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Abstract–On the basis of an interstellar dust model compatible with Ulysses and Galileo
observations, we calculate and predict the trajectories of interstellar dust (ISD) in the solar
system and the distribution of the impact speeds, directions, and flux of ISD particles on
the Stardust Interstellar Dust Collector during the two collection periods of the mission. We
find that the expected impact velocities are generally low (<10 km s�1) for particles with the
ratio of the solar radiation pressure force to the solar gravitational force b > 1, and that
some of the particles will impact on the cometary side of the collector. If we assume
astronomical silicates for particle material and a density of 2 g cm�3, and use the Ulysses
measurements and the ISD trajectory simulations, we conclude that the total number of
(detectable) captured ISD particles may be on the order of 50. In companion papers in this
volume, we report the discovery of three interstellar dust candidates in the Stardust aerogel
tiles. The impact directions and speeds of these candidates are consistent with those
calculated from our ISD propagation model, within the uncertainties of the model and of
the observations.

INTRODUCTION

NASA’s Stardust mission was launched in 1999
with the goals of returning material from the coma of
comet 81P/Wild 2 and returning material from the
interstellar dust (ISD) stream entering the inner solar
system (Tsou et al. 2003). For this purpose, one side of
a collector (Stardust Interstellar Dust Collector, or
SIDC) was used that consisted of 132 tiles of aerogel
with a surface area of 1039 cm2. There were also
150 cm2 of Al foils, giving a total collector size of
0.12 m2 (Tsou et al. 2003). The cometary particles have
been the subject of extensive analyses since the return of
the mission in 2006 (Brownlee et al. 2006). A
preliminary examination of the aerogel tiles on the
interstellar side of the collector led to an identification
of three candidate interstellar dust (ISD) particles
(Westphal et al. 2014), and the examination of the
aluminum foils resulted in four possible ISD impact

craters (Stroud et al. 2014). Calibration tests for the
aerogel and foils were made at the Heidelberg Dust
Accelerator and are described in Postberg et al. (2014),
whereas Frank et al. (2013) discuss the statistical
likelihood of the ISD candidates to be of an alternative
origin.

Local ISD particles were detected for the first time
in 1993 with the dust detector on Ulysses (Gr€un et al.
1993) and later also in the data of Galileo, Cassini, and
Helios. Their properties, such as the derived upstream
direction, were used to guide the planning for the
Stardust mission. Predictions of the statistics of ISD to
be captured by Stardust were first made by Landgraf
et al. (1999b), using a model consistent with the Ulysses
and Galileo observations of interstellar dust. Two ISD
populations were assumed: one with radiation pressure
constant b = 1 (“small particles”) and one with b = 0.1
and charge-to-mass ratio Q/m = approximately 0 C kg�1

(“large particles”). (Here, b is the dimensionless ratio of
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the force due to solar radiation to solar gravitational
force). Small particles are strongly affected by
electromagnetic forces, and the flux assumed for these
particles was one-third of the original flux measured by
Ulysses and Galileo. The “large” particles were
estimated to be about 10% of the total Ulysses and
Galileo flux (based on the data), but their flux is not
reduced by electromagnetic forces. The total duration of
the collection period was assumed to be 290 days.
Eighty small and 40 large particles were predicted to be
captured in total. The large particles were predicted to
have an impact velocity between 20 and 40 km s�1 for
the collection periods assumed in the study, based on
the collection period of 290 days. These predictions
were a good first estimate, but the total duration of
exposure actually experienced by the SIDC was shorter
than assumed in the preflight modeling of Landgraf
et al. (1999b). Therefore, we provide an updated
prediction of the number of particles captured by
Stardust under the model, using updated information of
the collection periods, a larger parameter space of
particle properties and using the Ulysses measurements
in combination with dust trajectory simulations as a
starting point for the absolute number predictions. In
contrast to Landgraf et al. (1999b), we also assume a
continuum of b-values rather than only two different
populations (small/large).

SIMULATING INTERSTELLAR DUST

TRAJECTORIES

On the basis of a model compatible with the
Ulysses and Galileo observations, we calculate
interstellar dust flux and velocities (trajectory and
speed) through the heliosphere. In this section, we
describe the assumptions adopted for the simulations
and the interstellar dust dynamics in the heliosphere,
which causes a “filtering” of the particles in the inner
solar system.

Initial Interstellar Dust Direction and Speed

The Sun and the heliosphere move through a dense
warm cloud of dust and gas (mainly H and He), called
the local interstellar cloud (LIC). Because of this
relative movement, the interstellar neutral gas sweeps
through the heliosphere at an average speed of about
26 km s�1 (Witte et al. 1993) with respect to the Sun
and comes from one apparent mean direction1: 259°
longitude and +8° latitude in the ecliptic frame

(Landgraf 1998; Frisch et al. 1999). A thorough
discussion on the relative motion of the solar system
with respect to the LIC and other neighboring clouds is
given in Linsky et al. (2008). McComas et al. (2012)
reported that the heliosphere is moving slower with
respect to the ISM than previously thought (23 km s�1

instead of 26 km s�1) and that, therefore, no bow shock
forms upstream of the heliosphere. During this study,
we assumed the nominal initial flow direction to be 259°
ecliptic longitude and +8° ecliptic latitude and the initial
speed of the interstellar particles is assumed to be
26 km s�1; this assumes that the interstellar gas and
dust are closely coupled, and is consistent with Ulysses
in situ data of interstellar dust (Witte et al. 1993).
Although we assume these values for the calculations,
the real velocity and direction may be more dispersed
due to the influence of heliopause, heliosheath, and
termination shock. Taking these effects into account is
beyond the scope of this study. Slavin et al. (2012)
calculated such trajectories including the effects at the
heliopause and termination shock, but the time-varying
interplanetary magnetic field was not yet taken into
account for the relevant flight time of the particles.

Interstellar Dust Dynamics

Interstellar dust trajectories in the solar system are
dominated by solar gravity, solar radiation pressure
force, and Lorentz forces resulting from the interaction
of the charged dust particles with the interplanetary
magnetic field (IMF). How these three forces modify
the ISD flow in the solar system, depending on the
particle parameters b and Q/m, is described in detail in
Sterken et al. (2012a). Its influence on the ISD size
distribution in the solar system is described in Sterken
et al. (2012a).

As both the solar gravity and solar radiation
pressure forces decrease quadratically with increasing
distance from the Sun, we combine both forces in one
expression. The ratio of the solar radiation pressure
force to the force of solar gravity (b = FRP/FG)
determines whether the ISD particles are repelled from
or attracted to the Sun. The value of b depends mainly
on particle size, the optical properties of the particle
surface material, and the particle surface morphology.
Particles with b < 1 move in hyperbolic orbits around
the Sun and a focusing of these particles exists
“downstream” from the Sun. Particles with b = 1 move
on straight trajectories through the solar system.
Particles with b > 1 are repelled from the Sun and
therefore are not able to penetrate a paraboloidal-
shaped region around the Sun. This region is called the
b-cone and is larger and farther away from the Sun for
particles with higher b-value.

1The 1r and 2r values are for the longitude (+2r) 290°, (+1r) 275°,
(�1r) 245°, (�2r) 210° and for the latitude (+2r) 15°, (+1r) 12°,
(�1r) 5°, (�2r) 0° (Landgraf 1998; Frisch et al. 1999).
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Lorentz forces also influence the trajectories of the
ISD particles. As the interstellar dust particles move
through the solar wind plasma, they collect ions and
electrons from this plasma, lose electrons by secondary
electron emission and by photoionization in sunlight.
The latter is the dominant effect and the ISD particles
typically become charged to a potential of about +5 V
for particles in the inner heliosphere larger than
0.2 lm2. The smaller the particle, the larger the charge-
to-mass ratio Q/m, and the larger the Lorentz forces that
arise when a charged particle moves through the ambient
solar wind magnetic field. The interplanetary magnetic
field is dragged out from the Sun by the solar wind and is
described by the Parker spiral. The magnetic field in the
solar wind changes with the solar cycle: during the solar
minimum, the solar magnetic field has a dipole-like
structure, which becomes mixed at solar maximum, but
comes back to a dipolar field with opposite polarity in the
next solar minimum. When the polarity of the IMF is
positive in the northern heliosphere and negative in the
southern, a particle passing through this magnetic field
will experience a Lorentz force that bends it away from
the solar equatorial plane (which is almost aligned with
the ecliptic plane). At the next solar minimum when the
direction of the IMF is reversed, the particles will be
focused toward the solar equatorial plane. Hence, every
22 years, there will be an 11-year defocusing phase of the
solar cycle with respect to the interstellar dust particles,
and followed by an 11-year focusing phase (Landgraf
et al. 2000; Sterken et al. 2012a). The phase of the solar
cycle during the period in which the Stardust mission was
exposed to the interstellar dust stream was the last part of
the defocusing phase.

Filtering at the Termination Shock

Besides the filtering in the inner solar system, the ISD
particles are also filtered at the edge of the heliosphere
between the heliopause and the termination shock.
Compared with conditions in the undisturbed interstellar
space, particles become more charged because of the
denser, higher temperature plasma (more secondary
electron emission) and also the magnetic field is stronger
at the heliosphere boundary. Therefore, the Lorentz force
is locally enhanced. The filtering at the termination shock
has been calculated by Linde and Gombosi (2000) and
Slavin et al. (2010). These authors found that generally
only particles with radius bigger than 0.1 lm are able to
pass through the heliospheric boundary (for a defocusing

configuration of the IMF). Smaller particles have thus
been filtered out at the termination shock. Slavin et al.
(2012) calculated the densities of ISD in the outer and
inner heliosphere for the focusing and defocusing
configuration of the IMF. They found that small particles
can also be focused and thus pass the boundary regions
of the heliosphere, but they did not take the time
variation in the IMF into account during the particles’
flight time. This filtration (or focusing) by the termination
shock was not taken into account in the simulations in
this study, as the flux estimate is based on the Ulysses
data in the inner solar system and not on the original ISD
size distribution in the LIC.

Material Assumptions: The b-curve

The relationship between b-value and particle radius
for a certain material is called the “b-curve” and has
been derived experimentally by Gustafson (1994) and
theoretically by Kimura et al. (2002) and Schwehm
(1976). The b-curve used in the calculations here is that
for astronomical silicates as given by Gustafson (1994),
but adapted to the outcome of the Ulysses data analysis
of Landgraf et al. (1999a). These authors concluded
from the measured ISD mass distribution in the Ulysses
data between 1992 and 1999 that the decrease in
observed flux for particles with mass between 1 9 10�17

and 3 9 10�16 kg is due to particles that have b-values
of 1.6. Therefore, the maximum b-value in the b-curve
we use (the “reference b-curve”) in our model is 1.6.
The density assumed for this hypothetical b-curve is
2 g cm�3. Our reference b-curve is shown in Fig. 1. The
average b-value of ISD particles is b = 1.1 (Landgraf

Fig. 1. The assumed reference b-curve, adapted from
Gustafson (1994) and with a maximum of bmax = 1.6 to be
consistent with the results of Landgraf et al. (1999a). This
curve relates b-values to particle radii for one certain material.
The b-values used for the calculations of Figs. 8, 9, 10, 12,
and 14 are indicated in the curve with stars.

2Particle potentials of 2–7 V were reported by Kempf et al. (2004).

These were measured for interplanetary dust. Slavin et al. (2012)

calculated ISD potentials between about 5 and 9 V for particles

between 0.1 and 1 lm.
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et al. 2003), corresponding to a typical radius of about
0.3 lm. For a given b-value, two particle sizes are
possible: a small one or a large one. However, the small
particle branch is strongly reduced by the filtering at the
heliopause and plays no major role in the analysis of
the Stardust particles.

The Stardust Collection Periods and Attitude

The orbit of Stardust with respect to the b-cones is
shown in Fig. 2. The red thick lines in the plot
correspond to the collection periods (February 22, 2000

until May 1, 2000 and August 5, 2002 until December 9,
2002 [Tsou et al. 2003], 195 days in total).

Both collection periods are partially inside the
b = 1.8 cone, i.e., not allowing particles with b > 1.8 to
be captured. During about half of the collection time,
particles with b between 1.5 and 1.6 are missing,
especially toward the middle and the end of the first
collection period, and toward the end of the second
collection period. Under our model, Stardust would not
capture particles of radius roughly between 0.12 and
0.25 lm during these parts of the collection period.

During the collection periods, the Stardust collector
was pointed into the nominal interstellar dust stream
for which it was assumed that the particles have b = 1
and are coming from an ecliptic longitude of 259° and
ecliptic latitude of +7.7° (JPL, N. 2012, Stardust SPICE
kernels, http://naif.jpl.nasa.gov/naif/). The relative speed
of the ISD particles with respect to the spacecraft was
taken into account for the pointing direction of the
collector. However, the real pointing of the collector
varies from this nominal direction. Figure 3 shows the
ideal pointing direction of the cometary side of the
collector in the heliocentric ecliptic frame as a smooth
curve and the real (commanded) pointing as a wiggly
curve around the ideal pointing direction. Such
excursions in pointing as shown in Fig. 3 lead to an
uncertainty of about 15° in the impact direction derived
from the tracks (1r = �24.8° and �7.7° for the
longitude and latitude and with a mean of �6° and
0.65°, respectively, for the two periods together). A
histogram of the pointing deviation from the nominal
direction is shown in Fig. 4 for the two collection
periods together. The percentage of time in which
Stardust points within a certain angle from the nominal
pointing direction is shown in Fig. 5: about 80% of the

Fig. 2. The orbit of Stardust with respect to the b-cones. The
red thick lines are the two ISD capture periods.

Fig. 3. The ideal pointing and commanded pointing of the Stardust IDC in the first collection period. The solid line shows the
longitude and the dashed line shows the latitude in the heliocentric ecliptic frame. The two dashed lines above and below each
are the calculated dispersion (1r = �24.8° and �7.7° for the longitude and latitude with a mean of �6° and 0.65°, respectively,
for the two periods together).
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time, the longitude and the latitude are within 10° from
the nominal pointing direction.

RESULTS

Influence of the Lorentz Force on the Flux

The collection period occurred a few years after the
solar minimum of the “defocusing cycle.” Therefore, the
particles were defocused from the solar equatorial plane by
Lorentz forces and thus most ISD particles on the
“smaller” side of the b-curve (i.e., ~ <0.15 lm) will
probably not have made it to the inner solar system or at
least their flux will be strongly reduced. Also, the flux of
such small particles may be strongly reduced or filtered (or
locally enhanced, cf. Slavin et al. 2012) at the termination
shock (Linde and Gombosi 2000; Slavin et al. 2010).

The relative flux in the inner heliosphere with
respect to the incoming flux after passing the

termination shock was calculated for the period between
2000 and 2003 at both the Ulysses and Stardust
positions. This was done for seven different particle
masses corresponding to a charge-to-mass ratio Q/m of
0.125, 0.5, 1, 1.5, 3, 6, and 12 C kg�1 (Sterken et al.
2012a) and having a b along the assumed b-curve. How
these Q/m-values relate to particle radius is illustrated in
Table 1 for particles with density of 2 g cm�3. Smaller
particle densities will enhance the electromagnetic
interaction. Figure 6 shows on the left the relative flux
in the inner solar system with respect to the incoming
flux for both Ulysses (between 2000 and 2003) and
Stardust (2000 and 2002). In Fig. 6, particles with mass
<3 9 10�17 kg (corresponding to a charge-to-mass ratio
Q/m > 3 C kg�1 [Sterken et al. 2012a] and collection
period in 2000), and 6 C kg�1 (1 9 10�17 kg, collection
period 2002), respectively, are totally filtered out or
strongly reduced to less than 10% of the original flux.
Note that the largest particles are not enhanced due to

Fig. 4. A histogram of the pointing deviation from the nominal pointing direction, for the longitude (black line) and the latitude
(gray line). Values below �40° are not shown. The averages and standard deviations are also indicated (1r = �24.8° and �7.7°
for the longitude and latitude with a mean of �6° and 0.65°, respectively, for the two periods together).

Fig. 5. The cumulative percentage of time that Stardust points within a certain angle from the nominal pointing direction, for
the longitude (black line) and latitude (gray line). Both are about 80% of the time within 10° of the nominal pointing direction.
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gravitational focusing because neither Ulysses nor
Stardust is positioned downstream from the Sun. These
particles have a relative flux of 1 because they are not
filtered by solar radiation pressure force (very low b)
nor enhanced by gravitational focusing.

The red line in Fig. 6 (right) shows the Ulysses
measured number distribution per log(m), from Kr€uger
(personal communication) between 2000 and the
beginning of 2003 and interpolated to the seven masses
corresponding to the Q/m-values mentioned above.
From these observations, the ISD number distribution
at the heliospheric boundary (inside the termination
shock) is calculated using the model in the opposite
direction (blue line in Fig. 6, right-hand side): instead of
multiplying the original size distribution with the
reduction factor from the simulations, we divide the
measurements of Ulysses by this factor to get an
“unfiltered” original distribution, 50 AU upstream from
the Sun. The final filtered ISD number distribution for
the Stardust mission is shown by the black line in this
figure. The expected number distribution for Stardust is

thus made consistent with the Ulysses measurements,
taking into account the different positions of the two
spacecraft. For a comparison to these measurements
and derivations, an extrapolation of a general ISD size
distribution as modeled by Mathis et al. (1977) (the so-
called “MRN-distribution”) to the particle radii of the
simulations is shown as a straight line for a hydrogen
number density nH = 0.3 cm�3 and dust particle density
of 2 g cm�3. This distribution was not used for the
Stardust flux calculations as these are based on the
Ulysses measurements.

Influence of the Lorentz Force on the ISD Velocity and

Direction

Simulations were also made for different
combinations of b and Q/m (cf. Sterken et al. [2012a,
2012b] in total 70 combinations) to study the sensitivity
of the relative flux, impact velocity, and ISD flow
direction on the selected particle parameters. The
outcome was as follows:
1. The relative flux decreases strongly with increasing

Q/m (thus with decreasing mass) as is also indicated
in Fig. 6. Moreover, the flux also becomes zero for
particles with b-value larger than the b-cone where
Stardust is located. Therefore, the estimate of the
flux of particles on Stardust is made using a
simulation program that includes Lorentz forces,
however, at the cost of model precision. The full
simulation uses a grid size of 1.5 AU around the
Sun (Sterken et al. 2012a), and “only” seven masses
are simulated for computation time reasons.

2. The impact speeds vary only little with increasing
Q/m within the collection time and position of
Stardust: for the same b-value but different Q/m,

Table 1. Overview of particle masses, b-values, Q/m,
and corresponding particle radii assuming a density
q = 2 g cm�3, particle potential U = +5 V, and the
reference b-curve.

Mass (kg) b Q/m (C kg�1) Radius (lm)

3.2 9 10�15 0.5 0.125 0.73

4.1 9 10�16 1.1 0.5 0.36
1.4 9 10�16 1.4 1.0 0.26
7.8 9 10�17 1.5 1.5 0.21
2.8 9 10�17 1.6 3.0 0.15

9.6 9 10�18 1.4 6.0 0.11
3.5 9 10�18 1.0 12 0.07

Fig. 6. Left: The relative flux of ISD particles with mass due to the filtering in the inner heliosphere is shown for the Ulysses
mission and the two collection periods of the Stardust mission. Right: Number density of particles for Ulysses (red stars)
between 2000 and 2003 (Krueger, personal communication), the “original size distribution” at 50 AU upstream from the Sun,
derived from the Ulysses data (blue crosses) using the model, and the final derived number distribution for Stardust (black
diamonds). The straight black line is an extrapolation of the Mathis et al. (1977) size distribution to the range of simulated
masses. The reference b-curve is used and the particle density q is assumed to be 2 g cm�3. For the MRN-distribution, a
hydrogen number density of nH = 0.3 cm�3 is used.
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the velocity difference is maximum 4 km s�1 (within
the collection periods). Therefore, for further
investigation of the impact speeds, we neglect the
Lorentz force and use simulations with solar
radiation pressure force and gravity only, for the
benefit of having a precision of 0.1 AU from
Stardust instead.

3. The absolute ISD latitude at Stardust varies only
slightly (maximum 10°) and depends more on Q/m
than on b, whereas the longitude varies more (up to
30°) and depends mostly on the b-value of the
particles. The absolute longitude of the (downstream
pointing) ISD velocity vector decreases as the b-value
of the particle approaches the b-value of the b-cone
where Stardust is located. This is as expected since
the closer to the b-cone, the more the particle
trajectory will deviate from its original path due to
the solar radiation pressure force. Because the
direction does not change dramatically with Q/m, we
investigate further the directions of the particles using
only solar radiation pressure force and gravity, but
with a precision of 0.1 AU from Stardust.

4. The strong dependence of the ISD impact speed
and direction on b and the small influence of Q/m
during these two collection periods and at Stardust
location are only valid for b-values smaller than the
b-cone where Stardust is located (see Fig. 2). For
b-values close to the b-cone at Stardust location,
the impact directions can vary much more
depending on Q/m. For those particles (b � b-cone
value at Stardust and thus V � Vrel), due to a small
change in Q/m, the relative longitudes could
theoretically take on any value.

Estimating the Absolute Number of Impacts on Stardust

We estimate the absolute number of impacted ISD
particles on Stardust, using the Ulysses data and the

simulations. This excludes any secondary population
arising from impacts on the collector by ejecta from
primary impacts elsewhere on the spacecraft surface (see
Burchell et al. [2012] for a discussion). The calculation
for the predicted number density is based on the
measured number density from Ulysses (Krueger,
personal communication) and takes into account the
effective instrument surface of Stardust and Ulysses, as
well as their observation times and the simulation results
at Stardust and Ulysses location and time. We also
assume an average impact velocity of 10 km s�1 for the
calculation of the fluxes from densities. The average
impact speed depends strongly on the assumed beta curve
and particle size distribution, so these results can be
scaled using the average impact speed of any chosen
interstellar dust model. The total estimated number of
detectable particles in the aerogel is about 50 (cf. Table 2;
Fig. 7), based on a minimum detectable particle radius of
about 0.15 lm (Postberg et al. 2014). So far, only three
candidates of interstellar particles have been identified.

ISD Impact Speeds on Stardust

We study the variation in the impact speeds with
the particle radius for six different times during the
collection periods, namely at the beginning, middle, and
end of each period. The collection speeds of ISD
particles are calculated from the trajectory simulations
where only solar radiation pressure force and gravity
are taken into account. Figure 8 shows the dependence
of the simulated impact speeds of the particles on b, at
the six times indicated. As explained by Sterken et al.
(2012a), the ISD velocity at a fixed location decreases
with increasing b-value. Note that the relative velocity
for the ISD particles increases again for the biggest
b-values. This is because the particles with the largest
beta are moving more slowly relative to the Sun than
Stardust in its orbit; thus, Stardust may overtake the

Table 2. Overview of expected amount of particles impacting on the Stardust collector (both front- and backside)
for masses larger than the mass indicated. These numbers are derived from Ulysses measurements using the ISD
model from Sterken et al. (2012a) that includes Lorentz forces. The estimates assume the reference b-curve and an
average impact velocity of 10 km s�1. The radii of the particles corresponding to the given masses are indicated
for three assumed particle densities (2, 1, and 0.5 g cm�3).

Mass (kg) Radius (lm) Radius (lm) Radius (lm) Period 1 Period 2 Total

q = 2 g cm�3 q = 1 g cm�3 q = 0.5 g cm�3

3.2 9 10�15 0.73 0.91 1.15 0.4 0.7 1.1
4.1 9 10�16 0.36 0.46 0.58 2.9 8.8 11.7

1.4 9 10�16 0.26 0.32 0.41 5.2 13.1 18.3
7.8 9 10�17 0.21 0.27 0.33 10.7 26.6 37.3
2.8 9 10�17 0.15 0.19 0.24 14.1 37.5 51.6
9.6 9 10�18 0.11 0.13 0.17 14.1 44.1 58.2

3.5 9 10�18 0.07 0.09 0.12 14.1 109.7 123.8
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ISD particles that, as a consequence, may impact on the
cometary side of the collector. This has been found for
some epochs by calculations of the impact directions. In
the last part of the two collection periods, particles with
b > 1.5 and 1.6, respectively, will be missing because
Stardust is inside the b-cones for these values. Note that
the relative velocity of the particles depends on the
absolute ISD velocity as well as on the spacecraft
velocity vector, which is different at different epochs of
the collection period. Therefore, particles with equal
b-value (e.g., b = 1) have different impact speeds
at different times.

When we assume the reference b-curve, we find a
relation between impact speed and particle radius, as
shown in Fig. 9. The left-hand side of the plot is
hatched for particles smaller than 0.15 lm to indicate
the filtering at the heliosphere boundary.

Based on these assumptions, ISD particles between
0.25 lm and 0.4 lm radii have impact speeds between 3
and 14 km s�1, depending on when, during the
collection period, they are captured. Particles between
0.4 and 0.7 lm have impact speeds between 10 and
20 km s�1 and particles larger than 0.7 lm have impact
speeds of 14–25 km s�1. The gaps in the speed curves
(Fig. 9) around particle radius 0.16 lm (from roughly
0.12–0.23 lm) are consequences of the b-cone for
b = 1.5.

Impact Direction

The ISD impact directions on the Stardust collector
also change depending on b and thus on particle size. The
largest shift in directionality occurs for particles with b

close to maximum b-value that can reach Stardust, i.e.,
around b = 1.5 to b = 1.6. The absolute ISD latitudes
change by only a few degrees, whereas the absolute
longitudes change by up to 30° for particles of about
0.25 lm. This has a large influence on the zenith and
azimuth angle of the ISD impact direction on the collector.
In the simulations discussed in this section, we do not
consider the effects of the spacecraft pointing variations,
which adds to the uncertainty, but we assume a perfect
pointing in the relative ISD particle velocity direction for
particles with b = 1 and a radiant at 259° ecliptic longitude
and +8° ecliptic latitude (Landgraf et al. 2000).

The zenith angle of the ISD impact direction on the
collector is defined as the angle of the relative ISD
velocity vector to the collector normal on the cometary
side. The zenith angle is thus zero for particles
impacting along the collector normal and >90° for
particles impacting on the cometary side of the
collector. The azimuth angle is the angle of the relative
ISD velocity vector, projected on the collector surface.
It is 0° away from the spacecraft body (thus in the
direction pointing toward the Sun) and 180° in the
direction of the spacecraft body. (A schematic drawing
is shown in Fig. 11.)

Stardust Measurements

The impact directions of the three preliminary ISD
particle candidates have been determined from the
tracks in the collector (Westphal et al. 2014). Their
zenith angles were 28°, 41°, and 51°. They all have
azimuth angles within 20° from the Sun direction (0°
azimuth). A zenith angle uncertainty due to the

Fig. 7. The simulated cumulative flux of ISD particles with mass for the two periods of the Stardust interstellar dust collection.
The original Ulysses data between 2000 and 2003 (Krueger, personal communication) are shown as a red line; the interpolation
of the data to the seven simulation points is shown as a black line; and the green and blue lines show the simulated cumulative
ISD flux for the two collection periods of the Stardust mission. The reference b-curve is used and the particle density q is
assumed to be 2 and 1 g cm�3, respectively (top axis).
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spacecraft pointing is estimated to be �15°. This is the
dominant source of uncertainty in impact direction
reconstructed from the track in the aerogel as it has
been shown (Burchell et al. 1998, 2012) that aerogel
tracks indicate the preimpact trajectory to within better
than 1–2°. The (average) 15° wiggle in the spacecraft
pointing does not translate in a similar excursion in
zenith angle. A better error analysis could be done, but
is beyond the scope of this study. The impact speed of
the particles was estimated from the track sizes and

shapes (Postberg et al. 2014; Westphal et al. 2014):
particles of tracks 30 and 34 have probable impact
speeds below 10 km s�1 and the particle of track 40 had
an impact velocity above 15 km s�1.

Figure 10 shows the simulated impact zenith angles
on the collector for an initial dust direction of 259°,
assuming a perfect spacecraft pointing in the relative
ISD direction of the ISD flow. In the beginning of the
second collection period (2002-d217), Stardust is still far
away from the b = 1.6 cone and the zenith angle on the

Fig. 8. The simulated impact speeds with b-values of the particles at six times during the two collection phases of the Stardust
mission. Lorentz forces are not taken into account in this plot. The dates for which these speeds are calculated are labeled as
“year – day-of-year.”

Fig. 9. The calculated impact speeds for different particle radii (in meter) and for six different times during the collection phase
of the Stardust mission, labeled as “year – day-of-year.” The reference b-curve was assumed and a particle density of 2 g cm�3.
Lorentz forces were not taken into account. Therefore, the hatched region denotes the radii of particles of which large or total
filtering is expected (see also Fig. 6 and Table 2). The larger particles will be fast, but may be less abundant in absolute number.
Very small particles are filtered out by Lorentz forces.
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collector will remain close to the collector normal. For
higher b-values and later times in the collection periods,
the zenith angle deviation increases as Stardust is closer
to the cones. Particles with b = 1 move on straight
trajectories through the solar system at all times, so if
assuming an “ideal” spacecraft pointing, these particles
have about 0° impact zenith angles on the collector (see
Fig. 10). Particles with zenith angle larger than 90° will
impact on the cometary side of the collector. This is not
only because the (absolute) longitude of the ISD
changes when Stardust is closer to the b-cones but also
because the absolute velocity of the particles with b
close to 1.5 and 1.6 gets lower and approaches the
spacecraft velocity. Hence, Stardust “overtakes” some
of the interstellar dust particles, which then impact on
the cometary side of the collector.

The range of impact speeds and zenith angles that
were found from track size, shape, and direction are
also shown in Fig. 10 and they overlap the speeds and
zenith angles from the simulations very well.

Figure 12 shows the simulated azimuth angles on
the Stardust collector with impact speed. Also in
Fig. 11, we plot the azimuth angles from the three
tracks, including an estimated 15° to illustrate the
spacecraft pointing error. Here, only for track 40 is
there much overlap between the velocities and azimuth
angle from the track and the simulations. Again, this is
independent of the particle density or b-curve assumed,
but an initial ISD direction of 259° longitude and ideal
spacecraft pointing are assumed. There seems to be an
inconsistency with the expected impact azimuth angle
for tracks 30 and 34. However, by modifying the
assumptions about the ISD direction, well within their
uncertainties, an agreement can be found. The particles
with the highest speeds correspond to b < 1 particles
and they impact in the direction toward the Sun (0°
azimuth). The particles with b = 1 have undetermined
azimuth angles as their impact velocity vector is close to
the collector normal, i.e., they have a zenith angle of 0°.
Also in Fig. 12, we plot the azimuth angles from the
three tracks, including an estimated �15° to illustrate
the spacecraft pointing error. Here, only for track 40 is
there much overlap between the velocities and azimuth
angle from the track and the simulations. Again, this is
independent of the particle density or b-curve assumed,
but an initial ISD direction of 259° longitude and ideal
spacecraft pointing are assumed.

Most interstellar dust impacts occur close to a plane
through the collector normal in the 0–180° azimuth
direction. We can project the impact direction onto that
plane and define a “capture zenith angle,” which is the
zenith angle, multiplied by the cosine of the azimuthal

Fig. 10. The zenith angle of the ISD impact direction on the Stardust collector with increasing impact speed is shown for six
epochs during the two collection periods, which are labeled as “year – day-of-year.” A zenith angle larger than 90° indicates that
the particles are impacting on the cometary side of the collector. The zenith angles of the three ISD candidates found in the
aerogel (Westphal et al. 2014) and a 15° pointing uncertainty are indicated (colored regions). The color labels T30, T34, and T40
correspond to track 30, 34, and 40 (Westphal et al. 2014).

Fig. 11. Schematic drawing of the definition of the azimuth
angle.
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angle. Figure 13 shows this “capture zenith angle” for
three different initial directions of the incoming dust
with the relative speed. Values below zero indicate
azimuthal angles in the spacecraft direction (180°
azimuth), whereas positive values indicate azimuthal
angles toward the Sun direction (0° azimuth). The
zenith angles extracted from the tracks of the three
preliminary ISD particles in the collector (Westphal
et al. 2014) are indicated in the plot as horizontal lines
surrounded by colored error boxes. A first brief look at
the Stardust results with respect to the modeling reveals
that for the average inflow direction of 259°, only one
particle fits the simulations (track 40). If all three
particles are of interstellar origin, then the 274° inflow
direction fits better. However, because of the large
statistical uncertainty (only three ISD impacts) and the
uncertainties in the determination of the exact impact
direction and uncertainties in the modeling assumptions,
this result is not definitive. Regardless of model
uncertainties, we find under this model that interstellar
dust should cluster in azimuth around 0° (the so-called
“midnight” direction, toward the Sun) and 180°
(antisunward) (Westphal et al. 2014). In a companion
paper (Frank et al. 2014), it is shown that the arrival
directions of interplanetary dust particles peak around
�90°, with a strong depletion at 0° and 180° for off-
normal (zenith angle >� 20°) tracks. Thus, because the
distributions of azimuths of interstellar and
interplanetary dust populations are distinct, and
azimuth, at least in a statistical sense, can discriminate
between different origins (Frank et al. 2013; Westphal
et al. 2014) the distribution of the three candidates is

most consistent with an interstellar origin; an
interplanetary origin is statistically less likely.

With an assumed b-curve and material density, we
can draw conclusions about the size range of the
collected particles. Figure 14 shows the simulated
capture zenith angle with particle radius assuming the
reference b-curve and a density of 2 g cm�3. From this
curve, we conclude that particles with radii smaller than
about 0.25 lm will not be captured by Stardust: either
they are not present because of the position of Stardust

Fig. 12. The azimuth angle of the ISD impact direction on the Stardust collector with increasing impact speed is shown for six
epochs during the two collection periods and inflow direction 259°. The azimuth angles of the three ISD candidates found in the
aerogel (Westphal et al. 2014) and a 15° pointing uncertainty are indicated (colored regions). The color labels T30, T34, and T40
correspond to tracks 30, 34, and 40 (Westphal et al. 2014), respectively.

Fig. 13. The “capture zenith angle” (the zenith angle
multiplied by the negative cosine of the azimuthal angle) for
three different directions of the incoming dust: 244° (blue),
259° (red), and 274° (green) plotted against the impact
velocity. The capture zenith angles of the three identified ISD
candidates (Westphal et al. 2013) are indicated as gray boxes.
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with respect to the b-cones, or they will impact on the
cometary side of the dust collector (zenith angles > 90°),
or they are filtered out by Lorentz forces (hatched
region in Fig. 14 and earlier discussions). The only
period in which also the smallest particles (if not filtered
by Lorentz forces) could have been captured with the
ISD-side of the collector is the beginning of the second
collection period (cf. the purple dotted line in Fig. 14).
The boxes in Fig. 14 indicate the range of radii of two
particles given by Westphal et al. (2014) and
Butterworth et al. (2014).

Particle Properties

By comparing the estimated velocities of the three
contemporary ISD candidates from Postberg et al.
(2014) to the results of the simulations, we could
constrain the range of b-values for these captured
particles to be between 1.0 and 1.6 for tracks 30 and
34 and between 0 and 1 for track 40. The b-value
depends on size, material, and structure of the particle,
where the size is the most determining parameter: very
large and very small particles generally have low
b-values (thus, particles of the same material will still
have different b-values according to their size).
However, the masses and sizes as reported in
Butterworth et al. (2014) and Westphal et al. (2014) are
fairly large (3.1 and 4.4 pg for tracks 30 and 34 with
diameters above 1 lm), which suggests that they are
larger optical cross sections and/or have lower densities
to have high b-values.

In Fig. 14, we plotted the impact zenith angle with
particle radius assuming the reference b-curve and a
density of 2 g cm�3. The zenith angle of track 40
matches the expected value of ISD grains for the
observed particle mass, whereas the zenith angles of
tracks 30 and 34 are higher than the expected values for
the observed masses. In summary, not all of the
measured four parameters (particles mass, impact speed,
azimuth, and zenith angles) seem to fit the values
expected from modeling for all particles. In the
following, we will discuss the effects of a variation in
the assumed particle properties and, hence, a variation
in the assumed b-curve.

Particles that are porous, fractal, or fluffy will have
a different b-curve than assumed here, and thus the
lower and upper size limit of simulated particles that
could be captured (like shown in Fig. 14) will differ.
Particles with similar optical properties but lower
density generally have a higher b-value for the same size
as they have a higher cross section per mass and thus
experience more solar radiation pressure force
(Schwehm 1976; Gustafson 1994). However, if the
particles have a fractal-like structure, their b-values
would be lower (Mukai et al. 1992; Kimura and Mann
1999). This means that high b-values as found for
tracks 30 and 34 would either point at particles, which
are (very) low in density (possibility A), or at smaller
particles (in the b > 1 region of the b-curve) of different
composition than the original astronomical silicates
from Draine and Lee (1984) and Gustafson (1994)
(possibility B, although the masses and sizes found for

Fig. 14. The zenith angle of the ISD impact direction on the Stardust collector plotted against increasing particle radius a is
shown for six epochs during the two collection periods (labeled as “year – day-of-year”). For this graph, the reference b-curve
and a particle density of 2 g cm�3 was assumed. The boxes indicate the range of radii of the three ISD candidates given by
Westphal et al. (2014) and Butterworth et al. (2014). The color labels T30, T34, and T40 correspond to tracks 30, 34, and 40
(Westphal et al. 2014), respectively. Lorentz forces are not taken into account in this plot. Therefore, the hatched region denotes
the radii of particles of which large or total filtering is expected (see also Fig. 6 and Table 2).
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the three candidates were rather large) or a compromise
between these two (possibility C): semiporous particles
with different optical properties than the compact
silicates. Core-mantle particles (Li and Greenberg 1997)
could be an example of these. Their b-values
correspond well to the Ulysses measurements (Kimura
et al. 2003) and it is not implausible that they may lose
their mantle upon impact in aerogel. From the Stardust
ISD impact velocities and the simulations alone, we
cannot infer why these b-values are high without
information on the optical properties of local LIC
particles, but the velocities, simulation results, and exact
sizes of the original particles could possibly confirm
more porous structures. In principle, this question thus
remains open (depending on uncertainties in the size
determination of the original impacting particle), but
the low bulk densities that were found in tracks 30 and
34 (Butterworth et al. 2014; Westphal et al. 2014)
suggest that the particles are indeed porous to some
extent. The high b-values found here correspond well to
the findings of Landgraf et al. (1999a) who stated that
bmax of the local ISD is between 1.4 and 1.8. Although
the low densities as reported in Butterworth et al.
(2014) strongly point toward scenario A, the fact that
the particles survived the impact intact rather points to
scenarios B and C (although scenario B is not probable
because of the large sizes of the residual grains). The
charge-to-mass ratio of porous particles or other
nonspherical particles is higher than for compact
spheres (Ma et al. 2012) meaning that bigger particles
would be filtered out even more easily than assumed in
this study and than shown in Table 2.

CONCLUSIONS AND OUTLOOK

We simulated the impact speeds and directions onto
the Stardust collector for the two collection periods of
the Stardust mission and compared the preliminary
results of the ISPE to these simulations. The simulation
included solar gravity and solar radiation pressure force
and for the flux calculations also included Lorentz
forces. The bases for the simulation were dynamical
parameters of the interstellar dust flow as determined by
Ulysses. The parameters include the incoming flow
direction of 259° ecliptic longitude and 8° ecliptic
latitude, the b-curve for astrosilicates from Gustafson
(1994) with a maximum b of 1.6, and a charge-to-mass
ratio Q/m corresponding to a surface potential of +5 V
for spherical particles of density q = 2 g cm�3. For
calculating the Lorentz forces, we took into account the
time-varying solar wind magnetic field as described by
the Parker spiral. With these assumptions, we calculated
for differently sized particles the impact speeds and
directions onto the Stardust collector for several times

during the two collection periods of the Stardust
mission. A range of impact directions (zenith angle and
azimuth) and speeds (3–25 km s�1) was determined for
particles of different radii (0.2–2 lm) during the two
collection periods.

Stardust was exposed to the interstellar dust stream
just after the solar minimum of the “defocusing” phase
of the solar cycle where the defocusing effect of the
Lorentz force is prominent. The Lorentz force filters out
all particles smaller than about 0.15 lm, and severely
reduces the particle density for particles smaller than
0.25 lm. For bigger particles, the Lorentz force does
not play a large role in the impact velocity and
direction calculations for Stardust during the collection
period. Therefore, the main parameters influencing the
results are density and the beta curve.

Particles with radii between 0.25 and 0.4 lm have
predicted impact speeds between 3 and 14 km s�1,
particles between 0.4 and 0.7 lm have impact speeds
between 10 and 20 km s�1, and particles larger than
0.7 lm have impact speeds between 14 and 25 km s�1.
The ISD zenith angles are mostly within 40° from the
collector normal for particles with impact speeds
>10 km s�1 (not taking into account the spacecraft
pointing uncertainty). The zenith angles increase for
particles with impact speeds below 10 km s�1 and even
become >90°. Such particles would impact on the
cometary side of the collector. The simulated azimuth
angles on the collector concentrate around 0° for
particles with high impact velocity (the largest particles)
and around 180° for the particles with slower impact
velocities.

The expected number of collected particles by
Stardust was calculated based on the measurements of
ISD made by the Ulysses spacecraft. This was done
using our simulation tool including the Lorentz force
and calculating the flux of ISD particles at the
heliospheric boundary that provides the filtered flux at
Ulysses’ position and time. This flux was then filtered to
the position and times of Stardust collection periods.
We predict for the Stardust collection a total of 50 ISD
particles of density q = 2 g cm�3.

Particle properties, like the density (porosity or
fluffiness), will have an influence on the velocities and
directions because they would have a slightly different
b-curve than assumed here. In addition, a lower density
will lower the estimated amount of captured particles
because of the higher charge-to-mass ratio and thus more
filtering by Lorentz forces for the less massive particles.

Up to now, three ISD candidates have been
identified in the aerogel tiles by the ISPE Team. Four
more craters were found in the foils (Stroud et al.
2012). The particle radii are limited to particles larger
than approximately 0.25 lm and approximately 30% of
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the surface has been analyzed. It is expected that more
candidates will be found. From analyses of the tracks
and particle residues in the tracks, the ISPE Team
determined the impact directions and estimated the
impact speeds.

The measured zenith angles and speeds of the three
ISD candidates correspond well to the calculated impact
speeds and zenith angles of dust with b-value between
1.0 and 1.5 (tracks 30 and 34) and the particle of track
40 must have had b < 1. The azimuth angle of one
candidate particle is compatible with the simulated
azimuth angle, but for two others, the measured angle
deviates significantly from the predicted angles for ISD
particles with the assumed dynamical parameters.
However, by tuning these assumptions, a compatible
solution can be found to match the observed particles
with the simulations: another particle density and a
shifted initial dust direction (274°) could probably make
all three particles correspond to the observed azimuth
angles, zenith angles, impact speeds, and particle sizes.

We conclude that the trajectories and capture
speeds are consistent with the propagation model within
its uncertainties and assumptions. The main
uncertainties are spacecraft pointing, particle density,
particle material (b-curve), initial ISD speed and
direction, and uncertainties in measured speed and
direction of the extracted particle candidates. Another
uncertainty comes from not knowing “when” the
particle has impacted and thus what the relative velocity
of the particle with respect to the spacecraft was.
Because the trajectories are sensitive to small changes in
ISD radiant longitude (Frank et al. 2013; Westphal
et al. 2014), mainly along the sunward-antisunward
direction, a significant reduction in the uncertainty in
the radiant longitude direction could provide a
significantly improved test of interstellar origin (Fig. 9).
Nevertheless, the only known alternative to an
interstellar origin is an interplanetary origin, which is
expected to show a quite different distribution to that
observed (Frank et al. 2013), even within the very
limited statistics. The small number of the identified
particles and the uncertainties of the dynamical
characteristics prevent constraining dynamical
interstellar dust properties at the present time. When
more interstellar particles are identified in the Stardust
collector, the ISD dynamical properties and the ISD
flow may be further constrained.

Recently, improved instrumentation has been
developed and tested that will reduce many of the
uncertainties Stardust was facing. A novel active cosmic
dust collector (Gr€un et al. 2012) consisting of a dust
trajectory sensor in combination with particle collectors
like those used in the Stardust mission has been
developed and tested at a dust accelerator. The dust

trajectory sensor determines the trajectories of electrically
charged particles, via the induced charge onto an array
of sensor electrodes before they impact into the
collector material. The instrument provides trajectory
measurement with accuracy better than 1% in speed and
1° in directionality for micrometer and submicrometer-
sized particles, depending on the charge signal-to-noise
ratio. Application of an active cosmic dust collector for
collection of interplanetary and interstellar dust particles
at 1 AU will be possible at the corresponding fluxes. For
each collected particle, the impact position will be known
to sub-mm accuracy, which significantly eases the task of
locating the particle on the collector material. In
addition, the velocity vector and impact time will be
recorded. The accuracy of the velocity vector will be
sufficient to distinguish interstellar from interplanetary
particles. Dedicated sample return missions like Stardust
2 or SARIM (Srama et al. 2009, 2012) equipped with
active cosmic dust collectors will open new avenues in
interplanetary and interstellar dust research.
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