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Abstract Interplanetary dust particles and meteoroids mostly originate from comets and as-
teroids. Understanding their distribution in the Solar system, their dynamical behavior and
their properties, sheds light on the current state and the dynamical behavior of the Solar
system. Dust particles can endanger Earth-orbiting satellites and deep-space probes, and a
good understanding of the spatial density and velocity distribution of dust and meteoroids in
the Solar system is important for designing proper spacecraft shielding. The study of inter-
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planetary dust and meteoroids provides clues to the formation of the Solar system. Particles
having formed 4.5 billion years ago can survive planetary accretion and those that survived
until now did not evolve significantly since then. Meteoroids and interplanetary dust can
be observed by measuring the intensity and polarization of the zodiacal light, by observing
meteors entering the Earth’s atmosphere, by collecting them in the upper atmosphere, polar
ices and snow, and by detecting them with in-situ detectors on space probes.

Keywords Interplanetary dust - Meteors - Meteorites - Zodiacal light - Dynamics -
Formation - Evolution

1 Introduction

The interplanetary dust and meteoroid cloud is the ensemble of refractory and possibly icy
particles in the Solar system in the size range from a few microns to about a meter. The
main sources are asteroids, comets, and, in the outer Solar system, in-spiraling particles
coming from objects in the Edgeworth-Kuiper Belt. The goal of this paper is to summarize
our current knowledge in this field and refer to other relevant papers.

When an asteroid or a comet gets close to the Sun, sublimating gases carry solid particles
away from the object at a certain ejection velocity. Solar radiation pressure quickly moves
the less massive particles away from the parent, larger particles remain near to the source
(see Sect. 2). Their ejection velocity causes their orbits to disperse away from the parent
with time. When an object (usually a comet) produces a continuous release of particles over
a period of time, these particles may form a visible trail that appears to follow the parent
along its orbit (Kresak 1993), see Fig. 1. When they are slightly dispersed mainly by non-
gravitational forces, they form meteoroid streams. Meteoroid streams entering the Earth’s
atmosphere generate so-called meteor showers.

Fig. 1 Spitzer space telescope
image of the dust trail of comet
Encke. The trail is marked with
white lines. The more
horizontally distributed material
is from recent cometary activity.
Image size is about 3’ x 3/ (from
Kelley et al. 2006)

13 TInstitute of Space Sciences (CSIC-IEEC), Campus UAB, c¢/Can Magrans s/n, 08193 Cerdanyola
del Valles (Barcelona), Catalonia, Spain
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Fig. 2 A Perseid meteor,
recorded with an
image-intensified meteor camera.
Image size is about 30° in
diameter (image: D. Koschny)

Over long time periods, the orbits of the dust particles and meteoroids will change under
the effect of both gravitational and non-gravitational forces. In particular the small dust
will leave the vicinity of the meteoroid stream and form the almost, but not quite randomly
distributed interplanetary background dust cloud. It can be observed from the Earth as the
zodiacal light. Astronomical observations of the zodiacal light in visual and infrared from
space-based instrumentation provide a comprehensive picture of the distribution of particles
and their polarization. In-situ detectors on spacecraft, such as Galileo and Ulysses, probe the
dust cloud at the smallest sizes up to a few microns. The larger meteoroids form the sporadic
meteoroid complex, which can be observed as sporadic meteors when they enter the Earth’s
atmosphere. Interplanetary Dust Particles and micrometeorites—typically in the size range
from micrometers to 1 mm—can be collected in the Earth’s stratosphere, and by extracting
them from ocean water or ice and snow in the polar caps. These collection techniques allow
to directly obtain extraterrestrial samples without the need of a sample-return spacecraft
mission.

Meteorites—rocky or metallic material that reaches the ground—provide examples of
generally asteroidal material, in some cases also with a record of its flight through the at-
mosphere. The synthesis of the observations provides us with an overall picture of the in-
terplanetary dust and meteoroid cloud—its mass flux distribution; chemical, material and
structural properties; and the importance of different cometary and asteroidal sources in
populating the inner Solar system with dust. This information has implications for the inter-
pretation of the meteoroid deposition in planetary atmospheres (e.g Plane et al. 2014), on the
Moon (e.g. Szalay and Hordnyi 2015), and on other planets and airless bodies (e.g. Christou
et al. 2015). In this paper we describe the current state of knowledge of the interplanetary
dust and meteoroid cloud. There is also an interstellar contribution, which is described in
Sect. 4.4.

In this and the following chapters, we use the terminology as defined by the IAU Com-
mission F1 on Meteors, Meteorites and Interplanetary Dust:

e ‘Meteor’ is the light and associated physical phenomena (heat, shock, ionization), which
result from the high speed entry of a solid object from space into a gaseous atmosphere
(see Fig. 2).

e ‘Meteoroid’ is a solid natural object of a size roughly between 30 pm and 1 meter, moving
in, or coming from, interplanetary space.
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e ‘Interplanetary dust’ is finely divided solid matter, with particle sizes in general smaller
than meteoroids, moving in, or coming from, interplanetary space.

e ‘Meteorite’ is any natural solid object that survived the meteor phase in a gaseous atmo-
sphere without being completely vaporized. Meteorites smaller than 1 mm in size are also
called micrometeorite. These may be too small to experience ablation in an atmosphere.

For more explanations, see the IAU web site.! Note that in particular in the cometary
science community, the term ‘dust’ is used in a wider context and can also be used for larger
particles. In that case, the term ‘particles’ is used without any size qualifier like ‘dust’ or
‘meteoroid’.

2 Formation and Evolution of the Interplanetary Dust Cloud
2.1 Overview

The main sources of interplanetary dust and meteoroids are asteroids and comets. These mi-
nor bodies are relatively fragile and generate dust particles due to collisions and the evapora-
tion of volatiles. They accreted from primitive material in cold regions of the protoplanetary
disk that included high-temperature components, around the Sun about 4.5 Gyr ago. They
formed km-sized rocky planetesimals, that kept growing by mutual collisions. Early-formed
asteroids, hundreds of km or larger in diameter, experienced melting and planetary differen-
tiation, thus modifying their rock-forming materials into igneous counterparts. Later-formed
smaller asteroids released their radiogenic heat at a rate quick enough to retain primitive fea-
tures and to avoid differentiation.

Dust particles and meteoroids are refractory and possibly icy particles released by emis-
sion, impact or collision processes from these minor bodies. After release and escape from
the environment of their parent body (Fig. 1), they are subject to the same set of dynamical
forces as their parent. These forces are size-dependent, and they may change if the particle
undergoes transformative processes such as collisional shattering or erosion, or sublimation
near the Sun (Mukai et al. 2001). Here we examine the evolution of the emitted particles
into the interplanetary dust and meteoroid cloud.

2.2 Dynamics

Gravitational, radiative, collisional, and electromagnetic forces alter the orbits of dust and
meteoroid particles after their emission from the parent object. In terms of gravitational
interaction with larger bodies, they act as massless objects. Radiative forces, on the other
hand, are dependent on the particle size and mass. The composition determines the material
density and thus the mass-to-surface area ratio of the particle, as well as absorption and
scattering properties. The shape and structure of the particle will also play a role (Gustafson
1989; Kimura et al. 2002b). Here we provide an overview of the important effects and for
what particle sizes they are relevant.

2.2.1 Gravitational Forces

Gravitational forces dominate the trajectories of larger particles (> 100 um). Solar grav-
ity dominates for heliocentric orbits, unless the particle passes within the Hill sphere of a

1 https://www.iau.org/science/scientific_bodies/commissions/F1/.
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planet, in which planetary gravity is the dominant effect. Close planetary encounters can
shift their orbits to hyperbolic trajectories. This process is an important loss mechanism for
in-spiraling particles in the outer Solar system (Liou et al. 1996a). Planetary encounters also
disrupt and perturb meteoroid streams (e.g. Vaubaillon and Colas 2005; Vaubaillon et al.
2006). Particles with orbits within the scattering zones of Jupiter or Saturn suffer regular
perturbations from these planets. Mean motion and secular resonances with respect to the
giant planets are important factors influencing their long term dynamics (e.g. Liou and Zook
1997, 1999). Large particles trapped in resonances may remain there for significant time
periods, protected from further close interactions with the planet and temporarily halting
their evolution due to Poynting-Robertson drag (e.g. Sekhar and Asher 2014; Beauge and
Ferraz-Mello 1994). Chaotic processes may in some cases remove particles from a resonant
region. These processes create structures in the outer Solar system dust cloud (e.g. Poppe
2016). Particles trapped in resonant filaments in meteoroid streams may produce outbursts
at Earth, due to their enhanced flux density relative to the rest of the stream.

2.2.2 Radiative Forces

Radiative forces generally are important for particles < 100 um. Radiation pressure results
from the momentum exchange of the incoming Solar radiation with the particle, producing
a small force away from the Sun (Burns et al. 1979). Because Solar gravity and radiation
pressure both decrease with the inverse of the heliocentric distance, the relative value of the
radiation pressure is often quantified using the 8 parameter, which is the ratio between the
radiation and gravitational forces F, and F,:

F, 3L ’ _ "
ﬂ:_:7OQP :5.7X104Qp
F, 16w GMgcps pS

where L is the Solar luminosity in W, G is the gravitational constant in m> kg=! s72, ¢ is the
speed of light in ms™!, p is the particle bulk density in kg m™3, and s the particle equivalent
radius in m. @, is the efficiency factor for radiation pressure, defined by Mie scattering or
measurements (Gustafson 1994; Kimura and Mann 1999). It has a maximum, along with S,
at a particle equivalent radius of about 0.1 um, although this depends on the particle’s optical
properties. For circular orbits, particles with § = 1 have a radiation force in excess of gravity
and therefore escape the Solar system on hyperbolic trajectories. In the more general case,
particles released from a parent body immediately assume an orbit different to that of the
parent body, described by

’ 1— /3
ad=ax ———
1—2aB/r,
and
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where a the semi-major axis and e the eccentricity of the particles’ orbit. Because S is size
dependent, particles undergo a different evolution, depending on their size after release from
their parent body. Larger meteoroids, which are not strongly affected by radiation pressure,
stay near the orbit of their parent body. Smaller particles begin with orbits outside the parent
body’s orbit and form a tail (Fulle 2004). Very small micrometer-sized dust may be quickly

blown out of the Solar system. Additionally, radiation pressure affects the trapping of parti-
cles into resonances. E.g., Weidenschilling and Jackson (1993) show that resonances under
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Poynting-Robertson drag are “metastable” because trapped grains inevitably acquire eccen-
tricities large enough to cause their orbits to cross that of the planet causing the resonance.

2.2.3 Poynting-Robertson Effect

The Poynting-Robertson effect results from the non-isotropic reemission of photons from
a moving particle due to relativistic effects (Robertson 1937). Radiation in the direction of
motion is blue-shifted, resulting in a higher momentum of the radiation in the direction of
motion compared to the opposite direction. The result is a force similar to a drag force,
causing the orbit to loose energy and spiral into the Sun. The eccentricity also drops and the
orbit is circularized. This process is size and orbit dependent. The variations in the particle
semi-major axis and eccentricity as a result of the Poynting-Robertson drag force are given
by Wyatt and Whipple (1950):

. a 2436

AR == T o2in
. o e
€PR:—25

a2 (1-e2)li

where o = 3.55 x 1078 /(sp) au® yr~!. Other orbital elements are not affected. For the case
of circular orbits, these equations can be solved to provide an approximate analytic formula
for the in-spiraling time in years from an initial semi-major axis do: Tpg cire ~ 400a§ /B =
7.0 x 10°a3 ps/ Q . This timescale defines the importance of the Poynting-Robertson effect
for the dynamical evolution of particles of different sizes. For a bulk density of 1000 kg m~3,
the in-spiraling lifetimes ranges from ~ 700 yr for particles of equivalent radius 1 pm and
70000 yr for 100 pum radii, to ~ 0.7 Myr for radii of 1 mm. Scattering Solar wind particles
creates a similar drag force. It is generally taken to have an effect of ~ 30% of the Poynting-
Robertson drag force (Dermott et al. 2001), varying with the 11-year Solar cycle.

2.2.4 Yarkovsky Effect

The Yarkovsky effect results from the small recoil force that results when photons are re-
radiated anisotropically due to thermal effects. The diurnal Yarkovsky effect occurs due to
anisotropic emission of radiation from a rotating body (Bottke et al. 2002). While it can be
the dominant dispersive force for meter-sized asteroids, it is in general not significant for
small particles that spin fast relative to their size. However, the seasonal Yarkovsky force,
which occurs due to a tilt in the spin axis, can be important for meteoroids (Rubincam 1995).
Both result in a force comparable to a drag force, which will shrink the semi-major axis and
circularize the orbit.

2.2.5 Lorentz Forces

Lorentz forces—the result of the traverse of a particle through the Solar magnetosphere—are
important for dust particles with sizes a few microns or lower. Particles in the electromag-
netic field have a charge ¢ = enUm'/3, where € = 8.85 x 107'2 CV~! m™! is the permittiv-
ity, 1 is a constant describing physical parameters of the particle, and m is the particle mass
in kg. The surface potential U is about 5 V for a spherical particle, largely as a result of the
photoelectric effect. The Lorentz force is then described by F; = %lvm, x B| where v,,; is
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the relative velocity between the particle and the Solar wind, and B are the components of
the interplanetary magnetic field.

Hamilton et al. (1996) showed that the magnitude of the Lorentz force depends on the
Solar cycle. They modeled the trajectory of dust starting on circular, un-inclined orbits. They
would reach high ecliptic latitudes with the configuration of the magnetic field as in Solar
cycle no. 22 or 24, and finally escaping the Solar system. Currently we are in cycle 25, where
the orientation of the magnetic field is reversed. This would result in orbits confined closer
to the ecliptic, with particles still leaving the Solar system, but less readily.

2.3 Transformative Processes
2.3.1 Collisional Disruption

Larger interplanetary meteoroids are broken up by collisions with smaller, more abundant
ones. These collisions result in momentum transfer, altering the orbits of the particles, and
producing smaller fragments, which are more significantly influenced by Solar radiation.
Steel and Elford (1986) modeled the orbital evolution of 1-mm meteoroids released into the
orbits of 28 specific meteoroid streams and found catastrophic collision lifetimes varying
from 20 kyr to 400 kyr, shorter than the Poynting-Robertson lifetimes for many of these
streams. Leinert et al. (1983a) found that at 1 au the maximum catastrophic collision life-
times of 100- um particles, 1-mm particles, and 1-cm particles are 200 kyr, 40 kyr, and
800 kyr, respectively, as a result of collisions with other interplanetary dust particles. These
collision lifetimes are shorter than or comparable to the time required for that size particle
to spiral into the Sun under Poynting-Robertson drag for the 1-mm and 1-cm particles, indi-
cating that a significant fraction of these particles are fragmented into smaller particles over
their lifetimes. Thus consideration of collisional disruption is critical to the understanding
of the evolution of the interplanetary dust and meteoroid complex.

Detailed modeling of the collisional lifetimes of interplanetary dust and meteoroids re-
quires a knowledge not only of the size-frequency distribution of the particles, which has
been measured at 1 au, but also of the distribution of orbital eccentricities and inclinations,
which is not well established. As a result, models of the collisional lifetimes by different
investigators differ by an order-of-magnitude or more, depending on the orbital parameters
that are assumed in the modeling.

The interplanetary dust and meteoroid mass-frequency distribution, measured at 1 au by
impacts onto the Long Duration Exposure Facility during its 5.7 years in low-Earth orbit,
peaks at about 250 pm in diameter (Love and Brownlee 1993). Particles near the peak size
are disrupted but there are few larger particles to resupply the distribution. Using these
measurements, Dermott et al. (2001) conclude that the mean particle diameter s is expected
to decrease with decreasing heliocentric distance.

Interstellar grains passing through the Solar system, which are expected to be much
smaller than most interplanetary dust, also contribute to the collisional fragmentation of
the interplanetary dust. The interstellar grains are generally < 1 pum in diameter, so they
only fragment the smallest interplanetary dust particles. Liou et al. (1996a) analyze the con-
tribution of dust grains coming from Edgeworth-Kuiper belt objects towards the inner Solar
system. They conclude that for particles up to about 25 pym in size and migrating inwards
from the Edgeworth-Kuiper Belt, collisions with interstellar grains are more important than
mutual collisions in determining the collisional lifetimes. They find collisional lifetimes of
interplanetary dust particles 1, 2, 4, 9 and 23 microns in size due to impacts by ~ 1 um
diameter interstellar grains to be 104, 49, 19, 4.8 and 0.86 Myr, respectively.
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Modeling by Wyatt (2005) of the dust disks in other planetary systems indicates that
in some massive disks mutual collisions are so frequent that they effectively prevent dust
from reaching the inner regions of these systems under Poynting-Robertson drag. Similar
conditions could have occurred early in Solar system history if the dust flux density was
significantly higher than in the current era.

2.3.2 Disaggregation

Some interplanetary dust and meteoroid particles are composed of ices or are aggregates
of mineral grains held together by ices or other relatively weak materials. These particles
may easily disaggregate after release from their parent bodies, as a result of Solar heat-
ing, photoelectric charging, or other mechanisms. Active dust counters on fast flyby mis-
sions through dust clouds of 1P/Halley by the Giotto, VEGA1, and VEGA?2 spacecraft;
26P/Grigg-Skjellerup by the Giotto spacecraft; 81P/Wild 2 by the Stardust spacecraft; and
9P/Tempel 1 by the Stardust NexT spacecraft were interpreted as indicating widespread
grain disaggregation in the coma (Green et al. 2004; Clark et al. 2004; Tuzzolino et al. 2004;
Economou et al. 2013), although the cause of this disaggregation could not be determined.

2.3.3 Sublimation

Grains are lost from the interplanetary dust cloud when they are heated to their sublimation
temperatures by Solar radiation. The temperature reached by a grain depends on its distance
from the Sun, its composition, which determines its efficiency in absorbing the Solar spec-
trum, and its size, with very small particles being less efficient at re-radiating energy at any
specific grain temperature. Although the most detailed modeling has been performed for
water ice, all small grains, even silicates, can sublimate before reaching the Sun.

Ice grains are modeled to sublime between 1 and 4 au (Kobayashi et al. 2011). Even
beyond the snow line, there is significant loss of water ice because of Solar wind and Solar
ultraviolet-induced sputtering (Grigorieva et al. 2007a).

The two most common minerals in interplanetary dust are olivine and pyroxene. The py-
roxene grains sublimate at 4 to 6 Solar radii; olivine grains at 10 to 13 Solar radii (Kimura
et al. 2002a). For porous dust particles consisting of a mixture silicates and absorbing ma-
terial, Mann et al. (1994) have shown that, depending on the amount of absorbing material
versus silicate material, they can reach as close as 2 to 3 Solar radii.

2.4 Modeling the Interplanetary Dust Cloud

Various efforts have been made to model the structure and evolution of the interplanetary
dust and meteoroid distribution under the above processes, both to understand its forma-
tion and major constituents, and to assist in the development of impact hazard models for
spacecraft. It should be noted that some of the models are called dust models, other mete-
oroid models. Nevertheless they normally cover the complete size range from micron-sized
particles up to mm- or cm-sized particles.

The early development of space flight technology by NASA was supported by meteoroid
penetration experiments on the Explorer XV1 and XXIII and Pegasus satellites (Naumann
1966). These were used to develop initial models of the near-Earth meteoroid risk to early
missions (Cour-Palais 1969; Kessler 1970). The mass flux distribution at Earth orbit by
Griin et al. (1985) also utilized these data, along with lunar crater counts (Morrison and
Clanton 1979), and spacecraft dust measurements: Pioneer 8 and 9 (Berg and Richardson
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1969; Berg and Gerloff 1971), Helios (Griin et al. 1980), and HEOS-2 (Hoffmann et al.
1975a,b). Love and Brownlee (1993) derived a mass flux at Earth based on impact craters
on the Long Duration Exposure Facility (LDEF) that is higher than the Pegasus-derived flux.
It should be noted that different characteristic velocities and densities were assumed in the
different studies, which may well be the cause for the higher flux resulting from the LDEF
measurements.

The first comprehensive model of the interplanetary dust flux was the Divine model (Di-
vine 1993). The Staubach model provided an extension to small particles (Staubach et al.
1997). These models used the mass flux from Griin et al. (1985) for the meteoroids at the
Earth, and used in-situ and zodiacal light data to constrain the flux of particles at other
heliocentric distances.

The current meteoroid engineering models for space applications in the inner Solar sys-
tem are NASA’s Meteoroid Engineering Model or MEM (McNamara et al. 2004; Jones
2004; Moorhead et al. 2015) and ESA’s Interplanetary Meteoroid Environment Model or
IMEM (Dikarev et al. 2005, 2004). The NASA MEM uses a simple dynamical model, along
with data from the Canadian Meteor Orbit Radar (CMOR), and zodiacal light observations
from Helios to define the radial distribution. It can therefore be used for predictions of the
flux, speed, and direction of dust and meteoroids within 0.2-2 au. The ESA IMEM model
starts from the distribution of asteroidal and short period comets as sources of meteoroids
and propagates them in space and time. However, the model assumes that only particles with
m < 107° kg are transported by the Poynting-Robertson effect towards the Sun, while larger
particles remain on their initial orbits, creating a sharp discontinuity in the flux profile of par-
ticle sizes around this cutoff mass. IMEM uses infrared brightness data and in-situ spacecraft
data to calibrate the model (Dikarev et al. 2005). Drolshagen et al. (2008) and Griin et al.
(2013) discuss the differences between these existing meteoroid engineering models.

3 Astronomical Observations
3.1 The Zodiacal Light and Thermal Emission

The zodiacal light is a faint glow visible along the ecliptic plane in the night sky. It appears
to the naked eye mainly as bright Solar-colored cones above the horizon at dusk and dawn
as shown in Fig. 3. While this geometry is the most readily visible, the zodiacal light can
be detected in every direction and results from the Solar light scattered by the small solid
dust particles in the Solar system. As shown in Fig. 3, it is enhanced by backscattering in
the anti-Solar direction, a phenomenon known as the gegenschein.

The zodiacal light intensity, I, varies with the position of the observer, the epoch of
observation, the wavelength and the viewing direction. This is related to the distribution of
the dust in the lenticular interplanetary dust cloud. The dust distribution essentially follows
a mirror symmetry with respect to a plane close to the ecliptic, therefore heliocentric ecliptic
coordinates are introduced as shown in Fig. 4a. The measurements integrated over the line-
of-sight are described with the heliocentric ecliptic latitude 8 and longitude (A, — X,,), the
phase angle being «.

For an observer located on Earth’s orbit, small amplitude variations of I are observed
over a year. Annual oscillations up to 10% at high and medium latitudes originate from
the slight inclination of the zodiacal cloud’s symmetry plane in relation to the ecliptic and
the eccentricity of the Earth’s orbit (Dumont and Levasseur-Regourd 1978). After correcting
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Eclipticlatitude

60° W 90°W 120°W 150°W  180° 150° E 120°E 90° E 60° E 30%E 0°

Ecliptic longitude

Fig. 3 360 degree panorama illustrating the zodiacal light along the Solar system’s ecliptic plane. Mosaic
of images taken during a single night at Mauna Kea. The zodiacal light cones are seen at dawn on the left
and dusk on the right. The gegenschein enhanced backscattering is visible near 180° elongation. Venus and
Saturn are marked. Image credit: Druckmiiller and Habbal 2012, taken from Hordlek et al. (2016)

for such geometrically induced variations, the zodiacal light intensity observed at 1 au re-
mains consistently stable within 1.5% over a whole Solar cycle (Levasseur-Regourd 1996a).
Taking into account the fact that the zodiacal light has a Solar spectrum, its intensity / at
550 nm is then found to be close to 2.4 x 107> Wm2sr~! um~! at 30° Solar elongation
in the ecliptic plane (which outshines the brightest part of the Milky Way). It reaches a
minimum of 7.6 x 1077 Wm™2 sr~! um~! in the vicinity of the ecliptic pole. In the ecliptic
plane, a minimum of 1.8 x 107 Wm™2 sr~! um~! is reached at around 140°, which is still
2.3 times higher than the ecliptic pole value. In the gegenschein direction, the intensity in-
creases again to reach a value about 1.3 times larger than the ecliptic minimum, because of
a backscattering effect.

The survey from Tenerife by Dumont and Sanchez (1975a,b) remained the most reliable
and complete reference until the end of the twentieth century. It was found to be in excel-
lent agreement with spacecraft data obtained at 90° phase angle, without any atmospheric
contamination (Levasseur-Regourd and Dumont 1980). Figure 4b presents a compilation of
whole sky observations as published in the review by Leinert et al. (1998). The symmetries
in the data are used to present just one fourth of the sky. The relative uncertainty in the inten-
sity data remains below 5%, the resolution of the data is between 5° and 15°. The symmetry
plane at 1 au has been determined to have an ascending node at 95° +20° with an inclination
of 1.5° +0.4° (Dumont and Levasseur-Regourd 1978).

A re-analysis of Weinberg’s observations from Hawaii has recently yielded a new in-
tensity map with a 2° resolution from which the ascending node position gives around 80°
while the inclination of the cloud’s symmetry plane is around 2° (Kwon et al. 2004), see
Fig. 4c. With the continuous photometric observations of the Solar Mass Ejection Imager
onboard the Coriolis spacecraft over the whole sky, an updated map of the zodiacal light
has been generated with the unprecedented precision of 0.5°, as shown in Fig. 4d (Buft-
ington et al. 2016). Based on the 8.5 years of data collected by the spacecraft, an upper
limit to zodiacal light intensity changes of 0.3% was obtained for this time period. Using
the same satellite data, Buffington et al. (2009) determined that the gegenschein is located
at the anti-Solar point, but varies by &~ 10% of its intensity over time, with a portion of the
variation repeating seasonally. Similarly, the latest high-resolution (5’ per pixel) survey of
the gegenschein using a wide-angle camera showed that the maximum scattered intensity is
consistently located at the anti-Solar point. The models fitted to the gegenschein constrain a
very low geometric albedo of 0.06 for those particles (Ishiguro et al. 2013).
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Fig. 4 (a) Geometry of
observation of the zodiacal light
with representation of the
different values described in the
text (adapted from
Levasseur-Regourd et al. 2007).
(b) Map of the zodiacal light
compiled by Leinert et al. (1998),
5° to 15° precision.

(c) Reanalysis of the Weinberg’s
observations by Kwon et al.
(2004), 2° precision.

(d) Modeled results of intensity
observations from the Solar Mass
Ejection Imager averaged over

a period of a year in S1¢ units.
Measurements limited to > 20°
from the Sun with angular bins of
1° x 1°, figure taken from
Buffington et al. (2016).
Brightnesses are given in the
so-called intensity scale, where
1810 unit corresponds to

1.18 x 1078 Wm—2 g1 pm_l
at 550 nm
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Short-term enhancements of the zodiacal light had tentatively been ascribed to the optical
detection of meteoroid streams (e.g. Levasseur and Blamont 1973), as later confirmed by the
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discovery of faint cometary trails by the Spitzer telescope in the infrared (Reach et al. 2007),
as well as of linear dust features in the optical domain (Ishiguro et al. 1999).

Extensive descriptions of the results and methods of zodiacal light surveys can be found
in the reviews previously published (Leinert 1975; Weinberg and Sparrow 1978; Leinert
and Griin 1990; Leinert et al. 1998; Levasseur-Regourd et al. 2001; Mann et al. 2004; Lasue
et al. 2015).

3.2 Spectral Observations

In the visible part of the spectrum, due to scattering, the zodiacal light shows a Solar spec-
trum. At large elongations, it is possible to determine the spectral gradient of the zodiacal
light from space probes. Leinert et al. (1998) compiled a set of data from 8 different mis-
sions that indicated a possible reddening of the zodiacal light from 200 nm to 2 um. Such a
spectral gradient for low albedo particles as inferred from their scattering properties would
be most consistent for D-type primitive asteroids or comets as indicated in Fig. 5 (Yang and
Ishiguro 2015).

Measurements of the thermal emission originating from the zodiacal cloud have been
obtained from balloons, rockets and satellites. The zodiacal thermal emission, which grad-
ually takes over the Solar spectrum at 2 pm, is actually the most prominent source in the
light of the night sky from 5 to 100 pum, at least away from the galactic plane (Leinert et al.
1998). For wavelengths larger than 100 pm, the sky brightness gets dominated by the inter-
stellar medium, the cosmic diffuse infrared background and finally the cosmic microwave
background.

Based on those long-wavelengths measurements, Fixsen and Dwek (2002) have modeled
the thermal emission of the interplanetary dust particles using a single blackbody curve
with a temperature of 240 K. A change of slope in the spectrum at a wavelength of about
150 pm is interpreted to represent a change in the dust size distribution at a radius of about
30 pum. Furthermore, the fit is improved if one considers a mixture of amorphous carbon and
silicate dust with respective temperatures of 280 and 274 K at 1 au. Under those conditions,
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the Pointing-Robertson drag of the particles towards the Sun limits their lifetime to about
10° yrs, which requires a replenishment rate of &~ 10'! kg yr~! from asteroids and comets.

Further analysis of the zodiacal light spectrum at a wavelength of around 10 pm from the
camera on-board the ISO satellite indicate a dust distribution dominated by large (> 10 um
radius), low-albedo (less than 0.08), rapidly-rotating, gray particles at 1 au from the Sun.
After continuum subtraction, a 6% excess in the 9 to 11 um range remains that suggests
the presence of small particles, with an equivalent radius of < 1 um, of amorphous and
crystalline silicates (Reach et al. 2003).

3.3 Polarimetric Observations

The zodiacal light is light scattered by an optically thin cloud of small dust particles and
therefore shows a partial linear polarization, Py. It can reach values as high as 20% along
the integrated line of sight as observed from the Earth, see Fig. 4a, Fig. 6 and Fig. 7a. Py,
by definition within the [—1, 41] interval, is positive if the direction of the electric field vec-
tor is perpendicular to the scattering plane, which is the case away from the backscattering
region. In the ecliptic plane, Py reaches a maximum of 19% at 60° heliocentric ecliptic lon-
gitude. The error in the measured polarization is estimated to be &~ 2%. Around the gegen-
schein, at helio-ecliptic longitudes greater than 160°, the curve is smooth, with a slightly
negative polarization in the backscattering region and an inversion at 15° & 5°. The slope at
inversion is (0.2 & 0.1) percent per degree (Leinert et al. 1998). Such a polarimetric phase
curve is commonly associated with scattering by irregular dust particles and/or fluffy ag-
gregates of submicronic absorbing particles (Levasseur-Regourd et al. 1997; Lumme et al.
1997). This behavior is comparable to that of cometary dust or of C-type asteroids, which
are the likely sources of interplanetary dust particles (e.g. Lasue et al. 2015; Lazarian et al.
2015; Kolokolova et al. 2015).

P remains practically constant as a function of the wavelength in the visible range (450
to 800 nm), but infrared observations suggest a weak decreasing trend with increasing wave-
length (Berriman et al. 1994). As different spectral polarimetric trends are seen for different
types of asteroids surfaces (Belskaya et al. 2017) and comets (Levasseur-Regourd et al.

Zodiacal polarization

[TTT1

T
[S)

ecliptic longitude

T T T
0 10 20 30 40 50 60 70 80 9 100 110 120
ecliptic latitude

[ NEEEEN
o o

130 140 150 160 170 18
Fig. 6 Polarization map of the zodiacal light (adapted from Dumont and Sanchez 1975a; Leinert et al. 1998)
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1996; Hadamcik and Levasseur-Regourd 2003), further observations may indicate potential
genetic links to sources.

Similarly, while the light scattered by the zodiacal dust is mostly linearly polarized, mul-
tiple scattering, partial alignment, or asymmetrical particles can introduce a circular polar-
ization component (Mishchenko et al. 2002). Measurements of the circular polarization have
been attempted but remain inconclusive as they are inconsistent or not reproducible (Staude
and Schmidt 1972; Wolstencroft and Kemp 1972). Further observations may be of impor-
tance as a signal could indicate the origin of the particles (Lasue et al. 2015) and specific
dynamic properties in the Solar magnetic field (Lazarian et al. 2015).

3.4 Inferred Local Properties of the Zodiacal Light

Because the observations integrated along the line-of-sight correspond to different Solar dis-
tances and phase angles and because the interplanetary dust cloud cannot be assumed to be
homogeneous, it is necessary to invert the integrated intensity and polarization observations
to obtain the local properties of the interplanetary dust particles. An inversion is feasible rig-
orously along the tangent to the observer’s motion direction as a differential measurement
(Dumont 1973; Levasseur-Regourd 1996b). The values at other locations can be derived by
inversion with good accuracy based on the nodes of lesser uncertainty method as a function
of the phase angle, «. This is done at a given distance of 1.5 au, and for @ = 90° between
0.1 and 1.5 au (Dumont and Levasseur-Regourd 1985; Renard et al. 1995). A summary of
the local properties of the interplanetary dust (intensity, polarization, temperature, albedo,
number density) in the symmetry plane as inverted from the data and at o« = 90° is presented
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Table 1 Variation of the local properties of the dust in the symmetry plane. The properties are described
as a function of Solar distance with a power law assumption. The optical properties (linear polarization,
albedo, and intensity in Wm 2! ;1m*1 rad~! at 550 nm) are retrieved at o = 90° (Levasseur-Regourd
et al. 1996, 2001). The spatial density of the particles is inferred from the inverted values in intensity and
polarization

Value at 1 au Gradient Domain in au
Intensity ~23x 1077 —1.2540.02 05t01.4
Linear polarization 0.3£0.03 +0.5+£0.1 0.5to0 1.4
Temperature 250K+ 10K —0.36+£0.03 1.1to 1.4
Albedo 0.07 £0.03 —0.344+0.05 1.1to 14
Spatial density 10719 kgm—3 —0.93 +0.07 1.1to 1.4

in Table 1. The local values for the geometric albedo at a given phase angle are retrieved by
combining the local values of the flux emission, the temperature and the intensity (Hanner
et al. 1981).

The local polarization phase curve of the zodiacal light at 1.5 au near the ecliptic can
readily be compared to numerical simulations to constrain the physical properties of the
scatterers. Early models using Mie scattering and power-law size distributions indicated
compositions consistent with pyroxenes (see e.g. Giese 1963, 1973). However, collections of
interplanetary dust particles in the stratosphere (Brownlee 1979) have soon established that
models relying on sphere and Mie theory are hardly relevant. More realistic light scattering
behavior of irregular particles such as aggregates of spheres, were calculated by different
groups and confirmed the results of previous studies with respect to the presence of silicates
and carbonaceous compounds (Giese et al. 1978; Haudebourg et al. 1999; Nakamura and
Okamoto 1999; Kimura 2001). The simulation results show that typical aggregate sizes
are of the order of a micron, while constituting monomer sizes appear to be one order of
magnitude lower at about 0.1 um. Typical optical indices have a real part in the range of
1.5-2, and an imaginary part up to 0.6 for strongly absorbing material (see e.g. Kimura
et al. 2003, 2006). A link between red polarimetric color variation of light scattered by
fractal aggregates and a lower porosity of the aggregate has been demonstrated, indicating
the likely presence of compact particles in the interplanetary dust cloud (Kolokolova and
Kimura 2010; Lasue et al. 2007).

As shown in Table 1, important variations in local scattered intensity and polarization
are measured as a function of the heliocentric distance. Such a variation is probably linked
with a change in the local properties of the dust particles, either their composition or their
size distribution. The variation in spatial density with heliocentric distance is consistent with
dust particles spiraling under Poynting-Robertson drag inside the production region, which
ranges from 0.1 to 10 or 20 au (Leinert et al. 1983b; Levasseur-Regourd et al. 1991). How-
ever, observations of the Solar F-corona indicates a sharp decrease in polarization below
0.3 au, suggesting a drastic change closer to the Sun (Mann 1996). The radial polarimetric
variations may be interpreted as a change in particle composition with more absorbent car-
bonaceous particles dominant far from the Sun and less absorbing silicates particles more
heat-resistant closer to the Sun (Lasue et al. 2007).

Other effects, such as the size distribution of the particles, their morphology and struc-
ture, and their optical index variations, may also contribute to changes in polarization with
Solar distance.

Assuming a stable interplanetary dust cloud, interplanetary dust and meteoroid particles
vanish while spiraling into the Sun and require sources to replenish them. Particle ejection
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from comets as well as asteroidal collisions could easily replenish the inner zodiacal cloud
(Whipple 1955; Dermott et al. 1984). Other minor contributions come from the environment
of the giant planets, from the Kuiper belt, and from intruding interstellar dust particles (see
e.g. Griin et al. 1993b). We have seen above that models of the light scattering properties
of interplanetary dust particles are consistent with a population of dark, absorbent dust par-
ticles and/or fluffy aggregates of cometary and asteroidal origin (somehow comparable in
volumetric contributions, see Lasue et al. 2007). A dynamical model of dust in the inner
Solar system (Nesvorny et al. 2010, 2011a) and an improved model of the zodiacal dust
cloud infrared emission (Rowan-Robinson and May 2013) both indicate a large contribution
(> 70%) of cometary dust particles to the interplanetary dust cloud (Levasseur-Regourd
et al. 2018). These characteristics also appear consistent with the properties of dust particle
collections described in Sect. 8.

4 Meteor Observations
4.1 Overview

Meteor phenomena are produced when meteoroids, typically larger than a few tens of mi-
crons in size, impact a planetary atmosphere (e.g. Ceplecha et al. 1998; Plane et al. 2018,
and references therein). The ablation of the meteoroid body in the Earth’s atmosphere pro-
duces light and heat that is observable on the Earth visually, as well as being detectable
by photographic and video cameras, radar systems, and infrasonic and seismic detectors.
Different methods and equipment probe different particle sizes.

Meteor studies utilize the Earth’s atmosphere as a large detector of the meteoroid cloud
and its structure at 1 au. Various types of information are derived from meteor observations.
Optical and radar systems can determine fluxes of meteors, along with their directionality
and speeds. Masses can be estimated from the optical brightness or radar electron line den-
sity, but the accuracy is limited due to uncertainty in the ionization and luminous efficiencies
(Campbell-Brown et al. 2012). They can also be estimated by combining light curve data
with deceleration measurements, when available (e.g. Gritsevich and Koschny 2011). Spec-
tra can provide compositional information (Vojacek et al. 2015).

Meteor showers are caused by meteoroid streams, appearing to come from the same
direction in the sky, called ‘radiant’. Associated particles will have similar incoming veloc-
ities. These meteoroids were recently ejected from a comet or asteroid, their ’parent body’.
Particles that are not associated with any meteor shower are termed ‘sporadic meteors’; they
dominate the meteoroid flux at Earth. Here we discuss what meteor observations can tell us
about the distribution of interplanetary meteoroids at 1 au, and how the structure of meteor
showers and outbursts can provide information on the early history of these particles.

4.2 Meteor Sporadic Background

Sporadic particles dominate the environment at Earth. They represent particles from the in-
terplanetary meteoroid cloud, with its origin in asteroid and comet dust production processes
(Levasseur-Regourd et al. 2018, and as described earlier in this paper), along with a small
proportion of interstellar particles. Their orbits have been altered by gravitational and radi-
ation forces as well as collisional processes (see Sect. 2) such that it is difficult to link the
parent object to the particle orbit. The largest datasets of these particles are detected using
optical and radar meteor detection techniques. These methods allow the study of the flux and
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directional characteristics of interplanetary meteoroids of sizes from a few tens of microns
to a few cm.

The proportion of sporadic meteors increases with the limiting magnitude of the meteor
detection method. This is a result of different ejection velocities and radiation forces on the
small particles, and of collisions affecting the larger particles emitted by comets. Jenniskens
et al. (2016¢) found that about 36% of all meteors detected by the CAMS system of video
cameras (generally between —1 and +4 visual magnitude) are in meteor showers. Koschny
etal. (2017) find a comparable value of 31% down to +5 visual magnitude with their CILBO
video camera system on the Canary Islands. The meteor database of the AMOR radar in New
Zealand (limiting magnitude =& +14) only contains about 1% shower meteors (Galligan and
Baggaley 2005).

The appearance of the interplanetary meteoroid population in the meteor record is af-
fected by the movement of the Earth around the Sun. This results in six sporadic ’sources’
at the Earth. While the term ‘sources’ is widely used, they describe concentrations in radi-
ant space that do not necessarily correspond to physical sources of meteoroids. The helion
and anti-helion sources, found in the ecliptic plane at 70° from the apex direction, are usu-
ally the strongest sources, although the helion source is only detectable by radar. The north
and south apex sources are centered towards the direction of the Earth’s motion, with eclip-
tic latitude ~ £+20° (Hawkins 1956; Weiss and Smith 1960; Jones and Brown 1993). The
highly-inclined north and south toroidal sources are found 60° north and south of the apex
direction (Hawkins 1962, 1963; Jones and Brown 1993). The high-resolution radiant distri-
bution maps in Campbell-Brown (2008), produced from five years of CMOR data, show also
aring at 55° that is likely the result of Kozai oscillations (Kozai 1962) on high-inclination
trajectories that are in-spiraling due to the Poynting-Robertson effect (Wiegert et al. 2009).
Such a ring is also observed in SonotaCo video meteor data (JakSova et al. 2015). An asym-
metry between the strengths of the anti-helion and helion sources is suspected to be caused
by the influence of comet 2P/Encke on the inner interplanetary dust cloud (Wiegert et al.
2009). New results from the SAAMER radar in Argentina provide data on the south toroidal
source (Janches et al. 2015), which is not observable by systems in the northern hemisphere.

Different types of orbits are required to populate each source. Meteoroids observed in
the helion and anti-helion sources have orbits that suggest an origin in short-period Jupiter-
family comets (Jones et al. 2001; Wiegert et al. 2009; Nesvorny et al. 2010). Apex mete-
oroids have high speed or retrograde orbits that likely stem from Halley-type or Oort cloud
comets (Wiegert et al. 2009; Nesvorny et al. 2011b; Pokorny et al. 2014). Recent work
demonstrated the ability of evolved Halley-type comets to populate the toroidal sources
(Pokorny et al. 2014).

The velocity distribution of meteoroids at the Earth, once corrected for observational
biases, shows that most particles impact the Earth at relatively low velocities of typically
~ 15 kms™! (e.g. McBride et al. 1999; Huang et al. 2015; Moorhead et al. 2017, and ref-
erences therein). The semi-major axis distribution at sizes below ~ 1 mm predominantly
peaks at 1 au: these particles are therefore likely to be the result of significantly evolved
cometary dust populations (Nesvorny et al. 2011b). Even larger cm-sized meteoroids, such
as those detected by the CAMS video meteor system, show a only fraction of such evolved
orbits (Jenniskens et al. 2016c¢). This likely demonstrates, as described also by Campbell-
Brown (2008), that even mm- to cm-sized meteoroids survive in interplanetary space for
long durations and do not suffer collisions with other dust particles in lifetimes of tens of
thousands of years, as originally suggested by Griin et al. (1985) or Jenniskens (2015).

Of particular interest is the mass-dependent flux of particles at the Earth. The distribution
given by Griin et al. (1985) is somewhat of a standard model for the mass flux, derived from
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lunar crater counts (Horz et al. 1975) and meteor data (Hawkins and Upton 1958; Whipple
1967). It gives a size distribution index s = 2.34 for sporadic meteors (where the number
of meteor N is a function of mass M such that dN o« M~*d M). Newer radar studies of the
sporadic meteor population have suggested this mass index may be lower, around s ~ 2.0-
2.1 (Galligan and Baggaley 2004; Blaauw et al. 2011b; Pokorny and Brown 2016). Meteor
showers have generally lower mass indices due to their young age (Blaauw et al. 2011a). The
brightness of meteors provides direct information on their mass, in theory allowing similar
information to be determined from meteor flux counts. However, large uncertainties in the
efficiency in generating photons or electrons—the luminous efficiency for photographic or
video meteors and the ionization efficiency for radar meteors—restricts the accuracy of such
measurements. In particular, the behavior for higher velocities is not well understood. Weryk
and Brown (2013) use simultaneous video and radar measurements to derive the ratio of the
Iuminous and ionization efficiencies. Koschny et al. (2017) use these results to determine
the flux of optical double-station meteors, and find a distribution comparable to that given
by Griin et al. (1985). Recent laboratory experiments improve our understanding of the
ionization efficiency and provide new constraints for it (Thomas et al. 2016).

Information on the physical and chemical properties of the meteoroids is obtained by
studying their atmospheric ablation. Both for dynamically cometary and asteroidal mete-
ors, a high proportion of small objects is seen, demonstrating evidence of fragmentation.
Furthermore, the types of fragmentation are similar, although this could be indicative of a
misunderstanding in the classification of the source population of these objects (Subasinghe
et al. 2016). The beginning and end heights of the meteor are related to the impact speed
(slower meteors start to ablate lower in the atmosphere), and also to the fragility of the ma-
terial. Jenniskens et al. (2016¢) demonstrated that meteoroids from asteroidal-type showers
(Geminids, Quandrantids) have lower beginning heights, which could be consistent with
their current or past low perihelion orbits. Kikwaya et al. (2011) used the dustball model
of Campbell-Brown and Koschny (2004) and simultaneous optical meteor observations to
derive statistics on the bulk density of meteoroids: on average 4200 kg m~> for asteroidal
meteoroids and 3100 % 300 kg m—3 for meteoroids with Jupiter-family cometary orbits, and
360 to 1500 kg m~ for Halley-type cometary (HTC) orbits. Moorhead et al. (2017a) devel-
oped a two-population spatial density distribution model, describing densities for HTC-like
(T; < 2) and non-HTC-like (7; > 2) orbits. More complex models that describe the com-
position and structure of meteoroids in order to correctly describe their fragmentation and
ablation processes are needed (Campbell-Brown et al. 2013; Stokan and Campbell-Brown
2015).

Meteor spectra, with lines from both the ablated meteor atoms and atmospheric con-
stituents, can provide important information about the meteoroid composition and parent
body (Trigo-Rodriguez et al. 2003; Jenniskens 2007). Borovicka et al. (2005) and Vojacek
et al. (2015) use a classification system based on the strength of the Na, Fe and Mg lines
given in a ternary diagram, which can be used to study the differences between Jupiter-
family, HTC-like, and asteroidal meteoroids. Sodium depletion is found to occur in cometary
meteoroids on orbits with low perihelia or potentially due to longer exposure times in the
Oort cloud, or asteroidal meteoroids with high iron content. Jupiter-family comet meteoroids
tend to have a higher Na content. Variations in the Na content of Geminid meteors might
indicate variations in their emission times from their parent. Large-scale video spectra cam-
paigns provide spectra for meteors and fireballs, in order to improve our understanding of
the chemical composition and origin of sporadic and shower objects (Jenniskens et al. 2014;
Rudawska et al. 2016).
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4.3 Meteor Showers, Outbursts and Storms

If a cluster of meteors is observed to appear from a similar radiant in the sky and with a
similar velocity, it is presumed that their orbits are related and that they have a common
parent object. The directional and velocity information can be propagated backwards to the
Hill sphere of the Earth in order to determine heliocentric trajectories, which can then be
compared to known parent bodies - comets or near-Earth asteroids. Note that in older work,
often an analytical correction called zenithal attraction was used instead of a backward orbit
propagation (for a more detailed discussion, see e.g. Gural 2001). In some cases there are
clear associations between meteor showers and parent objects, such as for the Perseid me-
teor shower and the Halley-type comet 109P/Swift-Tuttle. In other cases no apparent source
object has been observed. Such a link might be established by a simple comparison of orbital
elements, with the aid of a dissimilarity criterion, e.g. the D-criterion. It describes the dissim-
ilarity between two orbits by using either a combination of orbital elements (e.g. Southworth
and Hawkins 1963; Drummond 1981) or geometric parameters such as velocity or radiant
(Valsecchi et al. 1999; Jopek et al. 2008). The D-criterion has to be used with a cutoff value,
which has been tested recently by Moorhead (2016) and NesluSan and Hajdukova (2017).
They attempted to characterize the false-positive rate for D-parameter-based shower asso-
ciation. Various other authors have defined dissimilarity criteria (Southworth and Hawkins
1963; Drummond 1981; Jopek et al. 2008). Rudawska et al. (2015) use a combination of a
dissimilarity criterion and other techniques to improve meteor shower searches in the ED-
MOND database. Wavelet transform techniques have been used to extract shower structure
within large radar datasets (Galligan and Baggaley 2002; Brown et al. 2008; Pokorny et al.
2017).

The result of such searches is a database of meteor showers at the Earth, and of the struc-
ture in the interplanetary meteoroid cloud, as observed at the Earth. In the last ~ 15 years
large datasets of video and meteor data from systems such as CMOR, SonataCo, CAMS,
and SAAMER have expanded the existing database of known stream structure, with me-
teor radars such as CMOR and SAAMER probing the 100- um to mm-size range (Brown
et al. 2008; Pokorny et al. 2017), while video camera systems such as SonataCo, EDMOND
and CAMS detect streams at cm sizes (Jenniskens et al. 2016a,b,c; Koschny et al. 2017).
In particular, the southern hemisphere location of SAAMER and some CAMS stations have
facilitated detection of a larger number of showers in a previously poorly surveyed region
of the sky. The Meteor Data Center, administered by commission F1 of the IAU, maintains
an online database of ‘established’, ‘working’ and ‘pro tempore’ showers (Jopek and Jen-
niskens 2011; Jopek and Kafnuchova 2014). As of 1 Jan 2017, 701 showers are listed: 112
established, 507 working, and 35 pro tempore (with 23 to be removed). There are also 24
(4 established, 1 pro tempore) shower groups. Less than half of these established showers
have a known parent body, demonstrating the limits of knowledge on the origin of the struc-
ture in the interplanetary meteoroid cloud. Resolution of this issue requires a comprehensive
study of the dynamical and physical (dust emission) history of potential parent bodies.

Modeling of the meteor showers has improved significantly over the last years (e.g.,
Vaubaillon et al. 2005) and benefits from enhanced computer resources, which now allow
integration of the individual orbits of millions of meteoroids. However, our ability to fully
model their dynamics and evolution is hampered by the lack of knowledge about the par-
ent comets and their emission processes. Necessary parameters such as the ejection velocity
are still poorly constrained (Ryabova 2013). Nonetheless, studies of specific meteor show-
ers, coupled with modeling, provides important information on the parent bodies (comets
and asteroids) and their dust emission processes, and on the dynamical and collisional pro-
cesses that govern the behavior of these dust particles after emission. Observations of the
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Camelopardalids in 2015 demonstrated that the mass distribution of particles in the stream
leans toward untypically small particles, that are more easily observable by radar (Campbell-
Brown et al. 2016). Ye et al. (2016) use the combination of meteor observations of the
Camelopardalids, comet observations of the parent 209P/LINEAR, and dynamical studies
of the dust emission to demonstrate that the comet may be near the end of its active lifetime.
Studies of meteor shower groups such as the Taurid complex can illuminate the dynami-
cal history of these streams, which may result from the dispersion of a parent body into
a cascade of smaller objects and particles (Asher and Steel 1995; Dubietis and Arlt 2007,
Jenniskens et al. 2016a). A full review of meteor shower studies beyond these individual
examples is found in Jenniskens (2017).

4.4 Interstellar Meteors and Meteoroids

The presence of interstellar dust in the Solar system was confirmed by in-situ spacecraft
measurements from Ulysses in 1992 (Griin et al. 1993a), and later Galileo (Baguhl et al.
1996; Altobelli et al. 2005), Helios (Altobelli et al. 2006) and Cassini (Altobelli et al. 2003,
2016).

Also, three likely contemporary interstellar dust particles of micron-size were brought
back to the Earth by the Stardust sample return mission in 2006 (Westphal et al. 2014)
and infrared space telescope observations indicated the presence of interstellar dust in the
Solar system (Rowan-Robinson and May 2013). The measured and captured interstellar dust
particles in the Solar system are typically smaller than a few microns. Their apparent speed
relative to the Solar system is about 26 kms~! (Griin et al. 1994) and they generally come
from a direction of 259° ecliptic longitude and —8° ecliptic latitude (Landgraf 1998; Frisch
et al. 1999; Strub et al. 2015), due to the motion of the Solar system relative to the local
interstellar cloud.

For the past two decades, a debate has existed about the presence of interstellar me-
teoroids in the meteor data from various radar, video and optical systems. This debate is
important, because the detection of interstellar dust larger than a couple of microns may
have large implications for the mass distribution and thus for the dust-to-gas mass ratio in
the diffuse nearby interstellar medium. Reliable detection of big interstellar dust would pro-
vide more insight in the mixing of dust populations and about processes in the interstellar
medium. Griin and Landgraf (2000) elaborate on the implications of big interstellar mete-
oroids in the interstellar medium.

Sub-micron-sized interstellar dust particles are coupled to the interplanetary magnetic
field on scales of a few tens to a few hundreds of au when they travel through the Solar sys-
tem. The dynamics of interstellar meteoroids in the Solar system differs from sub-micron
particles in that they are influenced by mainly the Solar gravity and to a smaller extent Solar
radiation pressure force, instead of by the Lorentz forces. Particles larger than a few tens of
microns are thus considered uncoupled from the (local) interstellar and interplanetary mag-
netic fields because of their low charge-to-mass ratio (Griin and Landgraf 2000; Landgraf
2000). As a consequence, these could come from different directions than the stream of in-
terstellar dust currently known from the in-situ data (depending on their ejection velocity)
and these may directly represent their source direction. Meteoroids with velocities above
about 73 km s~! are on unbound orbits from the Sun. This is the sum of the escape speed
from the Solar system (42.1 km s~'), the Earth orbital velocity in a head-on collision (30.3
km s~1), and the effect of the terrestrial gravitational field (Taylor et al. 1996). Meteoroids
with smaller velocities but above about 11 km s™! may still be interstellar, but cannot be
classified as such by examining their velocity alone.
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4.4.1 Radar Observations of Interstellar Particles

When cosmic dust particles larger than a couple of microns enter the atmosphere at high
velocities, they ablate and leave a streak of ionized air that reflects the radar signals. Even
though the radar limit of a minimum particle size of about 5 um (Baggaley et al. 2007) is a
disadvantage to detect interstellar dust because it typically is micron or sub-micron in size,
the large detection surface of the Earth and the ability to detect large particles of several tens
of microns and bigger, is an advantage and complementary to in-situ instruments and astro-
nomical observations. A major challenge is the reliable estimation of the meteoroid velocity
which determines whether a meteoroid is hyperbolic and hence, whether it is interstellar.

Taylor et al. (1996) announced the discovery of the first interstellar dust detections by
radar in the Advanced Meteor Orbit Radar (AMOR) meteor data. These were coming from
two distinct directions other than the known radiant of the (smaller) interstellar dust from
the local interstellar cloud determined by in-situ measurements. Baggaley (2000) reported
on the existence of a flux of particles coming from southern ecliptic latitudes, and on a
discrete stream of interstellar dust particles coming from the direction of B-Pictoris: a main-
sequence star with a debris disk. These particles are much bigger (tens of microns, about
40 um) than the particles detected by in-situ instruments. However, the results—Ilike from
other radar-based studies—are highly debated (Hajdukova 2016; Hajdukova et al. 2018).

The Canadian Meteor Orbit Radar (CMOR) data have a larger minimum detectable ra-
dius of 100 um (assuming particle bulk densities of 3000 kg m~> for masses of 1 - 10~ kg)
(Weryk and Brown 2004). Two and a half years of data have been analyzed and a small
fraction of 0.0008% was determined to be hyperbolic and thus not bound to the Solar sys-
tem. The total statistics from this dataset were too low to distinguish a collimated stream of
particles (Weryk and Brown 2004). The flux of particles derived from the observations is
in line with the extrapolation of the size distribution of the data from Ulysses and Galileo
(Weryk and Brown 2004), although they are likely from different populations. For all of
these radar-based studies, meteoroids were only selected as “interstellar dust” when their
heliocentric speed was larger than 30 above the hyperbolic threshold, thus the numbers pre-
sented in these studies are lower boundaries. However, Moorhead et al. (2017a) re-analyzed
data from CMOR with updated ionization efficiencies. Especially high-velocity meteoroids
have lower speeds as a result. This was confirmed by Moorhead (2018), who shows that after
applying a sharpening algorithm to the velocity distribution, no meteoroids with velocities
larger than escape velocity are left.

Meisel et al. (2002) reports on interstellar meteoroids detected by the Arecibo radar, and
uses different techniques for orbit and velocity determination especially as these particles
are generally smaller than with the AMOR or CMOR radars.

4.4.2 Video and Optical Observations of Interstellar Particles

Video and optical methods have a higher accuracy for the velocity and radiant determination
than radar (Baggaley 1999) and thus these are valuable complementary datasets for verifi-
cation. Hajdukova (1994) and Hajdukova (2008) analyzed photographic and radar measure-
ments from the IAU Meteor Data Center catalog and concluded that the majority of interstel-
lar meteors were from velocity determination errors. Hawkes and Woodworth (1997) report
on the detection of two interstellar meteoroids with video detectors. The meteoroids have
estimated velocities of 40 and 8¢ above the hyperbolic escape speed of the Solar system.
Hill et al. (2005) discusses meteor ablation for high velocities and concludes that these, with
mass larger than about 10~® kg, should be observable with optical methods. Musci et al.
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(2012) reports on the search for interstellar particles in one year of data from a two sta-
tion automated electro-optical system (the Canadian Automated Meteor Observatory), but
found no convincing evidence for a collinear stream of interstellar dust, perhaps because
of low statistics. Hajdukova (2011) and Hajdukov4 et al. (2014a,b) analyzed the SonotaCo
and EDMOND video meteor data and also concluded from this study that the majority of
the hyperbolic meteoroids were due to velocity measurement errors. For instance, about
50% of the identified hyperbolic meteors belonged to meteor showers. For SonotaCo and
EDMOND, the limiting magnitudes are 42 and +4 respectively, corresponding to limiting
masses of roughly 10° kg, but this largely depends on meteor velocity (Hajdukova 2018,
pers. comm.). If at all, then planetary perturbations have little influence on the hyperbolic-
ity of the dust, hence most hyperbolic meteors were due to velocity determination errors.
Wiegert (2014) confirmed that hyperbolic meteoroids can be generated by planetary per-
turbations of Solar system dust, but that the velocity of such locally generated hyperbolic
meteoroids in the Solar system is only marginally larger than the heliocentric escape veloc-
ity at the Earth, and that the rate of locally generated hyperbolic meteors is relatively low
(about one in every 10* optical meteors).

Musci et al. (2012) summarize a few of the observations discussed above, together with
in-situ data from spacecraft, in one plot. Although in many observations, a percentage of
hyperbolic meteors are found, it seems from many studies, that the majority of these obser-
vations resulted from measurement errors. A comprehensive review of the radar observations
of hyperbolic meteoroids is given in Hajdukova (2016) and Hajdukova et al. (2018), who
show in their Fig. 2 the estimated interstellar dust flux from various observation methods.

5 In-Situ Measurements

The previous sections have described remote methods of studying the interplanetary me-
teoroid cloud. Here we discuss recent developments in the measurement of the meteoroid
distribution in-situ. A history of in-situ detection up until the year 2000 is given in Griin
et al. (2001).

5.1 Antenna Detections Using the STEREO and Wind Spacecraft

Cosmic dust striking a spacecraft surface at high velocity (more than a few kms~!) vapor-
izes and ionizes upon impact, creating a transient plasma cloud near the spacecraft. The
generation of this cloud perturbs the spacecraft floating potential and can be detected by
instruments designed to measure electric fields in space.

Detections of cosmic dust using electric field antennas have been reported in a variety of
dusty environments, including near the gas giant planets: Jupiter, (Tsintikidis et al. 1996),
Saturn (Gurnett et al. 1983, 2004; Kurth et al. 2006; Meyer-Vernet et al. 2009a), Uranus
(Meyer-Vernet et al. 1986; Gurnett et al. 1987), Neptune (Gurnett et al. 1991; Pedersen et al.
1991), and near comets (Giacobini-Zinner (Gurnett et al. 1986), Halley (Laakso et al. 1989;
Neubauer et al. 1990), and P/Borrelly (Tsurutani et al. 2003).

More recently, dust has been observed using electric field instruments in the open Solar
wind at 1 au, far from any known dust sources, both on the STEREO and Wind spacecraft
(Meyer-Vernet et al. 2009b; St Cyr et al. 2009; Zaslavsky et al. 2012; Malaspina et al. 2014,
Kellogg et al. 2016).

STEREO observes two populations of interplanetary meteoroids: beta-meteoroids,
micron-sized dust coming from the direction of the Sun due to Solar radiation pressure (Za-
slavsky et al. 2012; Malaspina et al. 2015), and nanometer dust (Meyer-Vernet et al. 2009b;
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Zaslavsky et al. 2012). The Wind spacecraft observed micron-sized interplanetary dust,
primarily grains one to two orders larger than the beta-meteoroids detected on STEREO
(Malaspina et al. 2015; Kellogg et al. 2016). Wind does not observe nanometer dust (Kel-
logg et al. 2016).

The nanometer dust detected by STEREO has important implications for the dynamics
of heliospheric dust and Solar wind plasma. Nanometer dust has a charge to mass ratio large
enough that it can act as a massive pickup ion, getting accelerated to Solar wind velocities
(about 400 km s~!) away from the Sun through electromagnetic interactions with the inter-
planetary magnetic field (Czechowski and Mann 2010; Juhdsz and Hordnyi 2013). Because
nano-dust can efficiently exchange momentum with the Solar wind, it can slow the Solar
wind near its injection point. This effect has been observed in relation to destructive colli-
sions between large bodies in the Solar wind (Lai et al. 2014), and could potentially play an
important role in the evolution of the near-Sun Solar wind. Variations in the flux of nanome-
ter dust observed at 1 au may also contain information about the rate of collisional grinding
occurring in the near-Sun environment.

Finally, it is important to mention that a publicly accessible database of all dust im-
pacts recorded by the Wind spacecraft over its 22-year mission (> 107000 impacts as of
2015) was recently created (Malaspina and Wilson 2016). This database provides an un-
precedented opportunity to study the flux and variation of interplanetary dust near 1 au over
two full Solar cycles. The Wind dust database was recently made available (early 2017)
through NASA’s Space Science Data Facility Coordinated Data Analysis Web.”

5.2 Impact Dust Detector on New Horizons

The New Horizons mission was launched in January 2006 on an initial reconnaissance of the
Pluto-Charon system (Stern 2008). After launch, New Horizons underwent a gravitational
assist from Jupiter in February 2007 followed by nearly eight-and-a-half years of interplane-
tary cruise from Jupiter to Pluto. The Pluto-Charon fly-by was successfully executed in July
2015 and the spacecraft re-entered a period of interplanetary cruise through the Edgeworth-
Kuiper Belt. An additional fly-by of Kuiper Belt object 2014 MUjgo is now scheduled for 01
January 2019.

While not part of the original payload, the Venetia Burney Student Dust Counter (SDC)
was added to the manifest as a student-led project (Horanyi et al. 2008). SDC is a polyvinyli-
dene fluoride (PVDF) based impact dust detector, with heritage from laboratory designs (e.g.
Simpson and Tuzzolino 1985; Simpson et al. 1989; Simpson and Tuzzolino 1989; Tuzzolino
1991, 1992; James et al. 2010) and previous instruments such as Space Dust (SPADUS,
Tuzzolino et al. 2001a,b), the Dust Flux Monitor Instrument on Stardust (DFMI, Tuzzolino
et al. 2003, 2004), the Cassini High Rate Detector (HRD, Srama et al. 2004), and the Cos-
mic Dust Experiment on-board the Aeronomy of Ice in the Mesosphere mission (Poppe et al.
2011). SDC operates by detecting individual dust impact events on twelve PVDF detectors
mounted on the ram side of the New Horizons spacecraft. Two additional, identical detec-
tors operate under the main deck of SDC, protected from any dust impacts in order to serve
as references for the background noise rate from spacecraft vibrations (which can register
as hits on PVDF detectors) and/or cosmic ray hits in the instrument electronics. When dust
grains impact one of the twelve exposed PVDF films, they create micron-sized craters in the
material inducing a change in electrostatic surface charge density on the PVDF detectors
(Poppe et al. 2010a; Shu et al. 2013). This change in surface charge density is recorded by

2https://cdaweb.sci. gsfc.nasa.gov/index.html/.
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Fig. 8 The spatial density of Year
interplanetary dust grains with 2009 2012 2015
radii greater than 0.5 pm as 60
measured by the New Horizons
Venetia Burney Student Dust
Counter as of 2013. The blue
continuous line is a model
prediction; the black bars
indicate the measurements
including their errors (reproduced
from Szalay et al. 2013)
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associated electronics and empirically calibrated to the dust grain mass assuming an impact
speed. Impact speeds are calculated from the assumption that most grains can be approxi-
mated as being on circular, keplerian orbits. The keplerian velocity is then vector added to
the New Horizons velocity to determine the impact speed. Based on ground calibrations,
SDC is sensitive to dust grains with radii larger than approximately 0.5 um. Between 0.5
and 5 um, SDC can resolve the mass of the impacting dust grain, while for grains larger
than ~ 5 um, a hit is registered, however, internal electronics saturate and the size is only
constrained to be greater than 5 pm.

SDC has operated successfully throughout the New Horizons mission, including through
interplanetary cruise before the Jupiter encounter, through interplanetary cruise before and
after the Pluto-Charon encounter, and for limited periods of time during the main Pluto
encounter itself. First results from SDC were reported in 2010, approximately half-way
through the interplanetary cruise to Pluto at 15 au (Poppe et al. 2010b) with later interplane-
tary results presented before the Pluto encounter at 23 au (Szalay et al. 2013). SDC measured
fluxes of interplanetary dust grains greater than 0.5 um between (2-5) x 107* m=2s7!. As-
suming heliocentric Kepler velocities for the dust grains and appropriately computing the
relative impact velocity of these grains onto SDC, this equates to cumulative IDP densities
> 0.5 um of ~ 10 km™> between 5 and 15 au with an increase to & 20-30 km~* between
15 and 23 au. Figure 8 shows the interplanetary dust spatial density measured by SDC as a
function of heliocentric distance (Szalay et al. 2013). These invaluable data have been used
to constrain models of interplanetary dust grain production in the outer Solar system (Han
et al. 2011; Vitense et al. 2014; Poppe 2016), see Sect. 6 for further discussion. Within the
Pluto-Charon system, SDC detected a single valid dust grain impact greater than ~ 1.4 um
in radius. Note that the instrument minimum detection threshold was raised for the Pluto
encounter in order to filter out anticipated background noise (Bagenal et al. 2016). This is
consistent with densities for grains > 1.4 um in radius measured between 20 and 30 au be-
fore the Pluto encounter. SDC will continue to make measurements of the interplanetary
dust flux through the Edgeworth-Kuiper Belt and beyond.
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5.3 Impact Ionization Detectors—Recent Reanalyses

Impact ionization detectors have been flown on Ulysses, Galileo and Cassini. These detec-
tors are able to provide orbital and mass information for detected grains, and in the case
of the Cassini instrument, also compositional information. Those on Galileo and Cassini
were designed to study the circumplanetary environments of Jupiter and Saturn. All three
instruments, however, also sampled the interplanetary dust cloud, providing information on
very small particle sizes up to a few microns. In addition, all three instruments also ob-
served nano-dust particle streams originating from Io’s volcanoes in interplanetary space
near Jupiter (Griin et al. 1993c, 1996; Graps et al. 2000).

Ulysses flew a highly inclined orbit in order to explore the Solar polar regions. This
allowed it to sample meteoroids outside the ecliptic plane, and in particular to observe inter-
stellar dust (see Sect. 4.4). Outside of the ecliptic plane, accelerated beta-meteoroids were
a dominant source (Wehry and Mann 1999; Wehry et al. 2004). The Staubach model of the
interplanetary dust cloud (Griin et al. 1997; Staubach et al. 1997) is partially based on five
years of Ulysses data, and is supported by further Ulysses dust data (Kriiger et al. 2006,
2010).

Galileo and Cassini remained in the ecliptic plane during their cruise phases. Galileo’s
Dust Detection System (DDS) detected interplanetary particles during the cruise phase
(Kriiger et al. 1998). Cassini’s Cosmic Dust Analyzer (CDA) detected both interplanetary
particles in the inner planet region and between Jupiter and Saturn (Altobelli et al. 2007).
The Chemical Analyzer of the CDA detected two iron-rich interplanetary dust particles,
which have most probable orbits similar to Aten and Apollo asteroids, but the orbit uncer-
tainty means they could also have Jupiter-family comet-like orbits (Hillier et al. 2007).

Normally particles are detected when they hit the back wall of the detector, then the
direction of the particle can be constrained by the relative opening angle as seen from the
back wall through the detector aperture. However, impacts may also generate a charge—
and thus be detected—when hitting the side walls of the detector. This has only recently
been taken into account (Altobelli et al. 2004). Neglect of this effect could lead to an over-
estimation of the rates of interplanetary particles (Willis et al. 2005).

6 Outer Interplanetary Dust and Meteoroid Cloud

In the outer Solar system, typically defined as outside Jupiter’s orbit at 5.2 au, mete-
oroids originate from several sources, including Edgeworth-Kuiper Belt objects, Halley-type
comets, Jupiter-family comets, and Oort Cloud comets (e.g. Liou et al. 1996a; Landgraf et al.
2002). Cometary bodies are known to release significant amounts of dust and gas through
heating, sublimation, and disruption. Such activity is typically strongest in the inner Solar
system, although cometary outgassing and disruption has been observed in the outer Solar
system as well (e.g. Fulle 1992; Sekanina 1996; Kelley et al. 2013; Epifani et al. 2016). Dust
production from Edgeworth-Kuiper Belt objects has also been long hypothesized, with mu-
tual collisions (Stern 1995, 1996), bombardment by interstellar dust grains (Yamamoto and
Mukai 1998), and bombardment by interplanetary dust grains (Poppe 2015) all theorized
as possible production mechanisms. The relative balance between these hypothesized pro-
duction mechanisms at EKBs is currently unclear and it is possible that all three contribute
substantially. Dust grains can also be produced in the outer Solar system through grain-grain
collisions, discussed in further detail below. Thus, the equilibrium distribution of dust in the
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outer Solar system is comprised of contributions from various sources, each with their own
individual spatial and velocity distributions.

As dust grains are shed from their parent bodies, several forces and processes affect both
their dynamical and compositional evolution. Just as in the inner Solar system, meteoroids
in the outer Solar system are subject to Solar and planetary gravity, Solar radiation pres-
sure, Poynting-Robertson and Solar wind drag, and the electromagnetic Lorentz force as
a result of grains becoming electro-statically charged (see review by Gustafson 1994). In
the outer Solar system, gravitational forces from the Sun and the giant planets dominate.
In the absence of planetary gravity, meteoroids will slowly spiral in towards the Sun due to
Poynting-Robertson and Solar wind drag on the particle, with lifetimes in years as described
in Sect. 2. For typical grains from the Kuiper Belt, the Poynting-Robertson drag lifetime as-
suming no planetary perturbations is about one million years per micron of radius (i.e., a
1-um Kuiper Belt dust grain would spiral into the Sun in about 1 million years).

The role of the giant planets in sculpting the equilibrium spatial density distribution of
interplanetary dust grains in the outer Solar system has long been recognized (Liou et al.
1996a; Liou and Zook 1997, 1999). As dust grains spiral inwards from their birth due to
Poynting-Robertson and Solar wind drag, they encounter mean motion resonances (MMR)
with planets. For Kuiper Belt grains, typically born outside the orbit of Neptune, trapping
occurs mainly in neptunian MMRs. Such trapping can extend the lifetime of the dust grains
by temporarily halting their inward progression due to Poynting-Robertson drag (e.g., Liou
and Zook 1997, 1999; Moro-Martin and Malhotra 2002, 2003), potentially forming a cir-
cumstellar ring of dust grains just outside the orbit of Neptune.

In addition to dynamical perturbations, dust grains are subject to various mass loss pro-
cesses that, over time, can significantly reduce the size of the grain relative to its size at birth.
These mechanisms primarily include charged particle sputtering (e.g., Mukai and Schwehm
1981), photo-sputtering (Westley et al. 1995; Grigorieva et al. 2007b; Oberg et al. 2009), and
grain-grain collisions (e.g., Borkowski and Dwek 1995; Stark and Kuchner 2009). Sputter-
ing is the process of energetic particles or photons hitting the surface of a grain, releasing
individual atoms, ions, or molecules from this grain.

Sublimation, a mass loss process that is highly effective in the inner Solar system, does
not operate efficiently in the outer Solar system due to the far colder equilibrium grain tem-
peratures (e.g., see Mukai and Schwehm 1981). It has been hypothesized by Kobayashi et al.
(2010), however, that sublimation of icy grains from Edgeworth-Kuiper Belt objects may be
responsible for the fairly flat distribution of interplanetary dust measurements by Pioneer
10 (Humes 1980) and Voyager (Gurnett et al. 1997). Such calculations would appear to be
at odds with simulations by Grigorieva et al. (2007b), which showed that photodesorption
(atomic or molecular species leaving a surface) is a highly efficient process even in the outer
Solar system. Thus, icy grains would rapidly become S-meteoroids before being able to mi-
grate inwards from their birth place in the Edgeworth-Kuiper Belt. The ultimate fate of icy
grains generated from the Edgeworth-Kuiper Belt is still unclear and warrants further study.

Grain-grain collisions are also a critical process for the evolution of interplanetary dust
grains, yet have only recently been successfully included in dynamical models (e.g., Stark
and Kuchner 2009; Vitense et al. 2012). Stark and Kuchner (2009) have described a novel
algorithm for incorporating the effects of grain-grain collisions on the calculation of equilib-
rium dust grain distributions in N-body simulations. This so-called “collisional grooming”
technique operates by first producing a non-collisional spatial density distribution and then
repeatedly recalculating the collisional degradation of the dust disk by computing the colli-
sional history of each individual dust grain through the previous equilibrium spatial density
distribution. Kuchner and Stark (2010) used this technique to model the Kuiper Belt, finding
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Fig. 9 (top row) The modeled mass density of interplanetary dust grains from Edgeworth-Kuiper Belt objects
(EKB), Oort Cloud comets (OCC), Jupiter-family comets (JFC), and total in the ecliptic plane. The dot and
dotted line denotes the position and orbit of Neptune, respectively. (bottom row) Same as top row but in the
meridional plane. From the model of Poppe (2016)

that collisions are an important process even in today’s EKB dust disk. Later models of the
Kuiper Belt debris disks have incorporated various forms of this technique for collisions,
yielding similar results (e.g., Poppe 2016).

Several dynamical models have explored various aspects of the spatial density and veloc-
ity distributions of interplanetary dust in the outer Solar system including those by Liou and
Zook (1999), Landgraf et al. (2002), Moro-Martin and Malhotra (2002, 2003), Kuchner and
Stark (2010), Vitense et al. (2012, 2014), Han et al. (2011), and Poppe (2015, 2016). These
models have progressively increased in both theoretical and computational sophistication
over time. As an example, Fig. 9 shows the ecliptic and meridional mass density distribu-
tions of 0.5-100 um dust grains for three separate families (Edgeworth-Kuiper Belt objects,
or EKBs, Oort Cloud comets, or OCCs, and Jupiter-family comets, or JFCs) and the total,
respectively, from the Poppe (2016) dynamical model.

EKB grains form a broad, ~ 10 au thick ring centered at 40 au, just outside the orbit of
Neptune, while extending both into the inner Solar system and out past 150 au. The peak in
mass density of &~ 107 gkm™3 near 40 au indicates the primary birth location centered on
the main Edgeworth-Kuiper Belt.

Reflecting the nearly isotropic inclination distribution of parent body comets (e.g., Dones
et al. 2004), the OCC dust grains form a three-dimensional halo (or shell) in the outer Solar
system centered between the orbits of Jupiter and Neptune (=~ 5-30 au). Mass densities of
OCC grains are estimated to be lower than that of Kuiper Belt grains, based on fits to Pioneer
10 and New Horizons SDC measurements (Poppe 2016).

JFC dust grains are highly concentrated within the orbit of Jupiter and do not extend
beyond the orbit of Neptune in appreciable numbers. Nevertheless, JFC grains form the
dominant dust species in the inner Solar system as shown by Nesvorny et al. (2010, 2011a).

Finally, the right-most column of Fig. 9 displays the total mass density in the outer Solar
system. Kuiper Belt grains dominate the mass density in the ecliptic plane in the outer So-
lar system and beyond, with OCC grains dominating over Kuiper Belt grains only at high
ecliptic latitudes.
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Fig. 10 A comparison of EKB Grain Lifetimes
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Figure 10 shows a comparison of various theoretical and dynamically modeled lifetimes
for EKB grains as a function of grain radius in the outer Solar system from the model of
Poppe (2016). Theoretically derived lifetimes include the Poynting-Robertson drag lifetime
(solid black line) assuming zero initial eccentricity and an initial semi-major axis of 42.5 au
(Wyatt and Whipple 1950; Burns et al. 1979), the lifetime due to erosion by interstellar
dust grain impacts (dash-triple dot line), and the lifetime due to charged particle sputter-
ing from the Solar wind assuming values at 42.5 au (dash-dot line). The time-scale for a
single stochastic collision with an interstellar dust grain is shown as the dashed line. The
ISD erosion lifetime is calculated from a characteristic ISD flux of Iygp ~ 1074 m™2s~!
and grain size of 0.5 um (Griin et al. 1997), and an impact cratering yield from Borkowski
and Dwek (1995). The Solar wind sputtering lifetime is calculated assuming a Solar wind
composition of 97% protons, 3% alphas (He* "), a flux at 1 au of I, = 108 cm™2s~! with
radial dependence as 2, and proton and alpha sputtering yields of 10~2 and 10~', respec-
tively (Biersack and Eckstein 1984; Behrisch and Eckstein 2007). The dynamical lifetimes
of dust grains subjected to the full panoply of forces as described in Poppe (2016) is shown
in color for both non-collisional (red) and collisional (blue) cases. For all sizes, the non-
collisional lifetimes are slightly higher than the theoretical P-R drag lifetime. The relatively
broad error bars (representing the 10% and 90% levels) are due to the broad range of initial
semi-major axes and eccentricities in the dynamical model. As the grain size increases, the
non-collisional lifetime scales as the radius, in agreement with theory. In the collisional case,
dust grain lifetimes are identical to those in the non-collisional case for radii of ~ 3 um or
less. Grains with radii larger than &~ 3 um have lifetimes that asymptote to a maximum of ap-
proximately 3 x 107 years, significantly shorter than either the dynamical or theoretical life-
times. While subject to some uncertainty given model assumptions, the transition between
transport-dominated dust grains and collisionally-dominated dust grains in the Kuiper Belt
occurs near 3 um. Note also that Solar wind sputtering and ISD collisional erosion are much
longer processes than Poynting-Robertson drag transport and interplanetary grain-grain col-
lisions. The grain radius at which the collisional lifetime (blue) is equal to the approximate
Poynting-Robertson drag lifetime in the absence of planets (solid line), termed the “critical
radius”, occurs near &~ 7 pm, similar to that found by Kuchner and Stark (2010) in their
dynamical, collisionally groomed model of the EKB dust disk. Strictly speaking, Kuchner
and Stark (2010) found a critical radius for the EKB near 15 um. However, given various
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model assumptions, the agreement between Kuchner and Stark (2010) and Poppe (2016) is
good.

7 Meteorites
7.1 Overview

Meteorites are the surviving pieces of a meteoroid or asteroid passing through the atmo-
sphere. Most of them come from chondritic bodies, primitive asteroids formed in the early
Solar system which never reached the melting limit temperature in their interiors. Because
of this, they have preserved chemical clues of the early Solar system (see e.g. Trieloff et al.
2003; Scott and Krot 2003) which can be directly measured in ground-based laboratories.
Figure 11 shows a graphical representation of the classification of these objects, whose rel-
evant properties will be addressed in detail in this section. Besides chondrites, stony achon-
drites, stony-iron, and iron meteorites exist. However, these comprise only about 7% of our
meteorite collection, and are therefore not discussed here.

When linking meteorite properties to those of meteoroids, selection effects need to be
taken into account. Only meteoroids larger than typically tens of centimeters in size will
survive the passage through the atmosphere; smaller objects will completely disintegrate
and not reach the ground. The material properties will also play a role - very fragile material
will break apart more easily in the atmosphere than compact material. Only under rare cir-
cumstances, e.g. very shallow entry angles, can fragile material be recovered on the ground,
as has happened for the Tagish Lake meteorite fall (Brown et al. 2000).

‘Chondritic’ means that they contain chondrules, about 1 mm-sized objects of glass and
crystalline silicates formed by melting followed by rapid cooling. They also contain Ca- and
Al-rich inclusions (CAIs) formed by condensation of high-temperature nebular gas. CAls
are composed mainly by refractory oxides and silicates. Other components in chondrites
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Fig. 11 Classification of chondritic meteorites. This basic diagram is useful for a general understanding of
the key processes modifying asteroidal compositions over time. They are grouped in classes (carbonaceus,
ordinary, R, K, and enstatite). The letters indicate so-called groups. The number indicates the thermal meta-
morphic grade (image E. Dotto)
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are fine-grained matrix material (Brearley and Jones 1998) and a very small amount of tiny
particles formed in other stars (Huss 1997; Messenger et al. 2003; Zinner 2003).

The classification is done based on mineralogical and petrologic characteristics, as well
as chemical and isotopic compositions, see Fig. 11. The first letter in the figure denotes the
class, the second a subclass. For carbonaceous meteorites, the second letter is based on the
name of the first meteorite found in that subclass. L, H, and LL stand for low iron, medium
iron, and low iron and low metal, respectively. 15 subclasses are known (Weisberg et al.
2006), 13 of which are shown in the figure.

7.2 Petrologic Types

Within the chondritic group, six different so-called thermal metamorphic grades or petro-
logic types have been defined, depending on their thermal or aqueous processing. These are
marked by numbers in Fig. 11. Types 1 and 2 denote meteorites affected by aqueous alter-
ation at low temperatures (Trigo-Rodriguez 2015). These groups come from water-bearing
early-formed small asteroids, or larger asteroids formed later that never suffered significant
radioactive heating since most of the nuclides responsible for heating were already gone.
Type 3 is represented by chondrites that experienced little aqueous alteration and meta-
morphism, so they can be considered the most pristine chondrites. Thermal metamorphism
increasingly affected petrologic types 3 to 6, type 6 being the most affected by in-situ parent
body heating and shock-induced melting. A comprehensive review on the thermal meta-
morphism experienced by all chondrite groups has been published by Huss et al. (2006).
In summary, the degree of thermal metamorphism and aqueous alteration is highly variable
among the different chondrite groups as a consequence of different degrees of processing on
the parent body.

7.3 Evolution of Meteorites

After formation of the chondritic bodies through accretion of planetesimals in the early Solar
system, most of them soon became exposed to impacts with other bodies (Beitz et al. 2016).
After being bombarded over 4.5 Gyr, these bodies exhibit impact-excavated structures, and
have suffered significant erosion of their surfaces.

Progressive collisional gardening excavates craters and produces dust and meteoroids
with enough energy to escape the gravitational field of their parent bodies. These erosive
processes deliver chondritic material to Earth and other terrestrial planets. The observed
chemical differences in the 15 known subclasses support the idea that each of them was
formed in a different reservoir, probably from the separate rings observed in disks found
around young stars (Zhang et al. 2015). This idea has been reinforced by the fact that rela-
tively few chondrite breccias exist that contain clasts belonging to different chondrite groups
(Bischoff et al. 2006). Primitive asteroids are covered by pebbles produced by continuous
impacts that have excavated and fragmented their surfaces, called regolith. Consequently,
chondrite breccias are mainly formed by the compaction of this asteroidal regolith under the
action of impacts, whereas at the typical encounter velocities the original projectile material
would be preferentially vaporized.

Meteorite breccias have complex and diverse constituents, often containing different
lithologies, as measured e.g. in the Almahatta Sitta meteorite (Bischoff et al. 2010). This
provides evidence for the substantial mixing of material in the early Solar system, as pre-
dicted by dynamical models as a consequence of the migration of the giant planets (see e.g.
DeMeo and Carry 2014).
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7.4 Ordinary Chondrites

It is estimated that about 500 meteorites reach the surface of our planet every year, most
as small rocks with a mass of few grams (Halliday et al. 1996). Nowadays, meter-sized
ordinary chondritic meteoroids (hereafter OCs) dominate the current terrestrial flux, but
their parent asteroids (S spectral type, Gaffey and McCord 1978) represent only about the
17% of the asteroids in the main belt. The reason for OCs being the most common meteorites
reaching our planet is because the composition is dominant for asteroids located between the
inner belt and the near-Earth region (Gradie and Tedesco 1982). In addition, most asteroids
are covered by regolith grains that have been exposed to space weathering over the eons,
significantly modifying their reflectance properties and mineralogy. This was first measured
by the Hayabusa sample return mission from asteroid 25143 Itokawa, (e.g. Nakamura et al.
2011b).

From the study of almost fifty thousand OCs available in meteorite collections,’ we know
that they have experienced different degrees of thermal metamorphism. The reason is that
they come from moderately large chondritic asteroids that were fractured by large impacts,
ejecting chondritic materials that were buried at different depths in their interiors. It is thus
not easy to find pristine chondrites among the different subclasses of ordinary chondrites
(H, L, and LL). Only a few examples exist, e.g. LL3.0 Semarkona, and LL3.1 Bishunpur
(Mostefaoui et al. 2004). These few well-preserved rocks contain highly unequilibrated ma-
terial, whose study reveals that most chemically homogenized OCs have suffered significant
mineralogical and chemical modifications. This is associated with heating induced by ra-
diogenic decay, and shock-induced annealing from impacts. The heat associated with these
processes was cementing OCs together, i.e. they chemically reacted to produce asteroids
with higher strength, less bulk porosity and higher bulk density (Trigo-Rodriguez and Blum
2009; Moyano-Cambero et al. 2017). The collisional products of such asteroids have been
proved to be different of those coming from fragile aggregates (Blum et al. 2006).

Chondrite materials that have experienced thermal processing over the eons become pro-
gressively “cooked” and compacted (Huss et al. 2003; Trigo-Rodriguez and Blum 2008).
These properties are important because the collisional products of these bodies depend
on the processes having occurred on asteroids (Flynn and Durda 2004). In fact, labora-
tory experiments to produce aggregates as proxies of chondrites have demonstrated that the
parent bodies of chondrites accreted as highly porous bodies (Blum et al. 2006). Subse-
quent large impacts collapsed pore spaces and produced shock heating, resulting in frag-
mented and compacted objects (Beitz et al. 2016). This thermal processing homogenized
the chemical composition of the chondritic components, resulting in different levels of as-
teroid compaction depending on the amount of volatiles which acted as a buffer for the
impact-delivered heat (Trigo-Rodriguez and Blum 2009; Beitz et al. 2016).

7.5 Carbonaceous Chondrites

Carbonaceous chondrites (CCs) are associated with bodies formed around or outwards the
protoplanetary disk snow line (Brearley and Jones 1998). Their main parent asteroids are
called C-type, constituting about 80% of the main belt asteroids. Their spectra indicate a
relatively high amount of carbon compounds, that make them extremely dark objects (For-
nasier et al. 1999). These asteroids are located in the outer half of the asteroid belt, and their
surfaces have very low visible albedos of 0.03-0.09 (Jewitt et al. 2007; Trigo-Rodriguez

3Meteoritical Bull. Database: https://www.lpi.usra.edu/meteor/metbull.php.
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et al. 2014). The asteroids have low densities, similar to the CCs they produce, ranging from
about 2 gcm™ for the ones with a significant content of water and porosity, to 3.5 gcm™>
for the driest and Fe-rich ones (Britt and Consolmagno 2000). Among these CCs, the CI
and CM groups are associated with transitional objects with significant abundance of water,
mostly as hydrated minerals that could have exhibited cometary activity at some point of
their evolution (Trigo-Rodriguez 2015). They experienced extensive aqueous alteration, and
many of them escaped thermal metamorphism.

They contain phyllosilicates as major phases, serpentine in CM and sponite-serpentine
mixed layers for CI chondrites. Some CM and CI chondrites were heated and dehydrates
after aqueous alteration, as summarized in Nakamura et al. (2005). This indicates that a
dehydration process is common in the hydrated C-type asteroids, as also suggested by re-
flectance spectra (Hiroi et al. 1993).

CO, CV, and CR chondrites suffered much less severe aqueous alteration, but some CVs
and CRs are certainly moderately aqueously altered as well. Thermal metamorphic grades
for these groups are ranging from low (3.0) to nearly type 4 (Scott and Jones 1990; Russell
et al. 1998), except for the CV and CK groups that can have members with higher val-
ues. In general, carbonaceous chondrites can be considered “pristine” as they retain a bulk
chemistry close to Solar abundance. But only a few meteorites retain highly unequilibrated
mineral assemblages relatively unaffected by thermal and aqueous modifications. The most
primitive CCs identified so far are the CO chondrite ALHA77307, the CM2 chondrite Yam-
ato791198, and the CM-like un-grouped chondrite Acfer094 (Rubin et al. 2007).

The degree of metamorphism in chondrites reflects thermal effects associated with burial
due to self-gravity, or with the propagation of heat in shock waves generated in collisions
(Scott and Krot 2003). Chondritic materials have then experienced such thermal process-
ing over the eons, and become progressively “cooked” and compacted (Huss et al. 2003;
Trigo-Rodriguez and Blum 2009). These properties are important as the meteorites are the
collisional products of asteroids on which these processes have occurred (Flynn and Durda
2004), thus letting us constrain the asteroid’s evolution. Laboratory experiments to pro-
duce aggregates as proxies of chondrites have demonstrated that the parent bodies of chon-
drites accreted as highly porous bodies, see Blum et al. (2006). Large impacts contributed
to collapse pore spaces and produced shock heating, so most asteroids are fragmented and
compacted objects (Beitz et al. 2016). This thermal processing homogenized the chemi-
cal composition of the chondritic components forming asteroids. They were compacted to
different extents, depending on the amount of volatile material acting as a buffer of the
impact-delivered heat (Trigo-Rodriguez and Blum 2009; Beitz et al. 2016).

7.6 Other Classes

Other classes are less relevant here, but mentioned briefly for completeness: Rumuruti (R)
chondrites are a new chondrite group formed mostly by brecciated meteorites with chemical
patterns that differ from carbonaceous, ordinary, and enstatite chondrites. The Kakangari
(K) chondrite group have a similar set of petrologic and oxygen-isotopic characteristics that
distinguishes them from other chondrite groups. Enstatite chondrites are chemically reduced
meteorites, with most of their iron taking the form of metal or sulfide rather than an oxide,
and being mostly formed by the mineral enstatite (MgSiO3), from which they derive their
name.

7.7 Summary

Summarizing, as a direct result of the collisional processing of chondritic bodies which
dominates the population of asteroids and possibly comets, most of the interplanetary space
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contains rocks and particles of chondritic nature. Fragile, water-bearing bodies such as C-
and D-type asteroids and comets are the main contributors to the interplanetary dust and
meteoroid cloud, see e.g. Engrand and Maurette (1998). As a direct consequence, most
meteoroids ablate in the terrestrial atmosphere producing a luminous phase that usually ex-
hibits chondritic bulk elemental chemistry (Trieloff et al. 2003; Trigo-Rodriguez et al. 2004).
Only recently, researchers started to directly study the ablation of chondrites in the labora-
tory. This allows obtaining new clues about the delivery of chondritic materials to Earth by
simulating the factors regulating the ablation of meteoroids in the Earth’s atmosphere (see
e.g. Gémez Martin JC et al. 2017). Chondritic material is also important from an astrobi-
ological perspective. Its rock-forming minerals, under aqueous alteration and in presence
of Nitrogen-bearing species, are able to catalyze extremely diverse organic species (Rotelli
et al. 2016). These findings are relevant as they show a natural way of increasing the chemi-
cal complexity as needed to explain the ubiquity of life in planetary bodies (Trigo-Rodriguez
et al. 2017).

8 Dust Particle Collection
8.1 Introduction

The interplanetary dust environment in Earth orbit was investigated by the deployment of
dust collectors on the Gemini 10 mission, the Long Duration Exposure Facility (LDEF), the
MIR Space Station, and the Space Shuttle, as well as by the examination of space-exposed
surfaces retrieved during the repair of the Solar Maximum satellite and the Hubble Space
Telescope. Elemental analyses of the residue left in impact craters from the LDEF experi-
ment identified three major classes of extraterrestrial materials, particles with roughly chon-
dritic abundances of Fe, Mg, and Si suggestive of fine-grained aggregates, mono-mineralic
silicates, and Ni-Fe-sulfides (Horz and Bernhard 1992), as well as a population of man-made
particles.

The LDEF experiment yielded a measure of the meteoroid mass flux at the top of the
Earth’s atmosphere. This flux is dominated by particles around 250 um diameter, and ac-
counts for 30000 = 20 000 tons/year (from Love and Brownlee 1993). This is ~ 1000 times
the contemporary flux of meteorites (Bland et al. 1996).

As discussed previously, interplanetary dust particles can enter the terrestrial atmosphere
with velocities varying between ~ 11 kms™! to ~ 73 kms~!, depending on the origin of
the particles. As early as 1937, Opik recognized that small particles entering the Earth’s
atmosphere could radiate away heat as rapidly as it was being regenerated by friction in the
atmosphere, allowing them to survive entry. Detailed modeling by Whipple (1950) indicated
that particles around 10 um in size could survive atmospheric entry without severe heating,
particularly those particles having the lowest bulk densities and entry speeds. Although small
particles at the surface of the Earth are dominated by local dust, the anticipated survival of
interplanetary dust motivated high-altitude collection efforts by rockets, balloons, and even-
tually aircraft. For larger particles (> 25 um), the high speed impact with the atmosphere
causes the evaporation of a large fraction of the incoming dust, but ~ 20% of them reach the
terrestrial surface (Taylor et al. 1998; Duprat et al. 2006; Plane 2012) and can be collected
on Earth, either in the stratosphere (Brownlee 1985), in the polar caps from ice/snow (Mau-
rette et al. 1987, 1991; Yada and Kojima 2000; Nakamura et al. 2001; Duprat et al. 2007) or
by being trapped in ice in the transantarctic mountains (Rochette et al. 2008). Dust particles
reaching the Earth from space deposit on the surface to form sediments, at a rate as slow

@ Springer



34 Page 34 of 62 D. Koschny et al.

as 1 particle m~2 day~' (Brownlee et al. 2006). The effects of the vaporized material on the
atmosphere are discussed in Plane et al. (2018).

For historical reasons, particles collected in the stratosphere are called “Interplanetary
Dust Particles” (IDPs). Their sizes range typically from a few pm to ~ 50 pm. Particles
collected in polar caps are named “micrometeorites” (MMs), and have larger sizes, from
~ 25 um to ~ 1 mm. The difference in the size ranges between IDPs and MMs is due to the
collection mode, and these two collection techniques are complementary.

The stratospheric collection of IDPs is inherently biased. Particles smaller than a mi-
cron or so in diameter are generally trapped in the air stream, and flow past the collector,
while the abundance of particles > 50 um in diameter is so low that few are ever collected.
After flight, particles are removed individually from the collectors and examined optically

LI Y3

and by electron beam instruments, allowing them to be characterized as “cosmic”, “possi-
bly cosmic”, “natural terrestrial”, or “man-made terrestrial” material. Even at the collection
altitude, a majority of the particles are terrestrial material, either naturally occurring dust or
man-made particles such as rocket exhaust. Due to their very low bulk densities, the more
porous particles settle more slowly, so they are preferentially collected at these altitudes.
Further, all Earth collections are biased by gravitational focusing, which significantly en-
hances the flux of particles with the lowest geocentric velocities.

IDPs and MMs collected on Earth originates both from asteroids and comets. Recogniz-
ing their origin requires comparing their characteristics to those of meteorites and comets. So
far two families of cosmic dust of probable cometary origin have been proposed both in the
IDP and micrometeorite collections. The abundance of icy and carbon-rich asteroids in the
asteroid belt has recently been revisited (DeMeo and Carry 2014) and they are underrepre-
sented in the meteorite collections, possibly due to preferential destruction of carbonaceous
chondrites on Earth, during atmospheric entry or by weathering on Earth. The cosmic dust
collected on Earth could be more representative of the interplanetary matter than meteorites.

8.2 Interplanetary Dust Particles (IDPs) Collected in the stratosphere

NASA has been collecting IDPs from the Earth’s stratosphere since 1981. U2, ER2 and WB-
57 aircrafts collect IDPs at altitudes between 17-20 km, with flight durations from a few
hours to 65 hours (Brownlee 1985). Collector plates covered with a layer of high viscosity
silicon oil, which needs later to be rinsed from the particles, are deployed to collect particles
from the stratosphere by impact.

Due to their small sizes, IDPs, like the ones shown in Fig. 12, usually do not suffer
from extreme atmospheric entry heating effects. Ceplecha et al. (1998) give a size limit
of roughly 10 um; the precise values depend on the velocity. IDPs are classified accord-
ing to their composition into two main categories: chondritic IDPs, with a bulk chemical
composition compatible with the average chondrite composition; and non-chondritic IDPs,
e.g. large single crystals of silicates, Fe-sulphide minerals, or refractory minerals (e.g. Mc-
Keegan 1987a; Zolensky 1987). Chondritic IDPs are in turn classified according to their
mineralogy, i.e. olivine-, pyroxene-, or layer-lattice-silicate-dominated, or by their textures:
(i) chondritic porous, abbreviated CP; (ii) chondritic filled, less porous than CP IDPs; and
(iii) chondritic smooth IDPs, abbreviated CS (e.g. Bradley 2005; Flynn et al. 2016).

CP IDPs are unequilibrated aggregates of mostly sub-micron grains of diverse compo-
sitions, sampling a wide variety of formation conditions. Most CP IDPs have never experi-
enced any significant hydrous or thermal parent body processing, gravitational compaction,
or impact shock, which have affected most meteorites, and many were minimally heated
during atmospheric deceleration. They have a chondritic composition for the major rock-
forming elements (Fig. 13). These CP IDPs consist mainly of anhydrous crystalline phases,

@ Springer



Interplanetary Dust, Meteoroids, Meteors and Meteorites Page350f62 34

Fig. 12 Typical IDPs include: (left) anhydrous aggregate CP-IDPs, (center) single mineral IDPs, and (right)
compact, hydrous IDPs. The arrow in the frame points to a pyroxene whisker

Fig. 13 Si- and CI-normalized 100
elemental abundance patterns in
representative samples of IDPs,
porous (CP) IDPs, smooth IDPs,
micrometeorites, and Larger
Cluster IDPs. The IDPs are
collected in silicone oil, which is
never completely removed by
hexane washing, so the IDP data
is typically Fe-normalized. The
Si-normalized values shown were
generated assuming a Si/Fe ratio
as in CI meteorites (adapted from
Flynn et al. 2016)
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mostly Mg-rich olivines, pyroxenes and low-Ni Fe sulphides (Bradley 2005), as well as
primitive glassy components called Glass Embedded with Metals and Sulphides (GEMS)
that may be of pre-Solar interstellar origin (Bradley 1994; Klock and Stadermann 1994;
Bradley et al. 1999). These highly unequilibrated IDPs, containing individual olivine and
pyroxene grains, span a wide range of Fe contents, with Mg/(Mg + Fe) varying from nearly
100 to ~ 50 mol%. The mineralogy of CP IDPs is compatible with that of comets Halley
and Hale-Bopp (e.g. Hanner and Zolensky 2010, and references therein).

Detailed studies of the CP IDPs indicate that they are the most primitive materials of the
Solar system currently available for laboratory study (Ishii et al. 2008), providing the best
available samples of the materials present in the Solar protoplanetary disk. Low-Fe, Mn-
enriched olivines, commonly observed in CP IDPs and sometimes found in unequilibrated
ordinary chondrite meteorites, as well as exotic whisker (Fig. 12) and platelet morphologies
of the crystalline silicate enstatite found in CP IDPs have been proposed to form directly
as a high temperature condensates from the disk (Ishii et al. 2008, and references therein).
A comparative study of the sizes of the crystalline Mg-rich silicate and the Fe-sulfides, the
two most abundant phases in CP IDPs, shows that the mean constituent grain size varies
from one CP IDP to another. They have a size-density relationship that can be explained
with an aerodynamic-type sorting mechanism operating in the disk prior to grain aggregation
(Wozniakiewicz 2012). In many CP IDPs the individual mineral grains are coated with a thin
(~ 100 nm) layer of organic carbon (Flynn et al. 2013), consistent with modeling by Ciesla
and Sandford (2012) showing that ultraviolet and thermal processing of ice coated grains
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in the cold, outer Solar nebula can produce complex organic molecules. These organic rims
likely aided in the grain aggregation in the Solar nebula (Flynn et al. 2013), since bare
crystalline grains can stick together only in very slow collisions.

The composition of hydrated IDPs is broadly chondritic, with a depletion in Ca (Fig. 12),
likely related to an aqueous alteration event on their parent body (Schramm et al. 1989). The
mineralogy of hydrated IDPs is dominated by phyllosilicates and carbonates, and also con-
tains Ni-rich Fe sulphides like pentlandite. The phyllosilicates are usually smectite, possibly
linking some of them to CI chondrites (Keller et al. 1992), although most hydrated IDPs still
contain anhydrous parts, with is not the case for CI chondrites that have been fully aqueously
altered.

Both the CP IDPs and the CS IDPs are significantly enriched in C over the most carbon-
rich meteorites, with C contents ranging from ~ 5 to ~ 45 wt% (Keller et al. 1994).

Large isotopic anomalies interpreted as pre-Solar interstellar signatures have been found
in IDPs, both in the organic matter and in the mineral components, including GEMS and
silicates (Messenger 2000; Messenger et al. 2003; Floss and Stadermann 2004). Oxygen,
which is the most abundant element in chondritic materials, varies with heliocentric distance
within the Solar system. Isotopic imaging of IDPs demonstrates that some sub-micron grains
have O isotopic ratios outside the range seen in Solar system materials, suggesting these
grains formed in outflows or explosions of previous generations of stars and survived the
incorporation into the Solar system without equilibration (Messenger et al. 2003). Some
of these IDPs also exhibit elevated D/H ratios (Zinner et al. 1983; McKeegan et al. 1985;
McKeegan 1987b; Messenger 2000).

It has been proposed that a large proportion (if not all) of CP IDPs could be of cometary
origin (e.g. Bradley and Brownlee 1986; Ishii et al. 2008, and references therein). Vernazza
et al. (2015) proposed that anhydrous IDPs could originate from icy asteroids.

8.3 Micrometeorites Collected in the Polar Caps

Micrometeorites ranging from ~ 25 um to ~ 500 um have been most efficiently collected
from ice or snow in the polar caps: in Greenland (Maurette et al. 1986, 1987) and in Antarc-
tica (Maurette et al. 1991; Taylor et al. 1998, 2000; Yada and Kojima 2000; Nakamura et al.
2001; Duprat et al. 2007). Larger micrometeorites up to ~ 1 mm with older terrestrial ages in
the order of Myr have been collected at the surface of the transantarctic mountains (Rochette
et al. 2008).

Since MMs are larger than IDPs, they suffer more extensively from atmospheric entry
effects. They are first classified according to the textures resulting from atmospheric entry
heating (Genge et al. 2008):

e unmelted particles comprising fine-grained particles (Noguchi et al. 2017);
e partially melted scoriaceous particles;
e and fully melted cosmic spherules (CS), see Fig. 15 and Duprat et al. (2007).

In terms of composition, two main families are found in the MM collections: the chon-
dritic particles (~ 99% of the particles, both anhydrous and hydrated), and the ultra-
carbonaceous particles that have been identified in the last decade (Nakamura et al. 2005;
Duprat et al. 2010), see Fig. 14.

Chondritic micrometeorites < ~500 um are mostly related to the carbonaceous chon-
drites (Kurat et al. 1994; Engrand and Maurette 1998; Herzog et al. 1999; Engrand et al.
2005; Genge 2008; Genge et al. 2008; Dobricd et al. 2009), whereas larger micrometeorites
show more affinity with ordinary chondrites, which dominate the meteorite collections (van
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Fig. 14 Proportion and types of
MMs from the Concordia
collection (updated from Dobrica
et al. 2010)

Fig. 15 Backscattered electron
micrograph of Concordia
Ultracarbonaceous Antarctic
Micrometeorite (UCAMM)
DCO02-11-19. All dark gray
patches are constituted of organic
matter. Brighter flakes are
silicates or Fe-Ni sulphides
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Ginneken et al. 2017). The chondritic MMs exhibit a composition for major and minor el-
ements that is comparable within a factor of 2 to the bulk CI composition (Dobrica et al.
2009). The mineralogy of anhydrous MMs is dominated by crystalline silicates, mainly
olivine and low-Ca pyroxene, followed by Fe—Ni sulfides in abundance. The olivine com-
positions range from almost pure forsterite (Mg-olivine) to relatively high Fe-olivine, up to
Fe/Mg about 1. The low-Ca pyroxenes show a similar range of Fe contents (van Ginneken
et al. 2017). The mineralogical compositions, in particular the composition of the olivines,
show that the constituents of cosmic dust have sampled a wide range of conditions in the
protoplanetary disk.

The number ratio of pyroxene versus olivine in micrometeorites is about 1, while it is
on the order of 0.2 in CM chondrites, which are the closest relatives to MMs in the mete-
orite collections (Kurat et al. 1994; Engrand and Maurette 1998). The CR chondrites are the
only carbonaceous chondrites with a high abundance of pyroxenes relative to olivines. Since
Fe-Ni sulfides are ubiquitous, they can be used for comparison between families of extrater-
restrial objects. In MMs, most Fe-Ni sulfides show a composition close to that of troilite,
containing less than 3 wt% of Ni. Pentlandite is only rarely detected, mainly in scoriaceous
MMs (Engrand et al. 2007). Refractory minerals (spinel, anorthite, melilite, hibonite, Ca-Al-
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rich pyroxene, and perovskite) or refractory inclusions have been reported in a few dozen
of micrometeorites (e.g. Hoppe et al. 1995; Engrand et al. 1999c; Genge et al. 2008). The
relative abundance of MMs containing refractory minerals or inclusions is less than 1%.
Chondrules are also rare in MMs, but present in the coarse-grained population of microm-
eteorites (Walter et al. 1995; Kurat et al. 1996; Genge et al. 2005; Genge 2008). Hydrated
MM s contain saponite or serpentine in association with organic matter, that show similari-
ties but also differences with phyllosilicates in carbonaceous chondrites (Genge et al. 1997,
Nakamura et al. 2001; Noguchi et al. 2002; Battandier et al. 2016; Noguchi et al. 2017).

The hydrogen isotopic composition of hydrous phases in micrometeorites is centered
on the terrestrial value (Engrand et al. 1999a), suggesting that MMs could have played a
role in the delivery of water to Earth (Maurette et al. 2000). Fossil micrometeorites trapped
as clasts in HED meteorites (HED = howardite, eucrite, diogenite, thought to come from
asteroid (4) Vesta) also bear the same H isotopes (Gounelle et al. 2005a). The oxygen iso-
topic composition of anhydrous minerals in MMs < 500 um show similarities with that of
carbonaceous chondrites (Engrand et al. 1999b). For larger micrometeorites—melted into
cosmic spherules—a larger proportion of ordinary chondrite-related particles is found (van
Ginneken et al. 2017).

The carbon content of MMs (except for UCAMMs) has a range between 0.2 to 2.8 wt%
(Maurette et al. 2000; Matrajt et al. 2003). The MMs exhibit Raman signatures of the first-
order carbon bands G and D, suggesting the presence of polyaromatic carbonaceous matter.
The width and position of these bands, as well as high-resolution Transmission Electron
Microscope imaging, show a very disordered organic matter that did not experience ther-
mal metamorphism (Dobricd et al. 2011). MMs also contain nanoglobules comparable to
those observed in primitive meteorites and Wild 2 samples (Maurette et al. 1995; Nakamura-
Messenger et al. 2006; de Gregorio BT et al. 2011). MMs also contain complex organics in
the form of PAHs (Clemett et al. 1998) and amino acids (Brinton et al. 1998; Matrajt et al.
2004).

The origin of chondritic micrometeorites—asteroidal or cometary—is still debated (e.g.
Maurette 2006; Genge 2008; Genge et al. 2008; Dobrica et al. 2009, and references therein).
Models predict that a large fraction of dust on Earth could originate from Jupiter-family
comets (e.g. Nesvorny et al. 2010; Poppe 2016).

UCAMMs are most probably of cometary origin. They contain up to 85% of organic mat-
ter in volume, thus showing carbon contents up to 10 times that of the most C-rich carbona-
ceous chondrites (Kerridge 1985; Grady and Pillinger 1986; Pizzarello et al. 2001). Such
concentrations of carbonaceous matter are comparable with that of the most C-rich IDPs
(Thomas et al. 1993; Keller et al. 2004), and bear similarities with CHON grains detected
in comet Halley by the Giotto and Vega spatial missions in 1986 showing the association of
dominant organic matter with a minor rocky component (Kissel and Krueger 1987; Lawler
and Brownlee 1992), and with cometary grains from 67P/Churyumov-Gerasimenko (Fray
et al. 2016; Bardyn et al. 2017; Fray et al. 2017).

The hydrogen isotopic composition of the UCAMM organic matter shows extreme deu-
terium enrichments (up to 30 times the terrestrial value—i.e. 300 times the proto-Solar value,
Duprat et al. 2010). Their organic matter is a disordered polyaromatic carbonaceous phase,
and contains at least two organic phases with different nitrogen contents. The bulk N con-
centration of their organic matter reaches 20 wt%, that is about 5 times that of insoluble
organic matter (IOM) extracted from meteorites and the O/C ratio of UCAMM organic mat-
ter is lower than that of meteoritic IOM (Dartois et al. 2013; Engrand et al. 2015; Charon
et al. 2017; Dartois et al. 2018). UCAMMSs contain both low and high temperature com-
ponents, and their micro-structure is intriguing: unequilibrated mineral assemblages with
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individual submicrometer sizes are enclosed in the organic matter (Dobrici et al. 2012). The
formation of the UCAMMSs nitrogen-rich organic matter may result from galactic cosmic
ray irradiation of N2- and CH4-rich surfaces of icy bodies in the outer regions of the Solar
system (Dartois et al. 2013; Augé et al. 2016).

The minerals in UCAMMSs cover a size range between 50 nm and several hundreds of
nanometers (Dobricd et al. 2012). The minerals are usually associated to the organic mat-
ter that does not show very high N contents (Engrand et al. 2015; Charon et al. 2017).
Their mineralogy mainly consist of Mg-rich olivines and pyroxenes, Fe-Ni sulphides, and
GEMS. The pyroxene to olivine abundance ratio in UCAMMs is on average larger than 1.
In addition, UCAMMs contain a significant abundance of silica-rich glass. Accessory min-
eral phases such as Mg-Al spinel, sphalerite, niningerite, perryite and Cr-rich pyroxenes are
also observed (Dobricd et al. 2012). So far, no carbonate nor phyllosilicate minerals have
been found in UCAMMSs. The analysis of the hydrogen and nitrogen isotopic composition
of organic matter in UCAMMs from the Concordia collection does not show clear spatial
correlation between the D-rich and 15N-rich phases (Duprat et al. 2014; Bardin et al. 2015).

The unusually large concentration of organics in UCAMMs is of utmost interest for the
early Earth prebiotic matter input.

8.4 Interplanetary Dust Versus Meteorites as Representatives of Interplanetary
Matter

One of the most striking results of micrometeorite research consists in their relationship to
carbonaceous chondrites that represent only 4% of the meteorites (e.g. Kurat et al. 1994;
Engrand and Maurette 1998; Engrand et al. 1999c). In other words, 96% of all meteorite
types are not represented in the incoming cosmic dust flux. Based on the following two
points, it is suggested that collected dust particles are better representatives of cosmic dust
and meteoroids than meteorites:

e The dynamical evolution of grains resulting in IDPs and MMs is less biased than that
of meteorites. It is dominated by non-gravitational forces like Poynting-Robertson drag
(Burns et al. 1979), whereas meteorites are delivered to Earth as a result of interactions
with resonances, into which they are brought by the Yarkowsky effect (Vokrouhlicky and
Farinella 2000).

e The high proportion of carbonaceous chondrite-like objects (CC) in the collected IDPs
better agrees with the proportions of C-type versus S-type asteroids than those of mete-
orite collections: More than 80% of the IDPs are carbonaceous chondrites (e.g. Kurat et al.
1994; Engrand and Maurette 1998; Engrand et al. 1999c), but only 5% of the meteorite
collection is of this type, whereas > 55% of the asteroids are C-type, < 20% are S-type.
The meteorite collections could in fact under-represent the CCs with regard to ordinary
chondrites linked to S-type asteroids (Fujiwara et al. 2006; Buczkowski et al. 2008; Lim
and Nittler 2009; Nakamura et al. 201 1a), as these fragile CC meteorites may be preferen-
tially destroyed during atmospheric entry and by weathering at the Earth’s surface before
recovery (e.g. Meibom and Clark 1999).

Analyzing the composition of micrometeorites in old (“fossile”) rocks gives evidence
that the composition did not change significantly over time (Gounelle et al. 2003; Engrand
et al. 2005; Gounelle et al. 2005b) or toward smaller sizes (Gounelle et al. 2005b; Aléon
et al. 2009).

This view was recently challenged by new dynamical models that favor a preferential
formation of large amounts of dust from Jupiter-family comets that could explain the high
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abundance of carbonaceous chondrite-like objects in the micrometeorite collections (Bottke
et al. 2008; Nesvorny et al. 2010). This work would thus imply that most—if not all—
micrometeorites with sizes < 500 um are of cometary origin, and thus that the mineral
components of cometary material are close to that of carbonaceous chondrites (Dobrica
et al. 2009). This is a result also suggested by analyses of Stardust samples (e.g. Brownlee
et al. 2006).

Larger micrometeorites (> 500 um) collected in the transantarctic mountains (Rochette
et al. 2008) seem to form a population that is intermediary between micrometeorites with
sizes < 500 um and meteorites, as large amounts of ordinary chondritic material (~ 30%,
Suavet et al. 2010) and objects from differentiated bodies (Cordier et al. 2011) are present
in this collection. In the following we present the limits of the classical distinction between
inner and outer regions of the protoplanetary disk.

Comets contain Mg-rich silicates, olivines and pyroxenes, identified by infrared spec-
troscopy (e.g. Wooden et al. 2000). Stardust samples showed that Wild 2 cometary dust
also contain very high-temperature phases like CAls and chondrules (Brownlee et al. 2006).
More than 50% of Wild 2 material recovered by Stardust was processed in the inner regions
of the Solar system (Ogliore et al. 2009; Westphal et al. 2009). This corresponds mainly to
the fraction > 2 um, as the finer matrix was mostly destroyed during the impact with the
collection device. The presence of high-temperature phases (formed or severely processed
close to the protosun) in the comet-forming regions requires large-scale radial mixing mech-
anism(s) in the early Solar system.

Since both CAls and chondrules have been found in Stardust samples, this mechanism(s)
had to operate for at least a few million years, as chondrules formed a few million years
after CAls (Brownlee et al. 2006; Zolensky et al. 2006; Nakamura et al. 2008). Several mod-
els have been proposed to explain this radial transport, by viscous diffusion by turbulence
(Bockelée-Morvan et al. 2002; Ciesla 2007), by jets (Shu et al. 1997), or radiation pressure
processes (Vinkovi¢ 2009). Other evidences for transport in the protoplanetary disk are given
by the oxygen isotopic composition of high temperature phases (e.g. Simon et al. 2011), as
well as by the hydrogen isotopic composition of low temperature phases (Remusat et al.
2010). Comet Wild 2 present similarities with primitive meteorite matter (carbonaceous
chondrites), strongly supporting the hypothesis of a continuum between primitive asteroids
and cometary matter. In fact, the outer asteroid belt contains objects that show cometary ac-
tivity (Bertini 2011), reinforcing the concept of this continuum. Cosmic dust particles, in the
form of micrometeorites (Duprat et al. 2010) and primitive IDPs (Ishii et al. 2008) are the
preferred objects to study the primitive interplanetary matter, and this continuum between
primitive asteroids and comets.

9 Summary and Outlook

This paper summarizes our knowledge of the interplanetary meteoroid and dust cloud. It de-
scribes how their properties are constrained by ground- and space-based observations of the
zodiacal light, by observing meteors entering the Earth’s atmosphere, by in-situ collection
in space, in the upper atmosphere, and on the ground by analyzing meteorites.
Interplanetary meteoroids (larger than ~ 30 pm) and dust particles (smaller than
~ 30 um) are continuously produced by the outgassing of comets and asteroids, and by
collisional processes. Depending on the particle size, different things happen: smaller ob-
jects decouple from their parent object quickly and are dispersed by Solar radiation pressure.
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Larger meteoroids stay close to the orbit of their parent body, forming so-called meteoroid
streams. When entering the Earth’s atmosphere, they can be observed as meteor showers.

In particular non-gravitational forces (radiation pressure, Poynting-Robertson drag,
Lorentz forces) move the orbits of the particles away from their parent, until they form a
background interplanetary cloud. The size distribution of the initially escaped particles is
modified by collisions, disaggregation, and sublimation.

Detailed observations of the zodiacal light, including polarimetric and spectroscopic
measurements, show that most dust particles in the zodiacal cloud present similarities with
cometary dust and asteroid regoliths. Particles consist of a mix of amorphous carbon and
silicate dust. Polarization measurements indicate that a significant fraction of the particles
are irregular and fluffy aggregates.

A few critical open points remain: (a) the exact origin and physical properties of the dust
particles contributing to the zodiacal cloud; the possible time evolution of the zodiacal cloud
over decades; (b) the circular polarization that can probe the interplanetary magnetic fields
structure; the dust evolution in the circum-Solar region; (c) how can we link our knowledge
of the interplanetary dust, observed via zodiacal light, to that of exo-zodiacal dust clouds?
Their structure could be quite different, taking into account the possible presence of “hot
Jupiters” and variety in the orbital planes of exoplanets.

When meteoroids enter the Earth’s atmosphere, they generate a streak of light, called a
meteor. The emitted light intensity can be used to estimate the mass of the object; spec-
tral observations constrain the chemical composition. The percentage of the kinetic energy
converted to light as a function of wavelength is not yet well known, resulting in large un-
certainties in these mass estimates. Still, the determined mass flux densities confirm the
distributions obtained via other means, such as in-situ measurements or lunar secondary
crater counts on returned lunar samples.

The directional distribution of meteors constrains the dynamical behavior of the me-
teoroid population. It can be seen that the sporadic background is not isotropic, even when
taking observational biases into account. Some of these inhomogeneities can be attributed to
comet 2P/Encke as a source, others to the Kozai effect. Many meteor showers, re-occurring
on a yearly basis, are a result of meteoroids close to the orbit of their parent body. However,
for about half of the meteor showers the identification of the related parent bodies has not
yet been successful. Attempts to predict meteor showers have become better over the last
few decades. While predicting the times of peak activity is possible with good accuracy,
predicting the flux density is not. This would need better quantitative models of the ejection
of meteoroids from their parent object.

While the observation of meteors with optical means and radar systems is a cost-effective
way of studying meteoroids, a big open point is the percentage of kinetic energy converted
into light, or radar reflection capability (luminous efficiency and ionization efficiency, re-
spectively). These could be better constrained by combining light curve data with decelera-
tion data, and by combining optical with radar observations. Also, laboratory experiments,
properly simulating the typical velocities of meteoroids, have to be performed.

When larger objects penetrate our atmosphere, they can reach the ground as meteorites.
However, they may be processed by their interaction with the atmosphere. Small dust can
stay fairly unmodified, as it can re-radiate the imparted energy fully. Interplanetary dust can
be collected via airplanes, balloons, or sounding rockets in the upper atmosphere. It can also
be found in ice at the polar caps and in dust traps in the transantarctic mountains.

Most meteorites contain chondrules, mm-sized spheres of glass and crystalline silicates,
formed by melting in the early Solar system. They also contain Ca-Al-rich inclusions, called
CAls, all held together by a fine-grained silicate matrix. 15 chondritic types have been iden-
tified, which presumably are linked to different source regions in the early Solar system.
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Meteorite types can be linked to spectral classes of asteroids. The collected dust samples
can also be classified into chondritic and non-chondritic groups. It is interesting to note that
most collected dust grains are related to carbonaceous chondrites - which constitute only
~ 5% of all meteorites. This indicates that the collected dust in the upper atmosphere or arc-
tic ice and snow could be more representative of interplanetary meteoroids than meteorites.

The flux density of the dust and meteoroid cloud can be described by dynamical mod-
els, like NASA’s Meteoroid Environment Model (MEM) or ESA’s Interplanetary Meteoroid
Model (IMEM). However it is still difficult to explain all observational data consistently
with one model. More work is needed in this area; possibly adding the meanwhile abundant
optical data can help.

Space-based sensors could be used to both increase our observational data of the zo-
diacal light, or to look back to the Earth’s atmosphere and allow continuous meteor
and fireball observations without any constraints by clouds or by the Earth’s atmosphere
that absorbs certain wavelength ranges. So-called *US government sensors’ are provid-
ing data in particular on larger (> tens of cm) objects entering the Earth’s atmosphere
(https://cneos.jpl.nasa.gov/fireballs/). However, no public information is available on the
properties of these sensors, making the data difficult to interpret. A dedicated sensor for
scientific work could greatly enhance our dataset.

A recently emerging research field to better constrain the flux of meteoroids, in particular
in the size range larger than a few cm, is the observation of Lunar impact flashes. NASA
has been operating an observing system since many years (e.g. Suggs et al. 2014), and
recently new systems went on-line in other countries (e.g. Xilouris et al. 2018). These ob-
servations would particularly benefit from space-based observations. A system close to the
Moon would increase the sensitivity, and avoid being constrained by observing geometry or
clouds (Topputo et al. 2018).

Meteorites could be a good proxy of the properties of interplanetary meteoroids. How-
ever, during their passage through the Earth’s atmosphere they are modified. To better under-
stand these modifications, ablation experiments in the laboratory—e.g. in wind tunnels or
shock tubes, are necessary. Sample return missions from asteroids like OSIRIS-REx (Lau-
retta 2012), or Hayabusa-2 (Tsuda et al. 2013), or from comets, would allow to return unal-
tered material into ground-based laboratories.

Interplanetary dust may even be detectable by spacecraft not designed to detect them,
and it may be possible to detect and characterize them by analyzing spacecraft attitude or
guidance data, e.g. as proposed for the Lisa Pathfinder mission (Thorpe et al. 2016). The
authors show that changes in the attitude of the spacecraft can be linked to micro-meteoroid
impacts, thus allowing us to study the population in-situ without dedicated dust detectors.

While we already know a lot about interplanetary dust and meteoroids, we still need to
know more details to obtain a better understanding of our Solar system and to improve our
capabilities of shielding our spacecraft around the Earth or going to another planet.
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