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Abstract Interstellar dust from the Local Interstellar Cloud was detected unambiguously
for the first time in 1992 (Grün et al. in Nature 362:428–430, 1993). Since then, great
progress has been made in observing local interstellar dust in the Solar System using a va-
riety of methods that, all together, provide complementary views of the dust particles from
our local galactic neighborhood. The complementary methods discussed in this paper are:
(1) in situ observations with dust detectors, (2) sample return, (3) observations of dust in
the infrared, and (4) detections using spacecraft antennae. We review the current state of
the art of local interstellar dust research, with a special focus on the advances made in the
last ∼10 years of interstellar dust research. We introduce this paper with an overview of
the definitions of interstellar dust. We describe the dynamics of the dust particles moving
through the heliosphere and report on the progress made in the modelling efforts especially
in the last decade. We also review the currently available in situ measurements of interstel-
lar dust flux, speed, direction and size distribution from various missions, in specific from
Ulysses and Cassini, and their interpretation in context of the dust dynamics studies. Inter-
stellar dust composition is also reviewed from Cassini in situ time of flight measurements
and from the Stardust sample return mission that both took place in the last decade. Finally,
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also new dust measurements from spacecraft antennae are reviewed. The paper concludes
with a discussion on currently still open questions, and an outlook for the future.

Keywords Dust · ISM · LIC · Meteoroids · Zodiacal dust · Interplanetary medium ·
Interstellar dust

1 Introduction

Because of ambiguity in the literature, we begin this review with a definition of terms.
A rock is an object composed of one or more minerals or organic phases—this is the usual
geological definition. Interstellar dust (ISD) consists of tiny building blocks that formed
anywhere outside the solar system. We make no attempt to define tiny in this context, but
perhaps a loose definition is an upper limit in diameter of ∼1 mm. Interstellar Medium
(ISM)-formed dust consists of rocks that formed primarily in the interstellar medium. Cir-
cumstellar dust consists of rocks that formed primarily in circumstellar environments, gen-
erally in circumstellar outflows. Thus, interstellar dust consists of a mixture of circumstellar
and ISM-formed dust. The definitions are not entirely orthogonal: ISM-formed dust may
contain circumstellar components, or may consist of heavily modified circumstellar precur-
sors, or both. These definitions are also not entirely satisfying—for example, ISM-formed
dust could more properly be called “interstellar” dust, and interstellar dust could be called
“extrasolar” dust—but we retain these definitions to maintain consistency with the nomen-
clature in the literature, which developed historically.

The motion of the solar system through the Local Interstellar Cloud (LIC1) of warm
and partially-ionized gas and dust causes part of this dust to pass through the solar system,
which enables us to study such “extraordinary” dust in situ, thus nearby. Observations of
interstellar dust in the solar system have been made, so far, in five contexts.

1. Dust detectors on board the Galileo (Baguhl et al. 1996; Altobelli et al. 2005), Ulysses
(Grün et al. 1993, 1994; Baguhl et al. 1996; Landgraf et al. 2000; Krüger et al. 2015;
Strub et al. 2015; Frisch et al. 1999) and Cassini (Altobelli et al. 2003, 2016) spacecraft
have made unambiguous detections of interstellar dust inside the heliosphere.2 These are
collectively the in-situ ISD observations (Sects. 3 and 4).

2. Circumstellar dust has been preserved in primitive extraterrestrial materials, in the form
of so-called pre-solar grains. These have been identified in the matrices of primitive me-
teorites, in so-called Interplanetary Dust Particles (IDPs) collected in the stratosphere,
and in micrometeorites collected from ice in Greenland and Antarctica. Because they are
recognized by their highly non-solar isotopic compositions, pre-solar grains are samples
of circumstellar dust: we do not yet know of an observational signature that allows us
to recognize ISM-formed dust in solar-system materials. However, several lines of evi-
dence (oxygen isotopes, crystalline fraction of silicates, D/H ratio in chondritic water, the
concentration of refractory organics) are converging and point to a fraction of unaltered
interstellar material in comets and undifferentiated asteroids of order 5–10% (Alexander
et al. 2017). The discovery of pre-solar grains in primitive, ancient solar-system mate-
rials opened a new window on astrophysics, and demonstrated conclusively that some

1The Local Interstellar Cloud is a warm, low-density cloud surrounding the solar system that is located itself
in a hot and even lower-density region called the “Local Bubble” (Frisch et al. 2011).
2The heliosphere is the region of space around the Sun that is dominated by the solar wind plasma, with
respect to the ISM plasma.
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interstellar materials survived the violent, hot formation of the solar system. The story is
a familiar one in science, with confusion following progress following confusion, and on
and on (Pais 1986, Inward bound). This paper focuses on contemporary3 extrasolar dust
only. For a review of the extensive literature on pre-solar grains, see Zinner (2014).

3. Observations of ISD in the solar system have come from a ∼ 0.1 m2 aerogel and Al foil
collector on the Stardust mission that was exposed to the interstellar dust stream for 200
days. A massively-distributed search of this collector resulted in a constraint on the ISD
flux independent of in-situ ISD observations, and in the identification of seven particles
whose properties are consistent with an interstellar origin. Ongoing laboratory work will
confirm (or not) the interstellar origin of these candidates, through measurements of the
oxygen isotopic compositions (Sect. 5).

4. Isotropic foreground radiation has been detected due to the ISD, using IRAS and COBE
(DIRBE) observations in the Infrared (Rowan-Robinson and May 2013) (Sect. 6.1).

5. Finally, the presence of interstellar dust has been inferred from serendipitous observa-
tions of impacts on spacecraft antennae (Sect. 6.2).

Studies of the dynamics of interstellar dust in the heliosphere for different particle properties
(Sect. 2) support the understanding and interpretation of these various types of observations.

This paper reviews the current status of interstellar dust research in the solar system
with an emphasis on the progress in the last decade. It focuses on new insights in the dust
dynamics, in situ measurements of the interstellar dust flux and composition, interstellar dust
sample return results from the Stardust mission, and indirect measurements using spacecraft
antennae. Because of our somewhat arbitrary size cut, here we exclude from discussion the
interstellar “asteroid” A/2017 U1 (Meech et al. 2017; Feng and Jones 2018; Zhang 2018),
and the interstellar meteors (Baggaley 2000) that are currently questioned (Hajdukova et al.
2019). These subjects are reviewed in Hajdukova et al. (2019) and Koschny et al. (2019).

This book review paper is an outcome from a workshop “Cosmic dust from the labora-
tory to the stars”, that was held at the International Space Sciences Institute (ISSI) in Bern
(Switzerland). The topic of this paper follows up on the results from an ISSI working group
on interstellar dust in the heliosphere that was held in October 1997 and whose outputs are
summarized in Frisch et al. (1999) and papers in the JGR volume containing Frisch (2000).

2 Dynamics and Simulations of Interstellar Dust in the Solar System

The Sun and the planets currently move through the LIC at a velocity of ∼ 26 km s−1 (Witte
2004; McComas et al. 2015) in the direction of the neighbouring “G-cloud” that is less than
0.2 pc away from us and we will cross into the G-cloud within a few thousand years from
now (Redfield and Linsky 2000; Redfield et al. 2004). The motion of interstellar dust passing
through the solar system as a consequence of this (relative) motion has been studied through
computer simulations in the context of in situ observations. We first review in Sect. 2.1 the
forces acting on the ISD particles and their effects on the dust flow patterns. Then we discuss
the ISD dynamics as the particles pass through the boundary regions of the heliosphere
(Sect. 2.2). In both sections, we highlight the state-of-the-art modeling.

3This contemporary extrasolar dust may be modified by its journey through the solar system and near the Sun
though.
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2.1 Dynamics of Interstellar Dust in the Solar System

The three most important forces that influence the trajectories of interstellar dust moving
through the solar system are solar gravity, solar radiation pressure force (Sect. 2.1.1) and
the Lorentz force due to the charged particles’ motion through the interplanetary magnetic
field (IMF) (Sect. 2.1.2). Other forces, like planetary perturbations, Poynting-Robertson ef-
fect, Yarkovsky effect and solar wind corpuscular drag can be generally neglected (Altobelli
2004; Gustafson 1994).

2.1.1 Solar Gravity and Solar Radiation Pressure Force

The solar gravitational force on a dust particle is described by:

FG = −GM�mp

|r|3 r (1)

with G the gravitational constant, M� the mass of the Sun, mp the dust particle mass, and r
the position vector of the dust particle with respect to the Sun. The solar radiation pressure
force is expressed as:

FSRP = ApQprS0

c

r
|r|3 (2)

with Ap the projected surface of the dust particle (Ap = πa2 for a spherical particle with
radius a), Qpr the radiation pressure efficiency weighted by the solar spectrum, S0 the solar
flux density at 1 AU from the Sun, and c the speed of light. Qpr depends on the particle
optical properties.4

Because the solar gravity and the solar radiation pressure force are both radial and de-
cline quadratically with increasing distance from the Sun, they can be combined in a single
dimensionless ratio:

β = |FSRP |
|FG| = ApQprS0

cGM�mp

(3)

β depends on the particle optical properties, thus on composition, morphology, and size. It is
a constant value if the particles are assumed not to be altered on their path through the solar
system (e.g. through evaporation) and if we neglect variations in the solar flux. The β versus
mass relationship is expressed in a so-called β-curve, specific for each dust material, mor-
phology, and density. Examples of such β-curves are the coloured curves in Fig. 5 (Sect. 4.3
of this paper). Silicates have lower maximum β-values than carbonaceous materials, and
aggregates tend to have a “flattened” β-curve with respect to their compact counterparts.
More examples of β-curves can be found in Schwehm (1976), Gustafson (1994), Kimura
and Mann (2000), Kimura et al. (2003a) and Sterken et al. (2015).

The β-value of the ISD is important for its dynamics. In the absence of Lorentz forces,
particles with β = 1 move through the solar system on straight trajectories because the so-
lar radiation pressure compensates for the effects of solar gravity. Particles with β < 1 are
deflected towards the Sun on hyperbolic trajectories, by the dominance of the solar gravi-
tational over solar radiation pressure force. This is illustrated in Fig. 1 (left, from Sterken

4See Schwehm (1976) and Burns et al. (1979) for calculating radiation pressure efficiencies, and Silsbee and
Draine (2016) and Kimura (2017) for a discussion on the radiation pressure efficiencies for ISD, applied in
specific to the Stardust mission (Sect. 5).
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Fig. 1 Simulated dust trajectories for solar gravity and solar radiation pressure force only, for β < 1 (left)
and β > 1 (right). The colors indicate the velocity of the particles with respect to the Sun (the black cross) in
km s−1 and the dust moves from the left to the right in the simulations. From Sterken et al. (2012). Repro-
duced with permission from Astronomy & Astrophysics, ©ESO

et al. 2012) for β = 0.5. As the particles move out of the solar system, they accelerate
again to their original speed of about 26 km s−1 for ISD particles from the LIC. As a result
of the solar gravitational attraction, these particles form a region of gravitational focusing
downstream of the Sun with respect to the inflow vector of the ISD (see Fig. 1, left). This
gravitational focusing region is located at approximately +79◦ and −8◦ ecliptic longitude
and latitude (Frisch et al. 1999; Landgraf 1998) as was determined from Ulysses and Galileo
ISD data.5 Because of this gravitational focusing and thus for particles with β < 1, the ISD
number densities are a factor of 2–5 times larger than the undisturbed number density in the
ecliptic plane, and up to a factor of 10 larger in the focusing region itself (Landgraf et al.
1999b; Strub et al. 2019). This factor depends on the distance to the Sun and on the β-value
of the particles.6 The number density enhancements can be calculated numerically or ana-
lytically. For the equations we refer to Danby and Camm (1957), Wallis (1987), Landgraf
et al. (1999b). Very small and very large particles (sizes approximately below 0.1 µm or
above 0.4 µm radius for silicates) belong to the size category of particles with β-values < 1,
that cause such a region of gravitational focusing. However, very small particles are also
deflected by Lorentz force (see Sect. 2.1.2).

Particles with β > 1 decelerate as they approach the Sun and are diverted on hyperbolic
trajectories in a direction away from the Sun, see Fig. 1 (right), from Sterken et al. (2012)
for β = 1.6. Such particles do not enter a paraboloid-shaped region around the Sun of which

5A newer analysis of the complete Ulysses dataset, but excluding the period where the dust flow was shifted
in direction (2005, see Sect. 3.2), has resulted in a derived flow direction of +75◦ ± 30 ecliptic longitude and
−13◦ ±4 ecliptic latitude (Strub et al. 2015). This corresponds roughly to the flow direction of the interstellar
helium from IBEX He data between 2009 and 2013: +75.6◦ ± 1.4 ecliptic longitude, and −5.12◦ ± 0.27
ecliptic latitude (Schwadron et al. 2015) and earlier ISD directions derived from Ulysses data by Landgraf
(1998), Frisch et al. (1999), and Kimura et al. (2003b). The average speed of the ISD particles measured
by Ulysses was 24 ± 12 km s−1 (Krüger et al. 2015), compatible with the Helium inflow speed of 26.3 ±
0.4 km s−1 (Witte 2004) and with earlier determination of the heliocentric ISD inflow speed V∞,ISD = 25.7±
0.5 km s−1 from the then available Ulysses ISD data by Kimura et al. (2003b).
6See Sterken et al. (2013) for examples of gravitational focusing effects for β = 0.5 at Asteroid, Jupiter and
Saturn distance from the Sun, in the ecliptic plane.
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its size depends on the β-value of the particles. This void region in space is called the β-
cone: its size depends on the particle properties (mass, surface optical properties) while its
direction depends, like the gravitational focusing cone, on the inflow vector of the ISD.

Comparison of numerical simulations of ISD trajectories with spacecraft observations
of ISD mass and velocity can constrain the particle optical properties and thus compo-
sition, provided that sufficient data are available. This method of constraining the ISD
particle material properties using spacecraft data and numerical simulations, is called β-
spectroscopy (Altobelli 2004). Landgraf et al. (1999a) used this method to conclude that
the maximum β-value of the ISD particles from Ulysses data between 1992 and 1999 is
between 1.4 and 1.8 for particles of mass 1 × 10−17 kg to 3 × 10−16 kg.

2.1.2 Lorentz Force

The solar gravity and radiation pressure force alone cause a static, location-dependent flow
of ISD through the heliosphere. However, dust particles moving through a plasma in a ra-
diation field like from the Sun, acquire an equilibrium charge as a result of competing cur-
rents (Mukai 1981; Horanyi 1996). They are ionized by the radiation from the Sun (pho-
toionization), they lose electrons by secondary electron emission, they capture protons, and
they collect electrons from the solar wind. Since the solar wind and the ionizing radiation
from the Sun both decline quadratically with the distance to the Sun, these particles acquire
a relatively constant nett equilibrium charge corresponding to a surface potential of about
+5 V as they travel through the solar system in interplanetary space (Kempf et al. 2004).7

Assuming compact spheres, the net charge on the particle surface is q = 4πε0aU and the
charge-to-mass ratio is related to the particle size and density as:

Q

m
= 3ε0U

ρa2
(4)

with ρ the particle bulk density, a its radius, U the equilibrium potential and ε0 the permit-
tivity of free space. The larger the ISD particle is, the smaller its charge-to-mass ratio Q/m

is, and opposite. The smallest particles (i.e. < 0.1 μm) acquire a larger equilibrium potential
than their larger counterparts due to the so-called “small-particle effect” (they have larger
photoelectric yields). Kimura (2016) reviews this effect in detail and Slavin et al. (2012,
Fig. 2) and Kimura and Mann (1998, Fig. 3) illustrate it in their Figures. Aggregate parti-
cles also have larger equilibrium potentials than their compact equivalents due to the small
particle effect (see Ma et al. 2013). When dust particles move through different plasma envi-
ronments, they also obtain different charges: sometimes largely negative (e.g. in some cases
in planetary magnetospheres down to −30 V; Horanyi 1996), sometimes positive and larger
than in the IMF, like in the boundary regions of the heliosphere (Sect. 2.2).

The IMF originates from the solar magnetic field that is convected outward, “frozen” in
the solar wind. Because the Sun rotates, a spiral-type pattern emerges in the IMF, referred
to as the “Parker spiral” (Parker 1958). The solar magnetic field can be approximated for
dust trajectory computer simulations by modeling a dipole during solar minimum, a mix
of magnetic field polarities at solar maximum, and a dipole with opposite polarity at the
next solar minimum approximately 11 years later (Grün et al. 1994; Landgraf 2000; Sterken
et al. 2012). The 22-year solar magnetic cycle dominates the IMF and because a charged

7Mukai (1981) calculated an equilibrium potential of +0.5 to +6 V for graphite at 1 AU and +4 to +14 V
for silicate grains depending on solar wind conditions. For charging in other plasma conditions (e.g. in the
heliosphere boundary regions), we refer to Sect. 2.2.
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Fig. 2 Simulated dust trajectories for β = 1 and Q/m = 1 C kg−1 in the focusing (upper graph) and de-
focusing (lower graph) phase of the 22-year solar magnetic cycle. The colors indicate the velocity of the
particles with respect to the Sun in km s−1. From Sterken et al. (2012). Reproduced with permission from
Astronomy & Astrophysics, ©ESO

particle that moves through a magnetic field experiences a Lorentz force, the 22-year solar
magnetic cycle ‘forces’ the ISD trajectories into a focusing phase (during solar minimum)
where the particles are focused towards the solar equatorial plane (see Fig. 2, upper graph),
and into a defocusing phase at the next solar minimum, where the particles are defocused
away from the solar equatorial plane (Fig. 2, lower graph). The magnitude and direction
of the Lorentz force is determined by the particle charge-to-mass ratio (larger for small
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particles), the IMF direction and strength (smaller and more azimuthal at larger distances
from the Sun), and the solar wind speed which is much faster (several hundreds of km s−1)
than the ISD particle speed (∼ 26 km s−1) (Witte 2004; McComas et al. 2015) with respect
to the Sun. The Lorentz force is described as:

FL = Q

m
(ṙp,sw × BSW ) (5)

with Q/m the charge-to-mass ratio of the dust particle, ṙp,sw the velocity vector of the
dust with respect to the solar wind, and BSW is the magnetic field vector of the IMF at the
location of the dust particle. The solar equatorial plane is tilted with approximately 7◦ with
respect to the ecliptic plane. For large charge-to-mass ratios (e.g. Q/m ≈ 10 C kg−1), the
dust trajectories become more complicated than a mere focusing or defocusing, and density
enhancements of such small ISD particles can occur at locations and during times that are
not quite intuitive at a first glance. For this reason, Monte Carlo computer simulations of ISD
trajectories are very helpful to understand or predict the interstellar dust fluxes measured in
the solar system by in situ dust instruments (see Sects. 2.1.3 and 3.2).

The combination of gravity, solar radiation pressure force and Lorentz force leads to
a modulation of the β-cones and of the zone of gravitational focusing, with time.8 Worth
to note is that during the defocusing phase of the solar cycle, the ISD particles with large
enough Q/m are not only deflected away from the ecliptic plane, but they are also concen-
trated, as a result of Lorenz force, at higher ecliptic latitudes of ca. 10-20 AU above the
ecliptic plane (see Fig. 46 in Sterken et al. 2012).

The forces acting on the ISD lead to a variable ISD size distribution that depends on
space, time and particle properties like mass, morphology and optical properties (thus par-
ticle composition). For the size distribution in the ISM, generally a power-law distribution
is assumed as is derived from many astronomical observations like observations of the gas
phase and of absorption of starlight by the dust (e.g., see Mathis et al. 1977; Draine and Lee
1984; Weingartner and Draine 2001; Zubko et al. 2004; Wang et al. 2015). These derived
size distributions are representative for long (kpc-scale) distances and the Local Interstellar
Cloud may thus have different properties (like size distribution) from these. The filtering ef-
fect of the discussed forces in space and time and with respect to a reference size distribution
is described in detail for Saturn, Jupiter and Asteroid distances in Sterken et al. (2013) and
for Earth distance in Strub et al. (2019). Also for the Ulysses mission, computer simulations
demonstrate the time- and space-dependent filtering of the interstellar dust size distribution,
e.g. as illustrated in Fig. 12 in Sterken et al. (2015). In these studies, the filtering for small
particles at the heliosphere boundary was not taken into account (we refer to Sect. 2.2 for
this).

2.1.3 A Brief Review of ISD Trajectory Simulation Studies Inside the Solar System

The motion of interstellar dust in the solar system was studied and predicted long before the
first in-situ detections in the solar system took place, with the above-mentioned physics as a
basis: Bertaux and Blamont (1976) predicted that these particles should be concentrated due
to gravitational focusing of the Sun (Sect. 2.1.1). Levy and Jokipii (1976) followed up on this
work and postulated that the net charge that the interstellar particles would carry determines
whether they can enter the heliosphere or not (see Sect. 2.2 for further discussion). Subse-
quently, Gustafson and Misconi (1979) and Morfill and Gruen (1979) performed the first

8Figures 45 and 46 in Sterken et al. (2012) visualize such “Lorentz-force-modulated β-cones”.



Interstellar Dust in the Solar System Page 9 of 32 43

numerical Monte Carlo computer simulations of interstellar dust trajectories that include all
three the Lorentz force, solar gravity, and solar radiation pressure force and they demon-
strated the focusing and defocusing effect due to the 22-year IMF cycle (Sect. 2.1.2). In
1992, the first interstellar dust particles were detected in situ with the Ulysses dust detector
(see Sect. 3.2) by Grün et al. (1993) which prompted further numerical simulation studies of
the interstellar dust flow through the solar system. Landgraf (1998, 2000) and Landgraf et al.
(2000) simulated the ISD trajectories for an assumed hypothetical composition (silicate with
inclusions of other chemical compounds) that is consistent with the spectral signature as ob-
served by astronomical means (Draine and Lee 1984; Greenberg and Li 1996). Computer
simulations of ISD dynamics were used to interpret the variable Ulysses ISD flux measure-
ments from 1992 until 2000 (Landgraf 2000; Landgraf et al. 2000) and Landgraf (1998) and
Frisch et al. (1999) derived the gas-to-dust mass ratio in the LIC from ISD measurements
by Ulysses and Galileo to be Rg/d = 40 and Rg/d = 94+46

−38. Czechowski and Mann (2003)
studied the penetration of small interstellar dust through the heliosphere including boundary
regions (inside of the heliopause). They found that a wavy current sheet can facilitate inter-
stellar dust to enter the solar system, and suggested that beyond 40 AU, there is a stream
of small interstellar dust that can enter the heliosphere at low ecliptic latitudes (see also
Sect. 2.2).

Sterken et al. (2012, 2013) followed up on the dust dynamics simulation work of Land-
graf (1998) by studying the flow and filtering of ISD for a broad range of dust composition
assumptions, and tested a few variations of the Interplanetary Magnetic Field (IMF) mod-
els. These simulations were used for interpreting and understanding the full Ulysses dataset
from 1992–2008 (Sect. 3.2). Sterken et al. (2015) also tested different descriptions of the
configuration of the IMF, for which a Parker model is a sufficient approximation, but they
concluded that the filtering in the heliosphere boundary regions still is a necessary additional
component to be able to explain in the future the full Ulysses dataset (see Sect. 3.2). Finally,
Strub et al. (2019) studied the flow of ISD onto the Earth using computer simulations, which
is useful for interpreting data from missions near the Earth’s orbit. Dynamical studies and
the above mentioned simulations were used to predict and interpret ISD data from missions
like Cassini (Altobelli et al. 2003; Sterken et al. 2012; Altobelli et al. 2016), Stardust (Land-
graf et al. 1999b; Sterken et al. 2014), and Ulysses (Landgraf et al. 1999a; Landgraf 2000;
Landgraf et al. 2000, 2003; Sterken et al. 2015).

2.2 Interstellar Dust Transport into the Heliosphere

Interstellar dust grains in the local interstellar medium are charged to a surface electrostatic
potential of typically +0.5 to +1 V: Grün and Svestka (1996) give a detailed discussion
on the grain charging in the interstellar medium. When these particles enter the heliosphere
boundary regions, which have different plasma conditions from the ISM or inner helio-
sphere, their equilibrium potential can increase to about +8 V or +10 V (Linde and Gom-
bosi 2000; Slavin et al. 2012).9 Kimura and Mann (1999) elaborate on the importance of
secondary electron emission for the dust transport into the heliosphere. The particles are
also subject to increased magnetic field strengths and slowed down solar wind speeds in the
transition regions from ISM to inner heliosphere. Linde and Gombosi (2000) calculated the
filtering of small interstellar dust particles as a result of Lorentz forces in the transitional

9Kimura and Mann (1998) found +12 V for Silicate particles and +6 V for Carbon for particles with radius
about 0.3 µm, while Alexashov et al. (2016) estimated a potential of +2 to +3 V. Ma et al. (2013) calculated
higher charges for aggregates than for compact spheres (see Sect. 2.1.2)
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region between the external environment and the inner heliosphere10 during the 1996 solar
minimum. They find a strong increase in filtering for grain sizes between 0.2 and 0.1 µm and
below: large particles can penetrate this region freely, while small ones are rather deflected
around the heliosphere instead. Note that 1996 is in the defocusing phase of the solar cycle
for the outer heliosphere region where particle deflection varies significantly between solar
cycle magnetic phases, see Fig. 19 in Sterken et al. (2015).11 Based on a static MHD-model
for describing the IMF and plasma conditions for calculating particle charging, Slavin et al.
(2012) simulated that particles smaller than 0.01 µm are excluded completely while micron-
sized particles flow freely into the solar system and particle sizes in-between are partially
filtered. They calculated the global distribution of ISD inside the heliosphere as a result
thereof. Time-dependence of the interplanetary magnetic field throughout the particle travel
time is important for comparison with in situ data and was not yet taken into account in the
model, but Slavin et al. (2012) demonstrated the variable particle charges in the boundary
regions of the heliosphere and close to the Sun, and for smaller particles (“small particle
effect”, see Sect. 2.1.2). Alexashov et al. (2016) also modeled the ISD distribution near the
interface region of the heliosphere for a time-independent magnetic field configuration based
on a (static) 3D MHD model used for modelling the IMF and plasma conditions, with the
aim to describe the filtering and directional deviations of the ISD near the heliosphere-LIC
interface region. Their results roughly confirm earlier studies, they report on features in the
heliosphere boundary regions due to the Lorentz force, and they conclude that the dust dis-
tribution near the heliopause12 depends on the direction of the Interstellar Magnetic Field.
They also calculated one time-dependent distribution of ISD in the solar system, but do not
go in detail for analyzing the results, which is beyond the scope of the paper.

Recapitulating, models from Landgraf (2000), Sterken et al. (2012), Strub et al. (2019)
assume a time-variable IMF polarity based on the solar wind magnetic field (through the
Parker spiral) for calculating the particle trajectories during their journey through the solar
system because these are moving at roughly 5.5 AU/year. Particle trajectories in these mod-
els are calculated at distances up to 50 AU from the Sun only, ignoring the effects of the
heliosphere boundary regions. Particle surface potentials are assumed to be static (+5 V), as
roughly justified for these distances (see Fig. 2 in Slavin et al. (2012) and Kimura and Mann
(1998)). In contrast, Slavin et al. (2012) utilizes a 3D solar wind model that includes the
modification of the solar wind plasma by pickup-ion mass-loading and a variable particle
potential as function of the 3D solar wind plasma thermal properties. This is important in the
heliosphere boundary regions that are included in the model. In contrast to the former mod-
els, this model considers two static solar magnetic polarities during the particles’ journeys
through and around the heliosphere.

Note that regions like the heliosphere boundary not only act as a filter for the size of
the particles, but also for the morphology of the particles: because of their higher charges,
aggregates are filtered out more easily than compact particles of the same size (Ma et al.
2013).

Once in the heliosphere, there is the second filtering of the dust particles near the so-
lar system due to the higher values of the IMF strength. The Monte-Carlo based, time-
dependent simulations described in Sect. 2.1.3 only take into account this second filtering

10The inner heliosphere is the part of the heliosphere where the solar wind dominates the plasma and is still
supersonic.
11Figure 19 in Sterken et al. (2015) illustrates how the incoming particles move through a different phase of
the solar cycle in the solar system than they did earlier when crossing the heliosphere boundary regions.
12The heliopause is the boundary between the solar wind dominated inner heliosphere, and the region around
the heliosphere where interstellar medium plasma dominates.
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near the solar system, while the (rather static) models from Slavin et al. (2012), Alexashov
et al. (2016) describe the filtering near the heliosphere interface. A combination of both,
including full time-dependence of all magnetic fields, is crucial for the study of the parti-
cle dynamics and for comparison with spacecraft data. Sterken et al. (2015) suggested that
this may be the reason why only two distinct periods of Ulysses ISD data can be understood
with the current simulations, but not the whole time-series of data at once: a full model of the
heliosphere boundary combined with the solar system filtering is needed for further study.

3 In-situ Measurements and Interpretation of Interstellar Dust

3.1 Cassini, Helios, and Galileo Measurements

A fleet of interplanetary probes, carrying in-situ dust instruments, have returned measure-
ments of the ISD flux in the Solar System, either on their way to their main destination
or as secondary mission science objectives. In particular, the Helios, Galileo, Ulysses and
Cassini missions have provided insights into the dynamics and composition of interstellar
grains found in our Solar System at different heliocentric distances. Each of those missions
was equipped with dust detectors allowing an equivalent detection sensitivity in the sub-
micrometer size range and therefore provided comparable data. All dust detectors carried
by these probes have a dust detection system based on the collection and separation of the
charges (positive ions and electrons) resulting from the vaporization of the grains upon im-
pact at hypervelocity (typically from a few up to a few tens of km s−1) on the detector’s
target. Only the Cosmic Dust Analyser (CDA) on-board Cassini and the Helios instrument
were equipped with sub-systems to retrieve the elemental composition of the grains using
time-of-flight (TOF) mass spectroscopy. We refer the reader to Dietzel et al. (1973), Grün
et al. (1984, 1992) and Srama et al. (2004) for a detailed description of the different instru-
ments, and in particular to Table 1 in Srama et al. (2004) for a comparison of the instruments’
performances.

ISD measurements have been performed at different locations and time in interplanetary
space, as well as from within the Saturnian system. In all cases, special care has been taken
to discriminate impacts of interstellar grains from other dust populations. Often, a direct
determination of the grain’s origin based on a measurement of its impact velocity has not
been possible, because of the error bar of the impact speed determination (typically, about
a factor of two). Instead, the ISD identification relies on the total amount of positive ions
collected upon impact combined with directionality criteria, as described in Altobelli et
al. (2003, 2006); Altobelli (2004).

In the case of the Ulysses spacecraft, the ISD grain identification was somewhat eas-
ier due to the measurements performed at high ecliptic latitudes, where the abundance of
IDP grains is reduced compared to the ecliptic plane, combined with the favorable spinning
configuration of the instrument with respect to the direction of the ISD flow. In contrast,
the analysis of the Helios, Galileo and Cassini data have been more challenging. The He-
lios ISD measurements were performed with the dust instrument on-board the Helios-A
spacecraft between 1974, day of year 353 and 1979, day of year 002, covering heliocentric
distances ranging from 0.3 AU to 0.98 AU. The spacecraft trajectory was within the ecliptic
plane for an heliocentric orbital period of 190 days. The ISD measurements performed by
the Galileo spacecraft were acquired between January 1990 and mid-1993 as the probe was
traversing the interplanetary space within the Venus and Mars orbits (the spacecraft had to
perform multiple planetary flybys in order to gain the energy to reach Jupiter). While the
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Fig. 3 Trajectory segments of
the Galileo (red), Cassini (green)
and Helios (blue) missions where
ISD grains were detected, in the
ecliptic plane. The coordinate
system has the Sun as origin. The
+X axis is aligned with the
projection on the ecliptic of the
ISD downstream direction. The
dotted lines indicate the ISD
exclusion boundaries shaped by
radiation pressure for different
values of the β parameter.
From Krüger et al. (2019a).
Reproduced with permission
from Astronomy & Astrophysics,
©ESO

dust instrument was on all the time, only three segments of the interplanetary trajectory
were geometrically favorable to ISD stream monitoring. The CDA instrument was able to
perform ISD measurements during the interplanetary cruise phase from 0.7 AU and 1.2 AU
and during the nominal science phase around Saturn. While the Helios and Galileo dust
detectors were attached to the rotating structure of their respective spacecraft, the CDA in-
strument can be pointed toward fixed directions as decided during the science planning of
the mission (Srama et al. 2004).

Overall, a major achievement of those ISD measurements at different locations (from 0.3
to 10 AU) and time within the solar system was a confirmation of the ISD grain dynamics, as
a proxy to some of their physical properties (mass distribution, radiation pressure efficiency,
charge-to-mass ratio). The different segments of trajectories where ISD grain detection was
achieved are shown in Fig. 3. The overall decrease of the ISD flux with decreasing helio-
centric distance (see Fig. 4) is expected due to the size dependent filtering effect of radiation
pressure. ISD grain models considering various compositions and structure predict β val-
ues below 2, using Mie scattering theory and Ulysses observations (Kimura et al. 2003a).
At around 1.5 AU, ISD grains must have β > 1.5 in order to be filtered out by radiation
pressure—beyond 5 AU, where the Ulysses measurements were performed, and a-fortiori
at Saturn’s heliocentric distance, where Cassini measurements were performed, the filtering
by radiation pressure does not reduce significantly the ISD flux, which is then measured
unperturbed (however, within the fluctuations due to the Solar Activity cycle on the smaller
grains sensitive to the Lorentz forces, see Sect. 2.1.2).

3.2 Ulysses ISD Flux and Direction Measurements and Interpretation

The first detection of ISD in the solar system with in situ measurements by Ulysses (Grün
et al. 1993) was the beginning of a 16-year long survey of the ISD flux, mass and flow direc-
tion by one and the same mission throughout three quarters of the 22-year Hale cycle. The
mission was very suited for studying the ISD dynamics because of the long observation span
and because of the peculiar orbit of Ulysses with respect to the ISD flow: not only Ulysses
flew out of the ecliptic plane, but it also had its orbit serendipitously almost perpendicular
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Fig. 4 ISD flux measured by the
different instruments on-board
Cassini (in interplanetary space
and at Saturn), Galileo, Ulysses
and Helios. The Helios data were
taken between December 1974
and January 1980, the Cassini
data were taken in 1999, the
Galileo data during 3 orbit
segments between January 1990
and early 1993, Ulysses data
from ∼ 1992–2000 and Cassini
at Saturn (∼ 10 AU) represents
the average flux between
mid-2004 and 2013

to the ISD inflow vector because the mission launch date was delayed with ca. 4 years from
May 1986 until October 1990. Only at perihelion, the IDP particles and ISD particles came
from the same (prograde) direction. During the largest part of Ulysses’ orbit, ISD particles
came from the retrograde direction while IDP (generally) came from the prograde direction,
which facilitated their mutual distinction on a statistical basis, together with the fact that out
of the ecliptic plane, IDPs are much less present than in the ecliptic.

Landgraf et al. (2003) simulated the distribution of the ISD in the solar system and com-
pared the simulation results to Ulysses and Galileo data as far as available: the bulk ISD
population had a size of 0.3 µm (Q/m = 0.59 C kg−1, β = 1.1), 0.4 µm and 0.2 µm in
radius, assuming the astronomical silicates β-curve from Gustafson (1994). The focusing
and defocusing phase of the solar cycle were represented in the data. Krüger et al. (2007)
reported on a southward shift in dust flow direction in ecliptic latitude of at least 30◦ as
measured by Ulysses, that was unexplained until then. The full Ulysses dataset from 1992
until 2007 was analyzed in 3 subsequent papers: Krüger et al. (2015) analyzed the mass
distribution of the complete data set, Strub et al. (2015) focused on the variability of the ISD
flux, flow direction, mass index and flow width, and Sterken et al. (2015) interpreted these
data using Monte Carlo computer simulations of the dust trajectories. Details of the ISD
candidate selection criteria were slightly different, and are described in the two first papers.

Krüger et al. (2015) calculated from the Ulysses in situ data a gas-to-dust mass ratio
in the Local Interstellar Cloud (LIC) of ca. Rg/d ≈ 231+102

−68 (for an assumed inflow veloc-
ity V∞ = 26 km s−1) with a local dust density in the LIC of (1.68 ± 0.48) × 10−24 kg m−3

for the same assumptions. Also, micron-sized interstellar particles were confirmed in the
Ulysses data. The derived gas-to-dust mass ratio is higher than the value of Rg/d ≈ 94+46

−38
presented in Frisch et al. (1999). The latter was based on the earliest Galileo and Ulysses
measurements, while the former was based on Ulysses data between 1992 and the end of
2007. A comparison of the full mission datasets is given in Krüger et al. (2019a). Krüger
et al. (2015) presents a mass distribution and cumulative mass distribution for the full data
set from 1992 until 2007. The total cumulative flux is ca. 7 × 10−4 m−2 s−1 (Krüger et al.
2015). Strub et al. (2015) concluded that the Ulysses ISD data indeed show the effect of the
focusing and defocusing phase of the solar cycle in the flux, as was also reported in Landgraf
et al. (2003) for the first subset of the data. A total shift in dust direction of 50◦ ±7◦ was con-
firmed that coincided with an increase of the flux by a factor of 4 in only 8 months (Strub
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et al. 2015). Finally, Sterken et al. (2015) studied the full β–Q/m parameter space with
simulations for interpreting the Ulysses data. They concluded that the fluxes and flow di-
rections of the bulk of the ‘big’ (a > 0.2 μm) dust particles between 1992 and 2003 in the
data were compatible with the simulations for dust with β > 1 and Q/m ≈ 0.5 C kg−1. This
corresponds well with the dominating particle population from Landgraf et al. (2003) with
β = 1.1 and Q/m = 0.59 C kg−1. However, such (big) particles did not explain the second
half of the data provided by Ulysses: the measured shift in dust direction and the increase
in dust flux were compatible to simulations of ISD with Q/m ≈ 4 C kg−1 instead, implying
that these ‘big’ ISD particles are of lower density than originally assumed. The flux of the
smaller particles (a < 0.2 μm) could not be fitted with simulations before 2003, but the shift
in dust flow direction and increase in flux in 2005 were reproducible features by the Lorentz
force (the small particles not being of particular low density). The authors conclude that a
time-dependent filtering of the small particles at the heliosphere boundary regions may be re-
sponsible for the fact that parts of the data set can be explained, but not all the data in one go.

4 Interstellar Dust Flux and Composition from Helios and Cassini

In contrast to the Ulysses instrument, the Helios dust instrument and Cassini’s CDA were
equipped with a subsystem able to record time of flight mass spectra of cations of the plasma
cloud generated by high-velocity impacts (Dietzel et al. 1973; Srama et al. 2004; Postberg
et al. 2009a). This allows compositional in situ measurements of individual dust grains im-
pacting the detector’s target.

4.1 Helios Measurements

The mass spectra acquired by the Helios detector had a low resolution compared to de-
tectors of later generation. A mass resolution of 5 <

�M

M
< 10 was reached with the best

performances obtained between 16 and 75 a.m.u. The ISD grains were identified on the ba-
sis of their dynamical properties and an average spectrum from all ISD grains was built.
Despite the poor mass resolution, two main peaks could be identified: cations with masses
around 25–30 u. compatible with Mg and Al bearing silicates dominate the spectrum while
a second and lower peak between 50 and 60 u. would be compatible with iron. However,
a more detailed elemental composition, with relative abundances of the grain constituents
could not be derived from the Helios data.

4.2 Cassini CDA Measurements

Since 2010, CDA has carried out systematic observations of interstellar dust from the Local
Interstellar Cloud (LIC). Altobelli et al. (2016) showed that over 30 dust impacts recorded
between 2006 and 2013 could be dynamically separated from the background flow of in-
terplanetary dust (IDP) and the overwhelming number of icy dust originating from the Sat-
urnian system (Hillier et al. 2007; Postberg et al. 2008, 2009b). Each of these 36 impacts
provided a mass spectrum very likely showing the composition of dust from our interstel-
lar neighborhood. Together with the few ISD candidate grains brought back to earth by the
Stardust mission (Westphal et al. 2014c, and Sect. 5 of this paper), the CDA ISD dataset
provided the first quantitative compositional information of contemporary interstellar dust
crossing the solar system. These measurements at Saturn allowed to examine LIC dust at
the largest heliocentric distance ever achieved in situ, reducing the amount of dynamical
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filtering as compared to former detections performed closer to the Sun. In addition, the rel-
ative position of Saturn and the Sun, with respect to the ISD stream over the sample period,
permitted the detection of grains with a wide range of β-values (Sterken et al. 2012).

4.3 Cassini CDA Measurements: ISD Identification and Dynamical Properties

The identification of the faint ISD population compared to the dominant background parti-
cles native to the Saturnian system was a challenge. In particular, detection criteria based on
the velocity determination from the CDA Ion Channel did not provide sufficient accuracy to
distinguish Saturn bound from unbound particles. Hence, a specific detection method was
implemented, utilizing an estimate of the minimum impact velocity from the presence of
the oxygen and carbon signals in the TOF spectra, because the cation formation of these
two species requires a certain minimum impact velocity (Postberg et al. 2009a; Fiege et al.
2014). All TOF mass spectra from dust impacts on the Cassini CAT subsystem between 2004
and 2013 were analyzed, when CDA was pointed within 50◦ of the reference ISD upstream
direction as defined by the Ulysses and Galileo measurements (Sect. 3). This selection crite-
rion results in over 30,000 TOF mass spectra to be investigated (Altobelli et al. 2016). From
this primary dataset, most particles showed an obvious water composition signature in the
spectra and thus were rejected as endogenic to the Saturnian system. For the other particles
the minimum velocity with respect to Saturn was inferred and compared to the expected
velocities of Saturn bound particles as well as interplanetary dust particles. A population
of a few tens of particles with sufficient velocities as expected for ISD grains entering Sat-
urn’s system stood out clearly. The analysis was repeated with a control group consisting
of all particles with TOF spectra coming from the opposite direction to the reference ISD
upstream direction. As expected, no such high velocity dust impacts were found there.

The flux of the ISD grains was determined by fitting simultaneously the cumulative dis-
tribution of the detected particles as function of time and of the distance to Saturn. The flux
value of F = (1.5 ± 0.1) × 10−4 m−2 s−1 derived following this approach is the heliocentric
value, corrected for Saturn’s motion (Altobelli et al. 2016). The directional distribution of
the ISD grains suggests a well collimated flux (< 20◦) around the reference ISD direction at
Saturn. Note that the ISD time collection period benefited in 2010 of a focusing configura-
tion of the IMF for the smaller particles (Sterken et al. 2012, 2015).

The derived mass distribution, in agreement with the Ulysses measurements, confirm the
existence of grains with β > 1 with a maximum reached between 10−17 kg and 10−16 kg (Al-
tobelli et al. 2016). By deriving the β ratio and the mass, an independent consistency check
for the bulk composition was obtained. Synthetic β-mass curves were computed using Mie
theory for different grain models and composition and were compared with the β-mass curve
inferred from the grain dynamics (Fig. 5).

4.4 Cassini CDA Measurements: ISD Composition

Despite the relatively low mass resolution of CDA spectra ( M
�M

≈ 30) the abundances of
Mg, Fe, Ca, O, Si, and C could be determined. The dynamical separation flux coincided
well with a compositional separation from the IDP background. Whereas the IDP back-
ground exhibited a wide distribution of elemental abundances, spectra of ISD grains pro-
vided specific Mg/Fe and Mg/Ca ratios indicating a surprisingly homogeneous abundance
of the major rock forming metals. Each LIC-ISD grain detected by CDA contains the ma-
jor rock forming elements (Mg, Si, Fe, Ca) in roughly cosmic abundances, with only small
grain-to-grain variations (Altobelli et al. 2016). Hence, CDA shows there is compositional
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Fig. 5 This diagram shows the β-mass distribution of measured ISD grains by the Ulysses and Cassini
spacecraft, as well as the expected β-mass values for different constitutive grain models. The area delimited
by grey rectangles show the β-mass values as inferred from the Ulysses data, while the black crosses corre-
spond to measurements performed by Cassini-CDA. The coloured curves show the theoretical β-mass values
expected for the different grain models as listed in the plot legends. From Altobelli et al. (2016). Reprinted
with permission from AAAS

homogeneity for particles of size 200 nm (Altobelli et al. 2016), as condensation products
of the LIC, rather than being heterogenous samples of grains of the first generation formed
around dying stars. They are homogenous because they are made of heavily processed and
mixed material from different star populations. The composition observed by Altobelli et al.
(2016) is different from what is observed in circumstellar dust (Leitner et al. 2012), most
obviously the variation of Mg/Si, Mg/Fe is significantly smaller in the spectra obtained at
Saturn (Fig. 6).

In the observed size regime, neither carbon rich grains (graphite, SiC) or pure metal or
oxide grains were detected by CDA, which sets an upper limit of 8% at the 2σ confidence
level for these grain species (Altobelli et al. 2016). This finding is in contrast with the iso-
topically and compositionally diverse populations of circumstellar dust inherited from AGB
Stars and supernovae, which typically consist of silicates (e.g., olivine, pyroxene), with mi-
nor contributions (few %) of oxides (e.g., corundum, hibonite) and carbonaceous grains,
mainly silicon carbide with an abundance of > 20%, possibly up to 50% (Leitner et al.
2012). The upper limits for sulfur and carbon from CDA LIC-ISD grains observation indi-
cate a substantial depletion of carbon and sulfur compared to the abundances inferred from
the gas-absorption spectra of the LIC (Altobelli et al. 2016).

Although the CDA results indicate roughly cosmic element abundances of ISD grains,
there seems to be a slight (20%) Si deficit (Fig. 7). A Si deficit is also supported by astro-
nomical observations (Frisch and Slavin 2013) and can be explained by a higher abundance
of either oxides and/or metals, similar to grains returned by the Stardust mission (Westphal
et al. 2014c, see Sect. 5).

The dynamical analysis of the Cassini ISD grains based on plausible ranges of β-values
for the 36 detections (Altobelli et al. 2016) is in good agreement with silicate particles
enriched with metallic Fe. In contrast, the β-ratio of pure Fe-Mg silicates without metallic
Fe enrichment cannot exceed unity, which is in disagreement with the high β-ratio of most
grains above 5 × 10−17 kg. As no indications for abundant organic material is found in CDA



Interstellar Dust in the Solar System Page 17 of 32 43

Fig. 6 Comparison of element wt% ratios in CDA ISD grains with pre-solar material. From Altobelli et al.
(2016). Reprinted with permission from AAAS

ISD mass spectra it is suggested that at least some of the iron identified by CDA has to be in
metallic form (Altobelli et al. 2016). However, the inferred upper limit for carbon does not
exclude the presence of thin organic mantles on the ISD grains causing an increase in the
β-ratio.

5 The Stardust Interstellar Dust Sample Return

In addition to a collector that returned cometary dust (Levasseur-Regourd et al. 2018, this
book), the Stardust spacecraft returned a 0.1 m2 aerogel and Al foil collector that was ex-
posed to the interstellar dust stream for ∼200 days in 2000 and 2002. The Stardust In-
terstellar Preliminary Examination (ISPE) (Westphal et al. 2014b), a consortium of > 50
professional scientists and >30,000 amateur scientists worldwide (Westphal et al. 2014a),
consisted of coordinated projects to identify impacts in aerogel tiles and Al foils by opti-
cal (Westphal et al. 2014a) and SEM imaging (Stroud et al. 2014), development and imple-
mentation of novel sample preparation techniques (Frank et al. 2014), synchrotron Fourier-
Transform Infrared Spectroscopy (FTIR) (Bechtel et al. 2014) and X-ray microprobeanaly-
ses (Butterworth et al. 2014; Brenker et al. 2014; Simionovici et al. 2014; Flynn et al. 2014;
Gainsforth et al. 2014), laboratory hypervelocity capture experiments (Postberg et al. 2014),
numerical modeling of dust transport in the heliosphere (Sterken et al. 2014), and elemental
and isotopic composition analyses of residues in Al foils (Stroud et al. 2014), concluded in
2014 with a special issue of Meteoritics and Planetary Science (MAPS) (ISPE 2014), and
a Research Article in Science (Westphal et al. 2014c) announcing the discovery of seven



43 Page 18 of 32 V.J. Sterken et al.

Fig. 7 Comparison of (Mg+Fe+Ca)/Si ratio histograms (in atom %) of CDA ISD grains, presolar circum-
stellar material, LIC ISD determined by astronomical observations and ISD returned by the Stardust mission.
Intermediate between pyroxene (Px) and olivine (Olv) lies the maximum of presolar grains. An overabun-
dance of refractory oxides in presolar grains causes a tail to higher values. Values for the LIC center here
between 2 and 3 and are either also caused by oxides or by the presence of metallic Fe phases. The latter
has also been observed in the Stardust particles Orion and Hylabrook which therefore plot at the far right.
From Altobelli et al. (2016). Reprinted with permission from AAAS

particles of probable interstellar origin, as well as a measurement of the interstellar dust
flux. The 2σ upper limit on the interstellar dust flux is lower than expected from dust mod-
eling predictions, but is consistent with a large fraction of ISD consisting of particles with
sufficiently large β to significantly suppress the flux at the heliocentric distance of particle
collection by the Stardust spacecraft, about 2 AU.

At the conclusion of the ISPE, three impacts were identified in the aerogel collectors, and
four were identified in the Al foil collectors. These particles are inconsistent in trajectory,
capture speed, flux or composition with an origin as spacecraft secondaries or interplanetary
dust (Westphal et al. 2014c). The two largest particles, identified in aerogel, contained crys-
talline silicates and so were likely to be circumstellar condensates (Westphal et al. 2014c).
Both contained forsteritic olivine cores. One, Orion, also contained spinel and an iron phase
that may have been consistent with nanophase iron. The other, Hylabrook, contained an
amorphous Mg-bearing silicate, and also was surrounded by an Fe-bearing phase. Their
measured densities were less than 1 g cm−3. These particles were of sufficiently low speed
that they survived practically intact. Assuming that they had an interstellar origin, these par-
ticles were probably fluffy aggregates, consistent with their low overall densities, so that
the ratio of light pressure force to gravitation force (β) was comparable to unity (between 1
and 1.6; Sterken et al. 2014). The third particle identified in aerogel was of sufficiently high
speed that no terminal particle survived, so its composition is unknown. It was probably
compact since it does not appear to have slowed significantly in the heliosphere. The four
impacts in the Al foils were diverse in mineralogy and chemistry.

The crystallinity of Orion and Hylabrook was a surprise, but is not necessarily incon-
sistent with the astronomical constraint on the crystalline fraction of interstellar silicates
(Kemper et al. 2004). If silicates are amorphized by low-energy ion bombardment in the
ISM, large particles such as Orion and Hylabrook, which are much larger than typical in-
terstellar particles, might retain crystalline cores. Indeed, their sizes alone may imply that
Orion and Hylabrook are members of an entirely different population of particles than that
which constitutes the bulk of interstellar dust.
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Confirmation of interstellar origin of these candidates and others in the future—the
search for new impacts is ongoing—depends on the ongoing development of ultrareliable
techniques for measuring oxygen isotopic composition in these extremely challenging sam-
ples. Recently, Silsbee and Draine (2016) modeled the optical properties of interstellar dust,
and concluded that the two large interstellar dust candidates, Orion and Hylabrook, had to
have very unusual optical properties if they were interstellar. However, in a separate mod-
eling study Kimura (2017) concluded that radiation pressure on Mg-silicate grains with
nanophase Fe inclusions is sufficient high to be consistent with the Stardust observations.

6 Other Interstellar Dust Measurements

Several additional alternative techniques exist with which interstellar dust in the solar sys-
tem have been measured. These are infrared observations, in situ measurements, and me-
teoroid observations. Of these, the in situ antenna measurements are the most promising.
Other methods like PVDF detectors, or accelerometers (Thorpe et al. 2016, 2017) are too
insensitive to measure interstellar dust. Interstellar meteor detections by ground-based radar
systems (e.g. Baggaley 2000) are reviewed in Hajdukova et al. (2019) and Koschny et al.
(2019).

6.1 Infrared Measurements

Infrared (IR) emission from dust far out in the galaxy, or in other galaxies has been used to
investigate the dust properties and amounts, since the era of space infrared astronomy (e.g.
the Planck and Herschel telescopes). Several attempts were also made to detect a signature
of interstellar dust in, or near the solar system with infrared space telescope data. Grogan
et al. (1996) modeled the infrared emission of interstellar dust in the solar system including
effects like gravitational focusing for big interstellar dust, and electromagnetic forces for the
smaller particles. They concluded that the prospects to find interstellar dust in the infrared
data from COBE and IRAS are high enough to justify a search in the data. Indeed, a signature
of an isotropic component of ISD (infrared) foreground radiation was seen in the data of the
IRAS and COBE satellites by Rowan-Robinson and May (2013), by comparing models of
cometary, asteroidal and interstellar dust in the solar system with infrared data from these
spacecraft. The derived spatial mass-density of the interstellar dust is in agreement with
values from Kimura et al. (2003a) at 1.5 AU distance from the Sun (approx. 10−25 kg m−3),
but is an order of magnitude higher than as measured by Ulysses at 4 AU. The authors argue
that a study including dependence on radial distance, and a dynamical study are the next
important steps to take.

6.2 Interstellar Dust Detections with Spacecraft Antennae

6.2.1 Antenna Measurements

Analysis of Voyager 1 and Voyager 2 data by Scarf et al. (1982) and Gurnett et al. (1983)
determined that observed “intense impulsive noise bursts” were caused by dust grains im-
pacting spacecraft surfaces at high velocities, thereby vaporizing and ionizing themselves
and a fraction of the spacecraft surface material. Such impacts generate short-lived plasma
clouds local to the spacecraft, which perturb the electric potential measured by plasma wave
instruments.
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While plasma wave instruments are, by their nature, not designed to detect dust grains,
information concerning the mass, speed, and direction of the impacting dust can, under
some circumstances, be estimated (Gurnett et al. 1983; Kurth et al. 2006; Andersson et al.
2015; Kellogg et al. 2016; Ye et al. 2016; Thayer et al. 2016; Oberc 1996; Zaslavsky 2015;
Pantellini et al. 2012; McBride and Jam 1999; Collette et al. 2014, 2015, 2016). When
plasma wave instruments are used as dust detectors, the entire spacecraft body surface area
is sensitive to dust, resulting in count rates that can be orders of magnitude higher than those
achieved by conventional dust detectors.

Dust has been detected by plasma wave instruments at the outer planets (Gurnett et al.
1987, 1991, 2004; Meyer-Vernet et al. 1986, 2009a; Pedersen et al. 1991; Tsintikidis et al.
1996; Kurth et al. 2006), near comets (Gurnett et al. 1986; Laakso et al. 1989; Neubauer
et al. 1990; Tsurutani et al. 2003), and in the solar wind (Meyer-Vernet et al. 2009b; St. Cyr
et al. 2009; Malaspina et al. 2014; Kellogg et al. 2016).

6.2.2 Interstellar Dust Detections and Database

Interstellar dust was identified in the STEREO and Wind plasma wave instrument data sets
through a yearly modulation of the dust impact count rates (Zaslavsky et al. 2012; Malaspina
et al. 2014; Wood et al. 2015; Kellogg et al. 2016).

The extensive Wind plasma wave dataset contains an observational history of the dust
environment near 1 AU spanning at least two full solar cycles (Malaspina and Wilson
2016). This data set is uniquely valuable for interstellar dust studies in that: (i) it provides
continuous observations over > 22 years, (ii) it includes a large number of dust impacts
(> 107,000), and (iii) these data allow the direction that each dust grain was traveling when
it impacted the spacecraft to be estimated. The Wind dust database is now publicly available
on NASA’s Space Science Data Facility Coordinated Data Analysis Web (Malaspina 2017).

Preliminary analysis of the Wind dust database indicates that significant changes in the
flux (6×) and arrival direction (∼ 20◦) of interstellar micron dust at 1 AU occurred between
2005 and 2006 (Wood et al. 2015). Analysis of Ulysses interstellar dust observations using
dedicated dust detection instrumentation also reveals shifts in interstellar dust flux and di-
rection between 2005 and 2006 (Strub et al. 2011, 2015). These observations are consistent
with recent simulation results predicting a change in near-micron interstellar dust flow di-
rection through the inner heliosphere between 2005 and 2006 due primarily to solar cycle
variation (Sterken et al. 2015). The Wind database is now ready to be used with detailed
modeling (Strub et al. 2019) to analyze the ISD flow near the Earth in more depth.

7 Discussion

Great progress has been made in interstellar dust research in the last decade but nevertheless
many open questions remain to be solved.

7.1 Dust Dynamics and Size Distribution

The flux and flow direction of the interstellar dust has been quite well understood in its re-
lation to the interplanetary magnetic field configurations (Sects. 2, 3.2). Also the observed
shift in dust flow direction in 2006 has been identified as likely to be caused by the Lorentz
force in the vicinity of the solar system. However, a complete fit from the Ulysses data
(1992–2008) for one particle size and one set of material properties has not been found and
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a more extensive modeling, including the outskirts of the heliosphere, is required to fully
understand the variations herein (Sterken et al. 2015) and to fully grasp the filtering of the
dust and hence, it’s original mass distribution in the LIC. New datasets from e.g. the Wind
mission (Malaspina et al. 2014) are still to be understood in the context of dynamics mod-
eling. For doing so, the required interstellar dust models up to 50 AU from the Sun, with a
high enough resolution, are available already (Strub et al. 2019). Using these new data and
models as a starting point will help to understand the flux and flow of interstellar dust, and
in specific the relatively unexplored role of the outer parts of the heliosphere herein. Inter-
stellar dust may as such even be used as an extra observable for constraining the different
heliosphere models of these boundary regions of the heliosphere (Sterken et al. 2015).

7.2 Dust Composition

Analyses of the interstellar dust composition from Cassini (small particles up to 0.1 µm) and
the Stardust mission (µm-sized particles for the intact captured dust, and sub-µm particles
for the crater residues) conclude about a homogeneous population with the major rock form-
ing elements (Mg, Fr, Ca, Si) in about cosmic abundances (Cassini) versus a rather diverse
collection of particles (Stardust). However, Stardust observed a different ISD population
than Cassini since Cassini could only detect grains with radii up to a < 0.2 μm whereas the
Stardust ISD grains where over 50 time more massive (a > 1 μm). None show conclusive
evidence of carbon-rich particles so far, in contrast to astronomical observations of ISD in
the ISM. More research into dust composition is required to get a full image, especially
concerning the presence of Carbon (or why it is not present), and the question whether Sul-
fide is contained in it. While Slavin and Frisch (2008) suggest a depletion of carbonaceous
particles in the ISM around the heliosphere based on an overabundance of carbon in the gas
phase with respect to solar photospheric abundances, Kimura (2015) proposes that carbon-
rich dust particles may be altered on their path through the solar system. Sulfur in the diffuse
interstellar medium is generally undepleted (Jenkins 2009) and is thus not expected to be
found condensed in the form of LIC dust.

During the formation of our solar system, most presolar dust grains were destroyed
or heavily processed. A minor population of circumstellar presolar grains survived pro-
cessing in the protosolar disk and can be recognized by their extremely diverse isotopic
composition (Zinner et al. 2007), but it is unknown whether those grains are representa-
tive of the grain populations in the interstellar medium (Frisch et al. 1999; Kimura et al.
2003a; Zhukovska et al. 2008). The homogeneous composition observed by the CDA can
be explained by destruction, recondensation and equilibration processes in the ISM that
homogenise an initially diverse population that started as circumstellar dust. This is sup-
ported by astronomical observations of the diffuse ISM demonstrating that the most con-
densable elements (atomic mass > 23) are depleted in the gas phase and hence are bound
in solids, while the lifetime of interstellar grains against destruction by supernova shocks
of about 0.5 Ga is much shorter than the average residence time of matter in the ISM of
2.5 Ga (Zhukovska et al. 2008). During this residence time, ISD grains frequently cycle be-
tween the hot interstellar medium (low density regions carved by supernovae), the warm dif-
fuse medium (accessible by spectroscopic observations) and cold molecular clouds, which
are star formation regions. Altobelli et al. (2016) suggest that searches for presolar interstel-
lar grains in meteorites lead by isotopic anomalies could miss a population of isotopically
inconspicuous presolar grains that recondensed in the ISM (e.g. Bradley et al. 1999; Keller
and Messenger 2011).

Presolar grains have a maximum at a silicate composition intermediate between pyrox-
ene and olivine and a tail to high values caused by a bias (overabundance) of refractory
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oxides. The CDA LIC ISD values center between 2 and 3 (Fig. 7). Such high values are
caused either by oxides or metallic Fe, phases that have also been observed in the Stardust
particles “Orion” and “Hylabrook”. It should be noted, that the presolar circumstellar grain
population is biased; for example there is possibly selective loss of amorphous grains or a
higher fraction of resistant oxides due to metamorphic destruction on asteroids or comets.
Nevertheless, it is highly unlikely that the presolar grain population initially had a distri-
bution similar to the CDA ISD data: In this case the presolar population should have lost
primarily the oxide or metal component, which is, however, unlikely, as oxides are rather
more resistant against metamorphic destruction.

7.3 Dust Morphology

Also the morphology and density of the particles is not yet fully understood: the Cassini mis-
sion with its smaller particles concluded on compact interstellar dust (Altobelli et al. 2016)
while the large micron-sized Stardust particles showed surprisingly low densities (Westphal
et al. 2014c). Dust dynamics simulations in context of the complete Ulysses data analysis
concluded on rather compact dust for the small particles (� 0.2 μm) and low densities for the
larger particles (� 0.2 μm) (Sterken et al. 2015). This is consistent with the Cassini and Star-
dust observations. Calibration of impact ionization instruments for low-density micron-sized
dust particles has to be undertaken for obtaining a reliable and updated mass distribution,
and hence, is important for the dust-to-gas mass ratio in the LIC (Sterken et al. 2016).

8 Outlook

Interstellar dust inside the solar system has been studied since 25 years, after its first unam-
biguous in situ detection by the Ulysses Dust Detector by Grün et al. (1993). Ulysses flew
out of the ecliptic plan, but also in the ecliptic and closer to Earth there was ISD detected
by in situ missions like Galileo, Helios13 and Cassini. In the last decade, much progress has
been made in the understanding the dust dynamics, its interaction with the heliosphere, and
especially in its compositional analysis, by using a wide variety of complementary methods.

The full dataset of Ulysses (1992–2008) has been analysed and interpreted (Krüger et al.
2015; Strub et al. 2015; Sterken et al. 2015), new datasets from spacecraft antenna measure-
ments became available (Malaspina et al. 2014), for the first time, contemporary interstellar
dust particles were returned to Earth for further study in the laboratory (Westphal et al.
2014c), and their composition was measured in space using a time-of-flight mass spectrom-
eter (Altobelli et al. 2016). Also, infrared measurements have confirmed the presence of
interstellar dust in the solar system (Rowan-Robinson and May 2013), and although inter-
stellar meteors are still heavily under debate (Hajdukova et al. 2019), the discovery of the
first interstellar asteroid in 2017 (Feng and Jones 2018; Zhang 2018), indicates that indeed
more “big” interstellar dust particles may be discovered or measured in the future with re-
fined techniques (e.g. radar, see Koschny et al. 2019; Hajdukova et al. 2019).

The past decade, several mission concepts for dust observatories that would improve our
knowledge of interstellar and interplanetary dust in the solar system have been proposed.
These have built upon improved instrumentation. Their main asset is the combined use of
the different technologies used so far. For instance, a Dust Telescope is a dust instrument,

13ISD data from Helios were sampled between 1974 and 1980, before Ulysses, but were recognized in the
data and analysed only after the first Ulysses ISD detections (Altobelli 2004; Altobelli et al. 2006).
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including time-of-flight mass spectrometer, combined with a trajectory detector. An Active
Dust Collector (Grün et al. 2012) combines the dust telescope with a collection system pro-
viding two main advantages: easier identification of the particles in the aerogel tracks thanks
to the trajectory sensor, and better tracking of the source of the particle and hereby a better
distinction between interstellar dust and interplanetary dust. The SARIM (SAmple Return of
Interstellar Matter) mission was proposed for ESA’s Cosmic Vision 2015–2025 Programme
in 2007 (Srama et al. 2009). This mission concept contained such an active dust collector
and was intended to fly at the Sun-Earth Lagrange point L2 to avoid the Earth’s space debris,
and would be positioned in the free solar wind. More missions for dust astronomy were pro-
posed, like Cosmic DUNE (DUst Near the Earth, NASA proposal) in 2008 (Grün and Srama
2006), SARIM+ (ESA proposal, 2012), and the Solar System Debris Disk (S2D2) mission
concept (proposal for science themes to ESA, 2013; Srama et al. 2013). NASA’s Europa
Mission will fly to Jupiter and has a dedicated dust detector on board (SUDA; Kempf et al.
2014) that potentially may detect and analyze the composition of ISD. Finally, the Japanese
Destiny+ mission will visit the asteroid Phaeton and will carry on board an in situ dust
analyzer with a mass resolution of m/�m ≈ 150 (Krüger et al. 2017). Interstellar dust mea-
surements are foreseen (Krüger et al. 2019b). This instrument will be able to measure both
cations and anions using two sensor heads in parallel, allowing O and C to be measured with
a much higher sensitivity than before (using only cations during former missions), as well
as S, P, SO4, PO4 and CO3 (Masanori et al. 2018). With the developments in instrument
capabilities and the upcoming missions (Europa Mission, Destiny+), the future looks good
for further interstellar dust research and discoveries.
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