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Abstract. We review the current knowledge and understanding of dust in the inner
solar system. The major sources of the dust population in the inner solar system are
comets and asteroids, but the relative contributions of these sources are not quan-
tified. The production processes are: Poynting-Robertson deceleration of particles
outside of 1 AU, fragmentation of dust due to particle-particle collisions, and direct
dust production from comets. The loss processes are: dust collisional fragmentation,
sublimation, radiation pressure acceleration, and rotational bursting. These loss
processes as well as dust surface processes release dust compounds in the ambient
interplanetary medium. Between 1 and 0.1 AU the dust number densities and fluxes
can be described by inward extrapolation of 1 AU measurements, assuming radial
dependences that describe particles in close to circular orbits. Observations have
confirmed the general accuracy of these assumptions for regions within 30° latitude
of the ecliptic plane. The dust densities are considerably lower above the solar poles
but Lorentz forces can lift particles of sizes a < 5 pm to high latitudes and produce
a random distribution of small grains that varies with the solar magnetic field. Also
long-period comets are a source of out-of-ecliptic particles. We show that under
present conditions no prominent dust ring exists near the sun. We discuss the recent
observations of sungrazing comets. Future in-situ experiments should measure the
complex dynamics of small dust particles, identify the contribution of cometary
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dust to the inner solar system dust cloud and study dust interactions in the ambient
interplanetary medium. The combination of dust in-situ measurements with particle
and field measurements is recommended.

Keywords: sample, BTEX

1. Introduction

The near-solar dust cloud is the central region of the meteoritic com-
plex that evolves from the small bodies or our planetary system. With
its complexity of acting forces, physical processes, and interactions, it
provides the unique opportunity for directly studying a cosmic dust-
plasma cloud and therein processes that also appear in other cosmic
environments. Dust particles in the inner solar system produce the solar
F-corona and the zodiacal light. Yet, these astronomical phenomena
reveal only a part of the dust cloud in the inner solar system and
especially do not yield sufficient information about the vicinity of the
sun, which is obscured by dust particles in the vicinity of the Earth.
Further information is obtained from studies of the near-Earth envi-
ronment. and from dust in-situ measurements, that in one case ranged
to distances as close as 0.3 AU from the sun.

The current discussion of space missions to the inner solar system
within ESA and NASA raises the question as to what experiments
are most suitable for improving our understanding of the inner solar
system dust cloud. Here we give an overview of different studies of the
inner solar system dust cloud and discuss their results in the context
of understanding the evolution of small bodies in the solar system as
well as in the context of the physics of the interplanetary medium. We
summarize the current knowledge of the dust parameters near the sun.
This provides a data compilation for estimates of the dust environment
that spacecraft encounter in the inner solar system.

Since the knowledge of near-solar dust is limited at this time we
give estimates derived from coronal observations, from model calcula-
tions of the dynamical and collisional evolution, and from extrapolating
the measured 1 AU values toward smaller distances. We attempt an
extrapolation from zodiacal light data that is consistent with in-situ
measurements and merge the extrapolation with observations of the
solar corona.

In this paper we first describe the best observational studies and
in-situ measurements of dust in the inner solar system from 1 AU
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Dust Environment Near The Sun 3

inward (Section 2). The most reliable data exists for dust near 1 AU.
Observational results in combination with knowledge about the dust
sources (described in Section 3) justify and constrain the extrapolation
of the dust distribution from 1 AU inward. This is valid for dust near the
ecliptic plane. We subsequently discuss the knowledge of dust at high
latitudes outward from the ecliptic plane in Section 4. The destruction
of dust as a result of mutual catastrophic collisions, sublimation, and
rotational bursting is discussed in Section 5. Comets are expected to
be a major source of dust inward from 1 AU and sungrazing comets
are the major local source of dust in the vicinity of the sun. This is
discussed in Section 6. The variation of dust orbits under radiation
pressure and magnetic forces that takes place in the close vicinity
of the sun is discussed in Section 7. A summary of the present best
estimates of the near-solar dust environment is given in Section 8. In
Section 9 we discuss interactions with the interplanetary medium where
refined measurements point to the connections between dust and solar
wind pick-up ions. We end with a summary of this work which shortly
discusses the issues of dust physics that can be addressed with future
near-solar dust studies.

2. Observational Evidence of Dust

2.1. ZODIACAL LIGHT

Scattering of sunlight and thermal emission of dust particles produce
the observed brightness, called zodiacal light for night-time observa-
tions pointing away from the sun and called solar F-corona in the
vicinity of the sun (Figure 1).! A compilation of F-corona and zodiacal
light observations is given in Leinert et al. (1998). Observations provide
an integrated brightness along the line-of-sight (LOS) leading, however,
to some ambiguity in the inversion. It is well established that zodiacal
light observations describe predominantly particles in the 1 to 100 pm
size interval, which covers the approximate mass interval from 10~ to
107° g.

Based on observational results we can conclude that the majority
of dust outward from 0.3 AU is distributed in a flat, rotationally sym-
metric cloud that is concentrated near the ecliptic plane (Mann, 1998).

! For corona observations, the elongation of the line-of-sight (LOS) is often given
in distances, r from the sun: r = sin(¢) - 1 AU for observations from Earth. Strictly
speaking ’r’ denotes the minimum distance from the sun that the LOS crosses.
This is not identical to the elongation of the LOS given in solar radii (R ) but the
difference is small for small angles.Note; 1 Ry = 6.96 x 10° m ~ 1/215 AU, e = 1°
(4 Ro).
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Figure 1. Geometry of zodiacal light and F-corona observations: Both phenomena
are caused by the same physical effect: scattering of light and thermal emission
from dust distributed along the line-of-sight (LOS), but are observed at different
elongations, €, of the LOS, in this figure r denotes the minimum distance from the
sun that is seen along the LOS with elongation €. A sketch of the scattering pattern
is given in the upper part of the figure: dust particles close to the Earth contribute
to the LOS brightness with enhanced scattering at small angles 6. Dust particles
near Earth efficiently scatter the sunlight under small scattering angles toward the
observer and therefore have a large contribution to the integrated LOS brightness.
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Figure 2. Average local optical properties derived from F-corona and zodiacal light
observations assuming a homogeneous dust cloud: the variation at small distances
from the sun is so drastic, that it points to a change of the dust cloud composition.
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Dust Environment Near The Sun 5

The number density increases with decreasing distance from the sun,
roughly proportional to !, where r is the distance from the sun.
The average polarization and geometric albedo, as well as the spectral
variation of the albedo change with distance from the sun and with
latitude (Kneissel and Mann, 1991a; Mann, 1998) as shown in Fig. 2.
Variations of these derived average properties may stem from several
effects: changes of single particle properties, changes of the overall dust
cloud composition, and changes of the size distribution. The increase of
albedo inward from 0.3 AU is very steep and most likely not explained
with a gradual change of the particle properties, but rather with a
change in the dust cloud composition. 2

2.2. F-CoroNA

The lack of observational data as well as problems of the LOS inversion
prevent us from deriving firm number densities and optical properties
for dust near the sun. The solar corona results from a smooth continu-
ation of the zodiacal light brightness to small elongations of the LOS.
But the signal from the K-corona produced by Thomson scattering
of electrons near the sun has to be subtracted in order to derive the
F-corona brightness. Moreover, the observations are hampered by the
presence of coronal and atmospheric straylight and therefore F-corona
observations are preferably made in the near infrared and during solar
eclipses or with coronagraphs from space (see Fig. 3). As a result of
the LOS geometry, the brightness that stems from dust near the Earth
is scattered at small angles to reach the observer, while dust near the
sun is scattered at angles around 90° (see Fig. 1). For particles in the
1-100 pm size range the scattering is very efficient for small angles
("forward scattering’) while it is less efficiently scattered at larger an-
gles. That has the effect that dust components near the observer yield a
larger contribution to the F-corona than to zodiacal light observations.
This influence of dust near the observer makes observations in the near
infrared more favorable because thermal emission from near-solar dust
may contribute to the brightness. But still the ambiguities of the LOS
inversion remain, and severely limit the results that can be derived
about near-solar dust from the remote observations.

2 While in-situ measurements typically provide data for the mass of particles,
brightness observations provide information on their size. Throughout the paper
we give the parameter that is used in the particular case and give the estimate
for the other parameter based on the assumption that the particles are compact
spherical grains with bulk density, p = 2.5 g/cm® (with mass, m = 4/3mpa® where
a is the radius of the particle). This is a good estimate for the average properties,
but neglects the fact that the bulk density might vary with the size of the grains,
which may for instance be the case for porous particles.
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Figure 8. Straylight levels of the nightsky and eclipse sky in comparison to the
corona and zodiacal light brightness. The geometry of the solar eclipse is sketched
in the upper part of the figure.

A summary of F-corona observations is given in Kimura and Mann
(1998). Moreover, the detection or non-detection of features in the F-
corona and its speculated connection to dust rings and to the existence
of a dust-free zone around the sun is discussed there. It is also shown
that the differences in near infrared brightness that were observed over
the past few decades may result from a time variation of the material
properties of dust in the near-solar environment (Kimura et al. 1998).
As shown in Figure 4, the appearance of an IR feature is expected
for a coronal brightness that has significant amount of thermal emis-
sion, while the scattered light components tend to occult this features.
Therefore the feature is observed during periods when a high amount of
absorbing dust particles is present. Recent infrared observations of the
1998 eclipse (Mann et al., 1999; Ohgaito et al., 2002), where no feature
was observed, are, for instance, best described with dust particles that
are weakly absorbing. The F-corona polarization in the visible is close
to zero indicating the predominance of forward scattered light and pos-
sibly, as mentioned above, also a change of the (average) polarization
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Dust Environment Near The Sun 7

and geometric albedo with distance from the sun (Mann, 1996). The
size range of observed particles may change in the F-corona compared
to the zodiacal light, but still the majority of observed particles are
expected to have sizes larger than 1 um (i.e. about 107! g). The solar
corona was recently observed at visible wavelengths with the Large
Angle Spectrometric Coronagraph (LASCO) instruments C2 and C3
from the Solar Heliospheric Observatory (SOHO). They provide valu-
able information about dust from sungrazing comets as will be dicussed
in section 6. But no clear information about the spatial distribution of
dust has been derived from the data. The SOHO/LASCO observations
show that the F-corona is extremely stable in time. This might indicate
a major contribution from dust near 1 AU to the brightness rather than
provide information about the stability of the near-solar dust cloud.
Usually brightness data yield no information on the orbital distribution
in the dust cloud. Fraunhofer lines were measured in the inner zodiacal
light and through their Doppler shift provide information about the
velocity of dust particles in LOS direction. But their Doppler shifts
were not precise enough to derive orbital information on the dust (see
Mukai and Mann, 1993, for a summary).

2.3. IN-SITU MEASUREMENTS

Aside from astronomical observations, further data are obtained from
in-situ measurements in space and meteor observations of particles
entering the Earth’s atmosphere (see Fig. 5). In situ measurements
typically detect particles of sizes below several um while the majority
of meteors are observed in the size range above 100 pm.

In-situ measurements near 1 AU including meteor data (cf. Ce-
plecha, 1977) are summarized in Griin et al. (1985). These observations
are the basis of the size distribution near 1 AU that is also in agreement
with zodiacal light observations. For dust inward from Earth orbit, He-
lios impact measurements between 0.3 and 1 AU indicate the presence
of two distinct dust components (Fechtig, 1982). Dust from the major
component is in low to medium eccentricity orbits near the ecliptic,
and a second component of dust is in orbits with presumably higher
eccentricities, as indicated by its higher impact velocities. The latter
component consists of dust of low material strength (Griin et al., 1980).
The flattest trajectory observable with Helios was 4° to 10° tilted to the
ecliptic, but there is no direct information about the inclination of the
dust orbits. Differences in the material strengths of particles inferred
from the Helios in-situ measurements point to the existence of dust
components with different properties. But we show in Section 5 that the
data are insufficient to reveal a change in the size distribution for masses
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Figure 4. The calculated F-corona brightness in comparison to observations of the
IR feature: the left hand side describes a model with predominantly silicate particles
and 0.2% carbon, the right hand side describes calculations for 20% carbon particles.

between 10714 to 10710 g (which model calculations indicate to possi-
bly result from collisional fragmentation of dust). The observation of
photographic and radar meteors includes mostly sporadic meteors that
are not associated with any particular stream. The majority of sporadic
meteors (cf. Ceplecha, 1977) are concentrated to the ecliptic plane, but
less so than the zodiacal dust cloud (Kneissel and Mann, 1991a). The
orbital parameters of dust particles measured from spacecraft are esti-
mated from the spacecraft orientation and detector geometry, but these
measurements are limited by the wide opening angle of the detectors.
Recently, impact measurements with the SPACE DUST (SPADUS)
instrument aboard the Advanced Research and Global Observation
Satellite (ARGOS) attempted to directly measure the impact veloc-
ity vector relative to the spacecraft, but the statistical significance of
the acquired data was negligible (Tuzzolino et al., 2001a; 2001b). New
observations of the head echoes that are produced upon the entry of
meteoroids in the atmosphere (cf. Pellinen-Wannberg and Wannberg,
1994) allow a better estimate of initial velocities outside the Earth
atmosphere, but also in this case the number of detected impacts is
statistically small. These measurements of the dust velocity vectors
provided no sufficient data yet but may do so in the future.
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Figure 5. Different methods of dust detection near Earth: while different in-situ
instruments can also be used from deep space probes, the knowledge of larger dust
components is restricted to meteor observations taken from Earth.
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3. Dust Sources and Orbital Evolution

Interplanetary dust particles are a component of the small bodies in
the solar system. The small bodies being closely related through mutual
collisions and orbital dynamics, dust particles are the end product of
what is ascribed as the ’evolution of the meteoritic complex’. Dust
particles are released from comets and asteroids or are produced by
fragmentation of larger cometary or asteroidal fragments (meteoroids).
Other components are Kuiper belt dust (cf. Liou et al., 1996) and
interstellar dust (cf. Griin et al., 1994). Their fluxes extrapolated to
the inner solar system are small compared to those of the other com-
ponents. The Kuiper belt dust will not be considered further. Also the
contribution of interstellar dust in the inner solar system is small, but
it was measured near 1 AU and can be identified through the variation
of the flux along Earth orbit that is caused by gravitational focusing
(Mann and Kimura, 2000).

We now restrict our discussion to the evolution of the dust cloud that
is produced from comets and asteroids. The major effects that deter-
mine the distribution of dust in interplanetary space are solar gravita-
tion, the influence of magnetic fields, radiation pressure and solar wind
pressure, including the Poynting-Robertson effect, pseudo Poynting-
Robertson effect, mutual collisions, and the gravitational forces exerted
by the planets. Like meteoroids, the produced dust particles are initially
in orbits with inclinations similar to those of their parent bodies. Parent
body asteroids are in orbits with inclinations, i < 30° and eccentricities,
e < 0.1. Short period comets are in orbits with inclination, 7 < 40° and
eccentricities, e < 0.4, long period comets have inclinations ranging
from 0° to 180° with N (i)di ~ sin(i)di where N (i) denotes the number
of orbits between i and i+di (spherical distribution in number density).
The radiation pressure force deflects small particles directly outward
and they may leave the solar system after they are ejected from a
comet or formed by collision, the exact condition depending on the
initial orbital parameters. Particles for which solar gravity amounts to
more than twice the radiation pressure may stay in bound orbits. They
form the main content of the interplanetary dust cloud. The radia-
tion pressure influences the orbital evolution of this latter component
mainly through the Poynting-Robertson effect: The momentum trans-
fer caused by radiation falling onto a moving particle includes, when
seen in the reference frame of the sun, a small component anti-parallel
to the particle’s velocity that stems from the Lorentz transformation of
radiation pressure force in the frame of the particle. This is the case for
particles that move in orbital motion about the sun and are exposed to
the photon flux that is directed radially outward. The small decelera-
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tion that is induced by the anti-parallel component is denoted as the
Poynting-Robertson effect. Thus a drift toward the sun is superimposed
on the motion in Keplerian orbits and, just as collisions do, limits
the lifetime of the dust particles. In addition to radiation pressure,
bombardment with solar wind particles transfers momentum to the
dust particles. The tangential component of this drag force gives rise
to the so-called 'pseudo’ or 'plasma’ Poynting-Robertson effect. Mukai
and Yamamoto (1982) have shown that for some particles (namely
those with very low optical absorption) the drag force due to the solar
wind can exceed the drag force due to radiation pressure. Moreover, the
plasma Poynting-Robertson effect varies with the plasma parameters
and therefore depends on the latitude and on the solar activity. Ba-
naszkiewicz et al. (1994) suggest that this causes the radial migration
rates for particles close to the ecliptic to be about 5 to 10% greater than
those at higher inclinations. Although the Poynting-Robertson effect
may vary strongly with the size, composition and structure of parti-
cles, the radial drift of the particles that it causes is small compared
to the orbital velocities. Our following considerations do not directly
depend on precise assumptions of the Poynting-Robertson lifetime, but
it should be noted that the influence of radiation pressure and solar
wind pressure on dust particles is not well measured. The deceleration
of particles by the Poynting-Robertson effect reduces the eccentrici-
ties and semimajor axes of their orbits. This leads to an increase of
dust number density with decreasing solar distance. The Lorentz force
acting on charged dust particles moving in the solar magnetic field
moderately deflects the particles from their orbits (Morfill and Griin,
1979). Depending on the local magnetic field direction the particles are
subsequently pushed to either lower or higher latitudes, which broadens
the range of inclinations of the orbits but still the orbital inclinations
are similar to those that are induced by the parent bodies. Also the
gravity of the planets can deflect dust particles that closely encounter
a planet in unbound and/or high inclination orbits. But the influence
of these processes on the overall spatial distribution of the dust cloud is
small. While the inclinations of the majority of orbits are less affected,
orbital perturbations by planets modify the arguments of the perihelia
and the ascending nodes over time spans that are long compared to
the orbital period. As a result, the particles essentially form a rotation-
ally symmetric cloud. It should be noted that such a smooth spatial
distribution of the dust forms only at a sufficient distance from local
sources.

Assuming the dust particles are in bound circular orbits (eccentricity
e = 0) around the sun, the density dependence is n(r) = no(r/ro)~",
where ng is the number density at rg = 1 AU and the exponent v = 1.0.
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Orbits with eccentricity e > 0 lead to v > 1, namely a steeper increase
of dust number density toward the sun. Assuming the deceleration
of dust particles that have ’typical’ asteroidal or cometary orbits at
1 AU, the resulting orbits at 10 R have eccentricities of about 0.01 for
particles whose sources are asteroids, and about 0.1 for particles whose
sources are short-period comets (see Mann et al., 2000). (Note that
dust from comets shows a steeper density increase at larger distances
but reaches this flat slope inward from 10 Rs.) We conclude that a
dust spatial distribution proportional to !0 is a reasonably good
assumption and we describe the overall structure of the dust cloud
starting from dust near Earth’s orbit as given in the next paragraph.
The approximation is valid for dust particles in low eccentricity orbits
with inclinations < 30° assuming they stem from asteroids and short
period comets and are in majority produced outward of 1 AU. The
cumulative flux of dust with masses > m at ro = 1 AU derived from
several in-situ and meteor measurements is given as (Griin et al., 1985):

F(m,ro) = (cam*+c5)% +c(m~+crm? +cgmI7) 98 +co(m—+crom9 )90,

(1)
with ¢4 = 2.2 x 103, ¢5 = 15, ¢g = 1.3 x 1077, ¢ = 10!, g = 1077,
cg = 1.3 x 10716, ¢1g = 10, g4 = 0.306, g5 = —4.38, g5 = 2, g7 = 4,
gs = —0.36, g9 = 2, and g190 = —0.8, where F'(m,ro) is given in units of
m~2 s~ and the mass, m is given in g. The relation between cumulative
flux and cumulative spatial density N(m,r) for the case of an isotropic

flux is:
F(m,r) =<wv(r) > 1/4N(m,r), (2)

where < v(r) > is the average impact velocity and 1/4 is a geometry
factor. The average impact or relative velocity is:

< v(r) >=wo(r/ro) ", (3)

where vy = 20 km/s is the average impact speed at 79 = 1 AU. For
extrapolation to distances inside of 1 AU, the flux variation in the case
of nearly circular orbits is:

F(m,r) = F(m,ro)(r/ro) . (4)
The cumulative flux increases proportional to r~° inward to the
sun for particles in nearly circular orbits under Poynting-Robertson
drag. While the observations near 1 AU provide clear evidence for the
contribution of asteroids and short period comets to the dust cloud,
the contribution from long period comets is not well established. This
makes it difficult to estimate the cloud at high latitudes.
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4. Dust at High Latitudes

It is well established that outward from about 0.5 AU the dust cloud is
concentrated primarily in the ecliptic. Dust particles from long-period
comets will form a spherical distribution with orbital inclinations dis-
tributed isotropically. This spherical component, which is present near
the ecliptic as well as at high latitude, has half of its dust in retrograde
orbits. The observed distribution of sporadic meteors near Earth (cf.
Ceplecha, 1977) includes a small but noticeable component at high
latitude and in retrograde orbits that can be described with isotrop-
ically distributed orbital inclinations. Also some models interpreting
the visible zodiacal light assume an isotropic background component
of dust, i.e. a spherical distribution of dust with orbital inclinations
distributed isotropically. Kneissel and Mann (1991a) have shown that
models of the orbital distribution of dust derived from brightness data
agree with a component of dust at high latitudes up to 10% of the
number density of dust near 1 AU. The extrapolation of this component
to smaller distances from the sun depends on its orbital eccentricities:
If the particles are in orbits with high eccentricity then this component
increases more steeply toward the sun than the ecliptic main component
does. Zodiacal light data (describing dust outward from 0.3 AU) could
still be explained, if the number density in this component increases
as n ~ r~ % (Kneissel and Mann, 1991a) and the increase could be
clearly seen only inward of 0.3 AU. As mentioned before, F-corona ob-
servations do not reveal clear information on the dust distribution near
the sun. None of the 3D models of the zodiacal dust cloud reproduce,
for instance, the isophotes of the F-corona brightness derived from the
SOHO/LASCO observations using the scattering function derived by
Lamy and Perrin, 1986). It is reasonable to assume that the shape
of the isophotes is dominated by forward scattering from dust near
the observer, so that we cannot derive the spatial dust distribution
from them. Ulysses performed the only in-situ measurements of dust
at high latitudes. The results are not relevant in the present context
because Ulysses detected mostly interstellar dust. If measured impact
events are combined with measurements of the impact velocity, in-situ
measurements even within the ecliptic can provide information as to
whether the dust is in prograde or retrograde motion (Kneissel and
Mann, 1991b). The new dust detectors and improved radar techniques
may provide some information in the future. Already today, the distri-
bution of sporadic meteors mentioned above shows the existence of dust
in retrograde orbits. Recently, Baggaley (2002) reported the true flux
percentage of retrograde meteor orbits to be about 5%. Beside these
'normal’ retrograde orbits, there is evidence for meteor orbit that have
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high eccentricities and an aphelion at Earth, indicating their perihelia
are close to the sun, e.g. 10 R5. We conclude that zodiacal light models
and meteor data agree with up to 10% of the particles at 1 AU belonging
to an isotropic component, half of which are in retrograde orbits. The
inward extrapolation of this component is uncertain: If the particles are
in highly eccentric orbits, then the radial dependencies for the number
density and flux are steeper than those given for the ecliptic component.
An additional component outward from the ecliptic is produced by the
deflection of dust in initially low inclination orbits to high latitudes.
This will be discussed in context of the dust dynamics in the vicinity
of the sun.

5. Mechanisms of Dust Destruction

5.1. DusT DESTRUCTION AT DISTANCES BETWEEN 0.1 AND 1 AU
FROM THE SUN

In-situ measurements at 1 AU and beyond indicate collisional destruc-
tion of dust in the inner solar system: The dust experiment aboard
Ulysses detected B-meteoroids, dust particles of sizes below 1 ym mov-
ing away from the sun in hyperbolic orbits that are presumably collision
fragments of larger particles (Wehry and Mann, 1999). The analysis of
radar head echoes produced by particles of sizes greater than 100 pm,
on the other hand, shows an overabundance of ingoing particles com-
pared to outgoing particles for orbits with small perihelia (Janches et
al., 2001), which possibly indicates the collisional destruction of these
particles in the inner solar system.

Also model calculations indicate that mutual collisions of dust in-
ward from 1 AU could shift the size distribution towards smaller parti-
cles (Ishimoto and Mann, 1998; Ishimoto, 2000). Figure 7 shows differ-
ent models of the number density of dust at 0.1 AU (Ishimoto, 2000).
Collisional evolution causes a narrowing of the mass spectrum, i.e.,
the number of particles with masses m > 107¢ g is strongly reduced.
Small fragments may be removed by radiation pressure, which causes
a reduction of particles in the 107!* to 107'? g interval shown in
Figure 7. The location and the width of this gap depend on assump-
tions on the ratio of radiation pressure force to gravitational force.
Figure 8 shows the cumulative flux of dust particles predicted with
the same model calculations at 0.5 AU in comparison to results of in-
situ measurements with the ”ecliptic” sensor onboard Helios (Griin,
1981). Unfortunately, due to the limits of the Helios measurements and
the similarity of the models, we cannot rule out any of them at this
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Figure 7. The differential flux of dust at 0.1 AU near the ecliptic: The solid line
denotes the distribution derived by equations (1) and (4), compared to collision
calculations that assume (a) an increasing mass supply from 1 to 0.5 AU and then a
constant supply, (b) constant mass supply from 1 AU inward, and (c) a constant mass
supply from 1 to 0.5 AU and no additional mass supply further inward (Ishimoto,
2000).

point. Brightness observations are not suitable for a verification of the
models: Although the distribution of geometric cross sections for the
discussed size distributions changes as shown in Figure 9, we expect
the average optical properties to be more influenced by parameters
such as structure and material composition than by this variation of
the size distribution. It should be noted, however, that the small polar-
ization that was derived for dust near the sun (Mann, 1992) could be
explained with a high contribution of ym and sub-um sized particles
to the integrated brightness as opposed to the zodiacal light brightness
that stems mainly from particles of several ym and larger. It should be
noted that the relations that are used to describe the size distribution
of collision fragments largely rely on scaling laboratory measurements
to smaller particles and larger impact speeds. The parameters of high-
velocity collisional fragmentation have never been measured directly
and cannot be simulated in laboratory experiments.

If we extrapolate the dust mass distribution to about 0.1 AU (~
20 Rg) according to Equations (1) through (4) then the real fluxes
and number densities of dust with masses 1072 < m < 1077 g can be
a factor of 2 to 5 higher than the those derived from this extrapola-
tion, because these particular particles are more frequently produced
by the collision of larger particles. The real fluxes and densities for
m < 10712 g can be lower than the extrapolated fluxes and densities
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Figure 9. The area of the geometric cross section for the mass distributions of dust
at 0.1 AU shown in Figure 4 (derived by assuming spherical compact dust grains
with bulk density 2.5 g/cm?).

because they are probably blown off by radiation pressure. Those for
m > 1077 g can be significantly lower, since the particles are more fre-
quently destroyed by collisions. The size distribution of dust discussed

here is valid for latitudes < 30°. Due to a lack of information, the same
size distribution may also be assumed for high latitudes.
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5.2. DUST DESTRUCTION AT DISTANCES WITHIN 0.1 AU AROUND
THE SUN

Russell (1929) was the first to estimate the drift of particles toward
the sun as a result of the Poynting-Robertson effect and to predict
the presence of a dust free zone caused by sublimation of the dust
particles near the sun. Then Over (1958) estimated the sublimation of
SiO4 particles to predict a dust-free zone at 4 Rg. Aside from subli-
mation, erosion through sputtering by solar wind particles (Mukai and
Schwehm, 1981), and rotational bursting of grains (Misconi, 1993) are
expected to destroy dust particles inward of 20 Rs (approximately
0.1 AU) around the sun. Peterson (1963) calculated that the near
infrared brightness has a peak feature at the edge of the dust free-zone
and tried to observe this. Mie calculations for spherical dust particles
(Lamy, 1974b) have shown that particles with the absorption and scat-
tering properties of FeO-poor obsidian, depending on their size, can
exist very close to the sun (up to 2 Rg). Carbonaceous grains such as
graphite and glassy carbon sublimate near 4 R . Model calculations for
porous dust particles (Mann et al., 1994) have shown that depending on
the amount of absorbing material versus silicate material (based on the
optical properties of FeO-poor obsidian for the silicate) they can reach
as close as 2-3 R, from the sun. Pyroxene and olivine are the dominant
forms of silicate minerals in interplanetary dust particles collected in
the stratosphere of the earth (Jessberger et al., 2001). Therefore nu-
merical estimates of the dust sublimation in sungrazing comets were
based on these materials. They show that pyroxene grains sublimate
at 4-6 R and olivine grains at 10-13 R (Kimura et al., 2002). The
dust particles are also heated by solar wind sputtering. This process
was shown to increase compared to heating by solar radiation with
decreasing size of grains, but even for small grains it is small compared
to the influence of solar radiation (Mukai and Schwehm, 1981). Near
infrared observations of the 1991 eclipse from Hawaii (Hodapp et al.,
1992; MacQueen and and Greeley, 1995) can be explained if the slope
of the dust number density is continued inward to about 10 Rs and
is constant further inward (Mann and MacQueen, 1993). It is possible
and even likely that the disappearance of dust happens gradually with
heliocentric distance, depending on the size and material composition
of the dust particles (see Table I) and that the dust-free zone is possibly
not observed since it is in a region of the corona where the K-corona
signal exceeds the F-corona signal.

Misconi (1993) has discussed the rotational bursting of dust parti-
cles as another process for dust destruction. There are several different
mechanisms that cause dust rotation. Irregular transfer of solar wind
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Table I. The zone of sublimation calculated for different materials.

sphere fluffy Ref.
graphite <5 Rp <2 Rg 2,3,6,8,9
glassy carbon 4 Ro 3-4 R 10,11
magnetite 1040 Ro 7
iron 11-24.3 Rg 45
water ice 1-2.8 AU 2,5,7
FeO-poor obsidian 1.9-7 Ry 2.5-3 Ro 4,6,7,8,9,10,11
FeO-rich obsidian 2.9-6 Rp — 6,9
andesite 9-10.5 R 3,4,5
basalt 6 Ro 9
quartz 1.5-4 R 1,2,5
astronomical silicate 14 Rg 9
crystalline Mg-rich olivine 10 R 9.5-11 Rg 12
amorphous Mg-rich olivine 13.5-15.5 R 12-15 Rp 12
crystalline Mg-rich pyroxene 5 Ro 5 Ro 12
amorphous Mg-rich pyroxene 5.5-6.5 R 5-6.5 Re 12

References. — (1) Over (1958); (2) Mukai and Mukai (1973); (3) Mukai et al. (1974);
(4) Lamy (1974a); (5) Lamy (1974b); (6) Mukai and Yamamoto (1979); (7) Mukai
and Schwehm (1981); (8) Mann et al. (1994); (9) Shestakova and Tambovtseva
(1995); (10) Kimura et al. (1997); (11) Krivov et al. (1998); (12) Kimura et al.
(2002).

particle momentum due to surface irregularities ("windmill rotation’)
or irregular transfer of photon momentum due to albedo irregularities
across the surface ("Radzievskii effect’) increases during coronal mass
ejections (CMEs). These processes are effective in the corona and highly
time variable. Dust destruction by this process is expected to take place
at distances 3 < r/Rs < 8 and to vary with the solar activity. In
conclusion, we expect that inward from 10 R, dust destruction varies
with size and material composition and may even vary with time, while
we expect the size distribution to be only gradually varying between
0.1 and 1 AU. It is not clear whether the production or the destruction
of dust is the predominant mechanism between 0.1 and 1 AU. The
extrapolation that we presented describes the case of no additional
major source or sink of dust particles or meteoroids inward of 1 AU,
meaning that the dust cloud evolves from the dust and meteoroids that
are measured near the Earth orbit. The dust production from comets
inward 1 AU is discussed in the next section.
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6. Dust Production from Comets

6.1. DusT PRODUCTION FROM COMETS BETWEEN 0.1 AND 1 AU

There are no direct measurements to estimate the dust sources inward
from 1 AU but remote sensing observations point to the possibility of
dust production from comets. While the production of cm-sized and
larger fragments was shown by infrared observations of cometary dust
trails, new optical observations of a cometary dust trail, Ishiguro et
al. (2002) suggest it consists of very dark (geometric albedo < 0.01)
fragments of sizes of a few cm. Due to their low albedo and low number
density these fragments are not easily detected at visible wavelengths,
but brightness observations in the inner solar system were mainly made
at visible wavelengths. At this point, it is not clear how large the contri-
bution of these cometary fragments to the inner solar system dust cloud
could be. The dust fluxes that were measured from Helios show that
the dust production cannot be significantly larger than the collisional
losses between 0.3 and 1 AU. Also brightness data indicate that the
production most likely does not strongly exceed the dust destruction
due to collisional fragmentation. But measuring precise size distribu-
tions at various distances from the sun would allow better estimates of
the loss and supply of dust than those derived from present data. We
conclude that, although the dust production from comets between 0.1
and 1 AU is unknown, the resulting total dust fluxes between 0.1 and
1 AU do not greatly exceed the extrapolations given in Section 3.

6.2. DusT PrRODUCTION FROM COMETS INSIDE 0.1 AU

A spectacular proof of dust production near the sun is the appearance of
sungrazing comets. During early observations with space coronagraphs
Michels et al. (1982) reported a major change in the coronal brightness
distribution that lasted for more than a day and followed the observa-
tion of a sungrazing comet. The occurrence of a CME around the same
time, does not allow for a clear interpretation of the observed enhance-
ment in the coronal brightness, which was discussed by Sheeley et al.
(1982) to stem partly from the CME and partly from the comet. The
dust supply from a comet can be comparable to the dust densities in
the solar environment (Mann et al., 2000), but, due to the fact that the
coronal brightness stems to a large amount from dust components near
the Earth rather than near the sun, this does not necessarily cause an
observable variation of the coronal brightness. The sungrazing comets
that are frequently observed with SOHO/LASCO neither cause a vari-
ation of the corona brightness nor do they provide a significant dust
source: An analysis and a summary of the SOHO/LASCO observation
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Figure 10. Observation of sungrazing comets with SOHO/LASCO: the upper panel
shows a series of C2 images of the comets C/1998 K10 SOHO-54 and C1998 K11
SOHO-55. The lower panel shows the normalized light curves of YY sungrazing
comets in the field of view of the SOHO/LASCO C2 and C3 instruments from
Biesecker et al. (2002).

is given by Biesecker et al. (2002). They report the observation of 347
comets with SOHO/LASCO, most of them being Kreutz sungrazing
comets. The brightness distributions of the Kreutz comets detected
with SOHO/LASCO indicate an increasing number of comets with
decreasing size and the size distribution of nuclei is probably described
with a power law. The diameter of the sungrazing comet SOHO-6 is
estimated to be 6.7 m (Raymond et al., 1998) and the radii of SMM?
comets (SMM-10, SMM-7, or SMM-5) were estimated to be 16 m (Mac-
Queen and and St. Cyr, 1991). The number of comets observed with

3 SMM stands for Solar Maximum Mission, where these comets were discovered
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a limit of 9th magnitude is about 60 comets/year and the extrapo-
lated total is 180 comets/year. It seems that the number of observed
fragments is currently decreasing. The observed cometary light curves,
although different in the absolute magnitude, are very similar in their
relative slopes (Biesecker et al., 2002) and can be divided into two
groups with virtually identical light curves having their maxima about
1 Ry apart (at 11.2 and 12.3 Ry) and having slightly different slopes.
These maxima were attributed to the sublimation of dust particles
consisting of crystalline or amorphous olivines, respectively (Kimura et
al., 2002) that are assumed to make up a significant component of the
coma brightness. For some comets that can be observed at r < 12 R,
sudden increases in the light curve inside 7 R, may indicate fragmen-
tation of a nucleus but this can also be explained by the sublimation
of pyroxene particles. The Kreutz group sungrazing comets have per-
ihelion distances, ¢, 0.004 < ¢ < 0.01 AU, eccentricities, e ~ 1 and
inclinations, 128 < i < 145° (Marsden, 1967; Biesecker et al., 2002).
For an estimate of the dust supply, we assume a spherical comet of 20 m
radius is fragmented into 10 pm spherical particles and distributed in
a sphere of 10 R, radius. An estimated number density of 10717 cm ™3
is found, which is below typical densities of 107 cm™ for particles
of this size range. We assumed this large size of dust grains, since for
size distributions that are similar to that in the interplanetary dust
cloud, the majority of mass would be contained in fragments of this
size. But analysis of the dust tails of sungrazing comets shows that the
sungrazers emit small particles of sizes a = 0.1 um (Sekanina, 2001) and
that the dust in the sungrazing comets has a narrow size distribution.
When making this rough estimate for 0.1 pum spherical particles, the
number density amounts to 1072 ¢cm™3. Moreover, the dust that is
produced by sungrazers will quickly leave the solar corona: The Kreutz
comets are in highly elliptic or hyperbolic orbits, their speed is ap-
proximately 230 km/s at 7 Rs and can be described as bodies with
initial speeds of zero at infinity that fall into the sun. Dust grains
released from the sungrazers are in similar orbits. Sungrazing comets
of the Kreutz group form two sub groups based on different perihelion
distances and ascending nodes (Marsden, 1967). From SOHO/LASCO
observations, a further comet group with currently 33 members (Meyer
group) and two groups with 14 members each (Marsden group, Kracht
group) were identified in near-sun orbits (see Marsden, 2002 and IAU
Circular 7832). The perihelion distances of the three groups are 0.036,
0.047, and 0.047 AU, respectively. The size of these comets is likely to
be similar to the Kreutz family fragments SOHO sees, but because of
the larger perihelion distances, the smallest members of the groups are
probably not detected. The apparition rates of these comet groups and

dust_1.tex; 7/07/2003; 12:07; p.21



22 Mann et al.

therefore the input to the near-solar dust cloud are clearly below those
of the Kreutz group comets. We conclude that the dust supply from the
frequently observed sungrazing comets is negligible. The dust supply
from larger comets near the sun can produce dust density enhancements
that are comparable to the dust densities in the solar environment
(Mann et al., 2000). This rarely happens but can raise the dust density
over time spans of weeks. While the expected total number densities
within 0.1 AU around the sun may not vary considerably from the
extrapolation given in Section 3, the description of size distributions
and fluxes depends on the dust dynamics near the sun.

7. Dust Dynamics Near the Sun

Although the overall distribution of dust in the solar system seems
stable on the time scales of our space missions, the dust dynamics
becomes complex in the vicinity of the sun. Lorentz and radiation
pressure forces increase since the solar magnetic fields and the solar
radiation increase and since dust particle may attain a higher electric
surface charge. Particles that are only moderately deflected at large
distances experience a significant change in their orbital inclination,
even if the increase of surface charge is not taken into account (Morfill
and Griin, 1979). If the influence of the Lorentz force becomes even
stronger, then particles can be deflected into randomly oriented orbits.
The dust dynamics are also influenced by transient events, like the
increasing solar wind drag during CMEs (Misconi and Pettera, 1995).
There are no direct measurements of these processes and the number
of unknown parameters prevents us from making precise estimates. In
order to obtain a qualitative idea of the dust evolution in the vicinity of
the sun, we here refer to model calculations that give a scenario of the
dynamics of dust particles that reach the vicinity of the sun within the
'main’ component of the interplanetary dust cloud in orbits with low
inclination and low eccentricity. The calculations by Mann et al. (2000)
describe the dynamics of charged dust particles under solar magnetic
field parameters that are derived from observations, the dust surface
charge was estimated based on the influence of the solar wind and the
solar photon flux. The derived distributions in latitude for small dust
particles near the Sun is shown in Figures 11a and 11b. Assuming an
initial distribution with latitudes £30°, dust particles of size 2-5 pum
will be scattered to latitudes +50° at 10 Rg. Particles in the size range
0.5—2 pum show the strongest variation with the solar magnetic field.
They reach latitudes of < £70° for weak magnetic fields and as high
as £90° for strong magnetic fields. Smaller silicate particles are almost
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Figure 11. The variation of dust number density with latitude due to Lorentz force
perturbations for compact silicate particles with an initial distribution £30°. The
solid line denotes an average profile for the entire solar cycle, the dashed line shows
the profile for a strong magnetic field (1982) and the dotted line the profile for a
weak magnetic field (1991). The upper figure shows particles with sizes 0.5-2 pm.
The lower figure shows number densities for particles with sizes 2-5 pm.

randomly distributed at all phases of the solar cycle. Small carbon dust
particles are ejected before their orbits can be randomized. We conclude
that dust particles beyond 10 pm in size are only weakly influenced by
the solar cycle magnetic field variations and that this can be neglected.

In addition to the Lorentz force, radiation pressure becomes more
important close to the sun. The (-ratio, the ratio of radiation pressure
force to solar gravitational force, increases when the sizes of particles
are diminished either by sublimation or by collisional destruction. Ra-
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diation pressure can also lead to the formation of B-meteoroids that are
ejected from the corona into hyperbolic orbits and leave the near-sun
environment. The interplay of sublimation and increasing [-ratio for
the diminished size of dust particles (see Figure 12) can lead to the
formation of dust rings (see Mukai et al., 1974). Recent estimates for
the dust number density in the dust rings indicate enhancement < 2
over a distance of less than 1 Rg for silicate particles (porous, fluffy)
with initial eccentricities e < 0.1 when averaged over 0.2 R distance
range. For carbon particles, the predicted maximum enhancement in
number density is a factor of 4. The strongest enhancement is seen for
10 pm fluffy carbon particles, but only if the initial orbits are almost
circular (Mann et al., 2000). Carbon and silicate are used as examples
for absorbing and less absorbing material.

8. Results

Our knowledge of the near-solar dust environment, at present, is lim-
ited to theoretical modeling and remote sensing. The complexity of
interactions that are expected for the near-solar dust will constrain our
estimates for particles with sizes smaller than a few pum, but still, we
can summarize our knowledge for the near-solar dust parameters in a
way that helps spacecraft designers.

a) The mass distribution of dust at 1 AU can be extrapolated toward
the sun to about 0.1 AU (~ 20 Ry ) with a dependence of ~ 7~ (Fig-
ure 1 and Equation 1). Assuming a density of 2.5 g/cm? independent
of the size of dust particles over the entire mass interval leads to a
reasonable estimate of the size distribution. Due to collisional frag-
mentation and the influence of radiation pressure, number densities
of dust with masses m < 107 g may differ by one order of magnitude
from this extrapolation and number densities for m > 1077 g can
be significantly lower. The size distribution discussed here is valid
for the dust at latitudes within 30° of the ecliptic plane. Due to a
lack of information, we assume the same size distribution for high
latitudes. Inward from 20 R the size distribution changes as a
result of sublimation in a presently unknown way, depending on
the material properties of dust.

b) The dust number density at latitudes within 30° of the ecliptic plane
is approximated with equations (1) and (2) and varies with distance
from the sun as n(r) ~ r~1. The dust density above the poles is
model dependent and ranges from zero to densities that are of the
same order of magnitude as the ecliptic component. The increase
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Figure 12. Dust ring formation depicted with the evolution of particle size vs. dis-
tance from the sun for carbon particles (dashed lines) and silicate particles (thick
solid lines). The change in distance from the sun is caused by direct radiation pres-
sure and Poynting-Robertson drift, respectively. While silicate particles disappear
due to the sublimation, carbon particles are exposed to higher radiation pressure
force compared to solar gravity once their size is reduced by sublimation. As a result
they are pushed to larger distances and the sublimation rate decreases again until
the Poynting-Robertson effect brings them inward to the sublimation zone again.
The exact slope of this size-distance curve depends on the exact initial conditions
but this interplay of radiation pressure and sublimation leads to an enhancement of
dust number density at the sublimation zone. The thin horizontal line shows the size
limit of carbon particles that are rejected by radiation pressure and cannot reach
the vicinity of the sun.

of dust number density in a possible dust ring near the sun in the
ecliptic plane extends over a region of width ~ 1 R in the radial
direction. The enhancement amounts to a factor of 4 or less over a
distance range of 0.2 Rg. This is only expected for particles of sizes
a <10 pm.

¢) The majority of dust near the sun is in Keplerian, near-circular,

near-ecliptic orbits. Particles that drift toward the sun due to de-
celeration resulting from the Poynting-Robertson effect are in orbits

dust_1.tex; 7/07/2003; 12:07; p.25



26 Mann et al.
100 T T T T T T T T T T T T
107 R, .
N
107 b S, 1
10° i
10 .
4 10° g
N -6 i
£ 10
w 107 .
108 .
9 Model atr = 0.1 AU
107 F collision a
T el EETEED collision b
1 -.--- collision ¢ )
107" —— no collision ' . 1
10-12 1 1 1 1 1 1 1 1 1 ‘ 1 ~1" sl
10" 10 10" 10%? 10" 10% 10° 10® 107 10° 10° 10" 10° 102
m (9)
Figure 13. The mass distribution of dust shown as the cumulative flux at 0.1 AU

(from Ishimoto, 2000) compared to the flux that is extrapolated from the distribution
at 1 AU given on Equation (1) in Section 3. Equation (2) describes the conversion

from fluxes to number densiti

es.

Table II. Dust fluxes inward of 10 Ry averaged over the solar cycle. The fluxes near

the ecliptic are several times
The fluxes are estimated for
plane and given in m~2 s*

higher than the listed mean flux at latitude < 30°.
a spacecraft moving in a circular orbit in the ecliptic
(Mann et al., 2000) and averaged of latitudes within

30° around the ecliptic and outward from 30° around the ecliptic.

2 ,—1

distance from ecliptic dust flux in m™* s

the sun latitude 0.5-2.0 pm 2-10 pm > 10 pm

8-10 Ro < 30° 3.1073 1-1073 7-107*
> 30° 6-107° 9.107° —

6-8 Ro < 30° 5.1073 1-1073 1-1073
> 30° 2.107* 3.107° —

4-6 Ro < 30° 8.1073 2.1073 2.1073
> 30° 3.1074 8.107° —

2-4 R < 30° 1-1072 4.1073 1-1073
> 30° 1-1073 1-1074 —

with eccentricities e <

0.1 and inclinations i < +40°, at » < 0.1 AU.

Even for collisional fragments, the orbits are similar. Exceptions
are (-meteoroids moving in hyperbolic orbits. Inward of 10 Rg,
particles may have orbits with higher eccentricities as well as higher
inclinations. Based on our discussion, we conclude that the dust

fluxes at 1 AU can be

extrapolated toward the sun to about 0.1 AU
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(~ 20 Ry). The flux rate dependence is ~ r~15. The fluxes of dust
with masses 107!2 < m < 1077 g can be a factor of 2 to 5 higher
than this extrapolation. Fluxes for m < 10~'2 g can be lower than
the extrapolated values, fluxes for m > 10~7 g can be significantly
overestimated.

The given flux estimate is valid for latitudes within 30° of the eclip-
tic. We expect that the orbits of dust particles with sizes a < 10 ym
varies with the solar magnetic field. An estimate for the average
dust fluxes in the solar corona close to the ecliptic and outward
from the ecliptic is given in Table II. However, no dust that reaches
the vicinity of the sun already in high inclination orbits is included
in this estimate. The given dust fluxes above the solar poles solely
stem from particles that were deflected out of their near-ecliptic
orbits.

We expect a direct production of dust from comets to take place
inward from 1 AU, but existing data are not precise enough to
quantify these sources. The dust production from the frequently
observed Kreutz group comets is negligible. The dust production
from larger comets near the sun that are rarely observed, however,
can temporarily be comparable to the dust densities in the solar
environment.

Coronal observations in the visible wavelength range during eclipse
or remote observations in the visible or infrared from spacecraft do
not greatly improve the knowledge about dust near the sun. Aside
from observational problems and problems of the inversion of the
LOS brightness, the brightness data are biased to the larger end
of the dust size distribution. Only in-situ measurements reveal the
distribution of the small grains that show the interaction with the
solar plasma and magnetic field in the corona and that make the
dust cloud in the solar environment so unique.

9. Interactions with the Interplanetary Medium

The majority of refractory solids that are thought to be present in cos-
mic dust sublimate within several 1/10 AU around the Sun with some
particles reaching as close as a few solar radii to the sun (see Figure 14).
Through sublimation molecules and ions are released into the ambient
interplanetary medium and in majority photo-ionized by solar UV ra-
diation. Aside from the direct production of ions in the interplanetary
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meteoritic contribution to the corona:
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Figure 14. Meteoritic contributions to be expected in the solar corona are zodiacal
dust particles in Keplerian, in majority prograde orbits around the sun, particles in
hyperbolic orbits that are ejected by radiation pressure and/or Lorentz force, and
small amounts of interstellar dust and dust from sungrazing comets

medium, dust particles are thought to provide a catalytic surface for
solar wind processes. It is known from lunar samples that their outer
layers are saturated with solar wind particles and this is also expected
for the dust (Banks 1971 ). Moreover the recombination of solar wind
particles on the surface of grains is expected to generate neutral atoms
in the interplanetary medium (Fahr et al., 1981; Gruntman, 1996) and
even the infall of heavy meteoritic ions into the solar corona is discussed
to influence the solar wind composition (Lemaire, 1990). Fahr et al.
(1981) suggest that the presence of dust particles in the solar wind
plasma leads to the adsorption of solar wind particles on the surface
and within the surface layer and to subsequent desorption of neutrals.
They predict that inside 0.5 AU density of neutral hydrogen produced
by this process exceeds that of the interstellar hydrogen density. For
the case of helium the dust-generated component exceeds the interstel-
lar component inward of about 0.05 AU. Gruntman (1996) estimated
the different branches of the hydrogen evolution in the interplanetary
medium. All these scenarios have this in common, that at the present
time they are not directly proven by experiments.

The presently most widely discussed case of dust interactions in the
interplanetary medium is that of the pick-up ions. Pick-up ions are
produced through ionisation of neutrals in the interplanetary medium.
After being released they are carried away with the solar wind. Gyration
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about the magnetic field lines transported with the solar wind plasma
generates a velocity distribution of the pick-up ions that ranges from
zero to twice the solar wind speed. This velocity distribution allows one
to distinguish pick-up ions from the solar wind. Moreover, for heavier
elements pick-up ions can be distinguished by their usually single charge
state as opposed to the high charge states that are typical for the solar
wind ions that stem from the corona. The major source of pick-ions
are interstellar neutral atoms entering the solar system. Interstellar
He™ pick-up ions were first observed in 1985 (Mobius et al., 1985).
Together with other observations they are now used to estimate the
neutral gas content of the local interstellar medium that the solar sys-
tem is embedded in (Gloeckler and Geiss, 1998, 2001). Measurements of
the SWICS experiment aboard Ulysses discovered a second component
of ’'inner source’ pick-up ions that are not associated with interstellar
neutrals (Geiss et al., 1996), at present identified for the elements H,
He, C, N, O, Mg, Si, and Ne. The production of inner source pick-up
ions is assumed to be correlated to the presence of dust and possibly
to stem from the adsorption and subsequent desorption of solar wind
ions (Gloeckler and Geiss, 1998, 2001, Schwadron and Geiss, 2000).
The connection between dust and solar wind pick-up ions may also be
reflected in the composition of anomalous cosmic rays (cf. Cummings et
al., 2002). Dust fluxes and mass distributions measured together with
solar wind pick-up ions will allow to study the connection between
dust and pick-up ions. More detailed studies are needed to trace the
evolution from the inner source, through the formation and evolution
of pick-up ions to the acceleration of anomalous cosmic rays.

A further point to be mentioned in the context of interactions is that
of the influence that dust impacts have on spacecraft environments. The
impact of dust particles on a solid target in space with the impact ve-
locities that are expected in the inner solar system causes the complete
destruction, sublimation, and ionisation of the dust particlse and also of
some target material. The resulting impact ionisation clouds have been
observed before: The Planetary Radio Astronomy instruments aboard
the Voyager 1 and 2 spacecraft recorded a characteristic intense noise
during crossing of the Saturn and Uranus rings. Also dust impacts on
the Giotto spacecraft were observed to influence the time variation
of the measured magnetic field; and simultaneous events were seen in
the plasma analyser and an ion mass spectrometer. Other signals in
plasma and magnetic field measurements that are possibly connected
to dust impact were reported for Voyager 1 and 2 in the outer solar sys-
tem, for ICE (International Cometary Explorer) during the encounter
at comet Giacobini-Zinner and recently during the DS1 encounter at
Comet Borrelly. The complexity of the impact ionization process and
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Figure 15. The velocity distribution of pick-up ions relative to the solar wind.

the non-linearity of the magnetic field response prevent us from deriving
exact impact parameters from the experimental results. Dust fluxes are
especially high in the inner solar system and fluxes of small particles
are expected to be time-variable. Therefore, monitoring the dust fluxes
is an important tool for determining the influence of dust impacts on
plasma and field measurements aboard near-solar missions.

10. Summary

The major sources of the dust population in the inner solar system are
long- and short-period comets, asteroids and interstellar dust. The pro-
duction processes of dust inside Earth orbit are: Poynting-Robertson
deceleration of particles outside of 1 AU, fragmentation of dust due
to particle-particle collisions, and dust production from comets. Dust
measurements aboard Helios between 0.3 and 1 AU already point to
the existence of different components in the dust cloud, but the relative
contribution of these different sources is unknown. The direct produc-
tion of dust from cometary fragments inside Earth orbit is confirmed
by the observation of sungrazing comets and their dust production,
but the amount of the dust production from comets could so far not be
derived from experimental data. The loss processes are: dust collisional
fragmentation, sublimation, radiation pressure acceleration, and rota-
tional bursting. These loss processes as well as dust surface processes
release dust compounds into the ambient interplanetary medium. We
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hence expect the dust cloud in the inner solar system to be connected to
the production of inner source pick-up ions, but the exact production
mechanisms are not adequately quantified at present. Lorentz forces
associated with particles of sizes a < 5 pm can lift these particles
to high latitudes, providing a sink for near-ecliptic dust and a source
for dust at high latitudes. Between 1 and 0.1 AU the present best
estimates come from inward extrapolation of 1 AU measurements, as-
suming radial dependences on the distance r from the sun as »~1% and
r~15 for the number density and flux, respectively. Observations have
confirmed the general accuracy of these assumptions. These estimates
are accurate for regions within 30° latitude of the ecliptic plane. The
dust fluences are considerably lower at higher (absolute) latitudes, but
the accuracy of the given fluxes is less certain there. Calculations show
that dust collisions change the size distribution inward of 1 AU and
that sublimation reduces the size of particles inward from 0.1 AU.
If the size of particles becomes sub-pm, they might be blown out of
the near-sun environment by radiation pressure. Long-period comets
produce dust particles at high inclination orbits in the out-of-ecliptic
region. Meteor data indicate that the out-of-the-ecliptic plane particles
crossing the lower latitude regions can produce as much as 10% of the
in-plane fluxes near 1 AU. It is estimated that half of these particles are
in a retrograde orbit. The inward extrapolation of this out-of-ecliptic
component is uncertain and its increase with decreasing distance from
the sun is possibly steeper than for the ecliptic component. We show
that under present conditions no prominent dust ring exists near the
sun. The dust production from comets between 0.1 and 1 AU from the
sun cannot be accurately estimated at this time but it is concluded that
the contribution from sungrazing comets is negligible in the context of
the overall dust environment in the inner solar system.

Although the solar environment can be directly seen from Earth,
observational results do not provide a full picture of neither the dust
properties near the sun nor its interactions with the surrounding inter-
planetary medium. The outcome of the SOHO mission shows that even
excellent remote observations cannot provide insights into the physical
processes associated with dust particles in a plasma and magnetic field
environment: As a result of the line-of-sight geometry the remote corona
observations are strongly influenced by brightness components that
stem from regions distant from the sun and from the Earth environ-
ment. Moreover, the brightness that stems from the near-solar region
is biased to those large dust grains that provide the majority of the
geometric and cross-sectional area. Hence, even brightness observations
from spacecraft positioned in the inner solar system will not reveal the
complex dynamics of small dust particles, nor would they allow one to

dust_1.tex; 7/07/2003; 12:07; p.31



32 Mann et al.

derive the size distribution of dust. Several of the physical processes
that were discussed through this manuscript are presently not directly
measured, but rather derived from theory: The parameters of collisional
fragmentation are derived from empirical scaling laws. The heating of
dust particles is theoretically determined by calculating the balance
of absorbed and emitted radiation and sublimation parameters are
extrapolated from measurements under atmospheric conditions. The
model of the recombination of solar wind ions on the surface of dust
grains is solely based on theoretical considerations, as are the estimates
of the electric surface charge that the grains attain in the interplanetary
medium. The impact ionization process was measured of some materials
for the impact parameters that can be realized with dust accelerator
experiments. All these processes occur in the context of several other
astrophysical phenomena. The inner solar system provides the unique
opportunity to study these processes in-situ as can be illustrated for the
case of the electric surface charge: Small dust particles are deflected in
the interplanetary magnetic field. The degree of this deflection depends
on the surface charge and on the exact magnetic field parameters. near-
solar missions will allow to measure all relevant parameters: the solar
radiation and solar wind parameters that cause the surface charge, the
magnetic field that causes the deflection and the orbits of the deflected
dust particles.

For this reason it is recommended that in-situ measurements be
taken. Main goals for these measurements are to study the collision
evolution of the inner dust cloud and the dynamics of small grains, to
search for fresh cometary dust in the inner solar system and to observe
interactions with the solar wind. To study physical interactions with the
interplanetary medium in-situ studies would benefit from the combina-
tion with plasma and field measurements. Dust in-situ measurements
have been extremely successful in the past not only aboard Helios but
also with for instance Ulysses in the outer solar system. Missions to the
solar vicinity are suggested and shown to be feasible with, for instance,
Solar Probe (Tsurutani and Randolph, 1991; Md&bius et al., 2000) and
Solar Orbiter (Marsch et al., 2002). The basic questions to be addressed
with dust measurements are:

- what are the mass distributions and the fluxes of dust particles as
function of the distance from the sun and at varies helio-ecliptic
latitudes;

- what is the amount of dust in bound orbits about the sun in
comparison to the amount of dust in hyperbolic orbits, and how
does this relation change with the mass of the grains and with
distance from the sun;
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- what is the size limit between particles in Keplerian orbits and
particles that are predominantly influenced by the magnetic field;

- what is the correlation of dust fluxes with fluxes and velocity distri-
butions of pick-up ions, what is the correlation with plasma wave
measurements and is there any correlation to other measurements;

- what are the major elemental compositions and the bulk density
of the dust particles and how do they vary with distances from the
sun and are these parameters correlated with the size of particles.

Measurements of the dust elemental composition are desirable but
extremely difficult (see Mann and Jessberger, 2003). Relatively simple
dust experiments to measure mass and flux rates are state of the art,
yet can provide valuable information. Their scientific return can im-
prove through combination with laboratory studies and already help
to constrain models of their chemical composition and structure. The
combined analysis with particle and field measurements will enhance
the scientific return of dust measurements and will allow a further step
towards the understanding of the astrophysics of dust.
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