outer
Solar System, where the sources and dynamics of IDPs are quite
different. Recently reported measurements of dust densities in
the outer Solar System by the Student Dust Counter (Horányi
et al., 2008; Poppe et al., 2010) onboard the New Horizons mission
to Pluto (Stern, 2008), when combined with previous Pioneer 10
meteoroid detector measurements (Humes, 1980) and a dynamical
model (Han et al., 2011), are now constraining the interplanetary
dust density and velocity distributions in the outer Solar System,
from which dust influx distributions can be calculated.
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In this paper, we calculate the magnitude and variability of the
interplanetary dust influx to the Pluto–Charon system using a
dynamical dust tracing model and in situ dust density measure-
ments by the Pioneer 10 and New Horizons spacecraft. Section 2
describes the dust model and Section 3 presents the influx calcula-
tions to the Pluto–Charon system. Finally, we discuss implications
and conclude in Sections 4 and 5, respectively.
(b)

Fig. 1. The equilibrium density of 10 lm Edgeworth-Kuiper Belt grains (a) in the
ecliptic, Neptune-rotated frame and (b) in the azimuthally averaged, vertical plane
containing the Sun and Neptune. Overplotted on both panels is the orbit of Pluto,
also in the Neptune-rotated frame. Additionally, the orbits of Neptune and Jupiter
are shown as thin dotted lines.
2. Interplanetary dust model

In order to calculate the interplanetary dust flux to the Pluto–
Charon system, we use the results of a dynamical dust grain tracing
model described in detail in Han et al. (2011). This code models the
behavior of dust grains originating from the Edgeworth-Kuiper Belt
for a discrete collection of grain sizes in the range of 0.5–50 lm.
Grains are launched with initial conditions corresponding to
known EKB sub-populations, namely, classical, scattered, and reso-
nant objects (Kavelaars et al., 2009), although we note that recently
reported investigations into the orbital structure of the EKB may
affect these results by refining the estimates of the number and
distribution of various sub-populations (e.g., Petit et al., 2011;
Gladman et al., 2012). Each grain is subject to variety of forces,
including solar and outer planetary gravitation, solar radiation
pressure, Poynting–Robertson drag, and the electromagnetic inter-
action with the interplanetary magnetic field (Burns et al., 1979;
Gustafson, 1994). All grains are modeled as silicates with density
q = 2.5 g cm�3, although, we note that dust grains with other com-
positions (i.e., icy or carbonaceous) may exist due to the extensive
diversity of surface compositions amongst EKB objects (Brown,
2012). Individual grains are followed until they either reach the
far inner Solar System (defined as inside 0.1 AU) or are ejected
from the Solar System. The dust grain state vector data are rou-
tinely printed out, from which statistical equilibrium maps of the
three-dimensional dust grain density and velocity distributions
at each grain size can be constructed (Liou and Zook, 1999). At this
time, we do not consider interplanetary grain–grain collisions,
although, previous modeling work has shown that collisions may
play a role in modifying size distributions of EKB grains (Kuchner
and Stark, 2010). Additionally, collisions between interstellar
grains and interplanetary grains may be an efficient mass-loss
mechanism and could alter the equilibrium distribution; however,
we neglect this effect presently but identify the inclusion of inter-
stellar grain impacts as a future task. Fig. 1 shows the relative den-
sity of 10 lm EKB-generated grains in (a) the ecliptic plane for the
Neptune-rotated frame and (b) in the vertical plane where the dust
density has been azimuthally averaged. Mean-motion resonances
dominate the behavior of dust grains outside the orbit of Neptune,
yielding the complex density structure both radially and azimuth-
ally. The character of these structures depends on the dust parent
bodies (EKB classical, scattered or resonant objects) as well as the
dust grain size and composition. In general, larger grains and/or
dynamically colder grains have longer resonance lifetimes with
Neptune and thus, have equilibrium density distributions with a
higher degree of structure (Liou and Zook, 1999; Moro-Martín
and Malhotra, 2003).

To provide an absolute measure of the EKB density throughout
the Solar System, the model has been compared to both Pioneer 10
and New Horizons Student Dust Counter (SDC) measurements
(Humes, 1980; Horányi et al., 2008; Poppe et al., 2010). Since
SDC measures grains larger than approximately 0.5 lm while Pio-
neer 10 measured grains larger than approximately 3.5 lm, both
the overall dust production rate from the EKB and the slope of
the corresponding mass distribution have been constrained (Han
et al., 2011). The dust production mass distribution is assumed to
be in a longitudinally-averaged, quasi-steady state equilibrium
(based on calculations by Stern (1996) and Yamamoto and Mukai
(1998)), that follows a power law given by d _M=dm ¼
_Moðm=moÞ�a=3, where _M is the overall dust production rate, _Mo is

a normalization constant, mo ¼ 10�11 g is a reference grain mass,
and a ¼ 3:02 is the slope of the mass distribution (Han et al.,
2011). The overall mass production rate of dust grains between
0.1 and 10 lm in radius in the EKB was found to be approximately
_M ¼ 8:9� 105 g=s (Han et al., 2011), well within the range esti-

mated theoretically (Stern, 1996; Yamamoto and Mukai, 1998).
From these constraints, the density, velocity, and mass distribu-
tions of micron-sized EKB grains can be calculated throughout
the Solar System.
3. IDP flux to Pluto

Overplotted on both panels of Fig. 1 are projections of the tra-
jectory of the Pluto–Charon system in the Neptune-rotated frame.
In Fig. 1(a), where the trajectory is projected onto the ecliptic
plane, we see that Pluto (as a Neptune-resonant object itself) orbits
through the densest part of the 10 lm EKB grain density. In addi-
tion to the variability of the dust density in the ecliptic plane,
one must also consider the vertical variation of the EKB dust den-
sity above and below the ecliptic plane for the case of the Pluto sys-
tem. Pluto has an orbital inclination of approximately 17.1� and
attains a maximum distance above and below the ecliptic plane
of approximately 10 and 15 AU, respectively. The 10 lm EKB dust
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Fig. 2. (a) The flux of classical, scattered, and resonant 2 lm EKB grains to Pluto as a function of time over one Pluto year. (b) The total 0.5, 2, 5, 10, and 20 lm EKB dust flux to
Pluto as a function of time over one Pluto year. The perihelion (‘P’), aphelion (‘A’), ecliptic plane crossings (‘E’), and relative time of the New Horizons fly-by (‘NH’) are marked
as dotted vertical lines.

1 For interpretation of color in Figs. 2 and 3, the reader is referred to the web
version of this article.
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density varies by more than an order of magnitude vertically along
Pluto’s orbit as shown in Fig. 1(b). To calculate the flux of EKB
grains to the Pluto–Charon system along its orbit we followed
the method described in Poppe and Horányi (2012) where the
EKB dust flux to Saturn was calculated. Briefly, Pluto was traced
through the three-dimensional dust distributions for each modeled
grain size and the density and velocity were calculated by assum-
ing that grains within 0.5 AU of Pluto impacted the system. Pluto’s
velocity was vectorially added to the dust grain velocities and in
turn, convolved with the local dust grain density to obtain the flux
at Pluto’s Hill radius (i.e., before any local gravitational acceleration
into the Pluto–Charon system). The sole enhancement for this
work over our calculations for Saturn is the inclusion of the vertical
variability in the EKB dust grain density (critical for Pluto, but not
necessarily so for Saturn, which has an orbital inclination of only
2.5�).

Fig. 2(a) shows the flux of 2 lm classical, scattered, and reso-
nant EKB grains, as well as the total 2 lm flux, respectively, to
the Pluto–Charon system as a function of time for one Pluto year.
Also noted as vertical dotted lines on the plot are Pluto’s perihelion
(‘P’), aphelion (‘A’), ecliptic plane crossings (‘E’), and the time of the
New Horizons fly-by (‘NH’, in red).1 The classical EKB influx is var-
iable over more than three orders of magnitude from 10�8 to 10�5

m�2 s�1. This variability is due to the concentration of the classical
EKB grains in the ecliptic plane due to the dynamically cold nature
of the parent classical EKB objects. As the Pluto–Charon system
passes through the ecliptic plane on its inclined orbit (both ascend-
ing and descending), the classical EKB flux increases dramatically
and at its highest level is the dominant influx to Pluto (over the scat-
tered and resonant components). Relative to a Pluto year, this peak is
brief, occurring within just 15 (Earth) years (defined as the classical
flux being above the full-width half-max). In contrast, the hotter
dynamical nature of the scattered and resonant EKB objects yields
a dust complex that has higher eccentricities and inclinations and
thus, the scattered and resonant dust grain densities extend to high-
er ecliptic latitudes relative to the classical component. In turn, the
scattered and resonant grain fluxes to Pluto drop less dramatically
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than the classical component, roughly a factor of 50 (by itself still
significant). In total, the 2 lm flux to Pluto varies by approximately
two orders of magnitude over its year. Fig. 2(b) shows the EKB flux to
Pluto for five different grain sizes: 0.5, 2, 5, 10, and 20 lm, each
summed over their respective classical, scattered, and resonant com-
ponents. As expected, the overall magnitude of the flux decreases as
the grain size increases, yet nearly identical variability is seen in all
grain sizes over the course of one Pluto year.

Having calculated the flux of EKB grains to Pluto as a function of
time and grain size, we naturally wish to compare with previous
methods of estimating the dust flux to Pluto. Such an estimate is
typically obtained by taking the dust flux at 1 AU as described by
Grün et al. (1985) and extrapolating out to the heliocentric dis-
tance of Pluto by: (1) assuming that the spatial density of inter-
planetary dust grains remains constant since the Pioneer 10
meteoroid detector measured a near-constant flux of �3.5 lm
grains outside the orbit of Jupiter (Humes, 1980), and (2)
re-computing the impact velocity to take into account the slower
heliocentric velocities at Pluto. Fig. 3(a) shows a comparison of
the Grün et al. (1985) differential number flux extrapolated to
30 AU as a function of grain size and the differential number flux
from this model at its highest (blue) and lowest (red) values. For
(a)

(b)

Fig. 3. (a) The differential number flux of EKB dust to Pluto as a function of radius for this
flux. The simulated size range from this model is represented by the solid lines, while a lin
flux of EKB dust to Pluto as a function of radius (in units of differential mass flux per de
grain sizes larger than those that we simulated (> 50 lm), we
show two possible extensions for the differential flux. The dashed
lines in each case represent a simple power-law extrapolation of
the modeled flux out to 104 lm. In contrast, the continuing solid
line uses the slope of the Grün et al. (1985) flux for radii greater
than 50 lm appropriately normalized to match the differential flux
for both the minimum and maximum cases modeled here. We sus-
pect that the Grün et al. (1985) extrapolation may be more physi-
cally correct due to the effect of grain–grain collisions on the size
distribution, which will tend to remove mass from the larger sizes
and redistribute them to smaller sizes. Grün et al. (1985) have
shown that at 1 AU the critical size where collisional gain
transitions to collisional loss occurs around 10�5 g, or roughly
50–100 lm. To estimate this critical size for the EKB, we compared
the lifetimes for Poynting–Robertson drag and collisional destruc-
tion in the Edgeworth-Kuiper Belt. Poynting–Roberston drag life-
time expressed in years is taken from Eq. (20) of Grün et al. (1985)

TPR ¼ 7� 106sqQ eff a
2
oð1� eoÞ2EðeoÞ; ð1Þ

where s is the grain radius in cm, q is the grain density in g/cm3,
Qeff ¼ 1 is the fraction of incident photon momentum absorbed by
model at maximum, this model at minimum, and the extrapolated Grün et al. (1985)
ear extrapolation is shown as the dashed line in both cases. (b) The differential mass
cade mass) in the same format as (a).
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each grain (valid for m > 10�12 g), ao and eo are the average initial
semi-major axis and eccentricity, respectively, and EðeoÞ is an
empirical function from Wyatt and Whipple (1950). From our
dynamical simulations, we use ao ¼ 45 AU and eo ¼ 0:25 for average
initial values. The collisional lifetime can be approximated follow-
ing Kuchner and Stark (2010), who used an expression from Wyatt
(2003),

Tcoll ¼ Torbit=ð4psÞ; ð2Þ

where Torbit is a typical orbital period for a grain in the EKB and s is
the face-on optical depth of the EKB. Calculating the orbital period
for a grain at 45 AU and using an estimated optical depth of
s � 10�7 (Stern, 1996; Yamamoto and Mukai, 1998), we find a col-
lisional lifetime of approximately Tcoll ¼ 2� 108 yrs. Setting this
time equal to the expression for the Poynting–Robertson drag life-
time and solving for the critical radius yields s � 75 lm. We note
that this is slightly higher than the critical radius found by Kuchner
and Stark (2010) of approximately 20 lm for the EKB, yet still pro-
vides a reasonable estimate for the point at which to ‘‘break’’ the
power law. While we have not employed a completely self-consis-
tent treatment of collisions in the EKB dust disk, the extrapolation
of the mass distribution using the slope of the Grün et al. (1985)
curve is a reasonable estimate for fluxes greater than we have di-
rectly modeled. Future models incorporating such effects (c.f. Stark
and Kuchner, 2009; Kuchner and Stark, 2010) will allow a more de-
tailed analysis of the flux at Pluto for larger grain sizes. Comparing
our modeled curves with Grün et al. (1985) at Pluto, we see that our
modeled flux disagrees with the extrapolated Grün et al. (1985) flux
both in magnitude and slope. At maximum (blue curve), our model
predicts more flux for a < 15 lm grains and less flux for a > 15 lm
grains relative to the extrapolated flux; at minimum (red curve),
our model predicts less flux to the Pluto–Charon system for all grain
sizes.

In Fig. 3(b) we compare the differential mass influx as a function
of logarithmic mass, dFm=dðlog mÞ between the extrapolated Grün
et al. (1985) model and our model. The Grün et al. (1985) mass flux
peaks at approximately 50–100 lm while our model peaks and is
flat between 10 and 50 lm at maximum (blue curve), before
decreasing under the extrapolation of the Grün et al. (1985)-like
slope for larger masses. At minimum (red curve), the mass flux
peaks closer to 50 lm, although the overall magnitude of the dif-
ferential mass flux at minimum is several orders-of-magnitude less
than the extrapolated Grün et al. (1985) mass flux. Assuming that
the extrapolation of our model holds over grain sizes between 0.1
and 104 lm, integrating under the various curves provides the total
mass flux to the Pluto–Charon system, listed in Table 1. The extrap-
olated Grün et al. (1985) model predicts a total mass flux of
approximately 1.8 � 10�13 g m�2 s�1 while the maximum and
minimum mass fluxes from this model are approximately
1.4 � 10�13 and 2.1 � 10�15 g m�2 s�1, respectively. The mass flux
at maximum (during the ecliptic plane crossing) is nearly that of
the extrapolated Grün et al. (1985) flux while in contrast, the mass
flux at minimum is almost two orders-of-magnitude lower than
Grün et al. (1985). Additionally, for further comparison, we also list
Table 1
A comparison of the total IDP mass influx to the Pluto–Charon system derived from
Grün et al. (1985) and this work. Additionally, the mass flux of interstellar dust grains
is also listed (Grün et al., 1994).

Source Total mass flux (10�13 g m�2 s�1)

Grün et al. (1985) at 30 AU 1.8
EKB (this model), maximum 1.4
EKB (this model), minimum 0.021
Interstellar dust 0.0005
the interstellar mass flux of 5 � 10�17 g m�2 s�1 (Grün et al., 1994),
which is roughly an additional factor of forty less than the mini-
mum interplanetary flux.
4. Implications

The improved model for the influx of interplanetary dust grains
to the Pluto–Charon system has several implications for various
physical processes. We briefly discuss some of these implications
here, with the understanding that to some degree, the Pluto–
Charon system serves as an example for EKBOs as a whole and that
there remains much work to be done regarding the impact of
interplanetary dust bombardment in the Edgeworth-Kuiper Belt.
The fly-by of the New Horizons spacecraft past the Pluto–Charon
system in mid-2015 will provide a wealth of new observations to
compare to the theoretical investigations outlined below.
4.1. Pluto–Charon rings/tori

The influx of interplanetary dust grains is expected to drive
many phenomena in the Pluto–Charon system, chief among these
the possible production of dust rings or tori comprised of ejecta
produced upon IDP impact (Thiessenhusen et al., 2002; Poppe
and Horányi, 2011; Pires dos Santos et al., 2013). In Poppe and
Horányi (2011), we presented the results of a model of the putative
Pluto–Charon dust rings. The overall density and geometric optical
depth of any possible ring system is a function of both the typical
grain lifetime within the Pluto–Charon system and the total
amount of incoming IDP mass flux. Using the extrapolated Grün
et al. (1985) mass flux at Pluto of 2.4 � 10�13 g m�2 s�1 (before
any local gravitational acceleration), we predicted a maximum
geometric optical depth for 50 lm grains in the Pluto–Charon sys-
tem of s50 ¼ 5� 10�7. Relative to the estimated mass flux from the
Grün et al. (1985) extrapolation, the mass flux at the time of the
New Horizons fly-by as calculated from our updated EKB dust
model is approximately a factor of two lower; however, we must
also account for the fact that the dust model presented in Poppe
and Horányi (2011) was conducted before the discovery of Styx
and Kerberos. The very small size of these two satellites, roughly
10 and 14 km, respectively (Showalter et al., 2011, 2012), implies
that they should yield ejecta into the Pluto–Charon system at
fluxes roughly equal to Nix and Hydra. The lower incoming dust
mass flux and the anticipated contribution of Styx and Kerberos
roughly cancel each other out, and thus our estimate for the max-
imum optical depth for 50 lm grains remains at s50 � 5� 10�7.

Observations of the Pluto–Charon system during the New Hori-
zons fly-by in July 2015 will search for signatures of dusty rings.
The LOng-Range Reconnaisance Imager (LORRI) on New Horizons
(Cheng et al., 2008) will thoroughly image the Pluto–Charon sys-
tem both on the approach and departure phases. For the approach
phase, any rings would be detected through backscattering. The
minimum I=F brightness detectable by LORRI on approach is
approximately 10�7 (H. Weaver, priv. comm., 2013). If we assume
a particle albedo of pv ¼ 0:35 (taken from the albedo of Pluto’s
small satellites), our model suggests a backscattered brightness
of I=F � 9� 10�8, just below the anticipated background level for
LORRI. The smaller sized grains have even lower backscattered I/
F given their smaller optical depths. The best opportunity for ring
detection will certainly be after closest approach, when any dust
rings will forward scatter light at brightnesses at least several
times that in backscattered light. If such rings are detected, a de-
tailed comparison of the size and spatial distribution of the rings
will help to confirm the models of dust ring production at Pluto–
Charon and will extend our confidence in predicting the presence
of rings at other Edgeworth-Kuiper Belt objects.
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4.2. Micrometeoroid annealing of Charon’s icy surface

The influx of interplanetary grains to the Pluto–Charon system
also has implications for the icy surface of Charon (and potentially
the smaller satellites in the Pluto–Charon system), which shows
the presence of crystalline water ice (via the diagnostic 1.65 lm
spectral feature (Cook et al., 2007; Mastrapa et al., 2009)). In the
outer Solar System, where surface temperatures fall well below
150 K, the formation of amorphous solid water (ASW) is heavily
favored over the formation of crystalline water ice. An external
heat source must therefore exist to convert ASW into a crystalline
form (Jenniskens and Blake, 1996). Impacts from interplanetary
dust grains can be a source of heat for this process and calculations
have suggested that this process can provide enough external heat
to anneal surface ice at the satellites of the outer planets (Porter
et al., 2010). It was further suggested that this process should oper-
ate in the EKB and would potentially explain several observations
of crystalline water ice at various EKBOs (Jewitt and Luu, 2004;
Cook et al., 2007; Trujillo et al., 2007; Barkume et al., 2008). For
Charon, Porter et al. (2010) calculated minimum IDP mass fluxes
of 1:8� 10�14 and 5 � 10�16 g m�2 s�1 in order to provide a 20%
(a)

(b)

Fig. 4. The (a) incoming mass flux and (b) ejecta mass flux from the Pluto–Charon sy
respectively. Also shown in (a) are the extrapolated Grün et al. (1985) mass flux (dashed
against UV and GCR amorphization (Porter et al., 2010).
annealed fraction of surface water ice against the amorphization
processes of UV and galactic cosmic ray (GCR) irradiation, respec-
tively, noting that Mastrapa et al. (2009) have shown that a 20% an-
nealed fraction is sufficient to make the icy surface appear nearly
fully crystalline. Fig. 4(a) shows the time variation of the total mass
influx to Pluto from our EKB dust disk model presented here which
tracks the variation in flux shown in Fig. 2. Additionally, the amor-
phization limits from Porter et al. (2010) are shown as dotted lines.
The interplanetary dust mass flux varies above and below the re-
quired value for providing a 20% annealing fraction against UV
amorphization; however, the mean IDP flux (which is a valid rep-
resentation of the mass flux since variations in the dust flux over a
single orbital period of Pluto of approximately 250 years occur
more rapidly than the UV or GCR amorphization timescales of 40
and 1500 kyr, respectively (Cook et al., 2007)) is approximately
1.9 � 10�14 g m�2 s�1, nearly exactly at the level required. Thus,
IDP bombardment may be responsible for the presence of crystal-
line water ice on Charon’s surface. We note that EKBOs in other
sub-populations (e.g., classical, scattered, etc.) will experience dif-
ferent levels of IDP bombardment and thus, as a further test for the
effectiveness of ice annealing by micrometeoroid bombardment,
stem as a function of time over Pluto’s year from EKB impacts and ISD impacts,
line) and the mass fluxes required to generated a 20% annealed surface ice fraction
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one could search for correlations between IDP flux and crystalline
water ice fractions. Finally, while not considered in Porter et al.
(2010), interstellar dust bombardment should add additional heat
flux to the surfaces of Charon (and other icy satellites or EKBOs),
mainly due to the higher kinetic energy of ISD grains due to their
much higher impact speeds (>26 km/s) despite the lower ISD mass
flux.

4.3. Comparison with interstellar mass flux and generation of the EKB
dust disk

In addition to generating grains within the Pluto–Charon sys-
tem, EKB dust grain bombardment should also produce grains that
escape the Pluto–Charon system (either directly, or after a close
encounter with one of the satellites within the Pluto–Charon
system). Grains that escape become part of the EKB dust complex
itself, and represent a mechanism by which the EKB dust complex
can ‘‘self-generate’’. This is in addition to the two previously pro-
posed EKB dust grain production methods: mutual EKBO collisions
(Stern, 1996) and bombardment of EKBOs by the interstellar dust
stream (Yamamoto and Mukai, 1998). While consideration of the
former method is beyond the scope of this paper, we can compare
production rates of EKB self-generation with ISD bombardment.
The total ejecta mass flux for each generation mechanism is a prod-
uct of the incoming mass flux, Cm, and the ejecta yield, Y, for each
dust species. To calculate the yield, we use the experimental work
of Koschny and Grün (2001), which gives the ejecta yield as a func-
tion of impactor mass, m, and speed, vp, and the silicate surface
percentage, G, of the target, as:

Y ¼ V1;0 �
V1;100

V1;0

� �G=100

� 1� G=100
qice

þ G=100
qsil

� �
� 2�bmb�1

p v2b
p ; ð3Þ

where qice and qsil are the density of ice and silicate, respectively,
and V1;0 ¼ 6:69� 10�8 m3=J, V1;100 ¼ 1:00� 10�9 m3=J, and
b ¼ 1:23 are empirically derived constants. For EKB grains, the dif-
ferential mass flux (Fig. 3(b)) peaks near an impactor mass of
10�7 g with impact velocities of�3–4 km/s using the EKB dust mod-
el including gravitational acceleration from the Pluto–Charon sys-
tem itself. For interstellar grains, the mean impactor mass and
speed are approximately 10�14 g and 26 km/s, respectively
(neglecting both the small orbital velocity contribution from the
Pluto–Charon system as it orbits up- and down-stream with respect
to the ISD flow and the gravitational acceleration from the Pluto–
Charon system) (Grün et al., 1994; Landgraf et al., 2000). For this
exercise, we use G ¼ 25 denoting a 75% surface water ice contribu-
tion typical of Charon (Brown, 2012), while noting the broad diver-
sity of surface compositions elsewhere in the Edgeworth-Kuiper
Belt (Dalton et al., 2010; Brown, 2012). (We note that changing G
does not change the relative contributions between EKB and ISD
generated ejecta, only the overall magnitude). Using these values,
we calculate mass ejecta yields of 30 and 400 for EKB and ISD bom-
bardment, respectively. Convolving this yield with the incoming
mass flux for both EKB and ISD grains yields the ejecta mass flux.
Fig. 4(a) and (b) show the incoming mass flux and ejecta mass flux,
respectively, as a function of time over Pluto’s year. The ISD-gener-
ated ejecta mass flux is constant throughout Pluto’s year at approx-
imately 2 � 10�14 g m�2 s�1, while the EKB-generated ejecta mass
flux varies between approximately 6:2� 10�14 and 4.1 � 10�12

g m�2 s�1. At Pluto–Charon, EKB-generated ejecta fluxes are greater
than the ISD-generated ejecta fluxes over all of Pluto’s year, includ-
ing their maximum, where the EKB-generated ejecta flux is more
than two orders of magnitude greater than ISD-generated ejecta.

This example thus prompts the question: Over the entire Edge-
worth-Kuiper Belt, which process dominates the generation of EKB
dust grains, bombardment by interstellar grains as proposed by
Yamamoto and Mukai (1998) or the ‘‘self-generation’’ mechanism
proposed here? To answer this, one must solve for the EKB dust
fluxes to all EKB objects in a self-consistent manner, taking into ac-
count the orbital trajectories of different families of EKBOs. For
example, cold classical EKBOs (e.g., the ‘‘kernel’’ population as de-
scribed by Petit et al. (2011)), which have very low eccentricities
and inclinations and semi-major axes centered near 44 AU, are
confined to the dense regions of the EKB dust complex and thus,
will likely be dominated by EKB-generated ejecta. In contrast,
dynamically hotter sub-populations of the EKB (e.g., the scattered
disk), will experience variability similar to that shown in the exam-
ple here for Pluto–Charon, where ecliptic plane crossings are
accompanied by high EKB-generated ejecta and periods far from
the ecliptic plane or the main EKB dust belt have closer contribu-
tions between EKB and ISD generated ejecta. A self-consistent
model of EKB dust grain production that takes into account both
EKB and ISD dust grain bombardment is beyond the scope of the
work presented here, but is identified as a worthy future investiga-
tion. An accurate knowledge of dust grain production mechanisms
is critical for understanding not only our debris disk, but for the
plethora of observed dusty debris disks at other stars (e.g., Greaves
et al., 1998; Trilling et al., 2008; Backman et al., 2009; Koerner
et al., 2010; Moro-Martín et al., 2010).
5. Conclusion

A dynamical dust grain model constrained by Pioneer 10 and
New Horizons Student Dust Counter measurements has been used
to calculate the interplanetary dust flux to the Pluto–Charon sys-
tem. Due to the concentration of the EKB dust disk in the plane
of the ecliptic and Pluto’s inclined orbit (i � 17�), the dust flux to
the Pluto–Charon system varies over one order-of-magnitude in
number flux and more than two orders-of-magnitude in mass flux.
The peak ‘‘dust seasons’’ at Pluto are during ecliptic crossings while
the dust flux minima occur near aphelion and just prior to perihe-
lion, corresponding the Pluto’s maximum vertical extent either
above or below the ecliptic plane. The net mass flux to the Plu-
to–Charon system ranges between 2:1� 10�15 and 1.4 � 10�13

g m�2 s�1, less than that predicted by extrapolating the Grün
et al. (1985) model out to the orbit of Pluto. We have addressed
several of the implications of this dust flux and its variability to
the Pluto–Charon system, yet note that observations by the New
Horizons spacecraft in mid-2015 will shed significant light on sev-
eral of these processes. Additionally, the model presented here can
be used to study further phenomena of interest at the Pluto–Char-
on system, including meteoritic ablation in Pluto’s N2 atmosphere
and its subsequent photochemical consequences (Krasnopolsky,
2012) and the production of neutral exospheres at Charon and
the smaller satellites via meteoroid bombardment, for example.
Importantly, continued observations by the Student Dust Counter
(Horányi et al., 2008; Szalay et al., 2013) throughout the entire
EKB dust disk will help to further constrain the distribution of dust
grains and their subsequent flux to EKBOs. Finally, we note that
while Pluto and its satellites are unique in many ways, they none-
theless serve as an archetypical example of ways in which inter-
planetary dust influx can drive or influence basic planetary
processes at Edgeworth-Kuiper Belt objects. As exploration of the
Edgeworth-Kuiper Belt continues, we look forward to drawing
important analogues between the Pluto–Charon system and its
brethren.
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