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Abstract

This manuscript represents a review on progress made over the past decade concerning
our understanding of meteoroid bombardment on airless solar system bodies as one of the
sources of the formation of their exospheres. Specifically, observations at Mercury by MES-
SENGER and at the Moon by LADEE, together with progress made in dynamical models
of the meteoroid environment in the inner solar system, offer new tools to explore in detail
the physical phenomena involved in this complex relationship. This progress is timely given
the expected results during the next decade that will be provided by new missions such as
DESTINY™, BepiColombo, the Artemis program or the Lunar Gateway.
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1 Introduction

The influence of interplanetary dust on planetary bodies is an ubiquitous phenomenon in
the solar system. Planets, moons and asteroids sweep through a cloud of these particles
while they move along their orbital path causing a constant bombardment of meteoroids on
their surfaces and atmospheres. At planetary atmospheres, meteoroids heat up as they inter-
act with an increasingly denser atmosphere while decelerating. If they are sufficiently large
(>30 pm in radius) they will ablate most of their material in the atmospheric aerobraking
region, introducing exotic species such as Mg, Fe, and Na into the atmosphere (Carrillo-
Sanchez et al. 2020; Crismani et al. 2018, 2017; Grebowsky et al. 2002, 2017; Plane 2003;
Berezhnoy and Borovicka 2010). For this case, the ablation processes will result in ioniza-
tion and/or photon production, generating the well known meteor phenomenon (Ceplecha
et al. 1998). As these metallic species can be ionized during ablation either by solar ultravio-
let photoionization or by charge exchange with existing atmospheric ions, meteoroids there-
fore affect the structure, chemistry, dynamics, and energetics of planetary ionospheres (Plane
et al. 2015, 2018; Plane 2003).
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For the case of airless bodies, meteoroids impact their surfaces directly, producing impact
debris and directly shaping the resulting thin exospheres. Several works have shown direct
observational evidence of the critical role that meteoroid activity plays in space weathering
of airless bodies using observations from NASA missions such as the MErcury Surface,
Space ENvironment, GEochemistry, and Ranging (MESSENGER) mission and the Lunar
Atmosphere and Dust Environment Explorer (LADEE) (Janches et al. 2018; Pieters and No-
ble 2016; Pokorny et al. 2019, 2017b, 2018; Szalay et al. 2018). Therefore, knowledge of the
meteoroid environment is relevant to planetary science, chemistry of planetary atmospheres,
space weathering of airless bodies and even collisional risk assessment to artificial satellites
and astronauts (Moorhead et al. 2020).

Recently, Plane et al. (2018) reported a detailed review on the impact and effects of me-
teoroids in planetary atmospheres. Hence, the principal scientific goal of this review article
is to summarize our current knowledge of the role of meteoroids and dust as one of the
sources of the hermean and lunar exospheres. A summary of current dynamical models of
the most relevant particle populations are presented as well as current observational meth-
ods, including both ground-based and satellite observations, and descriptions of laboratory
experiments designed to study meteoroids as a source of exospheric formation. Although
this review article mostly focuses on the two aforementioned airless bodies, consideration
of additional bodies (i.e. asteroids) is also briefly discussed.

For the remainder of this review article, we will adopt the nomenclature used in meteor
astronomy that was approved in 2016 by the International Astronomical Union (IAU) Com-
mission F1: Meteors, Meteoroids and Interplanetary Dust. In that respect, a meteoroid is
defined as a solid natural object of a size roughly between 30 um and 1 m moving in, or
coming from, interplanetary space. Dust (interplanetary) is finely divided solid matter, with
particle sizes generally smaller than meteoroids, moving in, or coming from, interplanetary
space. Dust in the solar system is observed e.g. as the zodiacal dust cloud (ZDC), including
zodiacal dust bands, and cometary dust trails. In such contexts, the term “dust” also includes
smaller meteoroids; i.e., the ZDC and cometary dust trails contain larger particles that can
also be called meteoroids. As implied above, small dust particles do not give rise to the me-
teor phenomenon when they enter planetary atmospheres. A fraction of these particles will
be heated to below the melting point and will subsequently sediment to the ground. These
unmelted particles can still hold signatures from their atmospheric entry (e.g. vesicles, loss
of volatile elements). When collected on the ground, they are called micrometeorites. When
collected in the atmosphere, they are called interplanetary dust particles (IDP’s). When in
interplanetary space, they are simply called dust particles. Particularly relevant to the topic
of this review article is that foreign objects on the surfaces of atmosphere-less bodies are not
called meteorites (i.e. there is no meteorite without a meteor) and so they are referred to as
impact debris.

2 Meteoroid Populations in the Near Earth Environment: Observations
and Models

Observing meteors is most likely an activity practiced by humanity since its beginnings, and
thus it is natural to start describing the meteoroid environment with what we have learned
from Earth-based meteor studies. Meteoroids that produce meteors bright enough to be seen
with the naked eye are, in general, larger than the mass range of interest to this chapter.
The number of meteors impinging on a solar system body is inversely proportional to their
size in a log-log scale (see for example Fig. 25 in Ceplecha et al. 1998). In terms of a
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Table 1 In-situ dust measurements in interplanetary space (with updates to Griin et al. (2001))

Spacecraft Distance range [AU] Sensitive area [mz] Reference

Helios 1/2 03-1 0.012 Dietzel et al. (1973)
Galileo 0.7-54 0.1 Griin et al. (1992)
Cassini 0.72 - 10 0.1 Srama et al. (2004)
IKAROS 0.72-1.1 0.54 Hirai et al. (2017)
Pioneer 9 0.75-0.99 0.0074 Rhee et al. (1974)
Pioneer 8 0.97 - 1.09 0.0094 Berg and Richardson (1969)
Explorer XVI 1 1.6 Hastings (1963)
Explorer XXIII 1 2.1 O’Neal et al. (1965)
Pegasus 1 200 D’ Aiutolo et al. (1967)
Hiten 1 0.01 Igenbergs et al. (1991)
HEOS 2 1 0.01 Dietzel et al. (1973)
Nozomi 1-1.5 0.014 Sasaki et al. (2007)
Mariner IV 1-1.56 0.048 Alexander et al. (1967)
Ulysses 1-54 0.1 Griin et al. (1992)
Pioneer 10 1-18 0.264 Humes (1980)

Pioneer 11 1-10 0.56% Humes (1980)
LADEE 1 0.01 Horanyi et al. (2014)
New Horizons 1-48b 0.1 Horényi et al. (2008)

4initial area, actual area decreased as the pressurized cells were punctured

bas of 6/2020

source capable of producing and maintaining a planetary exosphere, we are interested in
a size (or mass) range of particles that are “large” enough to produce sufficient energy to
vaporize enough mass from the surface of the meteoroid after colliding with the surface of
the airless body and, oftentimes, may trigger a continuous source of collisions. It is widely
accepted that this “sweet spot” covers meteoroid masses in the range of 0.1 to 1000 pg with
a peak of the flux that varies somewhat depending on the reported work. For example, Fig. 5
in Carrillo-Sanchez et al. (2015) shows that the LDEF mass distribution peaks at 50 ug
(around 400 um in diameter assuming a bulk density of 2.2 g/cm® and an impact velocity of
18 kms~!). However, the Zodiacal Cloud Model constrained by the Planck observations Ade
et al. (2014) clearly shows that the average diameter range from 0.01 ug (30 um, JFCs) to
50 ug (400 um, HTCs).

At Earth, the flux of particles in this mass range have been observed with space-borne
detectors such as the Long Duration Exposure Facility (LDEF) (Love and Brownlee 1993;
Love and Allton 2006; Miao and Stark 2001; Cremonese et al. 2012), and the Cosmic Dust
Experiment onboard the Aeronomy of Ice in the Mesosphere (AIM) mission (Russell et al.
2009; Poppe et al. 2011). In addition, several space missions (see Table 1) carried dedicated
instruments to map the spatial and size distributions, and in some cases even the composition
of interplanetary dust particles throughout the solar system.

Figure 1 shows the mass influx of cosmic solid material entering the Earth’s atmosphere
and, by extension bombarding the lunar surface and the surfaces of all asteroids near 1
AU, as a function of mass. Labels in Fig. 1 indicate typical methods detecting interplane-
tary dust. Undoubtedly, our most detailed knowledge on the origin and morphology of the
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near Earth meteoroid environment comes from ground-based observations, specifically us-
ing radars and optical measuring techniques (Janches et al. 2017; Pokorny and Brown 2016;
Campbell-Brown and Wiegert 2009; Janches et al. 2015; Campbell-Brown 2015; Baggaley
2002; Kero et al. 2019; Koten et al. 2019; Bruzzone et al. 2020). Most of the ZDC particles
form the so-called sporadic meteoroid complex (SMC), and unlike meteor showers, their
orbits have evolved significantly over time. This evolution is the product of effects such as
Poynting— Robertson (PR) drag, radiation pressure, sublimation, mutual collisions, and the
dynamical effects of the planets (Nesvorny et al. 2010; Pokorny et al. 2014). Therefore spo-
radic meteoroids exhibit a broad distribution of physical properties, in particular those of
mass, speed, and orbital parameters. Consequently, it is very difficult to associate sporadic
meteors with any particular parent body, unlike the case for many meteor showers (Jen-
niskens 2006; Janches et al. 2020b; Hajdukova and Neslusan 2020), and thus they can only
be characterized through statistical measurements of the SMC'’s interaction with the Earth.

The SMC is characterized by six apparent sporadic meteoroid sources, which correspond
to different orbital families of interplanetary dust as seen from an Earth-based observing
system (Brown and Jones 1995). These are known as: 1) the North and South Apex (NA &
SA) sources, composed mainly of dust from Halley Type and Oort Cloud Comets (HTCs &
OCCs; Nesvorny et al. 2011b; Pokorny et al. 2014; Sekanina 1976); 2) the Helion (H) and
Anti-Helion (AH) sources, composed of dust from Jupiter Family Comets and Main Belt
Asteroids (JFCs & MBAs; Hawkins 1956; Nesvorny et al. 2010, 2011a; Weiss and Smith
1960); and 3) the North and South Toroidal (NT & ST) sources, composed of dust from
HTCs (Campbell-Brown and Wiegert 2009; Jones and Brown 1993; Pokorny et al. 2014;
Janches et al. 2015). Other meteoroid populations such as those produced by Edgeworth-
Kuiper Belt objects (EKB) have been shown to be of little significance to the overall flux in
the inner Solar System (Poppe 2016).

Figure 2 displays the position of these sporadic meteor radiant distributions as white
ellipses on a map in ecliptic coordinates in which the sources are viewed from an Earth-
centered frame of reference. Therefore, the radiants are expressed as A-Ag, where A is the
heliocentric ecliptic longitude and A is the true longitude of the Sun, and B, the heliocen-
tric ecliptic latitude. This effectively removes the motion of the Earth relative to the Sun,
allowing to display the position of each source fixed in heliocentric ecliptic coordinates
throughout the year (e.g. the Earth’s apex is always at 270°). The colored image on the map
represents a combined composite year of observations from the two main radars which cur-
rently provide continuous surveillance of the near Earth meteoroid environment. These are
the Canadian Meteor Orbital Radar (CMOR; Brown et al. 2008) and the Southern Argentina
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Observed number of meteor radiants using SAAMER and CMOR
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Fig. 2 The position of the sporadic meteor radiant distributions in a map of ecliptic coordinates in which
the sources are viewed from an Earth-centered frame of reference. Note that the symmetry in intensity in
this figure is artificial as the radars are not cross calibrated. To produce this figure the data were normalized
such that SAAMER counts matched CMOR for the Helion/Anti-Helion sources and for the SDA meteor
shower. The color bar represents the number of meteors within a box of 0.25x0.25 degree (in A — Ag and ).
From Janches et al. (2020)

Agile MEteor Radar - Orbital System (SAAMER-OS; Janches et al. 2015; Bruzzone et al.
2020). Note that the radars are not calibrated with each other and thus the intensity of the
sources on the colored image are not absolute. The red circles on the figure identify three
meteor showers which, although active only for a limited period of time with respect to the
SMC, have activity that is well above the SMC background, even when a full year of obser-
vations is combined. These are the n Aquarids (ETA), the Southern § Aquariids (SDA) and
the Geminids (GEM). As can be seen, meteor showers are not only constrained in time but
also their radiant distributions are more localized in space, while the sporadic sources result
in wider distribution present through out the year.

Because these sources will manifest similarly at other inner Solar System bodies (Poko-
rny et al. 2018; Janches et al. 2018; Pokorny et al. 2019), it is evident from Fig. 2 that the me-
teoroid influx on planetary bodies is not isotropic. The anisotropic distribution of meteoroids
in arrival direction may produce seasonal, diurnal and planetographic variability of incoming
meteoroids (Fentzke and Janches 2008; Janches et al. 2018; Pokorny et al. 2017b; Janches
et al. 2020). For a limited number of planetary bodies in the solar system it has indeed been
demonstrated that this variability, often referred as Meteoroid Input Function (MIF; Fentzke
and Janches 2008; Janches et al. 2020), manifests into the directionality of arrival of mete-
oroids, providing a specific local time and planetographic dependence (Janches et al. 2006),
which measurably influences the composition of planetary atmospheres and space weather-
ing of airless bodies (Marsh et al. 2013; Pokorny et al. 2018; Janches et al. 2018; Pokorny
et al. 2019). These studies showed the meteoroid changes from body to body and the relative
ratio of SMC populations to strongly depend on the orbital and rotational characteristic of
the solar system bodies in question.

A great amount of past effort has been expended to model satellite observations of scat-
tered light and thermal infrared emissions from the ZDC and a detailed list of those re-
sults are given by Nesvorny et al. (2010). Until recently, most of the models that described
the morphology of the sporadic sources were phenomenological in nature and were driven
mostly by specific observations (Griin et al. 1985; Dikarev et al. 2004; Fentzke and Janches
2008; Schult et al. 2017; Moorhead et al. 2020). However, dynamical models are better
suited to generalize modeling results at different locations in the solar system, since they
take into account the physical properties of interplanetary dust to determine, in principle,
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the behavior of particles in interplanetary space independently of any observing method-
ology (Nesvorny et al. 2010). All these models reproduce the directionality of particles,
including the spatial, size and velocity distributions required to replicate observations such
as those shown in Fig. 2. This level of description is essential for extrapolating the temporal
and planetographic variability of the meteoroid influx on planetary surfaces and atmospheres
from present measurements, and for assessing collisional risk with satellites (Fentzke and
Janches 2008; Janches et al. 2018; Marsh et al. 2013; Thorpe et al. 2019; Moorhead et al.
2020; Pokorny et al. 2020). Predictions from these models can be constrained using a broad
spectrum of methodologies such as direct observations of meteors (Pokorny et al. 2014;
Janches et al. 2017; Swarnalingam et al. 2019), observations of atmospheric effects related
to the meteor influx (on Earth and other planets; Carrillo-Sdnchez et al. 2020), results from
micrometeorite collection in Antarctica (Carrillo-Sdnchez et al. 2016), surface and vapor-
ization effects produced by impact debris (Cintala 1992; Borin et al. 2009, 2016a,b; Pokorny
et al. 2018, 2019) and even satellite anomalies (Thorpe et al. 2019).

In particular, in the past decade a set of dynamical models have reproduced well the main
characteristics of the four main inner solar system meteoroid sources. These include the
model reported by Nesvorny et al. (2010, 2011a) for particles released by JFCs and MBAs,
the model reported by Pokorny et al. (2014) for particles released from HTCs, and the model
reported by Nesvorny et al. (2011b) for OCCs released meteoroid. Similar dynamical models
have been reported by Wiegert et al. (2009) and Poppe (2016). The first one considers a
limited number of JFCs to mainly understand CMOR observations, while the latter includes
the four population as well as EKB objects and it is mainly constrained with limited statistics
from dust detector measurements on board satellites in the outer Solar System.

Dynamical models track the temporal and orbital evolution of particles ejected from
sources (JFCs, MBA, HTCs, and OCCs) to sinks (sublimation, impact in a solar system
body, collisional destruction, or ejection from the solar system body). They include both
gravitational perturbations by planets and relevant non-gravitational effects, such as radi-
ation pressure and PR drag. They also incorporate particle collisions following treatments
such as those proposed by Steel and Elford (1986) and/or collisional grooming (Stark and
Kuchner 2009). Cloud density is constrained with a size distribution function (SDF) deter-
mined with, for example, LDEF (Love and Brownlee 1993) observations assuming a loga-
rithmic shape (at 1 AU well supported by radar observations of meteors, see Janches et al.
2019, and references therein). Some of the models treat the collisional lifetimes and SDF at
the source as adjustable parameters, and methods like that proposed by Kessler (1981) are
used to calculate the impact probability with planetary bodies. Overall, these models have
concluded that a majority (~85-95%) of the ZDC near 1 AU originates from JFCs (e.g.,
Levison and Duncan 1997), while MBA, HTC, and OCC meteoroids contribute the remain-
ing 5-15%. Initial constrains using ZDC infrared emissions detected by the InfraRed Astro-
nomical Satellite IRAS; Nesvorny et al. 2011a); lidar measurements of the global input of
neutral Na and Fe measured at Earth (Gardner et al. 2014; Carrillo-Sanchez et al. 2016); and
the flux derived from cosmic spherules collected in Antarctica (Taylor et al. 1998) support
these contributions, but they are still challenged by other measurements (see Introduction in
Janches et al. 2014). Thus using meteoroid related phenomena at airless bodies like Mercury
and the Moon, such as dust clouds and exospheric emissions, offer a unique way to further
constrain these critical quantities.

Finally, in addition to the parameters mentioned above — number flux, radiant and mass
distributions —, the impact velocity of some meteoroid populations may play a significant
role in the formation of exospheres. Figure 3 shows modeled velocity distributions at 1 AU
for the four dominant meteoroids populations in the inner solar system. In particular, the
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Fig.3 Velocity distributions at 1 AU from the four main populations of meteoroids

lower velocity peak (~25 kms~!) of the bi-modal distributions of the long period comets
populations (i.e., HTCs and OCCs) corresponds to meteoroids in the toroidal region, while
the faster distribution (~55 kms~!) corresponds to retrograde orbits in the Earth’s apex
direction. As can be seen in the panels of Fig. 3, these distributions are significantly different
at 1 AU and, as it will be shown in the next sections, the physical and orbital differences of
Mercury and the Moon are even more extreme.

3 Meteoroid Influx at Mercury

Meteoroid impact vaporization has long been considered to be an important source of met-
als in Mercury’s exosphere. Metal constituents of this exosphere have been observed using
ground-based and spaceborne techniques. A detailed summary of observations is presented
in Bida and Killen (2017) and Johnson and Hauck (2016). The importance of impact va-
porization became clearer when measurements by the UltraViolet and Visible Spectrometer
(UVVS) instrument on board the NASA MESSENGER spacecraft permitted the study of
the seasonal variations of refractory metals like Mg and Ca (Vervack et al. 2010; Saran-
tos et al. 2011; Burger et al. 2014; Merkel et al. 2017). Detections of metal emissions of
Al and Fe have also been recently reported (Vervack et al. 2016; Bida and Killen 2017)
utilizing ground-based telescope and MESSENGER data. Although the relative importance
of sources for Mercury’s exosphere is detailed in companion papers to this, from data and
models, three lines of evidence point to impact vaporization as an important source of these
atoms. First, altitude profiles of neutral densities yield source temperatures that appear con-
sistent with meteoroid impacts. Low temperature components are consistent with vaporiza-
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tion of atoms from Mercury’s soil, and high temperatures are consistent with molecules that
quickly dissociate. Second, the dependence of the inferred source rate for Ca and Mg with
Mercury’s True Anomaly Angle (TAA) approximately matches predictions of how the im-
pact vapor varies with heliocentric distance (Killen and Hahn 2015; Pokorny et al. 2018).
And third, the morphology of Mg and Ca emissions appears to be consistent with impact
vaporization because both Ca and Mg exhibit a pronounced dawn—dusk asymmetry (Mc-
Clintock et al. 2009; Burger et al. 2014; Merkel et al. 2017).

Numerous reports have utilized the numerical modeling of both meteoroid mass and flux
distributions to explain their effects on airless bodies, especially at Mercury and the Moon.
The main difference between these works is what populations they include. As discussed in
Sect. 2, this effectively changes two critical factors to understand exospheric formation: 1)
the impact velocity; and 2) the directionality of incoming flux. The first factor was identified
by Cintala (1992), while the second one was shown to be crucial at the Moon by LADEE
observations (Szalay and Horanyi 2015). As more comprehensive data becomes available
(e.g., LDEX) more details of these complex interactions is revealed, enabling to discern
more accurately the role that each population play in producing the observables.

Asteroidal meteoroids are perhaps the population that has been more widely studied as
one of the sources of the hermean exosphere, starting from the work reported by Cintala
(1992) and later by Marchi et al. (2005). This is because it was believed that MBA mete-
oroids dominated the flux at Earth, in comparison to particles from cometary sources (Ce-
plecha 1992). However, this has been challenged recently by Nesvorny et al. (2010, 2011a)
who argued that meteoroids originating from short period comets (i.e., JFCs) dominate the
inner solar system in mass flux, number flux, and total cross section in the micrometer to
millimeter range. Although this matter is far from settled, it certainly emphasizes the need
for considering all populations.

Cintala (1992) considered particles with sizes smaller than 1 cm and a mean impact ve-
locity on Mercury of about 20 kms~' (Fig. 4), while Marchi et al. (2005) treated larger
MBA meteoroids (D > 2 cm) which arrive with a much broader impact velocity distribu-
tion at Mercury, ranging from 4.25 to around 40 kms~! (Fig. 4). The higher velocities are
due to the fact that larger particles are only influenced by gravitational forces exerted by
mean motion and secular resonances and, thus, in order to reach small heliocentric distances
they would need to be ejected on highly eccentric orbits similar to near-Earth asteroids with
low perihelia (Pokorny et al. 2018). Nevertheless, the larger particles are likely of little sig-
nificance as the main source of the permanent exosphere because they are infrequent while
the exosphere must be continuously replenished. Small particles originating from MBAs
(D < 2 cm) were re-visited by Borin et al. (2009, 2016a,b) who showed that the circular-
ization of their orbits by PR drag result in narrow impact velocity distributions (Fig. 4). The
analytic velocity distribution of Cintala (1992) is 20.50 km s~ as compared to 16.81 km s~
from Borin et al. (2009, 2016a,b).

More recently, Pokorny et al. (2017b) demonstrated for the first time how the direction-
ality of the meteoroid influx relates to the characteristics of the hermean exosphere. This
work pointed out the strong dependence of impact characteristics and fluxes with respect to
the planet’s TAA. Although such dependence is present in all planets and satellites (Janches
et al. 2018, 2020), it is particularly evident at Mercury due to the planet’s high eccentricity
and orbital inclination (Pokorny et al. 2017b). Furthermore, Pokorny et al. (2018) utilizing
the description of MBA-released meteoroids reported by Nesvorny et al. (2010), showed
the strong effect that such dependency has on impact velocities. The authors estimated that
these particles, as well as JFC-released meteoroids, impact the hermean surface preferen-
tially with lower eccentricities e<0.2 and small inclinations I<30°, and much larger impact
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velocities than those estimated by Cintala (1992) and Borin et al. (2009, 2016a,b). Specifi-
cally, Pokorny et al. (2018) estimated MBA and JFC meteoroids having impact velocities as
large as V;,,, <70 kms™! at perihelion and V,, <50 kms~" at aphelion.

Regarding JFC released meteoroids, Nesvorny et al. (2010) emphasized the importance
of this source in the inner solar system. Both, Borin et al. (2016a,b, 2017) and Pokorny et al.
(2017b, 2018) considered for the first time this population as part of the influx at Mercury.
Due to the high eccentricity of Mercury and low impact velocities of these meteoroids com-
pared to Mercury’s orbital velocity, the impact directions of JFC and MBA meteoroids are
expected to experience significant motion in the local time reference frame during Mercury’s
orbit. This is shown in Fig. 5, where the radiant distributions for JFC meteoroids with di-
ameter D=10 um are displayed for six TAAs. It can be seen that at perihelion the meteoroid
flux is concentrated around (6 hr, 60°) as a result of the nonzero inclination of Mercury’s
orbit and the orientation of the Hermean velocity vector. Similarly to MBA meteoroids (see
Pokorny et al. 2018), there is a shift in the radiant distribution of JFC meteoroids as Mercury
moves toward or away from the Sun, caused by the nonzero eccentricity and inclination of
Mercury’s orbit and a consequent drift of the planet’s velocity vector from the ecliptic plane
and its perpendicular orientation with regard to the radial vector.

Regarding meteoroids from long period comets (LPC; i.e., HTC and OCC), Pokorny
et al. (2017b, 2018) showed for the first time their essential role in the formation of Mer-
cury’s exosphere. Dynamically less evolved than MBA or JFC meteoroids and released into
highly eccentric orbits, LPC meteoroids can reach orbits intersecting Mercury faster and
at high speeds. In fact, Pokorny et al. (2018) showed that these populations, like at Earth,
encounter Mercury with a flat eccentricity distribution and a bi-modal distribution of orbital
inclinations of prograde and retrograde orbits. In particular, the retrograde portion of the
HTC and OCC populations impact Mercury’s surface from the apex direction, with veloci-
ties as high as 95 kms™! <Vipp <120 km s~! at perihelion and 75 kms™! <Vimp < 90 km
~! at aphelion, and are less influenced by Mercury’s orbital motion. The high impact veloc-
ity of these particles makes them critical for the morphology of the exosphere at Mercury
and, in fact, Pokorny et al. (2017b, 2018) demonstrated a persistent dawn enhancement of
the dust/meteoroid environment at Mercury, which should be responsible of the dawn—dusk
asymmetry in Mercury’s Ca exosphere (Fig. 6).
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Fig. 5 Normalized radiant distribution of D=10 um JFC meteoroids impacting Mercury’s surface for six
different TAAs (white number indicated in each panel). The mutual meteoroid collisions are not considered
in this case. The x-axis represents the local time on Mercury, and it is fixed with regard to the subsolar
point (12 hr). Due to Mercury’s eccentricity, the location of the apex (approximately at 6 hr) changes along
Mercury’s orbit. The latitude is measured from Mercury’s orbital plane (not the ecliptic). From Pokorny et al.
(2018)

The high impact velocity at Mercury of LPC meteoroids, resulting from retrograde or-
bits (Levison et al. 2006), makes them the dominant source of physical phenomena regarding
the formation and morphology of its exosphere. This is interesting because at the same time
they are not considered to be a dominant part of the inner solar system meteoroid budget in
terms of the mass flux, number flux, or total meteoroid cross section (Nesvorny et al. 2011b;
Pokorny et al. 2014; Carrillo-Sdnchez et al. 2016). Specifically, the mass flux of LPC mete-
oroids at Mercury compared to JFC meteoroids could be as small as ~5% but their impact
velocities resulting in values over 100 kms~! makes them the dominant source in terms of
the impact vaporization or the impact yield (Pokorny et al. 2017b, 2018).

Besides the orbital and physical characteristics of the meteoroid influx on Mercury and
other bodies, a last crucial quantity to consider is the total meteoric mass impinging on
the planet, and observations can help constrain better that hotly debated quantity (see Ta-
ble 1 in Plane 2012). It is important to note that absolute fluxes are heavily dependent on
the measurements used to constrain those values (Nesvorny et al. 2010; Carrillo-Sanchez
et al. 2016; Janches et al. 2017; Carrillo-Sanchez et al. 2020). In addition, the agreement
found with those measurement constraints is highly dependent on the uncertainties of the
model parameters such as the assumed collisional lifetimes, particle densities and/or SDF at
the source, which can be large (Pokorny et al. 2018, 2019). Naturally, the most convenient
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Fig.6 Seasonal variations of the relative vaporization rate from a dynamical model (solid thick black line is
the preferred solution and the confidence interval is marked by the gray area and thin black lines) compared
to measurements of exospheric abundance of Ca from Burger et al. (2014) (solid blue lines). From Pokorny
etal. (2018)

pivot/anchor point (i.e. something that everything else is relative to) is usually the Earth (and
the mass flux on Earth), due to the significant wealth of data for the Earth/Moon region.
Cremonese et al. (2012), for example, considered the measurements of the dimensions
of all the hypervelocity impact craters collected on the space-facing end of the gravity-
gradient-stabilized LDEF satellite (Love and Brownlee 1993; Miao and Stark 2001), in order
to determine the mass flux of extraterrestrial micrometeoroids at Earth in the submillime-
ter diameter range of 10-500 um. The first step for translating the crater data on LDEF
into a flux estimate is to interpret the crater diameters in terms of projectile size. Love and
Brownlee (1993) have calculated the meteoroid mass distribution using a polynomial fit to
the crater size-frequency distribution along with the mean depth-diameter ratio as well as a
single mean meteoroid impact velocity and angle. It is important to point out that the ve-
locity and impact angle are initially unknown parameters and, therefore, need to be fixed to
infer the mass distribution from the crater sizes. In fact, Christiansen (1992) reported labora-
tory impact experiments of projectiles striking thick aluminum alloy targets at speeds up to
18 kms~!, demonstrating that crater volume under those conditions is nearly proportional to
the projectile kinetic energy. Love and Brownlee (1993) chose the average meteoroid speed
to be 16.9 kms~', as found by Erickson (1969) and Kessler (1969) from photographic me-
teors and supported by crater rate measurements on LDEF. It is important to note that, the
latter two assumptions have been revised by several authors (Taylor 1995; Mathews et al.
2001; Miao and Stark 2001). Cremonese et al. (2012) adopted a semiempirical scaling law
derived from laboratory experiments that were performed in a range of velocities that were
significantly different with respect to the impact speeds of the impacting meteoroids. To im-
prove the analysis of LDEF data the relation between crater diameter and projectile size has
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been specifically explored with the hydrocode iSALE. The ratio between the depth and di-
ameter of the craters is 0.527, accurately measured by Love and Brownlee (1993) on LDEF,
and it has been considered as an important constraint for the iSALE simulations (Cremonese
et al. 2012). The resulting average ratio derived by iSALE simulations between depth and
diameter is 0.582 for asteroids. This value depends on the precision of the hydrocode sim-
ulations, which according to code validation against laboratory experiments (Pierazzo et al.
2008), is 3—4% in radius and 12% in depth.

Using the dynamical model of dust particle orbital evolution described in Borin et al.
(2009), the range of impact velocities used in the hydrocode simulations were derived from
which Cremonese et al. (2012) calculated the total mass accreted by the Earth of (11.541.4)
t.d~" assuming cometary dust and (20.3 2.7) t.d~! assuming asteroidal dust, where ¢ rep-
resents a metric ton (1000 kg). Borin et al. (2009) extrapolated the curve of the Earth me-
teoroid flux, obtained by Cremonese et al. (2012), to Mercury assuming the impact velocity
distribution shown in Fig. 4. The derived asteroidal mean flux value is 8.20 £ 0.75 x 1071
gcm~2 s~! (Borin et al. 2017).

Pokorny et al. (2018) followed a somewhat different approach by treating the four main
populations of meteoroids separately. These authors estimated that Mercury accumulates
7% of MBA meteoroid mass as compared to Earth due to their low-eccentricity orbits,with
low relative impact velocities of this population onto both planets. Such low velocities are
efficiently attracted by Earth’s gravity, while this effect is much smaller for Mercury. In
addition, JFC meteoroids, on the other hand, have a broader distribution of eccentricities,
which weakens the gravitational focusing and leads to higher mass accretion (~23%) at
Mercury compared to that at Earth. The meteoroids produced by HTCs and OCCs, on the
other hand, have significantly higher Mercury-to-Earth mass accretion ratios as compared
to JEC meteoroids, ~70% for HTC meteoroids and ~90% for OCC meteoroids. In partic-
ular, Pokorny et al. (2018, 2019) explored the effects on the production of the ejecta dust
cloud on Mercury and the Moon, respectively, produced by different Size Distribution Func-
tions (SDF) resulting from varying the differential size index, « (i.e. exponent of the SDF)
and different collisional lifetimes resulting from using a collisional fudge factor, F,,;. The
authors defined a preferred solution adopting «=4 (or a differential mass index, s = («+2)/3
=2 in agreement with radar observations; Janches et al. 2019) and F,,;=20, shown to pro-
vide the best agreement with measurements (Pokorny et al. 2019). This solution also used
the contribution ratios of the different populations at Earth determined by Carrillo-Sdnchez
et al. (2016) which were estimated subject to the following assumptions: 1) According to
lidar measurements, the global input of neutral Na and Fe measured at Earth (Gardner et al.
2014) is estimated to be 0.34+0.1 t.d~" and 2.3+1.1 t.d~", respectively; and 2) The flux of
cosmic spherules with diameters between 50 um and 700 um is estimated to be 4.440.8
t.d~" (Taylor et al. 1998). Consequently, Carrillo-Sanchez et al. (2020) determined a total
mass input of 27.948.1 t.d~! for Earth, with JFC meteoroids being the main contributor to
this flux (~70%).

Based on these estimates and assumptions, Pokorny et al. (2018) provided the follow-
ing values of accreted mass averaged over the entire Hermean orbit: MBA meteoroids
My54=0.26+0.15 t.d~', JFC meteoroids M;rc=7.8443.13 t.d~", HTCs Myrc=1.6940.91
t.d~" and OCCs Mycc=2.3741.38 t.d~!. This represents a mass influx ratio of JEC/LPC
meteoroids of ~2, which is much lower than that at Earth (~7) according to Carrillo-
Sanchez et al. (2016, 2020).

One constraint for these estimated values at Mercury is the impact vaporization flux.
The vaporization flux averaged over a hermean year results in Fp.; = (200 £ 16) x

107'% gecm™2s7!, with maximum value of (436457) x107'® gem™2s~! occurring at
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TAA=337°, and a minimum value of (82£12)x 107 gcm™2s~! occurring at TAA=188°.
Although, these values represent impact vaporization fluxes of the same order of magnitude
as those reported by Borin et al. (2009, 2017), the similarity is misleading because Pokorny
et al. (2018) predicted a lower mass flux of meteoroids at Mercury with respect to those
modeled by Borin et al. (2009, 2017) (Mercury/Earth ratio less than 1 vs. 35) accompanied
by higher-speed distributions. The variations of the impact vaporization flux and the impact
directionality also contradict the result of Borin et al. (2009, 2017) because the model re-
ported by Pokorny et al. (2018) predicts a larger perihelion-to-aphelion ratio in the impact
vaporization rate (Fig. 7). Regardless of these details, all estimates of impact vaporization
rates more than suffice to supply Mercury’s exosphere: compared to source rates derived for
Ca and Mg from MESSENGER measurements (Sarantos et al. 2011; Burger et al. 2014;
Merkel et al. 2017), only ~1% of the estimated total vapor appears to contribute neutrals to
Mercury’s exosphere.

While future measurements by the Bepi Colombo spacecraft will further constrain our
models of the meteoroid environment at Mercury, there are currently two constraints to as-
sess the validity of our estimates of total exospheric context with Mercury’s heliocentric
distance. Pokorny et al. (2018) showed a strong dawn/dusk asymmetry in both meteoroid
impact direction distribution and the impact vaporization pattern on the surface. According
to that work, the impact vaporization pattern is expected to undergo some motion during
Mercury’s orbit, mainly reflecting the precipitation pattern of LPC particles because of their
high impact speeds. The total impact vaporization flux integrated over the whole surface
follows a similar pattern with TAA to source rates for calcium presented by Burger et al.
(2014), with a few enhancements, probably due to meteor shower activities, that will be
discussed in Sect. 6.2. As a final note, it is important to note that Ca column density in the
exosphere of Mercury obtained by Burger et al. (2014) is not linearly proportional to me-
teoroid mass flux. The reasons for the deviation of this dependence from a linear function
is that Ca delivery rate to the exosphere is a complex function of quenching temperature
of condensation of Ca-containing species, photolysis lifetimes of CaO, CaOH, Ca(OH), as
well as initial temperature and pressure in the impact-produced hot cloud, target-to-impactor
mass ratio, typical mass of impacted meteoroids, and the elemental composition of the sur-
face of Mercury and impactors (Berezhnoy 2018).

4 Meteoroid Influx at the Moon

Meteoroids directly reach the surface of airless bodies, becoming impact debris, generating
clouds of secondary ejecta particles, and leaving a crater record on the surface. These phe-
nomena provide data to indirectly evaluate the links between measured effects on the lunar
surface and meteoroid influx. For example, Griin et al. (1985) used these craters to decipher
the meteoroid size distribution impinging on the lunar surface. The majority of the ejecta
particles have initial speeds below the escape speed from the Moon (2.4 km s~!) and follow-
ing ballistic orbits return to the surface, blanketing the lunar crust with a highly pulverized
regolith with >>1 m thickness. Micron and sub-micron sized secondary particles that are
ejected with speeds up to the escape speed form a highly variable, but permanently present,
dust cloud around the Moon. Such tenuous clouds have been observed by the Galileo space-
craft around all lunar-sized Galilean satellites at Jupiter (Kriiger et al. 2003). These obser-
vations have been the source of progress regarding the lunar dust environment because only
limited new observational data at the Earth’s natural satellite has been obtained since the
Apollo era (Griin et al. 2011). In this manuscript, we will focus on what we have learned
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Fig. 7 Total vaporization flux as a function of TAA (x-axis), and the impact velocity (y-axis). The units are
g cm—2s7! per 2 km s~1 bin. From Pokorny et al. (2018)

during the era following the LADEE mission, which greatly enhanced our view of the high-
altitude (>>1 km) lunar dust environment (Elphic et al. 2014). This mission provided key
measurements to better constrain our models of the meteoroid environment at 1 AU as well
as to define more accurately the connection between meteoroid bombardment and exosphere
formation, thus defining a ‘before and after’ reference point on our knowledge of the mete-
oroid environment influence on the lunar surface.

LADEE, launched in September 2013, followed a near-equatorial retrograde orbit, with
a characteristic orbital speed of 1.6 kms~!. LADEE was designed to make measurements of
the dust environment independently from the lunar exosphere and those observations cov-
ered a limited latitude range. Even considering these limitations, LADEE is probably the
first mission with a synergy in its measuring capabilities such that the connection between
meteoroid bombardment and exospheric formation on an airless solar system body could be
investigated (see discussion regarding the Geminids meteor shower in Sect. 6.2). LADEE
was designed to directly measure the ejecta cloud generated by meteoroid impacts on the
lunar surface. This included possible intermittent density enhancements during meteoroid
showers, and searching for the putative regions with high densities of dust particles with
radii <1 wm lofted above the terminators (Horédnyi et al. 2015). The Lunar Dust Experi-
ment (LDEX) on board LADEE was an impact ionization dust detector that measured both
the positive and negative charges of the plasma cloud generated when a dust particle strikes
its target. The amplitude and shape of the waveforms (signal versus time) recorded from
each impact were used to estimate the mass of the dust particles. The instrument had a total
sensitive area of 0.01 m?, gradually decreasing to zero for particles arriving from outside
its field-of-view of 4 68° off from the normal direction (Hordnyi et al. 2014). LDEX de-
tected a total of approximately 140,000 dust hits (Fig. 8) during about 80 days of cumulative
observation time by the end of the mission in April 2014.
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(QUA); and the Omicron Centaurids (0Ce). Towards the end of March LDEX data indicated a meteor shower
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Density [10-3 m
vl 1 Average Lunar Dust Density [10-* m3]

0 1 2 3 4 5
[ — - —
Jan. 2014 Feb. 2014

.’")

Apr. 2014

Fig. 9 Left: The average dust ejecta cloud density observed by LDEX for each calendar month for which
LADEE was operational in 2014. Each color ring corresponds to the density every 20 km Szalay and Horanyi
(2015b). Right: The modeled annually averaged lunar dust density distribution for particles with a > 0.3 um.
These plots are in a reference frame where the Sun is on the left (-x direction) and the apex motion of the
Moon about the Sun is towards the top of the page (+y direction) Szalay and Hordnyi (2016¢)

LDEX measurements provided compelling evidence that our understanding of how me-
teoroids influence the lunar surface must be revisited. First, the measured fluxes showed that
the Moon is engulfed in a permanently present, but highly variable dust exosphere (Fig. 9).
Specifically, LDEX data showed that the lunar secondary dust ejecta cloud is persistent and
asymmetric, and significantly denser at 5-8 hrs of lunar local time, with a peak density tilted
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somewhat sunward of the dawn terminator. Later, Szalay and Hordnyi (2015) used an em-
pirical model to show that in order to explain the measurements reported by Horanyi et al.
(2015), LPC—produced meteoroids (i.e. HTC and OCC) should play a major role in the pro-
duction of the observed ejecta cloud in the Moon’s equatorial plane. The authors argued that
the cloud is primarily produced by impacts from a combination of the three known sporadic
meteoroid sources (Helion, Anti-Helion, and Apex, See Sect. 2). Furthermore, the cloud
density is modulated by both the Moon’s orbital motion about the Earth and about the Sun.
The tilting of the ejecta cloud toward the Sun was more pronounced earlier in the LADEE
mission (November 2013), while the LDEX signal became more centered around the dawn
terminator toward the end of the mission (April 2014). From these data features, Szalay and
Horanyi (2015) inferred a variable relative strength between the Apex, Helion, and Anti-
Helion sources to account for the change in the structure of the ejecta cloud throughout the
mission. The ejecta mass production rate from the Helion source was found to be approx-
imately twice as strong as the Anti-helion source (Szalay and Horanyi 2015), which was
a puzzling finding because such asymmetry has never been observed in the distribution of
meteors measured by Earth-based radars (Campbell-Brown 2008; Janches et al. 2015) and
optical systems (Jenniskens et al. 2016).

Efforts of modeling the influence of meteoroids on the lunar surface parallel those at
Mercury and differ again on the meteoroid populations included in the different treatments.
For example, Cremonese et al. (2013) reported the production of neutral sodium on the
Moon caused by impacts of MBA meteoroids with size between 5-100 um using the same
dynamical model of Mercury and reported by Borin et al. (2009) (see Sect. 3). The authors
estimated a production rate of Na atoms of 1.648 x 10> atoms.cm~2.s~!, concluding that the
impact process due to meteoroids plays a very important role in the contribution of neu-
tral atoms to the lunar exosphere. Previous reports suggested impact vaporization to be a
negligible source to the total column abundance of sodium near noon, with a contribution
of ~1%, compared to other processes such as photon-stimulated desorption (PSD; Saran-
tos et al. 2010), with a measurable fraction (~50%) of total column density near the dawn
terminator. Similar to the case of Mercury, Borin et al. (2017) updated this model by in-
cluding cometary particles from short period comets (JFC), but again using a slow velocity
distribution (Fig. 4) and lacked sufficient statistics to give distributions of arrival direction.

More recently, Janches et al. (2018) utilized the dynamical models of meteoroids re-
leased by JFC, HTC and OCC developed to explain the SMC sources (Nesvorny et al. 2010,
2011a,b; Pokorny et al. 2014) for the purpose of re-interpreting the Szalay and Hordnyi
(2015) results. This effort concluded that ~ 20% of the asymmetry present in LDEX mea-
surements is due to unaccounted-for biases introduced by the orientation of the LADEE
spacecraft orbit with respect to the selenographic latitudes where the ejecta cloud produced
by JFC meteoroids is largest. These modeling results also show that the response of the lu-
nar soil to incoming meteoroids should be necessarilly different on the day and night sides
of the Moon, in order to fit correctly the ejecta mass production rates measured by LDEX.
The work inferred a smaller mass flux ratio between the short and long-period comet me-
teoroids on the Moon than that reported at Earth (Moon, 1.3:1 vs. Earth, 7:1). This finding
was interpreted to indicate that the ejecta rate yield is a steeper function of the velocity of
the incident meteoroids than assumed before, since LPC particles have on average higher
impact velocities than their short-period comet counterparts.

Later, Pokorny et al. (2019) expanded on this effort and probed the effects of various
free parameters intrinsic to the dynamical models used in Janches et al. (2018) including the
effect of gravitational focusing that plays a significant role in shaping the lunar and terrestrial
meteoroid environment. Although the model was able to reproduce night-side observations
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Fig. 10 LDEX data for November 2013—April 2014 (green points with error bars) compared to the model
M reported by Pokorny et al. (2019), where the sum of the four populations is represented by the blue
solid line. Contributions of individual meteoroid populations are represented by solid lines: MBA (orange),
JEC (yellow), HTC (blue), OCC (red). A fit representing a JFC-to-LPC mass ratio at Earth equal to 6.99
was selected, and the HTC/OCC mass influx ratio at Earth equal to 1.04. The free parameters used for this
figures are: Feo =20, o =4, y = 1.23. This is one out of many representations of the model with a similar
goodness of fit ( %% =7.99). The MBA contribution is negligible
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of LADEE/LDEX, the authors found that the predicted day-side values were systematically
smaller than those measured by LDEX. A linear increase of ejecta mass production rate from
6 AM to noon in lunar local time, convolved with the predicted meteoroid velocities and
fluxes, provided significantly better agreement between the model and LDEX observations
(Fig. 10) than assuming a similar response on the day and night sides. A different hypothesis
was later proposed by Szalay et al. (2020b), who suggested that S-meteoroids (very small
meteoroids on hyperbolic trajectories) hitting the Moon’s sunward side could explain this
asymmetry, since they can impact the Moon at very high speeds ~100 kms~! and thus
their impact regime may differ from the significantly larger and slower sporadic meteoroids
responsible for generating the bulk of the lunar impact ejecta cloud.

In addition to addressing the lunar day-side and night-side asymmetry, Pokorny et al.
(2019) adopted the results reported by Carrillo-Sanchez et al. (2016) at Earth to estimate
the absolute mass flux of meteoroids onto the Moon, similar to Mercury (Pokorny et al.
2018). The authors found that the total flux of MBA meteoroids cannot be constrained by
modeling LDEX observations because they produce a negligible contribution to the total
ejecta mass production rate due to their very low velocity. An important finding by the
authors was that, in order to stay consistent with Earth-based estimates of the mass flux
ratio of short-to-long period comets (Carrillo-Sdnchez et al. 2016), the authors needed to
revised the functional form of the ejecta mass production rate function, commonly used and
suggested by Koschny and Griin (2001), finding that it should be linearly proportional to the
meteoroid mass flux. Using constraints from Earth and taking into account the gravitational
focusing effects between Earth and the Moon, Pokorny et al. (2019) finally concluded that
the total mass accreted at the Moon is approximately Myoon = 1.4 t day~! assuming 43.3
t day~! at Earth, where the individual contribution of meteoroid populations are: JFCs ~
72.6%,HTCs ~ 12.8% and OCCs ~ 10.0%. An important note is that these results represent
one of many possible fits to the available LDEX measurements and that the solution space to
provide a similar or better fit is wide due to the limited selenographic coverage of LADEE.

Both Janches et al. (2018) and Pokorny et al. (2019) showed that JFCs meteoroids are
concentrated close to the ecliptic plane, arriving from direction towards and away from the
sun (helion/anti-helion sources). HTC and OCC meteoroids impact the Moon mainly to-
wards the apex direction while MBA meteoroids have radiants ranging from all directions
and are hence able to populate the anti-apex source. Like at Earth (Fig. 3), the apex source
have average impact velocities exceeding 55 kms™', while the toroidal and helion/anti-
helion sources are in general populated by meteoroids a factor of two slower. Due to the
smaller gravitational focusing at the Moon, JFC and MBA meteoroids contribute 2.5 and 5
times less in terms of the mass flux to the lunar meteoroid environment, respectively, than
at Earth. As a result of the broad latitudinal distribution of cometary impactors, the entire
lunar surface can be exposed to impacts with velocities as high as 30 kms™', where the
near ecliptic directions can produce impacts with velocities up to 72 kms~!. This finding
was later reiterated by Pokorny et al. (2020) who found that highly inclined orbits can eas-
ily access permanently shadowed regions and alter the surface properties via hypervelocity
impacts even when the detailed topography of the lunar surface is taken into account.

Finally, Pokorny et al. (2019) showed that the meteoroid mass flux and, consequently,
the impact vaporization flux and ejecta mass production rate experience yearly and monthly
variations that can be well represented by a sum of two sine functions with periods of
one year and 29.5 days (synodic period of the Moon, Fig. 11). Yearly mass flux variations
amount to 3.3% of the yearly average mass flux, while monthly variations amount to only
0.2%. These variations are larger for velocity dependent quantities, where yearly variations
of the impact vaporization flux account for 6-8%, while monthly variations are around 4-5%.
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When the full spectrum of impact velocities is taken into account, the apex/dawn termina-
tor source is dominating both the impact vaporization flux and the ejecta mass production
rate for any day of the year. The total vaporization rate was several times higher than es-
timated by Cremonese et al. (2013) due to the inclusion of LPC particles. This expected
total vapor rate is higher than considered in lunar exosphere models (Sarantos et al. 2012b),
meaning that the role of impact vaporization in supplying the lunar exosphere with metals
may have been previously underestimated, especially for species like Na and K which do
not condense.

5 Meteoroid Influx on Other Inner Solar System Airless Bodies

Impact ejecta production occurs on all airless bodies throughout the solar system. Unlike the
Moon, which retains a large fraction of its secondary ejecta particles, small asteroids shed
most their ejecta and contribute to the interplanetary dust population. These grains carry
valuable information about the chemical composition of their parent bodies, which can be
measured via in-situ dust detection (Cohen et al. 2019). The LADEE/LDEX measurements
(Sect. 4) of the lunar dust cloud can be used to estimate the dust ejecta distribution for any
airless body near 1 AU. As shown in Fig. 12, this dust distribution is expected to be highly
asymmetric, due to non-isotropic impacting fluxes. Spacecraft flybys near these asteroids
would experience many times more dust impacts by transiting the apex side of the body
compared to its anti-apex side (Table 2). The ejecta cloud for airless bodies on eccentric
orbits is more complex due to their radial velocities modulating the impact speeds of the
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Fig. 12 The predicted dust n(a=0.3 ym) [m?]
density distribution around
asteroids on circular orbits near
1AU for grains with radii

a > 0.3 um is shown in the
ecliptic frame for selected
asteroid sizes. The scale of the
dust cloud size is proportional to
R2, with R the radius of the
asteroid (Szalay and Hordnyi
2016b)

Table 2 Total number of predicted impacts per square meter during spacecraft flybys of an asteroid near
1 AU, with radius R and closest approach distances b = 15, 100 km. The first column gives the assumed
minimum detectable particle size. (Szalay and Hordnyi 2016b)

Amin [wm] R=1km R=10km
b=15km b =100 km b=15km b =100 km
0.1 20 2 2,000 200
0.3 1 <1 90 10
1.0 «l1 «l1 3 <1

bombarding interplanetary dust particles. This is the case for the asteroid 3200 Phaethon
(Szalay et al. 2019), the target of the upcoming DESTINY* JAXA mission (Sarli et al.
2018), which will carry a dust detector capable of chemical composition analysis (Kriiger
et al. 2019).

Recently, Szalay et al. (2019) used the same dynamical models utilized at the Moon
by Janches et al. (2018) and Pokorny et al. (2019, 2020) to predict the morphology of a
potential ejecta cloud around 3200 Phaethon, which should be highly asymmetric given the
asteroid’s high eccentricity. The authors found that at 1 AU, the cloud is canted towards the
asteroid’s apex direction and its density varies by five orders of magnitude. Furthermore,
comparing the peak ejecta density to a body at the same heliocentric distance but with a
circular orbit, 3200 Phaethon’s peak ejecta cloud density is approximately 30 times higher,
largely due to enhanced ejecta production from JFC meteoroids. This calculation implies
that eccentric asteroids shed more material than those on near-circular orbits, and are thus
more attractive candidates for in-situ dust detection and chemical characterization due to
their amplified asymmetric ejecta production.

6 Effects Due to Meteor Showers

Interplanetary space is crisscrossed by streams of meteoroids with typical sizes in the
hundreds of microns up to decimeters, which were liberated through the sublimation of
cometary ices. Meteoroids are eventually scattered out of the stream due to gravitational
perturbations by Jupiter and Saturn, becoming part of the sporadic background (Wiegert
et al. 2009; Nesvorny et al. 2010). Initially, however, and for a period which may be as long
as 10* — 10° yr, the material remains confined to the streams, thus retaining a dynamical
memory of its birth place. Unlike sporadics, meteoroids within streams move in approxi-
mately parallel paths and at nearly the same speed. The Earth intersects numerous streams
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Fig. 13 Creation of a meteoroid stream. Meteoroids are ejected from a parent comet during a perihelion
passage (a), initially forming azimuthally-confined trails of material along the orbit (b). Dust trails from
different perihelion passages gradually spread out all around the orbit, forming the stream (c)

in its annual trek around the sun, resulting in periods of increased flux, or showers, of me-
teoroids at the top of the atmosphere (Brown et al. 2010; Pokorny et al. 2017a; Bruzzone
et al. 2020). Although the SMC is responsible for providing a constant source of impactors
to create and maintain exospheres on airless bodies, events produced by meteoroid streams
offer a unique opportunity to study the physical processes involved in this phenomena with a
much more constrained input (e.g., velocity distribution, directionality, temporal variability,
etc).

Meteoroids newly ejected from the cometary nucleus (Fig. 13, panel a) initially form
azimuthally-confined arcs of trails of particles (panel b) that persist over tens of orbital rev-
olutions of the comet until incorporated into the stream by keplerian shear (panel c). Trails
are responsible for meteor outbursts: intense, but short-lived, enhancements in the visible
meteor rate at Earth, over and above the activity level of the annual shower (Janches et al.
2020b). In many cases, the dynamical evolution of cometary trails is deterministic (Kon-
drateva and Reznikov 1985; McNaught and Asher 1999; Lyytinen and Van Flandern 2000;
Vaubaillon et al. 2005) so meteor outbursts can be reliably forecasted with brute-force nu-
merical simulations of test particles to serve as tracers of the dust evolution.

In contrast to Earth, there is precious little information on meteoroid streams incident
on other planetary bodies. In principle, every planet-approaching comet contributes some
amount of dust to the local meteoroid environment. In practice, the dynamical mobility and
dust properties of the comet will determine the magnitude of its contribution to the flux. The
complex relationship between cometary activity and the planet-intersecting component of
the dust means that — even for the Earth — it is practically impossible to make reliable quan-
titative predictions of the flux, except in cases where the dust has been detected previously
in the planetary vicinity, for example as a meteor shower. A case in point is the exception-
ally close (~150,000 km) approach of comet C/2013 A1 (Siding Spring) to Mars in October
2014. Despite intense scrutiny of the comet in the year leading up to the encounter, predic-
tions for a meteor shower in Mars’s atmosphere ranged from storm-level (107 kg of dust
mass deposited in the atmosphere; Vaubaillon et al. 2014) to negligible (<100 kg deposited;
Kelley et al. 2014). Post-encounter estimates inferred from observations of metallic species
in the upper atmosphere were closer to the upper end of predictions (Schneider et al. 2015).
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6.1 Meteoroid Streams at the Moon

The Moon is a unique natural laboratory for understanding the response of an airless body
to passage through a stream and has important lessons to teach us with respect to Mercury.
The Moon’s proximity to the Earth means that the two bodies share a common meteoroid
environment and, because meteor showers are known from terrestrial observations, lunar
measurements can be readily linked to showers. Indeed, seismic data from the Apollo Pas-
sive Seismic Experiment detector network has shown the lunar impact rate to be highly non-
random. Several impact event clusters identified in the seismic data correspond to strong
Earth meteor showers (Oberst and Nakamura 1991). One remarkably dense swarm of mete-
oroids detected by the Apollo network in 1975 (Duennebier et al. 1976) was associated with
the so-called Taurid complex, to which we shall return to later.

Flashes caused by kg-class meteoroids impacting the lunar surface were first detected
over two decades ago (see Madiedo et al. 2019, for a review on this topic). Early obser-
vations, focused on maximising the impact detection rate, were preferentially carried out
during meteor showers. These were followed by surveys where observations took place reg-
ularly under favourable lunar observing conditions, showing that the occurence of flashes
is indeed correlated with showers (Suggs et al. 2014; Liakos et al. 2020). After the impact
of a kg-sized meteoroid near the lunar terminator two dust clouds with typical expansion
velocities of 0.1 and 3 kms~! were observed (Berezhnoy et al. 2019). The most recent ob-
servations of impact flashes detect impactors as small as 1 gr and about 1 cm in size (Avdel-
lidou and Vaubaillon 2019). The derived temperatures from these flashes are consistent with
hypervelocity impact experiments (Eichhorn 1975). These flashes not only provide micro-
physical parameters for exosphere simulations, but also produce stochastic variation in the
exosphere (Mangano et al. 2007).

The response of the lunar exosphere to meteoroid bombardment by meteoroid shower ac-
tivity has been identified in the past. Reports by Verani et al. (1998, 2001), Smith et al. (1999)
and Berezhnoy et al. (2014) observed various degrees of exospheric increase of sodium at the
Moon during the Leonids, Taurids, Quadrantids, and Perseids. As stated in Sect. 4, LADEE’s
observations were instrumental at providing detailed measurements of the effects of mete-
oroids in general and showers in particular on the lunar surface. LDEX detected episodes of
enhanced flux of lunar ejecta coinciding with known meteor showers (See Fig. 8 and Szalay
and Hordnyi 2015). The high temporal cadence of LADEE measurements permitted detailed
studies of shower effects. For example, Szalay et al. (2018) reported a large enhancement
in the lunar impact ejecta cloud while the Moon transited the Geminid meteoroid stream,
particularly above the portion of lunar surface normal to the shower mean radiant. The au-
thors found two peaks in the estimated surface density of impact ejecta which coincided
with radar observations of shallower mass indices than most of the Geminids, suggesting
an enhancement of larger particles. The timing of the main observed peak matched ground-
based visual observations of meteors with magnitude of —1 to —3. This finding suggests
that LDEX detected ejecta from primary impactors with radii ~2 mm to 2 cm.

LADEE was the first mission to directly observe the link between meteoroid bombard-
ment and exosphere formation (Elphic et al. 2014) because, in addition to the LDEX dust
experiment, it also carried an Ultraviolet-Visible Spectrometer (UVS; Colaprete et al. 2014)
and a Neutral Mass Spectrometer (NMS; Mahaffy et al. 2014). The comparison between
the observations of LDEX and UVS identified a correlation between the meteoroid influx
and the Na and K abundances in the lunar exosphere, in particular with shower activity.
Specifically, Colaprete et al. (2016) and Szalay et al. (2016) found a strong correlation of
exospheric potassium and meteoroid ejecta during the Geminids meteoroid shower, exhibit-
ing a much stronger response than sodium. With the exception of the Geminids, the authors

@ Springer



Meteoroids as One of the Sources for Exosphere Formation... Page 23 0f41 50
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found a weak correlation between the meteoroid influx as measured by LDEX and exo-
spheric density of alkalis as measured by UVS. Similarly with NMS, Benna et al. (2019)
reported detections of water vapor released into the lunar exosphere. The timing of 29 water
release events agreed with periods when the Moon encountered known meteoroid streams.
The authors used these measurements to constrain the hydration state of the lunar soil, ar-
guing that by heating the soil meteoroids release water that is buried below a layer of dry
regolith at depths of a few centimeters.

6.2 Meteoroid Streams at Mercury

The meteoroid stream environment at Mercury is effectively unconstrained by direct obser-
vation and, at least for the time being, arguments for or against their existence must be based
on indirect evidence. Since most known streams are associated with active comets, useful
conclusions may be drawn by comparing the number of comets approaching Mercury and
the Earth. A necessary condition for two orbits to cross is

qcComet < QPlanet (1)

where gcome: 18 the perihelion distance of the comet and Qpj,,.; the planet’s aphelion dis-
tance. For a near-circular orbit, Q can be replaced by the semimajor axis a. This is not a
sufficient condition because, whether the orbits actually cross depends on the relative ge-
ometry between the orbits. Under the working assumption that orbit orientation is — at least
within the terrestrial planet region — insensitive to heliocentric distance, examination of the
distribution of cometary ¢ should constrain the relative number of streams at Mercury and
the Earth.

For this purpose, works that deal with meteor showers in the solar system (e.g., Selsis
et al. 2004) utilize the DASTCOM database (https://ssd.jpl.nasa.gov/?sb_elem, retrieved 09
May 2020) available through the JPL online solar system data service (Giorgini et al. 1996).
This set contains several clusters of comet fragments sharing the same orbit and, in addition,
many sungrazing comets, where gcom.: 1S comparable to the solar radius. Including these
clusters would skew the statistics, therefore all but one of the fragment orbits in each cluster
were removed. Most sungrazers have g < 0.05 AU (Wiegert et al. 2020) so all comets with
q below that value are removed.

Figure 14 shows the cumulative distribution of ¢, N (g), for the DASTCOM entries. The
horizontal segments correspond to the radial excursions of the four terrestrial planets. It can
be seen in this figure that each of the planetary orbits encompasses the perihelia of 860
(Mars), 540 (Earth) & 330 (Venus) comets while the figure for Mercury is 150. Taken these
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numbers at face value suggests that Mercury encounters 1/3 to 1/4 of number of streams that
would encounter Earth in its annual trek around the Sun. Strictly speaking, this result only
applies to comets near the ecliptic plane where the perihelion criterion (Eq. (1)) automati-
cally ensures a close approach. For an isotropic comet population, the distribution should be
adjusted for the reduced volume of available heliocentric space enclosed by Mercury’s orbit
relative to the Earth but also the tendency for stream cross sections to be minimized near
perihelion where most stream meteoroids were ejected. Christou (2004) computed Mini-
mum Orbit Intersection Distances (MOIDs) for a sample of 158 multi-apparition comets in
DASTCOM. The number of comets with orbital period P < 20 yr approaching Mars, Earth
and Venus to <0.1 AU was reported to be 31, 12 and 4 for those three planets, in qualita-
tive agreement with Fig. 14. The respective figures for comets with P > 20 yr were 3, 3
and 5. Small number statistics notwithstanding, it is reasonable to expect that the number of
isotropic comet streams approaching Mercury and the Earth are similar.

Numerical modelling of individual streams is motivated by the need to explain obser-
vations (e.g., the Leonid storms; McNaught and Asher 1999). For Mercury, the seasonal
modulation of exospheric Ca observed in situ by MESSENGER (Fig. 6 and Burger et al.
2014) motivated modelling of the sporadic background (Killen and Hahn 2015; Pokorny
et al. 2018) to investigate meteoroid surface impact vaporization as the source mechanism.
As seen in Fig. 6 on this chapter, these models reproduce the overall Ca production rate
dependence with TAA but fail to predict a positive feature at TAA = 20-30°. It was sug-
gested by Killen and Hahn (2015) that the cause may be due to an enhanced bombardement
of meteoroids by a stream originated from comet 2P/Encke, although this comet crosses
Mercury’s orbit plane further away from perihelion, at TAA = 45°. Encke has been linked
to several strong daytime and nighttime meteor showers at Earth, the so-called Taurid com-
plex (Whipple 1940; Porubcan et al. 2006). Its current orbit is ~0.17 AU from the Earth’s
but only 0.026 AU from that of Mercury (Selsis et al. 2004). Recently, Stenborg et al. (2018)
detected reflected light from the Encke stream near Mercury’s orbit in SECCHI/STEREO
images.

Christou et al. (2015) investigated the properties of the near-Mercury Encke stream with
a two-parameter numerical model. One parameter was age (i.e., the time spent by meteoroids
in space since ejection from the nucleus); the other was the particle size, which determines
B the strength of solar radiation forces relative to gravity on the meteoroid through the
expression

B=1150(pD)"" @)

where p in this context is the bulk density in kgm™> and D is the diameter in um.

It was found that, despite the proximity of the orbits, Encke-released dust younger than
5 kyr has not undergone sufficient orbital evolution to physically reach Mercury. At the
same time, planetary gravitational effects begin to disperse the stream after ~50 kyr. PR
drag plays a crucial role in delivering Encke released dust to Mercury by rotating the line
of nodes of stream meteoroids away from the comet’s (Fig. 15). Indeed, an optimum com-
bination of size and age exists for the orbits to cross Mercury’s, at TAA of 350-30°; these
are meteoroids ejected 10-20 kyr ago with f=1-2 1073, equivalent to particles a few mm
in size for p=600 kgm~3 (Eq. (2)). The particles will arrive at Mercury from the antisolar
direction and impact on the nightside at 32-37 kms~'. The simulations also showed that the
stream intersects Mercury’s orbit a second time, at TAA = 135°-165°, with the meteoroids
impacting on the dayside and on the outbound leg of their heliocentric trajectories. Christou
et al. (2015) reported a minor enhancement in the Ca production rate profile at TAA~165°
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Fig. 15 Locations of descending nodes of 104 yr-old Encke particles on Mercury’s orbit plane at
JD2487500.0. The comet orbit projection on this plane is represented by the blue curve with the part of
the orbit lying above the plane shown in a brighter colour. Mercury’s orbit is represented by the brown el-
lipse with a dashed line connecting the orbit apses. The yellow point represents the Sun. The brown rectangle
represents the location of the TAA=25° peak in Calcium production rate inferred from MESSENGER obser-
vations. Black points correspond to particles subject to planetary gravitational perturbations only; red points

are affected by Poynting-Robertson drag with § = 107" in addition to gravity

that may be seen to corroborate this second crossing, yet the evidence is less conclusive than
for the peak at TAA = 25°.

7 Laboratory Experiments

Hypervelocity dust impact experiments can be used to establish the efficiency of the produc-
tion of neutrals and ions by the continual bombardment of the lunar surface by meteoroids.
For example, Sugita et al. (1998, 2003) conducted experiments at the NASA Ames Verti-
cal Range using spherical copper projectiles and polycrystalline dolomite targets to record
the intensities of emerging atomic lines and molecular bands. The measured emission in-
tensities as function of the speed and mass of the impactor suggested that the impact-vapor
contribution to the lunar exosphere involves a complex chain of chemical and physical pro-
cesses. The first direct laboratory measurement of vapor produced by bombardment with
simulated micrometeoroids in the size range of 0.1-1 wm radius and speed range of 1-
10 kms~!, used a fast ion gauge (Fig. 16) to quantity the neutrals released per unit projectile
mass, N/m (Collette et al. 2014). The results indicated a power-law dependence with the
projectile speed v, as N/m ~ v>* (Fig. 17). At the highest speeds tested, the number of
neutral atoms liberated is equivalent to 5% of the atoms in the projectile; complete vapor-
ization is expected at speeds exceeding 20 kms~!. Earlier experiments (Eichhorn 1975) had
established the expected temperature of the impact-generated clouds.

At the Moon, the meteoritic source contribution to sustain the dilute exosphere com-
petes with solar wind sputtering (for refractory metals) and photon-stimulated desorption,
or PSD (for alkalis). For example, Stern (1999) estimated a total exospheric mass of about
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Fig. 17 The recorded ion gauge (Fig. 16) signals with and without the ionizer turned on for two similar dust
particle events: (a) m = 2.3 x 10~1 g, v=32km s~1; and (b)y m=2.0 x 1012, v=3.5kms™ . (c) The
amount of neutral gas molecules recorded (left axis) as function of the dust particle’s impact speed with the
ionizer on (open black circles) and off (closed blue circles), and the number of neutral atoms as the fraction
of the atoms in the projectile (right axis). From Collette et al. (2014)

2 x 107 g, asuming that approximately 5 tons/day (60 g/s) of interplanetary sub-milligram
sized meteoroids bombard the lunar surface, about ~2.5 time more mass that recent esti-
mates (Pokorny et al. 2019). The authors argued that the total mass of incoming meteoroids
delivered in about 4 days is comparable to the mass of the entire lunar exosphere. The im-
portance of meteoroids increases for less volatile metals such as Mg, Ca, Al, and others, and
it is expected to provide about half of the total abundance (Sarantos et al. 2012a).

8 Large Impactors

As described above, much of the scientific research the meteoroid impact effects on an exo-
sphere, and the focus of this manuscript, has been in regards to very small objects diameters
smaller than a millimeter, which impact the surface often enough to form and constantly
maintain the exosphere (See Sect. 2). As discussed in the earlier sections, the orbital charac-
teristics of meteoroids smaller than this, have evolved dynamically due to various effects. In
this section we focus on the rarer impacts made by meteoroids that are much larger in size.
As it is the case for meteor showers, when detected, large impactors have a well defined
set of physical and dynamical characteristics and thus can help to understand the associated
exospheric processes more accurately.

The differential radius distribution, % (r), for impactors in the size range from 1 cm to
100 m is shown in Fig. 18 (Marchi et al. 2005). This shows the number of impacts per
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year and size for both Earth and Mercury as a function of radius. It can be seen that the
expected rate of impacts decreases with the size of the impactor, being the impact rate of
1 m size meteor of 1 per Earth-year at Mercury, that is, one order-of-magnitude lower than
at Earth. These larger meteoroids have a different dynamical evolution and arrive from the
asteroid belt due to the 3:1 and vg resonances. The 3:1 resonance lies approximately at 2.5
AU, and objects undergo a change in their eccentricity until they become Earth or Mars
orbit-crossing. At this point they can be extracted from the asteroid belt. The vs resonance
occurs when the object’s longitude of perihelion precession frequency is equal to the sixth
secular frequency of the planetary system (for asteroids, this is usually Saturn; Morbidelli
and Gladman 1998). This resonance forces the objects to cross the orbits or Mars, Earth or
Venus as well as collide with the Sun. These two resonances therefore act to eject objects
from the asteroid belt into the inner solar system where they can impact on planetary bodies
such as Mercury or the Moon. A study of 59 meter-sized Earth-impactors found that the vg
resonance dominates the delivery mechanism with 50% of the probability that the impactors
originated from the asteroid belt (Brown et al. 2016). These types of large impacts are rare
in comparison to the much smaller scale meteroids (Pokorny et al. 2018, 2019), and are
expected to contribute only transient changes to the exospheres of Moon and Mercury.

Figure 19 shows the observations of an impact flash on the Moon on March 17, 2013. The
impactor was estimated to have a diameter of 9-15 m, a mass of 16 kg and produced a crater
with an estimated rim-to-rim size of 12-20 m (Suggs et al. 2014). The authors analysed
a dataset of 126 other observed impact flashes at the Moon in 20062011, with impactors
ranging in size from 1 cm to 14 cm.

Mangano et al. (2007) modelled the effect of similar impactors at Mercury. They inves-
tigated how an impact would generate an enhancement of the local exosphere at altitudes of
400 km and 1500 km, for the most common constituents of Mercury’s surface composition.
The model showed that the largest density enhancements at 1500 km above the average ex-
ospheric density would be for Mg, Si and Al. However, such enhancements are expected to
be short-lived, with local enhancements falling back to average densities in timescales of
less than an hour.

Such an enhancement was observed by the MESSENGER Fast-Imaging Spectrometer,
which measured freshly ionized pick-up ions in the solar wind at high altitudes (Jasinski
et al. 2020). The ions were estimated to come from a neutral “plume” of impact vapor-
ized surface material most likely caused by a 1 m sized meteoroid. The neutrals were then
photoionized and the ions were picked up by the local solar wind plasma and subsequently
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Fig. 19 Images from an impact on the Moon which was observed on March 17, 2013 Suggs et al. (2014).
Panel (a) the full field of view of the observed flash, (b) images taken from the 30 FPS video of the impact

flash, (¢) and (d) the before and after images of the impact site observed by the Lunar Reconnaissance Orbiter
Camera. From Suggs et al. (2014)

observed spacecraft’s Fast-Imaging Plasma Spectrometer. A schematic of the process can
be seen in Fig. 20; the Sun is to the left of Mercury, and the magnetospheric boundaries
are shown (white curved lines). The orientation of the interplanetary magnetic field and the
motional electromagnetic field are shown for the observed event in the top left corner. The
pickup ions were measured to be within a mass-per-charge ratio of 21-30 amu/e, which
includes Na*, Mg*, Al*, and Si*. Due to the long and short photoionization lifetimes of
Mg and Al, respectively, the composition of the ions from the impactor “plume” was esti-
mated to be primarily of Na®™ and Si*. BepiColombo, an ESA and JAXA mission with two
spacecrafts that will orbit Mercury, is expected to observe more of such events (at the time
of writing BepiColombo is in its cruise phase with orbit insertion expected in 2025).

9 Future of the Field

Over the upcoming decade, there are multiple opportunities for spaceborne dust measure-
ments at 1 AU and in the inner Solar System. The DESTINY ™ (Demonstration and Experi-
ment of Space Technology for INterplanetary voYage Phaethon fLyby dUSt science; Kriiger
et al. 2019) and IMAP (Interstellar Mapping and Acceleration Probe; McComas et al. 2018)
missions, which will be launched in 2024, carry dust analyzers with the ability to perform
chemical composition analysis of interplanetary dust and/or interstellar dust at 1 AU. Be-
sides interplanetary and interstellar dust measurements around 1 AU, DESTINY* will also
observe the ejecta cloud around the active asteroid 3200 Phaethon for the first time allowing
us to constrain our current predictions (Szalay et al. 2019). IMAP will focus on the obser-
vation of interstellar dust, potentially allowing to link the composition of solar wind ions
with the constituents of interstellar dust. The Tanpopo experiment, a sample return mission
with a silica aerogel capture medium on the International Space Station, will provide the

@ Springer



Meteoroids as One of the Sources for Exosphere Formation... Page290f41 50

Electric
Field |

‘ Magnetic Field )
® Direction ) @ Y MSO

Mercury

hv Neutral Atom  lon

Fig. 20 A schematic from Jasinski et al. (2020) showing the photoionization of neutral particles released
from the surface of Mercury due to a large impactor. The newly photoionized particles were observed as
pickup ions by the MESSENGER spacecraft in the solar wind upstream of the bow shock

information of chemical composition of dust particles falling onto the Earth (Tabata et al.
2016). For the next space station orbiting around the Moon, the Lunar Orbital Platform-
Gateway, a number of international contributions for dust measurements are expected that,
taking advantage of the long duration and large infrastructure of this platform, can lead to
better understanding of the Earth-Moon meteoroid environment. In contrast to the larger
space missions, 6U-class (10 cm x 20 cm x 30 cm) deep-space explorer, EQUULEUS,
will detect the first dust impact by a CubeSat during the cruise to a libration orbit around
the Earth-Moon Lagrangian point L2 (Funase et al. 2020). In the innermost region of our
Solar System, the Parker Solar Probe instrumentation has already reported impacts by very
small dust particles which seem to be consistent with the existence of a dust population on
hyperbolic trajectories, i.e. f-meteoroids (Mann et al. 2019; Szalay et al. 2020a). Although
the mass influx of these dust particles represent, most likely, a minor contribution to the
formation of exosphere of airless bodies, it could be responsible for some effects such as the
night-day asymmetry observed by LADEE on the lunar dust cloud (Szalay et al. 2020b) and
they can impose constraints on the size distribution of mass-dominant meteoroids (Fig. 1).
LADEE findings provide a unique opportunity to map the composition of the lunar surface
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from orbit (Postberg et al. 2011) and identify regions that are rich in volatiles, providing
opportunities for future in situ resource utilization (ISRU) (Horényi et al. 2020)

Clearly one of the most exciting opportunities to continue growth in this field is the ar-
rival of the dual-spacecraft ESA-JAXA Bepicolombo mission at Mercury in 2025, which
will provide simultaneous observations of meteoroid impact, exospheric neutrals and ions
in the Hermean orbit. These observations will set more constraints on models described in
this manuscript as well as test the link between Mercury’s exosphere and the Encke mete-
oroid stream (Plainaki et al. 2017). The most direct evidence for temporal dust flux enhance-
ments indicative of a stream would likely come from the Mercury Dust Monitor (Nogami
et al. 2010) onboard the Mercury Magnetospheric Orbiter module. This instrument should
register ejecta from the surface impact of Encke meteoroids, similarly to LADEE on the
Moon (Szalay and Hordnyi 2016). Concurrent exosphere measurements by the SERENA
and PHEBUS (Quémerais et al. 2020) instruments onboard the Mercury Planetary Orbiter
(MPO) module and MSASI on the Magnetospheric Orbiter would enable establishing a re-
lationship, if any, between Ca, Na or other exospheric species and meteoroid impacts. An
exciting possibility is the direct detection of impact flashes by stream meteoroids, despite the
short-lived and upredictable nature of the phenomenon. The observation of the flashes will
represent a serendipity project of SIMBIO-SYS (Cremonese et al. 2020), the suite of cam-
eras on board the MPO, when it will observe the dark hemisphere of Mercury for calibration
purposes.

Another area which requires further work concerns laboratory experiments. In the last
few years significant progress has been made regarding the physical processes that mete-
oroids undergo upon atmospheric entry (i.e. ablation and ionization; Thomas et al. 2016;
DeLuca et al. 2018; Gomez Martin et al. 2017; Bones et al. 2016). However, there are still
major unknowns regarding meteoroid impacts on planetary surfaces. As described in Sect. 4,
current models utilized experimental results from Koschny and Griin (2001) in order to ob-
tain absolute values of the impact mass production rates M* for the lunar surface, which
yield a proxy of the gardening rate from meteoroids. Current modeling results suggest that
equatorial regions experience three to five times higher ejecta production — and thus garden-
ing — rates than the polar regions. They also predict lunar dust cloud density values higher by
four orders of magnitude than those inferred by LDEX (Pokorny et al. 2019). This discrep-
ancy indicates that the ejecta mass production yield of lunar regolith is considerably lower
than the experimental data reported by Koschny and Griin (2001) yield which was estimated
using very low velocity impacts (1-12 km s~!) on ice-rich surfaces. Clearly better designed
experiments are needed to advance in this area.

Finally, models are constantly updated as new data almost always provide new
paradigms. An important point to raise is that current meteoroid models use the ecliptic
plane as a reference plane rather than, for example, the invariable plane of the solar system.
For instance, Cambioni and Malhotra (2018) reported that the main asteroid belt is inclined
by about a degree relative to the ecliptic. If the sporadic meteoroid complex is symmetric
about the invariable plane (or some other plane) rather than the ecliptic, it could signifi-
cantly change the presented results. It is very likely that the sporadic meteoroid complex is
warped or twisted and the plane of symmetry changes between the main belt and the inner-
most parts of the solar system. For example Nesvorny et al. (2000) treated the dust bands in
the main-belt as symmetric about the invariable plane when looking outward. On the other
hand, Nesvorny et al. (2010) assumed that the ZDC is symmetric with respect to the ecliptic
latitude when trying to reproduce IRAS measurements. Rowan-Robinson and May (2013)
also showed that the ecliptic plane works well as the symmetry plane for the ZDC. However,
between 0.3 and 1 AU the plane of symmetry seems to be different from the invariable plane
and similar to the orbital plane of Venus according to Leinert et al. (1980).
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There are several reasons why the assumption of ecliptic symmetry in the dynamical
models presented here makes sense. Initially, some of these models were constrained with
IRAS measurements, which showed that the Zodiacal cloud is symmetric with respect to
the ecliptic (Nesvorny et al. 2010, 2011a,b). This conclusion is also supported by decades
of observations using meteor radars which have shown that, as viewed from Earth, the main
sporadic sources are symmetric with respect to the ecliptic plane (Fig. 2; Janches et al. 2015;
Campbell-Brown and Wiegert 2009). Later, the HTC dynamical model reported by Pokorny
et al. (2014) reproduced radar observations assuming ecliptic symmetry. Furthermore, ear-
lier semi-empirical models also concluded that a meteoroid environment that is symmetric
with respect to the ecliptic plane reproduced the seasonality and geographical variability
of meteor observations using high power and large aperture radars (Janches et al. 2006;
Fentzke and Janches 2008; Fentzke et al. 2009; Pifko et al. 2013; Schult et al. 2017). Fi-
nally, ecliptic symmetry seems to reproduce, at least to first order, the variabilities observed
on the lunar dust cloud (Janches et al. 2018; Pokorny et al. 2019) and the Ca exosphere at
Mercury (Pokorny et al. 2018).

It is important to note that most of these works concern meteoroids with cometary ori-
gin which have enough energy to produce the reported observed and modeled phenomena,
while Cambioni and Malhotra (2018) focused on the MBA population. Meteoroids origi-
nating from MBAs are too slow to produce ionization (and thus most of the observed radar
meteors), ablate in the atmosphere and produce metallic layers, or even produce a signifi-
cant contribution to the dust plumes in airless bodies. The Zodiacal Cloud is certainly more
complex than current models predict and investigating such effects offers exciting future
opportunities.
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