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Abstract Airless bodies are directly exposed to ambient plasma and meteoroid fluxes, mak-
ing them characteristically different from bodies whose dense atmospheres protect their
surfaces from such fluxes. Direct exposure to plasma and meteoroids has important con-
sequences for the formation and evolution of planetary surfaces, including altering chemical
makeup and optical properties, generating neutral gas and/or dust exospheres, and leading
to the generation of circumplanetary and interplanetary dust grain populations. In the past
two decades, there have been many advancements in our understanding of airless bodies
and their interaction with various dust populations. In this paper, we describe relevant dust
phenomena on the surface and in the vicinity of airless bodies over a broad range of scale
sizes from ~ 1073 km to ~ 103 km, with a focus on recent developments in this field.
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1 Introduction

The term “airless body” refers to any object in the solar system without a global, collisional
atmosphere. These bodies comprise a diverse class of objects with great variation in size,
shape, surface properties, composition, and orbital characteristics. The interaction between
these bodies and their dust environment is complex and occurs on many spatial and tempo-
ral scales. Dust is pervasive throughout the observable universe; it comprises the building
blocks of all planetary bodies, which are formed from the accretion of dust particles ag-
gregating into much larger objects (Birnstiel et al. 2012; Levison et al. 2015). While dust
particles impacting airless bodies at very low speeds contribute to their mass through ac-
cretion, high speed impacts can liberate orders of magnitude more mass than the impacting
particle and a fraction of those ejecta particles may escape the target bodies’ gravity wells.
In this way, all airless bodies can be both sources and sinks of dust grains.

This review focuses on dust phenomena relating to airless bodies, highlighting recent
advancements in our understanding of such phenomena in the last two decades. To highlight
the diverse nature of these objects and frame the subsequent discussions, we begin the re-
view by describing the orbital distribution of airless bodies in the solar system in Sect. 2. We
continue by describing dust evolution on airless surfaces and proceed with subsequent sec-
tions ordered phenomenologically outward from the surface. In Sect. 3, we summarize the
current understanding of how dust on the surface of an airless body evolves and highlight
recent asteroidal regolith sample return analyses. In Sect. 4, we specifically describe pro-
cesses related to meteoroid bombardment, such as impact gardening, exospheric generation,
and surface contamination. A global, direct consequence of meteoroid bombardment is the
formation of ejecta clouds, and is discussed in depth in Sect. 5. Escaping, unbound ejecta
becomes a source of planetary or interplanetary meteoroids and is the focus of Sect. 6. We
briefly address electrostatic effects on surface processes in Sect. 7. Finally, we conclude in
Sect. 8 with a summary of current open questions and discuss future dust measurements.

2 Orbital Distribution of Airless Bodies

To highlight the diverse nature of airless bodies, here we describe their orbital distribution
in the solar system. Airless bodies can be divided into three groups: airless planets, airless
moons, and small bodies (e.g. asteroids and comets). For small airless bodies throughout
the solar system, there are three reservoirs that are dynamically stable over the age of the
solar system: (1) the main Asteroid Belt between Mars and Jupiter; (2) the Jupiter Trojans
clustered in the L4 and L5 Lagrangian points of Jupiter’s orbit; and (3) the Trans Neptunian
Objects (TNOs) outside the orbit of Neptune. These reservoirs contribute bodies to the tran-
sitional classes, which include the Near Earth Objects (NEOs) and Centaurs, which consist
of bodies that have been perturbed from the stable reservoirs into short-lived planet crossing
orbits. When perturbed even further into orbits crossing the inner solar system, Centaurs can
develop into comets.

Small bodies orbiting the Sun in the inner solar system are typically classified as either
comets or asteroids via three separate criteria: 1) activity, via the detection of observable at-
mospheres; 2) ice content; and 3) the Tisserand parameter, 7, = “7’ +2/((1 - e2)£) cosi,
where a, e, i and the semi-major axis, eccentricity, and inclination of the body and Jupiter,
denoted by subscript “J” (Jewitt 2012). Comets typically have high activity levels, are pre-
dominantly composed of icy materials, and have 7; < 3. Asteroids, on the other hand, typ-
ically have lower levels of activity, are more rocky, and have 7; > 3. The discrimination
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between comets and asteroids is not entirely precise, as will be discussed in Sect. 6.2.2 for
the case of active asteroids. See review by Jewitt (2012) for a comprehensive description of
these criteria.

All of these dynamical reservoirs are essentially survivors of the small bodies in the
solar system’s original accretion disk that subsequently formed the terrestrial and gas giant
planets. These populations have been modified, migrated, and depleted not only by accretion
onto the planets and impacts with other small bodies, but also by orbital disruption from
gravitational resonances with the giant planets and giant planet orbital migration (Morbidelli
et al. 2015). This section provides a brief description of the dynamical classes of airless
bodies along with their history. As there is an entire review paper dedicated to comets in this
Topical Collection, we omit discussion of cometary-specific processes in this paper.

2.1 Dynamical Classes and Origin of Airless Bodies
2.1.1 Near-Earth Objects (NEOs)

NEQ’s are a population of relatively small asteroids and comets that have been perturbed by
dynamical processes into short-lived orbits that cross the paths of the inner planets (Gladman
et al. 2000). The largest NEO is the ~ 32 km diameter (1036) Ganymed and is joined by
approximately 1000 objects larger than 1 km diameter. In total, there are probably over
1 million NEOs greater than 40 meters in diameter (DeMeo et al. 2015b). These objects are
dominated by chaotic interactions with the inner planets and as a result this is a transitory
population with mean lifetimes of approximately 10 million years (Gladman et al. 2000).
The population is being constantly replenished by a flux of bodies perturbed from the main
asteroid belt, primarily through orbital resonances with Jupiter. Gravitational interactions
with Jupiter can rapidly excite the orbit of the small body, increasing its eccentricity until
it becomes planet crossing. Early in the study of the asteroid belt it was observed that the
dynamical resonance zones called the Kirkwood gaps were remarkably clear of asteroids.
Small bodies are moved into the Kirkwood gaps by several processes including collisions
with other asteroids and, for objects on the order of a kilometer or smaller, by the Yarkovsky
effect (Bottke et al. 2002). As a result, the NEOs effectively sample the zones of the main
asteroid belt close to the major resonance zones of the inner asteroid belt.

2.1.2 Main Asteroid Belt

The main asteroid belt lies between 2—4 AU and is probably a strongly depleted and col-
lisionally evolved remnant of what was likely a much more massive population of small
bodies (Morbidelli et al. 2015). The current total mass of the asteroid belt is approximately
10~* Earth masses. The presence of Jupiter is the driving force in the structure of the asteroid
belt; perturbations from Jupiter early in the solar system formation era limited planetesimal
growth and cleared out almost all asteroids within two AU of Jupiter. Orbital mean motion
resonances with Jupiter have opened up the Kirkwood gaps and continue to perturb and
deplete the asteroid belt, either into the inner solar system or into orbits that interact with
Jupiter and are eventually ejected from the solar system. Because of the relatively high ec-
centricities of asteroidal orbits, collisions are relatively frequent (Morbidelli et al. 2010).
Catastrophic collisions between large objects can produce clouds of fragments that are dy-
namically related. These fragments form the roughly 120 collisional families of the asteroid
belt (Masiero et al. 2013; Nesvorny et al. 2015). Differences in thermal inertia observations
of main belt asteroids suggest there is a major transition at 100 km diameter in the total dust
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content of these objects. Smaller asteroids tend to be similar to the NEOs and show rocky
surfaces, while larger asteroids tend to have very small thermal inertias indicating that they
are even dustier than the Earth’s moon (Delbo et al. 2015).

2.1.3 Jupiter Trojans

These objects are a large population of asteroids trapped in the L4 and L5 Lagrangian points
which lead and trail Jupiter in its orbit by 60 degrees. The orbits slowly librate around these
points and are characterized by high inclinations. These zones are affected by a number of
weak resonances with Jupiter and Saturn which induce chaotic orbital behavior over the
age of the solar system (e.g., Levison et al. 1997; Marzari et al. 2003; de Elia and Brunini
2007). Jupiter Trojans can transiently become temporary satellites of Jupiter or join the
population of Jupiter family comets. The populations in both zones are roughly similar with
about 60,000 objects larger than 2 km (Yoshida and Nakamura 2005). Jupiter Trojans are
thought to have two possible origins: (1) during the runaway, accretionary growth of Jupiter,
the rapid increase of Jupiter’s gravity cause planetesimals that were in or near the Jovian
orbit to become trapped in the Trojan zones, or (2) Jupiter Trojans were captured during
the migration of the giant planets 500-600 million years after the solar system formation
(Morbidelli et al. 2015). Migration during this period greatly disrupted the population of
small bodies around the solar system, probably causing the heavy bombardment seen on the
Moon and greatly increasing the flux of scattered planet crossing small bodies.

2.1.4 Centaurs

These objects are a transitional group of small bodies that orbit between Jupiter and Neptune.
Centaurs have their origins from TNOs that are perturbed onto planet-crossing orbits that
are not protected by orbital resonances (Horner et al. 2004). These orbits are chaotic from
multiple gravitational encounters with the giant plants and are unstable on a timescale of
10°-107 years. Centaurs evolve into Jupiter-family comets or are ejected from the solar
system by encounters with Jupiter (Morbidelli et al. 2015).

2.1.5 Trans-Neptunian Objects

TNOs are a general term for any object beyond the orbit of Neptune and includes the Kuiper
belt, scattered disk, and Oort cloud. The Kuiper Belt and the scattered disk probably formed
as the result of the migration of the gas giants (Levison et al. 2008). The Oort cloud was filled
from small bodies ejected by Jupiter into long elliptic or parabolic orbits during the early
stages of solar system accretion. Since the Oort cloud extends over 50,000 AU from the Sun,
an additional source of material is from an exchange of ejected small bodies between the
Sun and its sibling stars in a stellar cluster during the earliest days of solar system formation
(Morbidelli et al. 2008). TNO reservoirs contribute objects to the inner solar system from a
number of processes. Objects in the Oort Cloud are perturbed by gravitational interactions
with passing stars and molecular clouds in Milky Way. This is probably the source of long-
period and Halley-family comets as well as at least some of the Centaurs and Jupiter-family
comets (Levison et al. 2008). The scattered disk, because of its interactions with Neptune,
high orbital eccentricities, and high inclinations is dynamically less stable and the likely
origin for most periodic comets. The Kuiper Belt, on the other hand, is dynamically stable
and only rarely contributes objects to planet crossing orbits.
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2.1.6 Mercury and Moons

The final category of airless bodies includes the airless planet Mercury as well as numerous
moons in the solar system. Origins depend upon the accretionary and chaotic processes
of early solar system formation. While Mercury formed from the accretionary disk of the
solar nebula, the giant planet large moons probably formed from accretionary discs that
formed around these large gravitational concentrations. Other large moons formed from
major impacts on the primary (Earth and Pluto). The numerous small moons of the giant
planets have their origins either from collisional fragments of previous moons or from small
bodies captured during giant planet migration (Nesvorny et al. 2014).

3 Evolution of Dust on Surfaces of Airless Bodies

The surfaces of airless bodies are covered by granular materials called regolith. The term
‘regolith’ comes from the Greek rhegos (blanket) + lithos (stone) and is defined by the
Glossary of Geology as, “A general term for the layer or mantle of fragmental and uncon-
solidated rock material, whether residual or transported and of highly varied character, that
nearly everywhere overlies bedrock. It includes rock debris of all kinds” (Jackson 1997).
In planetary studies, the term regolith is usually used in a broader sense meaning a loose
unconsolidated material of the upper surface of a planetary body, including icy bodies. The
thickness, texture, particle size, distribution, chemistry, and evolution of regolith depends
strongly on the geologic context of the body. The creation and depletion of regolith is driven
by weathering processes, including from the meteoroid, thermal, and energetic particle en-
vironments.

The best studied example is the lunar regolith, which consists of a very loose, fluffy
powder about 20 cm deep overlying a fine-grained and more compact layer that can vary
between 4-10 meters in depth (Taylor 1982). This loose layer is in equilibrium between
processes that disaggregate particles such as thermal shock and meteoroid bombardment,
and processes that fuse particles together such as melting. Below the regolith layer is the
so-called megaregolith, which consists of a deep shattered layer of large scale impact ejecta
(roughly 2 km thick), structurally disturbed and displaced crust (again from impacts, up to
10 km thick), and finally in situ fractured crust down to 25 km depth (Taylor 1982).

3.1 Regolith Evolution due to Space Weathering

All airless surfaces undergo space weathering, defined as the physical, mineralogical, and
chemical alterations suffered by solid materials when exposed to the space environment.
This includes a broad range of processes that are fundamentally driven by energetic pro-
cesses such as impacts, radiation, and the solar wind. The effects of space weathering de-
pend on the chemistry and crystal structure of the target material. Here we briefly review
the major components of space weathering and their implications for the regoliths of airless
bodies, which are graphically summarized in Fig. 1.

Comminution is the physical process of breaking of rocks and minerals into smaller par-
ticles; it is the primary process by which dust is generated on airless bodies. In space this
can occur in several ways. Impacts at all scales grind down particle size. Major impacts
that do not completely disrupt the parent body (e.g., Asphaug et al. 1998; Michel et al.
2003; Goodrich et al. 2004) produce ejecta blocks and fracture the bedrock, while mete-
oroids grind down gravel and blocks to dust. For objects in interplanetary space (as opposed
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Fig. 1 A summary of the many
space weathering processes

occurring on airless bodies. \ Micrometeorite
Reproduced from Pieters and 5 Bombardment
Noble (2016) with permission

from the Journal of Geophysical
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to objects within planetary gravity wells), this effect is a function of heliocentric distance
with meteoroid impact velocities dropping off rapidly with distance. Another comminution
process is thermal fracturing. In the inner solar system, strong solar heating on the sunward
side of rotating asteroids followed by sudden cooling on the dark side, produces substantial
thermal shock due to either the different thermal expansion characteristics of the constituent
minerals or the thermal gradient within a homogeneous rock which leads to tensile stress be-
tween the outer and inner layers. This thermal shock has been shown to propagate fractures
in meteorites and, in the inner solar system, can rapidly disaggregate materials (Delbo et al.
2014). This effect is a strong function of heliocentric distance since it depends upon solar
heating. These comminution processes push airless surfaces to accumulate fine-grained dust
which is seen, for example, in the powdery lunar soil (Hapke 2001).

Dust accumulation, however, is also a strong function of local gravity and heliocen-
tric distance. For small asteroids with low gravity and hence, low escape velocity, a sig-
nificant portion of impact ejecta will escape the body. Thermal inertia studies show that
smaller asteroids are fundamentally coarser grained and rockier than larger asteroids (Delbo
et al. 2015). For small near-Earth asteroids, electrostatic interactions may preferentially shed
small grains, making the surfaces of these objects even rockier than similar sized bodies in
the asteroid belt, since both UV and plasma fluxes decrease with the square of heliocentric
distance (Lee 1996). Another hypothesis is that the large surface roughness on small aster-
oids is caused by the inwards migration of regolith fines due to the Brazil Nut Effect (e.g.
Perera et al. 2016).

Acting against comminution is agglutination. Agglutination is the process of melting and
welding mineral and rock fragments together by micrometeorite-impact-produced glass. The
primary example of agglutination are the high velocity impacts into lunar soil that produce
enough heating to melt or vaporize material and weld fragments back together (Taylor 1982).
This process is present at the Moon and Mercury, since impacts are energetic enough for the
required melting and vaporization; however, it may also be relevant for satellites deep within
the gravity wells of the large outer planets. Agglutinates are only rarely found in meteorites
because average impact velocities in the asteroid belt are too low to produce extensive melt-
ing. Since agglutination welds particles together, it competes with the generation of dust
by comminution. Over time, an equilibrium develops where comminution is balanced by
agglutination.

In addition to kinetic energy inputs from impacts, energy can also be delivered by a range
of processes associated with radiation and the solar wind (Brunetto et al. 2015). Without an
atmosphere, solar system materials on airless bodies are directly subjected to the cosmic and
solar particle environment. Electrons and ions can carry substantial energy flux and change
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the chemical environment of surfaces to which they are exposed. Energetic solar and galac-
tic cosmic rays can penetrate minerals and cause crystal damage, producing dislocations and
dangling bonds that make crystal structures more disordered and potentially more reactive.
Cosmic ray spallation is a result of the collision between an energetic cosmic ray particle
and a nucleus, which results in the modification of the atomic makeup of surface elements.
This changes the elemental chemistry of the target atom and, because of nuclear interactions
with the cloud of ejected nuclear particles, potentially the elemental chemistry of surround-
ing atoms. Sputtering is a slightly less energetic process, whereby atoms are ejected from the
target material due to bombardment by thermal and supra thermal ions (Biersack and Eck-
stein 1984; Berisch and Eckstein 2007). The sputtered atoms mostly recondense on nearby
grain surfaces but the general trend is to increase crystal disorder, disrupt crystal structure,
and create amorphous rims of recondensed material (e.g., Christoffersen et al. 1996; Keller
and McKay 1997; Carrez et al. 2002; Keller and Berger 2014; Matsumoto et al. 2015; Poppe
et al. 2018). Airless bodies are typically effective cold traps for the recondensing vaporized
material.

For terrestrial bodies, the net effect of space weathering from charged particle irradiation
and meteoroid bombardment is to both darken and redden the surface (e.g., Pieters et al.
1993, 1994; Noble et al. 2007; Pieters and Noble 2016). Many airless bodies are directly
exposed to the solar wind, which is composed of approximately 97% protons (H") and 3%
alpha particles (He™ ™) at typical speeds of 420 km/s (Dmitriev et al. 2011). Solar wind ma-
terial is implanted in the surfaces and shallow interiors of exposed regolith. The fundamental
chemical implication of solar wind implantation is to set up a chemical disequilibrium be-
tween the reducing veneer of the solar wind hydrogen and the oxidized silicates that make
up airless bodies, adding to the already low oxygen fugacity of the hard space vacuum. This
chemical disequilibrium can persist as long as temperatures are low enough to preclude
any rapid reactions; however, if the regolith material is heated by, for example, a meteoroid
impact, then the implanted hydrogen can drive reduction reactions in the silicates. These
reactions convert iron-rich silicates into elemental iron and iron-poor silicates, producing
nanophase iron (npFe) particles often found suspended in the agglutinitic glass of lunar re-
golith (Noble et al. 2007). These npFe particles are a source of one of the characteristics of
space weathering, namely, the very strong red slope in lunar reflectance spectra (Pieters and
Noble 2016).

While both charged particle irradiation and meteoroid bombardment play a role in space
weathering as a whole, the relative importance of these two processes remains uncertain.
Furthermore, the rates of irradiation and bombardment may actually change as a function of
heliocentric distance, as fluxes and velocity distributions of both interplanetary dust grains
and ambient charged particles change. For example, spectra obtained at Mercury are con-
sistent with both an overall greater amount of sub-microscopic iron and a higher ratio of
larger (> 50 nm) to smaller (< 50 nm) iron particles than at the Moon, which is attributed to
increased production of impact vapor and melt due to meteoroid bombardment at Mercury
(Lucey and Riner 2011). This is furthermore consistent with the expected increase in impact
velocities of meteoroids at Mercury given its smaller heliocentric distance (Cintala 1992;
Hahn et al. 2002). Other optical effects of weathering are more subtle. On asteroids, weath-
ering creates crystal damage in silicates and decreases spectral contrast, which darkens re-
flectance spectra and shallows absorption bands. Shock can also redistribute the particle size
of opaques in asteroid material, resulting in increased darkening (Britt and Pieters 1994).

Space weathering by meteoroid impacts in the outer solar system likely takes on a differ-
ent character than in the inner solar system due to the predominantly icy surface composi-
tions of outer solar system bodies. For example, many icy surfaces in the outer solar system
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are in the form of crystalline water ice rather than amorphous solid water (e.g., Grundy
et al. 1999; Brown and Calvin 2000; Jewitt and Luu 2004; Merlin et al. 2007; Trujillo et al.
2007; Dalle Ore et al. 2015; Terai et al. 2016). Amorphous solid water would typically be
expected given the relatively cold temperatures in the outer solar system and amorphizing
processes such as proton and energetic ion irradiation (e.g., Jenniskens and Blake 1996;
Leto and Baratta 2003; Mastrapa and Brown 2006). The formation of crystalline water ice
requires either fresh deposition of water ice (i.e. via cryovolcanism; e.g., Jewitt and Luu
2004; Cook et al. 2007; Desch et al. 2009; Desch and Neveu 2017) or a source of external
heat to transform the amorphous ice into a crystalline state. While one possible source of ex-
ternal heat is from large-scale impacts (e.g., Dalle Ore et al. 2015), meteoroid bombardment
may play a role in producing crystalline water ice on planetary surfaces in the outer solar
system (Porter et al. 2010). Annealing via meteoroid bombardment has also been suggested
as an active process in extrasolar debris disks that display evidence of crystalline water ice
signatures (McClure et al. 2015).

3.2 Laboratory Studies of Dust Samples from Airless Bodies

Given the complexity of processes occurring on regolith that covers airless bodies, the ability
to examine actual samples of this material in a laboratory setting is extremely valuable.
However, returning regolith samples from airless bodies is a challenging endeavor and has
only been performed on a small number of airless bodies in the solar system.

The Apollo lunar sample returns revolutionized our understanding of space weathering
processes occurring on the lunar surface, and have served as an analogue for weathering
processes on many other airless bodies. Our understanding of most of the concepts outlined
in the previous section evolved dramatically due to these lunar sample returns and their
subsequent analysis via Earth-based techniques. There is large body of literature covering
a multitude of lunar regolith topics. Comprehensive reviews on space weathering are given
in Hapke (2001) and Pieters and Noble (2016), for example. For detailed discussion of the
lunar mare soils, nanophase iron, and particle size distributions, see for example Taylor et al.
(2001), Park et al. (2008), Liu et al. (2008), Taylor et al. (2010), Liu and Taylor (2011). In
this section, we focus on the more recent Itokawa mission, which returned the first asteroidal
regolith sample to Earth, allowing for direct comparisons between the lunar regolith and that
of a much smaller airless body at 1 AU.

In September 2005, the Japanese Hayabusa spacecraft visited 25143 Itokawa (Fujiwara
et al. 2006), an S(IV)-type, ellipsoidal (500 x 294 x 209 m) asteroid on an Apollo and
Mars-crossing orbit. Itokawa was found to be covered with boulders that have a variety of
sizes and morphologies. The current shape of Itokawa suggests it is a rubble pile asteroid
comprised of reassembled pieces of a much larger parent asteroid (about 20 km in radius),
which most likely broke up due to a catastrophic impact (Fujiwara et al. 2006; Nakamura
et al. 2011). One smooth area, MUSES-C Regio, was found at the center of the asteroid
(Yano et al. 2006). Hayabusa landed twice on the MUSES-C Regio to collect dust parti-
cles. In June 2010, Hayabusa returned to the Earth with a sample of < 1 g of Itokawa dust
particles in a recovery capsule, allowing for their study and characterization in a terres-
trial laboratory setting. Of the recovered particles, the largest are several hundred microns,
while most are smaller than 10 wm in diameter (Nakamura et al. 2011). The size distribution
and morphology of the particles suggest that meteoroid impacts on the asteroid surface is
the primary source of these regolith particles, and that seismic-induced grain motion in the
smooth terrain abrades them over time (Tsuchiyama et al. 2011). Itokawa particles retain
morphological and isotopic evidence suggestive of a dynamic asteroidal regolith environ-
ment.
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Fig. 2 Regolith particle RA-QD02-0242 recovered from MUSES-C Regio of asteroid 25143 Itokawa.
(a) The particle shows edged morphology and contains some large cracks, suggesting that it is an impact-frag-
mented piece of a larger rock. (b) Cross section of the particle shows that it consists of well crystalline olivine
(Ol), plagioclase (P1), chromite (Chr), and FeNi metal (FeNi). Large cracks go through the entire particle

A typical particle (Fig. 2) consists mainly of anhydrous silicates such as olivine, low
and high Ca pyroxene, and plagioclase with chemical compositions similar to LL ordinary
chondrites, indicating S-type asteroids are parent objects of ordinary chondrites, which are
the most abundant meteorites recovered on Earth (Nakamura et al. 2011). Most particles
showed mineralogical evidence of long-term thermal metamorphism. The peak temperature
of the metamorphism was around 800 °C based on pyroxene thermometry (Nakamura et al.
2011). The short-lived radionuclide 26 Al was probably a major heat source when Itokawa’s
parent body formed in the early solar system. At ~ 5 million years after the formation
of calcium-aluminum-rich inclusions (CAI) at various depths, the asteroid experienced its
maximum temperature and subsequently slowly cooled down. Thermally-metamorphosed
particles were initially formed deep inside of the asteroid, but excavated and deposited on
the newly accreted body after the putative impact event. Ar-Ar dating of several particles
implies that the final disrupting catastrophic impact occurred around 1.3 Gyr ago (Park et al.
2015).

Analysis of the recovered particles showed high concentrations of light solar wind noble
gases (Nagao et al. 2011). High resolution electron-microscope observations indicated that
a thin layer of Fe-rich nanoparticles developed at the surface of ferromagnesian silicates,
which suggests reduction of FeO in silicates by solar wind protons (Noguchi et al. 2011).
Some particles showed vapor deposition of sulfur-bearing Fe-rich nanoparticles on the sur-
face, suggestive of sputtering of FeS from nearby minerals (Noguchi et al. 2011). Meteoroid
impacts on the surface of regolith produced microcraters and melt splashes on particle sur-
faces that are similar to those found in lunar soils (Nakamura et al. 2012). The residence
time of regolith particles can be estimated from concentrations of spallogenic noble gases
that were produced in the particles during exposure to galactic cosmic rays. Low concentra-
tions of noble gases suggest the particles had relatively short residence times of < 8 million
years at < 1 m depth (Nagao et al. 2011). This implies loss of small dust particles from
Itokawa’s surface due to low gravity and therefore suggests continuous surface depletion
and refreshment over time.

A wealth of information has already been garnered from the Itokawa sample return, al-
lowing for characterization of asteroidal regolith in a manner only possible with advanced
ground-based laboratory techniques. This sample will continue to provide insight into as-
teroidal evolutionary processes for decades to come. Future asteroidal missions, such as
OSIRIS-REx (Lauretta et al. 2015) and Hayabusa-2 (Yoshikawa et al. 2011), aim to return
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samples from their respective targets. These missions would further diversify our asteroidal
sample set and greatly improve our understanding of asteroidal surface and dust grain evo-
lution.

3.3 Remote-Based Estimations of Regolith Depth and Particle Size

While asteroidal samples allow for highly sophisticated laboratory techniques to analyze
the surface of an asteroid, acquiring such samples is challenging. Many remote-based tech-
niques have been developed, such as phase-resolved photometry and polarimetry, to char-
acterize regolith properties by more indirect methods. Measurements of phase angle effects
in brightness and polarization give a first look into the top-most surface properties. Optical
polarization parameters of the lunar surface, asteroids, Centaurs, and TNOs are found to be
quite varied (see reviews by Shkuratov et al. 2011; Belskaya and Bagnulo 2015; Belskaya
et al. 2015). These polarization differences, as well as observations of thermal inertia (e.g.,
Gundlach and Blum 2013), have been interpreted to suggest the average size of asteroid
regolith particles is greater than that of lunar regolith particles. For example, the Moon and
Mercury were found to have small average particle sizes on the order of 10’s of um, while
smaller bodies like the Martian moons Phobos and Deimos, as well as other asteroids of
similar sizes to those moons were found to have larger average particles sizes on the order
of 1-10’s mm (Gundlach and Blum 2013). The polarization properties of the surfaces of
TNOs and Centaurs also suggests the presence of a thin frost layer of sub-micron particles
(Belskaya et al. 2010).

The values of thermal inertia determined from infrared measurements provide insight
into the thickness and texture of the regolith layer on the surfaces of airless bodies. It was
found that the thermal inertia of asteroids typically increases substantially with decreasing
size, suggesting different regolith properties between large asteroids and small objects with-
out the gravity necessary to retain fine regolith fragments generated by impacts (Delbo et al.
2015). Measurements of thermal inertia of TNOs are 2-3 orders of magnitude lower than
expected for compact ices and suggest highly porous surfaces (Lellouch et al. 2013).

More detailed information on regolith properties can be obtained from analysis of crater
morphology using high-resolution images taken close to a planetary body. Recent space
missions to several asteroids have revealed complex dynamics of regolith on their surfaces
(see Murdoch et al. 2015 for a review). The depth of the regolith layer was estimated as
~ 600-800 m for the large asteroids 4 Vesta and 21 Lutetia and less than 50 m for smaller
size asteroids (433 Eros, 243 Ida).

4 Meteoroid Bombardment

Meteoroid bombardment of planetary surfaces by interplanetary and planetary dust grains
is a major driver of various processes that shape and influence the surfaces of airless bodies
throughout the solar system. These processes include the vaporization and melting of sur-
face material, the injection of neutral atoms and molecules into exospheres or coronae, the
production of micron and sub-micron sized ejecta, and the compositional modification of
the surface material via the introduction of exogenous material.

4.1 Meteoroid Fluxes onto Airless Bodies

Fluxes of meteoroids that contribute to the bombardment of airless surfaces originate from
three main sources: planetary, interplanetary, and interstellar. Planetary dust grains originate
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from bodies within the gravity well of a parent planet or object. Examples of this include
the massive Phoebe ring at Saturn (Verbiscer et al. 2009; Hamilton et al. 2015), the active
plumes of Enceladus (Spahn et al. 2006; Porco et al. 2006), and theoretically, the minor
moons of the Pluto-Charon system (Thiessenhusen et al. 2002; Poppe and Hordnyi 2011;
Pires dos Santos et al. 2013). The resulting mass fluxes from any of these various sources
can be highly dependent on the dynamical details specific to any system.

Interplanetary dust grains (discussed in detail in the Interplanetary Dust review) are typi-
cally the main source of impacting meteoroids for airless bodies throughout the solar system.
In the inner solar system, the dust complex is thought to be dominantly formed by cometary
dust originating from Jupiter-family comets (e.g., Nesvorny et al. 2010; Nesvorny et al.
2011a) with additional contributions from both asteroids and longer period comets such as
Halley type and Oort Cloud comets (Wiegert et al. 2009; Nesvorny et al. 2011b; Pokorny
et al. 2014). These fluxes are typically dominated by the sporadic component of the inter-
planetary background, whose grains experience a significantly different evolution than their
parent object such that any dynamical link is erased (Jones and Brown 1993). However, me-
teoroid showers can be dominant over short periods of time at an airless body (e.g., Killen
and Hahn 2015; Colaprete et al. 2016; Szalay and Horanyi 2016a).

In the outer solar system, dust grains originate from four main sources: Jupiter-family
comets (also the main source for the inner solar system), Halley-type comets, Oort Cloud
comets, and Edgeworth-Kuiper Belt objects (e.g. Poppe 2016). Modeling of the equilibrium
dust distributions in the outer solar system has suggested varying degrees of contribution
from each of these sources, with Jupiter-family cometary dust dominating near Jupiter, Oort
Cloud cometary dust dominating between Saturn and Neptune, and Edgeworth-Kuiper Belt
grains dominating from Neptune outwards (e.g., Liou and Zook 1999; Vitense et al. 2012;
Poppe 2016). At Jupiter, interplanetary dust mass fluxes are on the order of 1073 gm=2s~!
(Sremd&evié et al. 2005), tapering off to approximately 10~'* gm=2s~! between 10 and
50 AU (with a slight enhancement in the Edgeworth-Kuiper Belt between 30—45 AU) (Poppe
2016).

Finally, interstellar grains flow through the entire solar system due to the relative motion
between our solar system and the local interstellar cloud (e.g., Griin et al. 1994; Mann 2010;
Sterken et al. 2012, 2015; Strub et al. 2015; Kriiger et al. 2015). The typical mass flux of
interstellar dust grains is ~ 5 x 1077 gm~2s~!, several orders-of-magnitude less than inter-
planetary dust; however, at far heliocentric distances where the IDP impact speeds will be
on the order of a few km/s, the relatively high velocity of interstellar grains (& 26 km/s) im-
plies that interstellar grains may still be an important source for processes that scale strongly
with impact velocity.

4.2 Gravitational Focusing

Gravitational focusing, the process by which the speed, density, and flux of a stream of
particles is increased in the vicinity of a central mass such as a planet, is an important
phenomenon when considering the bombardment of planetary surfaces. Particles that enter
the Hill sphere of an object are accelerated towards the attracting mass and, as they are pulled
towards the same central point, get closer to each other. The amplification of the impactors’
kinematic properties is quantified by focusing factors, each defined as the ratio of a variable
at a given distance from the body to its value at infinity. These expressions were first derived
by Colombo et al. (1966) with later corrections and independent verification by Spahn et al.
(2006b). The focusing factors for the incident particle density 72imp, Velocity Vimp, and flux
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Fimp, relative to their values at infinity (ny , vie , and Fio , respectively) are,
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where G is the gravitational constant, r is the radial distance from the center of the body,
and M, and R, are the mass and the radius of the central object (e.g., planet), respectively.
Since gravitational focusing is inversely proportional to the impact velocity, it will enhance
the magnitude and modify the direction of slow-moving dust population fluxes more than
faster populations.

Figure 3 (left) shows these enhancement factors for the Galilean moons as a function
of radial distance to illustrate how significant the effect can be for a moon orbiting a large
planet. The right panel of Fig. 3 shows the flux enhancement factors for a variety airless bod-
ies in the solar system. At lo, deep inside Jupiter’s gravity well, gravitational focusing can
increase incident dust grain fluxes up to two orders-of-magnitude. Note that gravitational
focusing from satellites themselves is typically negligible compared to the focusing from
their parent body. Bodies such as Mercury and the Moon have lower gravitational enhance-
ments than the outer planet moons, due to the shallower gravity wells of Mercury itself and
the Earth relative to Jupiter and Saturn. At the Moon, Earth’s gravitational enhancement is
negligible for impact speeds above a few km/s.

Such an effect can be important when calculating relative fluxes between different popu-
lations outside and inside of planetary gravity wells. For example, cometary dust populations
typically have greater impact speeds (due to their higher eccentricities) than typical, pro-
grade, heliocentric populations (e.g., Edgeworth-Kuiper Belt dust grains in the outer solar
system); however, even if cometary sources may dominate the flux in interplanetary space,
gravitational focusing can cause heliocentric populations to be the dominant impactor flux
deep within a planetary gravity well (e.g., see Fig. 8, Poppe 2016).

4.3 Impact Gardening

A direct consequence of meteoroid bombardment is impact gardening, whereby impacts
stimulate lateral and vertical redistribution of regolith on an airless body. Impact gardening
rates were estimated for the Moon based on Apollo sample returns and lunar cores, as well
as Monte Carlo models that tracked the movement and redistribution of lunar soil subject
to meteoroid impacts (e.g., Gault et al. 1974; Arnold 1975; Morris 1978). Morris (1978)
derived an empirical relationship between the gardening (or “reworking”) depth, defined as
the depth at which there exists a 50% probability of having been gardened by an impact, and
time given by Dy = 2.2t%%, where Dy is in units of cm and ¢ is in units of Myr. This rate
is fairly significant, implying that a full meter of soil has been gardened over the age of the
Moon. Much more recently, Szalay and Hordnyi (2016b) have estimated the accumulation
timescale (i.e., the time period over which the surface is covered by a single layer of impact
ejecta) and depth accumulation rate of regolith gardening at the Moon near the equator using
data from the Lunar Atmosphere and Dust Environment Explorer (LADEE) mission (Elphic
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Fig. 3 Left. Focusing factors in the Jovian system as a function of distance from the planet for impacts of
interplanetary dust particles with Uion?p =9 km/s. The thin vertical lines are the positions of the Galilean

moons. Right. Flux focusing factor for Mercury, the Moon, and a selection of moons of Jupiter (orange),
Saturn (green), and Neptune (blue)

et al. 2014) to be approximately 10* yrs and 40 pm/Myr, respectively. Analysis of crater
production using data from the Lunar Reconnaissance Orbiter (LRO) suggests the top two
centimeters are churned every 81,000 yrs (Speyerer et al. 2016). Comparing the LADEE and
LRO gardening estimates remains challenging as each estimate addresses different ejecta
regimes; LRO images allow for characterization of the redistribution of the low velocity
portion of the ejecta, while the LADEE data infers the amount of reblanketing occurring
due to particles which are ejected to significantly high altitudes (~ 1-250 km).

The process of impact gardening will occur on all airless bodies in the solar system in
one form or another. At the Moon, which is sufficiently large to retain a large fraction of
impact ejecta, meteoroid impacts serve to rework and redistribute the lunar soil to different
locations and depths. At smaller bodies, such as the majority of asteroids, impact bom-
bardment will most likely result in a large fraction of ejecta that is unbound and will not
return to the surface. In this regime, the impacts directly serve to expose fresh material.
The transition between these two regimes is dependent on a variety of factors such as the
mass of the body and the speed distribution of impact ejecta. The relative fraction of bound
vs. unbound ejecta has been previously estimated for NEAs (Szalay and Horanyi 2016c),
however, constraints on this ratio for all airless bodies in the solar system have not yet been
undertaken.

Impact gardening has important implications for the presence of volatile material known
to be sequestered in polar cold traps at Mercury (e.g., Harmon et al. 2011; Neumann et al.
2013), the Moon (Colaprete et al. 2010; Hayne et al. 2015), and Ceres (Platz et al. 2016).
Impact vaporization of meteoroids on airless surfaces brings significant amounts of volatile
species (e.g., H,O) (Berezhnoy et al. 2012; Fiiri et al. 2012) which can be deposited into
polar cold traps following migration across the planetary surface. When meteoroid bom-
bardment occurs on the polar cold trapped regions themselves, two processes can occur:
(1) ejection and loss or (2) burial and further sequestration of volatile material. Vapor pro-
duction from meteoroid bombardment is a relatively “hot” process with characteristic tem-
peratures of 2500-5000 K (see Sect. 4.4) and thus, any vaporized material can easily be
lost from polar regions. On the other hand, secondary ejecta produced by meteoroid bom-
bardment will be redeposited across the surface and can effectively bury volatile material.
Monte Carlo simulations have explored this process at both Mercury and the Moon and
found that significant layers of volatile deposits can be buried several meters deep due to
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ejecta emplacement from bombardment (e.g., Crider and Vondrak 2003; Crider and Killen
2005; Hurley et al. 2012). Reserves of polar hydrogen have been observed at the Moon,
which have survived billions of years of impact gardening, adding further evidence to the
notion that impact gardening may help preserve volatile content in the polar regions (Siegler
et al. 2016).

4.4 Surface Bounded Exospheres

Meteoroid bombardment is an important source in the production of neutral surface-
bounded-exospheres and/or coronae at airless bodies throughout the solar system. Upon
impact on a planetary surface, meteoroids can be significantly, if not completely, vaporized,
along with varying fractions of the surface material as well (Cintala 1992). Any vaporized
material can then be injected onto ballistic or escaping trajectories about the body. Labora-
tory experiments have quantified the degree of vaporization and the characteristic tempera-
tures of the resulting neutral cloud, finding that the vaporization yield scales as v>*, where
v is the impact velocity (Collette et al. 2013, 2014). While the experiments observed a va-
porization fraction of 5-10% for the slowest impact velocities (2 km/s), extrapolation of the
power-law fit suggested that total vaporization yields equal to and greater than the incom-
ing meteoroid mass (indicating that surface material is also being vaporized in appreciable
quantities) occurred for impact velocities greater than approximately 20 km/s. These exper-
iments determined the impact vaporization cloud temperature to be between 2500-5000 K,
with a power-law dependence on the impact velocity.

In the inner solar system, surface-bounded exospheres have been detected at Mercury
and the Moon (see extensive reviews by Stern 1999; Killen and Ip 1999), and predicted for
the moons of Mars (Cipriani et al. 2011; Poppe et al. 2016) and various asteroids (Morgan
and Killen 1998; Schlippi et al. 2008). As with impact gardening, the extent to which a
surface bounded exosphere exists at an asteroid depends on a variety of factors, such as the
mass of the body, the relative sources of elements on the surface available to populate the
exosphere, and the speed distribution of outgoing neutrals. Meteoroid bombardment plays
an important role, along with charged-particle sputtering, in liberating refractory materials
from the surface regolith into the exosphere, including species such as O, Na, K, Al, Mg,
Ca, Ti, and Fe (e.g., Sarantos et al. 2012; Colaprete et al. 2016). The spatial and tempo-
ral variability of the incident meteoroid bombardment flux is often reflected in the vapor-
ized neutral distributions, as observed at Mercury and the Moon (e.g., Hunten et al. 1998;
Smith et al. 1999; Kameda et al. 2009; Killen and Hahn 2015; Szalay et al. 2016; Colaprete
et al. 2016; Pokorny et al. 2017), including variations from both the sporadic interplane-
tary dust background and meteoroid streams (such as the Leonid and Geminid streams).
Finally, incoming meteoroids can also serve as a source of exogenous species at airless
bodies; for example, meteoroids are believed to introduce approximately 5 x 103 kg/yr
of water to the lunar surface, potentially the dominant source of such influx (Fiiri et al.
2012).

4.5 Surface Contamination

Meteoroid bombardment of airless bodies can also alter the composition of planetary sur-
faces via the introduction of exogenous material. Perhaps the most striking example of this
process is Saturn’s moon lapetus, displayed in Fig. 4, which possesses a hemispherical di-
chotomy in both color and albedo (Cruikshank et al. 1983). Among various theories, the
deposition of dust from Saturn’s outer, irregular, retrograde moon Phoebe onto the surface
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Fig. 4 The leading and trailing hemisphere of the saturnian moon Iapetus, respectively, showing the prefer-
ential dark dust deposition on the leading hemisphere. [Courtesy: NASA/JPL/Cassini mission]

of Iapetus stands as the most plausible explanation, especially given the recent discovery
of a dust ring around Saturn co-located with Phoebe (Verbiscer et al. 2009). Phoebe’s dark
and complex surface spectrally matches the dark surface material seen on lapetus while the
bright and icy surface is most likely Iapetus’ “true” composition (Clark et al. 2012; Dalle
Ore et al. 2012). Dynamical modeling of Phoebe’s dust ring and its deposition onto lapetus
strongly supports this hypothesis, with the modeled surface deposition region closely align-
ing with that observed by Cassini (Tamayo et al. 2011). Surface contamination of satellites
is not limited to Iapetus, but seen at most of the mid-sized saturnian icy satellites (Rhea,
Dione, Tethys), albeit in far less dramatic fashion (e.g., Clark et al. 2008; Scipioni et al.
2013, 2014). While these satellite surfaces are predominantly (> 99%) water ice, a “dark
material” on the order of 1% by composition persists across these moons. Most analyses
have suggested that this material is of exogenous origin to the saturnian system, suggesting
that material transported into the system from interplanetary dust may be a possible cause
(e.g., Mendis and Axford 2008); however, the exact source and method of deposition onto
the icy saturnian satellites is not well understood. Dynamical models of dust in the Phoebe
ring suggest that while the grains are easily transported to lapetus (the next major moon
inwards of Phoebe), any grains that pass Iapetus are efficiently swept up and/or dispersed
from the saturnian system by Titan and thus, unable to reach the inner icy satellites (Tamayo
et al. 2011). In contrast, interplanetary dust penetrates throughout the entire saturnian sys-
tem; however, it is not clear yet that preferential directions in the incoming IDP flux at
Saturn (i.e., similar to that suggested at the Galilean satellites (Sremcevi¢ et al. 2005)) will
yield asymmetric patterns on the inner icy satellites due to the tidally locked nature of these
moons. Continued study of dust dynamics and surface contamination of the saturnian satel-
lites, and indeed at all the satellites of the giant planets, is clearly still warranted. Surface
material exchange and contamination has also been studied for other multiple satellite sys-
tems, including Phobos and Deimos (e.g., Nayak et al. 2016) and the Pluto-Charon system
(e.g., Stern 2009; Poppe and Hordnyi 2011; Porter and Grundy 2015); however, definitive
identification of surface ejecta exchange at these multiple satellite systems has not yet been
shown.
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5 Impact Ejecta Clouds

Ejecta clouds exist in the vicinity of all airless bodies in the solar system due to continual
bombardment by fast meteoroids. Comets also experience impact ejecta processes, how-
ever, more detailed discussion of additional loss processes at comets is beyond the scope of
this review. The impactors are interplanetary dust particles with typical sizes of 1-100 wm
(Divine 1993) and typical speeds of a few 10 km/s, particularly after gravitational focus-
ing near a large planet (Colombo et al. 1966; Spahn et al. 2006b). Owing to the impactor’s
high kinetic energy, the surface of the target is eroded and a cloud of ejecta, typically more
numerous and massive than the impactor, is released into space. Depending on the ejection
speed and the target mass, the grains either fall back to the surface or they escape the target’s
gravitational influence and add to the planetary or interplanetary dust environment.

5.1 The Impact Ejection Process

Physically, the impact-ejection process is a combination of an inelastic collision between
the impactor and the target, and a fragmentation of the impactor and/or the target. The mo-
mentum of the incoming dust particle is conserved and distributed over the ejecta and target,
where the target body’s velocity is unchanged due to its high mass. However, the impactor’s
kinetic energy is not conserved and largely (typically > 70%) used to disintegrate and heat
the material (Asada 1985; Hartmann 1985). Modeling the impact-ejection process from ba-
sic physics is prohibitively complex. Instead, impact-ejection models are based on findings
of laboratory experiments (e.g., Koschny and Griin 2001a,b) and on theoretical constraints.
Future measurements at high-speed dust accelerators may further elucidate fundamental im-
pact ejection characteristics (Shu et al. 2012).

Given the impactor’s mass, speed, and flux at the target, the amount of material ejected
by a given impactor can be estimated. Impact experiments show that the volume of the im-
pact crater is a measure for the kinetic energy of the impactor. The relation can be fitted by
a power law in the form V., = ¢| K iiqu’ where the parameters c¢; and ¢, depend on the tar-
get material. For impacts on the Jovian moons, the surface material is a mixture of ice and
silicate, where Koschny and Griin (2001a) find a prefactor of ¢; = 6.69 x 1078(0.015)*/1%,
where x is the fraction of silicate in percent (0% = pure ice, 100% = pure silicate), and
exponents ¢, = 1.08, 1.27, and 1.27 for 5%, 10%, and 20% silicate content, respec-
tively.

The yield is defined as the ratio of the total mass ejected by an impactor to the impactor’s
mass, ¥ = % As the mass of the ejecta is proportional to the volume of the impact crater,
the yield is thel;efore a function of the impactor mass, the impact speed, and the composition
of the target’s surface (in SI units),

Y =6.69 x 1078(0.015)¥/190 p, 270 b1 2 4)

imp “imp’

where

-1
. (1 —x/100 x/1oo> )

927 2800

is the mean mass density of the material at the target surface assuming a linear mixing model
with mass densities pjc. = 927 kg/m? for ice and pg; = 2800 kg/m? for silicate (Koschny
and Griin 2001a). The yield for a pure ice target as a function of impactor radius and impact
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speed is shown in Fig. 5. For typical sizes and speeds, it varies by about three orders of
magnitude. The total mass ejected from the target surface per unit time is,

M" = FinYS, (6)

where Fiy,p is the impactor mass flux and S is the target surface area.

The cumulative size distribution of the debris is assumed to be a power law with exponent
—q, so that the number of particles with sizes larger than a,;, ejected from the target surface
per unit time is given by,

q Mmax \ Amin

3 —q M+ (ama)()q
N(> amin) I - s (7)

where dmin (Mmin) and dmax (Mpax) are the minimal and the maximal ejecta size (mass),
respectively. The index g depends on the target material and ranges from 1.5 for loose
material to 3 for solid targets (Krivov and Jurewicz 1998). Buhl et al. (2014) suggest that
the different impact conditions, rather than the different materials are the main reason for
the various indexes. They distinguish between impacts on three different targets:

1. For a semi-infinite target, the strongly affected material is excavated and typically ex-
hibits an index of 2.5. The weakly affected material has a smaller index and remains in
the crater.

2. For a large disrupted target, the amount of strongly affected material (index 2.5) is ap-
proximately the same, but the weakly affected material (index < 2.5) is also released,
which in total results in an index smaller than for the semi-infinite target.

3. In the case of a small disrupted target, the target volume is smaller than the volume of
the strongly affected material, but the same amount of energy is released into a smaller
volume, which leads to smaller fragments and an index larger than for the semi-infinite
target.

Impact experiments with relatively small and fast projectiles (Takasawa et al. 2011), which
better resemble impacts of interplanetary dust particles (micron-sized particles with speeds
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Fig. 6 Sketch of the
impactor-ejecta process. A fast
impactor hits a moon and
releases material from its surface
within a cone with a half-opening
angle ¥ € [0°,90°]. Individual
particles are ejected at a distance
rm from the center of the moon
with velocity u and direction v
measured from the normal to the
moon’s surface at the ejection R
point

of a few 10 km/s), show a trend to steeper power laws. The differential size distribution is

given by n(a) = %, and the distribution is normalized to the total mass ejected per unit
time as,
4 Amax
37O / a’n(a) da=M". ®)
0

With estimates for the total mass ejected, a steady state ejecta model can be derived. To
model the ejecta distribution, ejecta are started from the target, independently of the launch
position, with speed u at an angle i measured from the normal to the surface. A typical
assumption is that the fragments are ejected uniformly distributed (in terms of solid angle)
in a cone of half-opening angle Y. € [0°, 90°], with the angular distribution given by (e.g.,
Horényi et al. 2015),

sinyr
fu () = = cos Vm O (Ymax — V). ©))

The impact-ejection process and relevant variables are depicted in Fig. 6. For initial con-
ditions, it is usually assumed that the particle sizes and speeds at the moment of ejection
are uncorrelated. In this case, all ejecta are launched with the same speeds regardless of
their size. Impact experiments and scaling laws (Housen and Holsapple 2011) show that the
differential speed distribution is proportional to a power law with exponent —(y + 1),

Su(u) = % u ! O — Unin) O (Umax — 1), (10)

umin — Umax

where upi, and um,x and the minimum and maximum velocities respectively, and © (x) is
the unit step function, which is unity for x > 0 and zero otherwise. The index y depends
on properties of the target material and ranges from y =1 for (highly) porous to y =2 for
nonporous materials (Krivov et al. 2003).

Conservation of mechanical energy requires the ejecta to have less kinetic energy than
the impactor. Assuming separable size and speed distributions, the relation between Y, y,
and u;, reads (Kriiger et al. 2000),

K v ttmin N2 [ tmin \* 2
: =Y—(ﬂ> [(L) —1] fory #£2 (11)
Kimp 2— Y \ Vimp Umax
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or

Ke (’/lmin>2 <umax>
=2Y|— ) In| — for y =2, (12)

K imp Vimp Umin
where the subscripts ‘imp’ and ‘e’ refer to impactor and ejecta related quantities, respec-
tively. Hard surfaces (e.g. ice) are generally less dissipative than soft surfaces (e.g. snow,
regolith). The minimum ejection speed is found by assuming a plausible value for the ki-
netic energy ratio of a few tens of percent of the kinetic energy of the impactor (Asada 1985;
Hartmann 1985) and solving the above equations for uy,;,. We note the constraint of a mini-
mum velocity is an approximation to simplify the mathematical formalism; the true velocity
distribution most likely does not has an exact cutoff velocity.

Integrating Equation (10) for u > v gives the fraction of escaping ejecta (“efficiency”)
as,

Umin v
F(> vese) ® (_> s (13)
UBSC

which is a few percent for the larger moons and (close to) unity for moons smaller than about
one hundred kilometers. Ascending and descending ejecta form a dust cloud around the
target body. Some ejecta can escape the target’s gravity, while others fall back to the surface.
In (dynamical) steady state, escaping and re-impacting grains are continuously removed
from the cloud and replaced at the same rate by subsequent ejecta.

5.2 Dust Clouds Around the Galilean Satellites

Dust clouds have been observed for the Galilean moons Europa (Kriiger et al. 2003),
Ganymede (Kriiger et al. 1999), and Callisto (Kriiger et al. 2003). The spacecraft Galileo
arrived at Jupiter in 1995 and studied the Jovian system until 2003. Galileo performed sev-
eral flybys of all four Galilean moons, with distances at closest approach between a few
hundred and a few thousand kilometers. After mid-1999, the flybys were not suitable for the
observation of the clouds as the orientation of the spacecraft prevented the detection of dust
particles close to the moons. During many of the earlier flybys, the impact rate measured
with the Dust Detector System (DDS) (Griin et al. 1992) showed a sharp peak centered
around closest approach. This indicates increased concentrations of dust in the vicinity of
the Galilean moons, while the symmetry of the measured profile suggests a global source. !

During the single suitable Io flyby only 4 dust particles were detected, but 64, 38, and
35 particles with masses larger than 10~'kg (detector threshold) were detected during the
8, 4, and 3 flybys of the moons Europa, Ganymede, and Callisto, respectively. The par-
ticle size distribution can be fit by a power law with exponents ¢ = 1.74 £ 0.12,2.46 &+
0.12, and 2.58 £ 0.42 (Kriiger et al. 2003) for ejecta from the three outer moons assuming
the spacecraft velocity relative to each moon as impact speed of the dust particles. Using the
speed obtained from the calibration of the dust detector, the exponents are closer together but
generally smaller (1.5-1.8). These slopes are in agreement with the typical slopes expected
for particles generated by the process of impact-ejection (1.5-3). The average particle radius
is between 0.5 and 1 microns, which is consistent with ejecta sizes generated by impactors
of 1 um to 100 um. This suggests that impact-ejection is the most likely source for the dust
clouds around the Galilean satellites.

In comparison to a local source such as cryovolcanism at the south polar terrain of Saturn’s moon Enceladus
(Spahn et al. 2006).
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The number densities in the clouds around the moons (1073 m~3 at r = 0.1r,) are up to
three orders of magnitude larger than the number densities of the dust in the region between
them (1075 m~3, see Krivov et al. 2002). The density in the clouds is dominated by bound
particles as only a small fraction of the ejecta is launched with speeds larger than the high
escape velocity of the Galilean satellites.

A model for a steady state dust cloud around a planetary satellite was first developed by
Kriiger et al. (2000) and Krivov et al. (2003). For interplanetary meteoroids at Jupiter, we
use (Krivov et al. 2003)

Fiw, =7.6 x 107" kg/(m’s) (14)
viep = 9 km/s, (15)

and we modify these values for the effect of gravitational focusing as previously described.
We note the impactors will arrive with a speed distribution, rather than a single velocity, and
utilize this delta function velocity distribution for mathematical simplicity. Because impact-
ejecta from the Galilean moons are the most likely source for dust detected between their
orbits (Krivov et al. 2002), we assume an upper speed limit larger than the escape velocity
of these bodies (#max > 3 km/s). This estimate possibly ignores a very small fraction of
high-speed ejecta, but the results depend only weakly on u,,x owing to the steepness of the
speed distribution.

For the case of a moving target—where the spherical symmetry is broken—Sremcevic¢
et al. (2003) developed an asymmetric model. In these models, it is assumed (for simplicity
and according to the current impact-ejection model) that the distribution of the particle sizes
and their speeds at the moment of ejection is uncorrelated. The distribution obeys phase
space conservation, with the dynamics in the vicinity of the parent body (to a good approxi-
mation) governed by the two-body problem. Krivov et al. (2003) give for the number density
of bound ejecta at a distance r (in units of the satellite radius ry,) from the center of the body,

4
Pound(7) = 5——— iy 7> Koouna (), (16)
TUF 5 Vesc
and for unbound ejecta,
- N* ~y -2 -
nunbound(r) =T 2. J/Mminco()/) r Kunbound(r)a (17)
4 ‘m Vesc

where the tilde denotes normalized variables, 7 = r/ry, and fmin = Umin/Vesc- Kpouna () and
Kunbound (7) are form factors only weakly depending on distance and tending to unity far from
the moon. ¢o(y) = W is a monotonically decreasing function with relevant values
between cy(1) = 1 and ¢p(2) = 7 ~ 0.79. I'(x +1) = x - I'(x) with I"(1) = 1 is the Gamma
function. The dust densities decrease with increasing height above the moon’s surface, with
r~23 and r~2 for large 7 and particles in bound and unbound orbits, respectively. Figure 7
shows the observed dust densities for the dust cloud around the moon Ganymede and the
calculated dust densities predicted by the model from Krivov et al. (2003).

Given estimates for the bound and unbound densities of the ejecta clouds, the total con-
tent of the bound exosphere and loss rate can be calculated. For the surface properties of the
moons, we adopt numbers from Showman and Malhotra (1999). For bright Europa, we use

pure ice (x = 0%); for the volcanically active moon Io, we use pure silicate (x = 100%);
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Fig. 7 Number density ejecta at a distance r (in rm = 2634 km) from the surface of Ganymede. The crosses
are dust densities obtained by Kriiger et al. (2000) from in situ measurements of the Galileo DDS during
flybys of Ganymede. The solid lines are number densities calculated using the model from Krivov et al.
(2003) with ¥ = 1000, @ = 2.5, mpyjp = 10-16 kg, and mmax = 10-8 kg, and for three different sets of
parameters for the speed distribution

and for Ganymede and Callisto intermediate values are used, x = 70% and x = 30% respec-
tively. With this and assuming an impactor population dominated by 100 wm-sized projec-
tiles (Divine 1993), we find a yield of ¥ ~ 1000, 20000, 1000, and 2000 for the respective
moons. As a result, the estimated amount of material ejected from each moon is in the order
of 10-100 kg/s. The lifetime of the particles depends on the parameters of the ejecta speed
distribution. It is dominated by the large number of slow ejecta but only weakly depends
on the maximal ejection speed. For the Galilean satellites, the average lifetime is between
several tens of seconds and a few hundred seconds. Then the mass of the dust in a steady
state cloud is on the order of 10°~10* kg. Due to the large escape velocity of the moons, the
fraction of escaping ejecta is relatively small (on the order of 0.1-1%). As a result, the es-
timated amount of material ejected from each moon into circumplanetary space is between
0.01 kg/s and 1 kg/s. Escaping ejecta form a tenuous ring across the orbits of the Galilean
moons (Krivov et al. 2002).

In the current impact-ejection model, it is assumed that the particle sizes and speeds at
the moment of ejection are uncorrelated. In contrast, at least for bigger particles theoretical
modeling (Melosh 1984) and impact experiments (Nakamura et al. 1994; Onose and Fuji-
wara 2004) suggest that larger fragments are on average launched with lower speeds. Sachse
et al. (2015) have dropped the assumption that the ejecta sizes and ejection speeds are uncor-
related and applied the new model to dust clouds around planetary satellites. They find that
both models can fit in situ measurements of the total density equally well, but differences
are visible for micron-sized particles or larger. However, the exact form of the correlation
is poorly constrained as there is only a small number of studies focusing on this aspect of
the impact-ejection process. A further refinement requires additional impact experiments,
namely with projectile sizes and impact speeds similar to micron-sized interplanetary im-
pactors.

5.3 The Lunar Dust Cloud

While an ejecta cloud surrounding the Moon was expected from observations of the Galilean
satellites, until recently, it had not been explored. The Lunar Atmosphere and Dust Environ-
ment Explorer (LADEE) mission orbited the Moon from October 2013 to April 2014, with
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Fig.8 Left. The dust density distribution about the Moon, calculated using ~ 140,000 impacts averaged over
LADEE’s 6 months of operations in lunar orbit. White regions indicate locations either LADEE did not visit
or that LDEX could not take measurements due to sun pointing constraints. Altitude bands are not to scale.
Right. The inferred surface ejecta velocity distribution from the altitude density fit. The dotted line indicates
the maximum altitude explored by LADEE, above which the distribution function is an extrapolation

a primary science objective to characterize the neutral and dust environment of the Moon
(Elphic et al. 2014). Onboard, it carried the Lunar Dust Experiment (LDEX), an impact
ionization dust detector capable of individually detecting impacts from grains with radii
a > 0.3 um (Hordnyi et al. 2014). LDEX discovered a permanently present, asymmetric
lunar dust cloud (Horényi et al. 2015). It detected ~ 140,000 individual dust impacts during
its six months of observations with ~ 2,000 orbits. The observed dust cloud was found to
be most dense on the apex hemisphere (in the direction of orbital motion of the Earth-Moon
system about the Sun), with a slight cant towards the Sun, and is generated by the continual
bombardment of meteoroids to the lunar surface (Fig. 8).

As described in further detail in the Meteoroids review paper, the distribution of mete-
oroids impacting the Earth-Moon system is typically divided into two categories, meteoroid
showers and the sporadic background. Meteoroid showers are periods where highly col-
limated beams of particles impact a body from a narrow region in the sky known as the
radiant. The sporadic background is larger in overall flux than the total contribution from
meteoroid showers and is further broken up into distinct sources. In the ecliptic plane, these
sources are the Helion (HE), Apex (AP), and Anti-Helion (AH) (Jones and Brown 1993),
with an additional weak Anti-Apex (AA) source (Janches et al. 2000).

The lunar dust density distribution in the equatorial plane was found to be primarily
generated by the HE, AP, and AH sporadic sources (Szalay and Horanyi 2015a), with a
minor contribution potentially coming from the AA source (Szalay and Hordnyi 2016b).
As the Moon orbits the Earth with a relative velocity of 1 km/s, it is continually moving
into and away from these sporadic meteoroid sources at different lunar phases. Due to this
relative motion, the lunar dust cloud was found to wax and wane on the lunar synodic period
(Szalay and Hordnyi 2015a). Further analyses of the ejecta cloud structure incorporating a
dynamical meteoroid model enabled estimations of the relative quantities of short-period
and long-period comets impacting the lunar surface (Janches et al. 2018). During several
of the known meteoroid showers, such as the Geminids and Quadrantids, LDEX observed
temporary enhancements of the lunar dust cloud, localized on the hemisphere exposed to
the incident meteoroid shower flux (Szalay and Hordnyi 2016a; Szalay et al. 2018). Most
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notably during these periods, LDEX intermittently observed “bursts” of particles, which are
interpreted as direct measurements of transits through dense ejecta plumes.

Unlike at the Galilean moons, an exponential fit was found to be in good agreement with
the altitude distribution, with the form n (k) = nge™"/0, where  is the altitude in km above
the lunar surface, n is the density at # = 0, and &y = 200 km is the scale height (Szalay and
Horanyi 2016b). The cumulative size index of lunar impact ejecta was found to be ¢ = 2.7
and did not vary significantly with time or altitude (Hordnyi et al. 2015). Factoring the
altitude, size, and local time dependencies, the average lunar dust density in the equatorial
was found to be well represented by,

n(h, g, a)=e""a,n, Yy w,cos’ (¢ — 9,)O(lp — ¢,| = 7/2), (18)

where a,, is the particle radius in wm, s represents each ecliptic sporadic source, ® is the
Heaviside function, ¢; is the characteristic angle for each of the four source radiants (65°, 0°,
—65°, 180°) (Campbell-Brown 2008), n,, = 3.3 x 107* m~3, and w; is the relative weight
(0.24, 0.49, 0.24, 0.03) for the HE, AP, AH, & AA sources respectively. The relative ratios
of AP to HE/AH sources were taken from a combination of Earth-based radar measurements
(Campbell-Brown 2008) and lunar dust measurements (Szalay and Horanyi 2016b). These
ratios may vary throughout the year, following any relative variations in their respective
sources; the values quoted here give an average case for the lunar dust cloud.

The dust density altitude distribution can be inverted to determine the initial velocity
distribution function for dust grains ejected from the lunar surface,

nii —ﬂ—~2

f@) = mé’ 1—u (19)

where # = u/u,, with u, = 2.4 km/s (lunar escape speed), § = 8.69, and n = 7.2 x
1073 s/m (Szalay and Horényi 2016b), shown in Fig. 8. This distribution was derived as-
suming LDEX only detected bound grains at their turning points; it therefore represents an
approximation of f (i) at the Moon.

There is an apparent discrepancy between this velocity distribution and the power law
consistent with the ejecta clouds of the Galilean moons. However, Galileo and LADEE vis-
ited a different range of altitudes above their respective airless bodies. LADEE visited a
range of a few to ~ 250 km in altitude such that it observed the ejecta cloud up to 7 = 0.14.
The inferred velocity distribution monotonically increases for the majority of the altitude
range covered by LADEE, with a peak at ~ 600 m/s (corresponding to a turning point alti-
tude of ~ 120 km). In the velocity range from 600 m/s to 840 m/s, the lunar velocity distri-
bution monotonically decreases, however, only a small portion of the descending portion of
this distribution is sampled. In comparison, the Galileo DDS detected 141 impacts through-
out its 16 flybys of the Galilean moons at distances of 7 in the range of 0.13 to 8 (Kriiger et al.
2003), with about half of the flybys above 7 = 2. Therefore, the two missions probed differ-
ent ejecta cloud regions and we can only infer information about the velocity distribution rel-
ative to the applicable initial velocities required to reach these given altitudes. It is possible
that the lunar ejecta velocity distribution trends toward a power law for large velocities and
that LADEE simply did not visit high enough altitudes to address this issue. Additionally, as
previously discussed, the surface ejection properties and subsequent velocity distributions
between the icy Galilean moons and the silicate regolith dominated lunar surface are most
likely to be characteristically different. Lastly, relaxing the assumption of a single typical im-
pactor/ejecta plume and allowing the speed and mass distributions to be correlated (Sachse
et al. 2015) may aid in understanding the impact ejecta measurements discussed here.

@ Springer



98 Page 24 of 47 J.R. Szalay et al.

5.4 Bound Ejecta Clouds Around Other Airless Bodies

In addition to the observed ejecta clouds at the Galilean satellites and the Moon, impact
ejecta should be generated at airless bodies throughout the solar system. Mercury likely
possesses a relatively dense impact ejecta cloud from meteoroid bombardment, given its
similarity to the Moon and the increased meteoroid flux deeper in the heliosphere (e.g., Hahn
et al. 2002; Pokorny et al. 2017). The overall magnitude of the meteoroid flux at Mercury
is still fairly uncertain (e.g., Cintala 1992; Borin et al. 2009, 2016); however, future in-situ
measurements by the Mercury Dust Monitor on-board the BepiColombo spacecraft (to be
launched to Mercury in late-2018) may reveal the presence of an impact ejecta exosphere at
Mercury (Nogami et al. 2010).

Similar to the Galilean satellites, one also expects impact ejecta clouds at the major
saturnian satellites such as Iapetus, Rhea, Dione, Tethys, Enceladus, and Mimas. To date,
however, no such positive detection has occurred, with the exception of the massive Phoebe
ring (Verbiscer et al. 2009). Perhaps the biggest obstacle to detection of impact ejecta clouds
at the saturnian satellites is the presence of the large and dusty E-ring generated from the
Enceladus plumes. Analysis of Cassini dust impact rate observations during fly-bys of Ence-
ladus have fit both plume ejecta and impactor ejecta to the total flux measurements (Spahn
et al. 2006a; Kempf 2008); however, the resulting impact ejecta contributions are typically
small with respect to the plume measurements. Thus, no clear evidence has been found for
clouds around the E ring moons of Saturn,? which suggests that the ejecta cloud dust densi-
ties are lower than previously predicted by extrapolation of results at the Galilean satellites.
Possible reasons for this may be a lower impactor flux (e.g., Poppe 2016), impactor size
and/or impact speed, and/or a more dissipative surface, possibly due to a layer of icy E ring
particles (‘snow’) soaking up more of the impactor’s kinetic energy.

Smaller bodies in the solar system will also generate ejecta in their near vicinity, however,
much of this ejecta will be unbound (e.g., Szalay and Hordnyi 2016¢). The main factor that
determines the total ratio of bound to unbound ejecta is the mass of the body, however, the
speed distribution also plays an important role. Assuming the speed distribution of ejecta
is the same as that of the Moon and a mass density of 3 g/cc for airless bodies, an airless
body would need to be larger than 500 km to retain at least 50% of its impact ejecta. Hence,
and as discussed in Sect. 6.2.1, most small bodies near 1 AU shed the large majority of their
impact ejecta and therefore the bound component of ejecta at smaller bodies is particularly
tenuous.

6 Airless Bodies as Sources of Dust
6.1 Phobos and Deimos
Mars’ moons Phobos and Deimos have long been suspected to be parents of a pair of tenuous

dust tori encircling Mars due to escaping impact ejecta (Soter 1971). The Russian PHOBOS-
2 mission observed unusual variations in the interplanetary magnetic field near the location

2Rhea and the E ring moons in general are currently debated for having or not having dust clouds that can
be measured against the relatively strong E ring background (Spahn et al. 2006a), which is supplied by
cryovolcanism on Enceladus (Schmidt et al. 2008). Two in situ measurements have been conducted so far by
the spacecraft Cassini. The first one is inconclusive as it depends on a single data point, the second one does
show a profile but the measured peak is much wider than predicted by the model from Krivov et al. (2003).
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of Phobos’ orbit, which were at the time interpreted as evidence of solar wind mass loading
by either a neutral gas or dust torus (Dubinin et al. 1990, 1991; Sauer et al. 1993; Barabash
and Lundin 1994). This suggestion gave rise to a prolific series of investigations into the
underlying theoretical physics of the martian dust tori by a number of authors (e.g. Ip and
Banaszkiewicz 1990; Horényi et al. 1990, 1991; Tatrallyay et al. 1992; Kholshevnikov et al.
1993; Krivov 1994; Juhdsz et al. 1993; Juhdsz and Hordnyi 1995; Ishimoto 1996; Krivov
and Hamilton 1997; Makuch et al. 2005). The underlying prediction from these models is
a pair of dust tori around Mars: one from Phobos ejecta that is strongly confined to Pho-
bos’ orbital plane and one from Deimos ejecta that is more diffuse and inclined. Despite
this wealth of modeling, no observational signatures, either from in-situ or remote sensing
observations, have detected the presence of these putative dust rings (Showalter et al. 2006;
Krivov et al. 2006; @ieroset et al. 2010). These attempted measurements have placed fairly
stringent upper limits to the Phobos and Deimos tori, with maximum normal optical depths
of ~ 3 x 1078 and 1077, respectively. In-situ measurements by impact ionization dust de-
tectors may be required for a final determination as to the presence and density of these tori.

6.2 Asteroids

In the discussion below, we focus on dust phenomena relating to asteroids (some of which
have cometary-like activity), leaving the cometary discussions for the Comets review paper
in this Topical Collection.

6.2.1 Impact-Ejecta Production Rates in the Asteroid Belt

Ejecta clouds for Near Earth Asteroids (NEAs) have been predicted based on lunar mea-
surements (Szalay and Hordnyi 2016c¢), and the spatial distribution of ejecta dust around
Main Belt asteroids is expected to be qualitatively similar to that around NEAs. Asteroidal
ejecta clouds are predicted to be predominantly unbound given the relatively low asteroidal
gravity. For example, a 10 km radius asteroid near 1 AU is predicted to lose > 99.9% of
the ejecta generated by meteoroid bombardment. A quantitative assessment requires knowl-
edge of the meteoroid flux in the asteroid belt, such as predicted by ESA’s IMEM model
(Dikarev et al. 2005) and the surface response to such fluxes. The spatial density of mete-
oroids in the asteroid belt is likely one order of magnitude lower than at 1 AU (Landgraf et al.
2002), suggesting lower unbound ejecta densities around asteroids in this region compared
to NEAs. Despite these lower production rates for any individual asteroid, Main Belt as-
teroids steadily produce ejecta that contribute to supplying the interplanetary dust complex,
although at a share of < 10% (Nesvorny et al. 2010).

Collisions with larger asteroids are less frequent with increasing impactor size but pro-
duce large amounts of dust that can be observed with Earth-based telescopes. The typical
relative velocity between Main Belt asteroids is 5.3 kms™' (Bottke et al. 1994), and the
mass of particles ejected faster than the impacted body’s escape speed is comparable to the
mass of the projectile (Housen and Holsapple 2011; Jewitt et al. 2011). The most direct ob-
servation of an impact on a Main Belt asteroid is that of a decameter-sized projectile onto
57 km-diameter asteroid (596) Scheila (Jewitt et al. 2011; Bodewits et al. 2011; Ishiguro
et al. 2011a,b). The impact excavated a dust cloud of 0.1-100 um-sized grains having a
total mass of ~ 10% kg. The dust was dispersed by radiation pressure within ~ 2 months.
Impacts onto smaller asteroids are likely to eject larger debris due to the lower escape speed.

The frequency of collisions between Main Belt asteroids is uncertain. Collisional mod-
els suggest a rate of one catastrophic collision per year for 100-m-sized objects, with sub-
catastrophic impacts being more frequent (Bottke et al. 2005). Denneau et al. (2015) instead
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Fig. 9 An overview of the processes involved in the activation of asteroids

find that a rate of one catastrophic collision per year is consistent with Pan-STARRS de-
tection rates only for 7 m-sized objects, while encounters of 100 m-sized objects would be
less frequent. Bodewits et al. (2014) interpret a change in Scheila’s rotational lightcurve as
the signature of surface alteration due to the impact. They find that the < 100 m impactor
affected the albedo of an area of 3.5-10 m in radius, likely by covering it in a thin (2 mm-—
2 cm) ejecta blanket of bright material.

Assuming that at least two out of the 17 active asteroids listed in Table 1 were impact-
triggered (176P and Scheila, because their slow rotation rates exclude rotational disruption),
we expect that at least 10% of the active asteroids are impact-triggered. Combining this
with the estimated total number of active asteroids of 100 (Sheppard and Trujillo 2015)
and assuming that the generated dust remains visible for ~ 10% of an orbital period, we
obtain a (telescopically detectable) impact rate of one per year and an impact-generated dust
production of order 10% kg per year, within an uncertainty of at least one order of magnitude.

6.2.2 Active Asteroids

The emission of dust from asteroids has been detected by telescopic observations in ~ 20
objects (Hsieh and Jewitt 2006; Jewitt 2012; Jewitt et al. 2015d). These active asteroids tem-
porarily display comet-like comae and tails, but have asteroidal orbits with T, > 3 (Kresak
1982; Kosai 1992). Figure 9 summarizes many of the processes occurring on these airless
bodies, as described below.

A prime tool to understand the processes effectuating the dust emission is the analysis
of the dust tail morphology and temporal evolution through model calculations of the dust
dynamics under the influence of initial velocity, solar radiation pressure, and gravity (Fin-
son and Probstein 1968; Agarwal et al. 2010; Fulle et al. 2010; Moreno et al. 2017). The
activity shows strong variation between objects, probably reflecting the diversity of under-
lying processes. In general, asteroid activity seems to be triggered by some violent process
of very short duration, such as an impact or re-shaping due to centrifugal forces, where
both processes are likely to have been observed in different objects. This trigger process is
accompanied by the ejection of dust, debris, and sometimes larger fragments visible to tele-
scopes. In addition, it can lead to the catastrophic breakup of the object or the formation of
a binary system. In some active asteroids, such a trigger process has apparently uncovered
ice previously hidden in the interior of the asteroid. Exposed to enhanced solar irradiation
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around perihelion, the ice sublimates and carries along dust, leading to comet-like activity
in the classical sense.

At least one of the active asteroids, (596) Scheila, has been impacted by a second, smaller
asteroid (Jewitt et al. 2011; Bodewits et al. 2011; Moreno et al. 2011b). The ejected dust
formed an impact cone and a downrange plume, and was subsequently driven away from the
nucleus by solar radiation pressure (Ishiguro et al. 2011a,b). Due to Scheila’s comparatively
large size (113 km diameter), only small dust grains could escape from the nucleus’ gravity
field, which were subsequently dispersed by radiation pressure within approximately one
month.

The rotation period of a small asteroid of irregular shape or albedo can be changed by
a torque from the asymmetric emission of thermal radiation (so called YORP-effect) (Ru-
bincam 2000) or by localised outgassing. If the centrifugal force compensates gravity at
the equatorial surface, the body will shed material from its surface or even breakup entirely
(Hirabayashi and Scheeres 2013; Veras et al. 2014; Pravec et al. 2010), depending on its
shape and composition (Hirabayashi 2015). The critical rotation rate at which a body will
disintegrate depends on its bulk density and cohesion. The lack of observations of asteroids
> 100 m in diameter rotating at periods < 2.2 h (Warner et al. 2009) is interpreted as ev-
idence that these bodies are nearly-strengthless rubble piles bound only by gravity, while
smaller asteroids seem to have a considerably higher internal strength. The 2.2 h spin bar-
rier seems to reflect rotational disruption as an effective process of asteroid disintegration or
re-shaping.

Several active asteroids are suspected to have undergone rotational mass shedding or
disintegration. The evidence is mainly indirect, based on the exclusion of alternatives such
as impact or sublimation (311P: Jewitt et al. 2013, 2015a; Hainaut et al. 2014; Moreno
et al. 2014, P/2013 R3: Jewitt et al. 2014a), near-critical rotation periods (331P: Drahus
et al. 2015, 133P: Hsieh et al. 2004, (62412): Sheppard and Trujillo 2015), large fragments
(P/2010 A2: Jewitt et al. 2010, 331P: Drahus et al. 2015), ejection speeds comparable to the
gravitational escape speed (133P: Jewitt et al. 2014b, 288P: Agarwal et al. 2015, P/2010 A2:
Jewitt et al. 2010, P/2013 R3: Jewitt et al. 2014a), and in one case planar ejection velocities
(P/2010 A2: Agarwal et al. 2013). In some of these objects (133P, 288P), the fast rotation
seems to support gas drag in lifting dust, while in others it only triggered instantaneous
(P72010 A2, 331P) or repeated (311P) mass shedding without uncovering ice, or a catas-
trophic disruption (P/2013 R3). A detailed discussion of individual objects is given in Jewitt
et al. (2015d).

Currently nine known asteroids have shown activity for an extended period of several
months around perihelion, and for at least five of these the activity recurred in subsequent
perihelion passages (133P, 238P, 288P, 313P, 324P), while the remaining four had at the
time of writing not been observed during a second perihelion passage (P/2012 T1, P/2015
X6, 259P, P/2016 J1). Protracted and recurrent activity are taken as strong indicators for dust
ejection by a flow of sublimating gas, as this is the only known process modulated by the he-
liocentric distance that is able to lift dust of the observed quantity and size over an extended
period of time in the Main Belt (Jewitt 2012). Thermal models of asteroid interiors have
shown that the conservation of primordial water ice in the interiors of Main Belt asteroids is
possible, while more volatile species are likely depleted (Schorghofer 2008, 2016; Prialnik
and Rosenberg 2009; Snodgrass et al. 2017). The gas production rates required to lift the
observed amount of dust are below the detection limit of currently available instruments,
such that the non-detection of water vapor around active asteroids is not a proof against its
presence. Sublimation-driven dust activity is discussed in more detail in the Comets review

paper.
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Dust can also be accelerated above an asteroid’s escape speed by thermal fracturing and
dehydration at temperatures exceeding ~ 1000 K (Jewitt 2012). While this process is un-
likely to play a significant role in the Main Belt, it is probably responsible for the recurrent
ejection of micron-sized dust from asteroid (3200) Phaethon during its 0.14 AU perihelion
passage (Jewitt and Li 2010; Li and Jewitt 2013; Jewitt et al. 2013b; Hui and Jewitt 2017).
(3200) Phaethon has been suggested to be the parent body of the Geminids stream.

No direct measurements exist concerning the bulk density, porosity, composition, or opti-
cal properties of dust from active asteroids. Assuming a size-independent albedo and density,
dust ejection models are usually consistent with power-law cumulative size distributions
having exponents between —2.0 and —2.7. Jewitt et al. (2015a) found a size distribution
steepening towards smaller sizes in 311P. Maximum particle sizes found in sublimation-
driven asteroids are below 1 cm, while dust ejected from asteroids suspected to have been
impacted or rotationally disrupted reaches up to 1 min size. P/2010 A2 and 331P displayed a
debris trail of decimeter- to meter-sized chunks at least several years after the dust-producing
events (Jewitt et al. 2013a; Drahus et al. 2015). In four active asteroids, the dust terminal
speeds have been found to be less than the gravitational escape speed from the nucleus. At
least two of these are fast rotators, such that it is suspected that in these objects the escape of
dust is facilitated by the centrifugal force, the dust leaves the nucleus at a speed comparable
to the escape speed and decelerates with increasing nucleus distance. In most other active
asteroids, inferred dust speeds range between 1 and 10 m/s. No obvious correlation has been
found between the nucleus size and the sizes of ejected dust.

The typical dust mass ejected from an active asteroid per orbit is of order 107 kg, with a
variation by a factor 100 between individual objects. This is approximately a factor of 1000
less than in comets. Assuming a total number of 100 currently active asteroids (Sheppard
and Trujillo 2015) and a typical orbital period of 5 years, this corresponds to a dust produc-
tion rate of 6 kgs™!, only 0.006-0.06% of the rate of 10*~10° kg/s required to sustain the
zodiacal cloud (Nesvorny et al. 2011a). It is therefore likely that active asteroids contribute
only a minor fraction to the interplanetary dust complex.

As discussed in the Meteoroids review paper, the Geminid meteor stream is associated
with the orbit of asteroid (3200) Phaethon (Whipple 1983), but the current level of activity
of Phaethon (Jewitt et al. 2013b) is not sufficient to explain the particle sizes in the me-
teor stream. It is therefore likely that Phaethon lost a large amount of large debris in the
past within a relatively short period of time (Ryabova 2017). Several other meteor streams
in asteroidal orbits may exist (Jenniskens 2015), but their parent bodies are unknown. The
detection of debris trails following active asteroids P/2010 A2 and 311P indicates that pro-
cesses underlying asteroid activity can lead to the formation of a meteor stream that would
be detectable as a meteor shower if the object were on an Earth-crossing orbit.

6.3 Minor Planetary Satellites

While discussed in more detail in the Rings review paper, the minor moons of the outer
satellites are also known to be prodigious sources of dust grains. The tenuous, dusty rings
of Jupiter are formed from ejecta produced from meteoroid bombardment of four small
Jovian moons, Metis, Adrastea, Amalthea, and Thebe, and consist of three parts: the main
ring, the halo, and the outer gossamer rings (e.g., Smith et al. 1979a,b). Grains ejected from
these bodies undergo orbital decay from Poynting-Robertson drag and perturbations from
electromagnetic interactions (Burns et al. 1999; Hamilton and Kriiger 2008).

At Saturn, several of the minor moons in the inner system, including Methone, Anthe,
and Pallene, have been associated with either complete rings or “arcs” of dust grains that are
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presumably being actively shed via meteoroid bombardment (Hedman et al. 2009; Sun et al.
2017). In the outer saturnian system, the massive Phoebe ring is produced via meteoroid
bombardment (Verbiscer et al. 2009; Hamilton et al. 2015) and it is suspected that Saturn’s
other irregular satellites may also contribute to dust in the saturnian system (Tamayo et al.
2011). Uranus plays host to a complex and potentially unstable set of moon-ring systems
(Smith et al. 1986; Showalter et al. 2006; de Pater et al. 2006a,b; Sfair and Winter 2009),
such as the ¢ and v rings associated with the moons Mab, Puck, Rosalind, and Portia.

6.4 Dust Production from Edgeworth-Kuiper Belt Objects

Edgeworth-Kuiper Belt objects (EKBOs) also may play host to dusty exospheric ejecta
clouds or tori. The Pluto-Charon system has been most studied in this regards from both ob-
servational and theoretical standpoints. An early simulation by Thiessenhusen et al. (2002)
predicted a dust cloud from Pluto and Charon while later investigations focused on dust torus
generation by Nix and Hydra (e.g., Poppe and Hordnyi 2011), two of Pluto’s small moons
discovered in 2005 (Weaver et al. 2006). Qualitatively similar to the proposed dust torus at
Mars from Phobos and Deimos, the Nix and Hydra dust tori at Pluto are believed to be gener-
ated from impact ejecta from meteoroid bombardment which are subsequently still bound in
orbit around the Pluto-Charon barycenter (Poppe and Hordnyi 2011; Pires dos Santos et al.
2013). Pluto’s two other small moons, Styx and Kerberos, may also contribute significantly
to the torus density given their negligible surface gravity. To date, however, neither remote
sensing observations (Steffl and Stern 2007; Throop et al. 2015) nor in-situ measurements
by the New Horizons spacecraft (Bagenal et al. 2016) have detected any positive evidence of
the theorized dust torus. Other EKBOs, especially those in binary or multiple systems (e.g.,
Noll et al. 2008; Benecchi et al. 2010), may also maintain tenuous dust exospheres and/or
tori.

Despite the lack of direct observations of dust production in the Pluto-Charon system,
Edgeworth-Kuiper Belt objects are a significant source of interplanetary dust grains in the
solar system. Three potential production mechanisms for interplanetary dust from EKBOs
have been discussed: (i) mutual collisions and grinding (e.g., Stern 1995, 1996; Stern and
Colwell 1997; Davis and Farinella 1997; Durda and Stern 2000), (ii) bombardment of EK-
BOs from interstellar dust grains (Yamamoto and Mukai 1998), and (iii) bombardment of
EKBOs by interplanetary dust grains (Poppe 2015).

Collisional evolution is thought to be an important and on-going process in the EKB,
despite the relatively slow velocities compared to the asteroidal main belt. Stern (1996)
calculated that collisions produce a cumulative 9.5 x 108 to 3.2 x 10'! gs~! of debris over
sizes ranging from submicron-sized dust to 10 km sized blocks. Assuming a collisional
power-law size distribution of a3, this yields a mass production rate of 8.6 x 10*-2.9 x
107 gs~! for grains between 0.1 and 10 pum.

Interstellar grains flow through the entire heliosphere (e.g., Griin et al. 1994; Kriiger et al.
2007; Kriiger and Griin 2009; Sterken et al. 2012) and may also be a significant source of
ejecta from EKBOs, based on calculations by Yamamoto and Mukai (1998), which yielded
0.1-10 um production rates in the EKB of 3.7 x 10°-2.4 x 10° gs~!, similar to that estimated
for mutual collisions.

Finally, bombardment of EKBOs by interplanetary dust grains may also be a contributor
to the total production rate as suggested by Poppe (2015). This process is somewhat reminis-
cent of the “self-sustained” production models for the saturnian E-ring (e.g., Hamilton and
Burns 1994), whereby interplanetary EKB grains ejected from an earlier event have a non-
negligible probability of impacting another EKBO. Given that impact ejecta yields can be
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Table 2 Theoretical and
observationally-constrained
0.1-10 um dust production rates Stern (1996) 8.6 x 10#-2.9 x 107

—1
[gs™"] from the Yamamoto and Mukai (1998) 3.7 x 109-2.4 x 100
Edgeworth-Kuiper Belt

Theoretical

Observational

Landgraf et al. (2002) 5% 107
Han et al. (2011) 9x 10°
Vitense et al. (2012) 2 x 100
Poppe (2016) 6 x 100-1 x 107

significantly larger than unity even for the relatively low relative impact speeds in the EKB
(Koschny and Griin 2001a), interplanetary dust grain bombardment may be an important
process. Indeed, Poppe (2015) estimated that interplanetary dust bombardment produces
between 3 and 200 times the amount of escaping ejecta from the Pluto-Charon system than
does interstellar bombardment; however, it is currently unclear how this process compares
to ISD bombardment when extrapolated over the entire EKB population.

Comparison between dynamical dust models (Landgraf et al. 2002; Han et al. 2011;
Vitense et al. 2012; Poppe 2016) and in-situ dust flux measurements by several spacecraft,
including Pioneer 10 and 11 (Humes 1980), Voyager 1 and 2 (Gurnett et al. 1997), Galileo
(Sremcevic et al. 2005), and New Horizons (Poppe et al. 2010; Szalay et al. 2013), have
placed constraints on the total dust production rate from the EKB between 0.1 and 1.0 pm,
listed in Table 2. In general, these observations are remarkably consistent with theoretical
predictions.

7 Electrostatically Lofted Dust

In addition to impact processes which eject dust from airless bodies, there has been evidence
for electrostatic processes contributing to the evolution and transport of dust on airless bod-
ies. Electrostatic dust mobilization on the lunar surface has remained a controversial topic
since the Apollo era. In situ and/or low-altitude observations (Rennilson and Criswell 1974;
Severny et al. 1975; Berg 1978; Griin and Hordnyi 2013) as well as high-altitude remote
sensing observations (McCoy and Criswell 1974; McCoy 1976; Glenar et al. 2011) have
potentially suggested efficient lofting of charged dust particles near the lunar terminators.

One example of evidence for such a process occurring at low altitudes is from images
taken just after sunset by the Surveyors 5, 6, and 7 cameras. In many of these images, a
horizon glow was observed due west (Rennilson and Criswell 1974; Colwell et al. 2007a),
an example of which is shown in Fig. 10. This glow has been interpreted as forward scat-
tered light from a cloud of dust particles levitating less than 1 meter above the surface with
particle radii on the order of 5 um (Rennilson and Criswell 1974). However, as of yet, no
mechanism capable of generating sufficiently large electric fields or dust grain charges to
levitate such heavy particles has been identified (Hartzell and Scheeres 2011). The Lunar
Ejecta and Meteorites experiment (LEAM) registered a multitude of unexpected hits during
lunar sunrise and sunset (Berg et al. 1976), however, recent analysis suggests these signals
were not caused by slow moving and highly charged dust grains transported across the lunar
surface (Griin and Hordnyi 2013).

Features on asteroid (433) Eros that morphologically resembled ponds (Fig. 10) may
indicate that small-scale electrostatic mobilization is a significant process on asteroidal sur-
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Moon (433) Eros

Fig. 10 Examples of possible evidence for electrostatic dust phenomena on airless bodies. Left. Surveyor 7
image showing horizon glow just after sunset. The sunlit foreground has been superimposed to show the
surface features of the Moon relative to the putative levitated dust cloud. Reproduced from Rennilson and
Criswell (1974) with permission from Earth, Moon, and Planets. Right. An example of dust ponds on (433)
Eros, consisting of smooth, fine grained surface features that are suggested to be formed due to electrostatic
mobilization and accumulation in crater depressions. Reproduced from Richardson et al. (2005) with permis-
sion from Icarus

faces (Veverka et al. 2001; Hughes et al. 2008; Thomas et al. 2015). We note that a com-
peting theory suggests boulder erosion could lead to a similar phenomena (Dombard et al.
2010). Observations of Saturn’s small moon Atlas have also suggested similar electrostatic
processes occur (Hirata and Miyamoto 2012). For airless bodies with relatively low grav-
ity, electrostatic transport may be part of the process that depletes surface dust (Lee 1996).
Recent laboratory studies have shown that dust exposed to UV light and/or incident plasma
experiences a high degree of small-scale mobilization and transport (Wang et al. 2009, 2010,
2011, 2016). Dust cohesion may also play an important role in dictating the dynamics of
electrostatically lofted dust (Hartzell and Scheeres 2011; Hartzell et al. 2013).

Several decades of modeling efforts have addressed the theoretical possibility of electro-
static dust levitation and/or transport at airless bodies such as asteroids, the Moon, and the
rings of Saturn. Early work, motivated by the Apollo observations by LEAM and Surveyor,
focused on the possibility that intense electric fields may develop near the terminator re-
gions of airless bodies as sunlit and shadowed portions of the surface lay in close proximity
(e.g., De and Criswell 1977; Criswell and De 1977; Pelizzari and Criswell 1978). In theory,
photoelectrons emitted from a sunlit patch of surface may be recollected on neighboring
shadowed regions, and thus, trapped and unable to return through the highly resistive lunar
soil. These simulations suggested that electric fields in the terminator region could reach
up to 3 x 10° V/m, many orders-of-magnitude higher than estimated near noon, thereby
facilitating the mobilization of lunar dust grains. These early simulations suffered from a
number of limitations, most notably the lack of charge neutralization currents from the solar
wind electrons. Thus, despite these early predictions, it is unlikely that such strong electric
fields develop near the lunar terminator region (see e.g., Poppe et al. 2012; Zimmerman et al.
2014; Piquette and Hordnyi 2017, and discussion below).

Later analytic models of the electrostatic environment above asteroids, the Moon, and the
main rings of Saturn suggested the possibility that dust grains may become electrostatically
“trapped” in non-monotonic electrostatic potential layers above a surface (Nitter and Havnes
1992; Nitter et al. 1994, 1998) or preferentially deposited in craters due to differing surface
electric fields (Colwell et al. 2005, 2009; Hughes et al. 2008). Farrell et al. (2007, 2008)
explored the possibility that regions on the lunar surface just past the terminator may have
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enhanced electric fields due to the presence of ambipolar separation of solar wind electrons
and ions on the edge of the lunar wake; however, in contrast to the supercharging electric
fields estimates of ~ 10°, this work derived maximum electric fields near the terminator
region of less than 10 V/m.

More recent studies used one- and three-dimensional electrostatic particle-in-cell mod-
els to further quantify the lunar plasma sheath both on a flat surface and near the presence
of a typical, 10-m sized crater (Poppe and Hordnyi 2010; Poppe et al. 2012; Piquette and
Hordnyi 2017). Poppe and Hordnyi (2010) found that non-monotonic potentials can the-
oretically exist and be energetically preferred for the lunar sheath (in theory allowing for
“trapping” of levitated dust grains); however, the electric field strengths proved too weak
to stably levitate and/or transport grains larger than ~ 0.1 wm. For bodies with low gravity,
modeling efforts found significant ponding can occur in the shadowed regions of craters,
with approximately an order of magnitude more accumulation predicted for small bodies
like (433) Eros than at the Moon for similar crater morphologies and plasma conditions
(Piquette and Hordnyi 2017). Grain sizes this small are unable to explain the estimation of
5-10 um sized levitated dust grains from Surveyor observations (Rennilson and Criswell
1974; Colwell et al. 2007a). Additionally, Hartzell and Scheeres (2013) determined stabil-
ity regions for electrostatically levitated dust grains. Most recently, Wang et al. (2016) has
proposed a “patched surface charge” model that describes how individual micron and sub-
micron sized dust grains may attain charges far in excess of that predicted from a simple
application of Gauss’ Law (Schwan et al. 2017), thereby allowing significant electrostatic
acceleration of micron-sized and larger grains onto ballistic trajectories above a charged sur-
face. Three-dimensional electrostatic simulations performed by Zimmerman et al. (2016)
have begun to elucidate this microphysical charging process and may provide the explana-
tion for efficient electrostatic dust transport on airless bodies throughout the solar system.

Lunar and asteroidal observations as well as laboratory experiments have all suggested
that small-scale electrostatic mobilization and transport occurs on airless bodies throughout
the solar system. However, this phenomenon represents an active field of research and our
understanding of this process is continually evolving. While high altitude observations also
indicated the existence of lofted dust at tens of km above the surface, the case for such a
population is weaker than for low altitudes. The first high altitude, remote sensing optical
observations were made during the Apollo 15-17 missions, which took a series of calibrated
images to analyze the zodiacal light and the solar corona (McCoy 1976). Some of these im-
ages indicated an excess brightness that has been interpreted as forward scattered light from
small grains with characteristic radii a >~ 0.1 wm lofted over the terminator regions of the
Moon by electrostatic effects. The density of such a dust population was first calculated to
be on the order of 10* m~ near the surface using Apollo data (McCoy 1976; Glenar et al.
2011). Recent remote sensing surveys by Clementine (Glenar et al. 2014) and LRO/LAMP
(Feldman et al. 2014) have significantly lowered the upper limit of the lofted dust density
to ~ 1 m~3 near the surface. While LDEX could not individually detect dust impacts from
0.1 um grains, it was able to search for such a population by integrating the cumulative cur-
rent of impact plasma (Hordnyi et al. 2014). From data taken throughout LADEE’s ~ 2,000
sunrise terminator transits, LDEX put an in-situ upper limit on the dust density distribution
of 40-100 m™3 (Szalay and Hor4nyi 2015b).

8 Conclusions and Outlook

In this review paper, we have reviewed the current state of knowledge of dust processes
occurring in the vicinity of airless bodies. There have been many advancements made in
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our understanding of these processes in the last two decades, which subsequently opened
up new open questions for future studies and measurements. We conclude here with a brief
summary of the paper and discuss open issues looking forward.

Our understanding of asteroidal surface properties has been dramatically increased by
Itokawa asteroidal samples from the Hayabusa mission. These samples have been studied
using advanced ground-based laboratory techniques, the results of which suggest asteroidal
surfaces may be continually refreshed over time. Advanced ground-based techniques have
been developed, such as phase-resolved photometry and polarimetry, to characterize regolith
properties remotely in lieu of having asteroidal samples to study in the lab. There are many
upcoming missions, such as OSIRIS-REx and Hayabusa-2, that plan to return additional
asteroidal samples to Earth, which will further refine our understanding of these bodies
and the surface weathering processes occurring on objects with different compositions and
morphologies.

Ejecta clouds around both the Galilean satellites and the Moon have been explored and
characterized by in-situ dust detectors. The two datasets have illuminated the nature of dust
ejecta clouds and opened up new lines of study related to these clouds. The difference be-
tween the inferred ejecta velocity distributions at the Moon and the Galilean satellites re-
mains an open issue that may be resolved by the Surface Dust Analyzer (SUDA) aboard
the Europa Clipper mission, set to launch in the early 2020’s. This mission will probe Eu-
ropa’s ejecta cloud down to altitudes of 25 km, allowing for direct comparison between the
Moon’s and Europa’s impact ejecta clouds. Additionally, LDEX for the very first time di-
rectly transited through dense ejecta plumes comprised of hundreds of impacts. Analysis of
these impact plume observations is ongoing and could shed light into the substructure of
impact ejecta plumes in a manner unique to dust detector data.

Airless bodies can also be a significant source of interplanetary dust. Due to the large
yields for high velocity meteoroid impacts, airless bodies exposed to these impactors can
effectively shed their regolith into the IDP population. Quantifying the primary mechanisms
and total production rates of IDP production from airless bodies is an important on-going re-
search topic. In the inner solar system, such research is progressing somewhat faster, while
in the outer solar system, greater uncertainty persists. Additionally, recent observational
campaigns have been unraveling the mystery of active asteroids, which also produce in-
terplanetary dust in characteristically different ways than comets. The relative importance
of collisions and rotational disruption for activation of asteroids is a topic of ongoing re-
search.

Electrostatic dust related processes have been a controversial topic since the Apollo era.
Such phenomena can be divided into low-altitude and high-altitude populations. As our anal-
ysis tools and datasets have evolved, evidence for a high altitude population has continued
to look less promising. However, recent laboratory measurements indicate that small-scale
electrostatic dust mobilization is likely to occur at all airless bodies in the solar system.
Future surface-based instrumentation suites, that would combine dust and plasma measure-
ments, would greatly increase our understanding of these small-scale processes.
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