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Identical in situ dust detectors are flown on board the Galileo
and Ulysses spacecraft. They record impacts of micrometeor-
oids in the ecliptic plane at heliocentric distances from 0.7 to
5.4 AU and in a plane almost perpendicular to the ecliptic
from 2798 to 1798 ecliptic latitude. The combination of both
Ulysses and Galileo measurements yields information about
the radial and latitudinal distributions of micron- and sub-
micron-sized dust in the Solar System. Two types of dust parti-
cles were found to dominate the dust flux in interplanetary
space. Interplanetary micrometeoroids covering a wide mass
range from 10216 to 1026 g are recorded mostly inside 3 AU and
at latitudes below 308. Interstellar grains with masses between
10214 and 10212 g have been positively identified outside 3 AU
near the ecliptic plane and outside 1.8 AU at high ecliptic
latitudes (.508). Interstellar grains move on hyperbolic trajec-
tories through the planetary system and constitute the domi-
nant dust flux (1.5 3 1024 m22 sec21) in the outer Solar System

FIG. 1. Trajectories of Galileo and Ulysses. The Sun is in the center;and at high ecliptic latitudes.
Earth’s, Jupiter’s, and Galileo’s trajectories are in the ecliptic planeTo compare and analyze the Galileo and Ulysses data sets,
(shaded). The initial trajectory of Ulysses from the Earth to Jupiter was

a new model is developed based on J. Geophys. Res. 98, 17029– also in the ecliptic plane. Subsequently Ulysses was thrown onto an orbit
17048, Divine’s (1993, ‘‘five populations of interplanetary mete- plane inclined 798 to the ecliptic.
oroids’’ model. Both models describe the interplanetary meteor-
oid environment in terms of dust populations on distinct orbits.
Taking into account the measured velocities and the effect of
radiation pressure on small particles (described by the ratio of ground-based zodiacal light measurements (Leinert et al.
radiation pressure force to gravity, b), we define four popula- 1976, Levasseur-Regourd and Dumont 1980, Giese et al.
tions of meteoroids on elliptical orbits and one population on 1986). Recent infrared observations by IRAS (Hauser et
hyperbolic orbit that can fit the micrometeoroid flux observed al. 1984) and especially COBE (Reach et al. 1995) give
by Galileo and Ulysses. Micrometeoroids with masses greater

further constraints on the zodiacal dust cloud outside thethan 10210 g and negligible radiation pressure (b 5 0) orbit
Earth’s orbit. The radial profile is obtained from spacecraftthe Sun on low to moderately eccentric orbits and with low
observations traversing the appropriate regions of space.inclinations (#308). Populations of smaller particles with mean
Pioneer 10 and 11 (Hanner et al. 1976) and Helios observa-masses of 10211 g (b 5 0.3), 10213 g (b 5 0.8), and 5 3 10215 g
tions (Leinert et al. 1981) covered interplanetary space(b 5 0.3), respectively, have components with high eccentrici-

ties and have increasingly wider inclination distributions with between 0.3 and 18 AU, although zodiacal light was recog-
decreasing mass. Similarities among the orbit distributions of nized only out to a distance of 3.3 AU from the Sun.
the small particle populations on bound orbits suggest that all Here, we focus on another way to obtain information
are genetically related and are part of an overall micrometeor- on the large-scale structure and the dynamics of the inter-
oid complex that prevails in the inner Solar System. The high- planetary dust cloud. In situ dust detectors onboard the
eccentricity component of the small particle populations may Galileo and Ulysses spacecraft measure dust along their
actually be b-meteoroids which are not well characterized by

interplanetary trajectories. From these measurements aour measurements. Our modeling suggests further that the in-
three-dimensional model of the interplanetary dust cloudterstellar dust flux is not reduced at Ulysses’ perihelion distance
is constructed. The orbits of the Galileo and Ulysses space-(1.3 AU) and that it contributes about 30% of the total dust
craft are displayed in Fig. 1. After its launch on Octoberflux observed there.  1997 Academic Press

18, 1989, the massive Galileo spacecraft orbited the Sun
twice and had a swing-by of Venus (February 10, 1990)
and two swing-bys of the Earth (December 8, both 19901. INTRODUCTION
and 1992) before it acquired enough orbital energy to reach

The traditional method to determine the global structure Jupiter on December 7, 1995. The lightweight Ulysses
of the interplanetary dust cloud is by zodiacal light observa- spacecraft was launched (October 6, 1990) a year after
tions (for a recent review see, e.g., Leinert and Grün 1990). Galileo onto a direct trajectory to Jupiter. After Jupiter
An inversion method allows investigators to derive the flyby on February 8, 1992, the Ulysses spacecraft was
radial profile near 1 AU even from ground-based observa- thrown onto an orbit of 798 inclination that passed close
tions (Dumont and Levasseur-Regourd 1985). The vertical to the ecliptic poles. The pass from the south to the north

pole took 1 year from September 1994 to September 1995structure of the zodiacal cloud can also be inferred from
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and the passage through the ecliptic plane occurred on
March 13, 1995.

Although the prime objective of the Galileo dust experi-
ment (Grün et al. 1992c) is the measurement of dust near
Jupiter, its 6-year orbit through the Solar System provided
a unique opportunity to obtain unprecedented information
on the dust populations near the ecliptic plane. The objec-
tives of the Ulysses dust experiment (Grün et al. 1992b)
were (1) to determine the three-dimensional structure of
the zodiacal cloud, (2) to characterize its dynamical state,
and (3) to search for interstellar dust penetrating the So-
lar System.

The achievement of the third Ulysses objective, namely,
the identification of interstellar dust particles, complicates
the achievement of the first two objectives because at every
point in space interstellar dust has to be identified and
separated from interplanetary dust. For measurements by
both the Galileo and Ulysses detectors, this distinction is
easy outside about 3 AU because the flux of interstellar
dust grains dominated and differed significantly in both
direction and speed from prograde interplanetary dust FIG. 2. Schematic view of the Galileo spacecraft, its antenna direc-
(Grün et al. 1993, 1994, Baguhl et al. 1995a,b). Outside 3 tion and spin axis orientation, and the mounting of the dust detector
AU, the interplanetary dust flux was very low and was system (DDS) with the sensor axis and the field of view (FOV). The

boom to which the dust detector is mounted has only little effect (,10%)hardly recognizable; therefore, we restrict our analysis of
on the FOV in the forward direction.characterizing the interplanetary dust population to dis-

tances inside 3 AU. Here, the distinction between inter-
planetary and interstellar dust is more complicated and we
must employ modeling to achieve this goal. In essence, In the following section we describe the relevant instru-
Ulysses data are very good at determining the absolute mental characteristics before we describe in detail the Gali-
latitude dependence (and inclination dependence) of mete- leo and Ulysses dust measurements in Sections 3 and 4. In-
oroids just outside 1.3 AU. Measurements by Galileo near ecliptic dust data were obtained primarily during Galileo’s
the ecliptic determine along with spacecraft motion and flight through the Solar System out to about 3 AU, whereas
position the radial and eccentricity dependence for low- the latitudinal data were obtained during Ulysses’ trajec-
inclination orbits. Similarly, observations at high angles tory from the ecliptic south to the ecliptic north pole. In
with respect to the ecliptic determine high-inclination the fifth section, we derive dust fluxes that can be compared
orbits. with a model. Important characteristics of the new dust

To describe the interplanetary meteoroid environment, model are described in Section 6. Section 7 discusses
several meteoroid models have been developed in past properties of the new interstellar and interplanetary dust
decades. The most comprehensive model so far is the ‘‘five populations. The vertical structure of the interplanetary
populations of interplanetary meteoroids’’ model of Divine dust cloud is explored in Section 8. In Section 9 model
(1993) that synthesizes meteor data, zodiacal light observa- and measurements are compared and the results are
tions, and some in situ measurements of interplanetary discussed, and in the final section we summarize our
dust. The model describes dust concentrations and fluxes findings.
on the basis of meteoroid populations with distinct orbital
characteristics. In this paper we modify the Divine model 2. INSTRUMENTATION
to make it applicable to the complete Galileo and Ulysses
data sets. Divine employs purely gravitational (Keplerian) Both Galileo and Ulysses are spinning spacecraft with

their antennas usually pointing close to the Earth; i.e., thedynamics to derive impact rates. However, for micron-
sized dust we add the effect of radiation pressure on the spin axes are parallel to the spacecraft–Earth line. The

primary exception was when the Galileo spacecraft wasdynamics. Besides impact rates, the Galileo and Ulysses
dust instruments provide important directional and speed inside the Earth’s orbit; there its antenna was pointed

toward the Sun. Both spin periods are about 20 sec. Figureinformation that can constrain models. We also add an
interstellar dust population which penetrates the Solar Sys- 2 is a schematic view of the Galileo spacecraft (Johnson

et al. 1992) which shows the mounting of the dust detectortem on hyperbolic trajectories.
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system (DDS). The axis of the Galileo dust detector points
1258 away from the antenna direction. On the much smaller
Ulysses spacecraft (Wenzel et al. 1992) the dust detector
is mounted at an angle of 858 from the antenna direction.
In both cases the spin-averaged effective sensor area for
impacts varies according to the angle, c, between impact
direction and the anti-antenna direction (Fig. 3) (cf. Grün
et al. 1992b).

The field of view (FOV) of both dust detectors is a cone
of full angle 1408. The impact direction (rotation angle) in
a plane perpendicular to the spacecraft axis is determined
by the spin position of the spacecraft at the time of impact.
This angle gives the rotation of the spacecraft around its
spin axis, where zero occurs when the dust sensor axis is
closest to the ecliptic north direction. The rotation angle
is measured in a right-handed system around the an-
tenna direction.

Figure 4 displays scans of the sensor axis in an ecliptic
spherical coordinate system during a single spin revolution
(rotation angle 08 to 3608) at different positions along the
Galileo and Ulysses trajectories. For comparison the space-
craft-centered up-stream direction of the interstellar gas
and dust flow is shown separately for each position. The
direction of the interstellar flow direction is not fixed in
this representation since the relative speed vector varies
according to the actual spacecraft speed. The four Galileo
positions (Fig. 4a) refer to the second orbit (between the
two Earth flybys). Because the Galileo trajectory did not
deviate much from the ecliptic plane the spin axis of the
spacecraft stayed close to the ecliptic plane and the sensor
axis scanned a latitude range about 558 on both sides of
the ecliptic. During one orbit around the Sun the scan
covered the full longitude range. The sensitivity of the scan
for the interstellar flow direction varies during the course

FIG. 4. Latitudes and longitudes (S/C centered ECL50 system) of
the dust sensor axis at different spacecraft positions. Sensor pointing
directions are shown for a full spin rotation (rotation angle 08 to 3608).
Rotation angle is measured from the direction closest to the ecliptic
north direction in counterclockwise sense. Upstream directions of the
interstellar gas and dust (crosses) are given for the different spacecraft
positions. The actual FOV of the dust sensor is the area within 708 around
the sensor axis direction. (a) Sensor pointing directions at four positions
during Galileo’s second orbit around the Sun, between E1 and E2 [approx-
imately 908 in ecliptic longitude apart, (1) December 1990, (2) February
1991, (3) July 1991, (4) June 1992]. (b) Sensor pointing directions at five
positions during Ulysses’ traverse from the ecliptic south to the ecliptic
north pole: (1) 2798, (2) 2458, (3) 08, (4) 1458, (5) 1798. Crosses show
the interstellar direction at corresponding times.

of an orbit around the Sun. At position 4, the interstellar
grain flux direction is outside the Galileo sensor FOV for
all rotation angles. Figure 4b displays scans of the UlyssesFIG. 3. Spin averaged angular sensitivities of the Galileo and Ulysses
sensor for five positions on its trajectory from the southdust sensors as a function of the angle between the impact and anti-

antenna directions. to the north pole. Near the poles (6798), the Ulysses sensor
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axis scans only over small latitudinal excursions (,408 off
a plane parallel to the ecliptic), while during ecliptic plane
crossings the scan covers the whole latitudinal range at
two longitudes about 1708 apart. Taking into account the
708 FOV of the detector, interstellar dust is observable at
all positions.

The dust detectors aboard Galileo (Grün et al. 1992c)
and Ulysses (Grün et al. 1992b) are identical impact ioniza-
tion sensors that measure the plasma cloud generated on
impact of submicron- and micron-sized dust particles onto
the gold metal target of the detector. Several independent
measurements of the ionization cloud created during im-
pact are used to derive both mass and speed of the dust
grains (Grün et al. 1995c). The dynamic range of the impact
charge measurement is 106 which corresponds to the dy-
namic range of the mass determination. The uncertainty FIG. 5. Galileo impact rate during the first 4 years of the mission.

The boxes indicate the mean impact rate and the standard deviation. V,of a single mass determination is about a factor of 10.
E1, E2, G, and I are flybys of Venus (February 10, 1990), Earth (E1,Impact speeds can be determined (in the calibrated range
December 8, 1990; E2, December 8, 1992), and the asteroids Gaspra (G,from 2 to 70 km/sec) with an accuracy of about a factor October 29, 1991) and Ida (I, August 28, 1993). Shortly after Venus flyby

of 2. Galileo reached perihelion of 0.7 AU; aphelion of the first orbit about
The detector mass threshold, mt , is proportional to the the Sun was between V and E1 at 1.28 AU. Aphelion of the second orbit

was between G and E2 at 2.23 AU. At the end of 1993 Galileo hadpositive charge component, QI , of the plasma produced
reached a distance of 3.7 AU. No data have been recorded by the dustduring the impact, which itself strongly depends on the
detector during the gap of the impact rates between E1 and G. Modelimpact speed. To compare early low-sensitivity Galileo calculations of the impact rate during the first 4 years of the Galileo

dust data with Ulysses data we have to restrict our analysis mission are shown. Both individual contributions from interplanetary
to dust impacts that produce impact charges greater than dust on bound orbits and interstellar dust on hyperbolic trajectories and

the sum of both are displayed.8 3 10214 C, for which we have complete count rates even
at Galileo’s reduced data transmission rate (Baguhl et al.
1993). Using the calibration parameters (QI/m)0 , m0 , v0 ,
and a, which have been approximated from detector cali- rived is lost. Even for impacts for which detailed data
brations (Grün et al. 1995c), the corresponding mass are overwritten, however, the fact that one or more such
threshold can be calculated: impacts occurred is stored in the counter and is transmitted

to Earth. Thus, we have two types of data: (i) individual
impacts for which we have a complete record of impact

mt 5
QI

(QI/m)0
5 m0 Sv0

vDa

, (1) charge, particle mass, relative velocity, impact time, and
impact direction, and (ii) impact rates derived from accu-
mulated data. The former correspond only to a small subset

with a P 3.5. For example, an impact charge of QI 5 8 3 of all impacts recorded on board, while the latter is a
10214 C refers to a mass threshold mt 5 3 3 10214 g at 20 complete record of all impacts.
km/sec impact speed. After reprogramming in mid-1994,
the Galileo dust instrument reached the same sensitivity 3. IN-ECLIPTIC MEASUREMENTS BY GALILEO
(10214 C) as the Ulysses instrument, even at the very low
data transmission rate supported by Galileo. From launch in 1989 until September 1993, the orbit of

the Galileo spacecraft was within 3 AU of the Sun and closeImpact-related data such as impact charge, impact time,
and rotation angle are normally all transmitted to Earth (,58) to theecliptic plane, i.e., in theregion where interplan-

etary dust should be most prominent. Dust streams fromfor each impact. In addition, the occurrence of an impact
advances an 8-bit counter whose value is also transmitted. Jupiter had not yet been detected by Galileo (Grün et al.

1996). The impact rate observed by Galileo during the firstHowever, because Galileo relies on its low-gain antenna
for data transfer (its high-gain antenna failed to deploy), 4 years in orbit is shown in Fig. 5. The impact rate varied

strongly with time due to varying heliocentric distance andit cannot always transmit data in real time and must store
data onboard. Because of limited data storage capability varying spacecraft motion with respect to the viewing direc-

tion of the dust sensor; i.e., the rate was high when the space-within the instrument, some dust data are overwritten be-
fore they can be transmitted; i.e., the information from craft moved away from the Sun in the direction the dust sen-

sor was facing. Orbit changes due to flybys of Venus and thewhich the mass, velocity, and impact direction can be de-
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FIG. 7. Masses of dust particles observed during the first 4 years of
FIG. 6. Rotation angle of dust impacts during the first 4 years of the the Galileo mission (impact charge .8 3 10214 C). The uncertainty of a

Galileo mission. Individual impacts with impact charge .8 3 10214 C are mass determination is about a factor of 10. Periods of missing data are
marked by squares. Solid lines show the center direction (6708) from visible in 1991.
which interstellar grains would arrive. Dashed lines represent the center
direction from which particles on minimum-inclination, circular prograde
orbits would arrive. These lines are shown only if the direction is visible
by the detector for longer than a month. limited distance range from 2.3 to 1.3 AU, Ulysses passed

from close to the ecliptic south pole (2798 ecliptic latitude)
through the ecliptic plane to the north pole (1798). TheEarth (twice) also had immediate effects on the impact rate.
outer portions of the out-of-ecliptic orbit (beyond 2.3 AU)Flybys of the asteroids Gaspra and Ida did not produce any
are not suited for characterizing interplanetary dust be-change in the impact rate, in agreement with the predictions
cause of the dominant interstellar dust population (Baguhlof Hamilton and Burns (1992).
et al. 1995a). Over the solar south pole Ulysses discoveredIn Fig. 6 the spacecraft rotation angles of each of the
a population of small dust particles (Baguhl et al. 1995b)437 impacts are displayed for which we have complete
that are interpreted to be b-meteoroids affected by theinformation during the first 4 years of the mission. For
solar wind magnetic field (Hamilton et al. 1996). Thesemost of the time, impacts were observed over the whole
small particles of presumed interplanetary origin are notrange of rotation angles. It should be noted that the presen-
considered here because of our restriction to impacttation does not contain all impacts recorded by the dust
charges . 8 3 10214 C.instrument during this time: For some time intervals (total

The relation between the dust density at a given latitudeof 177 days) the instrument was not operational (Grün et
and the inclination distribution is simply given by the factal. 1995a), for some other periods no spin information was
that dust particles recorded at ecliptic latitude l have toavailable on board the spacecraft (82 impacts), and, finally,

for 20 impacts the complete information is unavailable on
the ground and they were only counted. Nevertheless, it
will be assumed that the missed impacts (about 30% of the
recorded impacts) had the same rotation angle distribution
as the other impacts.

Masses of 519 impacts are shown in Fig. 7. For most of
the time the whole mass range from 10215 to 1026 g is
covered. In the outer portions of the orbit (mid-1991 to
end of 1992 and near the end of 1993) both the biggest
and the smallest particles seem to be missing. The mass
distribution of all the particles is shown in Fig. 8. Three-
quarters of the particles have masses between 10213 and
1029 g; 12% each have masses smaller and bigger, respec-
tively.

4. OUT-OF-ECLIPTIC MEASUREMENTS BY ULYSSES

The Ulysses mission is especially well suited to obtain FIG. 8. Mass distribution of dust particles observed during the first
4 years of the Galileo mission.a latitudinal profile of the interplanetary dust cloud. In the
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FIG. 10. Rotation angle of dust impacts as a function time from
ecliptic plane crossing (ECL) of Ulysses. Individual impacts (squares,
impact charge .8 3 10214 C; crosses, #8 3 10214 C). The solid line shows
the direction from which interstellar grains are expected. The directionFIG. 9. Ulysses impact rate (impact charge .8 3 10214 C) observed
from which particles on minimum-inclination (#308), circular progradearound the time of its ecliptic plane crossing (ECL). ECL occurred on
orbits would arrive coincides with the interstellar direction from ECL12 March 1995 at a distance of 1.3 AU from the Sun. The boxes indicate
240 to ECL 140 days.the mean impact rate and the standard deviation. During all the time

Ulysses was inside 2.3-AU distance from the Sun. The top scale gives
the spacecraft latitude. Model calculations of the impact rate during
Ulysses’ south–north traverse through the ecliptic plane are shown by

masses greater than 10210 g were detected during thethe lines. Both individual contributions from interplanetary dust on bound
north–south traverse; 15 of these particles were recordedorbits and interstellar dust on hyperbolic trajectories and the sum of both

are displayed. It has been assumed that interstellar dust is not depleted during the 80 days when the spacecraft was within 308 of
down to 1.3 AU. In comparison the prediction from the Divine (1993) the ecliptic plane. This increased flux of big particles near
model is shown. the ecliptic is obviously due to an interplanetary dust popu-

lation.
have inclinations i $ l reach this latitude. Figure 9 shows In Fig. 12 mass distributions of particles recorded during
the impact rate during the pole-to-pole traverse. The pas- the complete south–north traverse and during the pass
sages over the south and north poles occurred 170 days from 2308 to 1308 ecliptic latitude are compared with the
before and after ecliptic plane crossing, respectively. A mass distribution of interstellar dust observed during about
total of 109 impacts (with impact charges . 8 3 10214 C) 2 years prior to the south pole passage; the corresponding
were recorded during this time. The impact rate stayed impact rates are 3.4 3 1026, 5.4 3 1026, and 2.4 3 1026

relatively flat except for the maximum (9 3 1026 sec21) sec21, respectively. The total mass distribution during the
during ecliptic plane crossing. The impact rate at the north-
ern leg is about a factor of 2 below that of the southern
one. This is due to the varying spacecraft attitude which
followed the direction to the Earth. This variation of space-
craft attitude is also reflected in the variations of rotation
angles of the impacts which were detected during the
south–north traverse (Fig. 10). Over the south pole most
large impacts (with impact charges . 8 3 10214 C) occurred
at rotation angles between 08 and 1508 which includes the
interstellar direction. Closer to the ecliptic plane the rota-
tion angle range of large impacts widened and moved fur-
ther to the north direction (rotation angle 5 08). At ecliptic
plane passage these impacts were recorded in a wide range
around the north direction (08 to 1008 and 2008 to 3608).
On the northern pass, rotation angles covered the whole
range and above the north pole it ranged from 508 to 2008,
again including the interstellar direction.

Figure 11 shows the masses of dust particles detected FIG. 11. Masses of dust particles observed during ecliptic plane cross-
ing of Ulysses (impact charge .8 3 10214 C).during the south–north traverse. Twenty particles with
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south–north traverse seems to be composed of two distinct
components: the interstellar dust component, which has
peak masses between 10214 and 10212 g and a bigger inter-
planetary dust component dominating the near-ecliptic
region.

Ulysses traversed the interplanetary dust cloud rather
rapidly and unfortunately the number of detected inter-
planetary particles is too small for a unique characteriza-
tion of this population. Therefore, we use the Galileo data
to further constrain interplanetary particles. The initial in-
ecliptic portion of the Ulysses trajectory is also not well
suited to give significant information on the interplanetary
dust population because of its low sensitivity to low-inclina-
tion and low-eccentricity orbits (Grün et al. 1992a, Mann
et al. 1996).

5. DIFFERENTIAL IMPACT RATES

As we have seen, the Galileo and Ulysses dust detectors
provide speed and directional information in addition to
total impact rates. This combined information will be used
to constrain our model of the interplanetary dust cloud.
In an earlier model Divine (1993) only used total impact
rates from the initial phases of Galileo and Ulysses mis-
sions.

To compare the measured data with a model, all space-
craft-sensed impacts were analyzed and sorted into bins
of time, speed, and impact direction. Each data set is di-
vided into periods according to the significant points on
the trajectory (planetary flybys). Each period is then di-
vided into several time intervals containing about the same
number of impacts. In Table I the time intervals and the
corresponding portions of the spacecraft trajectories are
specified for which differential impact rates have been de-
termined.

The impact velocity in the calibrated range (2 to 70 km/
sec) is divided into three intervals (,10, 10 to 25, and .25
km/sec). The impact direction (rotation angle) is divided
into four equal intervals of 908. To minimize statistical
problems (because of the large number of bins in compari-
son to the number of impacts) an averaging algorithm
has been developed to sort all particles into these bins
(Staubach 1996a, Staubach et al. 1996). The full ranges of
times, velocities, and rotation angles correspond to a cube
of unit volume (cf. Fig. 13). Each particle impact is repre-
sented by a point in three-dimensional time–velocity–
rotation space. Each impact point is used as center of a

FIG. 12. Mass distributions of dust particles observed by Ulysses:
sphere. The radii of the spheres are chosen in such a man-(a) during the entire south–north traverse (360 days around ecliptic plane
ner that only a selected number of impacts are containedcrossing, 109 impacts); (b) from 2308 to 1308 latitude (80 days, 37 im-

pacts); (c) interstellar dust (from Jupiter to the south ecliptic pole, about in the sphere. Best results have been obtained using num-
840 days, 155 impacts). bers of four or five particle impacts. Using a lower number

the averaging gets worse, while for higher numbers the
loss of information increases because of the smoothing
process. In the following the mean of the two radii (con-
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TABLE I on the velocity of micrometeoroids and we consider impact
Time Intervals and Spatial Boundaries of Galileo and directions and speeds. The goal of our dynamical modeling

Ulysses Flux Data is to describe the spatial density of dust and the directional
flux at each position in space by a ‘‘model’’ distribution of

Time interval
orbital elements and compare the resulting fluxes with the(year–day) Distance (AU) Latitude (deg)
measured values. Following Divine (1993) the interplane-

Bin Begin End Min Max Min Max tary meteoroid complex is represented by several popula-
tions of dust particles that are defined by their orbital

a. Galileo flux data element and mass distributions. To simplify the meteoroid
G1 89–362 90–41 0.72 0.98 3.3 3.6

model, several assumptions are made: (1) the dust cloud isG2 90–41 90–121 0.72 0.95 21.5 3.3
symmetric about the ecliptic plane, and (2) it has rotationalG3 90–121 90–342 0.95 0.99 21.5 0.0

G4 90–342 91–56 0.99 1.04 24.5 0.0 symmetry, i.e., the longitudes of nodes and arguments of
G5 91–56 91–249 1.04 2.07 24.5 1.1 perihelion of dust orbits are uniformly distributed. There-
G6 91–249 92–342 0.99 2.07 0.1 1.1 fore, in our model the spatial dust density depends only
G7 92–342 93–144 0.99 2.20 21.3 0.1

on distance r from the Sun and height z above the eclipticG8 93–144 94–12 2.20 3.79 21.3 20.7
plane. Small asymmetries relative to the ecliptic plane (cf.G9 94–12 94–257 3.79 4.77 20.7 20.3

G10 94–257 95–149 4.77 5.25 20.3 0.0 Leinert and Grün 1990) or an offset of the cloud center
from the Sun (Dermott et al. 1994) are ignored. No timeb. Ulysses flux data

U1 90–300 91–206 1.02 3.72 0.9 1.5 dependencies are considered, although for the submicron
U2 91–206 92–39 3.72 5.40 1.1 1.5 dust flux a 22-year cycle has been suggested (Morfill and
U3 92–39 93–102 4.82 5.40 221.5 1.1 Grün 1979, Gustafson and Misconi 1979, Hamilton et al.
U4 93–102 94–113 3.23 4.82 253.7 221.5

1996).U5 94–113 95–24 1.44 3.23 279.4 236.3
The ratio of radiation pressure force Frad to gravitationalU6 95–24 95–270 1.30 2.43 236.3 75.3

attraction by the Sun, Fgrav , is defined by the factor
b 5 Frad/Fgrav (Burns et al. 1979). This b value is strongly
dependent on material composition and structure of the

taining four and five impacts) have been used. To simplify
further evaluations, each sphere is transformed into a cube
with identical volume. Finally, fractions of the number of
particles (in the cube) have been distributed into the bins
according to their common volume. For further analysis
each bin is given a weight corresponding to the number
of impacts contained.

Table II gives the measured and smoothed differential
impact rates of Galileo and Ulysses for all time, speed,
and rotation angle bins. Interstellar particles are observed
mainly at rotation angles of about 908. Since these particles
are the dominant populations in the outer Solar System,
they cause the highest fluxes in the first rotation angle bin
(458–1358) and at the highest velocities. A significantly
lower flux occurs in the third rotation bin (2258–3158),
especially at high velocities, because only few interplane-
tary particles (on prograde orbits) were measured and their
flux was low. In the inner Solar System, slow particles
on prograde, heliocentric bound orbits are the dominant
population observed by Galileo.

FIG. 13. Diagram showing the binning process: the unit cube repre-

6. THE MICROMETEOROID MODEL senting the full ranges of time, speed, and rotation angle is divided into
bins (Galileo: 10 time bins, Ulysses: 6 time bins, 3 speed bins, and 4
impact direction bins). Each impact is in the center of a sphere inside

For the model description of micrometeoroids we follow the large cube. Each sphere is just big enough to contain four or five
in principle the method of Divine (1993) with the following neighboring impacts. Portions of the volumes of the spheres are then

allocated to the bins of the cube.modifications: we include the effect of radiation pressure
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TABLE II
Logarithm of the Measured Average Differential Fluxes in

the Time, Speed, and Rotation Angle Intervals for Galileo and
Ulysses

Rotation angle bin
Speed bin

Time bin (km/sec) 458–1348 1358–2258 2258–3158 3158–458

a. Galileo
G1 , 10 25.04 25.12 25.32 25.33

10–25 25.53 25.65 25.93 25.90
.25 25.10 25.54 26.24 25.64

G2 ,10 24.71 24.87 25.12 24.96
10–25 25.09 25.40 25.78 25.49
.25 24.99 25.37 26.16 25.64

G3 ,10 25.12 25.30 25.47 25.15
10–25 25.30 25.57 25.99 25.54
.25 25.51 25.76 26.11 25.89

FIG. 14. b-values (force ratio of radiation pressure and gravity, fromG4 ,10 24.65 25.03 25.38 24.89
Gustafson 1994) assumed in the model as function of particle mass. Mass10–25 25.03 25.82 25.84 25.23
ranges and corresponding b values for dust populations on bound orbits

.25 25.25 25.96 26.10 25.70
(b , 1) are indicated by solid lines (main contribution) and dashed linesG5 ,10 24.96 25.36 25.61 25.16
(weak contributions).10–25 24.83 25.62 25.84 25.11

.25 25.06 25.68 25.85 25.22
G6 ,10 25.48 25.72 26.35 25.80

10–25 25.75 26.14 26.40 25.70
.25 26.12 26.45 26.79 26.11

dust particles. In this study, values obtained by GustafsonG7 ,10 25.05 25.15 25.41 25.34
10–25 25.23 25.42 26.10 25.62 (1994) from Mie calculations for homogeneous spheres are
.25 25.28 25.85 26.92 25.90 taken. For particles with masses greater than 10210 g the

G8 ,10 25.57 25.63 25.89 25.70 influence of radiation pressure is negligible. At 10211, 10213,10–25 25.07 25.70 26.42 25.69
and 5 3 10215 g, b values of 0.3, 0.8, and 0.3, respectively,.25 25.24 25.88 26.82 25.88
have been assumed. For bound orbits b , 1 is required.G9 ,10 25.57 25.70 26.04 25.68

10–25 25.11 25.54 26.41 25.78 Figure 14 shows the mass ranges and the corresponding b
.25 25.34 25.92 26.71 25.91 values considered here. These values correspond roughly

G10 ,10 25.69 25.78 26.03 25.74 to slightly absorbing dielectric particles (astronomical sili-10–25 25.20 25.49 26.20 25.68
cates, Draine and Lee 1984)..25 25.55 25.93 26.29 25.78

To evaluate the flux at position r (bold characters indi-
b. Ulysses

cate vector quantities) the relative velocity has to be deter-U1 ,10 25.87 26.07 26.39 26.05
mined from the orbital elements perihelion distance, r1 ,10–25 25.31 25.97 26.51 26.10

.25 25.28 25.76 26.04 25.85 eccentricity, e, and inclination, i, and from the b value.
U2 ,10 25.86 26.18 26.72 26.18 First, we give the velocity components in spherical coordi-

10–25 25.18 25.86 26.71 25.75 nates, using intermediate quantities l 5 sin21(z/r), x 5
.25 25.19 25.86 26.95 25.91

sin21(r1/r) and ex 5 (1 2 sin x)/(1 1 sin x):U3 ,10 26.31 26.01 26.59 26.79
10–25 25.24 25.62 26.81 26.14
.25 25.09 25.57 26.96 26.23

U4 ,10 26.08 26.18 27.28 26.72 nr 5 6FGM0(1 2 b)
r2r1

(r 2 r1)h(1 1 e)r1 2 (1 2 e)rjG1/2

10–25 25.41 26.06 26.85 26.05
.25 25.22 26.05 26.54 25.81

U5 ,10 25.65 26.08 26.18 25.88
5 6FGM0(1 2 b)

r
(cos x)2

sin x
(e 2 ex)G1/2

, (3)10–25 25.43 26.44 26.07 25.44
.25 25.41 26.00 25.91 25.34

U6 ,10 25.90 26.21 25.96 25.48 nw 5 [hGM0(1 2 b)/rj(1 1 e) sin x]1/2,
10–25 25.60 26.54 26.11 25.37

nl 5 6vw[(cos l)2 2 (cos i)2]1/2..25 25.84 25.92 25.83 25.53

Because of the chosen symmetries there are two solutions
for vr and vl at a given point that correspond to inward,
outward, upward, and downward directed velocities. With
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these definitions the velocity components in Cartesian The flux in a given rotation angle interval (rmin to rmax)
and speed interval (vmin to vmax) is obtained by integratingecliptic coordinates are derived (cf. Divine 1993):
over only a limited vD range (where vR , vr , vc are the
velocity components in a spacecraft-fixed spherical coordi-

nx 5
x
r

vr 2 Fryvw(cos i) 1 xzvl

x2 1 y2 G , nate system with the anti-antenna direction at c 5 0):
vR from vmin to vmax , and vr from rmin to rmax .

For any assumed dust population [defined by its distribu-
ny 5

y
r

vr 2 Frxvw(cos i) 1 yzvl

x2 1 y2 G , (4) tion functions N1(r1), pi(i), pe(e), HM(m), and correspond-
ing b value) and a given observation condition (spacecraft
position, rDB , velocity, vDB , orientation, rD , and sensitivitynz 5

z
r

vr 1 vl .
weighting factor, hD), model fluxes can be calculated and
compared with the corresponding measurement. The dif-
ference between the measurement and the sum of modelHence, the relative velocity uD between a particle with
fluxes of all dust populations is expressed by a mean andvelocity v and the spacecraft with velocity vDB is simply
a root-mean-square (RMS) residual. Each distributionuD 5 v 2 vDB . The sensitivity of a detector can be expressed
function consists of a distinct number of parameters whichby its mass threshold mt and its angular sensitivity. For
were varied by an iteration algorithm in such a way thatGalileo and Ulysses the effective sensitive area, G, is a
the RMS residual was minimized. To enable a reasonablefunction of the angle, c, between the impact direction and
computation time the number of parameters needed tothe spacecraft axis. Let rD be a unit vector that specifies
describe the distribution was chosen to be as low as possiblethe spacecraft orientation (i.e., anti-antenna direction); the
(5 to 10). Since the iteration algorithm can find only a localangle c between rD and the direction from which the parti-
minimum of the RMS residual the robustness of the resultscle arrives is
was tested by shifting individual distribution parameters
in arbitrary directions and checking their return to thec 5 acos(2uD · rD/uuDu). (5)
same solution. It should be noted that each parameter
has a different influence on the residual, and, therefore,The effective sensitive area G as a function of c is shown
parameters having the strongest influence are definedin Fig. 3.
most precisely.Populations of interplanetary meteoroids are described

by independent distributions of orbital inclination pi(i),
7. POPULATIONS OF MICROMETEOROIDSeccentricity pe(e), perihelion distance N1(r1), and particles

mass HM(m), and the corresponding b values. A discussion
Although Galileo and Ulysses dust data cover a massof these distribution functions is given by Matney and

range from 10216 to 1026 g, the statistically best and mostKessler (1996). The cumulative mass distribution HM(mt)
complete measurements range from 10214 to 1029 g. Becausedescribes the ratio of the total mass in the distribution to
of the speed-dependent sensitivity threshold [Eq. (1)] sev-the number of particles whose mass exceeds HM(mt) 5
eral biases are introduced: (1) only particles that haveey

mt
dm · Hm . The detector threshold mt , angular sensitivity

masses in excess of the threshold mass are detected, and (2)
G, and a scale factor Fs to express the flux in different units saturation effects of the detector limit the useful mass range
and HM(mt) are ingredients in the dimensionless weighting for big particles. Therefore, the mass distribution cannot be
function hD : fully determined over a wide range of masses by a single in

situ dust detector. The mass distribution of the interplane-
hD 5 FsGHM(mt). (6) tary dust flux is best known near the Earth. It has been deter-

mined from lunar crater counts and Earth-orbiting space-
Together with the auxiliary variables x and ex (defined craft (Pegasus, Explorer 16 and 23, Pioneer 8 and 9, LDEF,
above) the meteoroid flux Jmt can be calculated: and many other spacecraft). We use here the mass distribu-

tion Hm that Divine (1993) derived from the measurements
presented byGrün et al. (1985). In addition,we usethe radial

Jm,t 5
1

4f O
4

l51
Ef/2

0
dx · N1 · sin x ·E1

ex

de
pe

Ïe 2 ex (7)
dependenceof thedust density that is basedon zodiacal light
observations by Helios (Leinert et al. 1981).

We first define the interstellar dust population, which is·Ef2ul u

ul u
di

pi sin i

Ïcos2 l 2 cos2 i
· (hD · nD)l .

well represented by Galileo and Ulysses dust measure-
ments at large heliocentric distances. Interstellar dust in
interplanetary space was initially identified by the dustThe summation over l corresponds to the four cases for the

relative velocity: in/out and up/down (cf. Divine, 1993). detector on board Ulysses after Jupiter flyby (Grün et al.
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TABLE III1993, 1994). Covering ecliptic latitudes between 08 and 548
Eccentricity (fe) and Inclination (fi) Distributions of theand heliocentric distances between 5.4 and 3.2 AU, the

Bound Dust Populations Needed to Fit Galileo and Ulyssesflux of interstellar particles with a mean mass of 3 3 10213 g
Observationsstayed nearly constant at a flux value of about 1.5 3 10214

m22 sec21. The presence of interstellar dust in the outer Asteroidal Core Aa B C
Solar system has been confirmed by Galileo measurements (1023 g) (1025 g) (10211 g) (10213 g) (5 3 10215 g)
(Baguhl et al. 1995a).

EccentricityFrom the analysis of impact rates, impact directions, and
0 0.572 0.572 1.628 0.975 0.627impact speeds, our group found that the interstellar dust
0.1 2.078 2.078 1.864 0.975 0.266

flow is, within the measurement uncertainties, aligned with 0.25 1.753 1.753 1.791 0.878 0.14
the flow of interstellar gas through the heliosphere (Witte 0.45 1.110 1.110 0.225 0.244 0.063

0.65 0.898 0.898 0.011 0.078 0.063et al. 1993). Observed dust speeds from 16 to 45 km/sec
0.8 0.155 0.155 0.326 0.78 1.198are compatible with the 26 km/sec unperturbed gas speed.
0.98 0. 0. 3.016 5.384 7.678The mass distribution of interstellar meteoroids observed

Inclination
with the Ulysses dust detectors is shown in Fig. 12c. About 08 2.809 2.809 1.684 0.525 0.513
60% of the interstellar grains have masses between 10214

108 2.809 2.809 2.020 2.707 1.566
208 1.039 1.039 1.347 1.998 2.278and 10212 g. The cutoff at small particle masses is real since
308 0.286 0.286 0.673 0.608 1.109the instruments can detect particles with a factor of 10
458 0.073 0.073 0.337 0.112 0.154smaller masses. The lack of small interstellar grains in the
608 0 0 0.002 0.001 0.026

planetary system has been suggested to be due to the effect 908 0 0 0. 0. 0.001
of the interplanetary magnetic field (Grün et al. 1994). The

a Below the population name the maximum of the mass distributionmass range observed includes grains with large b values
is given.which, for absorbing materials, can be well above 1. How-

ever, particles with b values greater than 1.5 will not reach 1
AU but are deflected away from the Sun by the dominating
radiation pressure force. At b , 1 the interstellar dust flow for which a constant b value has been assumed. The A
direction as seen by Ulysses never deviates by more than population contributes significantly to the dust flux in the
308 from the dust flow direction at large heliocentric dis- mass range from 10212 to 10210 g and has b 5 0.3 (Fig. 14).
tances. At b 5 1 (which we will assume here) interstellar The B population contributes in the range from 2 3 10214

grains pass on straight trajectories through the planetary to 10211 g and has b 5 0.8. The distribution functions of
system. The interstellar dust flux is assumed to be constant both A and B populations are well constrained by the
near the ecliptic plane and outside a distance that is deter- measurements. For completeness, we include even smaller
mined by the Galileo measurements (about 2.8 AU, particles on bound orbits (C population, masses , 10212 g
Baguhl et al. 1995a). Different reduction factors have been with a peak at 5 3 10215 g) having b 5 0.3; the distribution
assumed further in ranging from no reduction to factor 30 functions of this population are only weakly constrained
reduction at 1 AU. With these assumptions, the impact by the measurements.
rate of interstellar dust on any surface of given orientation Table III gives orbital element distributions of Divine’s
can be calculated. asteroidal and core populations and of the new model

Populations of particles on heliocentric bound orbits populations found by this analysis. All populations have
have been defined by the procedure described in the previ- low inclinations which peak between 108 and 208 but the
ous section. Divine’s core population (and the correspond- inclination distributions become increasingly wider for
ing orbital distribution) has been found to fit the few parti- smaller particles. The eccentricity distributions of the A,
cles of masses m . 10210 g that have been detected and B, and C populations are bimodal. They have a peak at
that are not affected by radiation pressure. Because of the low eccentricities but also a major component at high ec-
strong influence of radiation pressure on smaller particles, centricities. A technical description of the model including
we have truncated the core population at 10210 g and dis- program codes can be found in Staubach (1996b).
missed all other small particle populations of Divine,
namely, the eccentric, inclined, and halo populations, since 8. VERTICAL STRUCTURE OF THE
the definitions of them did not include radiation pressure INTERPLANETARY DUST CLOUD
effects. We define three new populations of small meteor-
oids, with b . 0, on bound heliocentric orbits to fit the To derive the global interplanetary dust distribution

from local dust measurements and to compare data fromGalileo and Ulysses dust measurements. Although all pop-
ulations are defined over the whole mass range (10218 to in situ dust detectors with remote sensing data (visible

zodiacal light and infrared thermal emission observations)1 g) each population dominates in a narrow mass interval
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detailed modeling is required. An early application of dy- infrared brightnesses suggests that zodiacal dust in the
inner Solar System has a wider distribution (to which thenamical meteoroid modeling (cf. Leinert and Grün 1990)

was the interpretation of spatial dust densities obtained zodiacal light measurements refer) than dust outside the
Earth’s orbit to which COBE data refer. Divine’s corefrom zodiacal light observations in terms of distributions

of orbital elements. Haug (1958) derived an integral that population was obtained mostly from radio meteor obser-
vations. It approximates the latitudinal density function oftransforms distribution functions of orbital elements, D(r1 ,

e, i), into spatial densities at any given position in space, zodiacal light observations for low latitudes (l , 108) and
that of infrared observations for high latitudes (l . 208).where D(r1 , e, i) is the number of meteoroids having peri-

helia between r1 and r1 1 dr1 , eccentricities between e and The density distributions for the small particle populations
A, B, and C have a wider latitudinal distribution and aree 1 de, and inclinations between i and i 1 di. If

the distribution function is separable, D(r1 , e, i) 5 D1(r1) · closer to the zodiacal light distribution. The assumed con-
stant density of interstellar dust provides equal contribu-De(e) · Di(i), then the relative spatial density n(l) at lati-

tude l is only a function of Di(i) and n(l) and is given by tions at all latitudes.
From our dust populations, we have calculated model

intensities of the zodiacal light as observed from Earth at
n(l) 5 Ef/2

i5l

Di(i) · di

Ïsin2i 2 sin2l
. (8) 908 solar elongation. The result is shown in Fig. 16. It can

be seen that by far the largest contribution comes from
the core population with masses greater than 10210 g. OnlyDi(i) 5 sin i results in an isotropic distribution of dust:
at latitudes below 108 is another contribution required;n(l) 5 constant and, hence, the function pi(i) 5 Di(i)/sin
this is provided by Divine’s asteroidal population. Particlei describes the deviation from isotropy. The function pi(i)
populations with masses m , 10210 g contribute less thanhas been chosen by Divine to describe the distribution
1% to the zodiacal light brightness at 1 AU. To obtain thisof orbit inclinations. For the transformation of Divine’s
result we assumed, in accordance with Divine (1993), visualdistribution functions into the functions used by other in-
geometric albedo p 5 0.05 for the core population andvestigators see Matney and Kessler (1996). Figure 15 shows
p 5 0.02 for the asteroidal population. The sum of boththe latitudinal density distributions which represent zodia-
contributions already acceptably fits the observations;cal light observations, n(l) 5 exp(22.1 sin l) (Leinert
therefore, we had to assume a very low albedo of p 5 0.01et al. 1981), infrared observations with COBE, n(l) 5
for the small particle populations, A, B, and C. However,exp(23.26 tan1.02 l) (Reach et al. 1995), and those derived
since we do not have independent information on the parti-for the A, B, and C populations (cf. Table II) and for
cle albedo other combinations of albedo values may pro-Divine’s (1993) core population. The difference between
vide similar good fits.the density distributions that fit the observed zodiacal and

9. DISCUSSION

Galileo and Ulysses dust measurements directly show
two dominant components of dust in interplanetary space:
large interplanetary micrometeoroids on bound orbits with
a wide and flat mass distribution and interstellar grains.
The first component gives rise to strong variations of the
impact rate observed by Galileo (Fig. 5) and to the big
particle flux during Ulysses’ ecliptic plane crossing (Fig.
11). The observed impact rate (1025 sec21) during Ulysses’
ecliptic plane crossing was about the same as Galileo’s at
the same distance despite Ulysses’ higher speed (factor 2).
These observations are only mutually compatible if the
interplanetary component has a narrow latitudinal extent
and a flat size distribution. Outside 6258 latitude, the im-
pact rate was down by a factor of 2 which suggests that
interplanetary dust contributes only little to the flux ob-
served at higher latitudes.

FIG. 15. Out-of-ecliptic variation of the spatial dust density. Densi- Measurements of the interstellar dust flux show a narrow
ties derived from zodiacal light observations (Leinert et al. 1981) and

size distribution, a small particle cutoff, and a limited rangeCOBE infrared observations (Reach et al. 1995). All densities are normal-
of trajectory directions. From Galileo measurementsized at latitude l 5 08 and are compared with the density calculated for

the different meteoroid populations. Baguhl et al. (1995a) concluded that interstellar dust can
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FIG. 16. Observed brightness of zodiacal light (triangles, Levasseur-Regourd and Dumont 1980) as a function latitude are compared with
brightnesses of the model populations. Assumed visual geometric albedo: p 5 0.05 for the truncated core population, p 5 0.02 for the asteroidal
population, and p 5 0.01 for the A, B, and C populations. With these albedo values, the A, B, and C populations contribute less than 1% to the
brightness of the zodiacal cloud.

be reliably distinguished from interplanetary dust outside which worsens our fit. This is because meteoroids on elliptic
orbits contribute to the spatial density at different helio-about 2.8 AU and that there the interstellar dust flux is

constant, independent of heliocentric distance. On its orbit centric distances, and hence an increase by 30% at 1.3 AU
would give rise to a comparable further increase whichfrom Jupiter (5.4 AU) to the south ecliptic pole (at 2.1

AU) Ulysses measured a slowly varying flux of interstellar is in conflict also with the Galileo measurements there.
Although our model does not prove it, we favor the as-dust (Baguhl et al. 1995b), the variations being due mostly

to varying detection geometry. From the measurements sumption that there is little depletion of interstellar dust
inside 1.8 AU from the flux level observed at 5 AU, andpresented here we conclude that within the statistical and

measurement limitations, no reduction of the interstellar hence a constant interstellar flux is assumed over the whole
range of the combined Galileo and Ulysses data set, i.e.,particle flux and/or particle size has been found by Ulysses

at latitudes above 508 and outside 1.8 AU heliocentric from 5.4 to 0.7 AU.
In Fig. 5, individual model contributions from the inter-distance, where the contribution from interplanetary dust

is considered to be insignificant. stellar and interplanetary dust populations are compared
with the Galileo flux measurements. Until the second EarthSince interstellar dust has been uniquely identified in

the outer planetary system with a roughly constant flux flyby interstellar dust contributes between 0 and 30% to
the model flux; later in the mission this contribution in-we assumed various depletion factors inside that region

ranging from no depletion to strong depletion (factor 30) creases to almost 100%. Modeling results of impact rates
during the Ulysses south–north passage are shown inat 1 AU. A result of the model iterations is that all data

sets can be matched only if we assume no reduction of the Fig. 9. We display the contributions to the observed
total flux of the interstellar dust population and theinterstellar dust flux at least down to 1.3 AU where Ulysses

crossed the ecliptic plane. Our model suggests that a sig- combined interplanetary dust populations. Variations in
the interstellar flux are due to different sensor attitudesnificant reduction of the interstellar dust flux would raise

the interplanetary model flux at Ulysses’ ecliptic plane with respect to the interstellar dust direction. The best
fit of both model fluxes is shown. Taking into accountcrossing further above the observed values (cf. Divine’s

model which does not include an interstellar population) only bound heliocentric orbits (Divine 1993, dashed line),
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the impact rates predicted by such a model are higher Since the meteoroid flux as a function of particle mass
during Ulysses’ ecliptic crossing and significantly lower at 1 AU is well defined by many previous measurements,
over the solar poles. we want to make sure that the model results that we ob-

We now compare model impact rates from different tained are compatible with the flux measurements at 1 AU
directions with those measured by Galileo and Ulysses. (Grün et al. 1985). Fig. 19 shows the sum of the different
Figure 17a shows the same data from Galileo as Fig. 6, bound populations (solid line) and the measurement of
but this time corrected for missing impacts and binned into the 1-AU dust flux. Taking into account the population of
a 4 3 8 grid in the rotation angle–time plane with impact interstellar meteoroids, which contribute mostly between
rates represented by a gray scale. These measured impact 10214 and 10210 g, that are not included in this figure, the
rates are now compared with model calculations. The total conformity between both values is demonstrated.
model impact rate (Fig. 17b) matches the general features Now we compare our results with Divine’s (1993) five
of the measurements quite well. The individual contribu- populations of meteoroids. The measurements considered
tions to the directional rates show the angular separation here do not contribute significantly to our knowledge of
of the interstellar population (Fig. 17c) from the interplan- the meteoroid flux at masses greater than 10210 g; therefore,
etary population (Fig. 17d) for most of the time. we leave Divine’s ‘‘asteroidal’’ and ‘‘core’’ populations for

Figure 18a shows the same data from Ulysses as in masses greater than 10210 g unaltered. Since particle sizes
Fig. 10 except that the densities of points (i.e., fluxes) in that contribute most to the zodiacal light range from 10
4 3 5 segments of the diagram are represented by a gray to 100 em (i.e., about 1029 to 1026 g, see Grün et al. 1985),
scale. In Figs. 18b–d we show the directional characteristics there will be only a little effect of the new populations on
of the model populations, both the combined and the indi- zodiacal light models. The same holds true for radio mete-
vidual fluxes. The agreement between the general features ors that correspond to even bigger meteoroids (Southworth

and Sekanina, 1973, see also Taylor 1995). Nevertheless,of the measurements and the model is satisfactory.

FIG. 17. Directional impact rates for Galileo represented by a gray scale. Observed rates (a, cf. Fig. 6) are compared with model impact rates
for Galileo’s initial trajectory. (b) Sum of all contributions. (c) Bound interplanetary dust. (d) Interstellar dust populations.
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FIG. 18. Directional impact rates for Ulysses represented by a gray scale. Observed rates (a, cf. Fig. 10) are compared with model impact rates
during Ulysses’ south–north traverse through the ecliptic plane. (b) Sum of both contributions. (c) Bound interplanetary dust. (d) Interstellar
dust populations.

the core and asteroidal populations of big particles and b-Meteoroids, which are particles that leave the Solar
System on hyperbolic orbits because of radiation pressurethe new bound populations are linked by a common origin.

The A, B, and C populations can be regarded as the exten- and electromagnetic solar wind interactions, could not be
observed by Galileo and Ulysses because of geometricsion of the core population to small particles for which

radiation pressure is important. viewing constraints except for a few short periods during
the Ulysses mission: the early mission phase, both polarThere are significant differences between our new dust

populations and the three small particle populations de- passes, and the ecliptic plane crossing. b-Meteoroids with
a significant outward velocity component were not observ-fined by Divine (1993). No ‘‘inclined,’’ ‘‘eccentric,’’ and

‘‘halo’’ populations are needed to explain the Galileo and able at all by Galileo. They also would have made only
small contributions to the data set of large particles dis-Ulysses data sets. However, some of these populations may

be required to model data (Pioneer 10, and 11 and Helios) cussed here because of our cutoff in considered impact
charges (8 3 10214 C). However, the high-eccentricity com-which we did not consider here. Therefore, Divine’s small

particle populations must have a more restricted validity ponent of the small A, B, and C populations may be exten-
sions of such a new hyperbolic b-meteoroid population.range not to disturb the match of our new populations

with the Galileo and Ulysses data. For example, the ‘‘halo’’ Further work is needed, especially a compilation of obser-
vations of b-meteoroids and improved modeling of thispopulation may still be needed for masses above 1029 g to

describe the Pioneer 10 and 11 fluxes which were observed population.
to arrive from the direction opposite the interstellar flux.
The ‘‘inclined’’ population may still be needed in the inner 10. SUMMARY AND CONCLUSION
Solar System (,0.7 AU) to explain some of the Helios
data, although some of that may already be described by Dust in the planetary system has been observed by two

identical dust detectors on board the Galileo and Ulyssesthe new interstellar, A, B, and C populations.
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dust was not uniquely identifiable among the dominant
interplanetary dust component.

For quantitative analysis of these data we follow Divine’s
(1993) modeling technique that fits meteoroid measure-
ments with different populations of interplanetary meteor-
oids. Each population is defined by a distinct set of orbital
elements and a size distribution. We have extended this
model (1) by considering the effect of radiation pressure
on small particles, (2) by including a particle population
on hyperbolic orbits, and (3) by modeling directional and
speed information together with impact rates.

Galileo and Ulysses dust data are fit by four interplane-
tary dust populations on bound orbits and an interstellar
dust population on hyperbolic trajectories. Particles with
masses greater than 10210 g move on low to moderate eccen-
tric orbits and have low inclinations. Three populations of
smaller dust particles (from 10210 g to 10216 g) are affected
by radiation pressure. Their orbital element distributions
resemble the bigger particle population except that they
contain a high-eccentricity component and they have wider
latitudinal distributions. The similarities of their orbits sug-
gest that all four populations on bound orbits may be geneti-
cally related and that they are part of a larger meteoroid
complex. The interstellar dust population has been modeled
bya fluxofsmall particles thatarrive fromabout 2508ecliptic
longitude at a speed of 26 km/sec with b 5 1. b-Meteoroids
leaving the Solar System on hyperbolic orbits have been ne-
glected in this analysis because they do not contribute sig-FIG. 19. Measurements of the meteoroid flux at 1 AU (short

dashes, Interplanetary Flux Model from Grün et al. 1985) and the nificantly to the Galileo and Ulysses data sets considered
contributions from the different bound populations. The sum of the here. The model is compatible with the size distribution
bound populations is shown by the solid line; no interstellar dust flux measured at 1 AU and with zodiacal light observations.
is included.

The existence of interstellar dust inside 2 AU has conse-
quences for the material properties of the observed grains:
(1) the radiation pressure constant, b, of these particles
cannot exceed 1 by far (i.e., the particles cannot consistspace probes. Measurements have been taken in the eclip-

tic plane over a wide range of heliocentric distances and out of highly absorbing material like pure carbon or be
very fluffy; both properties would give rise to higher bfrom an orbit almost perpendicular to the ecliptic plane.

Radial profiles of the dust flux have been obtained by values), and (2) no volatile material like water ice is stable
at these distances (therefore, the observed interstellarGalileo from 0.7 to 5.4 AU in the ecliptic plane and a

latitudinal profile has been obtained by Ulysses from 2798 grains can be composed only of refractory materials, poten-
tially including some semivolatile carbonaceous material).to 1798 ecliptic latitude. In the inner Solar System strong

variations of the interplanetary dust flux were observed as Sublimation of the carbonaceous component of interstellar
grains near the Sun could explain carbon pickup ions offunction of spacecraft position and direction of spacecraft

motion. Outside 3 AU and at high latitudes a roughly interstellar origin which have been found by the Ulysses
SWICS instrument (Geiss et al. 1996). Detection of inter-constant monodirectional flux of interstellar dust caused

most of the impacts observed. stellar dust close to the Earth’s orbit opens the door for
detailed in situ analysis of this relatively unknown material.Two distinct major dust components are recognized in

both data sets: (1) inside 3 AU interplanetary dust has Next steps toward this important goal are expected from
the Cassini and Stardust missions.been observed with a flat mass distribution (masses ranged

from 10216 to 1026 g) on low to moderate eccentric orbits
and with a narrow latitudinal distribution, and (2) a mono-
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