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PREFACE

This joint IAU and COSPAR Colloquium, held at the campus of The University of Kent at
Canterbury from April 10 to 14, 2000 brought together 129 scientists from 18 countries. It
was a continuation of the tradition of holding meetings at regular intervals of a few years in
order to review the progress in a broad range of disciplines that are relevant to the study of
interplanetary dust and to help to unify progress made through observations, both in situ and
from the ground, theory and experimentation. The series of meetings started in Honolulu,
Hawaii (USA) in 1967, followed by Heidelberg (Germany) in 1975, then Ottowa (Canada) in
1979, Marseilles (France) in 1984, Kyoto (Japan) in 1990 with the last being in Gainesville,
Florida (USA) in 1995.

Since the Gainesville meeting, there have been dramatic changes in the field resulting from
in-situ space experiments, Earth orbiting satellites and ground based observations. The
brightest comet since the early years of the twentieth century, comet Hale-Bopp, appeared,
giving an invaluable opportunity to see in action one great source of interplanetary dust.
Similarly, the Leonid meteor shower has been at its most active since 1966, producing
spectacular displays of meteors and allowing for an array of observational techniques, not
available in 1966 to be used, while theory has also been refined to a level where very accurate
predictions of the timing of meteor storms has become possible. Prior to the meeting we
observed a total eclipse of the Sun in SW England and Northern Europe, traditionally a good
opportunity to observe the Zodiacal cloud. Our knowledge of the Near-Earth Asteroid
population has also increased dramatically, with the increased study arising from the
heightened awareness of the danger to Earth from such bodies. Extrasolar planets have been
discovered since the last meeting and it is recognised that we can now study interplanetary
dust in other Planetary Systems. Since much of the dust observed in such systems is at a
distance of order 100 AU from the star, this brings into focus the production of dust in the
Edgeworth-Kuiper Belt of our own system. Recent years have seen a recognition of the
importance of dust originating outside our own system, that is now present in the near-Earth
environment. As is always the case when great strides take place observationally, much
theoretical work follows, and the same is true in this instance.

While data about the interplanetary medium from Venus to Jupiter was beginning to be
available at the last meeting, the data from both Galileo and Ulysses have now been more
fully analysed, with a corresponding increase in our knowledge. Since then however
information from SOHO and MSX have become available, giving new insight into the dust
population close to the Sun. In addition, ISO allowed us to study the radiation emitted from
dust (as opposed to its more normal obscuring properties). There are also new space missions
in various stages of planning, Particularly STARDUST and ROSETTA, that will produce a
whole new dimension to our knowledge of dust production in the Solar system.

The scientific Organizing Committee was responsible for defining the scientific content
and selecting the invited reviews. These proceedings contain 13 invited reviews and invited
contributions, and 46 contributed papers. The papers reflect the thematic approach adopted at
the meeting, with a flow outwards (from meteors in the atmosphere, through zodiacal dust
observation and interplanetary dust, to extra solar planetary systems) and returning (via the
Edgeworth-Kuiper belt and comets) to the Earth, with laboratory studies of physical and
chemical processes and the study of extra-terrestrial samples.

Simon Green, Iwan Williams, Tony McDonnell, Neil McBride.
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33 YEARS OF COSMIC DUST RESEARCH

“Welcome to Canterbury 2000”, extended to the Interplanetary Dust community, was
phased to mark progress in research over 33 years at Kent. The group, founded by Roger
Jennison and myself in 1967, commenced research with space dust experiments involving
collaboration with Otto Berg of NASA GSFC, later taking a big stride forward with the
NASA and USSR Lunar Sample analyses. Deep space experiments on Pioneers 8 and 9,
developed by Merle Alexander and Otto Berg showed the potential, and high reliability,
needed for measurements in sparsely populated interplanetary space. With dust accelerators
then at Kent and at Heidelberg, experiments such as those on Ulysses and Galileo were able to
be proposed and, vitally, calibrated; impact detectors for the Giotto Halley Mission, for
Cassini and now for Stardust followed. Results, which will be flowing for many years,
provide that vital in-situ link between distant regions and observations at planet Earth.
Equally vital to this “ground truth”, albeit in space, are the fields of modelling, laboratory
measurements, radar studies and extended astronomical measurements such as those of the
Zodiacal Light. Without these different approaches and the different data acquired, each
would be the weaker. These proceedings underscore the breadth and strength which has
developed since that first coherence was created in “Cosmic Dust” (1978).

The Canterbury welcome coincided with farewells from the majority of space academics
who, with their equipment, expertise and experience, joined the well established lines of
success developed by Colin Pillinger at the Open University, Milton Keynes.

Success for a research group is very much due to the efforts and response of each
individual; the essential contributions are not confined to academics. I thank therefore all of
the group members throughout my time at Kent and all of the UK and International colleagues
who have been both a stimulus and pleasure in sharing a career at Canterbury.

From The Open University ..... where even greener pastures may unfold!

/\-M(j "
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Meteoroid streams and meteor showers
L.P.Williams?

2Astronomy Unit, Queen Mary and Westfield College,
Mile End Rd, London E1 4NS, UK

The generally accepted evolution of meteoroids following ejection from a comet is first
spreading about the orbit due to the cumulative effects of a slightly different orbital
period, second a spread in the orbital parameters due to gravitational perturbations,
third a decrease in size due to collisions and sputtering, all in due course leading to
a loss of identity as a meteor stream and thus becoming part of the general sporadic
background. Finally Poynting-Robertson drag causes reduction in both semi-major axis
and eccentricity producing particles of the interplanetary dust complex. The aim of this
presentation is to review the stages involved in this evolution.

1. HISTORICAL BACKGROUND

This meeting is about dust in our Solar System and Other Planetary Systems. Planets
have been discovered in about 30 nearby systems, but in these we have not as yet observed
dust. On the other hand, a number of young stars are known to have a dust disk about
them, but in these direct detection of planets is absent. At present, our system is the
only one where dust and planets, as well as comets and asteroids to provide a source
for the dust is present. Many phenomenon show the presence of the interplanetary dust
complex, the zodiacal light, grains captured in the near-Earth environment as well as a
number of in-situ measurements from spacecraft both in Farth orbit and in transit to
other regions of the Solar System. We start the discussion with proof that must have
been visible to humans since pre-history, namely the streaks of light crossing the sky
from time to time, popularly called shooting stars, but more correctly known as meteors.
Indeed, many of the ancient Chinese, Japanese and Korean records, talk of stars falling
like rain, or many falling stars. A detailed account of these early reports can be found in
the work of Hasegawa [1]. The same general thought probably gave rise to the English
colloquial name for meteors, namely Shooting Stars. In paintings of other events, meteors
were often shown in the background (see for example {2]). These historical recordings are
very valuable, for they show that the Perseids for example have been appearing for at
least two millenia. Recording and understanding are however two different things so that
the interpretation of these streaks of light as interplanetary dust particles burning in the
upper atmosphere is somewhat more recent. The reason probably lies in the belief that
the Solar System was perfect with each planet moving on its own well determined orbit.
Such beliefs left no room for random particles colliding with the planets, especially the
Earth. Meteors were thus regarded as some effect in the atmosphere akin to lightning,

-3-



LP. Williams

hence the name. About two centuries ago the situation changed. First, there were a
number of well observed meteorite falls where fragments were actually recovered. This
at least proved that rocks could fall out of the sky though it did not by itself prove that
they had originated from interplanetary space. however, as more observations of meteors
took place, so thoughts changed. The measurement of the height of meteors as about
90km by Benzenberg & Brandes in 1800 [3] in essence spelt the end of the lightning
hypothesis. When Herrick (1837, 1838) [4,5] demonstrated that showers were periodic on
a sidereal rather than a tropical year, the inter-planetary rather than terrestrial in origin
was proved.

2. OVERVIEW OF METEOR SHOWERS

Meteors can be seen at any time of the year, appearing on any part of the sky and
moving in any direction. Such meteors are called sporadic and the mean sporadic rate is
very low, no more than about ten per hour. Nevertheless, the flux of sporadics, averaged
over a reasonable time span, is greater than the flux from any major stream averaged over
the same time span. The major streams appear at well-determined times each year with
the meteor rate climbing by two or three orders of magnitude. For example around 12
August meteors are seen at a rate of one or two per minute all apparently radiating from
a fixed well determined point on the sky, called the radiant. This is the Perseid meteor
shower, so named because the radiant of this shower lies in the Constellation of Persius.
This behaviour is generally interpreted in terms of the Earth passing through a stream
of meteoroids at the same siderial time each year. Olmstead [6] and Twining [7] are
credited with first recognizing the existence of a radiant. Many of the well-known showers
are rather consistent from year to year, but other are not. The best-known of these
latter is the Leonids, where truly awesome displays are sometimes seen. For example,
in 1966, tens of meteors per second were seen. Records show that such displays may be
seen at intervals of about 33 years, with the displays of 1799, 1833 and 1966 being truly
awesome, but good displays were also seen for example in 1866 and 1999. These early
spectacular displays helped Adams [8], LeVerrier [9] and Schiaparelli {10], all in 1867,
to conclude that the mean orbit of the Leonid stream was very similar to that of comet
55 P/Tempel —Tuitle and that 33 years were very close to the orbital period of this comet.
Since then comet-meteor stream pairs have been identified for virtually all recognizable
significant stream.

These simple facts allow a model of meteor showers and associated meteoroid streams
to be constructed. Solid particles (meteoroids) are lost from a comet as part of the
normal dust ejection process. Small particles are driven outwards by radiation pressure
but the larger grains have small relative speed, much less than the orbital speed. Hence
these meteoroids will move on orbits that are only slightly perturbed from the cometary
orbit, hence in effect generating a meteoroid cloud about the comet which is very close
to co-moving with the comet. As the semi-major axis of each meteoroid will be slightly
different, each will have a slightly different orbital period, resulting in a drift in the epoch
of return to perihelion. After many orbits this results in meteoroids effectively being
located at all points around the orbit. With each perihelion passage a new family of
meteoroids is generated, but, unless the parent comet is heavily perturbed, the new set
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of meteoroids will be moving on orbits that are almost indistinguishable from the pre-
existing set. Various effects, drag, collisions, sputtering, will remove meteoroids from the
stream, changing them to be part of the general interplanetery dust complex and seen on
Earth as Sporadic meteors.

An annual stream is thus middle-ages, with meteoroids having spread all around the
orbit so that a shower is seen every year. In a very old stream where the parent comet
may not still be very active, the stream is never very noticeable, but again constant each
year. A very young stream on the other hand will only show high activity in certain years
only since the cloud of meteoroids has had insufficient time to spread about the orbit.

3. THE LIFE OF A METEOROID STREAM

The basic physics behind the process of ejecting meteoroids from a cometary nucleus
became straightforward as soon as a reasonably correct model for the cometary nucleus
became available. Such a model for the nucleus was proposed in 1950 by Whipple [11],
the so called dirty snowball model, in which dust grains were embedded in an icy matrix.

As the comet approaches the Sun, the nucleus heats up until some of the ices sublime
and become gaseous. The heliocentric distance at which this occurs will depend on a
number of parameters, the composition, the albedo and the rotation rate for example,
but the process which follows this is independent of these details. When sublimation
occurs, the gaseous material flows outwards away from the nucleus at a speed which is
comparable to the mean thermal velocity of the gas molecules.

Any grains, or meteoroids not still embedded in the matrix will experience drag by the
outflowing gas. The outward motion of the meteoroid will be opposed by the gravitational
field of the comet nucleus and a meteoroid will escape from the cometary nucleus into
inter-planetary space only if the drag force exceeds the gravitational force. Now, drag is
roughly proportional to surface area while gravity depends on mass, thus smaller grains
might experience a greater acceleration while gravity will win for grains over a given size.
Hence there is a maximum size of meteoroid that can escape, though this size might vary
from comet to comet depending on the size and activity level of the comet. The final
speed achieved by any meteoroid that does escape will similarly depend on these factors
as well on the grain properties. These considerations were first quantified by Whipple
[12]. He obtained

: 1
R? = 4.3 x 10°Re (—-7 - 0.013Rc) ; (1)

bor?

where ¢ is the bulk density of the meteoroid of radius & and r the heliocentric distance in
astronomical units. R¢ is in kilometers and all other quantities in cgs units.

A number of authors have suggested modifications to this general formula, for example
Gustafson [13] pointed out that the drag formula was incorrect if the meteoroids were
non-spherical while Harris and Hughes [14] suggest that the gas outflow down a tube or
cone is slightly faster than is suggested by considering the mean thermal velocities. Both
these points are undoubtedly correct but the end result leads to only a slight increase
in the ejection velocity. Finson and Probstein [15] produced a model for dust outflow
that related the observed brightness variations along the cometary tail to the dust flow
rate. The dust that causes light scattering in the tail is somewhat smaller than dust
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that evolves into meteors, but nevertheless, there is no major difference between the dust
velocities given by this approach and that given for example by Whipple’s formula. The
main conclusion, in terms of meteoroid stream formation, is that the ejection velocity is
in all cases considerably less than the orbital velocity of the parent comet.

As an illustration, consider comet 1P/Halley. Grains of up to a few centimeters will
escape, while at 1AU, a one millimeter meteoroid would have an ejection speed of about
70ms~'. The orbital speed at 1AU is of the order of 30kms™!.

The effect of the meteoroid being ejected with a speed given by the mechanism above
relative to the comet will be to produce differences between the orbit of the meteoroid
and that of the comet. These changes will of course depend on the direction at which
the meteoroid is ejected and the point on the cometary orbit at which the ejection takes
place. There will always be a change in the specific energy E. Now, standard theory of
Keplerian motion tells us that

g="e )
and that
P? =43 (3)

where a is the semi-major axis of the orbit in Astronomical Units and P the orbital period
in years. Hence we can obtain

AE —Aa _ —2AP

= . 4

E a 3P )
a change in semi-major axis and period thus is an inevitable consequence of the ejection
process, but since % is likely to be small in view of the fact that the ejection velocity

is small compared to the orbital velocity, changes in a and P are also likely to be small.
Observationally, it will be very difficult to detect such changes in the semi- major axis.
However, changes in the orbital period are different in that their effect is cumulative.
After n completed orbits, the time difference between a meteoroid and the comet passing
perihelion will be nAP . For a typical situation, in about 50 orbits meteoroids will be
found at all points of the orbit that is an annual stream is formed.

If there is a component of the ejection velocity in the transverse direction, then the
specific angular momentum k will also be changed. we have

h? = GM(DP’ (5)

where p is the semi-parameter of the orbit, that is p = a(1 — €?).
This yields

Ah  Ap Aa elAe 6
h 2 20 (l-e?) (6)
This implies that in general there is a change in eccentricity as well. Detecting changes
in the eccentricity from observations of meteors will also be very difficult.
Unless the ejection took place exactly at perihelion, the changes in a and e, together
with the requirement that the ejection point is on both the comet and meteoroid orbit,
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implies that a change in the argument of perihelion w must also take place. Since the
orbit is assumed to be Keplerian, its equation is known, and from this we can obtain

(2e + €*cos fo + cos fo) Ap 1 —¢€? Aa
%e B T2e sl @

ecos(fo + Aw) — ecos fo =

where fj is the true anomaly of the ejection point. Though the changes in a, e and w may
each be small and indeed undetectable without very accurate observations, a combination
of them can cause a change that is of fundamental importance in the observability of a
meteor shower, namely the nodal distance, ry.

The nodal distances are derived from the standard equation for an ellipse with the true
anomaly being taken as —w or 7 — w, that is

(I —ecosw)ry = pand (1+ ecosw)ry = p.

Hence, we can obtain

Ary  1-¢? Aa  (e*cosw + cosw — 2e) Ap .

(1 —ecosw) 20 cosw— — 5 > esinwAw (8)

for the first node with a similar equation for the other node.

Again, the changes in the nodal distance may appear to be small but whereas a 1%
change in @, e or w is fairly hard to detect a one percent change in ry is 0.01 AU, or about
4 times the Earth-Moon distance. This is rather a large distance when the meteoroid
stream has to hit the Earth in order to produce a meteor shower.

The ejection velocity will generally also have a component perpendicular to the comet
orbital plane. In consequence, the meteoroid orbital plane will be different from that of
the comet. Since the line of intersection of the orbital plane with the ecliptic is defined
as the line of nodes and the displacement of this from first point of Aries is defined as the
longitude of the ascending node, {2, any such a velocity component will induce a change
in .

Deriving the expression for A{l is mathematically rather tedious and will not be re-
peated here . The derived expression is

rosin(w + fo)

hsini

AR = vsin ¢ (9)
where rg and fy are the heliocentric distance and the true anomaly of the ejection point,
¢ is the inclination of the orbit, and ¢ is angle between the direction of ejection and the
orbital plane so that vsin ¢ is the component of the ejection velocity perpendicular to the
orbital plane.

Since §) measures the time at which a shower is seen, then this is also sensitive to small
changes and is important in the study of meteor showers.

Hence, the effect of the initial ejection velocity is to change all the orbital parameters
by a small amount, but these small changes can also produce a change in the nodal
distance which is a very sensitive parameter for the production of a meteor shower. For
a very young stream, perhaps one which generates a meteor storm such as the Leonids,
these effects may be the dominant ones, but, as soon as the meteoroid is ejected from the
immediate vicinity of the comet, it becomes an independent moving body in the Solar
System and subject to all the evolutionary effects that any body is subject to.
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Solar radiation falling directly on a body generates a force which is radial and depends
on the strength of the incident radiation and so is proportional to the inverse square of
heliocentric distance, like gravity. It can thus be regarded as weakening gravity and is
usually represented by writing the effective force acting on the body as

_GMo(1-p)

2 b

F= (10)

r

and, when numerical values for standard constants are inserted, 3 is given by (eg [16]

5.75 x 1075
bo ’ ()

where as before b is the meteoroid radius in centimeters and ¢ the relative bulk density
in gem™3. It is self-evident that meteoroids will be lost from the Solar System if 8 > 1,
since the net force is then outwards. However, as Kresak [17] first pointed out, meteoroids
will be lost whenever their total energy is positive. A meteoroid moving with the parent
comet will have a specific energy £’ given by

8=

2GMg(1 —

9 = Y2 _ E_M, (12)

r

But,
2 1

V= GM, <- - —) , (13)
r a

so that E' is positive provided

28 >rfa (14)

At perihelion, r = a(1 — e), and here, meteoroids for which

B=(1-¢)/2 (15)

will be lost. This is much more restrictive limit than 3 = 1, so that larger grains are
lost than is implied by the 8 = 1 limit. Taking our numerical example again, for comet
1P/Halley, e = 0.964, so that meteoroids for which 8 > 0.018 will be lost. Taking a
bulk density of 0.5gcrm ™2, meteoroids smaller than about 6 x 10~3crn will be lost from the
stream.

Since the radiation may be absorbed and then re-emitted from a moving body, there
can be a loss of angular momentum from the body, affecting its orbit. This effect was first
mentioned by Poynting (18] and but in a relativistic frame by Robertson [19] and is now
generally known as the Poynting-Robertson effect. This effect has been studied by many
authors. The first to apply this to meteoroid streams was probably Wyatt and Whipple
[20]. More recent accounts of this effect can be found in Hughes et al. [21] and Arter and
Williams [22]. In discussing changes caused to the orbital parameters a and e, it is more
convenient to use a parameter 7, rather than 5 to characterize the effects of radiation.
The relationship between the two parameters is

en = GMyf, (16)
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where c is the speed of light. 1 has a numerical value 4.4 x 10® that of 3 in cgs units. Note
that while 3 is dimensionless,  is not. Using this notation, all the authors mentioned
give the following two equations, (using the same units as those used to express 7)

da  —n(2+3e?)

o all — (17)
and
de —5ne (18)

& = A )T

In order to obtain the change in a given orbit, it is necessary to specify the dimensions
of the meteoroid so that the value of # can be obtained and then numerically integrate
these equations, the latter task not being particularly difficult. However, some insight
into the effect of this can be obtained without performing numerical integrations. Using
the chain rule on the two above equations gives,

da  2a(2 + 3€?)

ot em) 19
de  He(l—e?)’ (19)
an equation which can be integrated to give

a(l — €?) = Ce'’®, (20)

where C' is a constant of integration.

Since time has been eliminated, this equation gives no indication of how long it takes
for an orbit to evolve to any given state. However an estimate of the time required to
significantly change orbits can be obtained by substituting the value of ¢ from equation
(20) into equation (18), giving

de  —5p(1 —e?)!/?
dt ~ 2075
Apart from factors of general order unity, the typical time-scale of this equation is given
by C?/n. For the case we have so far used as an example, namely a meteoroid of 1mm
radius and density 0.5gcm ™2 associated with comet 1P/Halley, this time-scale is of order
3 x 10%years. Though this is short by the standards of evolution generally in the solar
system, it is a long time compared to our time-span of observation of meteor showers and
is towards the top end of estimates for stream life-times. The time to significantly change
the orbital parameters will also vary from stream to stream, so that the above value should
be regarded as only an indication of the time scale for the Poynting-Robertson drag to be
important.

Like other bodies in the Solar System, the motion of the meteoroid will be affected by
the gravitational fields of all the other bodies in the system, with all the accompanying
problems of accurately dealing with these perturbations that are familiar to all that have
worked on orbital evolution in the Solar System. It is known since the work of Poincaré
in 1892, (see [23]) that no analytical solution exists to the general problem of following
the orbital evolution of more than two bodies under their mutual gravitational attrac-
tion exists. Hence, following the motion of meteoroids implies some form of numerical
integration of the equations of motion.
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The concepts involved in considering planetary perturbations are very easy to under-
stand though following through the consequences is somewhat harder. Each planet pro-
duces a known gravitational field. Hence, if the position and velocity of each body in
the system is known at any given instant, then the force due to each body and hence
the resulting acceleration can be calculated which allows a determination of the position
and velocity of the body at a later time. Of course, this is only strictly true for an in-
finitesimal time interval and so the problem in reality is to chose a time step that is short
enough to maintain a desired level of accuracy while at the same time making progress
in following the evolution. The methodology described above was known and used in the
mid-nineteenth century by the astronomers that calculated the orbits of comet, though,
the ‘computers’ they used had a rather different meaning then from now. In those days
it meant a low paid assistant who computed myriads of positions using hand calculators.
Some of the earliest calculations on the evolution of meteoroid streams which included
planetary perturbations were carried out by Newton between 1863 and 1865 ([24-26]),
where he investigated the generation of Leonid meteor storms. A number of other early
calculations are described in Lovell’s classical text book on the subject [27]. Though
some useful early results were obtained by these early calculations, it is clear that no real
progress in following the evolution of a large number of meteoroids can be made by such
labour intensive means and further development had to wait until the human computers
were replaced by electronic ones.

The early electronic computers were also to small and slow to be able to follow a realistic
number of meteoroids over realistic time-scales. In order to overcome these shortcomings,
effort was spent on refining the mathematical modelling, in particular on the idea of
averaging the perturbations over an orbit so that only secular effects remained. The real
gain with such methods is that the whole assembly of meteoroids are replaced by one mean
orbit with a consequential huge gain in effort. At first, such ‘secular perturbation’ methods
only worked for nearly circular orbits, good for following the evolution of satellite systems
and main-belt asteroids, but of little value in following the evolution of meteoroids on
highly eccentric (and possibly also highly inclined) orbits. In 1947, Brouwer [28] generated
a secular perturbation method that worked well even for orbits of high eccentricity (though
not for values very close to unity) and this method was used by Whipple and Hamid [29]
in 1950 to integrate back in time the orbit of comet 2/P Encke and the mean orbit of
the Taurid meteoroid stream. They showed that 4700 years ago, both the orbits were
very similar and suggested that the two were related. This was the first time that a link
between a comet and a stream had been suggested based on a past similarity in orbits
rather than a current similarity. This also established an age of 4700 year for the Taurid
stream. Other secular schemes were also used, for example, Plavec {30] used the Gauss-
Hill method to investigate the changes with time in the nodal distance of the Geminid
stream.

One of the more popular (in terms of general usage) secular perturbation methods that
were developed is the Gauss-Halphen-Goryachev method, described in detail in Hagihara
[31]. This was used for example by Galibina [32] to investigate the lifetime of a number of
meteoroid streams and by Babadzhanov and Obrubov [33] to investigate the changes in
the longitude of the ascending node (rather than nodal distance as investigated by Plavec)
of the Geminid stream. The same authors also used this method extensively during the

-10-



Meteoroid streams and meteor showers

1980’s to investigate the evolution of a number of streams (for example, [34]).

The disadvantage of the secular perturbation methods is that the averaging process,
by its very nature, removes the dependence of the evolution on the true anomaly of the
meteoroid. It is thus impossible to answer questions regarding any difference in behaviour
between a clump of meteoroids close to the parent comet and a typical meteoroid in the
stream. As computer hardware improved, the use of direct numerical integration methods
became more widespread. By direct methods, we mean where the evolution of individual
meteoroids, real or hypothetical, is followed rather than the evolution of an orbit. The
first such investigation was probably by Hamid and Youssef [35] who in 1963 integrated
the orbits of six actual Quadrantid meteoroids. In 1970, Sherbaum [36] generated a
computer programme to numerically integrated the equations of motion using Cowell’s
method which was used by Levin et al. [37] to show that Jovian perturbations caused an
increase in the width of meteoroid streams. In the same year, Kazimirchak-Polonskaya ef
al. [38] integrated the motion of 10 ¢ Virginid and 5 e Capriconid meteoroids over a 100
year interval. Seven years later, the number of meteoroids integrated was still small and
the time interval over which the integration was performed remained short, with Hughes
et al. [39] in 1979 following the motion of 10 Quadrantid meteoroids over an interval of 200
years, using the self adjusting step-length Runge-Kutta method. This however marked
the start of significant increases in both the number of meteoroids integrated and the time
interval, and by 1983, Fox et al. [40] were using 500 000 meteoroids, indicating that in
five years computer technology had advanced from allowing only a handful of meteoroids
to be integrated to the situation where numbers to be used did not present a problem.

The direct integration methods used in meteoroid stream studies fall into two broad
categories, the single step methods of which the best known is the Runge-Kutta method,
(see Dormand et al. {41] for a fast version of this method) and the ‘predictor-corrector’
methods following Gauss (see Bulirsch and Stoer [42] for the methodology)

By the mid eighties, complex dynamical evolution was being investigated, Froeschlé
and Scholl [43], Wu and Williams [44] were showing that the Quadrantid stream behaved
chaotically because of close encounters with Jupiter, and the proximity of mean motion
resonances. A new peak in the activity profile of the Perseids, roughly coincident in
time with the perihelion return of the parent comet 109P/Swift-Tuttle caused interest
with models being generated for example by Williams and Wu [45] . Babadzhanov et al.
[46] investigated the possibility that the break-up of comet 3D /Biela was caused when it
passed through the densest part of the Leonid stream. By now, numerical integrations of
models for all the major streams have been carried out. In addition to those mentioned
earlier, examples of streams for which such numerical modelling exists are : the Geminids,
(Gustafson [47], Williams and Wu [48]), April Lyrids (Arter and Williams [49]), n Aquarids
(Jones and MclIntosh [50]), Taurids (Steel and Asher [51]), @ Monocerotids (Jenniskens
and van Leeuwen [52]), 9the Giacobinids (Wu and Williams [53]) and the Leonids Asher
et al. [54]). From the point of view of the discussion here, it is sufficient to say that
numerical modelling has now reached a stage where it is possible to follow the evolution
of given meteoroids from their formation over any time scale that appears to be of interest.
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4. THE END OF A STREAM

A stream will stop being a stream when one can no longer recognize that a family of
meteoroids are moving on similar orbits. There are two distinct possibilities here. Either
individual meteoroids experience some catastrophic event so that they cease to be able to
produce observable meteor trails, or the individual orbits have changed, so that, though
the individual meteoroid still exists, the resulting meteor is no longer recognizable as
being part of a known shower.

All the mechanisms discussed above lead to changes in the orbital parameters, but they
lead to a dispersal of the stream only if they produce different changes to the orbital ele-
ments of different meteors. They are also different in their effect, the Poynting-Robertson
effect may be quite efficient at changing the orbital parameters over a short time period,
but it moves similar sized meteoroids by the same amount. Hence, all large (or visible)
meteors say will be affected by the same amount which will be smaller than the changes
experienced but radio meteors. Nevertheless, though the visible meteors may now be on
a different orbit, they will be on a recognizable orbit and so have not merged into the
sporadic background.

Gravitational perturbations depend on the exact distance of the meteoroid from each
of the planets. Hence every meteoroid experiences a different perturbation and can in
theory evolve differently. Unfortunately over many orbits, these perturbations average
out and most experience the average perturbation with only a small variance about this.
The stream may move and become wider but the meteoroids in general still appear to
belong to a stream. Other effects must thus play their part in dispersing a stream.

The most obvious loss mechanism from a meteoroid stream is the production of a meteor
shower. Every dust grain that is seen as a meteor has burnt up in the Earth’s atmosphere
and so has been lost from the stream. But this mechanism is simply a meteoroid removal
mechanism which leaves the surviving stream unaffected. However, for every meteoroid
that hits the Earth, many more have a near miss and they will be scattered by the
gravitational field of the Earth. Those affected however represent only a fraction of the
stream, a few Earth radii is a tiny part of the circumference of a typical stream.

Other mechanisms that have been proposed are inter-meteoroid collisions, in particular
high velocity collisions as discussed by Williams et al. [55]. Again unlikely to be important
to the stream as a whole. Fragmentation following collisions with solar wind electrons,
which leads to an increased efficiency of radiation forces also leads to meteoroid loss. A
mechanism that has not received much attention is the sublimation of residual ices which
again leads to fragmentation. A much less dramatic effect is the combined perturbation
of the planets that slowly change the orbital parameters so that coherence is gradually
lost and the stream appears to get weaker and weaker and of longer and longer duration.
From the point of view of a stream none of these effects may appear dramatic, but they
all do the same thing, they feed the inter-planetary dust complex with small grains. All
streams do this and so the cumulative effect is significant.

5. CONCLUSIONS

In its broadest sense, the evolution of meteoroid streams and the generation of meteor
showers has been understood for some considerable time. However, it is only in recent
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years that the computational capabilities have been available to allow realistic models of
meteoroid streams to be developed and much success has been obtained in doing this. The
aim of this review was to discuss the underlying principles of meteor stream evolution,
including formation. Many of the aspects touched upon here will be revisited in following
chapters.
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Thermal gradients in micrometeoroids during atmospheric entry.
M. JI. Genge and M. M. Grady

Department of Mineralogy, The Natural History Museum, Cromwell Road, London SW7
5BD, UK.

Melted rims found on micrometeorites recovered from Antarctic ice indicate that
micrometeoroids as small as 50 um in diameter can maintain temperature differences of at
least 600 K between their surfaces and cores. We present the results of finite element
simulations of the thermal evolution of micrometeoroids during entry heating that indicate
that large thermal gradients cannot arise simply as a result of the non-steady state heating of
particles. The generation of thermal gradients resulting in melted rims may occur in fine-
grained micrometeorites due to energy losses at the melt-core boundary due to the
endothermic decomposition of volatile-bearing phases. However, the occurrence of melted
rims on many coarse-grained particles that lack such low-temperature phases suggests this is
not the primary cause of the temperature differences. Large mass losses due to vaporisation
and energy losses due to fusion may therefore be involved in the generation of melted rims.
The presence of thermal gradients in micrometeoroids during atmospheric entry increases the
likelihood that low-temperature primary phases such as abiotic carbonaceous compounds will
survive atmospheric entry heating.

1. INTRODUCTION

The thermal behavior of micrometeoroids determines their survival of atmospheric entry
and their state of alteration and thus strongly influences the sample of the interplanetary dust
population that can be collected on the Earth. Models of the atmospheric entry of
micrometeoroids specifically assume that particles are thermally homogeneous during heating
[1]. This simplification significantly reduces the complexity of simulations and is based on a
formulisation of the Biot number adapted to radiative heat loss under steady state heating and
thus may not be appropriate under non-steady state transient heating by the hypervelocity
collisions with air-molecules during atmospheric entry.

Micrometeorites larger than 50 um collected on the Earth's surface, however, exhibit clear
evidence for thermal gradients developed during entry heating [2]. Cored micrometeorites
have vesicular melted rims consisting of Fe-rich olivine microphenocrysts in glassy
mesostases and unmelted cores some of which retain phyllosilicates (Fig. 1). These particles
suggest that temperature differences between the surface and core of the micrometeoroid can
exceed 600°C [2].
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Figure 1 A melted rim (light coloured Figure 2 A backscattered electron image of
outer layer) on an otherwise unmelted a coarse-grained micrometeorite with a
fine-grained micrometeorite. thin melted rim.

The origin of large temperature gradients in micrometeoroids is problematic because only
a small fraction of the incident energy flux provided by the collision of air molecules is
required to heat the particle to peak temperature [1]. Low effective thermal conductivities, due
to high porosity, and energy losses due to the vaporisation of low temperature phases are
possible explanations for the development of large thermal gradients in small
micrometeoroids. The occurrence of melted rims on compact coarse-grained micrometeorites
(Fig. 2; [3]) that lack low temperature, volatile components, indicate that neither decreases in
thermal conductivity or energy sinks due to devolatilisation are the primary cause of thermal
heterogeneity.

On the basis of the thermal evolution of micrometeoroids predicted by 'homogeneous’
particle entry heating models we have suggested that thermal gradients might be supported
due to the rapid increase in the surface temperature of particles during deceleration [4]. To
determine whether thermal gradients develop simply in response to non-steady state, single-
pulse heating we have conducted two- and three-dimensional finite element simulations of the
thermal evolution of micrometeoroids during entry heating.

2. FINITE ELEMENT MODEL

The thermal model adopted for the simulation of heat flow during entry heating estimates
the temperature profile across a model elliptical micrometeoroid consisting of up to 4000
cubic finite elements by approximating a solution to the partial differential equations
controlling heat transfer. Because we are specifically interested in whether the increase in
surface temperature of micrometeoroids support the temperature profile through the particle a
constant surface heating rate was used. Thermal diffusivity was taken as 1.45x10° m?® s’
equivalent to well compacted sandy soil to model the porous nature of many fine-grained
micrometeorites.
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3. RESULTS

The finite element simulations suggest that thermal gradients are an unavoidable
consequence of non-steady state heating of homogeneous particles irrespective of size due to
the thermal lag in the equilibration of the core of the particle relative to the surface. The rate
of increase of temperature of the core of the particle reaches that applied to surface only after
a specific equilibration time which is dependent on particle size. Equilibration times are ~5
ms for a 100 um diameter and ~0.1 s for a 500 um diameter particle and are independent of
the heating rate. The temperature difference maintained across a particle is thus determined by
particle size, which controls equilibration time, and the heating rate with smaller temperature
differences at higher surface heating rates.

The temperature differences calculated for 100 um and 500 um diameter particles are
much lower than observed in micrometeorites recovered from the Earth's surface. The
calculations indicate that although non-steady state heating does maintain temperature
gradients across micrometeoroids these are only ~30 K for particles 500 pm in diameter and
~3 K for particles 100 um in diameter at heating rates of 500 K s™.

Simulations were also performed to model the equilibration of thermal gradients at peak
temperature using the temperature profiles generated in the heating calculations and a
constant surface temperature. The results of these simulations indicate that the small
temperature differences generated during heating disappear rapidly (i.e. ~0.1 s for a 500 pm
particle).

4. DISCUSSION

Typical heating rates for asteroidal particles (entry velocities 12 km s”') suggested by entry
heating models are ~500 K s [1]. The finite element simulations therefore suggest that such
micrometeoroids could only support thermal gradients of ~30 K (for a 500 um diameter
particle) if these result only from non-steady state heating and that thermal gradients will
quickly equilibrate at peak temperature. Core-rim temperature differences of 30 K would be
sufficient to generate the melted rims observed on micrometeorites recovered from the Earth's
surface, however, only those particles whose surfaces reached temperatures close to the
melting point would be expected to preserve melted rims. This is contrary to the large number
of fine-grained micrometeorites that have melted rims and unmelted cores. The observation
that cored particles vary from those with rims a few microns in sizes to those which contain
one or more small areas of unmelted fine-grained matrix suggests that melted rims are a
general feature of the melting process of micrometeorites. The simulations also indicate that
temperature differences of up to 600 K in particles as small as 100 pm in size do not result
from non-steady state heating.

Previous steady-state calculations on the thermal evolution of phyllosilicate-bearing
micrometeoroids by Flynn et al., [5] that included the contribution of the latent heat required
for endothermic decomposition of water-bearing phyllosilicate minerals produce temperature
discontinuities similar to those observed in micrometeorites. A dehydration/melting front thus
probably exists in fine-grained micrometeorites that migrates into the particle during heating
with the thermal decomposition acting as a sink for energy that maintains the lower
temperature of the micrometeoroid core. Other devolatilisation and decomposition reactions
such as the pyrolysis of carbonaceous materials and the breakdown of sulphide minerals may
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also contribute significantly to this affect and enable temperature differences of the magnitude
observed in some micrometeorites to be maintained.

Melted-rims are, however, also frequently observed on coarse-grained micrometeorites that
consist mainly of anhydrous silicates and glass. These particles contain no volatile-bearing
minerals to maintain the temperature differences and yet particles with melted rims are
abundant. The melted rims on these coarse-grained micrometeorites might arise through the
melting of small amounts of fine-grained matrix material, which has a lower melting
temperature, attached to the exterior of the particle. However, the observation that unmelted
coarse-grained particles with fine-grained matrix are rare amongst micrometeorites is contrary
to the high abundance of particles melted rims. Potentially melted rims on coarse-grained
micrometeorites could be generated by temperature differences of only a few degrees since
there is no means of identifying what the peak temperature the cores of these particles
attained. The abundance of particles with unmelted rims is, however, not consistent with such
an origin since only a small fraction of coarse-grained micrometeorites should have peak
temperatures in close to the melting point of their constituent minerals.

One final possibility is that the temperature differences are in part maintained by energy
losses to vaporisation at the surface of particles. If the vaporisation rate is high enough that
mass losses cause significant decreases in particle size then significant energy losses could
occur due to the latent heat of fusion at the melt-core boundary and the latent heat of
vaporisation at the particle surface. If this process is an important factor in the development
and survival of the temperature differences observed in micrometeorites then particles with
melted rims have probably experienced significant mass loss and care must be taken when
considering the particle-size distribution of the different micrometeorite types.

The development of melted rims on micrometeoroids during entry heating will enhance the
survival of unmelted primitive extraterrestrial materials as the cores of heated particles.
Micrometeoroids with relatively high geocentric velocities may therefore be more likely to be
preserved to reach the Earth's surface with at least a proportion of the original nature of their
refractory components intact by virtue of surface melting. Similarly low-temperature volatile
materials such as abiotic hydrocarbons may also survive atmospheric entry without complete
decomposition in particles with low geocentric velocities. These materials would have been a
potentially important source of pre-biotic carbon on the early Earth and may have played a
role in the origin of life on our planet.
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The advent of radar micrometeor observations at Arecibo Observatory (AO) has enabled
direct estimates of the meteoric mass flux into the upper atmosphere. These observations
yield on average ~3200 events per day in the 300 m diameter Arecibo beam. Doppler
velocity estimates are found for approximately 50% of all events and of these, approxi-
mately 55% (26.5% of the total) also yield measurable (linear) decelerations. Assuming
spherical particles of canonical density 3 gm/cc, the meteoric masses obtained range from
a few micrograms to a small fraction of a nanogram. This approach yields an average
mass of 0.31 microgram/particle for the 26.5% of all particles that manifest observable de-
celeration. The 45% with velocities, but not decelerations, correspond to particle masses
larger than a few micrograms. However if we assume that all observed particles average
0.31 micrograms each, we find a mass flux of about 1.4x107° kg/km?-day over the whole
Earth. Detailed annual whole-Earth mass flux per decade of particle mass is calculated
and compared with those of Ceplecha et al. [1]. Our results fall below those of Ceplecha
et al. for observed mass fluxes however inclusion of those particles for which we cannot
explicitly determine mass yield similar fluxes.

Many of the particles we observe show evidence of catastrophically disintegrating in
the meteor zone. We thus suggest that the majority of micrometeoroid mass is deposited
in the 80-115 km altitude region where ionospheric and atmospheric manifestations such
as sporadic E and neutral atomic metal layers are well documented. We further suggest
that the “background”diurnal micrometeor mass flux is suflicient to dominate the average
lower atmosphere mass influx from the annual meteor showers.

1. Introduction

The meteor classical momentum equation [2] can be written in terms of the meteor
ballistic parameter (BP) [3] — ratio of the meteor mass to cross-sectional area — as:

AV TparmV?

dt ~ BP (M)

where dV/dt is the meteor deceleration, V the velocity, paim is the atmospheric density and
[ is the drag coefficient assumed to be 1 for the remainder of this paper. In this scenario
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the BP is based only on observed velocity and deceleration while the atmospheric density
is based on the MSIS-E-90 model atmosphere. As it has been discussed in Janches et al.
[3], the micrometeor deceleration observed at AO appears to be linear, at least during the
time they are observed by the radar. Furthermore, if we assume the meteoroids to have a
spherical shape and a canonical mass density equal to 3 gm/cc then the particle masses
can be derived. This approach permits the direct determination of meteoric mass flux in
the upper atmosphere utilizing ground based techniques.
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Figure 1. Typical diurnal average of ~ 3200 meteors are observed in the 300 meter AO
beam

2. Results

The typical diurnal count rate observed in the 300 m diameter 430 MHz beam results
in an average of ~3200 events per day (Figure 1). This result combine with our very good
meteor observed time, altitude and velocity distribution allows us to calculate the upper
atmospheric meteoric mass influx and compare with past results. Preliminary results of
this method are display in Figure 2. Curve a in Figure 2 represents the results reported in
Ceplecha et al. [1] where the authors gathered data from several sources of observational
flux. Curve b shows the mass flux measured at AO based on the ~ 26 % of events that
showed linear deceleration allowing the determination of the meteor BP. As it can be
observed, these results fall below those reported by Ceplecha et al. [1]. However if the
events for which velocity but no deceleration (i.e. no BP) was determined are included
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by evenly distributing them into the 3 mass decades below the maximum, our numbers
(curve ¢) in Figure 2 are in better agreement with those of Ceplecha et al. For lack of
a better approximation we distributed all these events in the top three decades. The
reason why these events do not show deceleration remains unclear. This question along
with approaches to better determine deceleration and thus BP/mass is under current
investigation.

In Figure 2 we note two mass limits of considerable interest. The upper limit is simply
determined by the small area of the 300 m diameter AO radar beam [4] for which incidence
of particles larger than 10~7 kg is quiet improbable. The lower limit, is that of so-called
(-meteoroids (5] that should not reach Earth from outside Earth’s orbit. Interestingly,
the flux observed falls off much more quickly than the Ceplecha et al. results as this limit
is approached. It remains to be seen if this trend will be sustained as we continue to add
to our database.

3. Conclusions

In this paper we have presented preliminary results obtained using the 430 MHz AO
radar of the determination of the micrometeoric mass flux into the Earth’s upper at-
mosphere. The Doppler-based velocity/deceleration results provide a direct method to
determine this flux. We compared our results with those reported by Ceplecha et al. [1]
and find reasonably good agreement if we include those events that no deceleration is
observed. We will greatly enhance our meteor database in the next year as well as refine
our deceleration determinations. This should yield firmer flux estimates.
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The most widely accepted model for the structure of cometary meteoroids is a dustball
with grains bound together by a more volatile substance [1]. In this paper we estimate the size
distribution of dustball grains from meteor flare duration, using image intensified CCD
records of 1998 Leonid meteors. Upon the assumption of simultaneous release of dustball
grains at the beginning of the flare, numerical atmospheric ablation models suggest that the
dustball grains in these Leonids are of the order of 10° to 10 kg, which is somewhat larger
than estimates obtained by other methods. If the dustball grain sizes determined here are
representative of cometary meteoroid structure in general, only the most massive (O and BO)
type stars could eject these grains into interstellar space by radiation pressure forces.

1. INTRODUCTION

There is now clear proof for the influx into our solar system of meteoroids of interstellar
origin in the size ranges covered by radar [2], image intensified video [3], micrometeor radar,
spacecraft dust detectors [4] and as meteorite inclusions [5]. It is not clear that interstellar
meteors of the size range covered by photographic methods are present in detectable numbers
[6], and the flux of interstellar meteoroids seems to be sharply mass dependent [7].
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Most cometary meteoroids are a conglomeration of grains, a “dustball” {8,9,1]. The two
component dustball model [1] views these grains as being bound by a more volatile
substance, and this model has been successful in matching a number of meteor observational
features {10,11,12,13]. This paper addresses the question of whether fragmentation of dustball
meteoroids, coupled by subsequent ejection from a planetary system by radiation pressure
forces, is an important mechanism in the production of interstellar meteoroids.

2. OBSERVATIONAL DATA AND NUMERICAL MODELLING

The 1998 Leonid shower was rich in bright fireballs, some of which produced intense flares.
We use observational data collected in Mongolia for 316 Leonid meteors observed with
microchannel plate image intensified CCD detectors (see [14] for more details on the
equipment and observations). Four of these meteors had intense flares — see Figure 1. The
duration of meteor flares can be used to estimate the size of the constituent grains if one
assumes that a rapid commencement flare is the result of simultaneous detachment of many
grains [15].

4 3 'I.‘ £ o, i i 4
: R P T s i 8 R . Faguals =4 2T
Figure 1. Leonid meteor recorded at 22:37:48 UT on Nov. 16, 1998. These two images are
only S video frames (0.167 s) apart. This meteor displayed a single intense flare.
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These flares were so bright that precise absolute photometry is impossible. Although the
CCD auto-gain circuitry was turned off during observations, several of these events were
bright enough to enable the protection circuitry in the microchannel plate image intensifiers
(which then reduced the intensifier gain momentarily). If we extrapolate techniques used for
image intensified CCD meteor photometry [11,13,16,17] we can determine light curves for
these events. We demonstrate in Figure 2 the light curve for the early part of the 22:37:48 UT
Nov 16 1998 event. It is clear that there was a well defined meteor light curve which
suddenly brightened to produce an intense flare. A single station technique which utilizes the
known radiant and velocity and the apparent angular velocity from the video data [18] can be
used to estimate the heights of these meteors to a precision of about 2.0 km. The data is
shown in Table 1.

If we assume that the flares are a consequence of simultaneous detachment of a large
number of meteoroid grains we can match the observed flare duration with predictions based
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on numerical modeling of the atmospheric ablation of these grains [12]. We assume that the
grains are spherical, with an average bulk density of 1000 kg m>, and with a sum of latent
heat of vaporization plus fusion of 6x10°% J kg'l. The grain mass which best matches the
height of maximum luminosity of the flare is given in the final column of Table 1.
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video frame number (each 0.033 <)
Figure 2. Early part of light curve for the meteor of Figure 1. Luminous intensity (arbitrary
units) is plotted versus time (each bar represents 33.3 ms). The flare began in the last two time
units displayed here.

Table 1
Heights (in km) for the four Leonids with intense flares.

UT Nov 16 firstht. lastht.  zenith flare beg. flare peak flare end best fit

19:35:00 115.8 90.8 74.9 115.8 101.3 93.4 1x10™
20:02:15 135.8 95.1 47.2 112.5 97.5 90.5 4x10°
20:15:00 150.5 93.7 44.8 124.5 101.8 92.1 5x10°
22:37:48 150.0 88.8 27.1 109.8 97.5 88.8 2x107

First and last heights are the heights of the first and last observed points, zenith is the zenith
angle in degrees, and the last three columns give the heights (in km) when the flare began,
displayed peak intensity and ended. The last column gives the grain mass (in kg) which best
matches the flare maximum.

3. DISCUSSION

The grain sizes determined here are considerably larger than those determined by overall
light curve shape modeling [11]. Radiation pressure forces from main sequence stars can only
eject grains of this size from the most massive O and possibly BO stars [7,19]. However, by
our flare duration technique we cannot rule out the presence of smaller grains in addition to
the larger ones needed to model the flare duration. Some authors [20] have assumed that the
grains within each dustball meteoroid may follow the same mass distribution law as
meteoroids themselves. An interesting question is whether dustball meteoroids may fragment
in space, with their grains being subsequently ejected from the planetary system by radiation
pressure forces. While this must occasionally occur, a consideration of the solar wind energy
flux suggests that hundreds to thousands of Leonid orbital passages would be needed for a
typical Leonid to remove the volatile component by solar wind sputtering. This is supported
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by the fact that obviously separated clusters appear relatively rare [21,22] although the
transverse spread Leonids [13,23] may be less strongly separated clusters. In any case we
conclude that it is likely that ejection from the early stages of planetary system formation [24]
is probably a more significant source of interstellar meteoroids.
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Radar sensing of meteoric plasma is a powerful tool for probing the spatial structure
of meteor streams, the mass distribution of their member particles, and the dynamics
of individual meteoroids. With their enhanced sensitivity, radars are able to provide
information that complements photographic, TV, and video techniques and also to probe
areas inaccessible to other methods. An outline will be given of presently operating radar
systems and current programmes that contribute to our knowledge of inner Solar System
dust.

1. INTRODUCTION

Radars probe the plasma irregularities generated by ablating interplanetary dust grains
in the upper atmosphere generally heights 80-120 km. From observational programmes
we ultimately want to know about the physical and dynamical characteristics of the dust.
There are certain properties of interplanetary dust for which radars are an especially
valuable probing agent. Radar surveys, sampling individual meteoroids, can provide us
with information about the space environment determining especially:

e the influx rate for a given mass hence spatial density and mass distribution;

e for discrete streams the time variations of rates and mass distributions with any
associated fine structure are valuable signatures of processes like comet ejection
mechanisms and dynamical history of streams where sampling in longitude is valu-

able;

¢ determining the velocity vector of a meteor’s atmospheric trajectory provides the
heliocentric orbit;

e measurements of meteoroid atmospheric decelerations or recording of body frag-
mentation are valuable in providing evidence of their physical characteristics and
cohesive structure.

As in other dust observational techniques there are important biases that must be taken
into account: for example to derive the dust heliocentric orbital distribution severe correc-
tion factors must be recognised: the impact probability with the Earth; Earth focusing;
atmospheric effects and the radar detection function. The size of Earth-impacting dust
that can be sampled by radar systems depends on radar transmitted powers available,
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operating frequency and antenna system used but has a lower useful size limit of some tens
of um (set by the radar transmitter power available and antenna gain) while the ultimate
lower limit is set by the fact that very small grains (< 10 um) suffer incomplete ablation.
The upper size is set by the area of the atmosphere (acting as a detector) illuminated,
and statistical sampling: for a single radar the meteoroid population of sizes 2> cms is
sparsely sampled.

2. RADAR GEOMETRIES

The type of echo recorded—and therefore the quality of information to be gained— de-
pends on the geometrical relation between the plasma train created by the ablating mete-
oroid and the radar: additionally, radars may employ multi-station, monostatic or bistatic
arrangements.

2.1. Transverse reflection

Here the trajectory of the meteor is orthogonal to the (mono-static) radar. The scat-
tering of radio waves by the ionization created by the meteor can be analysed in terms of
Fresnel diffraction and the analysis has a convenient analogue in optical diffraction at a
straight edge. For meteor scattering the Fresnel zone length is about 1 km for HF radars
and as ionization is progressively deposited more Fresnel zones contribute with different
phases and in summation most of the reflected energy is produced from a region on the
meteor train of length ~ 1 km centred at the geometrically orthogonal point. The instant
in time when the meteoroid reaches that orthogonal position is termed the #y point and
the received radar signal is termed the ‘body echo’.

The ionization column (cylindrical in the absence of an external magnetic field) is
created with a finite diameter: additionally ambipolar diffusion of the plasma will lead
to an increasing column diameter with time: if the column size is comparable to the
operating wavelength phase differences in the scattering from individual electrons in a
train cross-section will result in destructive interference and a reduction in the reflected
energy.

The time-history of the reflected energy to produce a radar echo can be conveniently
analysed with the aid of the Cornu spiral (depicting phase behaviour) with the presence
of ambipolar diffusion (leading to an exponential decay of the meteor echo) introducing
a modification of the classical behaviour. In the absence of meteoroid fragmentation
or irregular plasma the frequency of post to amplitude oscillations give a measure of the
meteor’s scalar speed. Conversely the post ¢o phase oscillations are too small {< 30°) to be
useful speed indicators whereas the large pre-tg phase changes are valuable for meteoroid
speed measurements. Radars with phase capability can employ the pre-f; rapid phase
changes to secure accurate speed measurements because the ionization train in its initial
formation has no adverse effects arising from train diffusion, no ionization irregularities
and no disruption by grain fragmentation and for small times atmospheric wind shear has
not sufficient time to operate. Good examples of echo behaviour are well illustrated in
Elford [1] Figures 1 and 2. A contributing factor to the suppression of post ¢t amplitude
oscillations is the presence of continuous fragmentation along its trajectory of the ablating
grain. If, on plasma train creation, the orthogonality condition does not hold so that the
central Fresnel interval is outside the main radiation pattern of the radar, then the classical
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meteor echo is not formed so that the rapid leading edge is absent: however, the phase
changes are still present and speed measurements can be made on such echoes (see Elford
(1] Figure 3.)

2.2. Radial reflection

An ablating meteoroid not only deposits ionization along its path (and that ioniza-
tion quickly attains dynamic equilibrium with the ambient atmosphere so is stationary
unless transported by the atmospheric neutral wind) but also creates a plasma spheroid
surrounding the meteoroid itself. This plasma ball shares the meteoroid’s motion. The
scattering from such a plasma ball produces what is termed a ‘head echo’: the scattering
cross-section depends on the radar wavelength but the reflection coefficient is very small
compared to that for transverse reflection (the body echo) so that the echo is not not dis-
cernible for orthogonal geometry. However, if the geometry is radial so that the meteoroid
is moving in the line-of-sight then the body echo is absent and the head echo dominates.
The radar-approaching plasma ball acts as a moving target that directly represents the
meteoroid atmospheric speed: the echo will rapidly decrease in range traversing succes-
sive range bins and also with a phase-sensitive radar system rapid phase changes will
occur. Notice that for radar sampling pulse rates even as high as 1 kHz the plasma target
will move through several wavelengths between samples and results in phase aliassing:
however, the range shift and phase changes can be combined to produce an accurate
(uncertainty ~ 0.3%) radial speed.

With a single station radar the trajectory aspect angle is unknown so that there is an
uncertainty in the radial speed and direction. For accurate results therefore, a narrow
pencil beam ~ 1° is required and provision for measuring the across-beam angle. Using
such, both the meteor trajectory (the upstream direction of which is termed the ‘radiant’)
and speed can be deduced and hence, after appropriate transformations and corrections,
the heliocentric orbit.

2.3. Oblique reflection

In this geometry the radar transmitter and receiver have a ground separation large
compared to the meteor target height so that the specular condition results in a large
scattering angle (the angle between the normal to the meteor train and the incident wave
propagation direction, ¢, where ¢ = 0 for transverse, backscattering case). In effect
the Fresnel zone length for such a forward scatter configuration is increased by a factor
(cos¢)™ and the radar wavelength is effectively increased by a factor (cos¢)~!. Two
valuable consequences compared to the strict transverse reflection result: the scattering
cross-section is larger and the echo decay due to ambipolar diffusion is less rapid with
consequential benefits for detecting high altitude rapidly diffusing meteors.

3. CURRENT PROGRAMMES

It’s useful to list those radars currently operational with on-going programmes. Some
radar facilities are able to operate with different geometries but here we list them according
to their major operating role.
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3.1. Transverse reflection
3.1.1. Measuring individual orbits

The Advanced Meteor Orbit radar (AMOR) operates at 26.2 MHz radiating 100 kW
peak pulse power. The facility uses three ~ 8 km spaced stations to provide time-of-
flight measurements of echoes to give velocity components while elevation is secured via
a dual baseline interferometer. The antenna system is specifically designed [2] to have
narrow (1.6°) azimuthal beams and broad in elevation. FM UHF data channels provide
links between stations. The facility is in continuous operation in programmes devoted
to: the distribution of solar system dust from heliocentric orbit surveys; the identification
of interstellar dust in the inner solar system; the dynamical structuring of cometary and
asteroidal streams; and the measurement of atmospheric winds and turbulence.

The 45.6 MHz MU radar at Shigaraki near Kyoto Japan has a programme mainly
devoted to middle atmospheric dynamical work but the system can sense individual meteor
radiants by rapid beam switching with meteoroid speeds determined from Doppler pulse
compression characteristics. An array of 475 crossed Yagi antennas is used for transmitting
and receiving with each being driven by individual transmitter units. The system antenna
beam has a half-power width of 3.7° and target zenith angles of up to 30° can be accessed.
Astronomical projects concentrate on the times of major streams [3].

3.1.2. Echo directions but no individual orbits

The Chung-Li radar in Taiwan operating at 52 MHz employs a transmitter array pro-
viding a ~ 10° width vertical pointing beam with echo direction determined by relative
phases measured using a 0.86A spacing triple Yagi array The meteor programme has
focused principally on the Leonid shower influx [4].

In Canada stream parameters have been measured using a 40.68 MHz 10 kW facility.
This system (CLOVAR) consists of single transmitter Yagi combined with five Yagis
as a multi-spacing interferometer of spacing 2.0 and 2.5 X to determine echo directions
to ~ 2°. Stream meteors are identified according to the directions with respect to the
expected shower radiant [5].

The Adelaide Buckland Park facility in Australia operates at 54.1 MHz using a TX/RX
square antenna filled array sides 16 A giving a full width half power radiation beam of
3.2°. Antenna element phasing can tilt the beam 30 east or west of zenith and accurate
(~ 0.8 %) meteor speeds can be determined. The programme has been devoted to stream
flux characteristics and the probing the velocity distribution within stream population

(e-g- [6])-

3.1.3. Fluxes

One of the most sustained radar surveys has been that carried out at the Ondrejov
facility in the Czech republic. The 37 MHz operation employs a steerable antenna 36°
beam and has maintained flux measurements of the major streams for several decades.
Range-time plots yield valuable longitude cover for fine structure in streams, long term
rates influenced by atmospheric changes and data on head echoes (see e.g. [7]).

In South Africa the 28 MHz Grahamstown radar with echo position determined by
4-antenna phase comparisons and with large angular sky coverage but lacking range and
velocity information has been able to provide maps of apparent sporadic sources after
subtraction of the major streams [8].
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3.2. Radial reflection

The first measurements of speeds and decelerations using radial geometry were those
of the Adelaide (Australia) group [9, 10]. The 54 MHz Buckland Park facility employ-
ing radial configuration provided accurate speeds (0.2 %) as well as decelerations and
fragmentation event measurements. Examples of such down-the-beam-echoes are well
presented in Elford [1] Figures 5 and 6.

The radio-astronomy instrument at Arecibo has been operated in meteor mode for
limited periods. The 430 MHz facility employs a near-vertical pointing 305 m dish with
principle focus steering deployed to scan up to 15° from zenith. Because of the high gain
beam width of 0.16° the radiants of incident meteors can be located accurate to a fraction
of a degree. The use of triple transmitter pulses yields enhanced precision and good
meteoroid decelerations though the sky coverage is restricted: the antenna configuration
provides limited viewing direction near zenith [11]. Since the Arecibo instrument has a
full astronomical programme dedicated meteor operation is limited.

The European incoherent scatter radar (EISCAT') operating at 930 MHz is an example
of a system designed for ionospheric work that has proved valuable as a meteor probe,
providing analyses of head echoes {12] and fluxes. A tristatic geometry (radars at Kiruna,
Sweden, Tromso, Norway and Sodankyla, Finland) will enable trajectories and hence
orbits to be secured [13].

3.3. Oblique scatter

The only dedicated facility known to the author is that operating in ltaly over paths of
700 km between Budrio (near Bologna) and south-east to Leece and also 600 km north-
west to Modra in Slovakia. The 1 kW continuous wave Budrio transmitter using 42.7
MHz operates to encompass the major shower times. This technique is able to provide
standard yearly influx data [14].

Forward scatter links are operated by many groups world-wide and particularly active
are those in USA, Japan, Europe and Finland using passive operations employing trans-
mitters such as TV, FM broadcasts and commercial beacons. Providing a wide global
coverage, these programmes are valuable in monitoring time changes in flux representing
structure in stream spatial density. Such monitoring at the times of e.g. Leonid Storm
epoch can sample spatial changes in the dust stream that cannot be sampled by a single
radar station.

4. PROGRESS ON AIDS TO INTERPRETATION

To correctly interpret radar data it is important to incorporate realistic physical effects.
Here mention is made of three recent aids in the area.

To gain absolute meteoroid mass calibration and flux calibration, account needs to be
taken of the attenuating effect of the meteoric plasma column radius at formation. Using
simultaneous multiple wavelength records of Leonid echoes, Campbell [15] has measured
train formation cross-sections as a function of height: this ‘height-ceiling’ effect can have
gross eflects on estimates of meteor fluxes and masses.

At heights in the atmosphere where the electron gyro frequency exceeds the electron-
neutral collision frequency, the rate at which a meteor train diffuses depends on the
orientation of the train and radar line of sight to the local geomagnetic field. Elford
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and Elford [16] have provided numerical values showing how the effective diffusion can
be inhibited: small high-speed meteoroids inaccessible to many radars because of the
rapid diffusion of their plasma column can have extended echo life-times depending in the
relevant geometry.

Though radio wave absorption will be negligible at the frequencies utilised by many
meteor radars, it is expected that Faraday rotation produced by the day-time lower E-
region ionization situated below the reflection point can be significant. Many meteor
radars employ linearly polarised antennas so that polarisation rotation can lead to effective
signal attenuation [17].

5. FUTURE DIRECTIONS

Several current active radar programmes are dedicated to monitoring both background
interplanetary influx and stream spatial densities and structure. There are some areas
where valuable insight may be gained about the meteoric process and therefore improve-
ments in our models of radar reflection mechanisms and related processes of the meteoric
plasma. There are specific areas where programmes might be valuably directed.

Employing geometrical arrangements to select head echoes to gain information about
meteoroid Earth-impacting trajectories needs input about the details of the plasma that
surrounds the ablating meteoroid; its production and maintenance. The role of meteoroid
fragmentation needs targeting; how structural characteristics of the grains affect the cre-
ated ionization and the form of the echo: are radars seeing all types of meteoroids or are
our samples biased: there is a need to better understand the nature of the fragmentation
(gross or minor) if we want unbiased sampling of interplanetary dust. Measurements of
ablation coefficients and its effect on meteoroid deceleration needs further examination
to fix more firmly the pre-atmospheric orbital speeds of grains sampled by ground-based
radars.
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Using the Arecibo Observatory (AO) 430 MHz Radar we have developed a Doppler
technique to measure very precise micrometeor instantaneous velocities directly from the
meteor head-echo. In addition, a large number of these observations show deceleration.
With the velocity, the deceleration, the assumption of a spherical shape, and a mean
micrometeoroid mass density (3 g cm™) we have obtained estimates of in-atmosphere
particle sizes. Therefore we can produce a more realistic orbital analysis than previously
obtained for micrometeors. We first use an MSIS standard atmosphere model and the
measured deceleration in order to obtain the meteor extra-atmospheric speeds, assuming
that sputtering is the only mass-loss mechanism that these particles undergo prior and
during the time we detect them. So far, over 7000 detections obtained during the Leonids
1997 (L97) and 1200 during the Leonids 1998 {L98) observation campaigns have been an-
alyzed. Out of these detections, we present elements without correction for perturbations
(i.e. radiation pressure, perturbation by the Jovian planets and photoelectric charging
effects) of over 500 events from 1997 and 200 from 1998.

1. INTRODUCTION

Current VHF/UHF radar micrometeor studies at Arecibo Observatory (AQ), Puerto
Rico, utilize the highly resolved (in time and height) meteor “head-echo”(as contrasted
with classical meteor radars that detect the “trail-echo”) to obtain meteor altitude, veloc-
ity and deceleration [1-3}. In addition, very precise beam pointing information provides
good radiant information of large numbers of interplanetary dust particles (IDPs) [1] en-
tering the earth atmosphere. The dynamical masses inferred using this approach appear
to range from a small fraction of a nanogram to a few micrograms {< 1 - 100 ym diame-
ter). These results combine to make AO uniquely situated and suited for the study and
understanding of the IDP near 1 AU using ground-based observations.

Top-of-atmosphere velocity and mass estimates are obtained by integrating upwards
the meteor mass and momentum equations. For this, we utilize the MSIS-E-90 model
atmosphere (see http://www.wdc.rl.ac.uk/wdccl/ msis90.html). In addition, to test the
effect of possible mass-loss, an empirical sputtering model with a sputtering yield that
increases with energy [4,5] was adopted. However the orbital results discussed in the
next section do not statistically change if our empirical model is neglected or if the in-
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atmospheric meteor speeds are taken as the velocity at infinity. The Geocentric and
heliocentric velocities are then determined and they include rigorous correction for di-
urnal aberration, zenith attraction and earth orbit ellipticity. The determination of the
immediate (unevolved) meteoroid orbits follows from the determination of the meteor
radiant and extra-atmospheric velocity [6].

2. RESULTS

The corresponding orbital elements for 197 and 1.98 datasets are displayed in Figure
1 for the events which resulted in particle radii greater than 0.5 microns. We excluded
smaller particles because the calculated possible magnetospheric forces exerted on them
due to dust charging is of the same order as the earth attraction term or larger. Also
it is unclear how particles of these sizes have survived such large deceleration, reaching
relatively low altitudes, and it is possible that they are the result of larger meteoroids
which have an across-the-beam velocity component. For a more detailed description on
these results, the reader may refer to Janches et al. [3].

Panels (a) and (b) in Figure 1 give the perihelion times of the entire IDP set showing
nearly equal pre- and postperihelion numbers in the case of L97 and a lack of preperihelion
numbers, due to the bias introduced by using only 6 hours of observation, in the L.98 case.
Panels (c) and (d) give the semimajor axis (a) versus the eccentricity (e). In addition, the
Whipple K and Pe criteria for particle asteroid/comet origin and the evolutionary path
due to drag effects are shown for various values of the constant C [7]. As can be noted,
most of the particles detected at AQ are concentrated in asteroidal type orbits of a<2
AU (i.e. above the criteria curves) at the time of earth interception. The comparison
between our results and the evolutionary paths or drag contours show that the a/e of the
AO particles have evolved (downward along the curves) from orbits within the distance
of Saturn, with the majority coming from within the orbit of Jupiter. This evolution is
produced under non-gravitation influences such as Poynting-Robertson effect and radial
solar corpuscular radiation pressure [8]. These diagrams also suggest that the particle
orbit semi-major axes are reduced to ~1 AU by radiation pressure evolution followed by
eccentricity increases (at nearly constant a). We interpret this increase as produced in a
manner similar to the electromagnetic resonance (with interplanetary magnetic field sector
boundary crossings) mechanism predicted by Morfill and Griin [9]. The meteoroid orbital
inclinations displayed in panels (e) and (f} show that while both prograde and retrograde
ecliptic concentrated particles are present for the preperihelion case, the postperihelion
IDPs are dominated by the presence of retrograde orbits with a peak at ~140 degrees.
Finally the perihelion distances (q) are displayed in panels (g) and (h). A dramatic
reduction of “sungrazers”, for the case of 197, in the postperihelion sample can be seen.
For the .98 case a weaker lack rather than a pronounced reduction is indicated because
of the low preperihelion particle orbits number. This reduction (or lack) is presumed in
both years to be due to solar evaporation or other thermal destruction of these particles.
Both the 197 and .98 datasets show a concentration of orbits with q between Mercury
and Venus. The large remaining fraction of postperihelion orbits with q within the orbit
of Mercury provides again a strong indication that the AO micrometeors are particularly
durable compared with classical cometary meteoroids.
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Figure 1. Selected orbital elements for the 197 and L98 samples
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3. CONCLUSIONS

In this paper preliminary results from the first orbital study of a large number of AO
micrometeors is presented. These events are mainly ecliptic particles down to sub-micron
sizes, and a large portion of these meteoroids appear to have orbits lying entirely within
the orbit of Mars. However, they appear to have evolved from within 4 AU indicating
that older particles, evolved by drag effects from eccentric orbits, are predominant in
these samples. Finally, preliminary comparison with the IAU Meteor Database using the
Drummond [10] criteria limited to D<0.05 shows no correspondence between our data
and the major November meteor showers (i.e. Leonids, Taurids, etc.). Likewise we find
no intrasample groups to the same D limit. The apparent lack of association within our
results as well as with the IAU database, seems to indicate that the micrometeoroid orbits
are well randomized and decoupled from each other, indicating once again that individual
particle histories are largely unsolvable.
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AMOR is a continuously operating radar facility for measuring the heliocentric orbits of
Earth-impacting grains down to sizes of about 40 um. Recent developments including ad-
ditional extensive antenna arrays and multi-antenna independent phase measurements are
providing an expanded sky coverage and increased meteoroid velocity resolution yielding
an enhanced system capability.

1. THE AMOR FACILITY

The southern hemisphere meteor orbit radar (AMOR) (geographical coérdinates 172°39
E, 43°34’ S) operated by the University of Canterbury, Christchurch, New Zealand de-
signed {1] to provide near-continuous data has been operational since 1990. The facility
yields archived orbital information valuable for interplanetary dust studies [2,3]. There
are three major innovations that characterise this radar facility.

The system uses narrow antenna beams which implicitly locate the meteor and increase
the radar gain making possible the detection of smaller particles.

Raw AMOR data can be used to calculate the time intervals between the occurrence
of meteor echo profiles on three spaced receivers to determine the particle velocity com-
ponents in the atmosphere. Two remote sites are located ~ 8 km west and north of
the central site which incorporates the system control, transmitting antenna and echo
elevation-finding receiving antennas. UHF I'M data links transmit signal data from these
sites. Employing Fresnel diffraction patterns as the only method of speed measurements
employed by some meteor radar systems suffers from two disadvantages. To secure well-
defined echo amplitude fluctuations for fast meteors a high pulse sampling rate is nec-
essary, thus introducing aliasing in range measurement. Additionally, processes such as
fragmentation may produce multiple sources destroying the resultant Fresnel pattern, and
atmospheric wind-shear may distort the echo profile. Routine speed measurements pro-
vided by AMOR do not use diffraction patterns but rather the velocity is determined
directly from the time intervals between the recording of the echo profiles on 8 km-spaced
receivers. This gives a considerable increase in the proportion of meteor observations for
which speeds can be determined compared with other Fresnel diffraction methods. How-
ever, the system does make use of the overall velocity calibration provided by the archived
Fresnel speed values.

Computerised data acquisition, storage, reduction and display make it possible to reduce
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observational data rapidly. The association of data acquisition and reduction software
with diagnostic display routines provides a powerful environment in which to maintain
the system while a graphical display suite provides ready access to the AMOR database.

2. ENHANCED SKY COVERAGE

The technique employs narrow fan antenna radiation patterns confined to the geo-
graphic meridian for the elevation-finding dual-spacing interferomEter.

The location of echo targets within the narrow main beam is unnecessary since the
main beam azimuthal width of 1.6° (FWHP) is comparable with the elevation accuracy
~ 0.5° and both uncertainties are comparable with the angular errors arising from the
uncertainties in the velocity vector determined from the orthogonal velocity components
measured from time-of-flight. However this N-S fan of echo coverage does results in a
bias in sampling the celestial sphere. Enhanced sky sampling is now (operational since
Jan 2000) provided by an additional orthogonal radar sampling direction in the E-W
meridian: one result is that those influxing meteoroids with radiants near the local zenith
(declinations ~ —46°) produce target ionisation trails which are sampled more fully.

A new antenna system providing orthogonal transmitter and receivers (six co-linear
arrays in total) have been installed with underground ducted coaxial cables feeding time-
switched receivers from the elevation-finding dual interferometer (see Figure 1).

The radar system samples in orthogonal directions by switching at regular (~ 10 min.)
intervals with transmitter, receivers and remote site directional switching carried out by
GPS time synchronisation.

3. MULTIPLE ANTENNA PHASE MEASUREMENT

A meteor’s velocity components are derived from time-of-flight differences between
spaced-station echoes with scalar speeds being also provided independentaly by diffraction
behaviour. As an impacting meteor deposits ionisation the reflection cross section grows
as more Fresnel zones contribute and the instant when the meteoroid has reached the
specular geometrical condition it termed the ¢¢ point. Analysis of post-tg echo amplitude
fluctuations arising from diffraction provides speed values.

As a meteor traverses those Fresnel zones prior to the ¢y condition large phase changes
occur which provide speed values more accuratly than the amplitude oscillations later in
the echo. This is because for times early in the creation of a meteoric plasma a radar
echo is not subject to the long-term processes present (especially after echo maximum) of
plasma diffusion, effects of ionization irregularities, meteoroid fragmentation, and atmo-
spheric wind-shear. These procceses can contribute to disrupting the smooth character of
the plasma column with resulting distortion and often destruction of the classical phase
behaviour: many (~ 60%) meteor radar echoes do not exhibit post-to amplitude oscilla-
tions.

In the present upgrade independent signal phases are available at all six of the elevation-
finding antennas. This permits echo elevation measurement from the relative phases (three
values for each meteor echo) to provide unambiguous elevation and echo height over the
height regime 60 to 150 km.

Each of the three independent antenna phases maps the Fresnel diffraction function over

-39-



J. Baggaley et al.

North
Site

r—e——_—_———— - - —_—_ —_ - - = A
I Central Site |
I |
I !
I —_— |
West | , 3 I
Slte [ /// - 7 7.5 x |
o | S— I
! Control and RX ]
N
/
I v |
} 31751 ™ | |
|

Figure 1. Schematic of the AMOR facility. The central site comprises the transmitters;
orthogonal transmitting antenna arrays; elevation finding duel-spacing interferometer re-
ceiving antennas for each direction; and operations control.

the pre-to time Fresnel zones during the amplitude rising edge of the echo. In addition to
the lack of distortion of the diffraction pattern suffered in the pre-fy regime, the technique
provides high sensitivity to phase oscillations of the echo signal: echoes of low signal/noise
can be provide accurate diffraction speeds resulting in a high data rate of successful speed
measurements. An example of an archived echo is shown in Figure 2 which depicts:

e Post-tg record phase behaviour (times > 90 radar pulses on the Central site echo)
represents a radial train motion of 19 ms™!

e The phase detector locks for echoes of signal/noise ratio > 8 dB.
¢ Independent pre-tq phase oscillations are clear for all three height-finding antennas.

e The pre-ty phase oscillations indicate a meteor scalar speed of 38.8 - 0.3 kms™!
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Figure 2. Amplitude and phase record of a 107 km range echo. Upper traces: the three
receiver voltages with each station labelled—central site C, north station N, west station
W. Lower traces: receiver phases (digitized 0-255 representing phases 0-2m) on the three
Central site elevation-finding antennas.

4. MONITORING AND DATA ARCHIVING

The radar facility maintains a high efficiency of orbit collecting operation with < 5%
down-time while overseeing the operation of the system by active telephone provides
monitoring of the meteor echo collection process.

Archived data at the radar site is stored on hard disk for transfer via portable hard-
drive to the institution: in addition raw data can be daily uploaded using a telephone line
and modem transfer.
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A new method is introduced for the detection of shower structure in a predominantly
sporadic radar meteoroid orbit data set for the case where no a priori knowledge of this
structure is assumed. Wavelet enhancement within radiant regions, in conjunction with
speed partitioning and sliding windows in time, is used to detect these showers. A test
is developed to determine the significance of any structure detected. This method is
successfully tested on the AMOR data set and is shown, as an example, to clearly detect
the Southern § Aquarids meteor shower.

1. INTRODUCTION

The AMOR meteoroid orbit radar facility [1] has been i operation since 1990. Over the
1995 to mid-1999 period ~ 5 x 10° high quality meteoroid orbits were catalogued using
this radar. The meteoroids detected ranged in size down to ~ 40 pum. It is expected, given
such a small limiting size and the mass distribution index, that the majority of these would
be sporadic—detecting shower structure against such a background is difficult. Wavelet
enhancement techniques have been used in many previous studies to detect structure
in similarly noisy astronomical (but not meteor) environments (e.g. [2,3,6]). A related
method which has been applied to the AMOR meteoroid orbit data, set is introduced here.

2. DEFINITION OF SHOWER STRUCTURE

A meteoroid orbit is defined by the five classical orbital elements (g, e,%,w,2); it is
equivalently given by four directly observable parameters: the radiant position, geocen-
tric speed (Vz), and time of detection. In the current study the latter method of orbit
definition is adopted; the time of detection is measured in terms of the mean solar lon-
gitude (A\g) and the radiant position is measured in terms of the ecliptic longitude with
respect to the Sun (A — Ag) and ecliptic latitude (8). (All angular parameters are here
referred to the J2000.0 equinox.)

A meteor shower is defined as an over-density in the (A—X\g, 8, Vi, Ag) parameter space.
Visual inspection of the non-shower orbit characteristics reveals the most obvious large-
scale features present in this space to be the antihelion, helion and apex sporadic sources
(e.g. [4])—any shower present within the data set must necessarily stand out against this
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background. The 2-D radiant position sub-space is searched in the current study using
wavelet enhancement techniques to extract structure. While the search is inherently a
4-D problem, it is found that geocentric speed is strongly dependent on radiant position:
ounly large-scale partitioning in Vi is applied. The overlapping partitions used are defined
by 20 kms~! wide bins about centres of 20, 30 and 40 kms~! for prograde meteoroid
orbits; these centres are changed to 50, 60 and 70 kms™! for retrograde orbits. In each
case, in addition to this partitioning, a search of unpartitioned data is also carried out.
The time dimension is dealt with by sliding windows in Ag; both 2° and 6° widths are
used to step in 1° increments between vernal equinoxes.

3. VISIBILITY OF METEOR SHOWERS IN LARGE-SCALE ACTIVITY
CURVES

Figure 1 shows the activity profiles for all meteors detected by AMOR over four years
of operation. Detections during night-time (1800-0600 NZST) and day-time (0600-
1800 NZST) are shown separately; the expected activity times of the three strongest
showers observed by AMOR are highlighted. Note the lack of visible shower activity in
these realms, apart from the tentative increase in the night-time profiles over the period
of the Southern § Aquarids (the strongest shower in the AMOR data set).
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Figure 1. Daily meteor activity over four years of AMOR operation. Night-time profiles are
shown on the left and day-time on the right. Years stretch between vernal equinoxes with
mean solar longitude as a time unit. The three strongest shower periods are marked for
the  Aquarids (ETA), Southern § Aquarids (SDA) and the Daytime Sextantids (DSX)
respectively.

The time periods selected in Figure 1 are expected to distinguish the antihelion and
helion source activities with the retrograde apex region meteors being split evenly between
the two regimes. Selecting the prograde and retrograde meteors separately is found to
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slightly improve the relative strength in the Southern é Aquarids period, but with no
noticeable effect in the other two shower periods.

It is clearly that even the major showers are a second order effect on the sporadic
background. A method of probing this background more deeply is therefore desirable in
order to enhance the underlying shower structure for detection.

4. WAVELET STRUCTURE ENHANCEMENT

The wavelet enhancement method highlights features in an image at the size-scale of
the wavelet. There are a large set of possible wavelets—that generally chosen for structure
enhancement is the so-called Mexican Hat (Maar) wavelet (e.g. [5]). This is defined as
the second derivative of the classical Gaussian function:

2 2 2 2
o) = (2 T Yewp (- TEL). 0

where a determines the size of the wavelet and, therefore, the scale which is probed. The
2-D wavelet transform, obtained by correlating ¢(z,y,a) with an image f{z,y), is given
by

W(z,y,a) = f:: f_;ww(é,n,a)f(ny) d€ dn. (2)

In practice, for speed of execution, this correlation is performed by a convolution in
discrete Fourier space.

A notable feature of W{z, y, a) are the regions of negative amplitude surrounding pos-
itive cores—the latter correspond to under-densities while the former correspond to over-
densities in the original image at the size-scale under study.

4.1. Determination of Significant Structure

Studies such as Bendjoya [2] determine the significance of structure in a given area of
an image by finding the maximum wavelet transform coeflicient expected in that area
from a set of pseudo-random images which are based on the large-scale structure of the
original. In the current study only the strongest feature in each wavelet transform is noted
owing to the number of dimensions over which the structure is spread and the strength of
the sporadic sources. Two wavelet size-scales are used in order to enhance features with
different spatial extents: a 3° probe size is assumed to probe at the scale expected from
a shower source embedded in the sporadic background while a 6° probe is used to detect
showers which occur closer to the size-scale of the background itself. Because the sporadic
source regions specified above differ markedly, their regimes are examined separately.

All orbital data from the vernal equinox of 1995 through to the end of July 1999
were combined to produce a virtual equinoctial year for study—the assumption here is
that coherent showers must occur year after year to some degree in order to be detected
and verified within the AMOR data set. In total 64 different wavelet transform sets are
created for all combinations of the two time window sizes, two wavelet probe sizes, four
speed partitions and four sporadic source regions. Each of these sets contains 360 wavelet
transforms of selected radiant region images; the data extracted from each transformed
image are the maximum wavelet transform coefficient (W),), the position of the latter in
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Figure 2. A normalised amplitude profile containing the Southern § Aquarids peak about
the Ag ~ 125° point is shown on the left, with the background, determined by a 60°
sliding median window overlaid (dashed line). On the right the distribution of normalised
amplitude values measured throughout the virtual equinoctial year is shown.

radiant space ((A — Ag)ar, Bar) and the total number of meteors recorded in the sporadic
source region under study, with no speed constraints, during the corresponding time
window (Ng). Ng is used to normalise Wy, for fluctuations in the background meteor rate
based on the assumption that a meteor shower constitutes only a small part of the overall
population in a sporadic source region at a given time: this is found to be reasonable for
the AMOR data set where, as shown in Figure 1, only the Southern ¢ Aquarids show a
slight hint of existence in the night-time activity profiles.

A typical profile obtained from the current antihelion region data is shown in Figure 2
where the antihelion region is probed in the 40 + 10 kms™! speed partition, using the
3° wavelet probe and a 2° wide time window. The normalised (maximum) transform
coefficient amplitude shows a clear maximum about A; ~ 125°; there are a number of
less clearly significant peaks in this diagram, however, whose reality must be determined.
The assumption made is that the normalised maximum transform coefficient will describe
a Gaussian noise distribution for most of the year with occasional unexpectedly strong
signal strength corresponding to the presence of a shower. There are some long term
background trends in the profile: these are determined by means of a 60° wide sliding
median window, producing the background level shown. The latter figure also shows
the distributions obtained from both the original set of normalised maximum transform
coefficients and from that set corrected for the background trend. It is clear that the
detrended distribution is approximately Gaussian but with some very far outlying points
which are attributed to shower presence. Points further than 3¢ from the mean in the
detrended distribution are removed in order to diminish the effect of much of the shower
structure and the standard deviation of the truncated distribution resulting is then de-
termined which is assumed to correspond to the noise distribution spread (ox). Tests on

-45-



D.P. Galligan and W.J. Baggaley

profiles such as that shown in Figure 2 are applied at the 3ox and 4o levels in order to
determine shower significance at the 99% and 99.99% levels respectively.

4.2. Application Example

An example of the results obtained from a typical search is shown in Figure 3. This
is from the same antihelion region search shown in Figure 2. The upper two sub-plots in
this figure show the radiant position coordinates at which the maximum transform coef-
ficient occurred in each 1° time step. The lower sub-plots show the maximum coeflicient
amplitude in both original and background normalised forms. The twin dotted lines in
these amplitude profiles correspond to the 99% and 99.99% significance levels: amplitude
peaks rising above these are considered significant at the respective levels.
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Figure 3. A selected wavelet enhancement search of the antihelion region highlighting the
Southern § Aquarids shower peak.

The Southern § Aquarids shower is clearly evident, appearing above the 99.99% level in
both of the amplitude profiles for a period centred about Ag ~ 125°. The central radiant
position of this shower experiences a “steady-state” occurring both in (A—XAg) and in By
over the active period. It is found, however, that the radiant position is not trustworthy as
a primary indicator of shower activity. Because the sky area of radar sensitivity changes
with season, the sporadic sources themselves move in systematic long-term patterns which
may appear shower-like while true showers, such as the Southern § Aquarids, generally
experience some daily motion in their ecliptic longitude with respect to the Sun. This
motion, appearing as a non-unity (A — Ag)am gradient in Figure 3, is unpredictable. It is
therefore difficult to design a computer algorithm to automatically pick out these “steady-
state” radiant position patterns: they are therefore used as secondary indicators of shower
activity, lending credibility to a structure which is already considered significant due to a
local maximum in the normalised amplitude profile.
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An interesting point to note in the Southern é Aquarids profiles are the differences in the
time periods over which the original profile appears to be significant as compared to the
normalised profile. The latter is corrected to a longer period due to the lower background
activity experienced to each side of Ay € [120°,130°]; this is in better agreement with
that expected from the corresponding radiant position “steady-state”.

Additionally in Figure 3 a peak significant at the 99.99% level appears about Ag ~ 315°.
The meteors producing this peak are not found to coincide with any known shower. It
is an open question as to the reality of this shower candidate—it is possible that this is
simply a particularly favourable alignment of the radar-Earth platform with the sporadic
background. Further investigations on this candidate’s characteristics are carried out in
the second paper in this series.

5. CONCLUSION

A new method for the detection of meteor showers against the sporadic background in
radar meteoroid orbit data sets has been introduced and tested on the AMOR catalogue.
No a priori knowledge of the shower structure is assumed by this method. The possibility
of determining the statistical significance of a shower against the surrounding background
in time has been established. A comprehensive survey of the data set has been performed
and the second paper in this series presents the full results of this application.
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A wavelet enhancement based method developed by Galligan and Baggaley [4] to search
for showers in radar meteoroid orbit data sets has been systematically applied to data
obtained from the AMOR radar facility. This class of technique, applied for the first time
here, has proved to be powerful. Less than 1% of this data set are found to be within
recognisable shower groupings—generally only the major Southern Hemisphere meteor
showers (n Aquarids, Southern § Aquarids, o Capricornids and Daytime Sextantids) are
detectable. Further probing with wavelets to select shower members, once the existence
of the latter has been established, is found to be convenient. The orbital characteristics of
the shower meteors thus selected are explored where it is found that the orbital parameter
spreads in most showers do not exceed those expected due to measurement uncertainty.

1. INTRODUCTION

Galligan and Baggaley [4] introduce a method of detecting, and testing the significance
of, shower structure in the ~ 5 x 10° meteoroid orbit data set provided by the AMOR
system [2] from 1995 to mid-1999. AMOR is a particularly sensitive system with a limiting
meteoroid size of ~ 40 um; it is expected that many meteoroids having sizes close to this
limit will have no detectable shower affiliation owing to the higher mass distribution index
expected for showers relative to that of the non-shower background.

The four year data set is formed into a virtual equinoctial year stretching between ver-
nal equinoxes with time measured in terms of the mean solar longitude (Ag). (All angular
parameters are here referred to the J2000.0 equinox.) Partitioning based on overlapping
geocentric speed (V) ranges and sliding windows in time is applied as discussed in Gal-
ligan and Baggaley [4]. Wavelet enhancement of the resultant meteor radiant position
distributions in the antihelion, helion and apex apparent source regions is found to be
useful in probing the sparse structure.

2. SHOWER DETECTIONS

Separate searches have been performed for all 64 combinations of two wavelet probe
sizes (3° and 6°), two time window widths (2° and 6°), sporadic source region selec-
tion(antihelion, helion, prograde apex and retrograde apex) and geocentric speed (win-
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dows 20 kms~! wide centred at 20, 30 and 40 kms~! for prograde and centred at 50, 60
and 70 kms™! for retrograde). While a number of significant peaks have been identified
in these wavelet enhancement based searches, few of these survive close scrutiny. Only
the well-established major showers, in addition to a very small number of other showers,
are worthy of further comment. The searches in each sporadic source region in which
these definite showers appear are discussed below—only the optimal search in each case
is shown although there are generally several others in which each shower is also found
significantly.
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Figure 1. Search in the antihelion region using a 3° wavelet, a 2° sliding Ay window and
Vg of 20 + 10 kms™!.

In the antihelion region the Southern § Aquarids (SDA) and « Capricornids (CAP) ap-
pear significantly. Although these showers have radiants occurring in a similar region over
the same period of the year, it is possible to resolve them due to the speed partitioning—
the average Vg of the meteoroids in these streams is separated by ~ 20 kms™!. Figure 1
shows an example of the CAP shower detection; a similar example of the SDA detection
has been already given in Galligan and Baggaley [4] in a profile in which an unidenti-
fied shower candidate was also found about Ay = 313°—the latter candidate is labelled
“Peak 1”7 and defined in Table 1. All of these profiles were obtained using a 3° wavelet
probe and a 2° wide time window. In contrast, the 6° wavelet probe is found to remove the
significance of the CAP due to its tendency to focus on the sporadic background: similarly,
the wider 6° time window tends to minimise the time over which the shower is significant
to the point where weak showers such as the CAP are undetectable. Figure 1 presents
four profiles: the upper two profiles show the change in radiant position of the maximum
((X = Xo)m, Bu) over the equinoctial year while the third shows the maximum amplitude
(Wyr) and the fourth shows the normalised maximum amplitude (Wps/Ns) (N5 is the to-
tal number of meteors of all speeds within the whole radiant region under study); for each
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Figure 2. Search in the helion region using a 3° wavelet, a 6° sliding Ay window and Vg
of 30 +£ 10 kms™!.

of the amplitude profiles the lower dotted line represents the 99% confidence level while
the upper one corresponds to 99.99%. The CAP is shown to be briefly 99.99% significant
in normalised amplitude at Ag ~ 120°. The spA has been shown in Galligan and Baggaley
[4] to be particularly strong after this point and it is possible that the CAP significance
has been contaminated by the perturbation on the background rate used in the normali-
sation. This possibility appears to be supported by the radiant position profiles over the
Ao € [120°,130°] period where a different steady-state compared with the surrounding
time-period appears and also by the clear significance of the non-normalised amplitude
over this period. However, removal of the selected sDA meteors from the data set is not
found to increase the normalised profile significance of the caAp. The number of meteors
detected from the SDA per year is an order of magnitude higher that that detected from
the cAP; the CAP is therefore much closer to the “noise” level than is the SDA making
their reality more difficult to establish.

In the helion region the Daytime Sextantids (Dsx) is found and, as shown in Figure 2,
this shower appears well above the 99.99% significance level. Due to some equipment
outages and sporadic-E interference at the time of the shower over the years covered, the
6° time window is found to be more appropriate than the 2° window. The DsX is found to
be significant for all helion region parameter permutations, apart from the 20+ 10 kms™!
Ve partition which includes some very weak/possible shower peaks. The strongest peaks
are found in the 30 + 10 kms™! partition in good agreement with the ~ 30 kms™! mean
shower Vi expected based on other studies. Another significant peak occurring about
Ae ~ 45° is also identified in Figure 2. There are reasons to doubt the reality of this
shower candidate. The normalised amplitude profile peak is only significant for a few
degrees of solar longitude whereas the peak structure itself lasts for ~ 30° with a gradual
rise to, and fall from, the peak over that time. Such motion is suggestive of an Earth
observation effect on the sporadic background; the period of observation is also rather
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Figure 3. Search in the retrograde apex region using a 3° wavelet, a 6° sliding Ao window

and meteoroids with geocentric speeds of 60 & 10 kms™!.

long for a shower (though the Southern § Aquarids has been shown to be active for a
similar period in Galligan and Baggaley {4]). This peak is labelled “Peak 2” for further
study later in this paper. A third significant peak in this figure at Ag ~ 105° is dismissed
as an artifact of the low background rate and shower activity as evidenced in the original
amplitude profile.

As expected, the retrograde orbit apex region is found to be based almost completely
on the sporadic meteors. The well-known bias towards retrograde meteoroid detection on
Earth-based platforms is responsible for this. Figure 3 shows the only shower detected
by the wavelet enhancement method in this region to be the 7 Aquarids (ETA) which
is detected at the 99.99% significance level for a period centred about Ay ~ 46°. This
shower is found to be present in all V; partitions, apart from 50 & 10 kms™?!, owing to
the relatively large geocentric speed measurement uncertainty on ETA shower meteors.
The motion of the apex region maximum radiant position generally follows a symmetrical
curve throughout the year, however, about the time of the ETA there is a pronounced
change in the ecliptic longitude and to a lesser extent the ecliptic latitude of the radiant
maximum—these distinctive changes help to confirm the reality of this shower.

The prograde apex region shows no significant structure. This region is sparsely popu-
lated containing only high inclination or low latitude orbits. The dearth of meteors and
the uncertainties in the measurements of each meteoroid’s orbit make the recording of
only background noise in the search profiles inevitable.

3. MAJOR SHOWER ORBITAL PARAMETERS

For each of the showers detected using the wavelet enhancement method, the properties
of their member meteoroid orbits are now discussed. These members are identified using
the wavelet transform of the appropriate sporadic source region over the peak activity
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period of the shower with no speed constraints. The shower is defined as the region of
positive wavelet coeficients, bounded by a delineating negative region, in the transform.
The zero-boundary between these regions is never perfect—in practice the shower is here
defined as the region of wavelet coefficients which occur above ~ 10% of the maximum
wavelet coefficient (Wys) in the particular transform.

fag o deg

Figure 4. The wavelet transform of the SDA radiant region using a Mexican Hat probe 3°
wide. Constraints on the two dimensions, not shown, are defined by V¢ of 40.4+4.9 kms™!
and Ag of 130° & 15°.

The sDA is used to introduce the methodology used for the exploration of each shower
region. This shower, the strongest detected by AMOR, shows many interesting features
whose visibility is enhanced by the shower’s high meteor rate and relatively low measure-
ment uncertainties. The wavelet transform of the sDA radiant region, using a Mexican Hat
probe of size a = 3°, is shown in Figure 4. Radiant positions are reduced to Ay = 125°,
this leads to a clear (daily motion corrected) maxima at (A — Ag, 8) = (210.2°, -7.2°)
which changes very slightly to (210.2°,—7.8°) if only the central activity period (A\g €
[120°,130°]) is used, reflecting perhaps a small unaccounted for radiant instability or drift.
A cut-off in this image at 5% of the maximum coefficient is found to remove all surround-
ing background. For all meteors appearing in the selected radiant region over the central
shower activity period a 2 kms™! wide sliding window in Vg is moved from 20 kms™! to
60 kms™! to produce the profile shown in Figure 5. This profile, representing the combi-
nation of shower and background meteoroid speeds, is fitted well by a Gaussian defined
by Vg = 40.4 kms™! and oy = 4.9 kms™!. Shower meteoroids are arbitrarily selected to
have speeds within 1o of the mean and occurring within the selected radiant region over
the period Ay € [115°,145°]. Table 1 lists the definitions used for the other showers found
in Section 2 (a 20 Vg cut-off is used in the case of the n Aquarids due to its relatively
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large speed measurement uncertainty); the radiant centres in each case are reduced to the
central mean solar longitude listed.
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Figure 5. The distribution in speed of the SDA shower meteoroids as determined by
moving window scans of the radiant region with a window width of 2 km s~1. The profile
is fitted by a Gaussian curve with parameters V; = 40.4 kms™! and oy = 4.9 kms™!.

Shower Vg (kms™!) Ao Radiant Centre (A — A, 5) Probe Size

CAP 23.443.1 120° £ 10° (181.2°,9.8°) 3°
SDA 40.4+£4.9 130°+15° (210.2°, -7.2°) 3°
Peak 1 43.0%£4.6 312° £ 8° (214.8°,-18.2°) 3°
Peak 2 37.0+£48 145° £ 15° (330.8°, ~13.8°) 3°
DSX 31.3+4.1 186° £ 7° (330.2°, —11.2°) 3°
ETA 65.1£7.6 46° £ 9° (294.2°,6.8°) 2°
Table 1

Definitions of meteor showers detected.

3.1. Daily Motion of Parameters

As noted in the previous section, the average radiant position of a meteor shower
experiences a linear daily motion generally parallel to the ecliptic. In order to remove this
motion a central epoch is chosen and all data are reduced to this. Table 2 lists radiant
motion measured for each of the five meteor showers under study, using every shower point
in an uncertainty weighted linear least squares fit. The large number of shower meteors
(~2x10? to ~ 2 x 10°%) in each case enables a good fit for many of the parameters to be
obtained. Note the generally more pronounced daily motions in equatorial as compared
with the ecliptic Sun-referenced radiant positions, thus justifying the choice of the latter
for searches within the radiant space.
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CAP SDA Peak 1 Peak 2 DSX ETA
A—de -0.03£0.02 -0.20+£0.02 —-0.23+0.03 -0.08+0.02 —0.08+0.02 -0.15£0.02
Fi) 0.034 £0.005 —0.042+0.005 0.11+£0.01 0.019+0.005 -0.098 £ 0.005 0.013 & 0.005

a 0.91 £0.02 0.73 + 0.02 0.68 £ 0.03 0.80 £ 0.02 0.84 + 0.02 0.73 £0.02
é 0.25+0.01 0.26 £0.01 —-0.16+0.01 0.38 £ 0.01 —-0.43 +£0.01 0.31 +£0.01
Table 2

Daily motion of shower radiant parameters. Days are given in the approximately equiva-
lent degrees of mean solar longitude rendering the motion measurements unit-less.

The radiant motion measurements are dependent on the meteors selected on which to
perform these measurements; the selection of these shower meteors is made using some
assumed daily motion in the radiant position. This intertwined relationship allows the
measurements to easily vary even on the same data set. The most important feature
of the measurements are their use in correcting the perceived motions in the current
data set. However, in order to verify that these are close to those expected from other
surveys, bearing in mind the measurement instabilities mentioned above, comparisons
are now made. Cook {3] lists a daily motion for the SDA of 0.8° d~! in right ascension
and 0.18° d~! in declination which is similar to that obtained here. More recently Kronk
(5] and Rendtel, Arlt and McBeath [9] list this motion at 0.9° d~! in right ascension
and 0.4° d™! in declination. As the AMOR values are based on a larger sample of orbits
than these, with correspondingly small uncertainties, it is more likely that the AMOR low
uncertainty values are closer to the “true” motion. The ETA right ascension measured
daily motion is close to Lindblad’s [7] 0.76° d~!: however, that in declination differs to a
greater extent from Lindblad’s 0.422° d~! motion. Lindblad only covers solar longitudes
from 43° to 47° with 23 single data points, while the current study uses ~ 10% points
over a longer period albeit with higher individual uncertainties. The ~ 0.1 longitudinal
motion found for the CAP is approximately that expected according to Cook [3]. There
appear to be no published daily motion for comparison with the DsX, this shower shows
less longitudinal motion with respect to the Sun than do the ETA and sDa.

In addition to the radiant position other orbital parameters also experience measurable
daily changes. Sometimes these are very small but in a number of cases they are clearly
important. The SDA provide a good example of the latter; the perihelion distance (g) and
argument of perihelion (w) orbital elements of its members exhibit clear daily motion as
shown in Figure 6. The fitted lines in the latter do not appear to be correctly centred in
some cases, this is due to the increased uncertainties at higher g and lower w respectively
biasing the fitting routine (the median Aq is 0.014 AU for gy < 0.07 AU and 0.019 AU
for gy > 0.07 AU; the median Aw is 3.2° for wy < 155° and 2.2° for wy > 155° (qn
and wy are motion corrected values)). The reason for such daily motions can be clearly
illustrated; for example, Figure 7 shows that as the component of the meteoroid’s pre-
impact heliocentric velocity in the direction of the apex of the Earth’s way (V,) increases
the range of shower meteoroid g and w allowed changes in a very constrained fashion. As
the Earth moves in its orbit the direction of the apex does change, hence the average V,
measured from a coherent stream source also changes leading to the daily motion in the
orbital elements shown.
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For any parameters (P) showing a clear daily motion, as measured by linear least-
squares (dP/d)g), all shower meteors are reduced to a central time (AS) using
dP

—p_ Y e, 1
Py=P d/\@(/\e A6) (1)

L
?15 120 125 130 135 140 145

115 120 125 130 135 140 145
Solar Longitude J2000, deg

Figure 6. Trends in the SDA ¢ and w measured value over its active period.

0 2 4 6 8 10 12 14 16 18
'I.-'_..kms'l

Figure 7. The relationship between the on-ecliptic heliocentric velocity component in the
direction of the apex of the Earth’s way and ¢ and w for the SDA orbits.
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3.2. Determination of Uncertainties

It is important to provide an estimate of the parameter uncertainties for individual
orbits in order to determine the extent to which the observed shower spread may be
attributed purely to such uncertainties. Uncertainties in high-level parameters, such as
the orbital elements, propagate from uncertainties in the low-level direct meteor obser-
vation measurements. An orbit, as determined by AMOR, is derived from four directly
measured parameters [1]: two receiving station time-lags (Lag;» and Lags) and the ele-
vation (¥) and azimuthal (4) angles of the echo-point. Representative uncertainties in
these are 1.4 radar pulses in the time-lags, 0.5° in ¥ and 2° in A. The reduction of these
parameters to orbital elements consists of many steps so that a simple classical uncer-
tainty analysis approach is therefore difficult. Two alternative methods have been tested
in the current study. The first method is similar to that used by Taylor [13]: it extracts
random combinations of the four parameters from Gaussian distributions having mean
values based on the original measured parameter values and standard deviations based on
the assumed parameter uncertainties; each of these parameter quartets are run through
the orbit reduction computer program in order to produce a full set of high-level out-
put parameters—the spread in the distributions in the latter, obtained from 30,000 such
randomised simulations, is assigned to be the uncertainty in the respective parameters.
The second method is found to provide equivalent results to those of the first method,
however it has the advantage of a negligible computer time requirement in contrast to the
rather lengthy time required for the first. Classical analytic uncertainty techniques are
used; however, where normally the uncertainty in a single function is determined, here
the computer reduction program is treated as that function with four input variables and
many output variables. The uncertainty §f in a function f(Vi, V5,...V},) is given by

é <3Vk)2’ ®

where the partial derivatives follow from

O _ SV V)

Vi h—0 2h (3)

f is a particular high-level parameter for which the uncertainty is required and V;..V, are
the low-level input parameters (Lagis, Lagis, ¥ and A); h = 1072 is used in this equation
as this is sufficiently small to give reasonable answers but large enough to avoid numerical
instabilities found as h — 0.

3.3. Shower Statistics

Calculation of the shower orbital statistics may seem straightforward but there are
a number of issues which must be addressed. As noted in Section 3.1, many orbital
parameters experience an apparent daily motion as they are detected by the moving
Earth observation platform over time; the observed distribution in such parameters is
smeared according to the perceived (generally non-uniform) distribution in time of shower
activity. In the current study this problem has been removed for affected parameters
by using Equation 1 together with linear least squares motion measurements. Another
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difficulty in dealing with Earth-detected meteors is the necessary relationship between
the corresponding meteoroid orbit’s ¢, € and w elements:
l+ecosw

q= T lte (4)
where the & sign signifies detection at either the ascending (+) or descending (—) nodes.
In obtaining mean values in these parameters one may determine the mean in e and w,
and then base the mean of q on this; alternatively one can treat these parameters indepen-
dently, simply noting that Equation 4 may not be exactly obeyed for the means obtained.
The latter approach is taken in the current study as the former leads to difficulties in
determinations of the statistical spread in the dependent parameter.

Table 3 lists the orbital parameter statistics for the five showers under study. These pa-
rameters (apart from A and €2) have been corrected where appropriate for measured daily
motion. The reduction epochs used in Equation 1 for these corrections are Ay = 125°,
125°, 313°, 45°, 187° and 46° for the cAP, SDA, Peak 1, Peak 2, DSX and ETA show-
ers respectively. Representative uncertainties in each shower’s parameters are obtained
from the median measurement uncertainties calculated as discussed in Section 3.2. It
is important to note that generally the representative uncertainties are very similar to
the measured spread (o) in the distributions—in most cases this means that little can
be learned about the physical parameter spreads apart from that they lie within these
bounds. The uncertainties in the declination and ecliptic latitude angles which are directly
related to the echo elevation angle are exceptions in all cases: their spreads, however, are
influenced by the wavelet probe size choice and hence the “physical spread” data obtained
are of limited use. The inclination angle generally has a spread exceeding that expected
from uncertainty: this is one of the more stable elements measured by AMOR and plays
a significant role in defining a shower. Exceptionally, the SDA has a large ~ 10° uncer-
tainty in ¢. Of the showers studied here, the ETA has the largest spread in most orbital
elements owing to the high geocentric speed of its constituent meteoroids. The spread in
w found in this shower is less than that expected due to the representative measurement
uncertainty spread—some ETA meteors have been omitted due to their distance from the
shower centre in the defining 4-D space.

Owing to the very small standard errors in the mean parameters of each of the show-
ers, we may have very good confidence in these (daily motion corrected) means. This
confidence is in contrast to Lindblad [7], for example, who ignores radar meteors in his
survey of the ETA due to the poor mean orbits which result. While AMOR’s strength may
lie in determining high quality shower mean parameters, measuring the physical spread,
as discussed above, is non-trivial and in many cases unrealistic.

The shower mean orbits were found using Southworth and Hawkin’s [12] criterion of
orbital similarity (Dsg) to agree favourably with several previous examples in the litera-
ture.

The SDA has dissimilarities of 0.05, 0.08 and 0.06 with the mean orbits of Nilsson
(8], Cook [3] and Sekanina [11] respectively. Such Dgy values show close agreement,
particularly those for radar based means measured by Nilsson and Sekanina which show
negligible differences.

The ETA shows more variation in literature comparisons, with dissimilarities of 0.10,
0.16, 0.10, 0.08, 0.07, 0.12 and 0.05 when compared with Cook [3]; Lindblad [6] photo-

bl
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Ao q e i w Q Vy Vo a 4 N
deg AU deg deg  deg kms™! deg deg
k4 122.3 0.550 0.768 7.7 2733 1223 37.0 234 306.7 -9.3

CAP o 52 0036 0059 12 53 52 13 17 27 13 269
o/VN 03 0002 0004 01 03 03 01 01 0.2 01
Unc. 00 0026 0044 07 31 00 10 13 15 0.5
T 1272 0.067 0966 308 1545 3072 36.0 402 340.4 -16.3
SDA o 58 0021 0018 98 41 58 23 27 29 15 2413
/YN 01 0000 0000 02 01 01 00 01 01 00
Une. 0.0 0015 0023 90 28 00 27 34 25 0.6
7 3131 0.143 0.920 643 1419 1331 36.1 42.7 162.1 -13.3
Peak 1 o 35 0032 003 78 53 35 24 286 23 31 327
/YN 02 0002 0002 04 03 02 01 01 01 02
Unc. 00 0027 002 83 60 00 30 35 30 06
I 450 0.133 0.016 37.1 2149 2250 344 365 190 -7.0
Peak 2 o 79 0035 0020 75 60 7.9 23 26 33 21 970
o/VN 03 0001 0001 02 02 03 01 01 01 01
Unc. 00 0025 0024 38 46 00 19 22 24 05
T  186.1 0.151 0.855 231 2125 6.1 304 31.2 1545 -15
DSX o 35 0025 0030 50 35 35 1.7 22 28 15 410
o/VN 02 0001 0001 02 02 02 01 01 01 01
Unc. 00 0023 0023 39 30 00 15 16 27 05
z 45.6 0.545 0.953 1651 91.9 456 405 650 339.0 -14
ETA o 36 0080 0.162 21 135 36 34 35 1.8 08 942
o/¥YN 01 0003 0005 01 04 01 01 01 0.1 00
Unc. 00 0133 0239 23 213 00 54 55 29 05
Table 3

Statistics of the parameters of four meteor showers found in the AMOR data. Mean (Z),
standard deviation (o), standard error in the mean (¢/v/N) and representative (median)
uncertainty {Unc.) are shown for each shower of size N. Parameters experiencing daily
motion are corrected to central solar longitudes.

graphic and radar; Lindblad 7] photographic, TV and combined photographic/TV; and
Taylor {13] mean orbits respectively. The best agreement is with Taylor’s mean and this
is fortuitous as his mean orbit derives from meteors detected on the original configuration
of the AMOR system (circa 1990). The level of agreement indicates continuity and consis-
tency in the measurement of this shower at AMOR’s 26.2 MHz transmission frequency thus
inspiring confidence in the quality of the long-term AMOR calibration regime. Lindblad
[7] notes that Cook [3] derived his value from a single photographic meteor—it is ignored
here. Lindblad’s {6] photographic mean shows a particularly high level of dissimilarity:
it differs from the AMOR mean orbit determination in the method of detection and also
in the number of meteors forming the mean (Lindblad uses 11 orbits while ~ 10> AMOR
orbits are used currently). It is quite possible that the different meteoroid size ranges
probed yield different orbital means or that the small sample of Lindblad may have led
to an inaccurate mean. In support of the latter, the AMOR shower is found to be much
more similar to the radar mean of Lindblad [6] and to the (closer to radar size range) TV
mean of Lindblad [7].
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In the case of the cAP two photographic means listed by Kronk [5] and the radar
mean of Weiss [14] agree best with the AMOR mean orbit at dissimilarities of 0.06, 0.06
and 0.05 respectively. These are followed by Kronk’s other mean orbit at Dsy = 0.24,
an unacceptably high value for stream association of near-ecliptic stream comparisons.
Finally the radar orbits of Sekanina are even more dissimilar with Dgg = 0.3 for Sekanina
[10] and an extreme Dgy = 1.18 for Sekanina [11]. These very large dissimilarities are
not unexpected given the very low inclination angle (0.9°) in Sekanina [10] and the very
hyperbolic eccentricity (1.92) in Sekanina [11]; such parameter values are both outside
the range expected for this shower. Kronk’s [5] third orbit which also disagrees badly,
having a dissimilarity of 0.24, likewise has a very low inclination of 1.1°.

The DsXx has not been detected in many major orbit reducing studies—the daytime
nature of this shower renders it only visible by radar methods. Nilsson [8] and Sekanina
[11] present mean orbits obtained, in both cases from nine orbits, at the Adelaide and
Harvard Radio Project radars respectively. Nine meteors is a rather meager sample of
these relatively high uncertainty orbits on which to base a mean; Nilsson, however, agrees
well with the current result at Dgy = 0.03 while Sekanina’s mean is very dissimilar with
Dgy = 0.21 which is expected given the ~ 10° difference between his inclination angle
and that provided by both AMOR and Nilsson. The inclination angle in the latter studies
is closer to that generally accepted.

On further examination of the shower candidates (Peaks 1 and 2 of Section 2) no match
for Peak 1 is found while Peak 2 on close analysis is found to be similar to the omicron
Cetids tabulated by Sekanina [11]. A dissimilarity of Dsy = 0.09 between the mean orbits
of the latter and the former indicates excellent agreement.

4. SUMMARY

Galligan and Baggaley’s [4] wavelet enhancement technique for detecting showers in
radar data has been systematically applied to the AMOR data set. This is the first time
such a technique has been applied in the field of meteor science. It has proven to be
robust, efficient and objective—{further development in this field is recommmended.

In the current study, apart from a few possible other showers, one of which has been
discussed here, only the major well established showers have been detected over four
years. Due to its sensitivity to small meteors this result is expected; the less than 1%
of the shower in compact and distinct groupings leads to the particularly useful role of
AMOR as a probe of the general meteor background structure.

The showers which have been found in the data set have had their orbital structure
analysed with account taken of the daily motions in many of the parameters. The mean
resultant orbits have been shown to generally agree well with other studies. Daily motion
in radiant position has been measured and removed. Such motion has also been demon-
strated in other orbital parameters; it is unusual in meteor observation programs that one
has enough shower meteors and low enough uncertainties to make these measurements—
the removal of this motion, where appropriate, undoubtedly provides a better estimate of
the true means of the parameter distributions.
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Predictability in meteoroid stream evolution
D.J. Asher »
2Armagh Observatory, College Hill, Armagh, BT61 9DG, UK

Each time an active comet returns to perihelion, it releases particles that progressively
stretch into a dense, narrow trail of meteoroids and dust. When a section of a trail
makes a close approach to a planet, particles are scattered into the meteoroid stream as
a whole. Before trails disperse chaotically into the stream (which in turn is before the
stream disperses into the zodiacal background) they not only remain narrow, but also
undergo a dynamical evolution that is quite predictable. Since meteor storms occur when
the Earth passes through dust trails, calculation of gravitational perturbations enables
the prediction of meteor storms and outbursts. Although this chaotic scattering limits
trail lifetimes, parts of trails that are in mean motion resonances can remain coherent
over substantially longer timescales. Approaches to Earth have been the main cause of
dispersing trails in the Leonid stream over recent centuries.

1. DUST TRAILS AND METEOR STORMS

Meteor storms or sharp meteor outbursts occur when the Earth passes through dense,
narrow dust trails of the type discovered by the Infra-Red Astronomical Satellite IRAS
[1,2]. Such structures exist since the dispersion in orbital period among meteoroids that
have been ejected from a cometary nucleus leads to particles getting progressively further
ahead of or behind the comet, thus stretching into a trail [3]. A particle’s orbital period
differs from the comet’s both because of the velocity relative to the nucleus induced during
the ejection process, and because of the radiation pressure acting on the particle during
its subsequent motion. The latter is parameterised by 3, the ratio of radiation pressure
to solar gravity.

The ejection process induces a spread in all the orbital elements, not only the period.
This causes a trail to have a nonzero width. For meteor producing streams, it is most rele-
vant to measure this width (two dimensional cross section) in the ecliptic near r=1AU.
Ejection velocities expected for the size of particles that produce visual meteors [4-6] are
generally small enough that a trail’s width, although nonzero, is rather narrow compared
to the cross section of the stream as a whole. For particles having §#0, ejection away
from r =1 AU can also affect the position in the orbit at r=1 AU and thus increase the
trail width slightly.

Gravitational perturbations are a very important influence on the evolution of meteor
streams, and trails within streams. Even over a single orbital revolution, they can alter
the nodal position of particles by an amount that is significant compared to the stream’s
width, and even by several times the width of a single trail. It follows that perturbations
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can move a trail away from or towards Earth intersection, and that calculating them is
essential for determining the occurrence of meteor storms.

As the node of the comet itself is similarly perturbed, particles released at different
returns of the comet to perihelion have significantly different initial orbits. Additionally
the configuration of the planets differs between different returns, and so the various sets of
particles have different perturbation histories. Therefore the trails embedded in a stream,
one corresponding to each previous return of the comet, tend to be separated in space,
and the Earth may or may not encounter any of them during its annual passage through
the stream. The trails only tend to converge in the vicinity of the comet itself.

Although different particles are perturbed differently, the perturbations on particles at
a single point along a single trail are very similar. This is because particles in a single trail
have been perturbed over the same interval of time (i.e., since ejection), and moreover
in order to be at the given point along that trail, they have been comoving (whereas
a different point along the trail may be months or years ahead or behind). Comoving
particles are always in nearly the same position relative to each perturbing planet. The
orbital period is continuously perturbed, but it is perturbed in the same way for comoving
particles, which consequently remain comoving.

If, however, the particles at some point along a trail undergo a close approach to a
planet, then the position relative to the planet is not the same for all those particles, even
though they had been comoving around their orbits. This can cause that part of the trail
to be scattered into the stream as a whole. This effect limits the lifetime of trails. But
before a (part of a) trail is dispersed in such a way, it almost exactly retains its original
width (this width being due to ejection velocities and radiation pressure), and the dilution
of the density of particles in space is due only to the gradual lengthening of the trail in the
along orbit dimension. This provides the potential for a sharp, intense meteor outburst
if the Earth encounters a trail. While the trail still exists, the perturbations on any part
of it can be precisely evaluated, so that the nodal position can be calculated and the
occurrence or non-occurrence of a storm predicted.

The main purpose of the remainder of this paper is to exemplify the above principles
in the case of the Leonids by means of suitably chosen numerical integrations.

2. EARLY EVOLUTION: PREDICTABILITY

As a first example we consider the Leonid trail generated when 55P/Tempel-Tuttle
returned to perihelion in 1800. To produce Figure 1, particles were ejected at perihelion
and tangential to the direction of motion, as this is sufficient to generate particles of any
orbital period, and therefore any subsequent perturbation history (before the onset of
chaotic behaviour). The quantity Aag, the difference in semi-major axis from the comet
at the time of ejection, can be used to parameterise the period.

In the absence of differential perturbations and radiation pressure and if Aag is small,
the difference in mean anomaly M after n revolutions is

A
AM = —360° x n x 22% (1)
2 ag

Figure 1 illustrates this, approximately showing a slope of M against Aao that increases
proportionally to the number of revolutions. However, there are two further features of
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Figure 1. Early evolution of 1800 Leonid trail. Mean anomaly M shown as function of
Aag (difference in semi-major axis from comet at ejection), after 1, 2, 3 and 4 revolutions
of particles at Aag= —0.3 AU (after 4 revolutions, particles at Aap=+1.0 are over half a
revolution behind). Comet shown by circle.

Figure 1 to be noted. Firstly, after a few revolutions there are gentle changes in the M vs
Aaqy slope along the trail’s length. This is because points at different distances along the
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trail have become substantially separated in space and therefore the gravitational effect
(even moderately distant, i.e. away from close approaches) of Jupiter and Saturn is quite
different. In particular, the orbital period is perturbed differently and so the rate at which
different parts of the trail stretch (i.e., at which AM increases) varies. The second feature
is small gaps at various points along the trail, to be discussed in Section 3.

The aim of Figure 1 is to illustrate dynamical evolution, not spatial density variations
along the trail. The latter depend on the ejection process from the nucleus, since a
distribution in ejection velocities corresponds to a distribution in Aap. For reasonable
ejection models, the distribution will be centred around Aag=0. However, a meteoroid
susceptible to radiation pressure and with a given Aag (defining Aag as being calculated
from instantaneous position and velocity without adjusting the attraction towards the
Sun by §) comoves around its orbit with a §=0 particle of higher Aagy. An typical value
of 3 for meteoroids that produce visual Leonids is ~0.001, corresponding to Aagas +0.2
[7]. Therefore the peak in the particle density as a function of Aag will effectively be at
~0.2 (depending on 3) with significant levels at up to a few x 0.1 AU on either side.

Figure 1 shows that M is largely a well behaved function of Agp for a young trail,
suggesting that the trail’s evolution is predictable. Section 3 will confirm that the same
is true of the nodal position.

3. ONSET OF CHAOTIC BEHAVIOUR

The Minimum Orbit Intersection Distance, or MOID, between two orbits evolves under
orbital precession. During epochs when its value is very small, close approaches between
objects moving on the two orbits are possible if the objects reach their near-intersection
point at a similar time.

The MOID between 55P /Tempel-Tuttle and Earth is moderately small for some mill-
ennia about the present. This means that at any given time there are some particles in
the Leonid stream with a small enough MOID to permit close enough approaches to be
substantially deflected by the Earth’s gravity. Of course, the closest approaches of all
are impacts, resulting in meteors, and the comet’s small MOID is the reason why meteor
storms are possible, since just a small perturbation of the nodal position is required to
bring orbits to Earth intersection.

Some breaks in the smooth, slowly varying behaviour of the trail are evident in Figure 1
(easiest to see in the last of the 4 plots as the gaps progressively widen). For example,
parts of the trail at Aag =~ —0.04, +0.17, +0.38, etc. came close to the Earth at one
year intervals in the 1830s epoch (—0.04 in 1832, 40.17 in 1833, etc.). There is a similar
sequence corresponding to the 1860s epoch, e.g., +0.09 in 1866, 4+0.20 in 1867, +0.31 in
1868, although some gaps are smaller (and may not be noticeable at the resolution plotted
in Figure 1) because the approach distance to the Earth was greater.

Therefore after a close approach, a break is present at that point in the trail at sub-
sequent times. Although trails are generally disrupted because of approaches to the giant
planets [1}, the most noticeable gaps in Figure 1 are identifiable with Earth approaches.
This is consistent with the fact that for the past several centuries, the MOID between
55P /Tempel-Tuttle (aphelion near orbit of Uranus) and Jupiter and Saturn has been well
above zero. Precession in the argument of perihelion means that the MOID to Saturn
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approached zero ~0.9 kyr ago. At present we are approaching an epoch when the orbit
of Uranus is intersected, although currently a near-commensurability keeps the comet,
and parts of trails not too distant from the comet, safe from the closest possible Uranus
approaches [7]. Thus Leonid trails that have formed during recent centuries have evolved
under circumstances where the only very close approaches have been to Farth.

Particles ejected in 1800
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Figure 2. Integrations of particles ejected tangentially at perihelion in 1800. Time par-
ticles reach descending node 2 revolutions later, heliocentric distance of descending node
rp, and longitude of ascending node {1 shown as functions of Aay. Particles with Aag
near +0.174 reach the ecliptic in 1833 November when the Earth is nearby and are grav-
itationally scattered.
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Figure 2 illustrates more details of the orbital evolution near one of these breaks in the
1800 trail, namely around the value of Aag for which the 1833 close approach occurred.
The time of nodal passage is plotted (essentially equivalent to M in Figure 1) along with
the two coordinates of the node, one revolution after the approach. The Aap for which the
closest approach (0.0002 AU) occurred is clear in Figure 2. Particles having Aap within
about £0.002 of this value approached to within less than 0.01 AU. The further Aagg is
from that value (ahead or behind in the trail), the greater the miss distance from the
Earth and the smaller the effect of the gravitational deflection on the subsequent orbit.

As only one parameter (tangential ejection velocity at perihelion, equivalently Aap with
perihelion distance held fixed) is varied in this idealised model, subsequent orbital elements
are a function of this parameter. Figure 3 shows that the time of nodal passage and the
coordinates of the node are, within narrow limits, unchanged under a more realistic model
that includes ejection away from perihelion and in arbitrary directions from the nucleus.
No claim is made that the particular model used for Figure 3 is true, but it is representative
of such realistic models, and specifically it is useful for demonstrating the how the width
of trails is affected by dispersion in orbital elements.

Apart from at the centre of the plots (where the trail has been disrupted by the 1833
Earth approach), the elements in Figure 3 are dispersed by only small amounts about the
single valued functions depicted in Figure 2. Thus away from disrupted (widely scattered)
sections of trails, orbital elements can be calculated by considering the idealised trail
(with tangential ejection at perihelion) only. The idealised model is sufficient for storm
prediction, since storms are due to the highest density regions, which have not been widely
scattered. This idealised trail has been defined [8] as the ‘centre’ of the real trail, which
has a nonzero width. Although the idealised trail is a convenient representation, avoiding
all need for physical models of ejection, it should be noted that the value of rp at the trail
centre may be slightly displaced from the real mean rp of particles at that point along
the trail [8]. The trail width (dependent on Aag and the ejection model used) is given by
the ranges in rp and {2 in Figure 3.

Moreover, comparing Figure 3 with Figure 4 shows that the width does not increase
with time during the first few revolutions of trail evolution, but is instead due only to
the range in ejection velocities around the arc of the comet orbit during which ejection
occurs. Radiation pressure when coupled with ejection over that arc also makes a small
contribution to the trail width, but this increased dispersion in nodal position due to
radiation pressure (for Leonids with 3 = 0.001) is very small compared to typical shifts
in nodal position that subsequently occur due to gravitational perturbations. Radiation
pressure (constant 3 on any given particle) and planetary perturbations do not cause trails
to widen with time for several revolutions, although it is possible that the Yarkovsky effect
on spinning meteoroids can have a widening effect [9].

The fact that all particles in Figure 4 have very similar nodal passage time merely
means that a trail has negligible length during the perihelion passage when it is formed.
Within a revolution it has elongated greatly, and thereafter is a dense, narrow structure
broken only at points where close approaches have occurred. To investigate the effect of
approaches, the central part of Figure 3 had extra particles integrated. No significance
should be attached to the increased density of points, which are to only provide better
number statistics for illustrating the scatter. In reality particles would be expected to
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Figure 3. Particles ejected using a Monte Carlo program and only integrated if their Aag
was within the range shown here. The program (model) has isotropic ejection, uniformly
random in true anomaly for heliocentric distances r below about 3.4 AU, and ejection
speed 25/r m/s. In this limited range of Aay, this ejection speed in fact limits ejection
to having r < 1.4 AU. Cf. Figure 2.

be uniformly distributed in Aag, over small ranges of Aag (such as the entire range in
Figure 3).

Figure 3 shows that away from disrupted trail sections, nodal passage time tp is very
close to being a single valued function of Aag, so that trail width, i.e. the ranges in rp and
€1 that are present, can equally be considered as a function of ¢tp or Aag. The parameter
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Figure 4. Initial orbital elements (i.e., referred to time of nodal passage during perihelion
passage of ejection), of particles integrated in Figure 3. For particles ejected after nodal
passage of comet, elements are projected (integrated) back to their ecliptic crossing.

Aag relates more closely to the ejection velocity distribution, and ¢p to the physical
existence of a trail in space at later times. Near the disrupted section, a large range in all
three quantities tp, rp, § is present and so the latter two are plotted as functions of tp
in Figure 5. This shows the close 1833 encounter to remove particles that by the time of
the next return would span about a month along the trail (i.e., there is a very clear gap
of this length in the trail), and to scatter these particles over orbital periods that span
~1000 days, by the time of the next return. However, although ¢p spans such a large
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Figure 5. Particles integrated in Figure 3 but with x-axis being nodal crossing time instead
of Aag.

range, rp and § in Figure 5 are essentially still functions of tp, apart from the scatter
originally generated at ejection time (Figure 4).

The dispersion at subsequent times of particles in a close encounter depends on both
the range of elements induced by the encounter and the extent to which subsequent
perturbations amplify the scatter. In Figure 5 there was very little such amplification
of the scatter in rp and 2, although this may be because only one revolution after 1833
was integrated. The particles removed from the trail were dispersed over a huge distance
in the along trail dimension but, initially at least, remain in quite a narrow structure,
essentially a separate filament of the stream albeit with very low density because of the
along trail dispersion.

4. EFFECT OF RESONANCES

The encounter whose effects were shown in Figure 2 was one of the closest possible.
It gave rise to the great 1833 storm, and removed particles over a substantial length of
the trail. Less close encounters remove smaller amounts of a trail. Overall, an increasing
proportion of a trail will be removed with time. However, mean motion resonances can
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Figure 6. Evolution of 1600 Leonid trail. Mean anomaly M shown as function of Agg
(difference in semi-major axis from comet at ejection), after 6, 9, 12 and 15 revolutions
of comet, which is shown by a circle.

restrict the process of scattering. Figure 6 shows some integration results, using the
tangential ejection at perihelion model, for the trail generated at the 1600 return of the
comet. At some values of Aag, M is quite scattered after 15 revolutions. However,
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particles in Figure 6 with e.g. Aag between —0.04 and 0 are in the 5:14 Jovian resonance
(55P /Tempel-Tuttle is also in this resonance), and particles in the large range in Aag
to the right of +0.07 are in the 1:3 resonance. The resonances cause M to be a more
coherent function of Aag. Moreover, in general the dispersal of nodal positions is also
greatly restricted by resonances, owing to resonant motion being near-regular rather than
stochastic [10]. Since compact, resonant structures can survive for increased timescales,
outbursts can occur due to Leonid meteoroids released from the comet many centuries
ago, as was the case in the 1998 fireball display [11-13].

5. LEONID TRAIL ENCOUNTER PARAMETERS

Forecasts of Leonid outbursts and explanations for past displays, based on determining
that the Earth encounters specific trails, have been published elsewhere (e.g. [8,14-18]).
In Table 1 the nodal positions of trail centres are listed for encounters in years near the
present. To generate these data, the point along the trail must be found that reaches the
descending node in mid-November; the effect of perturbations on the nodal position of
particles at that point can then be determined. As the time of nodal passage is generally
quite a smooth function of Aag for the youngest trails, there is usually no problem in
finding the desired Aag. This technique has been applied to many streams, e.g., the June
Bootids [19] and Draconids [20].

It is possible to identify details of the perturbation history of particles in Table 1. For
example, { of particles in the 4-revolution trail at Aay = +0.14 increases by ~2° between
1866 and 2001, and this happens mainly during two moderately distant approaches (~1
AU) to Jupiter in 1898 and 1901, before and after perihelion. At those times, the comet
is ~2 AU ahead of the particles, so that the geometry of the approaches is different and
2 only changes by half as much. The rp of those particles changes a few times during the
4 revolutions, sometimes by ~0.01 AU during the course of a single, moderately distant,
planetary approach. It is therefore rather fortuitous that this part of the trail is brought

Table 1

Encounters with young Leonid trails during years around present return of 55P/Tempel-
Tuttle. Listed are age of trail in revolutions, point along trail parameterised by Aag,
longitude of nodal position given as date when Earth reaches that longitude, and difference
in heliocentric distance (AU) between Earth and descending node of trail.

Trail Aag Date TE—Tp
3-rev  4+0.14 1999 11 18.09 —0.0007
8-rev  4+0.06 2000 11 18.16 +0.0008
4-rev. +0.11 2000 11 18.33  +0.0008
7-rev. +0.08 2001 11 18.42 —0.0004
4-rev. +0.14 2001 11 18.76  +0.0002
9-rev  +0.04 2001 11 18.73  +40.0002
7-rev. +0.11 2002 11 19.17 —0.0001
4-rev  +0.17 2002 11 19.44 0.0000
2-rev +0.96 2006 11 19.20 —0.0001
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so close to Earth orbit intersection in 2001 November, although given sufficiently many
long trails, it is likely that the Earth will encounter some of them from time to time.
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A dust swarm detected after the main Leonid meteor shower in 1998
Y.-H. Ma®" Y.-W. He® and 1.P.Williams®

*Purple Mountain Observatory, Academia Sinica, Nanjing 210008, China;
National Astronomical Observatories, Academia Sinica, China

bAstronomy unit, Queen Mary and Westfield College, London E1 4NS, UK
“Electric Wave Propagation Institute of China, Xinxiang, 453003, China

The Leonid meteor shower in November 1998 was widely observed by both visible and
radio astronomers. A significant outburst, which included several fireballs, was observed on
the moming of Nov.17, about 16 hours before the predicted maximum of the main shower.
The main shower was also observed as expected on Nov.18 and many observations of both
these events have been recorded. About 18 hours after the main shower, an abnormal peak of
the ionosphere characteristic value f,E; was detected by two separate ionosphere observational
stations, Guangzhou and Hainan. The very high f,E; value was maintained over one hour. The
most likely explanation for this abnormally high activity is that the ionosphere was
bombarded by a swarm of dust particles, much smaller than those which produce a visible or
radio trail. The near coincidence in time between this event and the Leonid shower strongly
suggests that we should look for an explanation for this dust swarm in terms of the dynamics
and evolution of the Leonid meteoroid stream and this paper explores these aspects.

1. INTRODUCTION

The Leonid meteor shower is a well-known periodic meteor shower. The Leonid parent
comet, 55P/Tempel-Tuttle, has an orbital period of about 33.2 yr, and storms usually occur in
years around the perihelion passage of the parent comet. Since comet 55P/Tempel-Tuttle
passed perihelion on February 28, 1998, the Leonid meteor shower of 1998 was predicted [1,
2, 3, 4, 5] to produce a strong shower. Such strong displays were seen and details can be
found in many published articles. Showers have not always appeared when expected although
the general behaviour of meteor streams has been reasonably well modelled. In 1998 a strong
component, rich in bright meteors, appeared about 16 hours before the expected maximum of
the main shower. An explanation for this has been given by Asher et al. [6]. An unexpected
new peak in the Perseids occurred in the early nineties slightly separated in time from the
traditional main peak [7], and a similar case occurred in the Quadrantids [8]. We found
another unusual phenomenon, which was an abnormal level of ionization detected in the
ionosphere about 18 hours after the main Leonid shower of 1998. The same phenomena
occurred in the ionosphere around the strong showers of the Leonids, Perseids and Draconids

' Supported by National Natural Science Foundation of China (No.19873020 \& No0.49474242) and the Royal
Society KC Wong fellowship.

-73-



Y.-H. Ma et al.

direction of ejection and the orbital plane, so vsin¢ is the component of the ejection velocity
perpendicular to the orbital plane.

Suppose the ejection occurred at perihelion, Eq.(1) becomes
S——vsing 2

From Eq.(2), substituting the orbital parameters of S5P/Tempel-Tuttle, we can get
A(vsing) = v, sing, —v, sing, = L67x10°AQ (m s 3)
v; and vy are ejection velocity of different sized particles, and AQ is in degrees.

Following Whipple [14] and Wu and Williams [15], the ejection velocity can be given as

v = C r-—L125
(bc)045

“)

where C is a constant. If they were ejected simultaneously in the same direction, we have

Hhsme si‘n¢ =N bﬂj (5)
vosing vy, V b,

It is well known that the small meteoroids are principally affected by the solar gravity and
an anti-gravity force arising from solar radiation pressure after they were ejected from their
parent body, and they move basically along the original orbit. Different sized particles will
have different orbital periods due to the different influence of solar radiation force on them.
They will therefore separate gradually in the process of orbital movement. Since the force
from solar radiation pressure is opposite to the direction of solar gravity, its effect is to
'weaken' the gravity so that the quantity GM is replaced by GM(1-f3), where $=F/F, (F;: the
force from solar radiation pressure and Fy: the solar gravity) has the value about B~10"/bc
[16], b being the radius and ¢ the bulk density of the grain, both in cgs units. From the
Kepler's third law, and remembering that the meteoroids move basically along the same orbit,
we have the orbital period of the meteoroids

P

pP=—tc
(1- )"

©)

where P, is the orbital period of the parent comet, so in this case P, =33.2 yr.

In addition to radiation pressure causing the period to vary with particle size, the small
energy change by ejection affects the period of ejected particles. The energy change per unit
mass by ejection is

1
AE=chos()-{~—2—v2 = VvcosO @)
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[9,10]. These phenomena were thought to be due to the impact of a swarm of very small
particles into the ionosphere. We shall analyse the small particle peak of Leonid shower of
1998 in the following section.

2. OBSERVATIONS

An overview of the optical observations of the 1998 Leonid activity was given by Arlt [11].
An unexpected component rich in bright meteoroids appeared about 16 hours before the
predicted maximum of the main shower. The actual "storm" component was observed as
expected with a peak at November 17, 20:30UT.

We had a radio observation at Electric Wave Propagation Institute of China in Xinxiang,
Henan. The result was also consistent with the prediction, and the peak was over 2500 A",

Several ionosphere observational stations in China surveyed the ionization effect of the
meteor shower during Nov.14-20. The ionosphere characteristic value f,E; was selected as the
observational parameter. About 18 hours after the main shower, an abnormal peak of the f,E;
value was detected simultaneously by two ionosphere observational stations, Guangzhou and
Hainan. The very high f,E; value was maintained for over one hour. The abnormal
phenomenon showed that the ionosphere was bombarded by a swarm dust that could not be
observed by optical and radio.

We can understand this phenomenon as follows. According to Hughes' [12] suggestion that
typical stream meteoroids have a mass distribution index s=2.27 and the number of
meteoroids N, with masses greater than m is proportional to m"™®, we have the number of
meteoroids N, with radii greater than b proportional to B9 So N~ m' ¥~ p38 If a region
of the stream contains 1 meteoroid with radius greater than 1 centimeter, it should contain
10*®" meteoroids with radii greater than 0.1 centimeter, 10"%* meteoroids with radii greater
than 0.01 centimeter and so on. The large population of tiny grains bombarding the
ionosphere can produce enough positive ions to create abnormal ionization effects in the
ionosphere [9,10]. There was no abnormal ionization effect during the main shower because
the number of the grains was insufficient.

3. THE EFFECTS OF EJECTION VELOCITY AND RADIATION PRESSURE

The ejection velocity of the meteoroid from the comet and the solar radiation pressure upon
it are obviously dependent on the mass of the meteoroids, which can cause the meteoroids of
different sizes to be separated.

The dust swarm 18 hours after the main shower illustrates that the longitude of the
ascending node of the tiny grains in the Leonid stream has a 0.74° difference from that of the
visible ones. If they suffer the same planetary perturbation, the node can be changed only by
ejection. From the fundamentals of the celestial mechanics, we can get [13]

_rsin(w+ f)
hsini

AQ ysin @ 1

where AQ is the longitude change of the ascending node caused by ejection, r is the
heliocentric distance, 4 is angular momentum, v is ejection velocity, @ is the argument of the
perihelion, f is the true anomaly, i is the inclination of the orbit, ¢ is angle between the
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where V is the orbital velocity of the comet at the position of ejection, v is the ejection
velocity, @ is angle between the directions of V and v.

If 8 =m/2, from Eq.(7), AE =0, no energy change is caused by ejection. This is a special
case but in general it is possible and it simplifies our discussion here.

Taking be=0.lcm, =3 gcm'3 (becy=0.3) for visible meteors, from Eq.(6) and the
observation ( A P=18 hours), we can get b,c;=0.064 for the tiny grains which caused abnormal
ionization effects in the ionosphere.

Substituting the values of b;c; and bycg into Eq.(5), and combining Eqgs.(3) and (5), we get

v sing =2.24x10° ms', v, sing =1.00x10° ms”.

These results suggest that the initial ejection velocities of the streamlet responsible for
Leonid meteor shower in 1998 must have a component perpendicular to the orbital plane and
are of order 10° m 57" if the ejection occurred at the last perihelion. This is much different from
that of Brown and Jones [17] who derived that the initial ejection velocities are of order
5ms" and do not exceed 20 m s™' for any of the Leonid storms over the last 200 years.
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Meteor showers associated with Near-Earth Asteroids in the Taurid complex
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The existence of observed meteor showers associated with some of Near-Earth asteroids
(NEAs) is one of the few criterion that such asteroids may be considered to be candidates for
extinct cometary nuclei. In order to reveal new NEA-meteor shower associations we
calculated the secular variations of the orbital elements of 17 Taurid Complex asteroids with
allowance for perturbations from six planets (Mercury-Saturn) over one cycle of variations of
perihelia arguments. The Earth-crossing class of these NEAs and theoretical geocentric
radiants and velocities of their meteor showers were determined and compared with available
observational data. It turns out, that each Taurid Complex asteroid is associated with four
meteor showers. This is evidence for the cometary origin of these asteroids.

1. INTRODUCTION

According to generally accepted opinion, meteoroid streams are formed as a result of the
disintegration of cometary nuclei. The presence of meteor showers associated with some near-
Earth asteroids (NEAs) give evidence that such asteroids have a cometary origin, i.e. they are
extinct cometary nuclei [1,2,3,4,5]. The existence of asteroids identifiable with extinct or
dormant comets (2060 Chiron, 4015 Willson-Harrington, 1986 TF Parker-Hartley) confirm
the cometary origin for some NEAs.

Investigation of NEA-meteor showers associations is important not only for confirmation
or denial of NEA cometary origins, but also for the receipt of important information about
NEA sources — comets from outer regions of the Solar System, and real asteroids from the
main belt.

The calculation of theoretical meteor radiants is the first step in revealing the generic
relationship between a given near-Earth object (comet or asteroid) and its possible meteor
showers. However, methods for the determination of the theoretical radiants of comets and
asteroids approaching the Earth's orbit close than 0.1-0.3 AU, which were used by different
authors, e.g., [6,7,8] until recently, did not take into account the meteoroid stream evolution
and could only roughly predict one or two radiants of the given comet or asteroid.

As follows from basic principles of meteoroid stream formation and evolution
[9,10,3,4,11] related meteor showers can be possessed also by those comets whose orbits are
located presently at distances more than 0.3 AU from the Earth’s orbit (Table 1) but which
crossed it in the past. The orbit of the parent body for the moments of its crossings of the
Earth's orbit can be determined by studying its evolution under the gravitational perturbing
action of the major planets.
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2. FORMATION OF METEOROID STREAMS

Ejection velocities of meteoroids from their parent bodies and radiation pressure (for small
particles) cause an initial dispersion in orbital elements of ejected meteoroids. Because of
differences in the semi-major axes (and orbital periods) between the meteoroids and their
parent body, some meteoroids lag behind the parent body, while others, overtaking it, spread
along the entire orbit and form a complete loop in a comparatively short time [12,13].

After the meteoroids are distributed along the orbit of the parent body, due to differences in
the planetary perturbing action on stream meteoroids of different semi-major axes and
eccentricities, the rates and cycles of variations in the angular orbital elements (w, £2, i) will
be different for different meteoroids. As a result, the orbits of different meteoroids will be at
different evolutionary stages as distinguished by their arguments of perihelia, that is the
stream meteoroids occupy all evolutionary tracks of their parent body. This process increases
considerably the size of the meteoroid stream, first of all, its thickness (the breadth of a stream
is determined by the value of the meteoroids' orbital semi-major axes).

If the Earth's orbit is assumed to be circular, then it may be intersected by those stream
meteoroids which have the orbital node at r=1 AU, i.e. satisfying the expression:

2
+ cose =20 )71 (1)
é

As shown earlier [10,3,4] the number of meteor showers produced by a meteoroid stream
is determined by the Earth-crossing class of the parent-body orbit. For example, if it is a
quadruple crosser of the Earth's orbit (i.e. during one cycle of variations of the perihelion
argument of its orbit under the perturbing action of the major planets a parent body crosses
the Earth's orbit four times) the meteoroids of the stream that separated from parent can
produce four meteor showers: two at the pre-perihelion intersections and two at the post-
perihelion intersections with the Earth. Crossing before perihelion gives rise to two nighttime
showers, and after the perihelion to two daytime showers. These two pair of showers are
formed by the same meteoroid stream, each pair consisting of a northern and a southern
branch.

3. METEOR SHOWERS ASSOCIATED WITH TAURID COMPLEX ASTEROIDS

The object of the present paper is to reveal the meteor showers associated with the Taurid
Complex asteroids, which has Encke's comet as a member and according to Clube & Napier
[14] and Asher et al. [15] have a common cometary origin. Possible association of daytime
fireballs and some Taurid complex asteroids (4486 Mithra, 1990 SM and 1991 BA) was
suggested by Hasegawa [16]. But the existence of observable associated meteor showers is
the only substantial index that a given NEA is a candidate for comet origin.

Asher et al. [15] assumed that those near-Earth objects (NEOs) belong to the Taurid
complex asteroids if their longitudes of perihelion m=+w lie within the limits of 100° < 7t <
190°, and if their orbital parameters (a, ¢, i) satisfy the criterion D<0.2, where

2 N\
o =(a—‘;—ag-) +(e1—e2)z+(25in izl—zj . 2)
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and q;=2.1 AU, ¢,=0.82, and {;=4° and the subscript 2 denotes a near-Earth object's orbit. The
criterion (2) is a modified Southworth & Hawkins' [17] criterion of orbital similarity as
applied to the membership for the Taurid complex.

Among 536 near-Earth asteroids known by August 8, 1998 we find 17 whose orbits satisfy
the criterion (2). Data for these NEAs are given in Table 1, where a is semi-major axis, e is
the eccentricity, ¢ is the perihelion distance, i is the inclination to the ecliptic, £ is the
longitude of the ascending node, @ is the argument of perihelion, H is the absolute magnitude
and d the equivalent diameter, calculated using the expression [18,19]:

log d=312-02 H-05log p- (3

The candidates for comet origin should be dark asteroids of C,P and D-types of low
albedos in the range of 0.02 to 0.08. The values of 4 in Table 1 are given for an assumed
albedo p=0.08. R, and R, are the radius-vector of the ascending and descending nodes
respectively.

Table 1
Near-Earth Asteroids of the Taurid Complex
Asteroid q a e P Q° o° n D H d R, R;
AU AU 2000.0 km AU AU
1993 KA2 0.502 2227 0775 32 2396 2613 1409 0.06 290 001 10 08
6063 Jason 0522 2216 0764 438 170.0 3365 1465 007 151 45 05 3.1
1996 SK 0.494 2428 0796 2.0 1983 2834 1217 012 17.0 19 0.7 1.1
2201 Oljato 0.630 2176 0711 25 76.9 960 1729 0.12 153 41 12 1.0
5025 P-L 0.647 2140 0697 3.1 3416 1538 1355 0.2 159 31 29 07
1991 TB2 0394 2397 0836 86 2972 1956 1328 013 170 19 37 04
5143 Heracles 0420 1.83¢ 0771 92 3108 2264 1772 013 139 77 16 05
4197 1982 TA 0522 2297 0773 122 102 1192 1294 0.14 145 59 15 07
1995 FF 0674 2321 0710 06 1756 2931 1087 0.14 265 0.02 09 16
1991 BA 0.713 2242 0682 20 1189 70.7 189.6 0.15 285 001 10 1.6
1991 GO 0.663 1956 0.661 9.7 25.0 88.6 1136 0.19 190 07 1.1 09
4183 Cuno 0718 1980 0.637 6.8 2959 2352 171.1 0.19 145 59 1.8 09
5731 Zeus 0.785 2262 0653 116 2828 2156 1384 0.19 155 37 28 08

4341 Poseidon 0.588 1835 0.679 119 108.2 155 1237 020 156 35 06 29
8201 1994 AH2 0.730 2527 0.711 9.6 164.4 248 1892 020 163 2.6 0.8 35

1990 HA 0.782 2571 0696 3.9 184.8 303.3 133.1 020 160 3.0 09 23
1996 RG3 0.790 2.000 0.605 3.6 1585 2999 984 0.20 185 09 10 18
2P/Encke 0.331 2209 0850 11.9 334.7 186.3 161.0 40 03

Using the Halphen-Goryachev method [20] we calculated the secular variations of the
orbital elements of each asteroid mentioned in Table 1 with allowance for perturbations from
six planets (Mercury-Saturn) over one cycle of the variations in the arguments of perihelia
(4,000-10,000 yrs). The results of calculations are that all these asteroids (exception 1991 BA)
are quadruple-crossers of the Earth's orbit, and, therefore, their hypothetical meteoroid
streams might produce four meteor showers each. The smallest NEA (1991 BA) is twice-
crosser and might produce two meteor showers. We calculated the theoretical orbital
elements, geocentric radiants (the right ascension & and declination &) and geocentric
velocities, solar longitudes and corresponding dates of activity of all meteor showers
associated with 17 Taurid Complex asteroids. A computerized search for the predicted
showers was carried out in the catalogues published by: Cook [21], Kashcheev et al. [22],
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Lebedinets et al. [23], and Sekanina [24,25]. This search took into account the closeness in
the positions of the theoretical and the observed radiants (the requirement used was Ao=
Ab=t10°), in velocity values (AVg < £ 5 km/s) and period of activity (At<+15 days) for
Ds.u<0.2, where Dgy is the criterion of Southworth and Hawkins [17], which, in the case
under consideration, serves as a measure of the similarity between the theoretical and the
observed orbits. With the use of these catalogues, 58 out of the 66 theoretically predicted
showers were identified with observed showers. Probably, the other 8 showers also are active,
but they are not distinguished yet amongst the sporadic background. The values of Dsy —
criterion showed good agreement between the parameters of theoretically predicted and the
observed showers.

Figure 1 represents the theoretical (dots) and observed (crosses) radiants of the meteor
showers associated with Taurid Complex asteroids. The theoretical and observed radiants are
linked in pairs. The curve delineates the ecliptic. Fig. 1 shows that in most cases theoretical and
observed radiants coincide or are close with each other, but in some cases their differences
reach 10-12° due to daily motion of the radiant which was not taken into account because the
published catalogues often don't contain corresponding data.

At present about 2000 minor meteor showers and associations are detected from optical
and radar observations of meteors, but in the overwhelming majority of cases the parent
comets of these showers have not been recognized. As shown by the results of the present
paper, the lack of parent comets of many meteoroid streams may be explaned not only by
different changes of the stream and parent comet's orbits, but also by extinction and
transformation of parent comets into asteroid-like bodies.

o -~ o~ T T

40- & .x =g

120 90 60 30 0 Q°

180 160

Fig. 1. The predicted (dots) and observed (crosses) radiants of the meteor showers associated
with the Taurid Complex asteroids. The predicted and corresponding observed showers are
linked in pairs. The curve delineates the ecliptic.
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4. CONCLUSIONS

The present investigation shows that each Taurid complex asteroid is associated at least by
two, but in most cases with four detected meteor showers. This is evidence for the cometary
origin of these asteroids.

For many meteor showers and associations the parent bodies were revealed. This reduces the
disproportion between the number of meteor showers and their parent bodies.

The northern and southermn branches of meteor showers and their corresponding daytime
(or nighttime) twins were determined.

It turns out that a number of meteor showers are common to several members of the Taurid
Complex asteroids. So, for example, Northern and Southern Taurids, {-Perseids and B-
Taurids, Northern and Southern May Aquarids, Northern and Southern Khi Orionids,
Northern and Southern Piscids and others associated with 2P/Encke [26], are also associated
with the NEAs 2101 Oljato, 4341 Poseidon, 5143 Heracles, 6063 Jason, 1993 KA2, 1997
GL3, 1996 SK, 1991 TB2 and others. These results confirm the assumpton [14,2] that Taurid
Complex consist of meteoroids of all possible sizes, including large asteroid-like bodies
(extinct cometary nuclei or their fragments), which have produced meteoroid substreams and
entered a valuable contribution in the formation of enormous Taurid meteoroid stream
producing in the Earth atmosphere more than sixty meteor showers during nearly the whole of
the year.
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Dust trails along asteroid 3200 Phaethon’s orbit
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We performed observations of the zodiacal light on November 16-18, 1999 at Mauna
Kea (4200 m, Hawaii) by using a cooled CCD camera to search for the dust trails along
the orbit of asteroid 3200 Phaethon, which is thought to be the parent object of the
Geminid meteoroid stream. No significant enhancement of the brightness larger than
15100 appears along a line of sight passing through the orbit of Phaethon.

1. INTRODUCTION

The asteroid 3200 Phaethon, discovered as 1983TB using IRAS [1] has the orbital ele-
ments: semi-major axis a=1.271 AU, eccentricity e=0.890, inclination :=22.1°, longitude
of the ascending node 2=265.6° and argument of perihelion w=321.8°. Since the Earth
approaches this orbit in the middle of December, Phaethon is thought to be the parent ob-
ject of the Geminid meteoroid stream. Furthermore, Phaethon is expected to be a comet
in a dormant phase as the parent objects of meteoroid streams are generally thought to
be comets.

A faint glow at an ecliptic latitude 3 of 6° and a helioecliptic longitude A — Ag of 78°
has been found in our zodiacal light observations at Hale Pohaku (2800 m, Hawaii) on
November 2nd, 1997 (see Figure 1b in [2]). The analysis of this faint structure suggested
that this feature related to the orbit of asteroid 3200 Phaethon. However, since its bright-
ness of about 1Sj0g is near our detection limit, we could not conclude the existence of
dust trails associated with asteroid 3200 Phaethon. The confirmation of this structure
was the motivation of the observations presented below.

2. OBSERVATION AND DATA ANALYSIS

We made photometric observations of a region in Cancer, where the orbit of asteroid
3200 Phaethon could be seen on November 17th, 1999. We used a wide-angle lens (Sigma
24 mm lens, F'=2.8) attached to a cooled CCD camera (Mutoh CV-16) at Mauna Kea
(4200 m, Hawaii}. The angular resolution and the field of view are 2.50° pixel™' and
32°x21° (768x512 pixels) respectively. A special filter is designed to fit the broadest
window of visible airglow and artificial sky lines, between Hg at 435 nm and NI at 524
nm (see Figure 2 in [3]). The exposure time was set to 3 mins, and the temperature of
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the CCD chip was kept at —29°C. In order to check the dark and readout noise during
the observations, 53 dark frames were taken throughout the night. The frames for the
flat fielding were taken using the same instrument inside the integrating sphere at the
National Institute of Polar Research (NIPR), Tokyo, Japan.

The observed frames allow us to estimate the optical depth 7(z) of atmospheric extinc-
tion via the photometry of standard stars, by changing the zenith angle with time i.e.
7(2)=0.113/cos z. From the photometry of solar analog stars, we found that 1 ADU in
our system is equal to 2.845)¢@, where 15)05=1.28x10"% W m~2 sr~! pm™~! at 500 nm.

2.1. The brightness of the predicted dust trail

The expected brightness of the dust trail is listed in Table 1. It is assumed that the
dust trail can be considered as a cylindrical dust tube with a diameter 0.03 AU, existing
along the orbit of Phaethon. Furthermore, the number density of meteoroids (dust grains)
is constant inside the tube and the dust grains are spheres with uniform diameters. The
brightness of possible dust trails at the observation time was calculated based on the
scattering properties of dust grains shown given in [4], where the phase angle (Sun-dust
grain-Earth angle} is 120° ~ 140°. It was found [5] that an enhancement of brightness
caused by the dust trails associated with comet 55P/Tempel-Tuttle in 1998. It was
detected when the Earth entered into the dust trail of the Leonid meteoroid stream, and
it was estimated that the number density of dust grains with a typical diameter of 10 pm
was 1.5x10710 m~3,

Table 1
The expected brightness of dust trails associated with the orbit of asteroid 3200 Phaethon

Number density (m™®) Dust diameter (um) Brightness (Siog)

1.5 x 1071° 10 0.1
1.5 x 10712 100 0.1
1.5 x 1078 10 10
1.5 x 10719 100 10

It is seen from Table 1 that the detection of dust trails associated with asteroid Phaethon
would be difficult, assuming the meteoroids in the dust trail had a similar size and number
density to those in the dust trail of 55P/Tempel-Tuttle. A pessimistic prediction also
comes from the fact that we will see the dust trails of Phaethon nearly perpendicular to
its orbit from outside of the dust tube, while the Leonid meteoroid stream was observed by
[5] along its orbit from the inside the dust tube. However, we expect that the hypothetical
dust trail of Phaethon may be denser in number density than that of normal meteoroid
streams because of the very active appearance of Geminid meteor shower. In addition,
it is assumed that the parent body (Phaethon) is in a dormant cometary phase, and
consequently the meteoroids existing along its orbit have already spent a longer time in
space after leaving the parent body in its active cometary phase. In that case, since larger
grains have longer lifetimes in the interplanetary space against the Poynting-Robertson
effect, the size of meteoroids surviving near the orbit of Phaethon is expected to be larger.
These conjectures lead us to an optimistic view of observations.
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3. RESULTS

The sky region of the observations is shown in Figure 1, where the horizontal axis
denotes the A — \g between 90° and 120°, and the vertical axis means the 3 between 0°
and 20°. It was expected that the dust trails appear in 6°<8<11° (150< pixels <275),
as shown by the solid line in Figure 1. After removing other contributions to the sky
brightness from the observed raw data, the zodiacal light was extracted by using the
same method as described in [2]. Then we used Fourler filtering to enhance the structure
with an angular scale between 0.7° and 5°. This filtering process removes the large scale
structure like the smooth component of the zodiacal light.

We have performed the scan of signals along the line perpendicular to the orbit of
Phaethon, and in order to enhance the significance of the signals, we summed up the
scan results of brightness along the line parallel to the orbit (see Figure 2). In Figure 2,
the horizontal axis denotes the separation distance from the orbit of Phaethon, and the
vertical axis means the averaged brightness over the Fourier-filtered image from Figure
1. No significant enhancement of brightness larger that 1 Siog appears near the orbit of
Phaethon. The scattering of the resulting data may be caused by noise, with a magnitude
of about 0.6S10s-

Figure 1. A sky region of observation in November 17th, 1999. A horizontal axis denotes
the helioecliptic longitude of 90°-120°, and a vertical axis means the ecliptic latitude of
0°-20°. The orbit of asteroid 3200 Phaethon is illustrated by a thick solid line.

4. SUMMARY

No significant brightness enhancement associated with the orbit of asteroid 3200 Phaethon
(potential parent body of the Geminid meteoroid stream) appears in our CCD photom-
etry of the zodiacal light. It should be noted that our search was done for the trail
structure with an angular scale of between 0.7° and 5.0° by applying a Fourier filtering
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Figure 2. Brightness profile of Fourier-filtered image along the line perpendicular to the
orbit of Phaethon, where the brightness is in unit of Sipp, and it is averaged over the
direction parallel to the orbit of Phaethon.

process. If the dust trails had a narrow structure, less than our angular resolution of
observation (0.62° or ~15 pixels) we would have been able to distinguish the structure
from the background zodiacal light. Up to now, we have not yet determined the origin
of faint structure detected at 3 = 6° and A — Ay = 78° in [2]. One of the reasons for
our negative result may come from the difference in the solar elongation angle between
90°-120° in this observation and 78° in {2]. The brightness of dust trails may depend on
the solar elongation angle. Further searches for dust trails associated with active meteor
showers will be done using a new CCD instrument developed in [6].
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CCD imaging of the zodiacal light
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We review recent developments in ground-based observations of the zodiacal light at
visible wavelengths. These developments are largely due to the introduction of refrigerated
charge coupled device (CCD) detectors. CCD images show not only the global structure
of the zodiacal cloud, e.g. its symmetry plane, but also faint structures, such as dust bands
and dust trails with a brightness of a few Sige, which were previously only seen in satellite
data. We also briefly mention CCD spectroscopy of the zodiacal light, and emphasize the
importance of laboratory calibration of the detector system, and application of state-of-
the-art data reduction methods in the analysis of such faint and diffuse objects.

1. INTRODUCTION

The IRAS, and later COBE, satellites initiated a new era in the zodiacal cloud sci-
ences, starting in the 1980s (e.g. [1], [2], [3]). We have learned that the zodiacal cloud
has a complex structure, including localized enhancement of interplanetary dust particles
(IDPs) associated with asteroid families (dust bands), along cometary orbits (dust trails),
and near planets (resonance rings or circumsolar rings). All of these new findings have
come from satellite observations at infrared wavelengths. Since the late 1990s, new detec-
tor systems, such as cooled charge coupled device (CCD) cameras, have made it possible
to detect faint structure in the zodiacal cloud at visible wavelengths from ground-based
observation (e.g. [4], [5]). The resulting CCD images taken at high altitude sites have
enabled us to study the structure of the zodiacal cloud in detail.

In this review, we will first mention the application of CCD detectors to the spec-
troscopy of the zodiacal light (ZL) in order to examine the dynamical behaviour of IDPs;
we will then summarize recent results from CCD photometry of the ZL, including the
Gegenschein.

2. CCD SPECTROSCOPY OF THE ZODIACAL LIGHT

Doppler shifts observed in sunlight scattered by IDPs (ZL) have been used to examine
the dynamical behaviour of IDPs. Due to the low surface-brightness of the ZL, it is dif-
ficult to measure the Doppler shifts reliably. Two different experimental strategies have
been adopted in previous work, as noted in [6], namely using: (i) a scanning Fabry-Pérot
interferometer to measure the profiles of Fraunhofer lines in the ZL (e.g. [7]), and (ii)
a correlation mask radial velocity spectrometer to measure the line median or centre of
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gravity (e.g. [8]). It is demonstrated[6] that the line profiles in ZL spectra are important
diagnostics of the dynamical behaviour of the IDPs. Consequently, they recommended ob-
servations “exploiting the optical advantages of the Fabry-Pérot instrument in association
with the 2D /high quantum efficiency of the charge coupled device (CCD) detector”.

CCD spectroscopy for Doppler shift measurements was performed in 1995 at Mt.
Haleakala (altitude 3000 m, Hawaii) using the Fabry-Pérot étalon spectrometer devel-
oped by [9], with a CCD camera cooled to the temperature of liquid nitrogen (see [10}).
Doppler shifts of the MglI line at 5183.6 A in the morning ZL were detected. Although
the resulting data, as shown in Figure 1, cited from [10], have a rather large scatter, those
at a solar elongation angle, ¢, smaller than 40° confirm the previous conclusion that IDPs
have prograde orbits, i.e. the Doppler shifts in the morning ZL occur on the red side. The
error bar in the Doppler shifts is estimated as about +0.1A4 in Figure 1, while that in € is
+2°. The Doppler shift values detected however, seem to be different from those reported
by [8], and the data for ¢>40° appear on the violet side. No reasonable interpretation of
these data has yet been presented.
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Figure 1. Doppler shifts of the zodiacal light as a function of solar elongation angle. The
observed results are cited from [10] (morning ZL) and [8] (average of the morning and
evening ZL). The computed results are cited from [6] for the morning ZL, and for a single
grain in a circular Keplerian orbit.

It 1s generally realized that it is not easy to estimate the dynamical behaviour of IDPs
from observed Doppler shifts. Each observed spectrum results from the combined scat-
tering of sunlight by myriads of dust particles along a line of sight. These dust particles
have different radial velocities relative to the observer, and also relative to the Sun. Con-
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sequently, we detect a mixture of the Doppler shifts caused by different particles located
at different heliocentric distances. Thus, the observed shifts are complex functions of the
number density and spatial density of the IDPs, as well as of their scattering properties.

It was anticipated that CCD spectroscopy of the ZL might yield significant data on line
profiles in the ZL spectra, allowing this complex situation to be disentangled. However,
the spectra are extremely faint, especially at larger €, as shown by [10], and consequently
very noisy, which prevents the line profiles from being studied in any detail. To measure
Doppler shifts in the ZL, substantial improvement will be required in the next generation
of CCD spectroscopic instruments.

3. CCD Photometry of the Zodiacal Light

To obtain a reliable ‘snapshot’ of faint and diffuse objects with a cooled CCD camera,
we have to allow for many problems with the stability of the detection system, i.e. the
linearity of the sensitivity of the CCD chips in the weak intensity region, dark current,
read-out noise, and flat fielding (see e.g. {5], [11]).
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Figure 2. The transmission spectrum of the filter used from the 1998 observations (dotted
curve), where the emission spectrum of the airglow came from the CFHT Observers’

Manual for the average zenith sky brightness.

Previously, we used an illuminated sheet of white acrylic plastic and/or a milk tank
to take flat field images (reference frames). Although this method provided reasonable
reference frames, the introduction of reference frames taken inside an integrating sphere
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has dramatically improved the quality of reference frames for flat fielding. The integrating
sphere can supply uniform radiation with a controlled intensity to the CCD camera of
interest, where the error in the absolute flux of the calibration radiation is less than 5%.
This technique, coupled with applying a proper filter to reduce the contamination of
airglow emission (see Figure 2), was the key improvement that led to success in finding
the localized faint structures in the zodiacal cloud that are described below.

3.1. SMOOTH COMPONENT

Covernge o the Hgh-resohution Map

50
relocentnc Echptic Longitude (degree)

Figure 3. The mosaic of the zodiacal light observed in December 15 {evening; right images)
and 16 (morning; left images), 1998 at Mauna Kea (4200 m, Hawaii).

Figure 3 shows a mosaic of four pieces of our CCD images of the ZL, obtained at Mauna
Kea (4200 m, Hawail) on December 15 (evening) and 16 (morning; local time), 1998 using
a cooled CCD camera. The reference report on the diffuse night sky brightness [12] was
a useful guide to excluding other contributions to the sky brightness from our observed
data. A recent analysis [13] of the smooth component of the evening ZL shows that the
inclination of the plane of symmetry of the ZL is close to 1=2.2°£0.9° and the longitude of
its ascending node is 1=53°4+7°. There is a large discrepancy in §! between this value and
the 96°£15° deduced from photometry of the ZL [14] (DLR), while ¢ is close to DLR’s
value of 1.5°£0.4°. Since DLR’s result was based on data averaged over a fairly long
time period, whereas a ‘snapshot’ of the zodiacal cloud taken in the evening direction
in December was used in [13], the difference in £ may suggest that the symmetry plane
varies with the season.
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To obtain a reliable 3-D model for the zodiacal cloud, we have to compare the observed
2-D brightness distribution with that calculated along a line of sight based on a cloud
model. A sophisticated method for model calculation was presented in [15], and Yoshishita
et al. [13] similarly addressed model fitting. The absolute intensity of the airglow in the
zenith direction [4g(zenith) is a key parameter in estimating the airglow brightness at
a certain zenith distance based on the van Rhijn function (see [12]). The optimized
model[13] yields [4g(zenith) = 41S10e, while I4g(zenith) = 100S,0p was estimated in
[5]. This reduction of I4g(zenith) in [13], compared with [5], arose from the effective
removal of airglow lines in new filter shown in Figure 2, whereas the old filter used in
[5] has an eflective wavelength of 440460 nm. One of the scientific motivations at Kobe
University for building a new detection system is to establish the absolute values of the
ZL and the airglow, as reported in [11].

An advantage of CCD photometry of the ZL is that we can take a ‘snapshot’ of the
zodiacal cloud at any season. From comparison of the previous observations noted above,
we suspect that the zodiacal cloud cannot be represented by a simple structure with a
single plane of symmetry. We will continue to take ‘snapshots’ of the zodiacal cloud in
different seasons to examine its spatial structure in detail.

3.2. GEGENSCHEIN

A T
SR
105G

Figure 4. A CCD image of the Gegenschein, taken on 1st November 1997 at Hale Pohaku
(2800 m, Hawaii) with a 10 min exposure time and a field of view of 101° x68°. The image
was taken at the highest altitude of the Gegenschein (near the center of the frame). Our
Galaxy is located on the left side, and airglow and atmospheric light at lower altitudes
can be seen near the edge of the frame.
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The Gegenschein is a faint patch of the ZL seen near the anti-solar direction. A compre-
hensive review of the observational history of the Gegenschein in the pre-CCD photometry
era was given in [16]. The advantages of the CCD instrument are apparent when taking
images of a faint and diffuse object, such as the Gegenschein. That is, CCD photometry
of the Gegenschein can be obtained using shorter exposures than are required for con-
ventional photography: compare the 50 s exposure of [4] or the 20 min one of [17] using
CCD instruments, to the 1 hour exposure of [18] which required a photographic plate.
In photoelectric observations of the Gegenschein, as reported by [19], the 2D-brightness
distribution of the Gegenschein was deduced from a combination of data measured at
different points, e.g. 5° intervals in ecliptic longitude and 3° intervals in ecliptic lati-
tude, whereas CCD photometry can image a larger region of the sky in one exposure, i.e.
46°x31° [4], 98°x66° [17] (see 101°x68° in Figure 4).

The position of maximum brightness of the Gegenschein provides useful information on
the spatial distribution of the zodiacal cloud beyond 1 AU. It is generally believed that the
latitude of the Gegenschein shows a seasonal variation. Figure 5, cited from [17], shows
considerable scatter, suggesting that the symmetry plane of the zodiacal cloud cannot be
defined by one simple plane, such as the invariant plane of the Solar System. Furthermore,
the existence of dust bands found in [5] in the region of the Gegenschein, described later,
may cause such scattering of the observation results. Searches for seasonal variation in
the position, size, shape and brightness distribution of the Gegenschein will be important
scientific objectives for the new CCD instrument[11].
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Figure 5. The position of the maximum brightness of the Gegenschein cited from [17].

.94 -



CCD imaging of the zodiacal light

3.3. LOCALIZED STRUCTURE

The inhomogeneous structure of the zodiacal cloud was initially revealed by applying the
Fourier filtering method (see e.g. [3]) to data acquired by infrared satellites. A question to
be addressed is how such structure can be found using ground-based instruments operating
at visible wavelengths?

3.3.1. Dust bands

As shown in Figure 6, the surface brightness profile of the Fourier-filtered morning zodi-
acal light demonstrates the existence of dust bands at visible wavelengths. The brightness
of the dust bands detected at a solar elongation angle of 78° and an ecliptic latitude of
0° (the Themis/Koronis dust bands) is about 5S10g which corresponds to 2% of the sur-
face brightness of the ZL. The ability to detect such a faint feature was attained when
fluctuation of the sky brightness across the CCD was reduced to less than 0.995106.

16

Figure 6. Three-dimensional profile of the Fourier-filtered profile, where the smooth com-
ponent of the ZL has been removed. The isophotomap in the upper plane denotes the
excess brightness in units of Sy [5].

Several undefined dust bands were reported by [3], based on analysis of infrared satel-
lite data. To find the corresponding features at visible wavelengths, ‘snapshots’ of the ZL
taken in different seasons covering a wide range of solar elongation angles will become a
powerful tool. The limitations of the IRAS data were noted in [21], e.g. limited coverage in
elongation angle € of 60°<e<120°. DIRBE shifted the coverage to 64°<e<124°. In princi-
ple, however, CCD photometry can take images of the ZL in the range 30°<e<180° from
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the ground. Specifically, an extension of the dust bands in the region of the Gegenschein
was discovered in [5]. We will continue to elucidate the e-dependence of the brightness of
the dust bands in order to study their origin and dynamical evolution over time.

3.3.2. Dust Trails

The results of a survey of cometary dust trails based on IRAS data [22] have found
eight trails associated with known short-period comets. It is hard to recognize any slight
enhancement of the IDPs along a cometary orbit at visible wavelengths, because less
enhanced dust particles in the foreground/background contribute to the scattered light
and mask the dust trails. This effect arises because the brightness of scattered light
depends on the Sun-target-observer angle (the phase angle &), as well as on the number
density of the IDPs. The negative result of a search for a dust trail along the orbit of
asteroid 3200 Phaethon [23] may be caused by the observed condition of less efficiency in
the scattering function observed in a=120°~140°.

A meteor shower is believed to be when the Earth is passing through a dust tube
associated with a dust trail. If we can see the sky near the location of the radiant of the
meteor shower at this time, it should be possible to see enhancement of dust grains inside
the tube. On 17th November 1998, CCD photometry of the Leonid meteoroid stream
region was performed [24]. Thanks to a CCD instrument similar to that used by [5], they
found an excess of brightness about (2~3)% above the background ZL in the direction of
the dust trail of comet 55P/Tempel-Tuttle, the parent of the Leonid meteoroid stream.
This result was the first detection of dust trails at visible wavelengths, and from inside a
dust trail.

4. SUMMARY

We have shown that the CCD instrument is a powerful tool for detecting faint and
diffuse objects in the night sky. Some of the CCD images in our gallery are presented
here with their scientific interpretation (for more detail see zodi.planet.sci.kobe-u.ac.jp/).
Finally, we would like to emphasize that these images were taken using a portable and
inexpensive detector system. The total weight of the CCD detector system is less than 10
kg, and the cost of the primary CCD camera was about 10,000 US dollars. We hope that
some readers are interested in these CCD images and will join us in finding new features
in zodiacal clouds by using their own CCD instruments.

We thank J.F. James, R. Nakamura, T. Watanabe, S. Takahashi, Y. Fujii, C. Yoshishita,
and S. Urakawa for their collabolations in observations and data analyses.

REFERENCES

1. F.J. Low et al. Astrophys. J. 278 (1984 L19.

2. M.V. Sykes, L.A. Lebofsky, D.M. Hunten and F.J. Low, Science 232 (1986) 1115.

3. W.T. Reach, B.A. Franz and J.L. Weiland, Icarus 127 (1997) 461.

4. J.F. James, T. Mukai, T. Watanabe, M. Ishiguro and R. Nakamura, Mon. Not. R.

astr. Soc. 288 (1997) 1022.

-96 -



o

e oNe

13.
14,
15.

16.
17.

18.
19.
20.
21.

22.
23.

24.

CCD imaging of the zodiacal light

M. Ishiguro, R. Nakamura, Y. Fujii, K. Morishige, H. Yano, H. Yasuda, S. Yokogawa
and T. Mukai, Astrophys. J. 511 (1999} 432.

D. Clarke, S.A. Matthews, C.G. Mundell and A.S. Weir, A&A 308 (1996) 273.

J.F. James and M.J. Smeethe Nature 227 (1970) 588.

J.W. Fried, A&A 68 (1978) 259.

J.F. James, Mon. Not. R. astr. Soc. 280 (1996) 1055.

. T. Watanabe, Analysis of Doppler Shifts observed in the Zodiacal Light, Ph.D. thesis,

Kobe University, 1997.

. M. Ishiguro, T. Mukai, R. Nakamura and M. Ueno (2000) this volume.
12.

Ch. Leinert, S. Bowyer, L. Haikala, M. Hanner, M.G. Hauser, A.C. Levasseur-
Regourd, 1. Mann, K. Mattila, W.T. Reach, W. Schlosser, J. Staude, G.N. Toller,
J.L. Weiland, J.L. Weinberg and A.N. Witt, A&A Suppl. 127 {1998) 1.

C. Yoshishita, M. Ishiguro, T. Mukai and R. Nakamura (2000) this volume.

R. Dumont and A.C. Levasseur-Regourd A&A 64 (1978), 9.

T. Kelsall, J.L. Weiland, B.A. Franz, W.T. Reach, R.G. Arendt, E. Dwek, H.T.
Freudenreich, M.G. Hauser, S.H. Moseley, N.P. Odegard, R.F. Silverberg and E.L.
Wright, Astrophys. J. 508 (1998) 44.

R.G. Roosen, Rev. Geophys. & Space Phys. 9 (1971) 275.

M. Ishiguro, H. Fukushima, D. Kinoshita, T. Mukai, R. Nakamura, J. Watanabe, T.
Watanabe and J.F. James, Earth, Planets & Space 50 (1998) 477.

S. Suyama, A&A 52 (1976) 145.

H. Tanabe, Publ. Astron. Soc. Japan 17 (1965) 339.

R.G. Roosen, Icarus 13 (1970) 523.

S.F. Dermott, S. Jayaraman, Y.L. Xu, K. Grogan and B.A.S. Gustafson, AIP 348
(1996) 25.

M.V. Sykes and R.G. Walker Icarus 95 (1992} 180.

S. Urakawa, S. Takahashi, Y. Fujii, M. Ishiguro, T. Mukai and R. Nakamura {2000)
this volume.

R. Nakamura, Y. Fujii, M. Ishiguro, K. Morishige, S. Yokogawa, P. Jenniskens and T.
Mukai, Astrophys. J. 540 (2000) 1172.

-97.-



WIZARD: New observation system of zodiacal light in Kobe University
M.Ishiguro* T.Mukai®, R.Nakamura®, F.Usui, and M.Ueno

*The Institute of Space and Astronautical Science(ISAS),
Yoshinodai 3-1-1, Sagamihara, Kanagawa 229-8510, Japan

bGraduate School of Science and Technology, Kobe University,
Rokko-dai-cho 1-1,Nada, Kobe 657-8501, Japan

“National Space Development Agency of Japan (NASDA),
Harumi 1-8-10, Chuou-ku, Tokyo 104-6023, Japan

dGraduate School of Arts and Sciences, University of Tokyo,
Komaba 3-8-1, Meguro, Tokyo 153-8902, Japan

We describe a new system(WIZARD') for zodiacal light observations, developed by a
group in Kobe University, Japan. Since the zodiacal light is faint and widespread all over
the sky, the system consists of a very sensitive CCD camera with a quantum efficiency
of 90% at 500 nm and a wide angle lens with a FOV of 92°x46°. WIZARD will be able
to measure the absolute brightness of diffuse sky in visible wavelengths. The zodiacal
component will be separated from the integrated star light, airglow continuum and the
scattered light in the atmosphere, in the data reduction procedure. We report the design
of WIZARD and the expected performance?.

1. INTRODUCTION

The zodiacal light is the diffuse sunlight scattered by interplanetary dust particles. It
is a difficult task to do high quality photometry of zodiacal light from a ground-based
observatory because of its faintness as well as the contamination of diffuse light sources.
Active ground-based studies were done in the 1960’s and 1970’s by using a photo-multiplier
attached to a telescope on a high altitude mountain (see e.g. [1]). Their efforts have
provided us with an overview of the zodiacal light, but they have also revealed limits of
the ground-based observation with photomultiplier mounted on a telescope i.e. low spatial
resolution and enormous observation time, compared with the spaceborne observations
(see e.g. [2]).

About 20 years later, the high sensitivity and imaging capability of the Charge Coupled
Device (CCD) has enabled us to obtain a ‘snapshot’ of diffuse faint objects with a portable

IWide-field Imager of Zodiacal light with ARray Detector

*We obtained the first image from WIZARD in 2001 at Mauna Kea(4200 m, Hawaii) in collaboration with
the SUBARU Telescope. In this paper, we describe the design and expected performance of WIZARD in
this developing phase.
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Figure 1. Plan for the lens unit. Rays at the center and edge of frame are drawn.

Table 1
Comparison of the observation systems
New Instruments Previous Instruments

*

f (mm)(F) 32.5(2.8) 24.0(2.8)
QE(%) at 500 nm 90 20
FOV(°) 92 x 46 32 x21
Spatial resolution (arcmin pixel™!) 1.35 2.50
Peak wavelength (nm) 480 440
Uncertainty of the zero point (e™) <5 10-100

*cited from [4]

and inexpensive system [3]. It appeared however, that there were many problems in a
CCD’s properties i.e. dark current, read-out noise, flat fielding, and so on. By taking flat
field frames inside a integrating sphere, we have succeeded to find the dust bands from
the ground [4]. It is known that there still remains a problem of how to reduce the noise
originating from the CCD itself. In this paper, we will report the development of new
system with much smaller instrumental noise.

2. DESCRIPTION OF THE SYSTEM

2.1. CCD camera head

As described above, the stability of the CCD camera is a critical factor in measuring
the absolute brightness. A fluctuation in the temperature of the CCD chip will cause
uncertainty in the zero point of the photometric system, and its sensitivity.

We have employed a liquid-N; cooled CCD chip (EEV CCD 42-80) with a compact de-
war (~ 1 kg) for WIZARD. The chip has a huge imaging area (27.6 x55.3 mm), 20484096
pixels, as well as high sensitivity (90% at 500 nm). Since our previous CCD chip was
cooled electronically, that system was consequently subject to the unclear temperature
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Figure 2. Transmission of the filter. The peak wavelength and FWHM are 480 nm and
~45 nm respectively.

variation. Dark noise of the new chip will be negligible. Also, the readout noise will be
significantly reduced by adopting an excellent device control system; COGITO3 [5]. At
190 K, measured readout noise and dark current is 20 €™ and «1 e~ respectively.

2.2. OPTICS

We used a small ' number in a design of lens unit (where F' is the ratio of focal
length to aperture) because an observed flux of diffuse light source is proportional to
F~2. Moreover, it is preferable to cover the sky from the zenith to the horizon in the
same frame in order to estimate the brightness of atmospheric diffuse light at the same
time. The lens is developed by the Genesia Corporation (Figure 1). Its F' value and a
focal length f are 2.8 and 32.5 mm respectively. With the EEV CCD 42-80, it gives a
FOV of 92°x46°. The optical filter is designed to avoid the prominent airglow emissions
(see Figure 2). Both of the optical filter and shutter are set at pupil position. Due to
an oblique path from off-optical axis, the wavelength of light transmitted through the
interference filter is shifted toward a shorter wavelength (e.g. roughly 10 nm for the 50
degree field position). To avoid this effect, the filter is made of colored glass. The whole
lens system is mounted on the thick honeycomb plate and supported by the shutter and
filter box. The dewar is also mounted on the plate (see Figure 3). This honeycommb plate
is fixed on an equatorial mount, which is useful to track the stars in the region between
48° N and 48° S terrestrial latitude.

3. ANTICIPATED PERFORMANCE AND FUTURE PLANS

In this section, we estimate an expected count of zodiacal light observed by WIZARD
based on the table provided in [6]. The table represents an annually averaged brightness
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Figure 3. Side view of the CCD system.

with low spatial resolution. Kelsall et al. {2] reported a detail model of the zodiacal cloud
based on COBE infrared observations. We assume the dust distribution of the visible
zodiacal light is the same as that of the infrared emission, and employ this model as a
visible zodiacal cloud model. We use a volume scattering phase function given by Hong
[7], and adjust the absolute brightness referring to Levasseur-Regourd and Dumont [6].
As a result, we can simulate not only the absolute brightness in the visible band, but also
the minute spatial structures, which are absent in the original table.

Taking into account the photon and read-out noise, we estimate an observed intensity,
which includes the zodiacal light, by the new CCD system at Mauna Kea, Hawaii (4200
m). An optical depth for the diffuse light is assumed to be 0.10, and the brightness of
the airglow and scattered light by the Earth’s atmosphere are assumed to be 30 and 12
S0 respectively, at the zenith. These are the typical values deduced from our previous
observations. The brightness of airglow and scattered light are extrapolated by the van
Rhijn function and Dumont’s formula (see e.g. [4]). Integrated star brightness is assumed
to be 20510, which is independent of the galactic coordinate. The observed time is set
to the end of astronomical twilight (19:08 HST on December 22).

The dots in Figure 4 show the anticipated brightness of the night sky observed by
the new CCD system with an exposure time of 5 min. It should be noted that these
are the results of a simulation with 1.35’x1.35’ spatial resolution. In the case where
the pixels are combined to give same resolution as IRAS ZOHF (20°x20’), the noise
was reduced to ~ 1/v/220 (lines in Figure 4). It is apparent that even a five minute
exposure will allow us to detect asteroidal dust bands near the ecliptic plane (bump
structures around 8 ~ —1°) and the north-south asymmetry of zodiacal light brightness.
This new observation system will also yield information on the brightness of airglow
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Figure 4. Scattered dots denote the expected intensity observed by the new CCD system.
Each line corresponds to the combined data with 20°x 20’ resolution.

continuum resulted from chemiluminescence of NO, [8], and atmospheric diffuse light
produced mainly by the scattering from byproduct aerosol particles [9].

Acknowledgements. First light observations by WIZARD were supported by a col-
league from the SUBARU telescope. We thank Dr. M. Nakagiri, K. Sekiguchi and A.
Miyashita (NAQJ) for help with our observations at Mauna Kea. We also thank Dr. N.
Takeyama (Genesia Corporation) and S.M. Kwon for useful comments and discussion.

REFERENCES

1. R. Dumont, Astron. Astrophys. 38 (1975) 405.

2. T. Kelsall, J.L. Weiland, B.A. Franz, W.T. Reach, R.G. Arendt, E. Dwek, H.T.
Freudenreich, M.G. Hauser, S.H. Moseley, N.P. Odegard, R.F. Silverberg and E.L.
Wright, Astrophys. J. 508 (1998) 44.

3. J.F. James, T. Mukai, T. Watanabe, M. Ishiguro and R. Nakamura, Mon. Not. R.
astr. Soc. 288 (1997) 1022.

4. M. Ishiguro, R. Nakamura, Y. Fujii, K. Morishige, H. Yano, H. Yasuda, S. Yokogawa
and T. Mukai, Astrophys. J. 511 (1999) 432.

5. M. Ueno and T. Wada, COGITO-3; A flexible imaging device control system, in prep.

6. A.C. Levasseur-Regourd and R. Dumont, Astron. Astrophys. 84 (1980) 277.

7. S.S. Hong, Astron. Astrophys. 146 (1985) 67.

8. S.B. Mende, G.R. Swenson, S.P. Geller, R.A. Viereck, E. Murad and C.P. Pike, J.
Geophys. Res. 98 (1993) 19117.

9. S.S. Hong, S.M. Kwon, Y.-S. Park and C. Park, Earth Planets Space 50 (1998) 487.

-102 -



Brightness distribution of zodiacal light observed by a cooled CCD
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We performed the photometric observations of the zodiacal light at Mauna Kea (4200
m, Hawaii) during 5*14™ — 7*35™(UT) in December 16, 1998 by using a cooled CCD
camera at an effective wavelength of about 500 nm (439-524 nm) with a fish-eye lens.
Focusing on the smooth component of the zodiacal light, we have derived the inclination
i = 2°.240°9 and the longitude of ascending node Q2 = 53° £ 7° of the symmetry plane.
A significant discrepancy in ) between our new result and the previous reported values
may suggest that the symmetry plane of zodiacal cloud cannot be fitted by a simple single
plane. This suggestion comes from a fact that we used one snapshot taken in December,
while the previous values came from the data averaged over the observations in a different
season.

1. INTRODUCTION

The zodiacal light is sunlight scattered by the cloud of interplanetary dust particles. The
plane of symmetry of zodiacal light contains the information for the spatial distribution
of the zodiacal dust cloud, and hence the dynamical evolution of the interplanetary dust
particles. The previous observations of zodiacal cloud in the inner solar system [1] show
that the observed plane of symmetry of zodiacal light is close to the orbital plane of Venus
(i = 3°.4,Q = 76°.7), while those outside a solar distance of 1 AU indicate it is close to
the invariable plane of the solar system (7 = 1°.6,§) = 107°), where 7 and 2 are inclination
and longitude of ascending node of the plane of symmetry, respectively. In Table 1, the
values of 7 and ) are summarized based on the previous observations. Figure 1 shows the
geometry of the plane of symmetry, relative to the ecliptic plane, and the sky region of
our observation.

Table 1

The 7 and 2 for the symmetry plane deduced from the visible observations.

method 2(°) Q(°) references
Helios 1 and 2 3.0£0.3 87+ 4 1
Gengenschein model 20£05 100 & 20 2

D2A spacecraft and Tenerife data 1.5+0.4 96 £ 15 3

Modified fan model 22409 534+ 7 This work
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ecliptic plane S T \ 5 4 r g

Figure 1. The circle mark in the center is the Sun. The numbers indicate the position of
the Earth at the beginning of the respective month. The « is vernal equinoctial direction,
and the shaded fan-shape denotes the sky area of observation in the evening of December
16th.

2. OBSERVATIONS

We observed the evening zodiacal light at Mauna Kea (4200m, Hawaii) during 5*14™ —
7h35™(UT) in December 16, 1998. The resulting images are shown in Figure 3 of [4].
We used a cooled CCD camera with a fish-eye lens(f=16mm,F=2.8). To reduce the
contamination of the airglow, we used a special filter, which has no prominent airglow
emission lines in its available wavelength region of 39-524 nm [4]. Our observations cover
the range of helioecliptical longitude of 50° < A — Ay < 120°, and ecliptic latitude of
—25° < 3 < 25°. The field of view is 51° x 34° and the angular resolution is 2.0’ pixel™!
without a binning. The exposure time was set to 10 mins, and the temperature of the
CCD chip was kept at —30°C.

3. DATA REDUCTION

First, we applied the basic data reduction procedures to the raw data, such as dark
current subtraction and flat fielding. It is well-known that a frame taken by a fish-eye
lens shows strong ‘vignetting’, that is, the detected intensity in the central part of the
frame is brighter than that in the edge of frame. The vignetting, as well as the pixel-
to-pixel variation in sensitivity, can be corrected by flat-fielding. The reference frames
for flat-fielding were taken inside the integrating sphere, which can provide a uniform
illumination on the wide FOV of our fish-eye lens. Furthermore, we remove the stars by
using the computer program and eliminate the inhomogeneous structure of the zodiacal
light, such as the dust bands existing around the ecliptic plane, by applying the Fourier-
filtering procedure. Thanks to this technique, we got rid of the structure with angular
scales between 5° and 20°, i.e. dust bands components.

The residual components inside the image frame, i.e. the sky brightness (/) observed
from the ground-based site, consists of the light from several different sources. Namely,
they are the zodiacal light({zr), the airglow from upper atmosphere(/4¢), the integrated
starlight of unresolved stars(/rsy), and the light scattered by Earth’s atmosphere(/s,).
It is shown that

Iops = (Iz1 + Lag + I1sp) exp(—Tes(2)) + Lsca (1)
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where 7.7/(z) denotes the effective optical depth for the extinction of diffuse light source
at zenith distance z. We have derived the optical depth 7(z)=0.16/cos z for point source
by the photometry of standard stars. Then, we assume 7er¢{(z) = 0.757(z) [5]. The Iysy, is
deduced from an interpolation of the Pioneer’s data cited in [6], and the I ., comes from
(7). The zenith angle dependence of /4 is assumed from the van Rhijn function [8].

4. MODEL FITTING

To obtain the proper zodiacal cloud model, we compare to the brightness distribution
I[{X — \g) calculated along the line of sight. That is,

I =he) = C/OOON(T,Q@((})%dl ()
N(r,{) = N,r %exp(8'q") (3)
g = 5 Gorc<p)  (=b (o ez
o

where the modified fan model is applied for the number density of zodiacal cloud N(r, () [9]
and for the scattering phase function ®(6) defined in [10]. o = 1.2 is assumed for the
density power-law exponent. To avoid the edge effect derived from Fourier-filtering, the
region of 55° < A — A\g < 115° and —20° < B8 < 20° are gridironed by 5° x 5° and the
data at each crosspoint are used in the model fitting. The total of 111 data points are
available. The eight variables are required for fitting the parameters in the models, i.e.
i, Q, a level of bias, scaling factor(C), three shape parameters(3',y,u) for the modified
fan model, and the intensity of airglow emission at the zenith I4¢(z = 0). We have
determined such eight parameters by the simplex method so as to minimize the difference
between our photometric data and the calculated brightness. The followings are the values
of parameters of interest obtained here. That is, 7 = 2°.2, = 53°, 8’ = 4.62, v = 0.937,
= 0.216 and I45(z = 0) = 41 Sige.

5. RESULTS AND SUMMARY

We have derived the brightness distribution of the smooth zodiacal light based on our
observation by a cooled CCD camera at Mauna Kea in December 1998 in the sky region of
55° < A — Ao < 115° and —20° < B < 20°. As a result of the model fitting procedure, we
have found that the brightness distribution of our observation can be explained reasonably
by the zodiacal cloud model with a symmetry plane of ¢ = 2°.2 and 2 = 53°. Figure 2
shows the results of model fitting, where the observed data (the dots) fit well to the curve
of model calculation at almost all cases of A — Ag, but some disagreement appears around
the ecliptic latitude of 8 = 0° in A — A\g = 55°. This may arise from a fact that the
dust band components around the ecliptic plane are removed too much from the original
photometric data. This disagreement causes, however, no serious effect in a determination
of ¢ and €.

- 105 -



C. Yoshishita et al.

500

v
model -~

'6*"“‘M\°’3‘; observed values o
53 : 65,

Intensity(S10)

-5 ] 5
ecliptic latitude(degree)

Figure 2. The result of model fitting in case of 1 = 2°.2 and Q = 53°. The six pairs from top
to bottom are the profiles in the heliocentric longitude of A — Ay = 55°,60°,65°, 70°, 100°
and 115°, respectively.

The resulting values of ¢ and € are not completely compatible with the invariable
plane(i = 1°.6, ) = 107°) of the solar system and the orbital plane of Venus(: = 3°.4,Q =
76°.7). They agree in i with the previous results deduced from the Helios data [1] and
Tenerife data [3], but significantly differ in Q. The previous results, e.g. [1] and [3],
came from the data averaged over the observations in a different season, while we used a
snapshot obtained in December. Therefore, this discrepancy in  may suggest a complex
structure of the zodiacal clouds. Further observations from the ground-based site in a
different season will reveal the spatial distribution of zodiacal cloud more detail.
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High spatial resolution distribution of the zodiacal light brightness
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By adopting a semi-empirical method for correcting the atmospheric diffuse light and
using an improved technique for subtracting the discrete starlight, we have isolated the
zodiacal light (ZL) surface brightness in ground-based, photo-polarimetric observations
of the night sky. Advantages of this new reduction methodology compared to previous
schemes are pointed out. A two-dimensional distribution of the ZI is presented with a
spatial resolution better than 2 degrees over most of the sky that can be observed from
the ground. The symmetry plane is found to have an inclination 1 ~ 2° and longitude
of ascending node ! ~ 80° by comparing the observed brightness distribution with that
expected for a 3-dimensional cosine model.

1. INTRODUCTION

The zodiacal light (ZL) is well known to be sunlight scattered by interplanetary dust
particles. Therefore, by observing the ZL one is able to probe the overall large scale prop-
erties of the interplanetary dust complex, including its 3-dimensional density structure.

Major contributions to the night sky brightness derive from four sources: BS - bright
stars that are individually resolved by a given telescope, IS ~ integrated starlight and
the diffuse Galactic light, ZL - zodiacal light, and AG - airglow emitted by the Earth
atmosphere. Each of these is affected by both extinction and scattering by atmospheric
constituents. The telescope’s field of view intercepts not only the attenuated, directly
transmitted brightnesses of the four sources but also that part of 1S, ZL and AG that is
scattered into the field of view from other parts of the sky (ADL - atmospheric diffuse
light). Lack of accurate information about the BS distribution, difficulties in correcting for
the diffusely-scattered light of extended astronomical sources by the Earth’s atmosphere,
and the changing and uncertain nature of the AG have made it very difficult to obtain
an accurate, high spatial resolution map of the ZL brightness from ground observations.

A machine-readable star catalogue has been prepared that includes all stars resolvable
by the telescope, thereby permitting accurate determination of their brightnesses in the
telescope’s reference system and removal of their brightness contributions, BS. Photo-
polarimetric measurements of the IS by the Pioneer 10 and 11 space probes from beyond

*This work was supported by Korea Research Foundation Grant KRF-2000-DP-0441.
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the asteroid belt have provided high resolution maps of diffuse starlight over most of the
sky [1,2]. A semi-empirical reduction methodology has recently been developed [3] to make
time-dependent corrections for the ADL. Combining these elements with atmospheric
extinction measurements into a single reduction methodology, we have been able to isolate
the ZL over extended areas of the sky.

2. OBSERVATIONAL DATA AND REDUCTION

From archives of night sky observations by Weinberg and Mann [4] at Mt. Haleakala,
Hawaii, we selected observations from one night, 21/22 August 1968, to demonstrate this
new reduction methodology and to derive a high spatial resolution map of ZL brightness.
The telescope was used in an almucantar scan mode to repeatedly observe at 5080A and
5300A over a full 360° of azimuth at 8 zenith distances, at 5° interval from 45° to 80°.
In this way, 11 sets of almucantar scans (88 scans in total) were obtained for each of the
wavelengths. In our scheme of data reduction, parameters such as the zenith extinction
optical depth 7,, the telescope’s effective field of view (FOV), and the calibration factor
C are all simultaneously determined from the same set of data from which the ZL bright-
nesses are derived. This ensures internal consistency in the reduction procedure and also
minimizes errors in the subtraction process.

By using 93 bright stars which are identified with distinct peaks in the scan profiles,
values were determined for 7, and C-FOV simultaneously. To take account of the changing
atmospheric properties, we divided the 11 sets of data into 5 subgroups and determined
7, for each group. The average values of the time-dependent 7,s are 0.183 and 0.173 for
5080A and 53004, respectively, and the relative amplitude of the time variation amounts
to about 10%. Details of the procedure can be found in Kwon et al. [5,6].

3. REMOVAL OF THE BS, IS, AND ADL COMPONENTS

Positional and photometric information have been assembled on 8372 stars resolved by
the instrument that are brighter than 6.5 mag in the visual, and this information has
been stored in a single database called STARSUB. The STARSUB Catalogue is searched
for those bright stars which come into the FOV along each scan path, and the brightness
profiles of these stars as seen in the telescope reference system are synthesized. We also
synthesized the IS profiles using the aforementioned Pioneer 10 and 11 data set. The sum
of the two profiles is compared graphically with the total observed profile. Synthesized
profiles of IS+BS were constructed for each of the 176 scans by adjusting trial values for
the zenith extinction optical depth 7, and effective extinction optical depth 7eg [3] until
the comparison was satisfactory. Subtraction of the synthetic profile from the observed
profile removes the directly-transmitted contributions of BS and IS from the observed
brightness. But, in addition to ZL, the residual still contains the directly-transmitted AG
and diffusely-scattered components of IS, ZL, and AG.

ADL is one of the most difficult components to remove in night sky observations, with
numerous attempts but limited success [7,8,9 and others]. In this study we utilized an
effective optical depth 7. and calculated the ADL brightness as a function of zenith
distance using the quasi-diffusion method (QDM), which solves the problem of radiative
transfer in an anisotropically scattering spherical atmosphere [3].
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Figure 1. Isophotal contours of observed ZL brightness plotted in an Aitoff projection in
the ecliptic coordinate system. Contour levels are in S brightness units 70, 80, 90, 100,
120, 150, 200, 250, 300, 400, 500, 700, and 1000. The ZL distribution clearly shows asym-
metries between the northern and southern hemispheres (ecliptic latitudes) and between
the morning and evening (east and west of the Sun) sides.

Figure 2. ZL brightness calculated using the 3-dimensional cosine model with the symme-
try plane being placed at inclination angle 1=2° and ascending node 2=80°. Brightness
contours are on the same level as in Figure 1. The model calculations agree with major
observational details, especially with the southward shifts of the Gegenschein peak and
morning ZL cone.
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4. RESULT AND CONCLUSION

To further check for internal consistency in our reduction methodology, we compared
7L brightness maps at 5080A and 5300A and found excellent agreement between the two
independently-reduced data sets. Therefore, we decided to combine the two data sets
and produced in Figure 1 the merged isophotal contour map of ZL over the sky. This
distribution clearly shows asymmetries between the morning (A — Ag > 180°) and evening
(A — Mg < 180°) regions and between the north and south regions of the ecliptic. The
distribution also shows small scale structure not seen in some earlier studies fe.g. 10].

We have also calculated ZL brightness using 3-dimensional optical models of zodiacal
cloud {11]. By comparing the overall morphology of the isophotal contours of the observed
and calculated ZL distributions, we found the symmetry plane inclination ¢ to be ~ 2°
and the longitude of the ascending node 2 to be ~ 80°. As seen in Figure 2, use of
these symmetry plane parameters with a cosine model shows excellent agreement with the
observed distribution, reproducing the observed southward shifts of the peak Gegenschein
and of the morning side ZL cone.

A new reduction methodology for photometric observations of the night sky radiation
is summarized and illustrated, a methodology with the following advantages: 1) Since
all calibration parameters are determined from the same set of observations, an internal
consistency is assured. This also reduces errors in the resulting brightnesses to about 10%
or less. 2) Calculations using the QDM code enable us to determine the zenith distance
dependence of the ADL brightness, even near the horizon. This permits the use of near-
horizon observations without the heretofore very large uncertainties associated with the
reduction of such observations.
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ISO performed an extensive observing programme on the infrared zodiacal light, in-
cluding multi-filter photometry of the global brightness distribution, observations of the
asteroidal bands and cometary dust trails, and investigation of the small scale bright-
ness fluctuation. The detailed determination of the spectral energy distribution of the
zodiacal light, including mid-infrared spectrophotometry, opens the possibility for the
separation of the main components of the infrared sky. The mid-infrared spectrum may
provide information on the nature of the constituents, and on the size distribution of the
interplanetary grains. Two years after the ISO mission we review the observations and
summarize the results of [SOPHOT and ISOCAM.

1. INTRODUCTION

For optical astronomers ‘zodiacal light’ is a dim glow visible with the naked eye after
sunset or before sunrise. This conspicuous phenomenon, first studied by Cassini in 1683,
is caused by the scattering of sunlight by dust particles orbiting in the interplanetary
space. For infrared astronomers, however, zodiacal light is the thermal re-radiation of
sunlight absorbed by the same particles. The cloud formed by these particles, called the
Interplanetary Dust Cloud (IDC), occupies the inner solar system extending out to at
least the asteroidal belt. Tt contains 10'® — 107 kg of dust, equivalent to the mass of a
large comet. In spite of the low density of the IDC (= 107!° kg m~3), in most directions
the zodiacal light dominates the brightness of the infrared sky in the 3-70 um wavelength
range. The absorption and scattering of solar radiation decreases the orbital velocities
of the particles due to the Poynting-Robertson effect, limiting the lifetime of individual
grains to 10 — 10° years. The most likely source to replenish the evaporated dust is the
destruction of comets and asteroids. The basic observational facts on the zodiacal light
and interplanetary dust are reviewed in [1,2].

Since the Earth is orbiting within the IDC, there are direct ways to study individual
dust particles, such as optical and radio observations of meteors, collection of particles
in the upper atmosphere or in the Antarctic, in-situ capture of dust by space probes,

*Based on observations with ISO, an ESA project with instruments funded by ESA member states
(especially the P/I countries France, Germany, the Netherlands and the United Kingdom) with
participation of ISAS and NASA.
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and the study of lunar micro-craters [1]. To determine the large scale structure of the
IDC, however, the analysis of the global brightness distribution of the zodiacal light is
the only available tool. Although the observed zodiacal light is an integral along the
line-of-sight, via repeated mapping of the zodiacal light at different orbital positions of
the Earth, i.e. at different dates during the year, the 3-dimensional structure of the
IDC can be determined. The brightness distribution of the zodiacal light contains also
substructures (asteroidal bands, cometary trails, rings of resonantly trapped dust) which
carry important information on the origin of the interplanetary dust particles. Finally,
the shape of the spectral energy distribution of the zodiacal light gives information on
the properties of the dust particles averaged over the whole IDC. In this respect the mid-
infrared spectrum has a special importance because in the 5-15 ym range the spectral
shape is very sensitive to dust properties, and in case individual spectral features were
identified even the dust composition can be determined.

The zodiacal light, however, is only one component of the infrared sky brightness,
and it has to be separated from the galactic cirrus emission and from the extragalactic
background light (not to mention the possible instrumental straylight). The all-sky multi-
filter photometric surveys performed by the IRAS satellite and by the DIRBE instrument
on-board the COBE satellite have produced extensive databases of the brightness distrib-
ution of the infrared sky [3,4]. Based on their data, both the IRAS and the COBE/DIRBE
teams developed methods to extract the zodiacal light from the total sky brightness [3-5].
The DIRBE data have special importance due to their high quality and due to the ded-
icated observing strategy of repeated mapping of a significant fraction of the sky every
week during the 9 months cooled operational phase of the instrument. To extract the
zodiacal light the DIRBE method used the fact, that the zodiacal light is the only com-
ponent which exhibits annual variation due to the Earth’s orbital motion. The results
from the two satellites have changed the traditional view of a smooth and symmetric
zodiacal light distribution to the picture of a structured cloud containing substructures
and asymmetries (e.g [6]).

ESA’s Infrared Space Observatory (ISO) [7], operated between Nov. 1995 and April
1998, was not designed for all-sky surveys. It was an observatory performing pointed
observations of mainly point sources. However, the cold focal plane allowed to perform
absolute sky brightness measurements, and the two and half year mission resulted in a
large set of individual observations of the extended sky brightness at mid- and far-infrared
wavelengths, in both photometric and spectrophotometric modes. The beam of < 3’ was
considerably smaller than the beam of DIRBE (42'), and could efficiently avoid point
sources and cirrus structure. ISO’s good filter coverage in the 3-200 pm range as well
as the possibility of performing mid-infrared spectrophotometry provide better spectral
coverage than the previous satellites had done (recently the IRTS satellite could also
observe the near- and mid-infrared low-resolution spectrum of the infrared zodiacal light
[8]). The rejection of straylight from the Sun, Earth, and Moon has been proved to be
excellent [9]. Via its absolute photometric flux calibration, ISO can give an independent
determination of the absolute brightness level of the zodiacal light (between the IRAS
and DIRBE absolute calibrations in the far-infrared there is an unresolved zero point
difference [3]).

ISO had two focal plane instruments sensitive enough to measure the extended emission
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of the sky: the spectro-photopolarimeter ISOPHQOT in the 2.5-240um wavelength range
[10], and the mid-infrared camera ISOCAM at 2.5-18um [11]. The sky background turned
out to be too faint for the on-board spectrometers SWS and LWS. The highest quality
data were obtained by dedicated measurements of selected dark sky regions, but also off-
source observations in the vicinity of point sources, the serendipitious survey of ISOPHOT
[12], and the parallel mode observations of ISOCAM ([13] provided valuable data. Most
ISOCAM measurements of compact sources could also be used by taking pixels off the
source. So far mainly the dedicated observations have been analysed, but we will set up
a database of all suitable ISOPHOT off-source measurements. This database will also
be useful for studies of the galactic cirrus and the extragalactic background light. Data
from the ISOPHOT Serendipity Survey at 170um and the ISOCAM parallel mode in the
mid-infrared are reduced, but have not yet been used for zodiacal light studies.

In this contribution we discuss the ISO results at the present status of calibration as
well as the expected future contribution from the new data. Since the authors are related
to the ISOPHOT team, the main emphasis will be on the ISOPHOT results.

2. GLOBAL BRIGHTNESS DISTRIBUTION OF THE ZODIACAL LIGHT

The low sky coverage of ISO does not allow us to create an independent global model
for the zodiacal light. Nevertheless, ISO can contribute to the study of the large scale
structure of the zodiacal light in two ways. First, combining the new ISO measurements
with the existing DIRBE all-sky maps, the ISO photometry can be used to cross-check
and supplement the DIRBE data at many individual positions. This could refine our
knowledge on the distribution of the extended sky brightness, possibly leading to a re-
finement of the DIRBE zodiacal light model, too. The advantages of the ISO data are
their higher spatial resolution and the existence of observations within the September-
December period when DIRBE was out of operation. The second way is to take advantage
of ISO’s good filter coverage in the 2.5-240um wavelength range, and separate the main
components of the infrared sky by their spectral characteristics. This spectral decompo-
sition offers an independent way to determine the zodiacal light contribution in selected
line-of-sights, and the results can be confronted with the zodiacal light extraction made
by the DIRBE team. In the following subsections we investigate how realistic is it to
combine the ISOPHOT and DIRBE databases; the spectral energy distribution of the
zodiacal light will be discussed in Sect. 5.

2.1. Transformation between the ISOPHOT and DIRBE photometric systems

Surface brightness measurements with ISOPHOT and DIRBE may give different re-
sults on the same position due to differences in the photometric calibrations of the two
instruments, and due to the fact that the ISOPHOT calibration has not been finalized
yet. Combining DIRBE and ISOPHOT measurements requires therefore precise transfor-
mation relationships between the two photometric systems. In this subsection we create
such relationships for 5 selected ISOPHOT filters, and check the accuracy of the trans-
formation. We will use the ISOPHOT calibration files available in the PHT Interactive
Analysis (PIA) package V7.3.2 [14]. The transformation relations will have to be updated
any time when a new version of the ISOPHOT calibration is released.

For the purpose of a systematic comparison of the two photometric systems we observed
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Figure 1. ISOPHQT versus DIRBE surface brightness values. For each filter the beam,
the heating power of the internal fine calibration source, and the standard deviation of
the data points from a linear fit are given. At 150um the DIRBE values are computed
via interpolation; in panel (a) the DIRBE 140um data are included in the interpolation,
while in panel (b) they are not.

with ISOPHOT a network of 30 dark fields covering the sky accessible by ISO (60° < ¢ <
120°, where ¢ is the distance from the sun). In these observations at least 7 and at most 13
filters were used in the 3.6-200 um wavelength range. The fields were carefully examined
for low cirrus levels in the IRAS 100 um maps and do not contain infrared point sources.
As far as possible, we also avoided stars visible on the Palomar Observatory Sky Survey
in the beam. Absolute photometry mode was selected, in many cases including dark
current measurements and checks for the zero level of the fine calibration source (FCS)
measurements. All observations in a given filter were performed with the same aperture
and FCS power.

The data was analysed with PIA V7.3.2 in the standard way, with no signal lin-
earization. Surface brightness values were extracted from the DIRBE Weekly Sky Maps
(nssdcftp.gsfc.nasa.gov/spacecraft_data/cobe/) for the dates/positions of the ISOPHOT
observations, by taking the median of typically 66 pixels in a 1.5° radius field around
the intended position. The ISOPHOT and DIRBE data sets were appropriately colour-
corrected. To predict DIRBE values for the 7.3 and 150 mm ISOPHOT filters, interpola-
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Figure 2. Annual brightness variations towards the North and South Ecliptic Poles at
25um [15]. Black dots are ISOPHOT observations transferred to the DIRBE photometric
system (see text), plus signs are values extracted from the DIRBE weekly maps. Both
the ISOPHOT and DIRBE values are colour corrected.

tion was used: at 7.3um the DIRBE 4.8 and 12um points were connected with a Planck
function; at 150um a spline interpolation in the logarithmic space among the 60, 90, and
240pm DIRBE bands was performed. The DIRBE 140um band was not used in this
interpolation, because it introduced higher noise (see Fig. 1).

The resulting ISOPHOT vs. DIRBE relationships for the selected 5 ISOPHOT filters
are shown in Fig.1. The 60 and 150um values are averages over the 3x3 and 2x2 pixels of
the C100 and C200 camera, respectively. The figure shows that over the whole brightness
range of the zodiacal light the calibrations of the two instruments are related by simple
linear transformations. Note that for apertures and FCS powers different from those given
in Fig. 1 the coefficients of the linear fits may be different. At 7.3, 12, and 25um ISOPHOT
and DIRBE have almost identical zero points. At 60 and 150um a zero point difference
seems to be present. In most filters the slope of the linear relationships differ significantly
from unity. The random scatter is a few percent of the absolute brightness, and this
is the level of precision which can be expected when ISOPHOT data are transformed
into the DIRBE photometric system or vice versa. When the DIRBE 140um data point
was included in the interpolation (Fig. 1 lower middle panel) the scatter was significantly
higher than in the case when the 140um point was ignored (Fig.1 lower right panel),
suggesting that the calibration of this DIRBE band is of somewhat lower accuracy.

These results demonstrate that the ISOPHOT and DIRBE databases of extended sky
brightness can be transformed into each other’s photometric system with an accuracy
of a few percent. This result offers the possibility to supplement the DIRBE data with
ISOPHOT observations from the Sept-Dec period when DIRBE was not cooled, and to
check the DIRBE 140um photometry by using the less noisy ISOPHOT data.
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2.2. Example: 25um photometry of the North and South Ecliptic Poles

As a test of the photometric transformations described above, we re-analysed a set of
ISOPHOT 25um observations of the North and South Ecliptic Poles, analysed already by
Holmes & Dermott [15]. In Fig.2 we plotted the DIRBE observations for the 9 months
when DIRBE was operational, and overplotted the ISOPHOT measurements transformed
into the DIRBE photometric system using the relationship in Fig. 1. The two data sets
are in good agreement, with a remaining scatter around a smooth fit to the DIRBE data
of 0.31 MJy/sr (2.0%) and 0.18 MJy/sr (1.1%) for the North and South Ecliptic Poles,
respectively.

2.3. Concept of a zodiacal light model for ISOPHOT

The derivation of a zodiacal light model for all ISOPHOT filters is a calibration task,
since observations of faint extended emission (diffuse nebulae, cirrus, extragalactic back-
ground) has to be corrected for the interplanetary contribution. Based on the ISOPHOT
data alone we cannot create an independent global model for the zodiacal light; instead
we use the following strategy: we (1) adopt the DIRBE zodiacal light model [4] con-
sisting of a fan shape cloud, the asteroidal bands, and the Earth’s resonant dust ring;
then (2) apply the relationships of Fig.1 (or actually a set of similar relationships for
different apertures and FCS powers) to transform the DIRBE model predictions to the
ISOPHOT photometric system. Values of the DIRBE zodiacal light model for a given
position and date can be extracted from the DIRBE Sky and Zodi Atlas (DSZA) (avail-
able at http://cobe.gsfc.nasa.gov/cobel /DIRBE/DSZA/). Derivation of a complete set
of transformation relationships between ISOPHOT and DIRBE is in progress.

The adapted DIRBE model can be considered as the first version of the ISOPHOT
zodiacal light model. The predictions of this model can be checked by spectral decom-
position (zodiacal light 4+ galactic cirrus + extragalactic background) of spectral energy
distributions observed by ISOPHOT towards dark fields (Sect. 5).

3. SUBSTRUCTURES IN THE ZODIACAL DUST: ASTEROIDAL BANDS
AND COMETARY TRAILS

The main contribution to the zodiacal light comes from dust grains in the 20-200 pm
size range [16]. The lifetime of individual particles of this size at 1 AU is about 10 yrs,
and to maintain the zodiacal cloud in a steady state an average dust input of ~ 9x 10%g
s™! is required [17]. Possible dust sources are collisions within the asteroidal belt, active
comets, satellites and planetary rings, as well as a stream of interstellar dust particles. The
relative contributions of these sources are not well determined, and may depend on the
position of the observer within the IDC. ISO observed the asteroidal bands and cometary
trails, the most important places where fresh dust is released. The new measurements
contribute to our knowledge on the dust ejection mechanism, and can help to quantify

the fraction of dust particles of asteroidal and cometary origin.

3.1. Asteroidal Bands

The asteroidal bands were discovered as two local maxima in the IRAS scans across
the Ecliptic Plane at 8 = 0° and as shoulders at § = $10° [18]. They were further
investigated using the COBE/DIRBE database [19]. The amplitude of the bands is 1-3%
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Figure 3. Upper panels: high spatial resolution {Af = 3') scans across the Ecliptic taken
by ISOPHOT at A — Ag = +90° on Jan. 8, 1997 (dots). At A < 25 pm the 180" circular
aperture was selected; at 60um the C100 camera (3x3 pixels, 43" x 43" /pix) was used.
The f=[-5,+5] degree scans were performed two days later than the [-13,5] scans, causing
an offset in the absolute brightness. The 25um scan was repeated on Jan. 8, 1998 with
lower spatial resolution (A3 = 30, triangles). The positions of the —10° and +1.4°
asteroidal bands, as predicted by [19], are marked. Lower panel: Residuals of the high
resolution scans after subtracting the smooth component.

of the zodiacal light brightness, their width at half maximum is 1.5°-3.5° [19,20]. The
bands are interpreted as the result of collisions in the asteroidal belt, and are associated
with the asteroidal families Themis, Koronis, and Eos [19,21,22]. The discovery of the
dust bands showed unambiguously that there is an important asteroidal contribution to
the IDC. A detailed modelling of the bands indicates that their dust content constitutes
5-10% of the zodiacal cloud [22]. Another estimate of the fraction of asteroidal dust
comes from modelling of the Earth’s resonant circumsolar ring and leads to a value of
about 30% [23].

With ISOPHOT we observed the asteroidal bands by performing a multi-filter high
spatial resolution scan {A = 12,25,60um, AS = 3') across the Ecliptic at A—Ag = 88—-90°.
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Figure 4. ISOPHOT brightness profiles of the —10° asteroidal band. At 25um the profile
extracted from the lower spatial resolution scan, observed on Jan. 8, 1998, is plotted
with triangles. The band profiles are fitted with Gaussians, whose parameters are given
in Tab. 1.

The purpose of the high resolution was to take advantage of ISO’s small beam and search
for substructures within the bands, similar to those indicated by the IRAS data within
the +1.4° bands (see Fig.9 in [19]). The 25um scan was repeated one year later with
a lower spatial resolution of 30". Figure3 shows the observed brightness profiles (upper
panels). The 3=[-5,+5] and =[-13,5] scans were performed with a difference of 2 days,
introducing an offset in the absolute brightness. Since the observed ecliptic latitudes of
the bands depend on the annual motion of the observer as well as on the distance from the
sun, we predict and mark in Fig. 3 the expected positions of the £1.4° and —10° bands,
using Figs. 4 and 5 of Reach [19].

The plots demonstrate that at 25 and 60um ISOPHOT detected both the £1.4° and
the —10° bands in the form of shoulders in the smooth profile. At 12um the —10° band
is marginally detected, but the presence of the +1.4° pair of bands is not obvious. In
the lower panel of Figure3 we plotted the residuals of the high resolution scans after
subtracting a smoothed baseline. Though peaks and dips are present in the individual
12,25, and 60um scans, there are no significant features which are present at all three
wavelengths (see the median of the 3 individual scans at the bottom). These results seem
to exclude the presence of any arcminute-scale structure of the asteroidal bands at the
1o level of 0.067, 0.157, and 0.180 MJy/sr at 12, 25, and 60um, corresponding to 0.25%,
0.18%, and 0.82% of the total sky brightness, respectively.

In order to study the bands in details, we extracted the brightness profile of the —10°
band by fitting a 4th order polynomial to the §=[-13.5,-13.0] and §=[-7.0,-4.0] sections
of the scans which are not contaminated by asteroidal bands. The profiles are shown in
Fig. 4, details of the scans as well as parameters of Gaussian fits to the brightness profiles
are given in Tab. 1.

At 12pm both the location and the width of the band differ from the corresponding
values at longer wavelengths, and it is not clear if we see the same physical structure or
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Table 1

ISOPHOT scans across the —10° asteroidal band, and parameters of the band derived
from Gaussian fits to the observed profiles. The peak intensity of the band is colour
corrected assuming a blackbody of 175K. At 60um the 3x3 pixels of the C100 camera
were averaged, thus as aperture the full size of the array is given.

Wavelength  Aperture A A — )Xy Step Date B Beentre FWHM
[pm] [MJy/s1]
12 180" 18> 490° 3 8-Jan-1997 0.27 -9.2° 3.0°
25 180" 18> 490° 3 8-Jan-1997 1.00 -10.2° 2.4°
60 135"x135" 18°  490° 3’ 8-Jan-1997 0.49 -10.5° 1.9°
25 180" 18°  +90° 30" 8-Jan-1998 2.08 -10.1° 3.5°

not. The measured central position of the band at 25 and 60um is close to the expected
B = —11.6 deg derived from DIRBE data, but the width of the band in the high resolution
scans is significantly less than the 3.5 deg measured by DIRBE. The amplitudes of the
Gaussians are close to the numbers derived from DIRBE [19]. The repeated 25um obser-
vation, observed one year later, outlines a rather different profile with higher amplitude
and larger width. It is not clear if we see real physical changes on a timescale of one
year, or if the differences are introduced by the slightly different observing strategy and
data reduction of the two scans. The 25/60um colour temperature of the band is 208 K,
placing the —10° asteroidal band at a heliocentric distance of about 1.8 AU.

3.2. Cometary trails

Crossing the orbits of a few periodic comets (Tempel 2, Encke, Kopff, Tempel 1, Gunn,
Schwassmann-Wachmann 1, Churyumov-Gerasimenko, and Pons-Winnecke) IRAS de-
tected long narrow streams of dust particles [24]. These dust ‘trails’ typically extend
10° behind and 1° ahead of the comet, and they should not be confused with the visually
more prominent ‘tails’ formed by sub-micrometer-sized particles blown away by the solar
radiation pressure. Rather they correspond to the anti-tails observed in the visible for
particular geometric arrangements of the Sun, Earth and comet, and apparently extend-
ing towards the Sun (a spectracular unpublished picture of comet Encke and its trail
was taken at mid-infrared wavelengths with the ISOCAM camera by Reach). The trails
consist of mm-sized dust particles ejected from the comet during active times extending
over many years [25]. Theoretical investigations of dust ejection from comets predict that
the common dust production of 85 short-period and 101 long-period comets is of the
order of only 3 x 10* g s7! [26]. This production rate is by far too low to maintain the
zodiacal cloud. Recent infrared observations indicate, however, that due to the very low
albedo of the cometary dust, the mass input rate may be higher than suspected [27]. In
addition, the dust injection rate is not necessarily constant in time, and the contribution
from active comets in the past is not known. A higher dust supply rate, in the form of
comet showers at 37 and 50 million years ago, is indicated by measurements of the *He
content in interplanetary dust particles from oceanic core samples [28].

A key parameter in the calculations of the dust supply rate from comets is the timescale
on which the ejected grains are mixed with the general interplanetary medium. Davies
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Figure 5. ISOPHOT observations of the dust trail of comet P/Kopff in October 1996.
The 1-dimensional multi-filter (12, 25, and 60um) scans were performed perpendicular to
the orbit at separations of —2°, +0.25°, +2°, and +5° ahead and behind of the nucleus.

et al. [27] observed the dust trail of comet P/Kopff at mean anomalies of 0.5° and
1.0° behind the nucleus, and compared the results with measurements from 13 years
earlier obtained with IRAS [27]. The new observations were performed at 12 pum with
ISOCAM. The trail was clearly detected towards both positions with a surface brightness
of ~ 0.33 MJysr~!. This value is about a factor of 2 lower than that predicted from the
IRAS data, indicating different levels of activity between perihelion passage before and
after the IRAS observations. Comparing the sizes of the P/Kopff trail observed by the
two satellites, a significant broadening was observed during this 13 yr period.

With ISOPHOT we also observed the trail of comet P/Kopff at 12, 25, and 60 pm
in October 1996. Figure5 shows both the observed positions and the derived brightness
profiles taken perpendicular to the orbit at different distances behind and ahead of the
comet. The figure shows that the trail was clearly detected at 0.25° behind the comet
at 12 and 25um, and it was clearly resolved by the 3’ aperture exhibiting an asymmetric
profile. The trail, however, was only marginally detected at larger distances behind the
nucleus, and no anti-tail was seen, showing that the intensity of the trail drops relatively
quickly behind the comet. The colour temperature determined from the 12 and 25um
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Figure 6. Map of 45'x45" obtained at the North Galactic Pole at 25 pm (left), the
histogram of the brightnesses measured in the central 13x13 pixels (middle), and the
structure function (right).

values measured towards the orbit of the comet gives 215K (or 225K if the surface
brightness values were transformed into the DIRBE photometric system, see Sect.2).
Since during these observations P/Kopff was located at about 2 AU from the sun, the
derived temperature is somewhat higher than the expected = 200K at this heliocentric
distance. A similar temperature increase was also found from IRAS measurements.

4. ARCMINUTE STRUCTURE OF THE ZODIACAL LIGHT

One of the main characteristics of the zodiacal light is the large-scale smoothness of its
brightness distribution over the sky. Little is known of the inhomogeneities in the zodiacal
light brightness at small spatial scales. Structure must exist at some level because the
zodiacal light is produced by particles which are replenished from localised sources, comets
and asteroids.

We mapped a few fields of ~0.5°x0.5° at 25 um with ISOPHOT in order to look for
fluctuations in the zodiacal light at low, intermediate and high ecliptic latitudes. These
fields were selected for low cirrus emission, and bright infrared point sources were avoided.
Figure 6 shows one of the maps with pixel size of 3'. The image smoothness is quantified in
the central panel of Fig. 6 which shows the histogram of the map. The width of the almost
perfectly Gaussian distribution - after removing the instrumental noise contribution - is
about 0.2% of the total brightness level. The right panel of Fig. 6 displays the structure
function <(I; - 1;)*> calculated from the measured single-pixel brightnesses in the map.
The flat distribution with no dependence on the spatial scale indicates the complete lack
of large scale coherent structures in the brightness distribution. The very low fluctuation
and the lack of correlated structures support the concept of a generally smooth zodiacal
light distribution. More details of this study can be found in [29)].
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5. SPECTRUM OF THE ZODIACAL LIGHT

5.1. 3-200um spectral energy distribution

The spectral energy distribution of the zodiacal light is dominated by scattered sunlight
at A < 3.5 um and by thermal emission from dust grains at longer wavelengths. The
thermal spectrum, which is of primary interest for ISO, cannot be observed from the
ground. Starting in 1971 [30], broad-band photometry from rockets and balloons were
performed in order to define the general shape of the zodiacal light in the thermal infrared
[31-33]. The most extensive data sets are derived from the satellite missions IRAS and
COBE [4,5].

ISO observed the spectrum of the infrared sky brightness by performing multi-filter pho-
tometry with ISOCAM at A < 16 pum and by ISOPHOT at wavelengths up to 200um. In
Fig. 7 we plot the broad band spectrum measured towards a dark position at A—Ag = 90°
and B = 0° using the absolute photometric mode of ISOPHOT and the calibration in
PIA V7. The mid-infrared ISOPHOT-S spectrum measured at the same position and
date is overplotted with a solid line. The discrepancy between the DIRBE data, the
ISOPHOT-S spectrum and the broad-band photometry reflects the unot yet finalised sta-
tus of ISOPHOT (PIA V7) extended source calibration. Nevertheless, the figure reveals
the main advantage of the ISOPHOT zodiacal light observations: the good filter coverage
at the most interesting mid-infrared and A > 100um wavelengths, including mid-infrared
spectrophotometry. With this spectral information one can try to decompose the main
components of the infrared sky: zodiacal light, galactic cirrus, and extragalactic back-
ground light using their different spectral characteristics.

5.2. Mid-infrared spectrophotometry

One of the most important contributions of ISO to zodiacal light studies is the mid-
infrared (6-16 um) spectrophotometry, where the brightness of the zodiacal light increases
by two orders of magnitude. Before the ISO mission only one rocket measurement of the
mid-infrared spectrum had been attempted [34]. Reach et al. [35] observed the spectrum
at one sky position with the ISOCAM circular variable filters from 5-16 um. They found
that the spectrum is remarkably well-fit by a Planck curve of T=262 K, and that there are
no indications of sharp lines. They also found a good agreement with the COBE/DIRBE
broad-band photometry at 4.9 and 12um.

With ISOPHOT we also observed the mid-infrared spectrum, although the spectral
coverage of the spectrophotometer ISOPHOT-S is limited to the slightly smaller 5.9-11.7
pm range. We collected 27 high quality ISOPHOT-S measurements distributed over the
sky region accessible by ISO (Fig.8a). Some positions are identical with those where
I[SOPHOT multi-filter photometry was also performed. We defined six sky segments by
considering the symmetry of the zodiacal light (outlined by long-dashed lines in Fig. 8a),
and created template spectra by averaging the individual spectra of each segment. The
six templates are plotted on the left hand side of Fig.9. The templates can be well
approximated by Planck curves whose temperatures show systematic variations along the
sky: increasing temperature with the ecliptic latitude and decreasing temperature with
the distance from the sun (see Figure 8b). The residuals of the blackbody fits, plotted
on the right hand side of Fig. 9, do not show any definite spectral features like PAHs or
silicate bands. The lack of a strong 10um feature in the observed spectrum, similar to

-122 -



Zodiacal light observations with the Infrared Space Observatory

T

T

» 100.0F E
R A E
S 10.0 3 AR %{ E
@ g \\%A .
€ . 8 ]
o r ! ~ ]
& 1.0 X E
o : ! — ISOPHOT-S 3
o A ; X ISOPHOT ]
5 %/ /\ COBE/DIRBE

n 0.1

N
|
1

266 K blackbody fit

i . 2 P SR S S |

10 100
Wavelength [micron]

ol

Figure 7. ISOPHOT broad-band photometry and mid-infrared spectrophotometry of the
zodiacal light at A — Ay = 90° and 8 = 0°, using the PIA V7 calibration. For comparison
the corresponding DIRBE values are overplotted. All values are colour corrected.

that observed in comets, rules out the presence of an important population of very small
silicate grains.

The observed spectrum of the zodiacal light is an integral of dust emission along the
line of sight. The volume emissivity depends on the optical properties of the grains,
on their size distribution, and on the temperature. Though the infrared observations
cannot be used to derive directly these parameters, the spectrum of the zodiacal light
provides a very strong constraint on models which use different optical constants and
size distributions. The mid-infrared spectral range is very sensitive to dust temperature,
because it corresponds to the Wien part of a Planck curve for large particles at 1 AU.
The temperature, on the other hand, depends strongly on the wavelength dependent
absorption properties of the dust grains.

Reach et al. [35] compared the mid-infrared spectrum of the zodiacal light observed
by [SOCAM with synthetic spectra calculated for typical materials like obsidian, olivine,
andesite, graphite, magnetite, water ice, and different size distributions. They found
that none of the assumed constituents or size distributions could reproduce the observed
spectrum. The best results were achieved for andesite with a “lunar” size distribution
(derived from lunar micro-crater studies by [16]), and for “astronomical silicates” [37]
with an “interplanetary” size distribution [16].

Our motivation to study the variation of the mid-infrared spectrum of the zodiacal light
over the sky was to learn if interplanetary dust particles of different origin were distin-
guishable by their observed properties. It was expected that the spectrum of dust at high
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Figure 8. (a) distribution of the 27 ISOPHOT-S spectra over the sky accessible by ISO,
assuming a symmetry of the zodiacal light wrt. the sun. The sky was divided into six
segments (long-dashed lines), and the individual spectra of each segment were averaged.
(b) temperature values derived by Planck-fitting to the average spectra of the segments.

ecliptic latitudes should show similarities to the spectrum of comets of high inclination,
while properties of dust close to the Ecliptic Plane should resemble those of the asteroids.
Our ISOPHOT-S data taken at 27 different positions over the sky, however, do not show
any significant variation in the spectra other than temperature effects. It appears that the
origin of the particles cannot be determined from their mid-infrared spectrum, because of
the lack of spectral features, and because the present IDC appears to be well mixed.
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The temperature values are derived from blackbody fits. Right panel: residuals of the
blackbody fits.
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Light scattering and the nature of interplanetary dust
A.Chantal Levasseur-Regourd
Université Paris 6 / Aéronomie CNRS, BP 3, Verriéres, 91371 France

Observations of the solar light scattered by interplanetary dust particles provide
information about their physical properties. It is clear, from polarisation observations, that the
nature of the dust particles is not the same everywhere, and that it depends upon their distance
to the Sun. It is quite likely, from the shapes of the polarisation phase curves, that the dust
cloud is built up of irregularly shaped compact particles or aggregates, the average size of
which is greater than a few micrometers.

Laboratory measurements represent a most promising approach to derive physical
properties of the dust from some key parameters, such as the minimum, inversion and
maximum regions in the phase curves, as well as the polarisation-wavelength dependence or
the polarisation-albedo dependence. From comparisons with other dust populations, with light
scattering computations, and with laboratory measurements, it may already be assumed that
the interplanetary dust is built up of both compact particles (possibly of asteroidal origin) and
of absorbing fluffy aggregates (possibly of cometary origin). Changes in the properties of the
dust most likely result from the relative location of these sources, and from the evolution with
time of the fragile dust particles.

1. INTRODUCTION

Information about the physical properties (i.e. shape, size distribution, porosity, albedo)
of the interplanetary dust particles is essential, together with the knowledge of their chemical
composition and of their dynamics, to infer their origin, and to allow some comparisons
between the different dust populations, which replenish the interplanetary dust cloud. The
determination of the physical properties from dust samples analysis is restricted to
interplanetary dust particles collected in the near-Earth environment, while the estimation of
the physical properties by dust impact studies is mainly performed on-board satellites and
space probes. The physical (and chemical) properties of dust particles belonging to still
inaccessible regions of the interplanetary dust cloud can thus only be approached through
observations of the light scattered (or emitted) by these particles.

This review first summarises the light scattering properties of the interplanetary dust, with
emphasis on local information retrieved by inversion techniques. These scattering properties
are then compared with those of other (real or virtual) dust particles. Finally, the various
laboratory tools that allow light scattering measurements by dust clouds to be interpreted are
presented, and the constraints that may be derived about the physical properties of
interplanetary and cometary dust are discussed.
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2. LIGHT SCATTERING PROPERTIES OF INTERPLANETARY DUST

The faint cone of zodiacal light, seldom visible with the naked eye in the night sky,
results from the scattering of solar light on interplanetary dust. Its shape indicates that the dust
cloud spatial density increases towards the Sun and towards the ecliptic plane. Numerous
quantitative observations have been performed from Earth or space observatories during the
second half of the XXth century (e.g [1,2,3]). Although ground-based observations suffer
from the atmospheric airglow contamination, CCD imaging techniques (e.g. [4,5]) have
recently been successfully applied to studies of the interplanetary dust cloud.

Zodiacal light has a solar type spectrum, at least from the near ultraviolet to the near
infrared, and is linearly polarised, as expected for solar light scattered by an optically thin
medium. The polarisation values can immediately be used to compare, without any
normalization to a constant distance to the Sun and to the observer, data obtained for different
locations and directions.

2.1. Observations

From the Earth and the Earth’s orbit, the scattering properties mainly depend upon the
direction of observation, defined by the ecliptic latitude () and the helio-ecliptic (A—Ao)
longitude. For a given direction, small temporal fluctuations are pointed out, which originate
in the slight inclination of the symmetry surface upon the ecliptic, in the eccentricity of the
Earth’s orbit, and possibly in local heterogeneities of the cloud (e.g. dust trails, meteor
streams).

Tables providing at 1 AU the line-of-sight integrated brightness and polarisation are
available (see e.g. [6,7]). They are given as a function of the latitude above the symmetry
plane and of the angle between the direction of the Sun and that of the projection of the line-
of-sight on the symmetry plane. The brightness is either indicated in magnitude related units,
or in SI units at a given wavelength. The polarisation is a ratio, smaller than one in absolute
value. Although the direction of polarisation (electric field vector) is usually perpendicular the
scattering plane (Sun, observer, line of sight), it may be parallel to it, leading then to a
negative value of the polarisation in the gegenschein (backscattering) region.

Deep space measurements have been performed from Helios 1/2 [3] and from Pioneer 10/11
[8.9] space probes, providing observations from 0.3 AU to the outer edge of the asteroid belt.
For measurements performed towards a constant direction, the brightness decreases with
increasing solar distance (r) of the observer, approximately as r245 =01 "and the polarisation
increases approximately as #**. This latter result demonstrates that the properties of the dust
change with the solar distance. Although it is difficult to compare data retrieved line of sight
data along different directions and from different locations, a slight decrease of the
polarisation with increasing wavelength is suspected, at least in the near infrared domain [7].
An extensive review on the observations and on their interpretation can be found in [10].

2.2. Local values

The scattering takes place along a significant part of the line of sight, on which each point
corresponds to a specific region of the dust cloud, and to a different phase (o) or scattering
(0 =n - o) angle. Inversion methods are thus required, to provide local bulk information
about the dust properties. Since rigorous inversions are only feasible tangentially to the
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direction of motion of the Earth or of a moving probe, and for the section of the line of sight
where the observer is located, some assumptions need to be done.

Taking into account the above-mentioned change in polarisation, the dust properties
cannot be assumed to be the same everywhere. Mathematical methods have thus been
developed to retrieve local information in remote regions. Results have mainly been obtained
in the symmetry plane, for instance from the nodes of lesser uncertainty method (e.g. [11,12]),
or from the kernel of Voltera integral method [13]. The results provided by these two
methods, applied to two different data sets, are remarkably consistent.

The solar distance (R) dependence of the local properties is determined between about 0.3
and 1.5 AU. From the nodes of lesser uncertainty method, the local polarisation at 90° phase
angle, P(90°), is found to slowly increase with increasing solar distance, while the mean local
albedo at 90°, A(90°), decreases with solar distance, and the local dust density varies
approximately as 1/R. For a wavelength of about 0.5 um:

Pos um(90°) = (0.30 £ 0.03) R*3*01, (1)
A(90°) = (0.07 + 0.03) RO34095, @)

Similarly, from the kernel of Voltera integral method, the local polarisation is found to be
higher at 1 AU than at 0.3 AU, at least for phase angles above 30°. In other words, when the
particles get closer to the Sun under Poynting-Robertson drag, that is to say when they get
warmer and older, their polarisation gets smaller and their albedo gets higher.

The dependence of the local polarisation upon the phase angle is also derived. The phase
curves, obtained at 0.3, 1.0, and 1.5 AU, are found to be smooth, with a slight negative branch
in the backscattering region, and a wide positive branch with a near 90° maximum. Near 1.5
AU, the transition from the negative to the positive branch, so-called the inversion region,
takes places at (15 + 5)° phase angle, and the slope at inversion is of about 0.2 percent per
degree.

These smooth polarisation phase curves, which can be described by functions such as:

P(o) = po (sin o) (cos 0(/2)b sin(0—0y), 3

have shapes similar to those obtained for cometary dust and asteroidal regoliths [14,15], as
well as for circumplanetary dust and some atmospheric aerosols. The smoothness of the
polarisation phase curves strongly suggests that the scattering dust is built up of irregularly
shaped compact particles or aggregates, the size of which is greater than the wavelength.

3. COMPARISON WITH OTHER DUST PARTICLES

3.1. Collected samples

Direct laboratory analysis of dust particles collected in the near-Earth environment (IDPs)
indicates that most of the particles collected in the Earth environment are roughly ellipsoidal
aggregates, in a 1 pm to 1 mm size range, of complex smaller grains (see e.g. [16]). Although
the particles collected at 1 AU in the ecliptic represent a biased sample, and have suffered
some atmospheric heating, their shapes agree well with the shapes suggested by the
polarisation phase curves.

Under close inspection, the IDPs are found to be aggregates of mostly black material
(including carbon) with occasional clear (silicate) grains and reflective (sulphide) grains.
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Their low albedos [17] are attributed both to their porous structure and to the presence of
strongly absorbing material. The density of the 10 micrometer-sized particlesis a0.3t06.2 g
cm? range, with an average at 2.0 g cm™ (18], but larger particles might have densities

smaller than 1 g cm™.

3.2. Cometary and asteroidal dust

The interplanetary dust complex is continually replenished by dust particles from comets
and asteroids. Besides, some dust particles originating from the Kuiper belt and from the local
interstellar cloud progressively reach the asteroid belt and later the inner solar system. Comets
are a major source of dust, with heated nuclei releasing dust particles, including large ones
that build up meteor streams. An other significant source comes from the asteroid belt, where
impacts and collisions generate numerous fragments with a very wide size distribution. The
local interplanetary dust bulk albedo at 0° and 1 AU in the ecliptic actually has a value, of the
order of (0.15 = 0.08), which seems intermediate between that of comets and of asteroids.

As already mentioned, the shape of the phase curve of interplanetary dust is quite
comparable to that of cometary dust or asteroidal regolith. Different classes of asteroids and of
comets can be pointed out through the differences noticed in the values of the inversion angle,
of the slope at inversion, and of the maximum in polarisation (e.g. [15,19]). Three cometary
classes, mainly corresponding to different sizes distributions, have typically been defined,
corresponding to (i) comets with a near 90° maximum of 0.10 to 0.15, (ii) comets with a
higher maximum of 0.25 to 0.30, and (iii) comet Hale-Bopp, whose polarisation at a given
phase angle is always the highest (see e.g. Hanner, this volume).

The anti-correlation noticed, for interplanetary dust, between polarisation and albedo, is
also noticed for asteroids, but does not seem to be observed for comets. From a comparison
between comets Halley and Hale-Bopp, and possibly between various cometary regions, a
higher polarisation actually seems to be correlated to a higher albedo [20].

It may be of interest to notice that the polarisation at a given phase angle (greater than
about 30°) decreases with increasing wavelength for asteroidal regoliths. On the opposite, it
increases with the wavelength for cometary dust, which exhibit a clear trend towards higher
polarisations at longer wavelengths. For the well-documented comet Hale-Bopp, the
polarisation at a given phase angle clearly increases with the wavelength, with possibly a
maximum near 1600 nm [21]. However, from observations of comets Hale-Bopp and Halley,
the trend seems to be reversed for distances to the nucleus smaller than about 2000 km
[22,23], suggesting that the physical properties of fresh dust particles are not the same than
those of older particles, which have already suffered evaporation or fragmentation.

3.3. Virtual particles

The constraints imposed by the various sets of results, including the discrepancies
between the polarisation-albedo dependence and the polarisation-wavelength dependence,
should give clues to the physical properties of the different sets of scattering particles. It is
natural to compare the values observed to those derived from light scattering computations,
and it makes sense to perform computations with realistic irregular particles, which are neither
spheroidal nor cylindrical.
Irregular compact particles have actually been used for light scattering computations, as well
as aggregates, which could be fractal particles build up of smaller elementary spheres or
gaussian solids (see e.g. [24,25]). Significant results have already been obtained, which
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suggest the existence of both fluffy aggregates of absorbing material and compact particles in
the interplanetary dust cloud. The negative branch in the polarisation phase curves could be a
clue to the existence of absorbing material or of dust aggregates, in which some multiple
scattering takes place. However, working with realistic “virtual” particles represents a difficult
task, since the computational times are usually long, and since questions about the validity
range and the unicity of the solutions may be raised.

4. LABORATORY TOOLS

Direct light scattering measurements on irregularly shaped particles and aggregates are
likely to provide the missing link to interpret the light scattering observations. Elaborate
techniques are required, in order of obtaining results representative of low-density dust clouds,
and of avoiding multiple scattering on gravity-packed layers. Microwaves facilities, as well as
polar nephelometers, are now fully operational. These latter instruments can be used under
microgravity conditions to avoid any sedimentation of the dust particles [26].

Microwave analogue measurements scale the light scattering up to centimetre-sized
particles (see e.g. [27,28,29]). The University of Florida facility allows measurements to be
performed at two wavelengths, on artificially constructed complicated particles of various
indices. The polarisation at a wavelength equivalent to the red is usually lower than at a
wavelength equivalent to the blue, except for some absorbing polydisperse aggregates, that
could be representative of cometary dust [30].

Systematic nephelometer type measurements have been carried out at LAS in Marseilles, at
two wavelengths with irregular compact particles levitating in a gas flow [31]. Smooth
polarisation curves, with a near 90° maximum, are obtained for some dielectric particles.

Two nephelometer type instruments, operating at various wavelengths in the visible and
near infrared, have recently been designed in France to allow measurements on low-density
dust clouds of natural and industrial particles, of Moon and Mars dust analogues, as well as of
powdered dust of meteoritic origin. The PROGRA? experiment, developed at Aéronomie and
at LPCE, has been used in the laboratory and in reduced gravity conditions, on board airplanes
devoted to parabolic flight campaigns [32,33]. The CODAG-LSU experiment, developed at
Aéronomie, has been used in reduced gravity conditions, mainly for calibration purposes, and
in microgravity conditions, during an ESA rocket flight [34].

Polarisation phase curves have already been retrieved for numerous samples with
PROGRA?®. The polarisation at a given wavelength (greater than about 30°) usually decreases
with the wavelength for compact particles, while, on the opposite, it seems to increase with
the wavelength for highly porous aggregates of submicron-sized particles [35,36]. Such
aggregates have an important scattering efficiency, and only a small fraction of them
drastically changes the scattering properties of the sample.

Calibration brightness and polarisation phase curves obtained with CODAG-LSU have
emphasized the slight discrepancies that may occur between computational models and
laboratory measurements, due to the fact that experimental micron-sized spheres are neither
perfectly spherical nor smooth. Monitoring of the phase curves during the ESA MASER-8
rocket flight has demonstrated the possibility of obtaining naturally formed aggregates
through ballistic aggregation processes, under microgravity conditions {25,37].

It should indeed be possible to accurately measure the scattering properties of well-
documented naturally formed aggregates and regoliths under long duration microgravity
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conditions. It is expected that the ICAPS (Interactions in Cosmic and atmospheric particles
Systems) European project will, on board the International Space Station, provide the
information still needed to interpret the scattering properties of the interplanetary dust cloud in
terms of physical properties.

5. CONCLUSIONS

The scattering properties of the interplanetary dust are quite well known, at least in the
ecliptic plane. The polarisation phase curves are smooth, with a slight negative branch in the
backscattering region, a near 15° inversion and a wide positive branch with a maximum at
about 90°. For a fixed phase angle (greater than 30°), the local polarisation increases with
increasing solar distance, while the local albedo decreases with solar distance. The
polarisation seems to slightly decrease with increasing wavelength, at least in the near infrared
domain, but the wavelength dependence of the local polarisation is not yet be known.
Comparisons with other observations (IDPs, cometary dust, asteroidal regolith), together with
the results of numerical simulations (irregular compact particles, aggregates), and those of
laboratory measurements (microwave analogue technique, polar nephelometers), lead to the
same conclusions: the interplanetary dust cloud is built of a mixture of irregular compact
particles and of fluffy aggregates, mainly of asteroidal and cometary origin, which are likely to
suffer some weathering and to evolve with time.

More constraints about the significance of some key parameters (characteristics of the
polarisation phase curves, polarisation-wavelength dependence, polarisation-albedo
dependence), and thus about the nature of the interplanetary dust, should be provided in a near
future through new observations (including out-of-ecliptic observations), together with the
development of sophisticated numerical and laboratory measurements under microgravity
conditions.
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Recent observations of the size-frequency distribution of zodiacal cloud particles ob-
tained from the Long Duration Exposure Facility (LDEF) cratering record reveal a sig-
nificant large particle population (100 micron diameter or greater) near 1 AU. While the
Solar System Dynamics group at the University of Florida has had much success in model-
ing the zodiacal cloud from a dynamical standpoint, our work has been limited by the fact
that only small particles (25 micron diameter and smaller) have been considered. This
was due to the prohibitively large amount of computing power required to numerically
analyze the dynamical history of larger particles. The recent availability of cheap, fast
processors has finally made this work possible. For the first time, we are able to produce
models for the components of the zodiacal cloud that include a size-frequency distribution
able to match IR observations in multiple wavebands. An analysis of the Solar System
dust bands yields a size-frequency distribution in agreement with LDEF, in that large
particles are shown to dominate.

1. INTRODUCTION

The Solar System dust bands are features of the zodiacal cloud emission which have
been unambiguously related to the comminution of main-belt asteroids [1]. As such, they
offer an important insight into the replenishment of the zodiacal cloud, and an opportunity
to cast light upon a fundamental question which has yet to be answered satisfactorily: is
the zodiacal cloud predominantly asteroidal or cometary?

The approach of the Solar System Dynamics group at the University of Florida towards
zodiacal cloud modeling [2] differs in a fundamental way to methods found elsewhere
in the literature. This is perhaps due in most part to motivation: many authors are
interested in zodiacal emission only as a source of noise, which needs to be modeled only
to be subtracted from a given dataset to facilitate other investiagtions. To achieve this,
empirical formulations of the various components of the foreground zodiacal emission are
produced from observations [3]. This is in contrast to our physically motivated approach,
which follows the orbital evolution of a set of dust particles numerically from source to
sink, allowing us to place constraints on the origin of the various emission signatures.

QOur previous attempts to model the dust bands have been based on the dynamical
history of 10 micron astronomical silicate particles [4]. This is because the numerical ap-
proach is extremely numerically intensive, and until recently the dynamics of larger parti-
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Figure 1. The terrestrial influx of zodiacal = Figure 2. The variation with heliocentric

dust particles, as measured from the crater-  distance of the forced inclination of dust
ing record on the Long Duration Exposure  particles in the zodiacal cloud, shown for
Facility, LDEF. five different particle diameters.

cles have been out of reach (the dynamical lifetime of a particle in a Poynting-Robertson
(P-R) drag dominated system scales with its size [5]). However various evidence, including
that of the LDEF cratering record [6], points to the fact that large particles contribute
significantly to the zodiacal emission (Figure 1), and these particles need to be taken into
account.

2. METHODS

We use the RADAU fifteenth order integrator program with variable time steps taken
at Gauss-Radau spacing [7] with which we integrate the full equations of motion of in-
terplanetary dust particles (IDPs) of various sizes. Our simulations include seven planets
(Mercury and Pluto excluded) and account for both P-R drag and solar wind drag. In this
way we are able to build a description of both the proper elements (intrinsic, reflecting
the formation process) and forced elements (imposed by planetary perturbations) of the
particles and their variation with heliocentric distance to create a snapshot of the present
day forced and proper element distribution.

The distribution of orbital elements originating from a given source, once produced
from the numerical integrations, is visualized by the FORTRAN algorithm SIMUL (8].
SIMUL sets up a large three-dimensional array, and calculates the contribution of surface
area to each cell from all orbits in the distribution. Line of sight integrations are then
performed to simulate the observing strategy of any given satellite.
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3. RESULTS

Figure 2 shows the variation of the forced inclination of dust particles originating in
the Eos family over a range of diameter spanning from approximately 1-100 microns. It
is clear that the dust band material is dispersed into the background cloud as it passes
through secular resonances located near the inner edge of the asteroid belt. A similar
dispersal is found for eccentricity, making asteroidal particles appear more cometary in
nature. The dust bands therefore have a natural inner edge, and explains why previous
attempts to model the dust bands have been most successful when confining the dust
band material to the asteroid belt.
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Figure 3. IRAS dust band profiles (solid lines) in three wavebands are compared with
models with a size-frequency index q=1.43. All profiles were made at 90° solar elongation
angle in a direction either leading (L) or trailing (T) the Earth in its orbit. The low value
of ¢ implies that the dominant particles are large (100 micron diameter or greater).

Once the distributions of the various particle sizes have been calculated, they can
be combined to investigate the nature of the dust band size-frequency distribution. A
system in collisional equilibrium has a size-frequency distribution index ¢ = 11/6, in
which particles at the small end of the distribution dominate. As ¢ is reduced, more large
particles are introduced until ¢ < 5/3 at which point large particles dominate. We find
that a ¢ of approximately 1.4 produces the best simultaneous fit to the 12, 25 and 60
micron IRAS observations (Figure 3), providing further evidence of the preponderance
of large particles in the zodiacal cloud. However, whereas most existing information on
the size-frequency distribution of the cloud is based on evidence near 1 AU, our results
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are valid in the main-belt region. The results shown correspond to astronomical silicate
material, but are largely insensitive to reasonable choices for the particle composition.
Themis and Koronis dust comprises the central band, whereas the ten degree band is best
modeled from material originating from the inner edge of the inclination distribution of
the Eos family (9.35°) with relatively high dispersion (1.5°). This is perhaps suggestive
of a catastrophic origin for the ten degree band, rather than being an equilibrinm feature
associated with the grinding down of the Eos family as a whole. However, the mean
inclination of the model dust band is dependent on the nature of the dispersion of the
orbital inclinations, and further work is required to characterize the dispersion of particles
larger than 100 microns. This is an ongoing effort, and early results we have obtained
using a modified symplectic algorithm are given elsewhere in these proceedings [9].

A direct result of the dust band modeling is the fraction of dust band material in the
cloud. These models suggest a fraction of around 25%. Further work needs to be done
to relate this number to the total asteroidal contribution to the cloud, but assuming that
collision rates in family and non-family asteroids are similar, and that the ratio of non-
family to family members is about 3:1, our estimate for the asteroidal contribution is
approximately 75%. However this will change as we obtain more information on the large
particle dynamics and refine our models.

4. CONCLUSIONS
e Large particles in the main-belt region seem to dominate the dust band emission.

¢ Dust band features do not persist into the inner Solar System but have a natural
inner edge produced by the effect of the near 2 AU secular resonances.

¢ [t may be difficult to distinguish between asteroidal and cometary particles in the
inner Solar System on dynamical grounds alone.

e The ‘ten degree band’ emission does not correlate with Eos family members, but is
produced at the inner edge of the inclination distribution.
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The LDEF (Long Duration Exposure Facility) cratering record suggests a significant
population of large interplanetary dust particles (100 um diameter and greater) near 1 AU,
implying that particles with diameters as large as 500 um may be significant sources of
the infrared flux that we receive from the asteroid belt. However, integration of the full
equations of motion of these very large particles, including radiation pressure, Poynting-
Robertson drag and solar-wind drag, is extremely numerically intensive. As a result, our
previous efforts to determine the dynamical history of main-belt, asteroidal dust particles
were limited to particles with diameters less than 100 um. We have recently developed
an integration code based on a modified symplectic algorithm which, when combined
with the availability of cheap, fast processors, provides us with the opportunity to extend
our models of the zodiacal cloud to include this important, and possibly dominant, large
particle population. Here, we present initial results from our numerical simulations.

1. INTRODUCTION

The aim of this research is to better understand the dynamical behaviour of asteroidal
dust particles over a wide range of particle sizes. Our previous attempts to model the
orbital evolution of these particles using RADAU [1], a fifteenth order numerical integra-
tor with variable time steps, were limited to particles with diameters less than 100 um
[2]. This is because the orbits of interplanetary dust particles with diameters greater
than this decay into the Sun, under the influence of Poynting-Robertson and solar-wind
drag, on time scales of the order of millions of years or longer [3]. This puts any nu-
merical investigation of the dynamical behaviour of a reasonably numerous (hundreds to
thousands) distribution of large dust particles beyond the reach of currently available
computational resources, when using traditional integration techniques. However, em-
pirical evidence, such as the LDEF (Long Duration Exposure Facility) cratering record
[4], strongly suggests the existence of a significant population of large interplanetary dust
particles (100 um diameter and greater) near 1 AU, implying that particles with diameters
as large as 500 um may be significant sources of the infrared flux that we receive from the
asteroid belt [5]. It is therefore important to extend our current models of the zodiacal
cloud to include this large particle population.

To overcome this problem, we have developed a unique integration code specifically
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designed for evolving the orbits of large populations of dust particles under the effects of
radiation pressure, Poynting-Robertson drag and solar-wind drag, as well as point-mass
gravitational forces. To achieve this, we have applied the dissipative mapping technique
introduced by Malhotra [6] to the specific problem of deriving a MVS (Mixed Variable
Symplectic) type integration code [7] that also incorporates the effects of these non-
gravitational forces [8]. The development and testing of this dissipative code is described
in detail elsewhere [9]. This new integration code is significantly faster than more con-
ventional integration techniques and will allow us to investigate, for the first time, the
dynamics of asteroidal dust particles with diameters up to 500 um or even larger.

2. NUMERICAL SIMULATIONS

Forced elements are the component of a dust particle’s osculating (or instantaneous)
orbital elements imposed by the presence of the planets. These forced elements vary with
heliocentric distance, time and particle diameter, and are responsible for the large-scale
asymmetries observed in the distribution of dust particles in the zodiacal cloud. To cal-
culate the current distributions of these forced elements, we employed the new dissipative
code discussed above to evolve representative samples of asteroidal dust particles forward
in time to the present epoch, along with the planets Jupiter, Saturn, Uranus, and Nep-
tune, from a number of different epochs in the past. As the time scale for a dust particle
orbit to decay under the effect of Poynting-Robertson and solar-wind drag is dependent
on the particle size, each set of past epochs chosen was dependent on the size of the
dust particles considered, and a separate set of integrations had to be carried out for
each different particle size. Up to 80 past epochs were selected for each particle size, in
order to provide a comprehensive picture of the forced element distribution of asteroidal
dust particles across a wide range of semimajor axis values in the inner solar system at
the present time. In this paper, we consider asteroidal dust particles (originating in this
case from the Eos family, although this is not critical) composed of astronomical silicate
of density 2,500 kg m~2 with diameters 10, 100, and 200 um, for which we calculated
values (the ratio of radiation pressure to solar gravity) of 0.04871, 0.00446, and 0.00221
respectively, using Mie theory. The longest integrations performed for the 10-, 100-, and
200-pm diameter dust particles were for time scales of 0.06, 0.6, and 1.2 Myr, respectively.

To obtain initial orbital element distributions for our forward integrations we first em-
ployed a standard MVS integration code (incorporating point-mass gravitational forces
only) to evolve Eos family asteroids, along with the gas giant planets, backwards in time
from the present. Initial osculating orbital elements for 444 Eos family asteroids were
obtained from The Asteroid Orbital Element Database [10] for the epoch of Julian Date
2450700.5, using the family classification of Zappala et al. [11]. Osculating orbital el-
ements for the planets were obtained for the same epoch using the data from Standish
et al. [12]. Using a low-order secular perturbation theory ‘particle on a circle’ approxi-
mation [13], we then generated initial osculating orbital elements for 124 dust particles,
representative of the whole Eos asteroid family, at each of the past epochs required.

The results of the integrations presented in the next section represent a total of over 4
months CPU time running on a variety of Pentium processors.
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Figure 1. Variation of the forced inclination (left) and the forced longitude of ascending
node (right) with heliocentric distance at the present epoch (Julian Date 2450700.5) for
Eos family dust particles with diameters 10, 100, and 200 gum. The dashed lines show the
present osculating inclination (left) and osculating longitude of ascending node (right) for
Jupiter. Reprinted with permission from Dermott et al. [14]. Copyright 2001, Springer-
Verlag.
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3. RESULTS and CONCLUSIONS

The forced inclinations and longitudes of ascending node of some small (10 um diameter)
and large (100 and 200 um diameter) Eos family dust particles, obtained using the new
dissipative code, are shown in Fig. 1. All orbital elements are heliocentric and given with
respect to the mean ecliptic and equinox of the standard J2000 reference frame. In the
region of the main asteroid belt (between 2.5 and 3 AU), the forced elements of the large
particles display similar behaviour to that of the small particles. That is, their forced
inclinations and nodes are locked onto Jupiter’s inclination and node, respectively. The
low dispersion of the inclinations and nodes in this region of the main belt, regardless of
particle size, is the fundamental reason why dust bands are observed at those heliocentric
distances. However, as the large dust particles encounter the 16 secular resonance at
the inner edge of the asteroid belt (at about 2 AU), the effect of the resonance disperses
their forced inclinations and nodes, diffusing the dust band particles into the broad-scale
zodiacal background. The g secular resonance (also at about 2 AU) produces analogous
behaviour in the forced eccentricities and longitudes of pericentre of the dust particles.
The effects of these secular resonances are more pronounced for the large dust particles
because they are acted on by the resonances for longer periods of time. The orbital
element distributions of large asteroidal dust particles produced by intra-family collisional
attrition therefore lose their characteristic family signatures in the inner region of the
main belt and become indistinguishable from the general background cloud of zodiacal
dust. Consequently, the IRAS (Infrared Astronomical Satellite) dust bands have a natural
inner edge at about 2.5 AU. The action of these secular resonances also means that large
asteroidal dust particles in the inner solar system have orbits with significant eccentricities
and inclinations and may be comparable to some cometary orbits.
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Spacecraft investigations during the last ten years have vastly improved our knowl-
edge about dust in the Jovian system. All Galilean satellites, and probably all smaller
satellites as well, are sources of dust in the Jovian system. In-situ measurements with
the dust detectors on board the Ulysses and Galileo spacecraft have for the first time
demonstrated the electromagnetic interaction of charged dust grains with the interplan-
etary magnetic field and with a planetary magnetosphere. Jupiter’s magnetosphere acts
as a giant mass-velocity spectrometer for charged 10-nanometer dust grains. These dust
grains are released from Jupiter’s moon lo with typical rate of ~ 1kgs™!. The dust streams
probe the plasma conditions in the lo plasma torus and can be used as a potential monitor
of To’s volcanic plume activity. The other Galilean satellites are surrounded by tenuous
impact-generated clouds of mostly sub-micrometer ejecta grains. Galileo measurements
have demonstrated that impact-ejecta derived from hypervelocity impacts onto satellites
are the major - if not the only - constituent of dusty planetary rings. We review the
in-situ dust measurements at Jupiter and give an update of most recent results.

1. INTRODUCTION

Until the 1970s, when the Pioneer 10 and Pioneer 11 spacecraft passed by Jupiter, the
exploration of the giant planet and its satellites was restricted to remote astronomical
observations from the Earth. [t was pure speculation whether dust would exist in the
environment of Jupiter. Pioneer 10/11 were equipped with in-situ dust detectors which
recorded several impacts when the spacecraflt flew by Jupiter [1]. Due to the relatively
high detection threshold of the penetration detectors, however, only particles larger than
several micrometers could be recognized.

The next spacecraft to visit Jupiter were Voyager 1 and Voyager 2. Although they
did not carry dedicated dust detectors on board, they drastically changed our knowledge
of dust in the Jovian system. Jupiter’s rings were discovered by remote sensing with
Voyager 1, although earlier hints that this faint dusty ring might exist came from a
dip in the density of charged particles measured near Pioneer 11’s closest approach to
Jupiter [2,3], as well as from the impact events recorded by the Pioneer dust detectors.
Typical grain sizes derived from the Voyager images were a few micrometers for the
faint gossamer ring, whereas the main ring turned out to be composed of macroscopic
rocky material. Another discovery by Voyager was tidally driven active volcanism on Io,
Jupiter’s innermost Galilean moon. At the time it was speculated that small dust grains
entrained in [o’s plumes may get accelerated away from lo by electromagnetic forces {4,5].
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The next major step forward in the investigation of Jovian dust came from the Ulysses
spacecraft which flew by the planet in 1992. Ulysses is equipped with a highly sensitive
impact-ionization dust detector capable of measuring dust grains down to sizes of 0.1pm
[6]. With Ulysses, periodic collimated streams of dust particles with up to 2000 impacts
per day were discovered while the spacecraft was within 2 AU from the giant planet [7,8]
(Figure 1). The streams occurred at approximately monthly intervals (28 + 3 days) and
their impact directions implied that the grains originated from the Jovian system. No
periodic phenomenon for small dust grains in interplanetary space was known before.

Confirmation of the Jupiter dust streams came from the Galileo spacecraft which carries
a twin of the Ulysses dust detector on board [9]: dust ‘storms’ with up to 10,000 impacts
per day were recorded while Galileo was within 0.5 AU from the planet. [10,11]. Since
December 1995, Galileo has been the first man-made spacecraft in orbit about a giant
planet of our Solar System. It explores Jupiter, its satellites and its huge magnetosphere.
With the Galileo dust detector the dust streams seen in interplanetary space were also
detected within the planet’s magnetosphere. The grains showed a strong electromagnetic
interaction with the Jovian magnetic field (see Sect. 2).

In December 2000 the Cassini spacecraft flew by Jupiter on its way to Saturn and pro-
vided a unique opportuaity for simultaneous two-spacecraft measurements of the Jovian
dust streams. The Cassini cosmic dust analyser [12] measured the chemical composition
of dust stream particles in-situ for the first time.

Apart from the Jovian dust streams, Galileo allowed for studies of impact-generated
dust clouds surrounding the Galilean satellites [13] (Sect. 3), a tenuous dust ring in the
region between the Galilean satellites [14,15] and further out from the satellites [16] as
well as interplanetary and interstellar particles captured by the Jovian magnetosphere
[17,18] (Sect. 4). The detection of most of the observed features was unexpected and their
discovery has greatly expanded our knowledge about dust in the Jovian magnetosphere.

Comprehensive reviews of more than 10 years of dust measurements with Ulysses and
Galileo focussing on Jovian dust as well as interplanetary and interstellar dust have also
been given by Grin et al. [19] and Kriiger et al. [20].
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2. JUPITER DUST STREAMS

2.1. Electromagnetically interacting dust

The impact directions of the dust stream particles measured with Galileo and Ulysses
in interplanetary space were close to the line-of-sight direction to Jupiter. The approach
direction of most streams, however, deviated too much from the direction to Jupiter to be
explained by gravitational forces alone. This deviation was correlated with the magnitude
and the direction of the interplanetary magnetic field [10] which implied that strong non-
gravitational forces must have been acting on the grains. The observed 28 day period in
the impact rate (Figure 1) was most likely caused by changes in the tangential component
of the solar wind magnetic field which periodically accelerated the particles towards and
away from the ecliptic plane [21,22]. Numerical simulations showed that only particles
with velocities in excess of 200 kms™! and radii in the range 5nm < s < 15nm were
compatible with the observations [23]. Larger (smaller) grains did not interact enough
(interacted too strongly) with the interplanetary magnetic field to explain the observed
impact directions. This demonstrated that the solar wind magnetic field acts as a giant
mass-velocity spectrometer for charged dust grains.

Strong electromagnetic interaction of dust grains was also found with the Galileo de-
tector within the Jovian magnetosphere. Figure 2 shows an example of the impact rate
measured with Galileo in the inner part of the magnetosphere. During this and most other
times when Galileo collected data in this spatial region, the impact rate fluctuated with
5 and 10h periodicities and the fluctuations typically exceeded 2 orders of magnitude.
Furthermore, the impact directions of the grains and the measured charge rise times and
charge amplitudes which were used to derive particle speeds and masses showed similar
fluctuations [24]. These fluctuations were correlated with the position of Galileo in the
Jovian magnetic field (cf. bottom panel of Flgure 2). Due to a 9.6° tilt of Jupiter’s
magnetic axis with respect to the planet’s rotation axis the magnetic equator sweeps over
the spacecraft in either up- or downward direction every 5 h.

In addition to the 5 and 10h periods which are compatible with Jupiter’s rotation
period, a modulation of the impact rate with Io’s orbital period (42h) could also be
recognized during some time intervals (e.g. Galileo orbits E4 [24], G7 [25] and C9 [26])
while at other times an lo modulation was missing (e.g. Galileo orbit G2, Figure 2). A
detailed frequency analysis of a two year dataset showed Io’s orbital frequency as a “carrier
frequency” and primary source of the Jovian dust streams [27]. Jupiter’s magnetic field
frequency modulates lo’s frequency signal, giving rise to modulation sidelobe products
seen around first order (10 h) and harmonic (5 h) Jupiter magnetic field frequencies.
These modulation products confirm Io’s role as a primary source of the Jovian dust
streams. o as a source can best explain the time series analysis results showing lo’s orbit
periodicity.

An Jo source is also compatible with the deduced particle sizes of ~ 10nm: photometric
observations of the Io plumes obtained with Voyager imply a size range of 5 to 15nm [28],
in agreement with numerical simulations [23]. Recent Hubble Space Telescope (HST)
observations constrained the grains to be smaller than 80nm [29]. Hence, given the
ejection speeds of more than 200 kms™!, lo turned out to be a source for interplanetary
and interstellar dust!
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The suggested mechanism to eject dust grains from within the Jovian magnetosphere
matched the size and velocity range of the observed stream particles by recognizing that
these grains become positively charged in the Io plasma torus and can get accelerated
by Jupiter’s corotational electric field [22,30,31]). As grains traverse the various plasma
regions in the torus, however, their charge will not remain constant. Dust grains escaping
Io’s plumes first enter the cold plasma torus where they become negatively charged (~
~3V). Grains that reach the outer hot regions of the torus change their sign of charge to
positive (~ +3 V) because of secondary electron emission. Once positively charged, grains
will be accelerated by the outward pointing corotational electric field. They will leave the
Jovian system if their radii are between about 9 and 180 nm [24]. Smaller grains remain
tied to the magnetic field lines and gyrate around them like ions do, whereas bigger grains
move on gravitationally bound orbits which are — depending on the particle size — more or
less affected by the Lorentz force. Recent investigations showed that a higher secondary
electron yield which leads to potentials of —5V in the cold torus and +5 V elsewhere gives
better agreement with the observations [32].

Since lo is located very close to Jupiter’s equatorial plane, the particles are to a first
order approximation accelerated outward along this plane. Because of the 9.6° tilt of
Jupiter’s magnetic field with respect to the planet’s rotation axis, however, the particles
also experience a significant out-of-plane component of the Lorentz acceleration: particles
continuously released from lo move away from Jupiter in a warped dust sheet which has
been nick-named Jupiter’s dusty ballerina skirt’ [30]. A detector attached to a spacecraft
moving in Jupiter’s equatorial plane detects an increased number of particles when this
dust sheet sweeps over its position. The 5 and 10 h fluctuations in the dust impact rate
as well as the impact directions of grains observed by Galileo {24] can be explained with
this scenario of electromagnetically coupled dust grains. However, only grains within a
narrow size range around 10nm are in agreement with the observed features. Smaller and
larger stream particles were not detected with the Galileo dust instrument.

The charge of a particle escaping from the Io torus strongly depends on variations in the
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plasma density and temperature in space and time and thus is a function of Io’s position at
the time of particle release. In fact, the position where a particle is released from the torus
is correlated with Io’s position (Graps, personal comm.). In addition, the torus shows a
strong dawn-to-dusk asymmetry in the plasma conditions that influence the escape of the
dust particles. Grain charges are more negative on the dawn side of the torus where a
lower electron temperature leads to a reduced secondary electron production. Particles
on the dawn side remain captured in the torus for longer times because of their lower
positive charge. Six years of Galileo dust stream measurements clearly show a variation
of the flux with Jovian local time: significantly higher dust fluxes were measured on the
dawn and on the dusk sides than on the noon side of Jupiter (Kriiger et al., in prep.) as
predicted by numerical modelling [31]. Thus, the Jovian dust streams serve as tracers of
the plasma conditions in the Io torus.

The fly-by of the Cassini spacecraft at Jupiter in December 2000 provided a unique
opportunity for a two-spacecraft time-of-flight measurement (Cassini-Galileo) of particles
from one collimated stream from the Jovian dust streams. Particles in a stream were
detected with Galileo as the spacecraft was inside the Jovian magnetosphere close to the
orbit of Europa (about 12R;), and then particles in the same stream were detected by
Cassini outside the magnetosphere (at 140 R;). The Cassini data imply that particles of
different sizes have different phases with respect to Jupiter’s rotation (Kempf et al., in
prep.), a result which was also seen in earlier Galileo data [24]. The comparison of the
measurements from both dust instruments, however, is hampered by the higher detection
sensitivity of the Cassini detector with respect to the Galileo detector. Both instruments
have detected stream particles with different sizes and, hence, different phases. The
analysis is ongoing and more detailed modelling to describe the phase relation of different-
sized particles is in progress. The present analysis indicates particle speeds of about
400kms™'. This value is in agreement with speeds for 5 nm particles as derived from
dynamical modelling and earlier studies of the Jovian dust stream dynamics [23].

The Cassini dust instrument is equipped with a time-of-flight mass spectrometer which
measures the elemental composition of dust grains with a mass resolution M/AM = 100.
During Cassini’s approach to Jupiter impact spectra of a few hundred dust stream particles
have been measured and their chemical composition reflects the chemistry found on To.
With the Cassini instrument the surface composition of a satellite other than our Moon
has been measured directly.

2.2. To as a source of dust in the Jovian system

How significant is lo as a source of cosmic dust? How does the amount of dust ejected
compare with other dust sources in the Solar System? With a simple calculation we can
derive the total dust production rate of Io. Given the spread of lo dust along and away
from Jupiter’s equatorial plane, we assume a cone-shaped emission pattern of dust orig-
inating at Jupiter. We assume a cone opening angle of 35° and isotropic dust emission
towards all jovigraphic longitudes. Although Galileo measurements were obtained only
along the Jovian equatorial plane, this opening angle is justified by the Ulysses measure-
ments, Ulysses measured the dust streams at 35° jovigraphic latitude after Jupiter fly-by
(cf. Figure 1). For a given impact rate R, particle density p = 2gcm™2, particle radius
a = 10nm, a detector sensitive area of A = 0.02m? and a cone radius r = 30R; the
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Figure 3. Total dust production rate of Io assuming that the grains are ejected into
a cone with 35° opening angle centered at Jupiter. Each vertical bar represents data
from one Galileo orbit. The height of the bar shows the dust production rate derived
from measurements between 10 to 30 R from Jupiter. The data have been corrected
for a Jovian local time variation of the dust emission from the Io torus and for a long-
term change of the dust instrument sensitivity (Kriiger et al. in prep.). The labels of
individual Galileo orbits are indicated at the top. No dust stream measurements were
collected during Galileo orbits 5 and 13.

total amount of dust emitted from lo per second can be calculated. With R = 0.1...100
impacts per minute detected from 1996 to 2001 the average dust ejection rate is 10gs™!
to 10 kgs™!(Figure 3). If we take a typical value of 1kgs™! of dust and compare it with
1 tonsec™! of plasma ejected from Io into the torus, the dust amounts to only 0.1% of the
total mass released. These numbers indicate that lo’s volcanic plumes are also a minor
source for interplanetary dust compared with comets or main belt asteroids [33]. Io, how-
ever, turns out to be a major dust source for the Jovian system itself. The total mass of
dust produced by lo as 10 nm-sized particles is comparable to the mass of dust ejected as
micrometer-sized particles by the other Galilean satellites, which have no volcanic activity
(Sect. 3).

The Jovian dust stream measurements can serve as a monitor of lo’s volcanic plume
activity. With Galileo imaging ten active plumes have been observed which is comparable
with nine plumes seen by Voyager [34]. At least tow types of plumes can be distinguished:
large, faint ones, with short-lived or intermittent activity (Pele-type) or small, bright,
long-lived ones (Prometheus-type). The most powerful plume ever detected on lo, Pele,
is the archetype of the first category and was observed to an altitude of more that 400 km
[29]. Pele is also the location of the most stable high-temperature hot-spot on Io and is
probably related to an active lava lake. Plumes are normally related to hot spots but not
vice versa. The Pele plume is known to be rich in S; gas as well as SO, [35]. Although
it has been suggested that the Pele plume may be a pure gas plume, plume observations
can also be interpreted as due to very fine (< 80 nm) particulates [29].

[t is of special interest to see whether variations in the dust production rate deduced
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from the dust stream measurements can be related to the activity of the Pele or other
plumes on lo, or to the total thermal output of the satellite. A correlation with the
activity of the Pele plume seems most promising because only the most powerful plumes
are expected to accelerate the grains to sufficient altitudes so that they can finally escape
from the satellite [4,36].

The dust production of lo for individual orbits of Galileo is shown in Figure 3. Here,
the vertical bars indicate the variation in the derived dust production rate if we vary the
jovicentric distance at which the dust flux is taken between 10 and 30 R; during one orbit.
This reveals a strong variation in the dust production rate from orbit to orbit which is
up to two orders of magnitude. If the plasma conditions in the Io torus and the Jovian
magnetic field did not change too drastically from orbit to orbit, it reflects the variation
of the activity of the Io plumes.

We have compared the dust production rate shown in Figure 3 with the total thermal
output of To deduced from Galileo near-infrared measurements (Spencer, personal comm. ).
Unfortunately, this did not give a clear picture. This negative result, however, is not too
surprising because lo’s overall thermal output is not very well correlated with plume
activity. The Pele plume was observed in July 1995, July 1996, December 1996 and
possibly July 1997 [34]. It was absent in June 1996, February 1997, June 1997 and
July 1999. Although, the strong drop in the dust impact rate from December 1996 to
February 1997 (E4 to E6 orbit) is consistent with these detections/non-detections, for
other measurements it is not. Especially, the non-detection of the plume on 2 July 1999
is in contradiction with the large measured dust emission.

A correlation of the in-situ dust measurements with either Galileo or Earth-based imag-
ing observations turns out to be very difficult because the imaging observations represent
only sporadic glimpses. Many more observations would be needed to establish a firm link
between the Galileo dust measurements and the activity of (an) individual plume(s) on To.
The picture is further complicated by the fact that the plume activity sometimes changes
on timescales of days to weeks. Ideally, one would need imaging observations at exactly
the same time as the dust measurements.

We have also estimated the lo dust production from the measurements of Galileo and
Ulysses in interplanetary space out to 1 AU from Jupiter assuming again that the dust
is uniformly distributed into a cone of 35°. This leads to unrealistically high dust pro-
duction rates of more than 107 kgs~!. It indicates that this simple picture cannot be
extrapolated to interplanetary space and that the dust is not distributed uniformly to
such large distances. Rather, the dust particle trajectories must undergo some focussing
effect due to electromagnetic interaction with the interplanetary magnetic field.

Additional evidence for such a focussing effect came from Galileo measurements in
2000 when the spacecraft has left the Jovian magnetosphere for the first time since 1995.
Measurements outside the magnetosphere at a distance of ~ 280 R; (0.13 AU) from Jupiter
gave a surprisingly high impact rate of up to 10 impacts per minute (Figure 4). This value
was comparable with the rates detected both in interplanetary space {Figure 1) and close
to Jupiter during Galileo’s early orbital mission (Figure 2).

In May and June 2000 (days 145 to 170), while Galileo was receding from Jupiter (from
10 to 170 R;), the impact rate dropped by more than two orders of magnitude (from 0.05
to 0.0005 impacts per minute). This drop was close to the inverse square of the source
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Figure 4. Impact rate of dust stream particles measured with Galileo between May and
December 2000 (Galileo G28 orbit). Galileo perijove (at ~ 8 Rj distance from Jupiter)
and apojove (~ 280Rj) are indicated. The impact rate has been averaged over a 40 h
time interval. Due to different modes of dust instrument read-out the data have a time
resolution varying from less than an hour to more than 20 days (28). The dust streams
were outside the field of view of the dust detector before day 141 and again between day
350 and 363.

distance. When Galileo was outside the magnetosphere, beyond ~ 200R; from Jupiter
(after day 180), the impact rate increased by about four orders of magnitude. Between
August and October 2000 (days 230 to 280), Galileo remained more or less stationary with
respect to Jupiter and lo, and the impact rate remained remarkably constant for about
two months with roughly 1 impact per minute. Assuming — as before — that dust particles
get ejected into a 35° cone, this leads to a dust production of Io of ~ 100kg s~1. It seems
unlikely that such a high dust production is maintained over such a long time period.
More likely is a focussing effect of the grains due to the boundary between the Jovian
magnetosphere and the interaction with the interplanetary magnetic field. Interestingly,
the impact directions measured with Galileo indicate that the grains approached the
sensor from a direction very close to the ecliptic plane. Similarly high impact rates were
was also detected with the Cassini dust instrument [12] in September 2000 at ~ 0.3AU
from Jupiter when the spacecraft was approaching the planet (Kempf et al., in prep.).

Frequency analysis of the Galileo dust impact rates measured beyond ~ 250 R; did not
reveal 5 and 10 h periodicities as was seen within the magnetosphere. Instead, a strong
peak at Io’s orbital period showed up in the frequency spectrum (A. Graps, personal
comm.), much stronger than seen close to Jupiter.

3. DUST-ENSHROUDED SATELLITES

Between December 1995 and January 2002 the Galileo spacecraft had a total of 31 tar-
geted encounters with all four Galilean satellites. During many of these fly-bys the impact
rate of dust grains showed a sharp peak within about half an hour centered on closest
approach to the satellite [38,24,25]. This indicated the existence of dust concentrations in
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Figure 5. Number density of dust as a function of altitude above the surface of Ganymede
(data from 4 fly-bys), Europa (8 flybs) and Callisto (3 fly-bys). The altitude is shown in
units of the satellite radius Re = 1560, 2634,2409km in the case of Europa, Ganymede
and Callisto, respectively. Vertical error bars reflect statistical uncertainty due to the
small number of impacts. The solid lines are least squares fits to the measured number
densities.

the close vicinities of Europa, Ganymede and Callisto. No dust cloud could be measured
close to o because the spacecraft orientation prevented the detection of dust particles
during all fly-bys at this satellite.

Analysis of the impact directions and impact speeds showed that the grains belonged to
steady-state dust clouds surrounding the satellites [13,39]. The measured radial density
profiles of the dust clouds (Figure 5) together with detailed modelling of the impact-
ejection process implied that the particles had been kicked up by hypervelocity impacts
of micrometeoroids onto the satellite’s surface [16]. The projectiles were most likely
interplanetary dust particles.

The measured mass distribution of the grains was consistent with such an ejection mech-
anism with grain sizes being mostly in the range 0.5 pm < s < 1.0 pm. It implied that
the particle dynamics was dominated by gravitational forces, whereas non-gravitational,
especially electromagnetic forces were negligible. Most ejected grains follow ballistic tra-
jectories and fall back to the surface within minutes after they have been released. Only
a small fraction of the ejecta has sufficient energy to remain at high altitudes for sev-
eral hours to a few days. Although they eventually strike the satellite’s surface, these
short-lived but continuously replenished particles form a tenuous steady-state dust cloud
which entirely envelopes the satellite. The total amount of debris contained in such a
steady-state cloud is roughly 10 tons.

The optical thickness of the cloud is by far too low to be detectable with imaging
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Figure 6. Number density of micrometer-sized dust particles between 6 and 30R; con-
structed from the Galileo measurements. The orbits of the Galilean satellites are indicated
by vertical dashed lines. Only data from Galileo orbits 124 to 133 are shown because ear-
lier orbits only partially traversed the region between Io and Europa. Dust cloud particles
identified in the close vicinity of the moons are not shown.

techniques. Only a highly sensitive detector of the Galileo/Ulysses type could recognize a
sufficient number of grains to detect these clouds. The low dust density is illustrated by
the fact that only 35 cloud particles impacted the detector during 4 fly-bys at Ganymede
[13].

A detailed analysis of the entire Galileo dataset for the three Galilean satellites is
ongoing. One goal is to check for signatures of a leading-trailing asymmetry of the ejecta
clouds, which can be expected from the orbital motion of the satellite with respect to the
field of impactors [40].

The Galileo measurements are the first successful in-situ detection of satellite ejecta in
the vicinity of a source moon. All celestial bodies without gaseous atmospheres (asteroids,
planetary satellites of all sizes) should be surrounded by an ejecta dust cloud. Before
Galileo, there were few attempts of direct in-situ detections of ejecta close to satellites —
most notably, near the Moon [41]. These experiments, however, did not lead to definite
results.

4. DUSTY JOVIAN RINGS

Apart from To dust streams (Sect. 2) and circum-satellite ejecta-clouds (Sect. 3) the
in-situ Galileo measurements have revealed additional populations of Jovian dust (Ta-
ble 1): since the beginning of Galileo’s orbital tour about Jupiter the dust detector has
measured more than 400 impacts of mostly micrometer-sized grains widely distributed in
circum-jovian space. Although the highest fluxes of grains occurred in the region between
Io’s and Callisto’s orbit (~ 6 to 26 Ry from Jupiter, [24,25], Figure 6) impacts were also
detected out to 200 R; and beyond. These grains form a tenuous dust ring around Jupiter
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with a number density of & 2 - 102km~3 at Europa’s orbit. The spatial locations where
these grains were detected, the impact directions and the charge signals imply that these
are actually two populations: besides a population of particles on prograde orbits about
Jupiter, another population on retrograde orbits must exist as well [14]. The grains on ret-
rograde orbits are most likely interplanetary or interstellar grains captured by the Jovian
magnetosphere [17,18]. Numerical models show that a tiny fraction of the impact debris
released from the surface of the satellites by hypervelocity impacts (Sect. 3) is ejected at
speeds sufficient to escape from the satellites entirely [15] (an amount of 10gsec™ has
been estimated to leave Ganymede). The ejected material goes into orbit about Jupiter
and forms a tenuous ring of dust particles mostly on prograde orbits. This ring extends
at least from Io’s orbit (5.9R; from Jupiter) out to Callisto’s orbit (26 Ry) but the dust
detections indicate that it continues further out and further in (see below).

In the outer region of the Jovian system, between 50 and 300 Rj, about 100 dust impacts
were detected. Their orbits are compatible with prograde and retrograde jovicentric orbits
with a wide range of inclinations [16]. The number densities of ~ 10km~2 are more than
an order of magnitude lower than those found in the region between the Galilean satellites
but, on the other hand, by about an order of magnitude larger than the interplanetary
background. Sources for these grains are Jupiter’s outer regular and irregular moons.

Indications for the existence of the ring can already be found in earlier measurements by
the Pioneer 10/11 and Ulysses spacecraft: 12 meteoroid penetrations have been recorded
with Pioneer within 45R; (Jupiter radius, R; = 71,492km) from Jupiter [1] and Ulysses
has recorded 9 impacts of micrometer-sized dust grains in this spatial region. Two-third
of the Ulysses impacts were detected at ~ 35° jovigraphic latitude after Jupiter fly-by.

Between lo’s orbit at 5.9 Ry and the outer extension of the gossamer ring at about 3.1 Ry,
extremely little is presently known about the dust environment. Although Galileo has
traversed part of this region during orbit insertion in December 1995, dust measurements
were very patchy because the instrument had to be saved from the hazards of Jupiter’s
radiation environment. However, a few probably micrometer-sized dust impacts were
detected within Io’s orbit [42,11].

Still closer to Jupiter lies the region of Jupiter’s prominent ring system which consists
of three components: the main ring, the halo and the tenuous gossamer rings. Here,
the dust densities are so large that dust investigations habe been performed with remote
sensing techniques. The vertical extension and density profiles of the rings imply that a
significant fraction if not all of the dust forming the rings is impact-ejecta derived from
the inner moons Adrastea and Metis (in the case of the main ring), and Amalthea and
Thebe (in the case of the gossamer rings [43]). These satellites orbit Jupiter inside the ring
system. The motion of the dust grains in a certain size range contained in the gossamer
ring is most probably dominated by the Poynting-Robertson drag force, indicating that
the plasma density in this region is much lower than previously thought [44].

5. CONCLUSIONS AND OUTLOOK

The Galileo dust measurements have drastically expanded our knowledge about dust
in the Jupiter system. In fact, Jovian dust has been studied to at least a similar extent as
cosmic (i.e. non-artificial} dust in the Earth environment. The properties of the various
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Table 1

Physical parameters of dust populations detected in-situ at Jupiter. Column 2 gives
typical particle sizes (radii) assuming spherical particles, col. 3 the mean measured impact
speeds, col. 4 lists the radial distance range where the particles have been detected, and
col. 5 gives derived particle number densities in space.

Population Particle  Impact  Jovicentric Number
size speed distance density
(m)  (kms~Y) (m=2)
(1) (2) 3) (4) ()
Stream particles ~0.01* <400* 6Rj;-2AU 10°3-10"8
Ejecta clouds 0.3-1 6—8 <10 Reat! 1074 -1075
Ejecta ring 0.6 -2 ~7 6 - 30R; 1076 - 1077
Captured particles 0.5-1.5 ~ 20 6 - 20R; ~ 1077
Outskirts ring 1-2 ~ 9 > 50 Ry ~ 1078

*: derived from dynamical modelling.
f: altitude above satellite surface.

Jovian dust populations studied in-situ with Galileo are summarised in Table 1.

All Galilean satellites are sources of dust in the Jovian system. The Galileo measure-
ments have for the first time demonstrated the electromagnetic interaction of charged
dust grains with a planetary magnetosphere. Jupiter’s magnetosphere acts as a giant
mass-velocity spectrometer for charged dust grains in space. The o dust streams can be
used as a potential monitor of the activity of Io’s plume activity.

The Io dust stream particles probe the conditions in the Io plasma torus. Since in
a completely radially symmetric plasma and magnetic field configuration no 10h period
should show up in the impact rate, only the 5h period should be there. The prominent
modulation of the rate with the 10h period points to variations in the acceleration mech-
anism of the grains correlated with Jovian local time which are presently not completely
understood.

In February 2004, Ulysses will approach Jupiter to 0.8 AU again. Additional dust
stream measurements with Ulysses in interplanetary space at high jovigraphic latitudes
and for varying Jovian local times will be beneficial to test our understanding of this new
phenomenon.

The Galileo measurements of impact-generated dust clouds surrounding the Galilean
satellites can be considered as unique natural impact experiments to study the dust ejec-
tion mechanism due to hypervelocity impacts onto celestial bodies without atmospheres.
They complement laboratory experiments in an astrophysically relevant environment. Al-
though far from being perfect impact experiments, the Galileo results offer two extremely
important improvements over laboratory experiments: 1) the projectile and target ma-
terials and projectile speeds are astrophysically relevant, and 2) the masses and speeds
of the ejecta particles can be determined in an important region of parameter space (mi-
crometre sizes and kms™! impact speeds). This is especially important in view of the
Cassini mission. Cassini will start its exploration of the Saturnian system in 2004 and
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Figure 7. Galileo trajectory during the passage of the Jovian gossamer rings in November
2002. The position of Amalthea during closest approach is shown as a filled circle.

will fly by several of Saturn’s satellites during its orbital tour about the giant planet. It
will provide a unique opportunity to study the dust environments of many of the small
Saturnian satellites.

Although considered to be the archetype of an ethereal dusty planetary ring, the Jovian
gossamer and main ring system has been relatively incompletely studied to date. The
in-situ measurements of ejecta grains escaping from the circum-satellite dust clouds and
images of Jupiter’s main and gossamer rings have demonstrated that impact-ejecta derived
from hypervelocity impacts onto satellites is the major - if not the only — constituent of
these dusty planetary rings. The details of the complex dynamics of grains over a large size
range and under the various forces acting on the grains are as yet only poorly understood.

In November 2002 - during its final orbit about Jupiter — Galileo will traverse the
gossamer ring system and fly by Amalthea (Figure 7). Detailed in-situ studies of the dust
grains in the gossamer rings will provide a better understanding of the forces dominating
the grain dynamics in the rings (gravity, Lorentz force, plasma drag, Poynting-Robertson
drag, radiation pressure). The relative importance of each force varies strongly with grain
size and distance from the planet and leads to drastically different size distributions at
different locations along the gossamer rings and in the main ring. Investigation of why
the Poynting-Robertson drag dominates over the other forces will lead to a comprehensive
picture of the grain dynamics in the gossamer ring, a necessary step in deriving a full
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picture of the dust dynamics throughout the Jovian magnetosphere. In-situ studies of the
ring material can provide valuable information about the surface properties of the source
moons. Comparative studies of ejecta from the large Galilean moons and the smaller
ones embedded in the gossamer rings will provide information about the ejection process
over a large range in speed not accessible in the laboratory. Especially the close fly-by at
Amalthea (< 300 km) will allow to test on a small moon the models for the impact-ejection
process which have been developed for the much larger Galilean satellites.

In-situ dust measurements provide information about the physical properties of the dust
environment not accessible with imaging techniques. Since all dusty planetary rings in our
Solar System are most likely dominated by impact-ejecta, studies of Jupiter’s gossamer
ring provide valuable information not only about the mechanism feeding this ring system
but also about the processes that govern planetary rings in general. Studies of the Jovian
ring with Galileo and of the Saturnian ring with Cassini will lead to a vastly improved
understanding of the formation and evolution of dusty planetary rings.
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The data gathered by the Cosmic Dust Analyser (CDA) on board Cassini close to 1 AU are
investigated. To compare the measured flux with models, the sensitivity of the targets is
derived from calibration data. The interplanetary model by Staubach [1] underestimates the
measured flux by more than one order of magnitude. Our attempt to classify the measured
events as impacts on the large and the small target, indicates that there are impacts on the side
walls which lead to measurable signals on the targets. This brings the measured flux closer to
the model, but cannot explain the large discrepancy. It is shown that interstellar particles
could fill the gap between the interplanetary flux model and the measured impact rate.

1. INTRODUCTION

In the time from April 12 and June 22™ 1999 Cassini approached the Sun from 1.2 AU to
0.74 AU. CDA was triggered 57 times. 27 of these events show clear enough signals to
identify them to be due to dust impacts. CDA has two different targets [2]. The charge of
positive ions produced by an impact on the targets is measured by an ion collector grid in the
middle of the detector. The negative ions are detected at the targets. We compare the
measured impact rate on both targets with models for the interplanetary and interstellar dust
flux. To do this the sensitivity of both targets needs to be determined first. Finally, we report
on the attempt to classify the 27 impacts in impacts on the large and the small target.

2. CDA SENSITIVITY

To compare the dust flux measured by CDA with models it is necessary to estimate the
minimum dust particle mass which can be detected by CDA. CDA is triggered if the charge
measured at one of the targets, one of the grids or the multiplier, exceeds a certain threshold.
The charge produced at a target due to a particle impact is usually described by a power law
dependence on mass and velocity, Q,= Cm®V? (see e.g. [3]). The coefficients ¢, B and C are
determined from calibration data taken with the CDA flight spare unit. If the mass and
velocity in the power law are specified in units of 10" kg and 10 km s, respectively, a fit to
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the power law gives oc=1.25, B=4.52and C=8 x 10" Cand @ =0.85, =33 and C = 1.7
x 10" C for the large and the small target, respectively.

In Figure 1 it can be seen that the data only cover a narrow strip in mass-velocity space.
The cut-off towards higher masses and high velocities is due to the limitations of the Van de
Graaff accelerator (VdG). The cut-off towards low masses and velocities has a different slope
for low and high particle masses. The cut-off at low masses can be approximated by a line of
constant kinetic particle energy. In a VdG with given acceleration voltage the kinetic energy
is proportional to the particle charge. Since the charge of the particle needs to be detected in
the accelerator to determine its mass and velocity [4], this cut-off is given by the minimum
detectable charge and is therefore not due to CDA. The slope of the cut-off at higher masses
can be explained with a curve of constant charge produced at a target and shows the
sensitivity of CDA. The cut-off corresponds to the target charges of 2 x 10™* C and 5 x 101
C for the large and the small target, respectively.

100 preerrrrrrrerrmeereepereeeeey 100
b large target

small target }

velocity [Km/s ]

-12 -19 -18 17 -16 -15 -14 -13 -12

log (mass[kq]) log (mass[kg])
Figure 1. The particle velocity versus mass is shown for the calibration data. The dashed line
corresponds to line of constant particle kinetic energy. The solid line is a line of constant
target charge produced on the respective target.

3. COMPARISON OF MEASURED FLUX WITH MODELS

The 27 dust impacts measured in a period of 72 days leads to a dust flux of 0.410.1

impacts per day. To compare this dust flux with models, the sensitive area of the large and the
small target for different angles from the symmetry axis was computed. We assume 70%
transmission for the entrance grid, independent of the impact direction.
In Figure 2 the measured flux is compared with different models. Divine’s interplanetary dust
flux model [5] is in good agreement with the measured flux. However the model by Staubach
[1] underestimates the flux. Comparing the two models at 1 AU with the isotropic model by
Griin et al. [6], which gives a flux of 0.8/day, we find that the Divine model is quite close to
the isotropic flux (0.3/day) whereas the Staubach model is more than an order of magnitude
(0.03/day) less than the isotropic model. It is important to note that the Divine model was
constrained by absolute count rates of the Galileo and Ulysses dust detector only, whereas
Staubach took directional information into account. As Cassini is not a spinning spacecraft,
the Staubach model is therefore the most appropriate model. We must conclude that the dust
flux measured by CDA cannot be explained with the interplanetary dust flux alone.
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Figure 2. The measured flux rate (solid) is
compared with models: Divine (short
dash), Staubach (long dash), interstellar
model (dotted).

Figure 3. The charge measured at the small
target (trianagles) versus the charge
measured at the large target (diamonds) is
shown.

Figure 2 also shows the interstellar flux of dust particles assuming that the interstellar
particles move on straight trajectories through the inner solar system. According to this
model, the interstellar particle flux varies between 0.5 and 2 particles per day and
overestimates the measured flux slightly. However, the interstellar flux model was
constructed from data measured outside 2.5 AU [7]. Since solar radiation pressure and the
magnetic field in the heliosphere, tend to decrease the flux in the inner solar system [7], the
interstellar flux shown in Figure 2 must be understood as an upper bound of the real flux.
Therefore the gap between measured data and the Staubach model can be explained with
interstellar particles.

4. IMPACT CLASSIFICATION

Ejecta produced during a primary dust impact can produce further impact plasma
elsewhere in the detector. Therefore it is common that both targets show signals after an
impact. Figure 3 shows for the calibration data the charges liberated on the large and the small
target. Figure 3 suggests that from the ratio of the target charges it can uniquely be decided
whether the primary impact took place at the large or the small target. However, it can also be
seen in Figure 3 that an impact on the large target can cause as much charge on the small
target as it produced on the large one. Therefore it must be suspected that impacts anywhere
inside CDA can produce signals at the targets. Therefore there are three instead of two
possibilities for the place of the primary impact (large target, small target and none of the
targets) and the target ratio cannot uniquely decide the place of the primary impact. The target
ratio can at most rule out one of the targets as the place of the primary impact:

Q Q
=1 5 0.32 = not small target ~1 <032= not large target (1)
s s
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To decide whether the primary impact occurred at the remaining target or the wall another
criterion is required. From the calibration data, it was found that the charge measured at the
grid is at most 40% of the charge measured at the target, where the primary impact occurred.
Therefore, if the ratio of charges measured at the grid and the target exceeds 0.4 the impact
did not occur at this target. With this criterion, for 6 out of the 27 measured impacts, the
targets are ruled out as the place of the primary impact. For one of these 6 events the ions
arrive at the ion collector grid before a signal is observed at the target. This confirms
independently that the primary impact did not hit one if the targets.

6. CONCLUSIONS

The sensitivity of both CDA targets was determined from calibration data. On the basis of
this the measured impact rate was compared with existing models for the interplanetary and
interstellar dust flux. Since Cassini is not a spinning spacecraft, the measured event rate
cannot be compared with an isotropic model. The only interplanetary dust flux model which
was constrained by directional information of impacts is the model by Staubach [1]. However,
at 1AU the Staubach model underestimates the measured flux by more than one order of
magnitude and the interplanetary flux cannot explain the impact rate.

Our attempt to classify the measured events into impacts on the large and small target,
indicated that impacts elsewhere in the detector (e.g. the side walls) can lead to measureable
signals on the targets. A preliminary criterion classified 6 out of 27 impacts not to be due to a
primary impact on one of the targets. The classification as it is described here, is not able to
uniquely identify whether the primary impact hit one of the targets. To do this calibration data
with shots on the side-walls are required.

The impacts which did not hit one of the targets bring the measured flux closer to the flux
predicted by the Staubach model. However, they cannot explain the large discrepancy
between model and measurements. Therefore the comparison of the model with the
measurements suggests that interstellar particle impacts were recorded. It is difficult to judge
how the presented model calculations are influenced by dust impacts measured onboard
Galileo and Ulysses. Therefore more direct comparison of measured dust fluxes at 1 AU, but
at other ecliptic longitudes, could decide more quantitatively how many of the measured
impacts are likely to be of interstellar origin. Ultimately, velocity estimations for individual
events could prove that the orbit of the impacting particle was hyperbolic.
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We investigate the effects of planetary oblateness, quadrupole magnetic field, and solar
radiation pressure on nonequatorial dust grain orbits about Saturn. Radiation pressure
is found to be a strong perturber for small (= 100 nm) positively charged conducting
grains.

1. INTRODUCTION

Recently analytic equilibrium and stability conditions were obtained for charged dust
grains orbiting Saturn [1,2], including both positive and negatively charged grains in
prograde or retrograde, equatorial or nonequatorial {‘halo’) orbits. The single particle
Hamiltonian model included Keplerian gravity, co-rotating magnetic field {taken to be
an aligned centered dipole), and corotational electric field. Planetary oblateness {J),
quadrupole magnetic field terms (g;) as well as non-axisymmetric effects such as plasma
drag, radiation pressure, and time-dependent charging [3,4] were all neglected. The re-
sults gave simple existence conditions and stability bounds for arbitrary circular orbits.
Equatorial orbits were parametrized by cylindrical radius (pg) and charge-to-mass ratio
(¢/m) conveniently measured by the quantity ¢ = ®,/a%, where @, is the surface po-
tential of the grain in Volts and a, is its radius in microns. For nonequatorial orbits
the spherical radius (rp) was employed. Here we extend this model to include planetary
oblateness {J;}, quadrupole magnetic field (g;), and radiation pressure. A well depth is
defined, showing that halo orbits are as deeply trapped as their equatorial cousins. Con-
sequently these grains are not greatly perturbed by J; and g,; their primary effect is to
make the motion more ergodic and occasionally chaotic. Radiation pressure breaks the
axisymmetry so that an effective potential no longer exists except in a average sense. lts
effects are found to be much more pronounced for conducting than for dielectric grains.
In general the relative strength of radiation pressure increases quadratically with distance
from the planet, so that outer E-ring particles are most highly perturbed. As in our
previous studies the surface potential is fixed at ¢, = +10V; magnetospheric effects [5]
are described elsewhere [6].
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2. HAMILTONIAN MODEL

The motion of a charged dust grain orbiting Saturn may be described in an inertial
frame by the scaled Hamiltonian, in cylindrical coordinates (p, ¢, z) [2]

1
H = 3(p, +p2) + Ut(p,2) — kwipcos§ (1)
where
e 1 2
U = ﬁ (pd’ — wclll) + U +chlI’ (2)

is the two dimensional effective potential. Here distances are measured in units of the
planetary radius (R,),  is the planetary spin rate, py = p?w 4w, ¥ is the scaled canonical
momentum, w. = ¢Bg/mec is the cyclotron frequency, and wy = {/GM,/R3 is the Kepler
frequency, both evaluated on the planetary equator. The x-axis is directed from Saturn
toward the Sun. The gravitational potential is, in scaled coordinates, including planetary
oblateness

(P2 — 222)]

(3)

where r = /p? + 2% and J, = 0.01667. The magnetic stream function, including both
dipole and quadrupole terms, is

2 1
U=—%[1+2J,
r 2

2
p 3gq2
¥ ="—[1+4 = 4
L+ 32 (4
with g, = 0.01642. Note that the quadrupole part vanishes on the equatorial plane.
Radiation pressure is measured by the dimensionless coefficient

k= B () (5

where d is the Sun-planet distance and § = JoQ,r/py7y, with solar constant Jo = 5.7x107°
and @,r ranges from = 0.3 for a 100 nm dielectric grain to more than 2.0 for a 1 um
conducting grain [7]. We shall take p, = 1 g cm™ throughout.

The equilibrium (circular) orbits are given by VU® = 0; stability is determined by the
Hessian det D?U¢, which gives the type of each critical point. Each stable critical point is
surrounded by a potential well, bounded by one or more saddle points. Thus, one speaks
of saddle point confinement [8], in which all orbits with total energy E < E, are confined.
Figure la depicts a positively charged conducting grain in a prograde equatorial orbit
at po = 2 with & = 400, corresponding to grain radius a = 158 nm. As shown in [1]
these orbits destabilize at a critical value of g/m which is easily calculated analytically for
J; = g2 = k = 0. In each case either a pitchfork or a tangent bifurcation of the effective
potential occurs. In [2] we showed that non-equatorial ‘halo’ orbits exist for both positively
and negatively charged grains, but that retrograde orbits were impossible for negatively
charged grains. Analytic stability boundaries were derived and corresponding bifurcations
identified, again all with J; = g» = k = 0. Figure 1b shows a typical halo orbit for a
prograde positively charged conducting grain, with ro = 5 and & = 1100 (a = 95 nm).
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Figure 1. Trapped orbits for conducting grains near Saturn: (a; left) equatorial po =
2, & = 400, (b; right) halo, ro =5, ¢ = 1100
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Figure 2. Potential profiles (arbitrary units) for the two orbits of Figure 1: (a; left)
equatorial, (b; right) halo.

3. WELL DEPTH

It is well known that equatorial dust grains are deeply trapped in their potential wells.
However, it is not obvious that the much smaller halo grains are sufficiently deeply trapped
to survive the perturbations discussed in the following sections. To this end we define the

well depth
A= Emaz/Emin -1 (6)

which varies with ¢/m, becoming vanishingly small at a bifurcation point. While care
must be taken in defining K,,.., this detail need not concern us here; usually it suffices
to take Epq.; = mun(E;, Ey,), where E; is the saddle point energy. Figure 2 compares
potential profiles for the equatorial and halo orbits shown in Figure 1, with that for the
halo well taken along a line joining the elliptic and hyperbolic critical points.
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4. OBLATENESS AND QUADRUPOLE FIELD

First consider nonzero J; and g,, for which the Hamiltonian remains axisymmetric. For
equatorial orbits the dynamics is primarily Keplerian for a, > 0.2 pm. In such cases it is
well known that the dipole field and oblateness both cause Keplerian ellipses to precess
and can in fact cancel, with important consequences for E-Ring particles [7]. However,
this precession is of minor importance for particle trapping, since the locations of the
critical points of U¢ are only slightly perturbed. Furthermore, U® is structurally stable,
i.e. its critical points do not change type under small perturbations [9]. In fact the orbits
in Figures 1 and 2 all include J; and g, and are seen to be firmly confined to their ideal
two dimensional potential wells. Extensive orbital calculations show that the effects of ¢,
are miniscule compared to J, and we therefore omit it from further discussion.

5. RADIATION PRESSURE

The effects of radiation pressure are more subtle and can have large long-term effects.
non-magnetic Mars and Venus. Dynamically the presence of radiation pressure breaks
the axisymmetry of (1), so that the motion becomes truly three dimensional, and the
canonical momentum py is no longer conserved. Nevertheless, for magnetic planets with
k << 1, py is still conserved on the average, as guaranteed by the KAM theorem, with
the result that orbits can be trapped in 3D potential wells. For the orbit of Figure la
py varies by only 0.24%. In general only positively charged conducting grains at large
distance from the planet are significantly perturbed from their two dimensional potential
wells by radiation pressure.

6. DISCUSSION

We have seen that stable nonequatorial (‘halo’) orbits may exist about Saturn. These
orbits are composed of very small (= 100 nm) grains and are insensitive to the influence
of J, and g,. Radiation pressure is relatively small for dielectric grains but can be large
for distant conducting grains. Work is currently underway to determine the effects of
time-dependent charging on these intriguing orbits.
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We investigated the electrostatic charging behavior of submillimeter-sized dust parti-
cles located in Saturn’s magnetosphere. The charging effects we considered included elec-
tron/ion capture from the magnetospheric plasma, electron/ion capture from the solar-
wind plasma, the photoelectric effect from solar radiation, and secondary electron emission
from energetic electrons. In our results we show charging times and equilibrium charges
for particles located in different regions of Saturn’s magnetosphere. We find that charg-
ing in Saturn’s magnetosphere is not particularly sensitive to the dust particle’s material
properties. The equipotential ranges from ~ —2 V at 3.5 Rg, decreasing to ~ —5 V at
6 Rg, and then increasing to ~ —1.5 V at 10 Rg. The charging time for one micron-sized
particles is a few minutes, and for 0.01 micron-sized particles the charging time is 6 hours
(or more). The latter is a significant fraction of Saturn’s rotation period.

1. INTRODUCTION

The dynamics of dust, submillimeter-sized dust grains, are a fascinating area of study
of our Solar System’s dynamical evolution. Small particles, especially charged particles,
respond to forces other than gravitational, in particular, electromagnetic forces. The dust
particle’s properties and dynamics fall into a complex regime between nuclear physics and
electromagnetic physics and gravitational physics. In order to calculate charges on a dust
particle around a planet, we must characterize:

e The planet’s magnetospheric features: its magnetic field and plasma,
e The physical processes onto the dust particle that generate currents, and

o The material properties of the dust particle.

In this paper, we make reference to results of charging of dust particles in Earth'’s
magnetosphere [1][2]. Earth is an interesting charging environment for dust particles, in
part, because the dynamic magnetospheric plasma shows steep changes in the electron
and ion energies and densities, therefore, the electron energy can be quite high (e.g. a
few thousand eV). Table 1 lists some basic parameters comparing Saturn’s and Earth’s
magnetosphere.
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Table 1
Basic parameters of Saturn’s and Earth’s magnetosphere
Parameters Saturn Earth
Rotation Period (day) 0.44 1.0
Dipole Moment (Gauss cm®) 2.4x10% 7.9%x10%
Field at Equator (Gauss) 0.22 0.305
Dipole Axis (deg) 0.0 +10.8
Magnetopause Distance 20 Rg 10 Rg
Plasma Source Solar Wind, Atmosphere, Solar Wind, Atmosphere

Rings, Moons

Data from {3].

Table 2
Saturn plasma representative numbers
Component Location (Rs) Energy (eV) Density (cm™) Debye Length (m)

Cold electrons 10 8.6 1 22
3 0.005 52 0.073
Hot electrons 10 862 0.6 280
3 27 0.6 50
Hydrogen ions 10 17 0.3 56
3 6 6 7.4
Oxygen ions 10 250 0.9 120
3 31 46 6.1

2. SATURN’S PLASMA ENVIRONMENT

The electrostatic potential of a dust particle not only depends on the physical properties
of the particle, but also on the plasma environment, such as the plasma number density,
temperature (energy), velocity distribution of the plasma particles, intergrain distance,
and the relative motion between the dust particles and the plasma [4].

Inside of Saturn’s plasmasphere, the plasma density increases towards the planet from
~ 1 electron cm™ at Saturn radius 10 Rs to ~ 100 electrons cm ™ at 3 Rg, and the
electron energy k7, decreases from ~ 100 eV to ~ 10 eV.

To characterize Saturn’s plasma, we utilized plasma data from M. Hordnyi. This plasma
data is a four component plasma (hydrogen, oxygen, hot electrons, and cold electrons)
fit to the Voyager data described in [5]. The Debye screening length is the distance that
the Coulomb field of an arbitrary charge of the plasma is shielded. We can calculate the
charge for an isolated grain if we have only one grain within a sphere of radius Debye
length. Figures | and 2 show the energy, density our plasma data, and we state, in Table
2, some representative plasma values for our plasma data.
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Figure 1. Saturn plasma energies of our four component plasma: hot electrons, cold
electrons, oxygen ions, and hydrogen ions.

3. CHARGING PROCESS

We calculate the time-varying charge due to currents acting on a dust particle in a
planetary magnetosphere using the following expression:

Z [k = lj,e,moving + [sec +1, (1)
k

where I is the current of the k-th charging processes [4]. We consider 3 charging currents.
The first charging current is: [; ¢ moving, Which is the collection of ions and electrons onto
the dust particle from the ambient plasma. The second current: I, the secondary
electron current, occurs when a high energy electron impacts the dust particle, some of
the dust material is ionized, and electrons are ejected from the particle. The third current,
I, photoelectron emission current, occurs when a UV photon impacts the dust particle
and photoelectrons are released. For a more complete treatment, one should add reflected
electrons from the secondary electron emission [6] and the small particle effect [7].

The secondary electron current is dependent on the dust particle material. If one wants
to characterize different dust material properties, then one applies the secondary electron
emission maximum yield &, and the primary energy F, at which the maximum yield
occurs, acquired from laboratory measurements. The yield is the ratio of the secondary
current to the primary current, given the energy of the impacting electron or ion. Example
yield and energy values for relevant solar system material is shown in Table 3.

4. CHARGING RESULTS

We choose, as our canonical example, a hybrid dust particle with material properties
similar to a conducting graphite particle 8,=1.5, Ep, = 250 €V, but with photoelectron
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Figure 2. Saturn plasma densities of our four component plasma: hot electrons, cold
electrons, oxygen ions, and hydrogen ions. The highest energy and density components
are the oxygen ions and hot electrons.

yield properties similar to a dielectric particle {(in Horanyi et al.’s, modeling work, the
photoelectron yield is denoted x and ranges from y=1.0 for conducting magnetite dust
particles to x=0.1 for dielectric olivine particles). These properties were chosen in or-
der to compare with charging results we have obtained for a dust particle in Earth’s
magnetosphere.

For our canonical dust particle, we calculated the equilibrium potential {‘equipotential’),
the charging time, and examined the dominant currents for a particle at Saturn radii
locations of 3 Rs to 10 Rg. Equilibrium potential for the dust particle is reached when
the sum of the charging currents is zero. The charging time is the time for a particle’s
potential to reach an equilibrium. The currents that we examined are the electron and ion
collection currents, the photoelectron current and the secondary electron current. Figures

Table 3
Examples of dust particle material properties.

Material density (g cm®)  6n  Em (eV)

Graphite 2.26 1 250
Si0, 2.65 2.9 420
Mica 2.8 2.4 340
Fe 7.86 1.3 400
Al 2.70 0.95 300
MgO 3.58 23 1200
Lunar dust 3.2 ~1.5 500
Data from [7].
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Figure 3. a) Equilibrium potential (V), b) Charging time (s), and c) Currents (e s7!
cm™?) for a 1 pum dust particle of material properties §,=1.5, En, = 250 eV, x=0.1.
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Figure 4. a) Equilibrium potential (V), and b) Currents (e s™' cm™?) for a 1 pm dust
particle of material properties é,,=2.4, E,, = 400 eV, x=0.1.

3a—c display the results for the equilibrium potential, the charging time, and the dominant
currents for our canonical case, 1 um dust particle. Here, the equipotential ranges from
~ —2 V at 3.5 Rg, decreasing to ~ —5 V at 6 Rg, and then increasing to ~ —1.5 V at
10 Rs. The charging time for the starred positions is ~ 1 minute. If we perform the
same calculations for a 100 times smaller particle with the same material properties, then
we find charging times on order of a few hours, which is a signficant fraction of Saturn’s
rotation period. Also, for a 100 times smaller particle, the secondary electron emission
current will be more efficient, causing the smaller particle to charge more positively than
for the larger (1 pm-sized) dust particle.

For an identical dust particle in a geostationary location in Earth’s magnetosphere, we
calculated dramatic differences in the equipotential values and the charging times when
we applied plasma conditions appropriate to ‘disturbed’ and ‘quiet’ Earth magnetosphere
conditions, and when we slightly varied the material properties from 6,=1.5, E, = 250
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Figure 5. a) Equilibrium potential (V), and b) Currents (e s™'cm™2) for a 1 pm dust
particle of material properties é,,=1.4, E,, = 180 eV, x=0.1.

eV, x=0.1to é,=14, E,, = 180 eV, x=0.1. For the first set of material properties in quiet
Earth plasma conditions, the equilibrium potential was ~ +5 V. However, for the second
set of material properties in disturbed Earth plasma conditions, the equilibriuim potential
was ~ —3000 V. The charging time was about 10 seconds for a 1 pgm dust particle in quiet
Earth plasma conditions, and one-third that time for a 1 um dust particle in active Earth
plasma conditions. The charging time generally increases with decreasing particle radii.
What happens when we vary the material properties 6y, Er, and x=0.1 for a 1 gm dust
particle in the same way in Saturn’s magnetosphere, using the same charging processes
as we applied for a particle in Earth orbit? Surprisingly, we find very little change in the
resulting potentials, charging times, and currents, as seen in Figures 4 and 5. Removing
each of the currents, one by one however, does have an effect, in particular the secondary
electron emission. If we calculate equipotentials without the secondary electron emission
current, then the dust particle potential stays negative throughout the magnetosphere,
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and doesn’t reach positive potentials beyond 8 Rs. On the other hand, removing the
photoelectron emission current doesn’t alter the equilibrium potentials in a significant
way.

The charging time for a 1 um dust particle is on the order of a few minutes, while for
a 0.01 pum dust particle, the charging time is on the order of 2 few hours.

5. SUMMARY

¢ Charging in Saturn’s magnetosphere is not particularly sensitive to the dust par-
ticle’s material properties. This is a large contrast to dust particles in Earth’s
magnetosphere, where small material property changes have a big effect on the
equilibrium potential.

e The charging time for one micron-sized particles is a few minutes, and for 0.01
micron-sized particles the charging time is 6 hours (or more). The latter is a signf-
icant fraction of Saturn’s rotation period.

Acknowledgements. We are very grateful to M. Hordnyi, Laboratory for Atmospheric
and Space Physics, University of Colorado, Boulder, for his Saturn plasma data and
helpful guidance on dust particle charging mechanisms.
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Mars Dust Counter (MDC) is a light-weight (730g) impact-ionization dust detector on
board NOZOMI, a Japanese Mars mission, which was launched on July 4th 1998. The main
aim of MDC is to detect the predicted Martian dust rings / tori. It can also cover velocity-
mass ranges of interplanetary and interstellar dust particles. By August 2000, MDC had
detected more than 60 dust particles. In 1999, it detected five fast particles probably of

interstellar origin. For five years from 1999 to 2003, NOZOMI will orbit the sun and MDC
can measure interplanetary and interstellar dust between the Earth's and Mars' orbits.

1. INTRODUCTION
To measure the basic characteristics — mass, velocity, and direction - of dust particles in
space, an impact ionization dust detector is one of the most powerful tools. Mars Dust

Counter (MDC) is an impact-ionization dust detector, whose mass is only 730g. MDC is on
board the Japanese Mars mission NOZOMI (PLANET-B), which was launched on July 4th,
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1998. The main objective of NOZOMI is to study Martian aeronomy and outer environment,
especially the interaction between the Martian upper atmosphere and the solar wind.
NOZOMTI'’s apoapis distance is larger than Deimos’ orbital radius. The primary objective of
MDC is to discover Martian dust rings or tori whose particles are ejected from Phobos and
Deimos [2-11]. To sustain the dust number density of dust rings, there is a proposed self-
sustaining mechanism, where satellite-dust collisons should supply additional dust. If the self-
sustaining mechanism is effective, the dust abundance would be high enough to be detectable
by MDC [8]. MDC NOZOMI started its measurement just after the launch and MDC has been
measuring continuously dust particles in space.

2. MDC-NOZOMI

MDC is a revised type of the impact-ionization dust detectors on board HITEN and
BREMSAT which successfully measured dust particles around the Earth [12). The dimensions
of MDC are 136 x 127 x 181 mm’, its sensor aperture is 124 x 115 mmz, and its power
consumption is 3.78 W [1]. The sensor is directed 45 degrees from the opposite direction of
the spin axis of NOZOMI. Since the spin axis points to the Earth during cruise and circum-
martian orbits, the sensor box can avoid direct solar light which would increase noise signals
from photoelectrons.

The sensor has two charge collector plates which are biased by positive (+220V) and
negative (-220V) voltages. All surfaces of the sensor interior are gold plated. When a dust
particle impacts on the sensor interior, generated impact plasma is separated into positive ions
on the negative collector (ion channel) and electrons on the positive collector (electron
channel). In MDC-NOZOMLI, charge signal on the grounded neutral target is also recorded to
distinguish an impact signal from a noise signal. Charges are recorded by three channels for
200 ps through logarithmic amplifiers (Figure 1). From the total charge and risetime of the

(a) (®)

Electron Channet

e .

-------------- A’\’\/'”*‘/‘W\""‘V"W“’“"H lon Channel

NEUTRAL

I NEUTRAL

0 100 0 100
Time [us] Time [ps]
Figure 1. The impact signals of MDC NOZOMI. There are three signals corresponding to
ion, electron, and neutral channels. (a) Impact on 98-07-28. According to preliminary
estimates, mass and velocity are 1.1x10™" kg and 7.5 km s, respectively. There is a two-stage
rise of the impact charge in the electron channel signal, which would indicate the secondary
impact of impact ejecta in the sensor box. (b) Impact on 99-03-01 (B in Figure 3(b)).
According to preliminary estimates, mass and velocity are 1.1x10™" kg and 60 km st
respectively. This is an interstellar particle.
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signal, mass and velocity of the particle can be obtained using laboratory calibration data. For
example at velocity 10 km s, we can determine the mass of particles approximately between
5x10™ and 10 kg, corresponding to a particle diameter range between 0.1 and 10pum.

3. MDC OPERATION IN SPACE

3.1. Initial Operations Around the Earth

NOZOMI (“hope" in Japanese) was successfully launched on July 4th (JST) 1998 from
Kagoshima Space Center of ISAS (Institute of Space and Astronautical Science). For five
months, NOZOMI took elliptic orbits around the Earth with two gravitational swing-bys with
the moon. The largest distance between NOZOMI and the Earth was 1,200,000 km in
November. On July 10th, MDC was first turned on and subsequently it detected the first
impact signal. Figure 1 shows examples of impact signals. Impact number for each
observation epoch is shown in Table 1. So far MDC has detected more than 60 sure signals
from dust impacts. Figure 2 shows mass and velocity of detected particles.

Table 1

Detected number of dust particles by MDC

Observation Duration Impacts
98-7 to 98-12 (circumterrestrial) 26
99-1 to 99-6 15
99-7 to 99-12 8
00-1 to 00-8 15

On 18th November 1998, NOZOMI passed through the Leonid meteor stream, which was
produced by Comet 55P/Tempel-Tuttle. Timing of the encounter between NOZOMI and the
Leonid meteor tube was predicted to be about one day later than that of the Earth-Leonids
encounter. Leonid dust could be easily distinguished by the estimated velocity and sensor
direction. Just before the NOZOMI-Leonids encounter, MDC detected two clear impact
signals. Preliminary estimates of impact velocity of both particles are 13 and 20 km s™.
NOZOMI is a spin-stabilized satellite and MDC is placed on one of its side panels. From
pointing considerations the particle at 154 degree may belong to the Leonids, although the
velocity is not as high as the encounter velocity with the Leonids of 70 km s™.

3.2. Cruise Phase

After the fly-by with the Earth on December 20th 1998, NOZOMI entered a transfer cruise
orbit toward Mars. A problem during the powered fly-by on the day, resulted in a change to
the initial orbital plan to enter the circum-martian orbit in October 1999. Now NOZOMI will
enter the circum-martian orbit on 1st January 2004 after a five-year cruise phase between the
Earth’s and Mars’ orbits involving two fly-bys with the Earth. MDC detected nearly 40 dust
particles in the cruise phase up to August 2000 (Table 1). As seen in Figure 2, MDC detected
relatively high-velocity and low-mass particles compared with the circum-terrestiral phase.

Impact data in 1999 are projected into the ecliptic plane (Figure 3). Figure 3(a) shows the
measured velocity of detected particles with sensor aperture direction. Figure 3(b) shows
estimated velocity and direction of dust particles in space. MDC has detected at least 8 dust
particles whose velocity is higher than 40 km s”. This velocity, faster than the Keplerian

- 178 -



Mars Dust Counter (MDC) on board NOZOMI: Initial results

T
m Data98 (Circum-Earth)
10712 « o Data99 (Interplanetary)
13 . "o, do ]

108 am g
= n
= o ® g
= 10 at—y
7 & n
2 ) ooo' n
= 10 B
Q@ > m . o
£ 107 m__ o
£ =

1017

]
u°
10718
o o
10719 .
1 10 100

Impact Velocity [km/s]

Figure 2. Velocity and mass of detected particles. Filled marks are impacts in 1998 (circum-
terrestrial phase) and open marks denote impacts in 1999 (cruise phase). The detected velocity
range is 2 to 100 km s and the mass range is 3x107 to 10 kg, which correspond well to
MDC-HITEN [12].

velocity, would be explained by interstellar particles since the MDC aperture avoids particles
from the solar direction such as beta meteoroids. The direction of interstellar particles (Figure
3) should correspond to the relative direction of the solar system against the ambient gas
cloud with relative velocity as high as 26 km s [13]. Among the high-velocity particles, two
should correspond to the typical interstellar particles. One example of dust impact is shown in
Figure 1(b). Here, high velocity is characterized by a sharp rise of charge signals. Moreover, a
couple of high-velocity particles have neither Keplerian or interstellar gas directions. They
might be ascribed to unknown interstellar sources. As seen in Figure 3, when NOZOMI is
around —x axis, i.e., around the vernal equinox, the relative velocity between NOZOMI and
the interstellar flow is higher than 50 km s. This would be the reason why MDC detected
more high-velocity particles around this season. A change of detection rate in 1999 (15 in the
first half and 8 in the latter half) is probably due to the change of MDC aperture direction,
since NOZOMTI’s spin axis is directed always towards the Earth for the telemetry.

4. CONCLUSION

After launch in July 1998, more than 60 dust particles were detected by MDC on the
Japanese Mars Mission NOZOMI (formerly PLANET-B) by August 2000. In 1999 during the
cruise phase, MDC detected at least five high-velocity dust particles of interstellar origin.
Interstellar dust particles entered the region inside the Martian orbit. MDC-NOZOMI will
continue observing interplanetary and interstellar dust particles. From the beginning of 2004
for at least two years, MDC will enter Martian orbit and investigate proposed existence of
dust rings or tori around Mars.
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Figure .3. Dust impacts detected by MDC in 1999. Orbits of NOZOM]I, the Earth, and Mars
are shown on the ecliptic plane. +x direction is the direction of the sun at vernal equinox.
NOZOMI takes an elliptic orbit whose perihelion is the Earth’s orbit and aphelion is Mars’
orbit. NOZOMI reached Mars’ orbit in October. For each impact, the direction of the MDC
sensor is expressed by a line from the impact mark. The length of each line corresponds to
velocity. The big arrow denotes the direction of the interstellar medium towards the solar
system. (a) Direction of MDC sensor aperture and impact velocity (i.e. relative velocity
between NOZOMI and a dust particle). (b) Velocity of dust in the interplanetary space
calculated from impact velocity and orbital velocity. Dust particles with high velocity (>40
km s™') are expressed by bold lines.
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Dust particles in space carry information about their birth at a remote site in space and time
not accessible to direct investigation. When we know where dust particles come from, we can
derive from their state and composition important knowledge about the processes by which
they were formed. This information can be gained by a combination of trajectory analysis
together with the physical and chemical analysis of dust particles. Potential targets of a dust
telescope can be interstellar dust phenomena (e.g. local interstellar medium or dusty stellar
systems like beta-Pictoris), interplanetary phenomena (e.g. meteor stream dust, cometary, or
asteroidal dust, or dust from the moon), or even space debris (e.g. fine grains from solid
rocket burns). It is proposed to use a | m? dust telescope with 50° aperture. Such an
instrument would detect 5 and 0.5 interplanetary dust grains of 10" g and 1072 g per day,
respectively. A state-of-the-art dust telescope consists of an array of parallel mounted dust
analyzers. Potential components are a high resolution impact mass spectrometer, a dust
analyzer for the determination of physical and chemical dust properties, a dust momentum
sensor, and a large-area impact detector with trajectory analysis. A first example of such a
dust telescope is carried by the proposed Galactic DUNE mission. The goal of DUNE is the
analysis of interstellar grains near Earth.

1. INTRODUCTION

A dust telescope is a dust analyzer that provides chemical and physical information on dust
particles together with directional information that allows the reconstruction of the trajectory
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of the dust particle, all the way back to its source region. Already some of the first dust
detectors in space on the OGO (Orbiting Geophysical Observatory) satellites and on the Lunar
Explorer 35 (launched in 1966 and 1967, [1]) were time-of-flight (TOF) systems aiming at the
trajectory analysis of the recorded particles. They consisted of a thin film front sensor and a
rear sensor 10 cm apart. However, misled by the early false reports of a very high micro-
meteoroid flux in the Earth's environment only 5 cm’ as sensitive area of a single detector
were chosen. This had as consequence that no or only very few impacts were recorded during
these missions. Berg and Richardson [2] extended this idea by combining 16 TOF tubes into a
single 100 cm? dust detector flown on Pioneer 8 and 9. This detector made the first important
dust observation in interplanetary space and discovered new dusty phenomena [3], however,
the total number of TOF events for which trajectories could be derived was low [4].

Because of the very low dust flux in space, later dust detectors had a wide field-of-view
(FOV > 1 sterad which corresponds to an acceptance cone of > 60° half-angle) and a detection
area of 100 cm®. The number of dust impacts recorded by these detectors at 1 AU from the
Sun were less than 100 per year. Modern dust detectors, like the ones on the Galileo, Ulysses
and Cassini missions employ a detection area of 1000 cm’. Despite their wide FOVs these
detectors provided useful directional information on dust streams, like interstellar grains [5]
and Jupiter dust streams [6]. Because of the large numbers of particles in the stream (some
100 interstellar grains and some 10,000 Jupiter stream particles) statistical methods could be
employed and the stream directions were derived with 10° and better than 2° accuracy,
respectively.

In the early 1990s a Cosmic Dust Collection Facility (CDCF, [7]) was considered for
implementation on the International Space Station. This CDCF combined the idea of
trajectory analysis together with the subsequent intact collection of cosmic dust particles in
low-density aerogel. For trajectory analysis several approaches were studied: segmented thin-
film penetrations and pick-up charge measurements of the electrically charged dust particles
[8] for position determination in at least two planes. The design goal was the determination of
the impact direction with an accuracy of about 1° for tracing back the trajectories from low-
Earth orbit to their cometary or asteroidal sources. However, because of NASA's budget cuts
this project was cancelled before the technology was fully developed.

It was Cassini's Cosmic Dust Analyzer, CDA, that proved for the first time an important
technique of accurate non-contacting trajectory measurement in space: the measurement of
the pick-up charge of dust particles that entered CDA. Another important element was
initially developed for the Halley missions: an impact ionization mass spectrometer [9] that
provided compositional information on the impacting grain. A follow-up version of it is
currently flying on the Stardust mission to comet T