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10.1 Introduction

Meteor observations provide us with primary information about
the meteoroid population in our Solar System, and address
the important question of the origin of these meteoroids. Dust
particles, larger grains, and fragments produced by collisions
and disintegration processes are subject to gravitational and non-
gravitational forces, which cause their dynamical and physical
evolution and which can obscure their place and time of origin.
This chapter is dedicated to those particles which arrive from
outside the Solar System and to the problem of distinguishing
them from local meteoroids.

The question of the origin of meteoroids, and in particular,
the fraction of interstellar particles in the Solar System, has
been a matter of long debate. The reason for this has been the
abundance of hyperbolic orbits among detected meteors, as a
hyperbolic excess above the escape velocity with respect to the
Sun indicates a possible interstellar origin. In fact, a hyperbolic
orbit is the only easily measurable property of a meteoroid that
might indicate an interstellar origin, and so speed measurements
are central to this discussion.

How much of the dust population originates locally in the
Solar System and how much comes from beyond? How big is the
probability that an interstellar particle passing through the Solar
System will hit the Earth? How are the speed measurements
by which interstellar meteoroids are identified affected by the
uncertainties of the statistical treatment or the measurement
errors?

In the first part of this chapter, we introduce interstellar
particles from a theoretical point of view, describing their
dynamical behaviour, orbital characteristics and their expected
velocities measured at Earth. We examine the possible sources
of the hyperbolicity of the meteoroid’s orbit and demonstrate
the problem of distinguishing the particles of interstellar origin
from those produced in the Solar System or caused by the
process of measuring. The second part of this chapter deals with
experimental results based on Earth-based and space-borne
observations. These have given rise to many searches within the
last twenty-five years, the main results of which are summarised
here and linked to the historical context.

10.1.1 Historical Background

During the first half of the twentieth century, the general opin-
ion, influenced mostly by the work of Hoffmeister and Opik,
was that the majority of meteors are produced by interstellar
particles. This finding was based on the results of visual meteor
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observations and estimates of the meteor angular velocities. In
the 1925 catalogue of visual fireballs measurements (Von Nief3l
and Hoffmeister, 1925), 79 percent of the meteors listed had
hyperbolic orbits with respect to the Sun.

In the years 1931-1933, the Harvard Observatory organised
the Arizona Expedition, the results of which supported this
attitude. From rocking-mirror visual observations of angular
velocities, Opik (1940) concluded that about 60% of sporadic
meteors were moving in hyperbolic orbits, with heliocentric
velocities in excess of the parabolic limit, and defended their
interstellar origin on a long-term basis (Opik, 1950). Not until
nearly thirty years later (Opik, 1969) did he concede that the
analysis of the velocities (not their observations) in the Arizona
results was faulty and declared that the high fraction of hyper-
bolic meteors found by Opik (1940) did not exist, proposing the
true fraction of hyperbolic orbits was under 1%.

The theory of the predominance of the interstellar meteoroids
over local interplanetary ones became indefensible with the
progress of observational techniques and consequent improve-
ments in velocity determination; mainly with double-camera
photography and direct velocity measurements using the rotat-
ing shutter method.

Based on the first photographic observations, Whipple (1940)
found that Hoffmeister’s most significant interstellar stream was
in fact associated with the comet Encke, a definitely local source
with one of the shortest periods of all known comets and an
aphelion in the asteroid belt.

Porter (1944), analysing British visual meteor data, found
no direct evidence for the existence of an excess of hyperbolic
velocities. He declared that, with a few doubtful exceptions, all
meteors in his sample were members of the Solar System and
pointed out the lack of any systematic analysis of the meteor
data of the Arizona observations.

The new radio-echo techniques for velocity measurements,
developed after 1945, brought the following results in the study
of hyperbolic meteors: McKinley (1951), analysing thousands
of meteor velocities in the records from the Ottawa radar, did
not find one that he could definitely assert to be a meteor
from interstellar space; radar meteor observations from Jodrell
Bank (Almond et al., 1953) showed no evidence of a significant
hyperbolic velocity component either.

Summarising the results obtained by different techniques,
Lovell (1954) sceptically suggested that if any of the observed
hyperbolic meteors were real, their possible origin was in plan-
etary perturbations.

The final breakthrough was brought about by precise
photographic observations at the Smithsonian Astrophysical
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Observatory (the Harvard Super-Schmidt photographic
program), the results of which were published by Jacchia and
Whipple (1961). Their data contained so few hyperbolic orbits
that they announced that there were statistically hardly any
hyperbolic meteors.

In the following years, research into hyperbolic meteors, and
especially interstellar meteoroids, focused on the determination
of their ratio in the population of observed meteors. Stohl (1970)
studied the hyperbolicity of meteors and also investigated the
effect of planetary perturbations on meteoroid orbits. Comparing
the results of the photographic catalogues collected until 1970,
he found large differences in the percentage of hyperbolic orbits
(from less than 2% to more than 20%) and showed the percent-
age clearly depended on the accuracy of the speed measurement.

Analyses of the Kharkov radar data (Tkachuk and Kolomiets,
1985; Andreev et al., 1987) yielded 1-2% hyperbolic orbits
among more precise radar orbits and 5% for orbits of lower accu-
racy. The authors pointed out a lack of criteria for distinguishing
real hyperbolic orbits.

Sarma and Jones (1985) reported 19% apparent hyperbolic
orbits in their double-station video meteor data, of which
26 (6%) were hyperbolic on the basis of 95% confidence
limits and only 8 (1.7%) were regarded as truly hyperbolic
after considering the uncertainties arising from difficulties with
the velocity determination.

Hajdukovd (1993), analysing photographic orbits collected
in the TAU Meteor Data Centre, determined that the ratio of
hyperbolic orbits in the data shrank considerably from 12% to
0.02% after a detailed error analysis. She concluded that there is
no evidence for meteors of interstellar origin in the photographic
surveys and that the hyperbolic velocities observed at Earth are
most likely the consequence of observational and measurement
errors, mostly in the velocity.

A new period in the research of interstellar meteoroids
started with the first in situ measurements of interstellar dust by
detectors, mainly on board the Ulysses and Galileo spacecraft.
Research moved towards particles of smaller sizes, typically
less than 1 um, and too small to be detected as meteors at the
Earth, but measurable with space-borne dust detectors. Griin
and his colleagues (Griin et al., 1993) confidently reported the
identification of interstellar dust (ISD) grains flowing through
the heliosphere, originating from the Local Interstellar Cloud
(LIC). They reported that small dust impacts can be clearly
distinguished from noise for most of the events due to the multi-
coincidence characteristics of the instrument of the detector
(Baguhl et al., 1993).

Around the same time, Baggaley et al. (1993a), on the basis of
observations from the Advanced Meteor Orbit Radar, dealt with
the influx of meteoroids with extremely high velocities. Their
work and other related measurements are discussed more fully
in Section 10.5.2.1.

From this point, monitoring of the influx of interstellar
particles (ISP) by various techniques in the following years
enabled tens of papers about their detection to be published.
These have brought valuable information about the number of
interstellar particles registered by various techniques, which
depend on their distance from the Sun, their location (near
ecliptic planetary regions or in high ecliptic latitudes) and on
their size.

10.1.2 Significance of Interstellar Meteoroid Detections

This topic of debate is important because a conclusive detection
of interstellar meteoroids from radar measurements would
have significant consequences for astronomy. Although the
size distribution of the interstellar dust particles declines
exponentially with the particle size, the mass distribution is
dominated by large particles (Landgraf et al., 2000), e.g., larger
than about 1 um. Therefore, a reliable detection of a large-
ISD-particle flux would considerably change the interstellar
gas-to-dust mass ratio. The most recent gas-to-dust mass ratio —
derived from in situ dust measurements of particles from
the LIC by the Ulysses spacecraft — was determined to be
Rg/a=193"% (Kriiger et al., 2015). For this number, a

dust inflow velocity of ve =23.2 kms™! was assumed. The
gas-to-dust mass ratio is about 20% higher when assuming
Voo = 26 km s~! (Kriiger et al., 2015).

Moreover, the presence of large interstellar particles and
their characterisation would provide more information on the
processes taking place in interstellar space like collisions, shocks
and mixing. Several consequences, like a non-homogeneous
distribution of the dust in the interstellar medium, are discussed
in Griin and Landgraf (2000).

Finally, detection and analysis of large interstellar dust fluxes
or interstellar meteors may, for the first time, permit the study
of debris disks from other stars from observations of dust in
the Solar System, complementing astronomical observations.
This is not possible using smaller (micron-sized) interstellar dust
particles from spacecraft in situ data since they do not directly
represent their source region (see Section 10.2). Interstellar
meteoroids could thus provide unique information, because in
situ measurements, sample return missions and astronomical
observations often have limitations in their ability to detect these
large grains.

10.2 Dynamics of Extra-Solar System Particles

Interstellar dust in the heliosphere may come from different
sources in our local galactic neighbourhood via different ejection
mechanisms (see Section 10.3), but one confirmed source of
interstellar dust is the Local Interstellar Cloud (LIC) through
which the Sun currently moves with a relative speed of about
26 km s~!, in the direction of the neighbouring G-cloud. The
Local Interstellar Cloud is a dense (0.3 H cm™3; Frisch et al.,
1999), warm, partially ionised cloud consisting of H and He gas
and about 0.5-1% dust by mass. The LIC is embedded in a
low density region of space called the Local Bubble that was
likely excavated by a few supernovae. The dust in the LIC is
coupled to its magnetic fields on distance scales of ~ 0.06 pc
(for a 1 um particle radius) to ~ 6 pc for a 10 pm particle
radius (assuming particle material density p = 1000 kg m—?),
because they are charged and move through the Local Inter-
stellar Magnetic Field (Griin and Svestka, 1996)!. Their surface
equilibrium potential is estimated to be about +5 or +12 V for

1 The LIC is about 9 pc in size. Table 10.1 shows the gyroradii in the LIC
for various particle sizes.
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Table 10.1. Particle masses (in kg) with corresponding radii for different particle bulk material densities (p in g cm™3). B (ratio of
solar radiation pressure to gravity for a dust particle) and Q / m (charge-to-mass ratio of a dust particle) are calculated assuming
the “adapted astronomical silicates B-curve” and a bulk material density of 2.5 g cm™3. The Gyroradius in the Local Interstellar
Cloud is given for particle surface potential U = +0.5 V, interstellar magnetic field strength B = 0.5 nT and particle bulk

material density p = 2.5 g cm™>

Mass [kg] p =33 p =25 p=0.7 Bl-1 Q/m [C kg_l] Gyroradius
Radius Radius Radius
[mm] [mm] [mm] [pc]
1. 41.67 45.71 69.87 0. 2.5 x 1071 8.5 x 107
10! 19.34 21.21 3242 0. 1.2 x 10710 1.8 x 107
1072 8.98 9.85 15.05 0. 5.5 x 10710 3.9 x 10°
1073 4.16 4.57 6.99 0. 2.5x 1079 8.5 x 10°
10~ 1.93 2.12 3.24 0. 1.2 x 10798 1.8 x 10°
(pm] (pm] (pm]
1075 898 985 1505 0. 5.5 x 10798 3.9 x 10%
10~ 417 458 699 0. 2.5 x 10797 8.5 x 103
1077 193 212 324 0. 1.2 x 10796 1.8 x 10°
1078 89.8 98.5 150.5 0. 5.5 x 10706 395
10~° 41.7 45.7 69.9 0.006 2.5 %x 1079 82
10710 19.3 212 324 0.01 1.2 x 107% 18
10— 8.98 9.85 15.05 0.03 5.5 x 10704 3.9
10-12 4.17 4.57 6.97 0.07 25x 1079 0.82
[AU]
10-13 1.93 2.12 3.24 0.15 1.2 x 10792 3.7 x 10*
10~14 0.89 0.98 1.60 0.36 5.5 x 10792 8.1 x 10°
10713 0.42 0.46 0.70 0.88 0.25 1.8 x 103
10~16 0.19 0.21 0.32 1.54 1.2 371
10~17 0.09 0.10 0.15 1.29 5.5 81
10-18 0.04 0.05 0.07 0.50 254 18

silicate and graphite grains respectively in the Local Bubble,
and 4+0.5 to +1 V in the local interstellar cloud (Griin and
Svestka, 1996). The surface equilibrium potential increases to
+2—+3 V (Alexashov et al., 2016) or +8—+10 V (Slavin et al.,
2012) in the outer boundary regions of the heliosphere, with
the consequence that large particles can penetrate freely into
the heliosphere, while smaller ones are prevented from entering
the heliosphere and are deflected around it instead. Linde and
Gombosi (2000) calculated the filtering of dust at the helio-
spheric boundary and concluded that particles between 0.1 and
0.2 um are filtered out. This seemed somewhat pessimistic and
was based on a defocusing configuration of the heliospheric
magnetic fields. Slavin et al. (2012) found that particles smaller
than 0.01 wm are completely excluded from the heliosphere.

Once the interstellar dust moves inside the heliosphere, it
is also subject to forces that influence its trajectories and that
may even prevent it from reaching the Solar System. The most
important of these forces are solar gravity, the solar radiation
pressure force and the Lorentz force due to the motion of
the charged dust particles in the Interplanetary Magnetic Field
(IMF). Other forces like solar wind drag, Coulomb drag, or
Poynting—Robertson drag and the Yarkovsky effect play a negli-
gible role for ISD (Altobelli, 2004). We assume that there is no
mass loss for the particles.

The solar radiation pressure and gravity both depend on the
square distance to the Sun, and hence, can be written in one

term B = Fgsrp/Fgrqv that depends on the grain composition,
morphology, particle size, density and on the solar radiation.
The relation between the particle size and B-value is visualised
in a so-called B-curve. Figure 10.1 shows such curves for dif-
ferent materials. “Astronomical silicates” (see Figure 10.1) are
hypothetical silicates, with for instance inclusions or mantles,
that have optical constants consistent with the astronomical
observations of interstellar silicates (Draine and Lee, 1984).
ISD particles with B = 1 move straight through the Solar
System without being perturbed by solar gravity or the radiation
pressure force. Particles with 8 > 1 decelerate when approach-
ing the Sun, and then accelerate again on their hyperbolic orbit
into interstellar space. Such particles typically have diameters
between about 0.2 and 0.6 um for silicates (see Figure 10.1,
around ~ 8 x 107!8 kg and 2 x 1071¢ kg). On the contrary,
particles with 8 < 1 (diameters larger than about one micron)
accelerate near the Sun and then slow down again to continue
on their hyperbolic trajectories into interstellar space (Sterken
et al., 2012, Fig. 1-3). Particles with 8 < 1 can reach speeds
of up to 40 km s~! at Earth’s distance from the Sun, instead of
the undisturbed 26 km s~! for particles from the LIC of about
1.5 wm diameter (Strub et al., 2019). The largest particles reach
speeds up to 49 km s~! (heliocentric velocity). The gravitational
focusing from the Sun causes a region of higher interstellar dust
number density to be located “downstream” from the Sun (Land-
graf, 2000). The number density there increases up to a factor
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Figure 10.1. The S-mass relation for several particle sizes and
material properties. Porosity p is the ratio of the volume of void space
to the total (bulk) material space of the particle. Porosity p = 0%
corresponds to compact material. Credit: adapted from Kimura and
Mann (1999) and Sterken et al. (2012), reproduced with permission

© ESO and the Astronomical Institute of the Slovak Academy of
Sciences. (A black and white version of this figure will appear in some
formats. For the colour version, please refer to the plate section.)

of 5 (for LIC particles) at Earth’s distance from the Sun, and
depending on particle size. The Earth passes this enhanced-
density region of (large) dust from the LIC every year, around
December 13 (Strub et al., 2019).

On the contrary, particles with B > 1 create a void region
around the Sun, called the “B-cone” where these particles with
B > PBcone cannot enter. Since the Earth is within the S-cone
for B = 1.4, interstellar dust with 8 > 1.4 cannot be detected
from 1 AU (Strub et al., 2019). Only particles smaller than about
0.3 pm in diameter or larger than about 0.6 um in diameter
(assuming the adapted astronomical silicates S-curve; see Figure
10.1) can be detected locally near the Earth (Strub et al., 2019).
Particles between 0.3 and 0.6 pm in diameter are in the size
range of the bulk of the particle sizes as measured by Ulysses
for ISD from the LIC.

As the interstellar dust particles move through the heliosphere
plasma, they emit electrons by photoionisation from the solar
UV radiation. They also pick up electrons and protons from
the solar wind and they emit electrons by secondary electron
emission from energetic electrons and ions. These processes are
in equilibrium and as a result, the particles have a more or less
constant positive potential of typically U = +5 V in interplan-
etary space because of the dominance of photoionisation (Griin
and Landgraf, 2001) and because the plasma density as well as
UV radiation intensity decline with the square of the distance to
the Sun. In changing plasma environments, like close to the Sun
(< 1 AU), in planetary magnetospheres, or near the heliospheric
boundary regions, the particles have different surface potentials
and can have negative, or time-varying potentials (Slavin et al.,
2012, Fig.2). The smaller the particle, the larger its charge-to-
mass ratio (Q/m), and the more it is influenced by the Lorentz
force. These particles are moving through the interplanetary

magnetic field with alternating sectors of positive and negative
polarity, and hence, they are deflected by the Lorentz force in an
alternating manner. The polarity of the interplanetary magnetic
field depends on the solar cycle, and as a result the submicron-
sized ISD particles are deflected away from the solar equatorial
plane for a large part of the eleven-year solar cycle, and focused
near the solar equatorial plane in the subsequent solar cycle.

Very small particles (smaller than about 0.01 micron) have
a large charge-to-mass ratio and thus couple tightly to local
magnetic fields. Therefore, they do not enter the heliosphere
but are deflected at the heliosphere boundary (Slavin et al.,
2012; Alexashov et al., 2016). However, these are not relevant
for radar measurements. Particles larger than that can enter the
heliosphere and may reach the Solar System. They are deflected
towards or away from the equatorial plane by the Lorentz force,
depending on the polarity of the local interplanetary magnetic
field and their size (and hence, charge-to-mass ratio). Particles
entering at low ecliptic latitudes, for instance those coming from
the LIC, are more likely to reach the Solar System because
they pass more alternating magnetic field polarities (assuming a
Parker interplanetary magnetic field from Parker, 1958). If large
particles are observed from higher latitudes than those which
come from the LIC (for instance, as claimed by Taylor et al.,
1994), there are not necessarily also smaller particles from these
latitudes, because they may be deflected away by the Lorentz
force as they pass through fewer alternating polarities of the
magnetic field. Moreover, the Lorentz force would likely scatter
their direction of arrival.

To summarise, the smallest particles’ trajectories are mostly
influenced by the Lorentz force, while the largest (a few pm
in radius) are mostly influenced by solar gravity. For the flux
of large ISD, the relative velocity of the Earth with respect to
the ISD inflow vector plays a major role, in addition to the
gravitational focusing®. This flux modulation leads to variations
in relative ISD speeds (with respect to Earth) from a few km s !
to up to 60 km s~! for typical “big” Ulysses-type LIC-particles
(1 wm diameter), and the relative flow direction can vary over
a full 360° (Strub et al., 2019). Larger particles with 8 close
to zero (e.g., 10 um diameter) would have speeds relative to
Earth from 19 to 79 km s~!. The fluctuations in total mass
flux of ISD onto Earth are dominated by the biggest particles
because these contain most of the total dust mass. They are
mainly caused by the Earth’s relative motion with respect to the
ISD, and by the yearly increase in local ISD number density
when the Earth passes near the gravitational focusing region of
the dust particles, downstream from the Sun with respect to the
inflow direction (Strub et al., 2019).

For large particles (interstellar meteoroids, a few tens of
microns) that are not coupled to the LIC and that come from
other star systems, the velocity at which the particle (ejected
from the other star system) arrives at the Earth is a superposition
of its ejection velocity and the star’s velocity relative to the Sun.
The local stellar velocity distribution ranges from 15-40 km s~
depending on the star’s spectral type (Dehnen and Binney,
1998). The particle ejection velocity depends on the source:
Murray et al. (2004) found speeds of ~1 km s~! for debris

2 of course, this is also important for small ISD, in addition to velocity
effects from the Lorentz and radiation pressure forces.



disks containing gas giants, ~10 km s~! for Asymptotic Giant
Branch (AGB) star dust ejection, and perhaps ~100 km s~! in
collimated bipolar outflows from young stellar objects. In any
case, the excess speed v, at which the interstellar particle arrives
at the edge of the Solar System might be tens of km s~ .

The speed measured by a detector at Earth has the additional
component resulting from the fall into the Sun’s potential well.
As a result, at the Earth a particle arriving with speed v, will
have a measured heliocentric speed vy = /422 + vZ, which
is 49 km s~! (or 7 km s~! above the parabolic velocity) for
an arrival speed of 25 km s~!. Interstellar meteors arriving
from behind the Sun’s motion with respect to the local standard
of rest may of course arrive with almost zero excess velocity;
typically, however, we expect them to arrive at Earth with speeds
exceeding the Sun’s escape speed by a few km s~!. It is worth
noting that meteoroids with hyperbolic speeds relative to the
Sun will not necessarily have high speeds relative to the Earth.
A particle on a hyperbolic orbit could arrive from behind our
planet at a relative speed as low as 12 km s, and in fact any
sample of measured interstellar meteors should show a range of
in-atmosphere speeds, not only high ones.

10.3 Hyperbolic Meteoroids Produced in the
Solar System

It is possible for material on a bound orbit around our Sun to be
transferred to a hyperbolic orbit. If this material should intersect
with the Earth as it leaves the Solar System on its now-unbound
orbit, it will appear as a hyperbolic meteor. However it is not
of interstellar origin, and so these ejection processes must be
understood in order to recognise true interstellar meteors.

Planetary perturbations can generate hyperbolic orbits from
asteroidal or cometary particles through the slingshot effect
(Lovell, 1954, Chapter XII; Opik, 1969). These can occur when
a planet encounters either sporadic meteoroids or a meteoroid
stream. The later is relatively uncommon; however, Comet
C/1995 O1 Hale-Bopp had a pre-perihelion encounter with
Jupiter that could have scattered particles onto orbits reaching
our planet at speeds almost 1 km s~! above the parabolic
velocity at Earth (Wiegert, 2014). Sporadic scattering is more
common, but still relatively rare. Only one in 10000 sporadics
are expected to have been scattered to hyperbolic velocity
by a planet (Wiegert, 2014). These originate mostly from
Mercury and Venus, because of the higher dust densities and
the abundance of meteoroids on nearly-unbound orbits there.
However, these hyperbolic meteoroids are usually travelling
only a few hundreds of meters per second above the heliocentric
escape speed at Earth, and so such meteors are unlikely to be
confused with interstellar meteors, as these are expected to have
much higher heliocentric speeds.

Hyperbolic meteors can also be generated locally by solar
radiation pressure. Particles with sufficiently large area-to-mass
ratios find themselves in a state where the outward accelera-
tion due to solar radiation pressure exceeds gravity, and they
accelerate outwards. These are the “beta meteoroids” (Zook and
Berg, 1975), typically less than 1 micron across, but their small
sizes make them unlikely to be observed with traditional meteor
techniques.
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Comets approaching the Sun on highly eccentric orbits may
release material onto hyperbolic orbits through outgassing pro-
cesses. Though there is not one universally-accepted model for
cometary ejection speeds (Whipple, 1950; Jones, 1995; Crifo,
1995; Ryabova, 2013) they are rarely expected to reach above
1 km s~!, even near the Sun for comets with very low perihelia.
Such meteoroids that reach the Earth will have slowed as they
climb out of the Sun’s gravitational well and are not likely to be
misidentified as interstellar in origin.

Collisions between asteroids and impacts by meteoroids onto
asteroid surfaces can release material onto unbound orbits. How-
ever, ejecta is usually released at speeds significantly below
that of the impactor, making the process relatively inefficient.
The ejecta velocity distribution is sensitive to the mechanical
properties of the target and impactor (Waza et al., 1985), but
ejection velocities are not observed above the impactor velocity.
Random velocities in the asteroid belt are 4-6 km s~! (Farinella
and Davis, 1992; Bottke et al., 1994) while a Av of 7 km s7lig
needed to put an asteroid on a near-circular orbit at 3 AU on a
hyperbolic one; so asteroid collisions may in principle produce
hyperbolic ejecta, but such events are rare.

Impacts by meteoroids into asteroid targets can occur at much
higher relative velocities than inter-asteroid collisions, as the
meteoroid environment contains a significant retrograde popula-
tion, the apex meteoroids (Jones and Brown, 1993) thought to be
derived from retrograde comets (Wiegert et al., 2009; Nesvorny
etal.,2011). However, experiments show that meteoroid impacts
typically produce relatively low ejection velocities, typically
~1% of the impactor’s (Braslau, 1970; Hartmann, 1985; Housen
and Holsapple, 2011; Wiegert, 2015).

Planetary magnetic fields are known to accelerate charged
particles. High-speed sub-micron grains were measured at
Jupiter by the Ulysses spacecraft (Griin et al., 1993; Kempf
et al., 2005) and were inferred to have originated from Io,
become electrically charged in the Jovian plasma environment
and accelerated by its magnetic field. Similar particles detected
by the Cassini spacecraft at Saturn (Kempf et al., 2005) are
thought to originate in Saturn’s outer main ring. These small
particles can be accelerated to very high speeds (larger than
100 km s_l) (Horanyi et al., 1993; Flandes et al., 2011).

10.4 Effect of Measurement Errors on the
Resulting Orbit

Meteor observations, especially in the last two decades, are a
rich data resource, extremely important for statistical evidence
on the nature of the meteoroid orbits in the Solar System.
However, the use of the orbits on an individual basis is very
problematic and requires high-accuracy data to ensure that the
resulting analyses are not biased by effects of measurement and
determination errors. Discriminating between orbits of different
natures for individual meteoroids is demanding, even for the
most accurate photographic meteors (Kresdk and Kresdkova,
1976; Steel, 1996; Hughes and Williams, 2000).

In optical surveys, meteors are observed through visible
light emitted during the ablation process, when meteoroids
pass through the atmosphere. Measured parameters of a meteor
(position and speed) are used to determine the orbit of the
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meteoroid around the Sun. The orbital elements derived indicate
the particles’ origin. However, the semi-major axis a, which
defines the type of the orbit, strongly depends upon the derived
heliocentric velocity vy, eventuating from the fundamental
equation of the motion of a particle in the Sun’s gravitational
field:

’ (2 1)
vH:GMS - ),

r a

(10.1)

where r is the heliocentric distance (for the meteor observations
in the Earth’s atmosphere » &~ 1 AU), My is the solar mass and
G is the gravitational constant.

The determination of the heliocentric velocity vy from photo-
graphic meteor observations proceeds in several steps involving
various corrections (for atmospheric deceleration, diurnal aber-
ration, acceleration by the Earth’s gravitational field, and vector
addition with the Earth’s motion) (e.g. Kresdk, 1992). Hence,
the resulting value of vy, determined, consequentially, from
the measured speed v, the non-atmospheric velocity vy, and
geocentric velocity vg, is influenced by various errors: incorrect
determination of the radiant, leading to incorrect heights and
changing of the elongation of the radiant from the apex; errors
in timing affecting the right ascension; difficulties with short
meteor trail data reduction; changes in the rotation velocity of a
sector or other errors arising from the equipment used. All these
sources of uncertainty vary in importance, and cannot be easily
separated from one another, but each of them tends to increase
the inaccuracy of the determined values. At the end, the error of
vy can easily exceed 1 km s~!. Such errors can transfer near-
parabolic orbits over the parabolic limit and create an artificial
population of hyperbolic meteors (Hajdukova, 1994). The higher
the velocity vy, the smaller the error needed for this change.

This effect can be demonstrated by a diagram showing the cor-
relation between the non-atmospheric velocity v, (or geocentric
velocity vg) and the angular elongation of the apparent radiant
from the apex, €4. Based on Kresdk and Kresakova (1976), we
constructed, for different values of semi-major axis a, a diagram
(Figure 10.2) showing the relation between these two quantities:

2 2 2
vy =vg + vy — 20600 COS €4,

(10.2)
where vy is the mean heliocentric velocity of the Earth.

The diagram allows us to estimate the required measurement
accuracy in speed and radiant position needed to discriminate
between bound and unbound orbits. The required accuracy is
different for different regions in the diagram, determined by the
resolution within the particular area between individual orbits.
The curves represent orbits with different values of semi-major
axes (marked in the graph).

For the plot, we used rough data from the photographic cata-
logues of the Meteor Data Centre of the International Astronom-
ical Union (IAU MDC), version 2003 (Lindblad et al., 2003).
The database is created from more than fifteen different cata-
logues, each containing data obtained with different equipment
and different determination software. Each of them differs in
the proportion of hyperbolic orbits they contain, which raises
concerns about the accuracy of their speed determinations. How-
ever, to reveal the sources of the inconsistencies is problematical.
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Figure 10.2. The effect of the measurement errors in radiant position
and velocity on the resulting semi-major axis of the orbit. The angular
elongation of the apparent radiant from the apex ¢4 is plotted against
the non-atmospheric velocity of meteors v, using rough
photographic data of the IAU MDC (Lindblad et al., 2003) in which
11.5% of orbits were determined to be hyperbolic (crosses). The
curves, representing the relation between €4 and v according to
Equation (10.2), are constructed for different values of semi-major
axes a. (A black and white version of this figure will appear in some
formats. For the colour version, please refer to the plate section.)

Of the 4581 meteors, 4054 meteors are on elliptic orbits (black
circles) and 527 (11.5%) were determined by authors of the
catalogues to be hyperbolic (crosses). These are beyond the
parabolic limit in the right part of the diagram, in contrast to
Kresdk and Kresakova (1976), who used a sample of the most
precise 413 Super-Schmidt meteor data (Jacchia and Whipple,
1961), leaving this part of the graph empty.

Due to the strong correlation between velocity and apex
elongation, meteors are distributed in a very narrow zone of
the diagram, where discriminating between orbits of different
semi-major axes is most challenging (due to the resolution
within this zone). It is clearly seen that for large a, the value
of the semi-major axis derived is strongly affected by small
errors in the measured speed or radiant position, especially for
g4 < 60deg. Following the example of Kresdk and Kresdkova
(1976), discrimination between a long-period orbit and an orbit
with its aphelion near Jupiter would demand a resolution better
than £3 km s~ ! in speed and &35 deg in radiant coordinates. The
only regions of the diagram where a lower measuring accuracy
would be sufficient is the lower left or upper right. The first area
corresponds to orbits with aphelia near the Earth (in Figure 10.2,
shown for semi-major axes of 0.6 and 0.8 AU). The dotted lines
correspond to particles overtaken by the Earth and solid lines
to the retrograde particles encountering the Earth head-on. The
number of meteors in this area is low. The upper right region of
the diagram corresponds to highly hyperbolic orbits, which are
absent among the data investigated. There are few cases of high
hyperbolic excesses in vy; however, they belong exclusively
to the catalogues of lowest accuracy. The vast majority of



hyperbolic orbits in the diagram are concentrated in the line
along the parabolic limit, where conditions are most demanding.

A detailed analysis of the same sample of the JAU MDC
data (Hajdukovd, 2008) showed that the number of hyperbolic
meteors in this sample does not in any case represent the number
of interstellar meteors; the hyperbolicity of the vast majority
of them is only apparent, caused by various errors. The upper
limit of possible interstellar meteors in the data was statistically
determined to be of the order of 1073, The individual cases,
however, cannot be identified as they are hidden within the
error bars.

The first clear evidence of the influence of measurement
errors, seen in Figure 10.2, is the concentration of shower
meteors (the Perseids, Orionids, Lyrids and Leonids) among
the hyperbolic orbits. These showers have known local sources,
and so the presence of apparently hyperbolic orbits among them
points to incorrect or insufficiently precise speed determination.
To follow the influence of the errors on the sample of hyperbolic
orbits, diagrams showing the position of radiants of orbits for the
selected intervals of values of 1/a close to the parabolic limit and
beyond were constructed from various photographic and video
data (Hajdukovd, 2008, 2011). In the case of true hyperbolic
meteors, a gradual decrease in the concentration of shower
radiants with decreasing values of 1/a would be expected, but
actually the opposite was found. Their concentration is higher
among the orbits with the highest hyperbolic excesses, reaching
a proportion of 1:1.

Moreover, analysis of hyperbolic shower meteors observed
by different techniques showed that the proportion of hyper-
bolic orbits is different in different meteor showers. A clear
dependence of the contribution of hyperbolic meteors in meteor
showers on the mean heliocentric velocity of a particular shower
(Ne>1/N = f(vg)) was found, which was true for the radio,
photographic, and video data investigated (Hajdukova, 2008,
2011). At any rate, these results and the assumption that the
shower meteor orbits were determined with the same precision
as non-shower data within the same catalogue, led Hajdukova
to conclude that there is a lack of statistical argument for the
presence of meteors produced by interstellar particles observed
in the Earth’s atmosphere.

The disputability of hyperbolic shower meteors was noticed
early by Fisher (1928) and Watson (1939), who pointed out the
problem of over-estimation of the measured velocities leading
to the artificial interstellar population. However, influenced by
results of Hoffmeister and Opik, the existence of interstellar
meteor showers was seriously considered at that time.

Concerning hyperbolic shower meteors from radar surveys,
Taylor et al. (1994) tested the very high velocity meteors
observed by AMOR on the Eta Aquariid meteor shower.
Approximately half of about 500 Eta Aquariids in their sample
had hyperbolic orbits with a < 0 and e > 1, with very extreme
values of e = 1.5. This is a large fraction, yet perhaps not
surprising, seeing that radio data require even more complicated
treatment to yield the heliocentric orbital parameters (e.g.
§imek, 1966; Sekanina and Southworth, 1975; Taylor and
Elford, 1998; Galligan and Baggaley, 2004) than is the case
with photographic data reduction.

Meteor radars detect echoes from the ionisation produced by
meteoroids entering the atmosphere and suffer from a number of
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instrumental detection biases (see Chapter 3, Kero et al. 2019),
such as the initial trail radius effect, the finite velocity effect,
the pulse repetition factor, and Faraday rotation, described in
detail in Moorhead et al. (2017). The increase in ionisation that
occurs with increasing meteor speed is itself an observation
bias that requires the largest correction to the speed distribution.
Corrections to the observed radar speed distribution have been
gradually improved by several authors, e.g. Taylor (1995) using
the Harvard Radio Meteor Project (HRMP) data; Brown et al.
(2004) using Canadian Meteor Orbit Radar (CMOR) data; Hunt
et al. (2004), Close et al. (2007) analysing ALTAIR radar data;
and Janches et al. (2014) using Arecibo observations. Recently,
Moorhead et al. (2017) presented a method for correcting all the
radar observation biases and applied it to the CMOR data. In
spite of that, an unrealistically high fraction of seemingly hyper-
bolic meteors remained in their sample. They concluded that
the uncertainty smoothing from the observed speed distribution
has not yet been successfully deconvolved and that a thorough
exploration of all sources of uncertainty and comparison of the
results with other datasets and dynamical models is necessary
(Moorhead et al., 2017).

In summary, we can conclude that to distinguish the detected
interstellar particles from interplanetary ones is a significant
challenge. Moreover, the expected hyperbolic excesses of a
meteor’s heliocentric velocity (see Section 10.2) are of the same
order as the uncertainty in the velocity determination. This
requires high-accuracy meteors and a proper error examination,
failing which, each analysis using the velocity data will be
seriously affected by measurement errors.

The following sections will show a review of studies related
to interstellar meteoroids, each of which dealt with this problem
to a greater or lesser degree.

10.5 Meteor Observations of Interstellar Particles

Searches for meteoroids of interstellar origin have been car-
ried out using different observational techniques (photographic,
image-intensified video and radar) as well as by data-mining for
hyperbolic orbits in various meteor catalogues. Their detection,
however, remains controversial. Here we summarise a portion of
the relevant literature on the subject.

10.5.1 Optical Surveys
10.5.1.1 Photographic

Photographic orbits from different catalogues of the IAU Meteor
Data Centre (Lindblad, 1987) were analysed by Hajdukova
(1994), who determined an upper limit for possible interstellar
particles of 0.02% for masses > 1073 kg. Analysing the updated
catalogues of the IAU MDC (Lindblad et al., 2001), Hajdukova
and Paulech (2002) concluded that the proportion of possible
interstellar meteoroids in the mass range 10~4-10° kg does not
exceed 2.5 x 10~ of the total number of meteors. This value was
used to set an upper limit for the flux of interstellar particles for
the photographic mass interval, frsp < 1078 m=2s~!, derived
by the authors using the interplanetary particle distribution given
by Divine et al. (1993).
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10.5.1.2 Video

Hyperbolic meteors observed with video detectors were
examined in several studies by Hawkes, Woodworth and their
colleagues, who determined the contribution of interstellar
meteoroids to the meteoroid population to be 1-2 % for masses
> 1078 kg (Hawkes et al., 1999). The proportion of hyperbolic
orbits in their data decreased from 6.5 %, as reported in the
first study (Hawkes et al., 1984), to 1.3 %, when applying the
95 % confidence limit (Hawkes and Woodworth, 1997a). After
a comprehensive error analysis of 160 meteors, observed up to
+8 magnitude by image-intensified video detectors, the authors
announced the detection of two meteoroids, which arrived on
high inclination orbits from interstellar space (Hawkes and
Woodworth, 1997b). The two observed events were caused by
particles of masses of the order of 10~ kg, with heliocentric
velocities of 49.9 + 1.7 km s~! and 48.4 £ 0.6 km s,
respectively. Based on their analyses, the authors concluded
that approximately 2% of the total meteoroid flux is interstellar
in origin, and determined the flux of heliocentric hyperbolic
meteoroids (at 1 AU)tobe frsp = 1.3 x 1073 meteors, of mass
greater than 5 x 1078 kg, impacting a 100 m? detector per year
(Hawkes et al., 1999).

An analysis based on a one-year survey for interstellar
meteoroids using the Canadian Automated Meteor Observatory
(CAMO), was reported by Musci et al. (2012). The two station
automated electro-optical system detects meteors up to +5
magnitude with an average uncertainty of 1.5% in speed and
about 0.4 deg in radiant direction. From a total of 1739 meteor
orbits, the authors found 22 potential hyperbolic meteors; none
of them had a heliocentric velocity greater than 45 km s~!.
After a detailed examination and checking for close encounters
with planets, the authors concluded that their few identified
hyperbolic events are most likely the result of measurement
errors. They determined an upper limit of the flux of interstellar
meteoroids at Earth as fjsp < 6 x 10~'* m~2s~! and declared
that they found no clear evidence of interstellar meteoroids with
a limiting mass of m > 2 x 1077 kg.

Hyperbolic orbits from the SonotaCo catalogue (SonotaCo,
2009) and the European Video Meteor Network Database
(EDMOND) (Kornos et al., 2014) were analysed by Hajdukova
et al. (2014a,b); the hyperbolic excesses were in all cases
very low and within the error bars. The flux of interstellar
particles with a limiting mass m > 10~% kg was estimated to be
approximately frsp ~ 10710 m=2s~1,

10.5.2 Radar Surveys
10.5.2.1 The AMOR Results

Significant contributions to the problem of hyperbolic meteors
were made near the turn of the century in the work of Baggaley,
Taylor, Bennett and others, based on observations from the
Advanced Meteor Orbit Radar (Baggaley et al., 1993a; Baggaley
and Bennett, 1996). This high-power radar system was located
near Christchurch in New Zealand, and operated between 1990
and 2000, carrying out a survey of southern hemisphere radiants
in order to determine the heliocentric orbits of the interplanetary
dust and meteoroids that impact the Earth. The system sensitivity
was +13 magnitude, corresponding to about 100 pm-sized

particles, or to a mass limit of about 10~2 kg (Baggaley et al.,
1994). The fan-shaped radar antenna beam, narrow in azimuth
yet broad in elevation, permitted a large declination response and
hence a large ecliptic latitude sampling of the celestial sphere.
Measuring a few 103 orbits daily, their data doubled the existing
total database from all other orbit-measuring techniques at that
time. For the first time, meteoroid orbits were determined using
digitised raw data (Baggaley et al., 1993b). Orbital uncertainties
(dependent on the meteors’ atmospheric speed) were determined
to be about 2 degrees in angular elements and about 5% in size
elements (Baggaley, 2000).

The AMOR analyses yielded about 1 % extremely hyperbolic
orbits of meteoroids in the mass range of 1077-1010 kg,
with very high geocentric velocities in excess of 100 km s~!
(Baggaley et al., 1993a; Taylor et al., 1994). This arbitrary limit
was imposed to select values which are about five times the
standard error above the parabolic limit and thus, well beyond
the 3 sigma error. The velocities were derived from the time-
lag values and from Verniani’s ionisation relation (Verniani,
1973). The authors write about determined uncertainties of about
6 km s~! for a speed of vg = 72 km s~! (Baggaley et al.,
1993a). The reality of the high-speed meteors was supported
by their height distribution, which showed a peak 6-8 km
higher than that for the full sample. Baggaley and his colleagues
explained these very-high-velocity meteors as being produced
by meteoroids on unbound orbits, and thus, they reported the
detection of interstellar meteoroids in the Earth’s atmosphere
and presented a large sample of interstellar particles (Taylor
et al., 1996; Baggaley, 1999). However, the authors did not
provide any estimates of their flux.

One of the indicators of the meteors’ interstellar origin were
the directions of their heliocentric influx (Baggaley, 1999). Map-
ping the influx directions showed, other than a broad interstellar
inflow (a high southern latitude open orbit component), the
presence of discrete sources in the vicinity of the Sun (Baggaley
and Galligan, 2001). Measuring a general background influx
of extra-Solar System particles from southern ecliptic latitudes,
the authors found enhanced areas. From intra-annual variations
in the influx, they inferred the existence of discrete sources,
one associated with the Sun’s motion about the Galactic centre,
and the other with the motion of the Solar System relative to
nearby A-type stars (Taylor et al., 1996). The dominant compact
directional inflow was believed to appear from the direction of
the main-sequence debris-disk star 8 Pictoris (Baggaley, 2000).
This was, however, questioned in a theoretical approach by
Murray et al. (2004), who estimated that the observed particle
flux coming from the discrete source observed by Baggaley
(2000) is several orders of magnitude larger than would be
expected from a debris disk at 20 pc. Moreover, the authors
showed that the location of the source on the sky is inconsistent
with particles ejected from S Pictoris.

The other indicator showing that the meteoroids are inter-
stellar was the distribution of their orbital inclinations, which
was found to be a clear function of the heliocentric velocity
(Baggaley, 1999). For the closed orbit population, retrograde
motion contributed about 5% of the meteors, whereas for the
open orbits, this value rose to 41%. It has to be noted that
the inclinations were derived using several corrections steps.
Taking into account the observational bias effects, Galligan



and Baggaley (2002) described their analysis procedures and
demonstrated the inclination distribution at successive levels of
applied correction. They showed that about half of the directly
observed inclination distributions was made up of progrades.
This fraction was substantially over-represented due to ionisa-
tion efficiency, which increases with speed.

In any case, the analysis of the AMOR orbital data showed
that the discrete features were present in all seasons within the
year examined (Baggaley, 1999). The inclination distribution of
those meteoroids that have a source direction exhibited clear
seasonal changes, which, according to the author, can only be
explained as being due to sources external to the Solar System.
This was supported by a theoretical study by Baggaley and
Neslusan (2002). Considering an influx of a collinear stream
of interstellar particles (of sizes greater than 20 um) into the
Solar System, the authors modelled its evolution. The expected
meteoroids at the Earth exhibited cyclic (seasonal) changes
in the observed orbital elements. All elements, except for the
inclination, depended on the dispersion of their original (far-
Sun) speed; therefore, the variations in the inclination were most
clearly discernible.

The reliability of the AMOR interstellar detections stands
or falls on the reality of their extremely high velocities. The
mean speed for the hyperbolic sample analysed in the paper
(Taylor et al., 1996) was determined to be 164 km s~1 with
an uncertainty of £30 km s~'. In this paper, the authors out-
lined their statistical approach for confirmation of the high
velocities, which was based on a comparison of the Fresnel
and the time-lag determination (for the sample of meteors with
lower velocities for which both methods were applied). Hajduk
(2001) re-examined these methods and called attention to several
contradictions; he concluded that the sets of highly hyperbolic
velocities (in the range of 100-500 km s~!) cannot be accepted
unless an independent confirmation of the AMOR observational
data is made. Recognising the limitations of the data is of
high importance, since observations and orbital distributions
are used as inputs in the modelling of the interplanetary dust
population. The question whether these very high velocities are
a consequence of a systematic error in the processing of the
observations or not has not been proven as yet, although these
high speeds have not been confirmed by other radar programs
and observations.

The problem of meteors with high geocentric velocity and
their connection to faint optical meteors at great heights was
discussed by Woodworth and Hawkes (1996). The authors found
no meteors with beginning heights greater than approximately
120 km, but argued that, because of the small field of view
and the optimum intersection height assumed, they had an
observational bias against high (and low) meteors. To reconcile
their results with AMOR observations, the authors suggested
several explanations: there could exist a flux of very fast and high
meteors only at masses smaller than the limiting mass of their
observations; or they could come from a radiant which strongly
prefers southern hemisphere observers; or some constituent of
the meteoroids could ablate at very great heights, producing
ionisation but not luminosity. Or, on the other hand, the ionising
efficiency, which might increase with velocity far more rapidly
than the luminous efficiency factor, could bias radar results in
favour of very fast meteors (Woodworth and Hawkes, 1996).
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In two other works, Rogers et al. (2005), and extended in
Hill et al. (2005), the authors modelled the heights, trail lengths
and luminosities expected from high geocentric velocity meteor
ablation in the Earth’s atmosphere and suggested that very high
velocity meteors (with entry masses larger than about 10~8 kg)
could, if they exist, be observed with current electro-optical
technology, although there may be observational biases against
their detection.

Moreover, the interstellar meteoroids detected by AMOR are
also expected to be accompanied by a large number of even
smaller grains, which, however, have not been detected by the
space detectors on board the Ulysses and Galileo spacecrafts
(Landgraf et al., 2000) which are sensitive in this size range, as
Earth-bound detectors are not. Unless, as the authors speculated,
the small grains have been stopped on their way to the Solar
System by an interstellar cloud.

In spite of the controversy surrounding their highest veloc-
ity results and their applications, AMOR provided valuable
information about the meteoroid population and contributed
enormously to our understanding of the evolutionary processes
of the small body dynamics.

10.5.2.2 Other Radar Surveys

Using the Arecibo Observatory UHF Radar, Mathews et al.
(1999) analysed thirty-two registered micrometeors (mass range
of 107°-10712 kg), fifteen of which were suitable for velocity
determination. The velocities, determined by the direct Doppler
method, were greater than the escape velocity for eleven of
fifteen particles. In one case, the authors suggested it was of
interstellar origin. The errors in the orbital elements were esti-
mated by the authors (with several assumptions) to be 10% to
20%. (Janches et al., 2000). In their next study (Meisel et al.,
2002a), 143 hyperbolic micrometeors were found in a set of
3000 particles showing measurable deceleration. The sample
of hyperbolic orbits was analysed in detail and a final list of
108 interstellar particle candidates was presented. The authors,
trying to establish the ISP origins, suggested they had arrived
from the direction of the vicinity of the Geminga pulsar (Meisel
et al., 2002b). However, according to Musci et al. (2012), they
had assumed that all meteors came down the main beam and
were not in one of the sidelobes. Moreover, meteors crossing
the main beam come in at an angle that cannot be measured,
meaning that only the radial velocity is truly known. This leads
to large uncertainties in velocity. Thus, these Arecibo radar
results remain disputed (Musci et al., 2012).

Radio data on meteoroids with a limiting mass of 107 kg,
collected in the IAU Meteor Data Centre (Lindblad, 2003), were
analysed by Hajdukovd (2008), with special emphasis on the
39145 orbits of the Harvard Radio Meteor Project. The exam-
ination indicated large errors in the velocity, reaching as much
as 10 km s~!. The author determined that only 10~ of the total
number of Harvard radar orbits could be of interstellar origin.
Other older radar meteors, observed by Meteor Automatic Radar
System (MARS) in Kharkiv, were reanalysed by Kolomiyets
(2015), who did not refute the reality of the MARS hyperbolic
meteoroid orbits reported earlier (Andreev et al., 1987).

The Canadian Meteor Orbit Radar (CMOR) was also used in
a search for interstellar meteors, conducted over 2.5 years by
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Weryk and Brown (2004). CMOR is a interferometric HF/VHF
meteor radar with a radio magnitude limit of 48, which corre-
sponds to an effective limiting mass of 4 x 10~8 kg at typical
interplanetary meteoroid encounter speeds (Jones et al., 2005).
The system is used for time-of-flight velocity measurements and
provides individual error estimates on all measured and derived
quantities for each echo. Thus, the authors examined the data
on a case-by-case basis for interstellar meteoroids (Weryk and
Brown, 2004) and, when measurement errors were taken into
account, they found only 12 meteors of possible interstellar
origin among more than 1.5 million measured orbits. This corre-
sponded to only 0.0008% of all the observed radar echoes. The
authors determined a lower limit on the ISP flux at the Earth to
be 6 x 101> meteoroids m~2 s~ for the 20 criteria.

Meteor observations with the European Incoherent Scatter
Scientific Association (EISCAT) radars were reported by Brosch
et al. (2013). Examination of the statistical properties of the
radar echoes and their Doppler velocity, derived from the VHF
data, showed a lack of extreme velocity meteors. Considering
only the meteors that encounter the Earth head-on, the authors
reported no incoming velocities measured above 72 km s~!
and indicated that interstellar meteors are extremely rare. This
confirmed previous observations by the EISCAT UHF (Szasz
et al., 2008), in which, after all corrections have been made,
only 4 of the 410 detected meteors had heliocentric veloci-
ties slightly exceeding the Solar System escape velocity. The
authors did not claim their interstellar origin because the hyper-
bolic excesses were smaller than the uncertainties of the data
treatment.

10.5.3 1I/‘Oumuamua

The discovery of the first macroscopic interstellar object
1I/*Oumuamua (Meech et al., 2017) opens the door to the study
of interstellar fireballs in the Earth’s atmosphere, though none
have been reported to date. An order of magnitude estimate
based on the single detected object 1I/‘Oumuamua can be
obtained, though its reliability is perhaps not very high. 1I
was detected at 0.22 AU from Earth: so if we assume that
one interstellar object of size 100 m (approximate average
diameter of 1I, Knight et al. (2017)) passes through this
Earth-centred cross-section (~ 10 km?) every 10 years
(the time PanSTARRS has been observing) then there should

~ o.om) P
cumulatively be N(D > 10 cm) ~ <m> times more

objects at sizes down to 10 cm, where p is the assumed slope
of the differential size distribution. Adopting p = 3.5 from the
canonical paper of Dohnanyi (1969) gives ~ 0.1 interstellars
of 10 cm striking the Earth per year. If 50% strike during the
day, and 70% over the oceans, we might expect only one at
night over land per several decades. This low rate can likely be
accommodated within current observational constraints from
all-sky meteor networks but needs much more careful analysis.

10.6 In-Situ Measurements of Interstellar Dust

10.6.1 In-Situ Measurements

Predictions of interstellar dust entering the Solar System were
made by Bertaux and Blamont (1976). Levy and Jokipii (1976)

recognised the role of the Lorentz force herein. Interstellar dust
trajectories in the heliosphere were studied by Gustafson and
Misconi (1979) and Morfill and Griin (1979) with a focus on the
effects of the Lorentz force. Finally, in 1992, the first interstellar
dust impacts were detected in situ on a dust instrument on
board the Ulysses mission (Griin et al., 1993). Ulysses flew
out of the ecliptic plane, which facilitated the reliable detection
of interstellar dust particles amongst the interplanetary dust
population (see Section 10.6.3). The mission lasted from 1990
until 2009 and the ISD data cover a time-span from 1992 to 2008.

A similar (twin) instrument flew on Galileo from 1989 until
2003 towards and around Jupiter. It confirmed the measurements
of interstellar dust made by Ulysses, but in the ecliptic plane
and during its cruise phase (Baguhl et al., 1996). Reliable
identification of these particles was only possible outside of the
asteroid belt because of the geometry of the Galileo spacecraft
trajectory.

Landgraf et al. (2000) performed Monte Carlo simulations of
interstellar dust trajectories in the heliosphere (without boundary
regions) and compared these with the Ulysses measurements
available then. The depletion seen for the smallest particles
could not be justified by instrument sensitivity alone, but was
best explained by the effect of the Lorentz force, using the sim-
ulations. For the radiation pressure-mass relation, the B-curve
for “astronomical silicates” was used from Gustafson (1994)
with corresponding dust bulk material density of 2.5 g cm ™.
With these assumptions, a best fit was found between data
and simulations for ISD particles with size 0.3 pwm (bulk pop-
ulation), 0.4 pum, and to a lesser extent 0.2 um (Landgraf
et al., 2003). The Ulysses data, supported by these simulations,
thus confirmed the early predictions from studies like Morfill
and Griin (1979). Landgraf et al. (1999) also constrained the
optical dust properties (8-values) from the Ulysses ISD mea-
surements by analyzing the spatial distribution of the particles
with respect to their mass. This is called “interstellar dust -
spectroscopy” (Altobelli et al., 2005). Landgraf et al. (1999)
concluded that the maximum fS-value of the dust particles as
measured by Ulysses is between 1.4 and 1.8. Follow-up simula-
tion studies (e.g. Sterken et al. 2012) used this maximum value
in the so-called “adapted astronomical silicate” B-curve. This is
the original curve from Gustafson (1994) multiplied to reach a
maximum of § = 1.6.

Cassini carried an impact ionisation dust detector (the Cassini
Cosmic Dust Analyser) that was equipped with a high rate
detector and a time-of-flight (TOF) mass spectrometer (Srama
et al., 2004). During the cruise phase to Saturn, interstellar dust
was identified inside the Earth’s orbit (Altobelli et al., 2003)
for the first time. The fluxes were consistent with simultaneous
ISD measurements at Ulysses. The measured mass range was
between 5 x 10717 kg and 10~15 kg, proving that both small
and larger (about 1 um diameter) interstellar dust can also reach
the inner Solar System. Altobelli et al. (2005) expanded the
earlier Galileo data analysis of Baguhl et al. (1996) by using new
selection criteria, which allowed studying ISD impacts down to
0.7 AU, including “ISD B-spectroscopy”.

Helios data allowed further analysis of ISD near the Earth
between 0.3 and 1 AU from the Sun (Altobelli et al., 2006) and
provided the first mass spectra of the particles using a time-of-

flight mass spectrometer (mass resolution: % ~ 5 Altobelli



etal., 2006). The results indicated compositions compatible with
silicates, and a mix of various minerals were present in the data.

Kriiger et al. (2007) reported on a shift in latitude of the
direction from which the interstellar dust particles came, as
measured by Ulysses in 2005. The cause of this was unknown.

The Stardust mission was launched in 1999 and captured
cometary dust on one side of a collector consisting of aero-
gel tiles, while the other side was used to capture interstellar
dust particles. This was done at speeds as low as possible (a
few km s~1) in order to capture the particles as intact as possible.
The interstellar dust was collected between approximately 1 and
2 AU, during two specific periods in 2000 and 2002, totalling
195 days (Westphal et al., 2014). The collector was brought
back to Earth in 2006, after which the tiles were cut and then
scanned under an automatic microscope. These images were
made available on the Internet for lay people to search for the
particles after some initial online training. This was a successful
example of citizen—science. Three interstellar dust candidates
were found in the aerogel tiles, and another four craters from
presumably interstellar impacts (with remnants) were found in
the aluminum foils that surround the tiles. The particles were
very diverse in (crystal) structure, composition and size, and
particularly surprising was the low density of the candidates in
the aerogel (Westphal et al., 2014).

The complete Ulysses dataset from 1992 until 2008 was
finally analysed for ISD by Kriiger et al. (2015) for the mass
distribution, by Strub et al. (2015) for the flux and variability,
and by Sterken et al. (2015) for the interpretation of the data
using Monte Carlo computer simulations. This dataset totalled
more than 900 selected ISD particles spanning three quarters of
a Hale cycle. The flux of ISD in the Solar System as measured
during these sixteen years of operations was on average 7 x
1073 m~2 s~!, with fluctuations from about 1 x 1075 m=2 s~!
to almost 2 x 107* m~2 s~! (Strub et al., 2015). The bulk of
the particles had masses between 10~!7 and 10~!¢ kg (Kriiger
et al., 2015) with minima and maxima of about 10-18 kg and
1.7 x 10~ 1% kg (equivalent to 0.1 and 2.3 pm diameter assuming
bulk material densities of 2.5 g cm™3).

The reanalysis of the Ulysses ISD data from 1992 until about
2000 by Kriiger et al. (2015); Strub et al. (2015); Sterken et al.
(2015) confirmed the earlier results from studies by Landgraf
et al. (2000). The shift in dust flow direction as shown by Kriiger
et al. (2007) could possibly be explained with the simulations
using dust properties of charge-to-mass ratio Q/m =~ 4 C/kg,
but if these would be the bulk of the dust particles, then the
fluxes in the first period of Ulysses observations would have
been larger, which was not the case. It is likely that the shift
in dust flow direction (latitude) for these particles is due to
Lorentz forces and not dynamics outside of the heliosphere, but
a single fit of the simulations to all the data at once (1992-2008)
remains to be found in order to prove and confirm this proposed
mechanism. This also would imply that the “big” particles
(>0.2 pm) in the Ulysses data are fluffy rather than com-
pact, because for these masses a lower Q/m would have been
expected (Sterken et al., 2015).

Since one single dominant dust size or population (char-
acterised by one set of 8 and Q/m) cannot explain the full
sixteen years of data, Sterken et al. (2015) speculated that the
heliosphere boundary plays an extra role in the filtering of ISD
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on its way to the Solar System. Full simulations, including
boundary regions of the heliosphere, are probably necessary to
find one fit for all the data at once. The study suggests that big
particles are possibly fluffy while smaller ones may be more
compact.

The Cassini Dust Analyser TOF mass spectrometer detected
interstellar particles during Cassini’s mission around Saturn.
In a timespan from mid-2004 until 2013, thirty-six particles
were identified as interstellar. Due to sensitivity limits of the
instrument, only particles from 10719 to 5 x 10716 kg were in the
range of masses that could be analysed. The dust composition
was rather homogenous, implying repeated processing of the
dust in the interstellar medium (Altobelli et al., 2016). The dust
consisted of magnesium-rich silicate particles, some with iron
inclusions (Altobelli et al., 2016). The derived B-curve was
rather compatible with compact particles, unlike their larger
counterparts from the Stardust and Ulysses missions.

Several spacecraft (e.g. Voyager, Gurnett et al., 1983) have
detected dust impacts using plasma wave instruments (antennas)
that pick up a signal from the small plasma cloud that arises
temporarily after a dust impact on the spacecraft body. So far,
two missions have detected ~ 1 pum impacts of dust with a
yearly variation in the flux that is compatible with the direction
of the flow of interstellar dust from the LIC in the Solar System.
These are the STEREO and WIND missions (Zaslavsky et al.,
2012; Malaspina et al., 2014), both in the vicinity of the Earth
(1 AU). The WIND mission’s twenty-two years of interstel-
lar dust measurements (1994-2016) have been archived in a
database for future use (Malaspina and Wilson, 2016). The data
partially overlap the Ulysses data (1994-2008) and span a full
Hale cycle.

10.6.2 Impact Ionisation Instruments, Laboratory
Calibrations and Instrument Limitations

The Ulysses Dust Analyser instrument is a typical impact ion-
isation detector with a maximum sensitive area of 0.1 m? and
an effective solid angle of 1.45 sr3 (corresponding to a 140°
opening angle, Baguhl et al., 1996). It is sensitive to dust
particles of masses between about 10712 and 10~ kg, but this
sensitivity is speed-dependent (see, e.g., figure 8 in Griin et al.
1992). For impact speeds of 40 km s~!, the measurement limits
are 107" kg < m < 10713 kg and for impact speeds of
5 km s, the limits are 10710 kg <m < 10-10 kg (Griin et al.,
1992). Above this mass, the instrument works as a threshold
detector (Griin et al., 1992) and is saturated, while below this
mass the instrument sensitivity is not high enough to reliably
detect an impact. This means that such an instrument in an
orbit near the Earth would be sensitive to different parts of the
interstellar dust mass distribution depending on the time of the
year. Instrument calibrations were performed using iron, carbon
and silicates (Goeller and Griin, 1989). The Cassini instrument
has similar characteristics, and calibrations have been performed
for a larger variety of materials. Fielding et al. (2015) present
a comprehensive review of these materials (e.g. Polypyrrole-
coated mineral grains).

3 Aflat plate has an “effective solid angle” of 7 sr (Goeller and Griin, 1989).
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The measurement principle is based on impact ionisation:
when dust particles with velocities larger than about 1 km s~!
hit the gold-coated spherical target of the instrument, the dust
particle and part of the target vaporises and ionises. The ions
and electrons are separated by the electric field applied between
the target (0 V for Ulysses) and the ion collector (—350 V for
Ulysses). The speed of the impacting particle is estimated using
the rise-time of the signal while the mass is estimated based on
the velocity and the total charge in the plasma cloud after impact:
0 ~ m*v?” witha &~ 1 and y =~ 1.5-5.5 depending on the speed
range. Kriiger et al. (2015) used calibration curves from Griin
et al. (1995) for the reduction of the sixteen years of Ulysses
ISD data. The speed is determined with an accuracy of typically
a factor of 2 (using only one channel) resulting in an accuracy
of a factor of 10 for the mass (Griin et al., 1992). Because of
the large uncertainty in the speed determination, Landgraf et al.
(2000) and Kriiger et al. (2015) have obtained more reliable
results for the ISD mass distributions using simulated velocities
instead of measured in order to determine the measured masses.
Apart from dust impact velocity and mass, the instrument also
measures impact direction as inferred from its pointing direction
on the spinning spacecraft. The electric charge of the largest
particles is also measured through the induction on an entrance
grid, but only for very large particles (Griin et al., 1992; Kriiger
et al.,, 2015).

10.6.3 ISD Selection Criteria

The orbit of Ulysses largely facilitated the distinction of inter-
stellar dust from interplanetary dust because it was more or
less perpendicular to the inflow direction of the ISD from the
LIC: only at perihelion would the ISD come from the same
(prograde) direction as the IDPs, while during the rest of the
orbit, ISD would rather come from the retrograde direction with
respect to Ulysses, and opposite to most of the IDPs. In addition,
Ulysses flew out of the ecliptic plane, where IDPs are much less
present than in the ecliptic plane where distinguishing IDPs from
ISD is a lot more challenging (e.g. during the Galileo mission).
While Kriiger et al. (2015) focused on the mass distribution of
ISD and therefore did not select on impact charge signal, Strub
et al. (2015) avoided biases in the directionality of the dust flow
and selected particles based on impact velocity. The following
selection criteria were used for the analysis of sixteen years of
Ulysses data:

e Impacts were distinguished from noise events using
instrument-specific procedures (see Kriiger et al., 2015).

* Both Kriiger et al. (2015) and Strub et al. (2015) excluded all
data during intervals of Jupiter dust stream periods as well as
around perihelion (latitudes |b] < 60°).

» Kiriiger et al. (2015) excluded data at ecliptic latitudes larger
than 60° near perihelion where the ion charge signal Q; <
1013 C. These were considered to be S-meteoroids.

» Kiriiger et al. (2015) required the instrument to point within
490° from the interstellar Helium upstream direction, except
in 2005/2006, where this requirement was relaxed with
another 40° (in one direction) to account for the shift in dust
flow direction that was observed.

* Strubetal. (2015) ignored all impacts with Q; < 1x10713 C
(Jupiter dust streams, in addition to the periods mentioned in
previous points).

* Strub et al. (2015) ignored all impacts with speeds Vj;,, <
11.6 km s~! to exclude interplanetary dust that has lower
velocities than interstellar dust.

The selection of Kriiger et al. (2015) resulted in a dataset of 987
particles, while the selection of Strub et al. (2015) resulted in a
dataset of 580 particles.

10.7 Summary

The Solar System is not an isolated system. Its interaction
with the interstellar medium, due to the Sun’s motion relative
to the local interstellar cloud (LIC), should lead to the pres-
ence of interstellar particles (ISP), or, at least, to interstellar
dust (ISD). Interstellar grains passing through the Solar Sys-
tem have been observed by dust detectors. Cassini, Ulysses,
Helios and Galileo all had impact ionisation detectors that
provided coherent numbers for the ISD flux throughout the
Solar System and throughout time for a mass range of about
10~1°-10~13 kg. The upper limit of the mass range is limited
by instrument saturation, and by the smaller number of large
particles in the size distribution that could hit an instrument
surface area of only 0.1 m?. The lowest-mass-particle mea-
surements are limited because of instrument sensitivity (speed-
dependent) and the filtering of small particles due to the Lorentz
force. Impact measurements on spacecraft with antennas like
WIND and STEREO provide useful long-term monitoring pos-
sibilities for ISD particles in addition to dedicated cosmic dust
detectors.

The situation with the interstellar meteoroids observed in the
Earth’s atmosphere is not so clear. On a theoretical basis, it
was shown that particles larger than about 10 pm can travel
tens of parsecs through the interstellar medium (Murray et al.,
2004), theoretically creating the possibility of their detection by
ground-based radar systems. Measurements of them have not yet
been satisfactorily convincing.

Owing to the limitations of the accuracy of current meteor
measurements, distinguishing interstellar particles from local
meteoroids is very challenging. Hence, their proportion among
interplanetary meteors has not yet been unambiguously deter-
mined, though it seems to increase strongly with decreasing
particle mass. The reported derived fluxes of ISPs observed
by different techniques (Sections 10.5.1, 10.5.2 and 10.6.1) are
synthetised in several studies, and summarised in this section.
Determination of the fluxes of interstellar particles obtained
from different surveys allows the mass indices for a broad
scale of masses to be derived and provides a comprehensive
perspective. The reported ISP fluxes from various papers were
recently compiled by Musci et al. (2012). Since no new studies
reporting the detection of interstellar meteoroids have been
published since that time, we use their figure to give an overview
of interstellar particles detected to date. Their examination of the
literature is summarised in Figure 10.3.

Figure 10.3 shows the fluxes for ISPs in a broad mass range,
exceeding 20 orders of magnitude, with scales showing the
approximate sensitivity for different detectors. The reported
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Figure 10.3. A summary of the interstellar meteoroid fluxes from the
literature, from Musci et al. (2012). Different symbols designate
primary sources of interstellar data. The lines in different styles
represent the modelled mass distributions or those fitted by power-law
functions determined by different authors. (A black and white version
of this figure will appear in some formats. For the colour version,
please refer to the plate section.)

detections of ISPs are shown with different symbols designating
primary data sources.

The fluxes of the ISD data used in Figure 10.3 are based on
Landgraf and Griin (1998) and Landgraf et al. (2000), who anal-
ysed the Ulysses and Galileo data. In contradiction to their mod-
elled mass distributions (solid and dotted lines), the measured
flux of the smallest grains (for masses < 1071 kg) showed a
deficiency. This was explained by defocusing Lorentz forces,
which kept the smaller interstellar particles out of the helio-
sphere (Baguhl et al., 1996). On the other side, the flux of big
interstellar grains from dust detectors was overestimated when
using the measured impact velocities. The authors attributed it to
possible mis-identification of interplanetary particles (the inter-
stellar data set may be contaminated by interplanetary grains)
or to systematic deviation of the measured impact velocity to
lower values. Therefore, for the mass distribution determination,
calculated values were used instead of measured velocities. This
resulted in an increase in the number of small grains (m <
10710 kg) and a decrease in the number of large grains (m >
10710 kg).

Landgraf et al. (2000) extrapolated the dust data to larger
masses by fitting a power law function (with the exponent
g = 1.1, dotted line in Figure 10.3) and compared them
with the fluxes derived from the AMOR radar measurements
(for meteoroids with m > 10710 kg). The authors concluded
that these two samples are not kinematically related to each
other. From the radar data, only one source (interstellar particles
coming from the same direction as the dust detectors data) was
compatible with the extrapolation of the in situ data; the fluxes
of the other two directions examined (from the southern ecliptic
hemisphere and from a discrete source) were one or two orders
of magnitude larger.

Hajdukovd and Paulech (2002) summarised ISP fluxes
obtained from observations with different techniques for
particles masses from 10720 to 1072 kg and compared the
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resulting ISP flux (dash-dotted line in Figure 10.3) with the flux
model of interplanetary particles suggested by Fechtig (1973).
When determining the mass distributions, the authors obtained
different mass indices for two different mass intervals, matching
the break at masses between 10710 and 10! suggested by
Fechtig (1973). The distribution was steeper for larger particles
(with an exponent in the power-law fit of g ~ 1.2, as estimated
by Musci et al. (2012)), and shallower for smaller particles
(g ~0.7).

Comparison of the ISP flux with another flux model derived
by Grun et al. (1985), which gives slightly higher fluxes than
derived by Fechtig (1973), also implies an increasing proportion
of the ISPs toward smaller masses.

Hajdukovd and Hajduk (2006), following the summarised
experimental data, obtained a smooth change of the curve of the
mass distribution for ISPs. The substantial change in the inte-
grated mass distribution indices was, however, also in the mass
interval corresponding to the break seen in previous studies.
Comparison of their resulting ISP flux with the interplanetary
flux model by Divine (1993) showed that the ISP flux is more
than two orders of magnitude lower than the flux of interplane-
tary meteoroids in the mass range of large particles, but strongly
increases towards fainter particles.

To match spacecraft dust measurements, new models were
developed that consider the population of hyperbolic orbits of
dust particles, which is predicted to disappear for larger masses
(Staubach et al., 1997, Dikarev et al., 2002).

In Figure 10.3, no comparison of the mass distributions of
the ISPs with interplanetary flux models is shown. But they are
compared with the size distribution of interstellar grains from
the observed interstellar extinction, derived for masses below
10~ kg by Mathis et al. (1977). Musci et al. (2012) extended it
to larger particles (dashed line in Figure 10.3) and found that the
resulting flux derived from CAMO data (and other optical and
radar data in this mass range) is clearly below it, which means
that the slope for larger masses has to be much steeper.

We can conclude that in spite of the relatively large number
of hyperbolic orbits determined from the meteor observations by
Earth-based systems, at most only a fraction could be expected
to be produced by interstellar particles. However, none of them
have yet been convincingly demonstrated and their presence
among detected meteors lacks statistical significance. The only
dependable measured interstellar particles in our Solar System
which we have to date are the detections of the dust instruments,
mainly on board Ulysses and Galileo spacecraft.

10.8 Future Work

Research into interstellar particles has, for decades, brought
controversial results, mostly due to meteor observations being
misinterpreted as indicating the detection of interstellar mete-
oroids. This paper shows that the identification of meteors
produced by interstellar particles requires an understanding of
their dynamical behaviour, highly accurate measurements, and
a thorough error examination. Hence, without any improve-
ments to the velocity measurements, which are crucial for orbit
determination, the problem of distinguishing interstellar meteors
from interplanetary ones remains.
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Earth-based and space-borne observations use different tech-
niques with different instrumental sensitivities, and the data
processing is performed using different software. In addition,
there are obvious constraints related to the heliocentric distance
of the measurements, and their latitude and speed. The instru-
ments for meteor observations in the Earth’s atmosphere move
at a heliocentric velocity of about 29.8 km s~!, in comparison
with the dust detectors, where this value varies for individual
spacecraft.

Thus, each individual observation gives us some information
while still leaving gaps in the data between different techniques,
and together they gradually reveal the population of interstellar
particles in the Solar System.

Missions with detectors out of the ecliptic plane, long-term
monitoring, as well as missions far from the Sun (e.g., 10 AU
for reaching particles with 8 =~ 5) are important tools to
constrain interstellar dust properties. Space-borne instruments
with trajectory sensors would allow better orbit determination
of the ISD. The most interesting would be to be able to bridge
the gap between particle sizes observed by in-situ instruments
(up to about 5 pm) and those observable by radar and optical
technologies (typically as from a few tens of um). Large surface
areas, long exposure times, high-precision directional infor-
mation, high-precision velocity determination, and sensitivity
to the largest/smallest particles (for space/Earth instruments
respectively) would be characteristics needed for an instrument*
targeted at detecting these intermediate-range interstellar dust
particles. Current selection criteria may also exclude interstellar
dust particles that come from different directions than from
the solar apex direction, and thus dust from sources other than
the LIC.

Improvements in ground-based radar systems should
allow the detection of interstellar meteoroids in the 10-100-
micrometer range (Murray et al., 2004). This would make it
possible to register interstellar particles ejected from other star
systems. The forthcoming radar system EISCAT 3D (Pellinen-
Wannberg et al., 2016) seems promising for registering even
smaller particles (with a limiting mass of 10712 kg).

To prove the existence of meteoroids with very high
geocentric velocities, search strategies need also to be optimised.
Modelling the atmospheric ablation and the luminosity
of meteoroids with geocentric velocities, Rogers et al.
(2005) suggested improvements to electro-optical technology:
using several multi-station observing systems with slightly
overlapping fields to create a large net field of view; and, to
avoid the observational bias due to the optimum intersection,
the system configuration of an altitude of 120 km is required.

Experimental approaches, as made by Thomas et al. (2016)
measuring the ionisation efficiency of meteors (up to 70 km s~ 1)
and high-altitude ablation in the laboratory, could also cast light
on this problem.

So far, the focus of interstellar dust trajectory modelling has
been mainly on the effects of the dynamic IMF, solar radi-
ation pressure and gravity on the particle trajectories within
50 AU from the Sun. Static models were also used of the
whole heliosphere (Slavin et al., 2012), but they do not yet

4 Also called a Swiss army knife.

represent the ISD distribution in the Solar System, because the
ISD travels for more than 20 years (2 solar cycles) through a
dynamic heliosphere. Alexashov et al. (2016) focused on the
distribution of the dust outside of the Heliopause, based on a 3D
kinetic-magnetohydrodynamics model of the solar wind-Local
Interstellar Medium (LISM) interaction. Understanding the tra-
jectories of ISD particles smaller than half a micron in diameter
(“interstellar dust”) requires the inclusion of the (dynamic)
outer heliosphere regions in the currently existing dynamic dust-
heliosphere models of interplanetary space (Sterken et al., 2015).
Data of the ISD flux and flow direction, taken by Ulysses
between 1992 and 2008, can constrain such models.

In 2017, the first interstellar asteroid /1/‘Oumuamua was dis-
covered with a hyperbolic trajectory around the Sun. An abun-
dance of at least 6.0 x 10~3 AU~ was estimated for such objects
in interstellar space (Feng and Jones, 2018). A continuous mass
distribution of interstellar objects (meteoroids, dust particles) is
thus very likely present in the interstellar medium. Backtracking
is difficult for individual objects due to gravitational scattering
from random stellar encounters (Zhang, 2018) and because of
the limitations of current astrometry, but for younger objects, this
may be possible. The discovery of this interstellar asteroid sheds
new light on the possible existence of interstellar meteoroids and
shows the importance of closing the gap between measurements
of interstellar dust particles with in-situ data, and the ground-
based methods for their larger counterparts.
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