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Abstract

The aim of this work was to analyze the dust coma of comet 19P/Borrelly on the
basis of two data sets. In September 21, 2001 NASA’s Deep Space 1 (DS1) space-
craft encountered Borrelly at a closest distance of about 2200 km away from the
comet’s nucleus revealing an inner dust coma dominated by dust jets and fans.
In particular a persistent dominant collimated dust stream, emanating to the
sunward side was observed. The principle task was to examine these anisotropic
dust emissions, whereby special attention was given to the understanding of the
dynamics of the dust outflow. The release of cometary dust particles from the
nucleus surface is a complex process resulting from gas sublimation dragging
the grains into the circumnuclear environment. Processes such as acceleration,
fragmentation and collisions play a dominant part in the first km above the nu-
cleus. To support the data analysis and to obtain a better understanding of this
scenario, a new approach has been developed to assist in the modeling of the
observed dust emission.

To support the investigation of Borrelly’s dust coma, images of 1P/Halley taken
using the HMC (Halley Multicolour Camera) onboard Giotto have been com-
pared with those of Borrelly.

The analysis of Borrelly’s coma has been put into a broader context with ground-
based observations of the comet performed at the same time of the DS1 encounter.
Images of the dust coma have been acquired which give information about the
dust production rate, anisotropic dust outflow and the grain size distribution. On
the Earth based images, Borrelly’s dust coma appears elongated with a narrow
fan pointing towards the Sun. There is evidence that this peculiar shape has a
direct connection with the main jet seen on MICAS. To support this conclusion,
a dust coma model seen from the Earth has been developed.
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Chapter 1

Introduction

For several thousand years comets have fascinated human eyes by their spectac-
ular bright appearance. The name comet comes from the Greek word kometes,
meaning the hairy one and in ancient history they were often regarded as heav-
enly omens of good or bad fortune.

Only since 1600 have they begun to lose their mystery. In the 17th century,
comets began to be thought of as a natural appearance in space following orbit
calculations of several people, e.g., the amateur Sir William Lower (1610) and
Isaac Newton in his Principia (1687).

In 1705 Edmund Halley used Newton’s new theory of gravitation to determine
the orbits of a dozen well-observed comets from their recorded positions in the
sky. He found that the bright comets of 1531, 1607, and 1682 had almost the
same orbit, and when he accounted for the gravitational perturbation on the
cometary orbits from Jupiter and Saturn, he concluded that these were different
appearances of the same comet. He then used his gravitational calculations to
predict the return of this comet in 1758. This comet bears since then Halley’s
name. Tracing back the historical record of bright comets and their positions in
the sky, it was concluded that 1P/Halley had been observed periodically as far
back as 240 B.C and has returned every 74 - 79 years since (Yeomans, 1991).

The era of modern cometary studies started in the middle of the 20th century
with the formulation of three fundamental ideas which led to significant changes
in our understanding of these objects. In 1950 Fred Whipple (Whipple 1949 &
1950) formulated his ”dirty snowball” model whereby the cometary nucleus is
considered to be a conglomerate of ices (e.g. H2O, NH3, CH4 etc.) and mete-
oric materials with a single solid nucleus. In the same year a distant reservoir
of comets called the Oort cloud was postulated by Jan Hendrik Oort (1950).
Only one year later Ludwig Biermann (1951) explained the motions in cometary
plasma tails as resulting from the interaction of a comet with the solar wind.
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2 CHAPTER 1. INTRODUCTION

Comets can be generally characterized as comprising five major parts (Festou et
al., 1993).
The cometary nucleus(1) is a kilometer-sized, irregularly-shaped, solid body
consisting of ices (frozen gases; mostly H2O) with imbedded dust particles. This
body moves in an elliptical, sometimes nearly parabolic or hyperbolic orbit in
the Solar System. When the comet approaches the Sun, the surface is heated up
causing sublimation of the ices and ejection of gas and dust.

These emissions form a cloud around the nucleus which is called the coma(2).
The coma is visible to an observer because of the scattered sunlight from the dust
particles, atomic and molecular emissions (mainly dominated by fluorescing un-
der excitation from solar radiation), and the thermal emission at IR wavelengths.
The nucleus and the coma together are called the comet’s head.

The neutral gas species in the coma can be ionized by solar UV photons and
interact with the solar wind. The solar wind penetrates the envelope of hydrogen
atoms and the coma. The resulting magnetic fields in the coma sweep the ions
out of the coma into a long distinctive ion tail(3). Because one of the most com-
mon ions, CO+, emits strongly at blue wavelengths, the ion tail often appears
blue to human eyes.

The dust particles in the coma, which are affected by solar radiation pressure, are
pushed out of the coma and form a curved dust tail(4). Compared to the ion
tail, the dust tail is morphologically diffuse, and appears white or slightly pink
(because dust grains scatter sunlight slightly better at longer wavelengths).

A third neutral gas tail (5) composed of sodium was discovered in 1997 (Cre-
monese et al., 1997). This tail is also formed by radiation pressure due to reso-
nance fluorescence of sodium atoms. Still its extent, and in particular its source,
has not been clearly identified. Based on observations showing that the sodium
tail is mainly superimposed on the dust tail, a strong relation between sodium
and the dust emitted by the nucleus is suggested. Similar gas tails for other
species (e.g. potassium) might be expected.

The size of an active nucleus is estimated to range between 1 - 10 km (Groussin,
2002). For a typical, bright, short-period comet the mass loss per apparition is
estimated to be around 1010 to 1011 kg. Because of this rather high mass loss
it can be concluded that the observed comets have not been in orbits so close
to the Sun since the formation of the Solar System. Additionally the ice-dust
composition of the nucleus points to an origin cold enough to allow existence of
frozen water. Therefore the comets must originate from a reservoir at a larger
distance from the Sun.

Based on van Woerkom’s (1948) theory of the orbital diffusion caused by plan-
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etary perturbations, J. Oort (1950) made a statistical analysis of the orbits of
long period comets. He deduced the existence of a vast cloud of comets orbiting
the Sun at distances of 20 000 - 100 000 AU. This cloud is thought to contain
≈ 200 million comets and bears a total mass of 1/10 - 1/100 of the Earth’s mass.
Through the close passage of neighboring stars, fresh comets are continually be-
ing transported from this cloud into the inner Solar System. It has still not been
directly observed, but a large amount of indirect evidence seems to point to the
cloud’s existence.

However, in the late 1980’s it became apparent that a problem existed with the
Oort cloud model. Numerical simulations of the evolution of the Oort cloud under
the action of planetary perturbations were unable to reproduce the main observed
characteristics of the orbit of short period comets. By trying to reproduce the
observed near coplanar distribution of orbits found in the short-period comet
population from an initial isotropic distribution of Oort cloud comets, problems
were encountered (see Stagg and Bailey, 1989). In order to produce the observed
low inclination population of short period comets, an initial population also lying
close to the plane of the ecliptic is required.

Edgeworth (1943 & 1949) and Kuiper (1951) independently produced theories of
the origin of the Solar System in which the material in the disk or nebula out of
which the planets formed did not suddenly cease at around the distance of Nep-
tune. However, since accumulation into planets at such distances can proceed
only slowly, a swarm of smaller bodies might form but fail to reach larger sizes.
In the late 1980’s ground-based observing techniques reached a level to facilitate
the search for bodies lying within the Edgeworth-Kuiper belt. Finally Jewitt and
Luu (1992) detected for the first time, a member of this belt: 1992 QB. Since
this initial discovery several hundreds of such objects have been found and the
theory of a separate source of short period comets has been supported.

Our understanding of comets has been advanced by several space missions and
extensive Earth-based observation campaigns. The first comet encounter was on
September 11, 1985 by the International Cometary Explorer (ICE), which passed
through the tail of comet 21P/Giacobini-Zinner at a distance of ≈ 8 000 km from
the nucleus. Several months later the biggest cometary in situ observation cam-
paign took place with five spacecraft encountering 1P/Halley in March 1986. One
by one the spacecraft Vega 1, Suisei, Vega 2, Sakigake and Giotto approached
the comet. For the first time in history, images of the nucleus and its immediate
vicinity were obtained by cameras onboard the spacecraft Giotto of the European
Space Agency (ESA) and the two Russian Vega spacecrafts. The HMC (Halley
Multicolour Camera) onboard the Giotto spacecraft could deliver images, show-
ing a dark ellipsoidal nucleus and the inner dust coma (Keller et al., 1986). After
this successful fly-by, Giotto headed to the next cometary rendezvous. On July
10, 1992 the spacecraft flew within 200 km of Comet 26P/Grigg-Skjellerup. Un-
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fortunately the camera was blind (as a result of impacts at comet Halley). Thus
no images of the nucleus were obtained.

The second successful cometary encounter which could reveal the innermost of a
comet was on September 22nd 2001 when NASA’s spacecraft Deep Space 1 (DS1)
approached the nucleus of 19P/Borrelly at a closest distance of 2174 km yielding
several pictures of the nucleus and other scientific data, e.g. energy spectra taken
from the PEPE (Plasma Experiment for Plasma Exploration) mass spectrometer.

The cometary close up data base was further enriched on January 2, 2004 when
Stardust flew within 236 kilometers of Comet 81P/Wild 2 and captured dust
particles in its aerogel collector for return on Earth in January 2006. Next to the
dust sample collected, the navigation camera was also able to take images of the
nucleus during a high-speed flyby.

The next close encounter of a spacecraft with a comet is scheduled in early July
2005, when the NASA Deep Impact mission will deliver a 360-kg Impactor space-
craft to collide with comet 9P/Tempel 1. Finally, ESA launched its Rosetta
spacecraft on March 2, 2004, on a long journey to reach Comet 67P/Churyumov-
Gerasimenko in 2014. The spacecraft will drop a surface science package (Philae)
on the surface and escort the comet for 18 months through perihelion.

Although many questions about comets have been answered in the past years
with the support of ground-based observations, in situ measurements, and mod-
els, a number of open questions still exist. The atomic composition of cometary
dust and gas has been determined, but not all parent molecules are known and
the composition of dust materials is still not clear. The dust and gas outflow close
to the surface and into its vicinity is very complex and not all models can explain
the actual observational data. Cometary data sets are divided in two main parts:
The Earth observation data (including the Hubble Space Telescope, HST), which
have a resolution of few hundreds to 1 ·103 km per resolution element and the
few insitu data sets, which reveal the dust coma up to only 100 km away from
the nucleus but at resolutions of ≈ 100 m per resolution element. The dominant
physical and chemical processes are strongly distance dependent.

This work deals with the comparative analysis of the Visual CCD (VISCCD) im-
ages of comet Borrelly taken with the MICAS instrument onboard Deep Space 1
and images taken with the 2m-Zeiss-Telescope at Pik Terskol (Russia) at the time
of the spacecraft’s encounter with the comet. The experiment and the mission
will be introduced in the following chapter including a summary of the discov-
ery history of 19P/Borrelly. As the properties of the innermost coma of comet
Borrelly will be compared with those of comet Halley as observed by the Halley
Multicolour Camera onboard Giotto, a short discussion of 1P/Halley is also in-
cluded.
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The analysis of the cometary data sets comprises the examination of the cometary
dust outflow behavior, possible deviations from force-free radial outflow, and the
emission characteristics. Also quantitative parameters such as the dust produc-
tion rate and the optical thickness have been determined.

Chapters 5 and 7 describe models to simulate the observational data. The first
model is employed to fit the MICAS data sets and thus will give a closer insight
into the inner dust environment of Borrelly (the first 20 km). The second model
will simulate the outer dust coma and tail. Both models allow us to derive pa-
rameters, such as the dust size distribution and the outflow velocity.
In the last section the results of the in situ measurements and the Earth obser-
vations are summarized and compared with each other. This will render a more
consistent and broader understanding of phenomena in the comet’s dust coma.
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Chapter 2

Background

This thesis deals particularly with observations of comet 19P/Borrelly in 2001
and comparison with comet 1P/Halley in 1986. The Borrelly data were obtained
by the Deep Space 1 mission which encountered the comet on September 21, 2001.
At the same time a ground based observational campaign was mounted to survey
the comet simultaneously at Pik Terskol (Caucasus/Russia).

This chapter should give the reader a deeper insight into the background of this
work. First comet 1P/Halley and its basic properties are introduced. A summary
of the 1986 mission of Giotto to comet Halley is included. Afterwards follows an
introduction to 19P/Borrelly and general information about the flyby of the DS1
spacecraft. An overview of Borrelly’s observation campaign in the Caucasus is
given. In addition the appropriate data reduction applied to the images from all
data sets are described.

2.1 1P/Halley and Giotto

1P/Halley’s most recent return to the inner Solar System was in 1986. Two years
before, this comet was recovered by Jewitt and Danielson (1984) at a distance
of 11.2 AU. Theirs and later observations suggested that the nucleus has an ap-
proximate radius RN = 3 km and a corresponding geometric albedo of pv = 0.06.
The mass was estimated to be ∼ 1014 kg by assuming a density of 1000 kg m−3.

The best images of the nucleus was finally gained on March 14, 1986 by the
Halley Multicolour Camera (HMC) onboard ESA’s spacecraft, Giotto. Giotto,
a European Space Agency (ESA) mission, was launched on July 2, 1985 from
the Centre Spatial Guyanais (CSG) in Kourou, French Guyana and reached the
nucleus at a closest distance of 596 km in the night of March 13/14, 1986. The
high dynamic range of HMC could reveal the full outline of the nucleus. This
was not possible on the images of the Russian Vega 1 and Vega 2 spacecrafts,
which flew-by some days before. The encounter parameters of Giotto with comet

7
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Halley are listed together with Borrelly’s data in Table 2.2.

The images taken by HMC revealed a rather elongated and irregular shaped
nucleus with a size of 14 km × 7.5 km in projection on the sky, a very dark
surface with an albedo of 4 % and highly concentrated and anisotropic activity
(Keller et al., 1987). The coma was found to be highly structured with jet-like
structures. These features had their origin in “active” regions distributed on the
nucleus. There are many papers dealing with the outflow and interaction of dust
and gas on the nucleus’ surface and in its vicinity (e.g. Probstein, 1969; Gombosi
et al., 1985; Kitamura, 1986 & 1987, or Crifo et al., 1995) although a complete
explanation of the observed brightness distribution has not yet been made. Addi-
tionally, a better understanding of the chemical composition of the dust particles
has been provided from the spectrometers onboard Giotto, the Vega1 and Vega2
(Jessberger et al., 1988). The results of these instruments will be introduced in
the next chapter.

Figure 2.1: This is a composite image of the nucleus of comet Halley composed of
68 images at a resolution varying from 500 m px−1 to 50 m px−1 near the active
region, taken by the HMC camera onboard Giotto in March 1986.

HMC

HMC was a high resolution Ritchey-Chretian telescope with a focal length of 1 m
mounted behind the front shield of the spacecraft. Giotto rotated with a period
of 4 sec. The rotation of the probe was used to raster the field of view. The maxi-
mum field of view of the camera was about 0.5̊ × 0.4̊ . The CCD detectors were
split into four detector sections of 390 × 292 pixels, each one 22.4 µm square.
These detectors were covered with different filters allowing HMC to provide color
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information (Keller et al., 1994). Images were acquired from around 700,000 km
through to a distance of 2000 km from the nucleus before the experiment ceased
operation as a result of impacts on the spacecraft.

These data have been fully calibrated into physical units and are available through
the Planetary Data System (Keller et al., 1996) and the ESA Planetary Science
Archive (PSA). The images comprise a FOV ranging from 124 ·103 km to 600
km.

2.2 19P/Borrelly and Deep Space 1

Comet 19P/Borrelly is a Jupiter family comet discovered on December 28 1904
by Alphonse L. N. Borrelly during a routine search for comets. During January
1905 the comet was widely observed with a minimum magnitude of about 9 early
in the month. The coma diameter was typically 2 arcmin, while the tail reached
a length of 10 arcmin. R. G. Aitken (1905) computed an elliptical orbit later the
same year which indicated an orbital period of 7.30 years. By the time obser-
vations ceased astronomers had determined that the comet passed perihelion on
1905 January 17. The perihelion distance was determined as 1.395 AU, and the
orbital period was 6.91 years. Borrelly has been observed on subsequent returns
into the inner Solar System with a minimum magnitude mostly ranging between
8 and 11 and a tail length around 10 arc minutes. The apparition in December
1911 was an exception when a minimum magnitude of 8.4 and a tail length of
30 arcmin were reported. The low magnitude value was the result of a relatively
close approach to Earth (0.53 AU).

Orbital investigations have indicated that the comet was placed into its discov-
ery orbit by a series of moderately close approaches to Jupiter during the 19th
century (in 1817, 1853, and 1889). The comet’s orbital period at discovery (6.9
years) caused it to arrive at perihelion roughly one month earlier at each succeed-
ing apparition. This caused the discovery apparition, as well as those of 1911 and
1918 to be very favorable for Earth-based observations, while those that followed
became progressively worse. The six orbital elements of comet Borrelly and Hal-
ley are summarized in Table 2.1.

Another moderately close approach to Jupiter during 1936 nudged the orbital pe-
riod up to 7.0 years, which virtually locked it into a pattern of very unfavorable
returns during the next few returns. Subsequently, the comet was not detected
during its 1939 and 1946 apparitions. Conditions were still poor for the 1953
return, but Elizabeth Roemer (Jeffers et al., 1954) managed to photograph the
comet nearly 7 months after perihelion. It was then estimated to have a mag-
nitude of 18.5. The comet experienced another moderately close approach to
Jupiter during 1972 which reduced the orbital period to 6.8 years.
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Parameters 19P/Borrelly 1P/Halley
Perihelion distance [AU] 1.358 0.587
Orbital eccentricity 0.624 0.967
Orbital inclination [deg] 30.325 162.24
Argument of perihelion [deg] 353.375 111.33
Long ascending node [deg] 75.425 58.42
Orbital period [a] 6.86 76.0

Table 2.1: A list of the six orbital elements for comet Borrelly (2001 epoch) and
Halley (1994 epoch).

The orientation of the spin axis could be determined by Sekanina (1979) from
position angles of the dust fan reported by the observers Van Biesbroek, Cho-
fardet and Jeffers in 1911-1932 (Sekanina, 1979). These observations have been
mentioned to be indicative for a “fan shape” coma, produced by a bright jet in
the coma of the rotating nucleus.

The water production rate of Q[H2O] = (2.5 − 4.0) · 1028 s−1 was measured at
perihelion for the 1981, 1987, 1994 and 2001 apparitions (Bockelée-Morvan et al.
(2004); Weaver et al. (2003); Schleicher et al. (2003)).

A’Hearn et al. (1995) published a catalogue with the ensemble properties of 85
comets which have been observed over a period of 17 years. This catalogue in-
cludes Borrelly. They gave a dust production rate in Afρ 1 value of ≈ 650 cm
with a peak OH production rate of ≈ 2 · 1028 molecules/s and a dust to gas ratio
of χ = 1.16. The dust production rates derived by Cochran and Barker (1999)
and Lamy et al. (1998) range between Afρ ∼ (300-600) cm whereby Schleicher
et al. (2003) derived, for the time span of few days prior to the Deep Space 1
encounter, an Afρ value between 400-500 cm.

The comet was also scrutinized by the Hubble Space Telescope (HST) during the
1994 apparition. Lamy et al. (1998) could extract from high resolution HST im-
ages light curves of the nucleus. They determined the size of Borrelly‘s nucleus.
Assuming the nucleus to have a geometric albedo of 0.04 and its shape to be a
prolate spheroid with a rotational axis pointing in the direction determined by
Sekanina (1979), they derived its semi-axes to be 4.4 x 1.8 km. In addition the
time coverage of the observations (about 12h) allowed a determination of the spin
period (25h) assuming that only half the double-peaked lightcurve was observed.

The comet’s return in 2001 was another favorable one with the prediction that
the comet would attain a minimum magnitude of 10 during September. The

1The dust activity of a comet can be measured in terms of a quantity called Afρ, which is
albedo × filling factor x aperture radius. The definition of these values are given in Chapter 3.
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comet came under widespread observation by amateur astronomers during July
2001, when the magnitude was near 13 and by the beginning of August it steadily
brightened to magnitude 11. During this same period of time, the comet’s coma
increased from a diameter of about 1 arc minute to just over 2 arc minutes. By
mid-September, observers indicated a magnitude between 9.5 and 10.5.

Figure 2.2: The nucleus of Borrelly taken by MICAS (Miniature Integrated Cam-
era and Imaging Spectrometer) onboard DS1.

The 2001 apparition became even more noteworthy as it was only the second
comet to be photographed in situ by a space probe when Deep Space 1 flew about
≈ 2200 km from the nucleus on September 22. Pictures of the nucleus revealed
its dimension to be about 8 km long and about 4 km wide, in good agreement
with the observations of Lamy et al. (1998). As the probe approached the comet,
a sharply defined jet about 60 km long was detected extending toward the sun.
As the probe moved closer this jet was resolved into three columns or jets, and at
its closest, the probe revealed the jets were emitted from bright, smooth patches
on the surface. The primary jet appears to emanate from one of the rotation
poles (Boice et al. 2002; Soderblom et al. 2002). There were also indications
that the jets were eroding the surface and creating basins. It was suggested that
since the erosion is occurring at the pole, this might eventually cause the comet
to split. Chapter 4 contains further discussions about the observed dust emission
features close to the nucleus.

2.2.1 Deep Space 1

Deep Space 1 (DS1) was part of NASA’s New Millennium Program. It was
launched from Cape Canaveral on October 24, 1998. Its main objective was to
test its payload of twelve advanced, high-risk technologies for future missions.
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Some of the advanced technologies included were Solar Electric Propulsion, So-
lar Concentrator Arrays, Autonomous Navigation, Miniature Integrated Camera
and Imaging Spectrometer (MICAS), and a highly integrated Ion and Electron
Spectrometer (PEPE). The MICAS experiment is of special note for this work.

After initial in-flight testing, Deep Space 1 conducted a “bonus” encounter with
an asteroid. On July 28, 1999, the spacecraft flew by 9969 Braille. The closest
approach distance was 26 kilometers. During the close flyby, the spacecraft took
images, measured such basic physical properties of the asteroid as its mineral
composition, size, shape, and brightness, and searched for changes in the solar
wind as it interacted with the asteroid. But the spacecraft tracking system failed
to lock onto the target and hence, the best images of the asteroid were rather
poor and of low resolution. Oberst et al. (2001) used these data together with
ground-based observations to analyze the rotation of Braille.

After Deep Space 1 completed this fly-by, the spacecraft was re-directed to Bor-
relly. On September 22, 2001 at 22:30 UT it approached the nucleus to a closest
distance of 2174 km on the sunward side. The encounter parameters for this mis-
sion are listed in Table 2.2. During the initial phase of the encounter the viewing
direction of DS1 and that of ground-based observers were roughly orthogonal to
each other. This provides a powerful tool for the study of the inner coma of Bor-
relly. As the spacecraft range to the comet decreased within half an hour of the
closest approach, the spacecraft began to turn to keep tracking the nucleus and
the viewing direction changed. This manoeuvre delivered additional information
about the 3D dust distribution of the coma.

Parameters Giotto Deep Space 1
Date 14 March 1986 22 September 2001

Time [UTC] 00:03:01.84 22:30
Distance of closest approach [km] 596 2174
Phase angle during approach [̊ ] 107.2 88

Relative velocity [km/s] 68.373 16.58
r [AU] 0.9023 1.36

∆ 0.960 1.47

Table 2.2: The Giotto and DS1 encounter parameters. r is the heliocentric
distance and ∆ is the geocentric distance of the nucleus at the given time.

2.2.2 MICAS

MICAS was a Miniature Integrated Camera and Spectrometer, conceived and
developed by a team from the United States Geological Survey, the University of
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Arizona, Boston University, Rockwell, SSG Inc., and the Jet Propulsion Labora-
tory. The 12 kg package carried two cameras, an ultraviolet imaging spectrometer,
and an infrared imaging spectrometer plus all the thermal and electronic control.
Traditional spacecraft have used three separate instruments to accomplish all
these functions. The technological challenge was to investigate mass savings and
performance from such an integrated system.

Figure 2.3: This is the schematic optical ray-trace of an off-axis Gregorian multi-
wavelength telescope used in the MICAS instrument. The locations of the in-
struments are labeled.

Channel
Parameter UV APS CCD IR
Wavelength Range [nm] 80-185 500-1000 500-1000 1200-2400
Aperture Diameter 100 100 100 100
Effective Focal Length [mm] 171 677 677 752
F/number 1.7 6.8 6.8 7.5
Detector Array Size 35 × 164 256 × 256 1024 × 1024 256 × 256

Table 2.3: Parameters of the detectors of MICAS.

All the sensors of MICAS shared a single 10-cm-diameter telescope; a common
off-axis Gregorian fore-optic. An optical ray-trace of the instrument is shown in
Figure 2.3. With a structure and mirror of highly stable SiC, no moving parts
were required; the detectors were electronically shuttered. The characteristics
are summarized in Table 2.3.
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UV APS CCD IR
Pixel Size [microns] 54 12 9 40
FOV [deg] 0.63x0.03 0.26 × 0.26 0.69 × 0.78 0.70 × 0.003
IFOV [microrad/pixel] 316 18 13 53

Table 2.4: This table contains MICAS first order optical parameters. FOV de-
notes the field of view of the instruments.

The first order optical parameters are shown in Table 2.4. The MICAS VISCCD
(Visible-light Charge Coupled Device) camera used a 1024 x 1024 CCD with 9
µm pixels operating in a continuous frame-transfer mode. The detector array was
continuously clocked at ∼ 6 µsec/line, so that the transfer of the whole active
imaging array required ∼ 6 ms into the masked area (see Soderblom et al., 2004).

Figure 2.4: The quantum efficiency of the VISCCD.

The quantum efficiency of the VISCCD is plotted versus wavelength in Figure
2.4. The quantum efficiency of the detector reaches a maximum at 700 nm.

2.2.3 Available Data Sets

This work used the near encounter images of the Standard Level 1 data set from
the United States Geological Survey taken by the MICAS VISCCD camera. The
data have been absolutely calibrated in reflectivity (I/F) with an accuracy of
≈ 20%. This value is the so-called reflectivity and is defined as the ratio of the
received intensity ×π to the solar flux. For a 100 % reflecting Lambertian target
viewed and illuminated normal to its surface the value of I/F is equal to 1. For
this absolute radiometric calibration, the VISCCD images of Mars and Jupiter
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acquired from DS1 during November 1999 were used. The full equation used to
convert raw DN to I/F was:

I

F
=

[
0.95× (DNraw −DCbias) + 122.0− 4.63× 10−20

DNraw −DCbias + 300.0

]

× r2
h

2.9 · 106 × EXP
(2.1)

where DNraw is raw data number, DCbias is the constant dark offset bias, rh is the
heliocentric range to the target in AU and EXP is the VISCCD exposure time in
milliseconds (Soderblom et al. (2004)). Table B.1 in the Appendix summarizes
the set of images which were relevant for the following data analysis.

Strong background noise has been observed on the “far”-images of MICAS, which
could not be removed without degrading the image quality. Therefore the anal-
ysis in this work will exclude these images.

2.3 Earth-based Observations on Pik Terskol

At the encounter time of DS1 with Borrelly, the comet was observed from the
observatory at Pik Terskol (Caucasus, Russia). The complete observing run was
from September 19 to 27, 2001. The observations were performed with a two
channel focal reducer mounted on a 2-m Zeiss Telescope. The principle of this
experiment has been described first by Courtes (1960).

A focal reducer adapts the imaging elements of the detector to the characteristic
size of the object or of the seeing disk. Fig. 2.5 shows the optical arrangement
of the two channel focal reducer of the MPAe (Jockers et al., 2000) used for the
observations of Borrelly. Behind the RC (Cassegrain) focus the telescope beam
is recollimated by a lens collimator. A color dividing (dichroic) mirror reflects
the blue part of the spectrum and transmits the red part. Each “channel” has a
camera lens forming reduced images of the Cassegrain focal plane which are then
recorded by two CCD systems. Further dispersing or polarizing optical elements
can be put in the parallel beam either before or after the color divider.

In this campaign the Fabry-Perot etalon was placed in front and the filters behind
the color divider. The images recorded were continuum images of the dust coma
with narrow (IF 444, IF 526, IF 631 and IF 642) and broad band filters (RX);
interferometric images and polarization images. The chosen wavelength filters
provide images of the coma which are free of cometary molecular emissions. The
basic parameters of the filters and information of the optical layout are listed in
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Figure 2.5: The optical scheme of the Two-Channel Focal reducer used for the
ground observations. The single elements are labeled. (a) Cassegrain focal plane,
(b) offset guider, (c) field lens, (d) collimater, (e) Fabry-Perot etalon or four-beam
Wollaston prism, (f) color divider, (g) Lyot stop, (h) filter, (j) camera lens, (k)
CCD detector. If position (e) is empty, the right part of the instrument can be
moved to the left toward the Cassegrain focal plane in order to reduce vignetting
(Jockers, 2000).

Table 2.5.

2.3.1 Data Reduction

All continuum images obtained from the Pik Terskol observation campaign have
been reduced with the software library frisoft2 and IDL’s astrolib. The image
reduction process included bias subtraction, flat-fielding, and removal of cosmic
rays and star trails which were situated closed to the dust coma on the images
and hence could influence the analysis of the dust coma. Afterwards the images
were corrected for extinction and then absolutely calibrated (using the Hamuy
catalogue (1992 & 1994), see Table 2.6 for the standard stars used). They were
then normalized to the mean intensity of the solar disk at the corresponding
wavelengths. The calibration is based on the following equation:

minst = mAB + ∆m + k · A (2.2)

mAB is the absolute brightness of a Hamuy standard at a specific wavelength,

2Provided by Professor K. Jockers, Max-Planck-Institut fuer Sonnensystemforschung,
Katlenburg-Lindau, Germany
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Parameter
Filters
IF444+BB 443.5 nm/4.2 nm
IF526 525.5 nm/4.3 nm
IF631 630.8 nm/3.1 nm
IF642 641.6 nm/2.6 nm
Other parameters
Camera lenses f=140 mm, 420< λ <700 nm
FOV 7.8’ x 5.2’
CCD 512 x 512 pixel
Pixel size 27 µm
Scale 0.81” px−1

Table 2.5: This table gives the basic parameters for the instrumentation. The
two values describing the filters are the central wavelength and the full width at
half maximum. The second part of the table contains the optical layout.

∆m is the constant correction factor, k the extinction coefficient, and A is the
airmass. minst is the so called instrumental brightness and connected with the
image B1 (in Eq. 2.3) taken in ADU/s by the relation:

minst = −2.5 · log(B1) + 20 (2.3)

To get ∆m and k, the minst − mAB relation has to be extracted from standard
stars images and the Hamuy catalogue and then plotted against the airmass at
the time of observation. k is derived by the slope of the curve and ∆m by the
intersection of the curve with the y-axis. Afterwards these parameters are used
to get the absolute brightness of the cometary images following Equation 2.2
and 2.3. To convert the brightness, mAB, into flux one has to use the equation
(Hamuy, 1992 & 1994)

mν = −2.5 · log(Fν)− 48.59 (2.4)

mν and Fν are the magnitude and flux at a specific frequency, respectively. The
resulting fluxes are in [erg/cm2/s/Hz]. Multiplying the fluxes with c/λ2, where
c is the speed of light, results in [erg/cm2/s/Å]. By dividing the fluxes over the
solid angle of 1 pixel one obtains the images in intensity units.

HR Star MK Type (U-B) (B-V) V
718 ξ2 Cet B9 III -0.107 -0.056 4.279
1544 π2 Ori A1 V 0.01 4.355

Table 2.6: This table lists the secondary standard stars used to calibrate the
cometary images.
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Chapter 3

Scattering Properties of Dust
Grains

The spectacular appearance of a bright comet is because of a cloud of micrometer
sized dust particles entrained in the gas stream which leaves the nucleus. As the
sun light is scattered by these very small grains, the physical and optical properties
of cometary dust grains are of interest. By analyzing the scattering of light by
particles information about the physical and chemical properties of the scatterers
and the grain size distribution can be derived. To receive the surface brightness
of the dust coma of a comet, the scattering properties of the dust grains, like
the scattering, absorption and extinction efficiencies and the phase function, are
needed. This chapter explains the methods which are used in this thesis to obtain
the required optical quantities.

3.1 Optical Properties

Interpretation of cometary observational data of radiation scattered and emitted
by cometary dust requires variables such as the efficiencies for scattering (Qsca),
absorption (Qabs), extinction (Qext = Qsca + Qabs) and radiation pressure (Qpr).
As defined in detail by Hansen and Travis (1974) and others, these four quanti-
ties represent the dimensionless ratios of the effective cross-sections for the four
processes to the geometric cross-section of an individual particle, i.e.,

Qext =
σext

πr2
, Qsca =

σsca

πr2
, Qabs =

σabs

πr2
, Qpr =

σpr

πr2
(3.1)

These values may depend on wavelength and on the size, shape, orientation and
material properties (e.g., refractive index) of the particle. Light diffracted by a
particle is included in both, the scattering and extinction efficiencies, and in the
scattering function Φs, which also depends on the scattering angle θs = (π − α),

19
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where the phase angle α is formed by the vertex Sun-dust-observer.

The scattering function Φs of a dust particle can be described as the differential
scattering behavior of the grain with angle. For the brightness calculations, the
normalization

∫

4π
ΦsdΩ = 2π

∫ π

0
sin θsΦsdθs = 1 (3.2)

is adopted.

Other parameters which play an important role in the evaluation of scattered
light by dust particles are the albedos, whereby one has to distinguish between
different definitions. The single scattering albedo ω of a single particle is defined
as the ratio of the energy scattered in all directions to the total energy removed
from an unidirectional incident beam at a given wavelength (Hanner et al., 1981),
in the form

ω =
Qsca

Qext

(3.3)

In contrast, the geometric albedo p is defined as the ratio of energy scattered by
the particle at θ = 180◦ (backscattering) to that scattered from a white Lambert
disc of the same geometric cross section. This definition can be expressed as

p = πωQextΦπ (3.4)

the subscript π implies evaluation at θs = 180◦ = π radian.

To calculate the necessary optical parameters for the interpretation of the ob-
servational data of cometary dust coma, the grains are considered to be non-
spherical. The scattering behavior of dust particles differ with their sizes and
wavelengths. Generally it is known that dust particles scatter strongly at wave-
lengths comparable to their sizes. Scattered sunlight between 400 to 600 nm
can roughly be attributed to sizes between 1 to 10 µm because of the higher
scattering efficiencies of these particles in this wavelength range and because the
number density decreases strongly with increasing particle size. Larger grains up
to several 100 µm, are observed only occasionally in “antitails” (Ney, 1985; Grün
and Jessberger, 1990). However the similarity of comet and meteor stream orbits
indicates the release of centimeter-sized grains from comets.

For small dust grains with sizes comparable to the wavelength (1 ≤ x ≤ 25, see
section 3.2), the semi-empirical model of Pollack and Cuzzi (1979) is adopted to
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determine the optical properties of nonspherical particles at wavelengths compa-
rable to the grain size. The scattering quantities for particles bigger than a few
microns (x ≥ 50, see section 3.2) has been calculated by a geometrical optics
approximation, applying the ray tracing code (RTC) of Macke (1993).

3.2 Scattering by Nonspherical Particles

Pollack and Cuzzi (1979) proposed a semi-empirical approach to calculate the
scattering properties of particle ensembles based on laboratory experiments. Their
treatment of light scattering by randomly-oriented, irregularly-shaped particles
of size comparable to a wavelength is a combination of Mie theory (Hulst van de,
1981), physical optics, geometrical optics and parametrization. To get the optical
properties of the cometary dust grains it is assumed that the grains are randomly
oriented, nonspherical particles. The dimension of the particles is described by
the particle size parameter, x,

x =
2πa

λ
(3.5)

where a is the particle radius and λ is the wavelength. When x is less than some
upper bound x0, see section 3.2.1, Mie theory is used to calculate the cross-section
and phase function. For larger particles, appropriately scaled Mie theory results
are used to define the cross-section, and the phase function is constructed from
the sum of three components (those due to diffraction, external reflection and
internal transmission).

3.2.1 Small-size regime

The small particle regime is defined by the criterion that x ≤ x0 where the
particle radius used to obtain x is found from the equivalent sphere’s dimensions
and x0 is a parameter to be obtained from experimental results. Typically x0 ≈ 5.
Within this size regime Mie scattering theory is applied to the equivalent spheres
to determine the phase function and the efficiencies for absorption, scattering and
extinction.

3.2.2 Large-size regime

To construct the phase function of large particles, the three components have to
be calculated separately.

Diffraction component The diffracted component is assumed to be that of
an opaque circular disk having an area equal to the irregular particle’s projected
area. Since irregular particles always have greater surface areas than that of an
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equal volume sphere, the radius of the disk, ã, will be larger than that of the
equivalent sphere a. In particular, ã =

√
ra where r is the ratio of the surface

area of the irregular particle to that of its equivalent volume sphere. Following
Hodkinson and Greenleaves (1963) the approximated diffraction component due
to a particle of size x̃ is

d(x̃) = CD
(x̃)2

4π

[
2J1(z)

z

2]
k

≈ 2CD sin2(x̃ sin θ − π/4)k

π2x̃ sin3 θ
(3.6)

where

z = x̃ sin θ =
2πã

λ
sin θ (3.7)

k =
1

2

(
1 + cos2 θ

)
(3.8)

The phase function for diffraction is then given by

ID =
∫ ∞

x0

d(x̃)πx̃2n(x̃)dx̃ (3.9)

where n(x̃) is the size distribution of interest and CD is obtained from the usual
normalization condition

∫
ID

dΩ

4π
= 1 (3.10)

The left-hand side of Equation 3.10 involves an integration over the solid an-
gle. θ is the scattering angle. The right side of the first equation of Eq. 3.6
represents the exact physical optics solution for an opaque disk The second part
of the same equation is found by approximating the first-order Bessel function J1.

It is assumed that particles in the large size regime diffract an amount of energy
equal to that falling on its physical cross-section according to Babinet’s principle
(Hulst van de, 1981). Thus the diffraction contribution to the extinction efficiency
QD equals 1.

External reflection component For sizes large enough for geometrical optics
to be valid (x ≥ 100), a randomly oriented ensemble of convex, irregular shaped
particles reflects light incident on their surfaces in precisely the same manner as
an ensemble of equal area spheres with the same refractive indices (Hansen and
Travis, 1974). It is assumed that the geometrical optics expressions for external
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reflection can be applied to all particle sizes in the large size regime, i.e., x > x0.
Therefore, the phase function for external reflection, IR, by irregular particles
is proportional to the Fresnel reflection coefficients (Hodkinson and Greenleaves,
1963):

IR = 1/2CR

{
sin(θ/2)− [|x̃|2 − 1 + sin2(θ/2)]1/2

sin(θ/2) + [|x̃|2 − 1 + sin2(θ/2)]1/2

}1/2

+ 1/2CR

{ |m̃|2 sin(θ/2)− [|x̃|2 − 1 + sin2(θ/2)]1/2

|m̃|2 sin(θ/2) + [|x̃|2 − 1 + sin2(θ/2)]1/2

}1/2

(3.11)

where

|m|2 = m2
r + m2

i (3.12)

and CR is found using the normalization

∫
IR

dΩ

4π
= 1 (3.13)

mr and mi refer to the real and imaginary indices of refraction. The efficiency
factor for external reflection QR is related to CR by

QR =
1

CR

(3.14)

Note that both IR and QR are independent of particle size for all x > x0.

Transmitted component The transmitted component is primarily responsi-
ble for the deviation in the scattering behavior of irregular particles from that
of their spherical counterparts. This component is parameterized by Pollack and
Cuzzi in accord with the observed scattering behavior of a wide range of particle
shapes and sizes. They assumed that the logarithm of the transmitted compo-
nent’s phase function, IT , varies in a linear manner with scattering angle, i.e.,

IT = CT exp(1 + bθ) (3.15)

where CT is again derived from the normalization

∫
IT

dΩ

4π
= 1 (3.16)

The empirical constant b is specified in terms of a second and more physically
meaningful empirical constant G by
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G ≡
∫ π/2

0
IT dθ

/ ∫ π

π/2
IT dθ (3.17)

which can be straightforwardly evaluated to provide an analytical relation be-
tween b and G. b is the slope of the log IT and θ relationship. G is explained to
be equivalent to the ratio of energy scattered into the two hemispheres.

The scattering efficiency for the transmitted component QT is found by subtract-
ing the total Mie scattering efficiency for the large-size regime QL

s by the sum of
the diffraction and externally reflected efficiencies:

QT = QL
s −QD −QR (3.18)

where

QL
s =

∫ ∞

x0

Qs(x)n(x)πx2dx
/ ∫ ∞

x0

n(x)πx2dx (3.19)

Here Qs is the Mie scattering efficiency for a particle with size parameter x and
n(x) is the size distribution function for equal volume spheres.

Composite phase function and efficiencies The Mie scattering and absorp-
tion efficiencies, QL

s and QL
a , for particles in the large size regime and for those in

the small size regime, QS
s and QS

a are obtained in a similar way. The composite
scattering, absorption and extinction efficiencies, Q∗

s, Q∗
a and Q∗

e for the entire
ensemble of irregular particles are given by

Q∗
s = QL

s · F · r + QS
s · (1− F ) (3.20)

Q∗
a = QL

a · F + QS
a · (1− F ) (3.21)

Q∗
e = Q∗

s + Q∗
a (3.22)

where

F =
∫ ∞

x0

n(x)πx2dx
/ ∫ ∞

0
n(x)πx2dx (3.23)

In cases where the particles are so highly absorbing that 2mix > 1 in the large-size
regime, the first term on the right-hand side of Eq. 3.21 should be multiplied by r.

The composite phase function Φs is obtained from the phase functions for scat-
tering in the small-size regime, IS, and for diffraction, external reflection and
transmission in the large-size regime, ID, IR and IT . Each of these component
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phase functions has been normalized to unity over the solid angle. The compos-
ite phase function is obtained by summing the four individual components, with
each one being weighted by its contribution to the total scattering:

Φs = Is · (1− F ) · QS
s

Q∗
s

+ r · F · QL
s

Q∗
s

×
(
ID · QD

QL
s

+ IR
QR

QL
s

+ IT
QT

QL
s

)
(3.24)

3.3 Cometary Dust Particles

Before the Halley encounter, the dust size distribution of comets was determined
from optical observations of dust tails following the approach of Finson and Prob-
stein (1968). An overview of the ”pre-Halley encounter” knowledge of the dust
and gas is given by Divine et al. (1986). The encounter finally brought, qualita-
tively and quantitatively an increased knowledge of the composition of cometary
dust. Onboard the three spacecraft Giotto, Vega 1 and Vega 2, impact ionization
time-of-flight mass spectrometers (PIA , PUMA 1 and 2 respectively) facilitated
for the first time in situ analysis of the solids in a cometary coma (e.g. Kissel et
al., 1986a, 1986b; Langevin et al., 1987) The three important results of the data
analysis were:

• The dust was, in greatly varying proportions, composed of a silicate compo-
nent and a refractory organic component, termed ”silicates” and ”CHON”,
respectively.

• The average abundances of the rock forming elements were, within a factor
of two, the same as their abundances in carbonaceous chondrites and in the
Sun.

• The abundances of the CHON elements were much higher than in any
meteorite; especially those of C and N approach solar abundances.

A further understanding of cometary dust resulted from the infrared emission ob-
servations of various comets provided by Greenberg and Li (1999) and Greenberg
and Hage (1990). They demonstrated, by comparing results of Halley (a periodic
comet), Borrelly (a Jupiter family short period comet), Hale-Bopp (a long period
comet), and extra-solar “comets” in the β Pictoris disk, that distinctly different
types of comets bear a general resemblance to each other. While Greenberg and
Li acknowledged that distinctions from comet to comet in the details of the emis-
sion exist, one can still adopt a uniform approach by describing cometary dust
as aggregates of submicron size interstellar dust which are themselves composed
of silicate core-organic refractory mantle particles (Li and Greenberg, 1997).

3.3.1 Halley’s Dust Composition

Immediately after the Halley encounters in March 1986, the first data showed that
some spectra are dominated by ions from the elements H, C, N, and O, while in
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other spectra these ions were virtually absent and instead the rock-forming ele-
ments Mg, Si, and Fe were the most abundant ions (Kissel et al., 1986). This
led to the designation “CHON” and “silicate” particles respectively. The given
abundances of these two compositions in the comet vary from author to author
(e.g. Langevin et al., 1987; Jessberger et al., 1988). But this situation also arose
because of the different definitions of CHON, mixed and silicate particles.

Langevin et al. (1987) found the abundances of CHON, silicate and mixed (sili-
cate and CHON) particles to be one third each, by analyzing 2204 mass spectra
of cometary grains obtained by PUMA 1. In the same paper they found 20%
silicate, 40% CHON, and 40% mixed particles from 2784 spectra from PIA. A
detailed study of 79 spectra involving cluster analysis by Jessberger et al. (1988)
revealed that 72% of the particles are CHON-dominated and 28 % of the particles
are dominated by Mg, Si, and Fe. Common to all studies is the clear evidence that
the cometary dust is a mixture of CHON-rich and silicate-rich material present
in highly variable proportions. Another significant observation made is the com-
positional variation with time (which in this case is equivalent to distance from
the nucleus because of the motion of the spacecraft). Langevin et al. found that
the proportion of CHON decreased towards closest approach to the nucleus.

A further analysis of Halley’s dust particles has been performed by Greenberg and
Hage (1990) based on simultaneous observations of three properties of cometary
dust: The chemical composition (1) and the size (mass) distribution (2) of the
dust, which has been obtained from the in situ measurements and summarized
before, and the infrared emission (3) observation of Halley’s dust in the same time
period (March 1986) by Hanner et al. (1987). Greenberg and Hage attempted
to fit a model which satisfies simultaneously such independent characteristics.
They concluded that Halley’s dust was explained best by very fluffy aggregates
of submicron interstellar dust with silicate core and organic refractory mantle.
This model is supported by the in situ mass spectra of Halley, showing that its
dust is an intimate mixture of silicate and carbonaceous materials rather than
separate silicate and carbon components.

The results Greenberg and Li (1999) summarized for the dust of Halley are:
(1) comet dust consists of aggregates of 0.1 µm silicate core-organic refractory
mantel particles; (2) the average porosity of the comet dust is 0.93 < P < 0.975.
The inferred comet dust density is 0.08 ≤ ρCD ≤ 0.16 g cm−3; whereby ρCD ≈
0.1 g cm−3 is a reasonably canonical value.

3.3.2 Borrelly’s Dust Composition

It has become accepted that silicates are a major component of cometary dust
particles since the 10 µm Si-O stretching emission feature was first detected in
comet Bennett (Maas et al., 1970). As discussed above, mass spectroscopic evi-
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dence of the Giotto/Vega space probes showed that refractory material in comet
dust consisted of both: organic elements (O, C, N) as well as the rocky elements
(Mg, Si, Fe).

However, all previous detections of silicate emissions were restricted to long period
comets until Hanner et al. (1996) discovered the 10 µm silicate feature in two
short period comets, comet P/Borrelly and comet P/Faye. They modeled the
thermal emission spectrum of comet Borrelly in terms of either a mixture or a
simple combination of two separate components of compact amorphous silicate
(bronzite or olivine) and glassy carbon grains. Their models, using the Hanner
size distribution form (Hanner et al., 1985)

n(a) =
(
1− a0

a

)M (
a0

a

)N

(3.25)

fit the observations reasonably well. Here a0 denotes the minimum grain radius,
N defines the slope of the size distribution for large radii and M is related to the
peak radius through

ap = a0
(M + N)

N
(3.26)

Li and Greenberg (1998) calculated the thermal emission spectrum of the dust of
comet P/Borrelly from 3 µm to 14 µm and the 10 µm silicate feature, taking into
account that the comet’s dust is a fluffy aggregates of core-mantle interstellar
particles. They used the optical constants, i.e. the complex indices of refraction
(m(λ) = m(λ) − im′′(λ)) for interstellar grains, which is based on the determi-
nation of the composition of interstellar core-mantle grains found by fitting both
the interstellar extinction curve and interstellar polarization (Li and Greenberg,
1997).

For the 10 µm silicate emission feature, they employed amorphous olivine for the
silicate core, using the m′′(λ) for amorphous olivine MgFeSiO4 for wavelengths
longward to 2 µm. For 0.3 µm ≤ λ ≤ 2µm, they adopted the m′′(λ) of Draine
(1984). For wavelengths shorter than 0.3 µm, they adopted the m′′(λ) of crys-
talline olivine. The real part of the optical constants m′(λ) was calculated from
m′′(λ) by using the Kramers-Kronig relation1.

For the grain mantle, they employed the optical constants of H, C, O, N-rich
organic refractory residues (Li and Greenberg, 1997) and of amorphous carbon
by Rouleau and Martin (1991).

1The Kramers-Kronig relation (e.g. Landau and Lifshitz, 1960) imply that the real and
imaginary parts of the complex dielectric function ε(ω) = ε1 + iε2 are not independent.
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The dust size (mass) distribution was taken from the Halley observations of the
spacecrafts Giotto, Vega 1 and Vega 2, see Figure 3.1 (Greenberg and Hage,
1990). By taking the nucleus density of 0.3 g cm−3 and a porosity P = 0.975,
Li and Greenberg deduced a grain mass density of 0.07 g cm−3 for the silicate
core - organic refractory mantle particles. For the mass ratio of the organic re-
fractory mantle to the silicate core, they adopted mor/msi =1, according to the
mass spectrometer onboard Vega 1.

Figure 3.1: The number of particles per mass decade in the coma of comet Halley
as measure in situ by the various space probes. Vega 1: continous line; Vega 2:
short-dashed line; Giotto: long dashed line: (Greenberg and Hage, 1990).

With these inputs they could obtain a reasonable fit to the observed NIR spectra
of Borrelly. But a better fit was obtained with the model of silicate core - amor-
phous carbon mantle grains (highly processed organic which are depleted in H,
O, N) with a porosity of 0.85. Their analysis showed that compared to Halley’s
dust, the dust grains of Borrelly appear to be more processed (more carbonized),
less fluffy, and richer in smaller particles. They explained that since P/Borrelly
has passed through the inner Solar System many more times than Halley and
therefore been subjected much more to solar irradiation, the dust grains within
the surface layer of the nucleus could have been significantly modified. In particu-
lar, the organic refractory materials could have undergone further carbonization;
namely, the organic materials, would partially lose their H, O, N atoms and thus
become carbon-rich (Jenniskens et al., 1993).

A’Hearn et al. (1995) (also Cochran and Barker (1999)) assigned Borrelly to the
group of comets which are depleted in carbon-chained molecules2(C2 and C3).

2A’Hearn et al. summarized the properties of 85 comets which have been observed photo-
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However they found CN to be approximately constant. For all comets observed
they concluded that most of the CN comes from grains, the fraction of C2 which
comes from grains is smaller than for CN. This conclusion is partly consistent with
Li and Greenberg’s idea of carbonization. But they further derived a depletion
of H, O, and N of the organic materials which does not explain well the constant
amount of CN.

3.4 Deriving Optical Properties

Summarizing the above discussion on the chemical composition of Borrelly and
Halley, it is recognized that an unambiguous choice for the dust grains com-
ponents cannot be made. Because of that it has been decided to investigate
the presence of all three mentioned components, silicate, organic refractory and
amorphous carbon with various dust types. The following compositions have
been studied:

• Dust grains containing only silicate or organic refractory.

• Core-mantle dust grains with a silicate core and an organic refractory or
amorphous carbon mantle. Figure 3.2 (left) gives a schematic example of a
core-mantle particle.

• Dust grains containing a mixture of two components, which can be de-
scribed by Figure 3.2 (right).

Figure 3.2: Schematic drawing of a core mantle (left) and a mixed component
particle (right) (Davidsson and Skorov, 2002).

metrically between 1976 - 1992. From their observations they could set up a comet taxonomy,
separating these bodies into two groups, based on the correlation between the productions ra-
tios of Q(C2)/Q(OH) and Q(CN)/Q(OH). The group showing a strong correlation they called
typical and the others they named depleted.
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3.4.1 Refractive Indices

To derive the phase function and the scattering efficiency according to the scat-
tering theory of Pollack and Cuzzi (1979), the complex refractive indices for
”astronomical silicates” of Draine and Lee (1984) at the required wavelengths
have been used for the silicate component. The derivation of the indices has been
based on lab measurements of crystalline olivine.

Weingartner and Draine (2001) published corrected values for the above men-
tioned complex refractive indices of astronomical silicates calculated by Draine
and Lee. Their motive to revise the refractive indices was a feature at 6.5 µm−1

found in the dielectric function derived by Draine and Lee (1984). This char-
acteristic is not present in the observed interstellar extinction or polarization.
Weingartner and Draine obtained the new dielectric function by removing the
absorption feature at 6.5 µm−1 from the imaginary part of the dielectric function.

For abbreviation the astronomical silicates of Draine and Lee are denoted as Type
I and the corrected one Type II. As this procedure has been applied to fit inter-
stellar dust, which implicitly must not have the same composition like cometary
dust, both silicates has been investigated.

For the organic refractory, the optical constants of Jenniskens (1993) have been
employed. He used a frozen gas mixture, consisting of H2O, CO, CH4 and NH3

in a ratio that is thought to represent interstellar ice mantles. As the organic
refractory is the matter that remains on interstellar dust grains after the subli-
mation of photoprocessed dirty ice mantles, they irradiated the sample to let it
sublime.

The optical properties for amorphous carbon (AC data sample) have been taken
from the work of Rouleau and Martin (1991). The AC data were based on the
experiment which produced soot by striking an arc between two amorphous car-
bon electrodes in a controlled argon atmosphere.

For dust grains of only one component, the efficiencies and phasefunction are
calculated by a conventional Mie scattering code. The optical parameters for
core-mantle particles were computed using the DMILAY code written by O.B.
Toon, T.P. Ackerman, and W. Wiscombe (Toon and Ackerman, 1981). The mass
ratio of the organic to the silicate component was chosen to be 1 resulting in a
core-to-shell radius ratio of q = 0.679.

For the external reflection component of the large size regime of Pollack and
Cuzzi, see Equation 3.12, two refractive indices are possible. First by assuming
the mantle component to be only responsible for the external reflection, second
by considering the influence of the core material as well. The combined refractive
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index for core-mantle particle is given by Greenberg and Hage (1990) as
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For the particles containing a mixture of silicate and organic refractory or silicate
and carbon the effective refractive index can be calculated following Maxwell-
Garnett theory:
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where mm is the refractive index of the matrix material and mi is the index of the
inclusions. ϕi stands for the filling factor of the single i-species inclusion, which
can be interpret as the volume fraction of the inclusion. For the silicate compo-
nent an averaged density of ρ = 3500 kg m−3 for two crystalline olivines (crys-
talline forsterite, Mg2SiO4, ρ = 3210 kg m−3 and crystalline fayalite, Fe2SiO4, ρ =
4390 kg m−3) has been applied. The density of ρ = 1600 kg m−3 provided by Jen-
niskens (1993) has been employed for the organic refractory contribution and the
density of the amorphous carbon is ρ = 1850 kg m−3 (Rouleau and Martin, 1991).

All refractive indices of the specific components in the wavelength ranges of the
MICAS and Pik Terskol detectors are given in Table C.1 and C.3 in the Appendix.
Also the resulting refractive indices calculated by Equation 3.28 for different
mixtures are listed there, Table C.2 and C.4.

3.4.2 Dust Grain Sizes

For Borrelly, it was decided to use the dust size distribution of Hanner et al.
(1985), see Equation 3.25. The peak grain radius, which is described in Equation
3.26, has been chosen to be ap = 0.54 µm according to Borrelly’s heliocentric
distance of 1.47 AU in September 2001. This value has been derived from Fig.
3.3 assuming Borrelly’s particle size distribution to be similar to the one of comet
Churyumov-Gerasimenko.

Divine et al. (1986) summarized the peak grain radius obtained from model fits
of thermal infrared data performed by Hanner (1983) and Hanner et al. (1985)
for several comets. They obtained ap by adopting a0 = 0.1 µm and N = 3.7
(which has been derived from dynamical considerations).
Therefore N = 3.7 and a0 = 0.1 µm. M is derived from Equation 3.26 for given
ap and a0.
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Figure 3.3: Peak grain radius versus heliocentric distance for comets
75P/Kohoutek (K), 67P/Churyumov-Gerasimenko (C), 26P/Grigg-Skjellerup
(G), 9P/Tempel 1 (T), and 38P/Stephan-Oterma (S) (Divine et al., 1986).

For Halley’s dust, the particle size distribution reported from in situ measure-
ments of comet Halley by the highly sensitive mass spectrometer, PIA, and the
dust shield detector system, DIDSY, onboard Giotto has been applied (McDon-
nell et al., 1991).

To constrain the particle sizes which will be employed, the radius of the maximum
liftable particle is derived. According to the theory of dust release from a nucleus
surface, a particle of radius a and density ρ will be dragged away by the subliming
gases if the drag force (FD) overcomes the gravitational attraction (FG) of the
nucleus,

FD − FG > 0 (3.29)

Huebner (1970) gave, based on this consideration, an estimate for the maximum
particle size, amax, that can leave the nucleus (ignoring centripetal force)

amax =
9

16π

muMZvg

GρdρNRN

(3.30)

where G is the gravitational constant (6.674 ·10−11 Nm2kg−2), mu the unit atomic
mass (1.66 ·10−27 kg), and M the molecular weight. Z is the gas production rate
(molecules m−2s−1) from a subliming surface. The density and radius of the
cometary nucleus are described as ρN and RN , respectively. vg is the gas outflow
velocity near the nucleus and is assumed to be vg ' 100m/s. ρd denotes the
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density of the dust grains.

From several observational data, Borrelly’s water production rate of QH2O =
3.0 · 1028 molecules s−1 (Weaver et al., 2003) is taken as an upper limit for the
gas production rate. Assuming isotropic gas outflow, Z can be derived via

Z =
QH2O

4πR2
N

(3.31)

Further Rn ≈ 2.65 km (equivalent to the effective radius of a nucleus of 8.4 ×
4.2 × 4.2 km 3), ρn = 180 kg m−3 (Davidsson and Gutiérrez, 2004). For dust
particles of density ρ = 2200 kg m−3 (which is about the mean density of all
considered particles), see also Table C.3, a value of amax

∼= 0.0026 m is obtained
without considering porosity.
If a porosity of P = 0.64 is included, amax will increase to 0.007 m. Therefore a
mean value amax ' 0.005 m is used. Consequently the particle sizes which are
taken into account for the calculations range between 1 · 10−7 to 0.005 m.

For the nonspherical particle scattering theory of Pollack and Cuzzi (1979), the
free parameters x0 (see section 3.2.1), G (see equation 3.17) and r (see section
3.2.2), which are dependent on the particles shape, has to be chosen. For this
work the shape of the particles is assumed to be convex-concave. Thus the model
parameters derived by Pollack and Cuzzi can be used. Table 3.1 gives the value
for these parameters.

Free parameter Value
x0 10
G 3-4
r 1.3

Table 3.1: The free parameters of the scattering theory derived by Pollack and
Cuzzi (1979) by matching the measurements of a sample of convex-concave parti-
cles. x0 defines the upper bound size parameter, r is the ratio of the surface area
of the irregular particle to the one of equivalent volume sphere and G denotes the
empirical constant for the transmitted component of the scattering theory.

3.4.3 Optical Parameters for the VISCCD Data

The optical properties such as the scattering, absorption and extinction efficien-
cies and the phase function of particles of sizes comparable to the wavelength
range of 500 - 1000 nm, have been calculated for the mentioned particle com-
positions. The approach of Pollack and Cuzzi (1979) have been used for a size

3The shape of the nucleus is assumed to be an ellipsoid and Borrelly’s dimension is taken
as its semi major axis.
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parameter range between 1 < x < 25. The optical constants for the intermediate
size regime 50 ≤ x ≤ 400 has been calculated with the ray tracing method of
Macke (1993). The efficiencies and the phase functions for sizes in between 25 ≤
x ≤ 50 have been interpolated.

The results of the brightness calculations following in chapter 4, showed that the
contribution of particles, which are much larger than the observed wavelengths
do not have a major influence on the resulting intensities of the coma with the
applied particle size distribution.

1-Component Particles

The efficiencies for the pure silicate and pure organic refractory particles are
listed in Table 3.2. The efficiencies of the Type II astronomical silicates have
been omitted here. Their values are very similar to those of Type I.

Optical Wavelengths [nm]
constants 500 600 700 800 900 1000

Astronomical silicates (Type I)
Qscat 1.779 1.786 1.796 1.815 1.834 1.855
Qabs 0.896 0.884 0.875 0.863 0.854 0.846
Qext 2.675 2.670 2.671 2.678 2.688 2.701

Organic refractories
Qscat 1.544 1.524 1.510 1.496 1.484 1.478
Qabs 1.083 1.100 1.113 1.127 1.141 1.152
Qext 2.627 2.624 2.622 2.623 2.625 2.629

Table 3.2: The optical constants of particles, which consist only of astronomical
silicates (Type 1) and organic refractories at the VISCCD wavelengths. The
particle size distribution of Hanner et al. (1985) has been applied with a peak
radius of ap = 0.54 µm.

As expected, silicate particles scatter more light than organic refractory parti-
cles. The organics are more absorbent. The scattering efficiency of the silicate
grains increases from 500 nm to 1000 nm, whereby its absorption decreases. An
opposite behavior is observed with the organic refractory particles, where their
absorption efficiency increases with wavelength while their scattering efficiency
decreases.

The phase function of the pure silicate grains shows the typical strong forward
scattering peak and the increase in backscattering (Figure 3.4). In the same
Figure, the phase function of the astronomical silicates Type II is plotted, which
is slightly lower than for the astronomical silicate Type I. Nevertheless they have
similar behavior. For organic refractory grains, no backscattering peak is observed
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(Figure 3.4). The phase function flattens at scattering angles > 100̊ and does
not increases again.

Figure 3.4: The phase functions for the pure silicate, pure organic and silicate
core-organic refractory mantle particles. The label [1] and [2] of the core-mantle
particles refer to the different refractive indices used to calculate the external
reflection component. [1] designates the case using the refractive index of the
organic refractory mantle. [2] refers to the case of applying a combined refractive
index.

Core-mantle particles

The resulting optical constants of the silicate core-organic refractory mantle par-
ticles are presented in Table 3.3. This table contains the results of the particles
with refractive indices defined by Equation 3.27 for the external reflection compo-
nent, i.e. both, core and mantle component contribute to the external reflection
(Eq. 3.11 and 3.12). The results considering only the mantle component to be
responsible for the reflection part are similar, therefore they have been omitted.
The resulting optical constants of the particles which consist of astronomical sil-
icates Type I and Type II are again similar. Thus it is decided for the upcoming
analysis and discussion just to use the refractive index of Type I.

The efficiencies of the silicate core-organic refractory mantle particles are closer
to the efficiencies of the pure organic refractory particles than to the pure silicate
particles. Also the absorption efficiency increases with wavelength which leads
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Optical Wavelengths [nm]
constants 500 600 700 800 900 1000

SiO4 core-organic refractory mantle
Qscat 1.545 1.526 1.515 1.509 1.508 1.517
Qabs 1.082 1.095 1.104 1.109 1.113 1.112
Qext 2.626 2.621 2.619 2.618 2.622 2.628

Table 3.3: These are the optical constants of silicate core-organic refractory man-
tle particles at the VISCCD wavelengths. For the silicate component, the re-
fractive indices for astronomical silicates Type I is applied. The particle size
distribution of Hanner et al. (1985) is taken with ap = 0.54 µm.

to a decrease of the scattering efficiency.

The phase function for core-mantle particles considering only the mantle com-
ponent to be responsible for the external reflection component is similar to the
phase function of particles which includes both component, core and mantle, in
the external reflection calculation (Figure 3.4).

The silicate core-amorphous carbon mantle particles efficiencies are also lower
than the efficiency of the pure silicate particles. Like the core-mantle parti-
cles with an organic refractory shell, the carbon mantle grains show the same
dependency at visible wavelengths, indicating the higher influence of the shell
component on the optical properties. However the silicate core-carbon mantle
particles have stronger scattering and extinction efficiencies compared with the
particles with an organic refractory mantle (Table 3.4). On the other hand they
absorb less than the organic refractory mantle particles.

Optical Wavelengths [nm]
constants 500 600 700 800 900 1000

SiO4 core-amorphous carbon mantle
Qscat 1.588 1.566 1.546 1.529 1.518 1.514
Qabs 1.036 1.050 1.065 1.079 1.093 1.104
Qext 2.624 2.616 2.611 2.609 2.611 2.619

Table 3.4: Optical constants of silicate core-carbon mantle particles at 500 - 1000
nm.

As expected the phase function of the silicate core-carbon mantle particles show
similar behavior to that of the organic shell particles (Figure 3.5). As an exam-
ple for the core-mantle particles, the phase function of the silicate core-carbon
mantle particles are plotted between λ = 500 nm - 1000 nm in Figure 3.4. For
scattering angles, θs > 90̊ , the functions are flat and similar and increase with
decreasing scattering angles. For 500 nm the strongest forward scattering, θs =
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0̊ , has been obtained. In comparison does the phase function at 1000 nm show
a higher backscattering peak. The phase functions for the silicate core-organic
refractory mantle particles show the same characteristics.

Figure 3.5: The phase functions of the silicate core-carbon mantle particles at
500 - 1000 nm.

Summarized it has been observed that the mantle component is more dominant
in the scattering processes for core-mantle particles, which have a core to shell
radius ratio of 0.68.

Mixed 2-component particles

The scattering properties of the grains which are made by a mixture of silicate and
organic refractory components are presented in Table 3.5. The effective refrac-
tive indices for the mixtures were obtained using the Maxwell-Garnett function
(Equation 3.28), and has been calculated for ratios of silicate to organic refrac-
tory of 1:1 and 2:1. The same calculations has been made for a mixture of silicate
and carbon particles (see Appendix).

To calculate the resulting refractive index with the Maxwell-Garnett function,
one component has to form the matrix element and the other component the
inclusion. For an equivalent mass relation of (1:1), the component with the lower
density will comprise a higher volume. This is taken as matrix element. Therefore
the organic refractory or the amorphous carbon builds the matrix for the (1:1)
mixture. The volume of the silicate and the organics/carbon are comparable for
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the (2:1) mixture. Thus both, silicate or the organics/carbon, can be considered
matrix element.

The scattering efficiencies decrease with wavelength whereas the absorption and
extinction efficiencies increase, following the behavior of the organic contribu-
tion. This is similar to the core-mantle grains. The extinction efficiencies of the
mixed two component particles do not differ much from the core-mantle parti-
cles. But the more pronounced differences lie in the scattering and absorption
behaviors. The core-mantle particles scatter more and absorb less than the mixed
component particles. The scattering efficiency increases with a higher amount of
silicate, whereas the lower amount of organics or carbon results in a lower ab-
sorption efficiency. The scattering and extinction efficiencies of both mixtures
of silicate and carbon, (1:1) and (2:1), are higher than the one with the organic
component. But they show the same dependency on wavelength.

Optical Wavelengths [nm]
constants 500 600 700 800 900 1000

Astronomical silicates + organic refractories (1:1)
Qscat 1.520 1.502 1.490 1.480 1.474 1.475
Qabs 1.103 1.119 1.131 1.143 1.154 1.160
Qext 2.623 2.621 2.621 2.623 2.628 2.634
Astronomical silicates + Organic refractories (2:1)
Qscat 1.529 1.511 1.497 1.485 1.477 1.474
Qabs 1.095 1.111 1.124 1.137 1.149 1.158
Qext 2.624 2.622 2.621 2.623 2.626 2.632

Table 3.5: Optical constants for particles of a silicate and organic refractory mix-
ture at the VISCCD wavelengths. Hanner et al.’s (1985) particle size distribution
has been applied with ap= 0.54 µm.

The phase functions for the mixed component particles for the silicate-organic
refractory particles of a mixing ratio of (1:1) are presented in Figure 3.6 with sil-
icate as the inclusion and organic refractory as the matrix. This phase functions
show similar characteristics to the core-mantle particles. The phase functions of
the (2:1) mixing ratio vary depending upon which composition is taken as the
matrix. If silicate builds the matrix then the phase function shows a slightly
higher backscattering, indicative of the higher silicate influence on the effective
phase function. If the organic refractory is chosen to be the matrix element, then
no backscattering peak is seen.

In summary the resulting efficiencies and phase functions of the two component
particles, which consist of silicate and organic refractory/carbon, are dominated
by the contribution of the latter components.
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Figure 3.6: The phase functions for mixed silicate-organic refractory particles
with a ratio of (1:1) at wavelength 500 nm (black), 600 nm (dark blue), 700 nm
(light blue), 800 nm (green), 900 nm (yellow), 1000 nm (red) to the scattering
angle.

Geometric Albedo

The geometric albedo, p, has been calculated according to Equation 3.4. Apart
from the geometric albedo of the pure silicate grains, the values do not differ
strongly from the widely assumed value of p = 0.03 for dust in a cometary coma
(Divine et al., 1985). The geometric albedo of grains which contain carbon is
higher than those for organic refractory containing material. This is expected as
the scattering efficiencies of the particles with amorphous carbon are higher.

Wavelengths [nm]
Dust composition 500 600 700 800 900 1000

Silicate 0.144 0.182 0.210 0.232 0.246 0.256
Organic refractory 0.037 0.038 0.039 0.039 0.040 0.042

SiO4-core & o.r.-mantle 0.038 0.038 0.040 0.042 0.045 0.051
SiO4-core & C-mantle 0.049 0.049 0.049 0.051 0.053 0.055

SiO4 and o.r. (1:1) 0.033 0.034 0.035 0.037 0.039 0.043
SiO4 and o.r. (2:1) 0.034 0.035 0.036 0.037 0.039 0.042
SiO4 and C (1:1) 0.043 0.042 0.043 0.044 0.045 0.046
SiO4 and C (2:1) 0.045 0.044 0.044 0.044 0.044 0.045

Table 3.6: Geometric albedo p of different dust compositions at 500 - 1000 nm.
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Thomas and Keller (1991) derived from the HMC observations of Halley an Ap =
0.080 for a scattering angle of 73̊ (as most of the images were taken at ≈ 103̊
phase angle). This quantity is defined as

Ap =
pΦs

Φπ

(3.32)

where p is the geometric albedo. Φs and Φπ are the scattering functions evalu-
ated when the dust is observed under the scattering angle, θ, and in the anti-solar
direction, respectively.

In consideration of the HMC observation, an Ap ' 0.133 has been obtained for
pure silicate grains, and for pure organic refractory grains Ap ' 0.0675. Ap ranges
between 0.060 and 0.080 for core-mantle and mixed 2-component particles. It is
noted that the above calculated values have been derived for a size distribution
of Hanner et al. (1985). For Halley’s size distribution determined by Vega and
Giotto (Fig. 3.1), Ap is expected to change, but probably not significantly. How-
ever, it can be said that the value determined by Thomas and Keller indicates
particles composed of organic refractory, silicate-organic or silicate-carbon.

3.4.4 Optical Parameters for the Pik Terskol Data

The optical constants for the Pik Terskol data set have been derived in the same
way as those for the VISCCD observations. Because the wavelength range of
the Pik Terskol data are comparable to that of the VISCCD, similar behavior
and properties are expected for the efficiencies and phase functions. The optical
constants of the particles composed of pure silicates and silicate core-amorphous
carbon mantle are presented in Table 3.7.

Optical Wavelengths [nm]
constants 443.5 525.5 630.8 641.6

Astronomical silicates (Type I)
Qscat 1.776 1.780 1.790 1.791
Qabs 0.903 0.893 0.880 0.879
Qext 2.679 2.673 2.670 2.670

SiO4 core-C mantle
Qscat 1.614 1.594 1.573 1.571
Qabs 1.025 1.038 1.052 1.053
Qext 2.639 2.632 2.625 2.624

Table 3.7: The optical constants of pure silicate and core-mantle particles at the
wavelengths of the Pik Terskol filters. The particle size distribution of Hanner et
al. (1985) has been applied with a peak radius of ap = 0.54 µm.
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The scattering and extinction efficiencies are necessary to obtain the solar radi-
ation pressure acting on the dust grains in the outer dust coma (at distance >
1000 km) and for the analysis of the surface brightness of the dust coma.
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Chapter 4

MICAS-Deep Space 1

Remote observations of a comet by spacecraft resolve the active nucleus and its
activity. Only in these in situ images the size, volume, structure, shape, albedo
and morphology of a cometary nucleus can be derived. Active regions distributed
over the nucleus surface and jet-like dust emissions have been observed at comet
1P/Halley and 19P/Borrelly from HMC and MICAS, respectively.

This chapter presents the analysis of the data of comet 19P/Borrelly obtained by
the MICAS experiment. The first section contains insight into the observed dust
emission features. The dust outflow behavior has been investigated and compared
with comet 1P/Halley. The comets show different outflow characteristics. How
these differences can arise will be discussed by deducing the dust production rate,
examining the radial outflow at different emission angles and analyzing the optical
depth of both comets.

4.1 Borrelly’s Inner Dust Coma Morphology

The MICAS images of comet Borrelly reveal a coma in the vicinity of its nu-
cleus (20 - 30 km) dominated by jets and fans emanating from its surface. In
particular a major collimated dust emission on the sunward side of the nucleus
was observed. A first look at the brightness distribution around the nucleus can
provide information about the positions, dimensions and shapes of these emission
features.

4.1.1 Dust Emission Features

On all MICAS images, a strong non-isotropic emission on the sunward side of
the nucleus is observed (Fig. 4.1). The characteristic emission asymmetry of
Borrelly, which have been seen over ∼ 100 years of observations (see Chapter 2),
is presumed to be responsible for the elongation of the coma towards the Sun
(Sekanina, 1979; Fulle et al., 1997). This appearance can be clearly recognized
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in Figure 4.2 and is even more clear when one plots the azimuthal intensity dis-
tribution around Borrelly’s nucleus (Figure 4.3).

Figure 4.1: This image is mid 3.2 (see Table B.1)acquired by MICAS seven min-
utes before closest approach. The distance of the spacecraft to the nucleus is
7150 km, 1 pixel is equivalent to ≈ 0.093 km in projection. The field of view is
≈ 50 x 50 km. The nucleus was deliberately saturated to enhance visually the
dust emission. The black stripes indicate saturated data. The picture has been
processed to make the non-isotropic nature of the emission stand out.

Resolved, this asymmetry consists of a narrow dust jet emanating from the broad
central basin on the nucleus. The high-resolution images show that the main fea-
tures in Borrelly’s near-nucleus coma are divided into collimated jets and fans.
Especially the main jet on the sunward side is composed of two parts; the α jet,
canted about 30̊ from the comet Sun line and the β jet, one of several roughly
parallel smaller collimated jets containing in the main jet but offset in the images
∼ 15̊ from the direction of the α jet (Soderblom et al., 2002).

To analyze the dust ejection close to the nucleus, a fit using three Gaussians
(plus constant) has been made to the azimuthal brightness distribution following
Reitsema et al. (1989). Because of the superposition of the α and β jets, one
can not resolve them in this type of plot because they are merged to form the
one “main jet”. The full width half maximum (FWHM) of the observed emission
features were determined by fitting. The resulting parameters of the fit are listed
in Table 4.11.

1Clock angles are measured CCW from the 3 pm line in the left-to-right, top-to-bottom
displayed images
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Figure 4.2: The polar projection about the nucleus center. The Sun direction (≈
177̊ ) is indicated by the arrow. Several linear features (jets) can be seen.

The Gaussian representing the main jet on the dayside appears narrow and col-
limated superimposed over a broader emission. Despite the fact that it is the
most dominant feature seen on the images, its contribution to the total emission
is relatively low (see Table 4.1). Because of the uncertainty of the background
level in the analysis, we also present the relative strengths of the jets compared
with the total emission of all jets. The ratio of the projected dayside to night-
side emission is estimated to be 3.3 (± 1.0) : 1. The amount of dust over the
nightside or anti-sunward side is surprisingly high although the features on the
dayside seem to be so dominant on the images. This does not, however, imply
necessarily nightside activity. Hydrodynamical expansion of the gas which drags
dust particles from the sunward-facing active regions across the projection of the
terminator could explain these observations (Keller and Thomas, 1989 & Knol-
lenberg, 1994). A dayside : nightside asymmetry ratio of 3.2 :1 was observed at
Halley from a similar phase angle.

Emission Clock angle FWHM Contribution to Contribution to
on image [̊ ] [̊ ] total emission [%] total jet emission [%]

Jet1 142 18 19 24
Jet2 177 72 31 40
Jet3 292 74 28 36
Constant - - 23 -

Table 4.1: This table summarizes the results of the azimuthal intensity distribu-
tion fit.
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Figure 4.3: The azimuth brightness distribution at 15 km above the assumed
nucleus center of Borrelly (mid 3.2) and the fitted Gaussians. The fit parameters
are presented in Table 4.1. The lowest plot represents the residual. The fitted
Gaussian and the residual have been offset by -6 x 10−4 and -1 x 10−3 respectively
for clarity. The direction of the Sun is indicated by a dashed line.
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4.1.2 Jet Dimension

Because of the elongated shape of the nucleus (roughly 4 km× 8 km in projection)
the images have been transformed into a coordinate system based upon an ellipse
centered on the nucleus. Figure 4.4 shows the intensity profile on a minimum
size ellipse surrounding the nucleus but without intersecting it. This plot has
been fitted with four Gaussians to obtain an objective measure of the width of
the observed jets near their bases. The width for the main jet on the sunward
side of the nucleus seen in MICAS images has a FWHM of about 3.07 km. The
FWHM of the emission on the night side is 3.11 km. That of the weaker dust
fans is around 0.51 and 0.93 km. These values probably comprise an upper limit
to the actual width of the emitting region, because of the rapid lateral expansion
immediately above the source. Four emission features are identified in this plot
while Figure 4.3 shows only three. The reason is that the fan 2 diverges at higher
altitude and becomes too faint to fit.

Figure 4.4: The intensity along an ellipse surrounding the nucleus. The projected
day- and nightside hemispheres are marked. A fit to the data has been superim-
posed. The emission features are numbered. The ellipse has a major axis of ≈
4.9 km and a minor axis ≈ 2.3

4.2 Dust Coma Structure

The simplest model for the structure of a dust coma around the nucleus is de-
scribed by a point source with a gas production rate of Qg, gas molecules per
unit time, and dust production rate Qd, dust particles per unit time. It can be
assumed that the gas is emitted isotropically and hence its density decreases as
∼ R−2, where R is the radial distance from the nucleus. Since the motion of the
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dust grains is coupled in the region closed to the nucleus surface (gas-dust inter-
action region), the dust density should therefore decreases in the same manner.
The number density of dust particles, nd, at the distance r from the nucleus is
then given by

nd(r) =
Qd

4πr2vd

(4.1)

where vd denotes the dust velocity.

The above given assumption is only true in the case of force-free outflow, i.e.
without acceleration. These conditions are achieved at distances > 300 km away
from the nucleus (Gombosi et al., 1986). But this assumption is often still ap-
plied for the analysis of in situ data because any deviation from it indicates other
forces influencing this “ideal” outflow. The column density is then obtained by
integrating along the line of sight, s, at distance ρ from the center,

Nd(ρ) =
∫ ∞

−∞
Qd

4πr2vd

ds =
Qd

4ρvd

(4.2)

where r2 = ρ2+s2. ρ is often called the “impact parameter”. Figure 4.5 describes
the observation geometry between an observer (here: MICAS), the cometary nu-
cleus and the observed dust column along the line of sight. The surface brightness
distribution of a coma can be obtained (see Equation 4.10) with Nd(ρ) and the
scattering efficiency of the dust particles.

Thus if there are no further effects acting on the assumed outflow above and
force free radial outflow is taking place in the coma, the observed column in-
tensity should decrease with 1/ρ for increasing distance from the nucleus (this
characteristic is often also called the 1/r behavior, whereby r stands for the im-
pact parameter).

It is clear that for near-nucleus observations the nucleus can not be described
by a point source with an isotropic dust outflow. The real case deals with a
several km sized body with distributed active sources situated on its surface.
Thus deviations from the “ideal” (1/ρ) behavior are to be expected.

4.2.1 Dust Outflow

To examine the dust outflow of the comet the projection of the nucleus is approx-
imated as an ellipse and it is assumed that the gas/dust sources are situated on
the surface of this ellipse. Further a continuous constant emission of dust should
be produced from these sources. If this outgassing expands radially without being
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Figure 4.5: The observational geometry between an observer, the cometary nu-
cleus and the dust column density along the line of sight seen from the observer.
The line of sight is parameterized by the distance of the closest approach to the
nucleus ρ, which is often also called impact parameter. The observer has distance
Robs from the nucleus center. The viewing direction is in direction of increasing
s.

influenced by any forces, then the dust flux in concentric envelopes remains con-
stant. If the intensity, I, is integrated along the surface of equidistant envelopes
around the nucleus (see Figure 4.6), the quantity

∮
Ids (where s represents the

distance around the perimeter of the envelope) should be constant with increas-
ing radial distance to the nucleus surface for free radial dust outflow. It is hereby
referred to Gauss’ theorem (Jackson, 1998) of a flux through a closed surface

∫
~E · d~s = constant (4.3)

where E denotes the dust flux and ds the surface element. This integral will
provide information of the source strength. The azimuthal average of the intensity
can be related to the flux if the flux is radial.

∫
~E · d~s = K

∫ 2π

0
I · zdψ (4.4)

By replacing ds with zdψ, the polar coordinate form of Equation 4.3 is obtained
with ψ denoting the polar angle. I is the intensity and K is a constant. Equa-
tion 4.4 is an integral over the circumference of a cylinder. z is the radius of the
cylinder and dψ the polar angle element. Thus a variation of this integral will
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indicate sources, sinks, or changes in the scattering or flow characteristics of the
dust (Thomas and Keller, 1990).

Figure 4.6: The innermost ellipse represents the surface with the active areas on
it. The equidistant envelopes are drawn around this ellipse.

This method has been applied to analyze and compare the dust outflow behavior
of comets Borrelly and Halley. Borrelly’s integral,

∮
Ids, increased with decreas-

ing distance to the nucleus surface, while Halley’s decreased (see Figure 4.7).
One can interpret this in terms of deviations from a 1/ρ dependence of intensity.
Halley’s intensity profile flattens close to the nucleus (Thomas et al., 1988); Bor-
relly’s steepens.

There are several possible explanations for this observation. A high optical depth
above active regions can flatten 1/ρ profiles close to the nucleus and would be a
plausible explanation for Halley. Also fragmentation into optically “large” par-
ticles can cause similar behavior of the intensity because of the change in the
scattering area at visible wavelengths (Thomas et al., 1988). Earlier observations
of Halley have detected a high amount of large dust particles (Fulle et al., 2000),
thus this fragmentation process is possible. In Borrelly’s case, particles fragmen-
tating into submicron size would explain a decrease of the integral with distance.
These particles would not contribute to the scattering process at large distances
and the intensity will drop. Soderblom et al. (2002) also suggested that Borrelly’s
dust particles seem to be small. Another potential reason for Borrelly’s behavior
is dust acceleration which steepens the intensity profile near the nucleus, because
of the increasing dust number density. Also the existence of distributed sources
on the nucleus surface might influence the intensity profile.
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Figure 4.7: The integrated intensity along equidistant envelopes is plotted for
Halley (- - -) and Borrelly (—–). Halley’s integral,

∮
Ids, has been divided by 48

which also gives a 0-order estimate of the ratio of the dust production rates.

4.2.2 Dust to Gas Ratio

Comet Halley’s integrated intensity
∮

Ids has been divided by 48 in Figure 4.7,
which is approximately the ratio of the dust emission brightness at large come-
tocentric distances. Models by Gombosi et al. (1986) indicated dust velocities
for Halley to be vHalley ≈ 200 m/s, and Borrelly to be vBorrelly ≈ 120 m/s for
micron-sized particles. This means that Halley’s dust velocities are approximately
5
3

times higher than Borrelly’s. Therefore the dust production rate ratio must be
higher than the observed brightness ratio with values around 80:1 being possible.

The H2O production rate of Borrelly at DS1 encounter was 3.5 x 1028 molecules/s
(Stern et al., 2003). That of Halley at Giotto encounter was 5.2 x 1029 molecules/s
(Festou et al., 1986). Thus the water production rate of Halley was approximately
15 times higher that of Borrelly. If it is assumed that the water production rate is
approximately equal to the total gas production rate, the dust to gas production
rate (χ) of both comets can be derived. By assuming that the dust size distribu-
tion for the two comets were comparable and by taking into account the above
derived dust production rate ratio (80:1), it can be concluded that the dust to
gas ratio of Halley was about five times that of Borrelly.

McDonnell et al. (1990) gave a dust to gas ratio for Halley of 2 at the nucleus
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and hence that for Borrelly will be χ = 0.4. A’Hearn et al. (1995) gave χ = 1.16
for Borrelly (assuming that an Afρ of 1000 cm is roughly the dust production
rate in tons/s). Their value for Halley was 1.6.

4.2.3 Radial Profile of Dust Outflow

In this section the radial profile of the brightness will be examined more closely,
by looking whether the profiles along different directions from the nucleus center
changes. Figure 4.8 shows the two directions which are relevant for the analysis,
which are the profile along the main jet and the profile on the anti sunward
side. The averaged profile over all 2π directions has also been considered in the
analysis.

Figure 4.8: The direction examined in the radial profile. The direction along the
main jet and the nightside are indicated by the arrows.

This approach is based on the first order assumption that the nucleus is a point
source with an isotropic dust outflow (Equation 4.1). Thus the observed column
density has to decrease with increasing distance to the nucleus center, i.e. with
1/r (Equation 4.2).

The integrated intensity method, described in the previous section, examines the
dust flux in an enclosed surface, and thus gives an average description of the out-
flow within the enclosed space. By examining the radial profile along different
emission directions, the reason for the 1/r deviation observed in the integrated
intensity method will be better localized.
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Figure 4.9 show representative plots of the radial profiles for the VISCCD data
sets; mid 1.2 (range of DS1 to Borrelly, ∆ ' 9895 km, and phase angle, α '
76̊ ), mid 3.2 (∆ ' 7156 km and α ' 71̊ ), mid 4.2 image (∆ ' 6216 km and
α ' 68.7 ˚) and mid 5.4 image (∆ ≈ 4025 km and α ' 56̊ ). The radial profile
has been multiplied by the distance to the nucleus center, ρ. It should be noted
the first 4 km away from the center are taken by the nucleus body itself.

None of the averaged radial profiles follow strictly the 1/r behavior. The aver-
aged radial profiles of the mid-images show all the same characteristics. They
decrease with increasing distance from the nucleus (as do the integrated intensity
along equidistance envelopes seen in the previous section). But if one analyzes
the profiles separately, two different types of profile can be recognized.

The (I/F) profiles along the main jet increase in the first 3 km away from the
nucleus surface and reach a constant value. On the closer images, mid 4.2 and
mid 5.4, a slight increase of the curve is seen (probably because of noise).

Boice et al. (2002) have also investigated the radial intensity profile of Borrelly
along the main jet and the fans. They concluded that the flattening of the in-
tensity radial profile along the main jet with decreasing distance to the nucleus
is explained with an extended active source.

The radial profile on the anti-sunward side decreases in all mid images out to
the edge of the image. The flat section within the first 3 km should be ignored,
because it is contaminated by light from the nucleus. If one examines the radial
profile along the two fans observed at the upper and lower limb of the nucleus,
they show the same behavior. Thus one can conclude that the deviation from
the (1/r) behavior in the integrated intensity is mainly because of the non-1/r
feature on the anti sunward side and the fans. The actual main jet follows the
(1/r) behavior at distances between 10 - 40 km away from the center.

Summarizing the discussion above about observed radial intensity profiles, it
seems difficult to explain the night side dust with emission on the anti sunward
side. This leads to the idea of hydrodynamical gas expansion dragging the dust
particle onto the night side. Another explanation would be dust jets which are
ejected not perpendicular to the line of sight but towards the observer (MICAS).
This would also explain the strong intensity decrease of the night side and along
the fans which together cover a bigger area than the actual main jet. Therefore
the averaged intensity decreases.
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Figure 4.9: The I/F radial profile ×ρ of the dust coma on the mid 1 2, mid 1 3,
mid 4.2 and mid 5.4 images with increasing distance to the nucleus center. The
averaged radial profile (—–) has been obtained by averaging the I/F over the
total azimuth (2π). The jet radial profile (- - -) considers the intensity along the
main jet, whereby the intensity has been binned over an angle of 20̊ . This match
with its FWHM listed in Table 4.1. The radial profile of the anti sunward side
(– - –) is obtained from the intensity seen on the opposite side of the main jet,
whereby the intensity is binned over an angle of 76̊ , see Table 4.1. The nucleus
body has an extension of about 4 km.
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4.3 Dust Activity

The dust activity of a comet can be measured in terms of the quantity Afρ.
Consider the ratio of the coma intensity to the mean solar disk intensity, icoma/i¯.
The product of geometric albedo p, the phase function Φ(α), and the local filling
factor in the coma, fcoma, are then defined as

pΦ(α)fcoma =
icoma

i¯

(
rh

R¯

)2

(4.5)

where rh is the heliocentric distance of the comet and R¯ denotes the radius
of the Sun (Jockers, 1997). If the particles are emitted isotropically from the
nucleus and move radially outward with constant velocity, the intensity in the
coma is ∝ ρ−1, where ρ is the impact parameter. Then the product pΦ(α)fcomaρ
is a constant that can be used as a measure of the dust production rate. The
quantity Afρ introduced by A’Hearn et al. (1984) is connected to this product
by

Afρ = 8pΦ(α)fcomaρ (4.6)

(Jockers and Bonev, 1997). Figure 4.10 gives the scheme of the geometry de-
scribed to define the dust activity.

Although the Afρ quantity is usually used for the evaluation of Earth-based
observations, the validity of its application on in situ data sets has been quanti-
tatively examined in the following sections.

4.3.1 Dust Production

Comet Halley’s total dust production rate at Giotto encounter has been deter-
mined to be 2.17·104 kg s−1 (Thomas and Keller, 1991). This value has been
derived by taking into account the total effective mass of dust (menc) encoun-
tered by Giotto at 596 km away from the nucleus. menc has been measured by
the radio science experiment (GRE). From the HMC images the intensity (Ienc)
at 596 km could be determined. Thomas and Keller assumed the azimuthal aver-
age Z (Equation 4.4) to be proportional to the column density of dust integrated
over a circle at constant impact parameter, (Equation 4.1). Therefore the total
production rate, Qd, can be derived by

Qd =
2πZmenc〈V 〉

Iencσs/c(〈Ξ〉+ 1)
(4.7)

where 〈V 〉 is the mean velocity of the particles perpendicular to the line of sight,
(〈Ξ〉) refer to the weighted mean momentum enhancement factor and σs/c is the
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Figure 4.10: This is an observation geometry scheme. rh and ∆ denote the
heliocentric and observer centered distance of the comet, respectively. If the
observer centered distance is large compared with the observed coma (which is
true for Earth-based observations), the field of view can be approximated by a
cylinder with radius ρ centered around the comet. This assumption is also applied
for in situ observations to determine the observed column density, although the
distance to the nucleus is commonly ranging between 1·105 until down to 5000
km (MICAS data).

cross-sectional area of the spacecraft (2.88 m2). 〈V 〉 can be computed from the
estimates of the terminal velocities of the particles (e.g. Gombosi et al., 1986)
and their size distribution along the line of sight.

As has been mentioned before, the dust production rate of a comet can also be
explained by the Afρ value. To get a direct comparison, as the dust production
rate of comet Halley is known, and to examine whether one can also apply this
parameter for in situ data sets, the Afρ value of Halley has been determined.
Figure 4.11 gives the Afρ values of Halley within the first 40 km away from the
nucleus. Image 3416, taken at a distance of 2.56 ·105 km, has been used. Figure
4.12 shows the Afρ values derived from image 1586 (clear filter at CA-128 min
from 5.25 ·105 km) taken with the HMC. The Afρ values of Halley on image
3416 increase steadily without reaching a constant value in the first 40 km away
from the nucleus. However, a constant value of ≈ 1.8 ·104 cm between 100 -
600 km away from the nucleus can be observed for the Afρ value obtained from
the 1586 image (Fig. 4.12). Beyond 600 km the Afρ increases to a value of
2.0 ·104 cm, indicating an increasing intensity because of the increasing influence
of gas molecules within the HMC broad-band clear filter (Thomas and Keller,
1990). Those are daughter products created through photodissociation and pho-
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toionisation of parent molecules. The contribution of the nucleus to this value is
negligibly small (< 1%).

With the crude assumption that the value of Afρ of about 1000 cm is roughly
equal to the value of the production of dust in tons per second (A’Hearn et al.,
1995), a total dust production rate of 1.8 ·104 kg s−1 is derived from the Afρ
value at ≈ 600 km away from the nucleus (Figure 4.12). This is about 1.2 less
than the value derived by Thomas and Keller (1991).

From narrowband filter photometry of Comet Halley, Schleicher et al. (1998)
deduced an Afρ value of ≈ 2.04 ·104 cm in March 14, 1986. This value is about
10% higher than the Afρ derived from the HMC image. Considering the photo-
metric errors in calibration, this result indicates excellent agreement.

The same procedure has been applied to the Borrelly images. Figure 4.13 and
4.14 give the Afρ values for two representative VISCCD images while the space-
craft was approaching the nucleus. The Afρ values of all “mid” images, which
cover the region up to 40 km away from the nucleus, converge to a value between
200 - 250 cm. This is approximately half of the value obtained from the analysis
of the Earth observational data sets (400 - 600 cm), see section 6.1.4.

Table 4.2 summarized the Afρ values derived for Borrelly and Halley from the
ground-based and the in situ observations.

Comet Afρ (in situ) Phase Angle Afρ (Earth) Phase angle
[cm] [̊ ] [cm] [̊ ]

Halley 1.8 ·104 107 2.04 ·104 64.5
Borrelly 200-250 72 400-600 41

Table 4.2: Halley’s and Borrelly’s Afρ values derived from the in situ and Earth
observations. The Afρ value of Halley observed from the Earth has been taken
from the paper of Schleicher et al., 1998. All the other values have been derived
in this work. The Afρ values given for Halley have been derived for March 14,
1986. The values for Borrelly are for September 21, 2001.

It should be noted that the Afρ of Halley in the first 40 km away from the nucleus
was increasing. Only at distances > 100 km did the Afρ approach a constant
value. Unfortunately, the “far” images of MICAS could not be used to verify how
the Afρ would change at distances > 100 km away from the nucleus and if an
Afρ derived at such close distance (< 40 km) deviates systematically from the
one calculated far away (> 100 km). It is arguable whether this could explain
the whole difference between the ground-based and DS1 observation. Another
explanation for this difference could be a calibration error.
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Figure 4.11: Afρ values of comet Halley (image 3416) until 40 km away from
the nucleus. The spacecraft was 2.56 ·105 km away from the nucleus. The phase
angle = 105.9◦.

Figure 4.12: Afρ values of comet Halley (image 1586) until 1500 km away from
the nucleus. The spacecraft was 5.25 ·105 km away from the nucleus. The phase
angle = 107◦.
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Figure 4.13: The Afρ values for mid 1.2 image. The spacecraft was ≈ 8927 km
away from the nucleus and the phase angle ≈ 75̊ .

Figure 4.14: The Afρ values for mid 5.1 image. The spacecraft was ≈ 5341 km
away from the nucleus and the phase angle ≈ 65.1̊ .
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During the 1981 apparition, at a heliocentric distance of ∼ 1.34 AU, Newburn
and Spinrad (1989) estimated a dust production rate of about 335 kg/s, assuming
a nuclear radius of 3.5 km and an active fraction of 10% whereby a factor 2 error
is estimated. Lamy et al. (1998) calculated from the HST observations a dust
production rate of 180 - 215 kg/s for Borrelly.

4.4 Radiation Environment of the Inner Dust

Coma

With the dust production rates obtained from the data analysis in the previous
section and the optical parameters discussed in section 3.4.3 a quantitative in-
terpretation of the observed brightness in the dust comae of comets Borrelly and
Halley can be made. There follows an introduction about the radiative transfer
by dust particles. Then the results of the brightness calculations for the in situ
data sets will be presented.

4.4.1 Intensity received from a Line of Sight

To discuss radiative transfer by dust particles unpolarized radiation is assumed.
The independent variables are time, position, direction and wavelength λ, of the
observation. The major dependent variables are the differential intensity i and
the flux j.

To examine the brightness seen in the coma by an observer, one has first to con-
sider an isolated dust particle in sunlight. The solar flux reaching this particle is

j¯,λ =
f¯,λ

r2
hel

e−τ¯ (4.8)

f¯ [W m−2nm−1] is the solar flux per wavelength at 1 AU, which is scaled by the
heliocentric distance of the dust grain in [AU], rhel, to get the solar flux reaching
the particle. Further this flux is reduced through the optical depth which sepa-
rate the particle from the Sun, τ¯ (Equation 4.12).

The observed differential intensity (Divine et al., 1986) along the line of sight in
[Wm−2µm−1sr−1] is defined as

i =
∫ ∞

0
e−τ

∫ ∞

0
nσext

[
ωΦsj¯ +

εσT 4f

πQext

+ ω
∫

π
ΦsidΩ

]
da ds (4.9)

whereby n is the local differential dust concentration in [m−3 size−1] and σext is
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the extinction cross-section (Eq. 3.1). Equation 4.9 consists of three terms. Term
1, which contains the single scattering albedo, ω, the normalized phase function
according to Eq. 3.2, and the solar flux, j¯, describes the scattering of sunlight
by the dust.

The second term is the radiation term which is dominant in the IR but much less
in the visible. ε is the emissivity, T is the local grain temperature in [K], and Qext

denotes the extinction efficiency. The effect of multiple scattering is described
by the last term, and can be neglected for an optically thin coma. The optical
depth τ describes the power removed from the beam between the observer and
the particles. These terms have to be integrated over all particle sizes with the
local differential concentration n and over the pathlength s along the line of sight.

The calculations presented herein are applied to visible wavelengths and so term
2 can be ignored. In the case of an optically thin coma, multiple scattering pro-
cesses will have little effect beyond a few kilometers from the nucleus and thus
term 3 can be ignored as well. The total observed intensity along the line of sight
is therefore reduced to

I =
∫ λ2

λ1

Wλi dλ =
∫ λ2

λ1

∫ ∞

0

∫ ∞

−∞
nσextAΦsj¯ da ds dλ (4.10)

where the integration limits (λ1 and λ2) cover the effective bandwidth of the
instrument. The dimensionless weighting function, Wλ, describes the spectral
sensitivities of the detector which is given in Figure 2.4 for the VISCCD.

By assuming a radial symmetric coma, n can be described by the number density
of dust particles (see Equation 4.1).

Optical Depth

The optical depth between two positions s1 and s2 is described as the product of
the local differential dust concentration, n, and the extinction cross section for
all particle sizes along the line of sight (Divine et al., 1986)

τ =
∫ s2

s1

∫ ∞

0
nσx da ds (4.11)

The incident Sun light at a position ~r in the coma is attenuated depending upon
the extinction along the path from the Sun to the dust particle’s position inside
the coma. The optical depth from a particle to the Sun is then
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τ¯ =
∫ rhel

0

∫ ∞

0
n(~r¯(s))σx da ds (4.12)

where ~r¯(s) = ~r + s~e¯ is the position in solar direction place at distance s from
the required point ~r and ~e¯ is the unit-vector pointing to the Sun.

The optical depth seen from an observer along the line of sight can be derived
in the same way, whereby the integration has to be performed along the line of
sight seen by the observer. Figure 4.10 gives a sketch of this geometry.

τobs =
∫ s0

−∞

∫ ∞

0
n(~r)σx da ds (4.13)

4.4.2 The Visible Radiation Environment of Borrelly

The intensity received from a dust column along the line of sight of MICAS
has been calculated by assuming a total dust production rate of Qd ≈ 200 kg/s
comparable with the value derived by Lamy et al. (1998). The particle size
distribution of Borrelly is calculated by Equation 3.25 with a peak radius of ap

= 0.54 µm. The dust density follows the form (Divine et al., 1986)

ρd = ρ0 − σ0

(
a

a + a2

)
, (4.14)

which and varies with grain radius a. For ρ0 the grain density of the respective
components are taken. The grain densities are given in section 3.4.

For the core-mantle particles, the density was found by dividing the total mass by
the total volume of the particle. The effective density of a silicate core-organic re-
fractory mantle is ρd = 2196 kg/m3; the effective density for a silicate-core carbon-
mantle particle is ρd = 2421 kg/m3, the densities of the mixed 2-components
particles are listed in the Appendix. σ0 can be scaled according to the assumed
porosity. Gombosi et al. (1986) suggested a density distribution which gives a
porosity of P ' 0.73 for mm-size particles, whereby Lamy et al.’s (1987) density
function gives P = 0.64 for the mentioned size range. A value of 2 µm has been
used for a2. This has been suggested because studies of meteor streams which
are connected with comets showed that larger dust grains have lower densities
(Divine et al., 1986). By applying this density function, dust grain porosity is
considered, which has been determined for Halley’s and Borrelly’s dust by several
authors including Li and Greenberg (1998).

If the volume of the particles is assumed to be equivalent to a sphere, the mass
of each dust grain size can be derived. By scaling it with the size distribution, a
mass distribution can be found. The differential dust production rate has been
obtained by normalizing this mass distribution with the total dust production
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Figure 4.15: The dust velocity of Borrelly for grain radius between 0.1 µm - 100
µm and a bulk density of 1000 kg/m3. This data has been calculated for the
condition at encounter phase of DS1 and comet Borrelly in September 21, 2001
(Combi and Tenishev, 2003).

rate, Qd.

The velocities of Borrelly’s dust grains with a bulk density of 1000 kg/m3, Fig.
4.15, have been obtained from a 2D-axissymmetric model (assuming a spherical
nucleus) for the DS1 encounter period (Combi and Tenishev, 2003). The veloc-
ities of the various grain types can be derived by scaling the given velocities in
Figure 4.15 with the bulk densities of the required compositions. By inputting
these velocities, dust acceleration is included. The local differential dust concen-
tration n at increasing ρ is then obtained with Equation 4.1 assuming isotropic
outflow. Thus the observed total intensity of the coma can be calculated with
increasing distance from the nucleus following Equation 4.10. The resulting in-
tensity can be converted to a reflectivity via % = πI/F .

To model the radiation environment of Borrelly’s inner dust coma following the
above theoretical approach two values have been used. The assumed total dust
production of Qd = 200 kg/s and the averaged porosity of 0.68 from the suggested
density functions of Gombosi (1986) and Lamy et al. (1987). The reflectivity of
the dust coma has been modeled for all the particle compositions presented in
Section 3.4.3.

Figure 4.16 presents the observed reflectivity of Borrelly on image mid 3.2 and
the modeled values for a dust coma with pure silicate grains. As an isotropic
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dust outflow is assumed, the resulting reflectivities have to be compared in the
first instance to the averaged observed one. The best fit to the averaged observed
reflectivity has been obtained for particles with porosity of 0.89 and a dust pro-
duction rate of Qd ' 200 kg/s or for particles with P = 0.68 and Qd ' 350 kg/s.
The resulting reflectivities are strongly dependent on the assumed porosities and
dust production rates. However, both results are reasonable.

The reflectance of a dust coma containing core mantle particles is displayed in
Figure 4.17 for silicate core-organic refractory mantle particles. To fit the ob-
served reflectivity with a dust production rate of 200 kg/s, the particle densities
have to range between 300 ≤ ρd ≤ 2200 kg/m3. This is equivalent to a porosity
of 0.86. If the porosity of the mm-particle is P ' 0.68 then the model has to
produce 310 kg/s to fit the observed reflectivity.

By increasing the porosity, i.e. by making the bigger particles lighter, a higher
velocity will be obtained. One might expect the intensity to be lower. However,
the intensity increases slightly. As the particles become lighter, the differential
dust production rate will increase to meet the production rate constraint. This
results in an increased number of particles, which will scatter more light. Heavier
grains, i.e. lower porosity, give lower observed intensities.

Further it is recognized that the modeled reflectivities are all higher at distances
< 10 km to the nucleus surface than the observed one and higher values at dis-
tance > 25 km. This can be explained by the fall-off on the night side, which can
not be modeled with the outflow assumed here.

A remark also has to be made concerning the profiles of the main jet and the
anti-sunward side. To be able to fit the observed reflectivity along the main jet,
the production rate has to be multiplied by a factor of about 2.2. In the case of
the nightside, it has to be reduced. But a fit to the nightside profile is difficult
to obtain because of the strong fall-off of the radial profile.

The observed reflectance curve along the main jet is flatter than the observed one
at distance < 5 km away from the nucleus. This can be explained by extended
active sources (Boice et al., 2002), which have been discussed in section 4.2.3. At
higher distances the modeled curve and the observed one are nearly parallel to
each other, indicating similar outflow processes.

The same relation between dust porosity and production rate like the one pre-
sented for pure silicate and core-mantle grains has been found for all dust com-
positions. For a dust production rate of 200 kg/s, the particle’s porosity has
to range between 0.78 (mixed silicate & organics grains) and 0.89 (pure silicate
grains). To fit the observed reflectivity with P = 0.68, a dust production rate
between Qd = 270 kg/s (mixed silicate & organics grains) and Qd = 350 kg/s
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Figure 4.16: Borrelly’s observed (I/F) on mid 3.2 and the results of the brightness
calculations. The (I/F) of Borrelly are presented as average over 2π (—–), along
the main jet (- - -) and on the anti sunward side (· · · · ·). The derived (I/F) for a
coma of silicate grains has been calculated for two densities and dust production
rates. For P = 0.89 and Qd = 200 kg/s: —– (blue). For P = 0.68 and Qd = 350
kg/s: —– (red).

Figure 4.17: Borrelly’s observed (I/F) on mid 3.2 and the results of the brightness
calculations. The (I/F) of Borrelly are presented as average over 2π (—–), along
the main jet (- - -) and on the anti sunward side (· · · · ·). The derived (I/F) for
a coma of silicate core-organic refractory mantle grains has been calculated for
P= 0.86 with Qd = 200 kg/s: —– (blue), and for P = 0.68 with Qd = 310 kg/s:
—– (red).
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(pure silicate grains) is needed. This would be in reasonable agreement with Qd

= 335 kg/s given by Newburn and Spinrad (1989).
If the dust coma is mainly dominated by core mantle particles (Li and Green-
berg, 1997), the dust grains would have a porosity of 0.83 and 0.86 for silicate
core-carbon mantle and silicate core-organics mantle grains, respectively. This is
comparable with the porosity of P ' 0.85 for core-mantle particles suggested by
Li and Greenberg.

To fit the observed reflectivity with P = 0.68, dust production rates about 1.5
times higher than the rates deduced from the in situ-Afρ values are needed.
These production rates are between the Afρ values of the in situ and ground
based data sets.

To fit the observed reflectivity of Borrelly with a dust production rate compa-
rable to the Afρ values (400-600 cm) of the Earth observations, i.e., 400 - 600
kg/s, very compact grains with porosities around 0.2 are required. This departs
strongly from the fluffy appearance widely assumed for cometary dust grains (Di-
vine et al., 1986).

No precise conclusion about the dust composition could be made from the analysis
of the radiation environment because of the uncertainties in porosity and dust
production rates. However, it can be said that the conversion of the ”Earth”-
Afρ values to kg/s do not give a satisfactory fit to the reflectivity of the inner
dust coma, unless the particle would have a much lower porosity than is widely
assumed.

4.4.3 Optical Depth of Borrelly and Halley

The resulting optical depths of the dust coma for Borrelly are presented in Fig.
4.18. The values for the simulations with a dust production rate of about 200
kg/s are plotted versus distance for pure silicate, pure organic refractory, core-
mantle and mixed component grains.

All dust comae of the different compositions give an optical depth below 1. The
highest optical depth would be obtained with a dust coma composed of silicate
core-organic refractory mantle particles. The lowest optical depth value is given
by a coma of pure silicate grains. Because the silicate grains are the heaviest
among all the compositions, the particle number and thus the effective extinction
cross section is lowest. In summary, Borrelly’s dust coma can be considered to
be optically thin.

Halley’s optical thickness is presented in Figure 4.19, using a total dust pro-
duction rate of 2.17 ·104 kg/s according to the dust production rate discussion
in section 4.3.1. The dust coma contains 20% silicate, 40% organic and 40%
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Figure 4.18: The calculated optical depths for different particle compositions
of Borrelly assuming a dust production rate of 200 kg/s. SiO4: —–, Organic
refractory (o.r.): · · · · ·, SiO4 core-o.r. mantle: - - -, SiO4 core-C mantle: −·−·−,
Mixed SiO4 + o.r.: - - - (blue), mixed SiO4 + o.r. (1:1): - - - (red). The optical
depths have been derived for a coma which satisfied the observed reflectance of
Borrelly on mid 3.2.

Figure 4.19: The optical depth of Halley for Qd = 2.17 ·104 kg/s and a coma
composed of 20% SiO4, 40% organic refractory, 40% SiO4 + o.r. grains. This
composition has been taken from the results of the PIA experiment onboard
Giotto (Langevin et al., 1987). For the size distribution the values of McDonnell
et al. (1991) for the Giotto encounter with Halley has been considered.
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silicate-organic mixed particles with the contributions determined by the PIA
observations. The particles are assumed to have a porosity of P ≈ 0.81 which
is the mean value of the porosity derived by Greenberg and Li (1999), suggested
by Lamy et al. (1987), and Gombosi (1986). Dust velocities of about 2 times
higher than Borrelly’s have been applied according to Gombosi et al. (1986). The
optical depth reaches a maximum value of τ = 1 at 1 km above nucleus surface,
beyond this distance the optical depth τ is < 1. This is higher than the value
calculated by Keller et al. (1987), who deduced τ = 0.28 assuming 1 µm size
particles and a geometrical albedo of p ' 0.03.

The optical depth has been calculated for an isotropic dust coma (radial sym-
metric). Müller (1999) mentioned an increased optical depth for an axial sym-
metric compared to a radial symmetric coma over the subsolar point. Therefore
anisotropic emission could further influence the optical depth.



Chapter 5

Modeling of the Spatial
Distribution of the Dust

Remote sensing observations from spacecraft fly-bys can resolve the dust-gas coma
of a comet within the first 30 km away from its nucleus. In this region the dust
grains are accelerated through interaction with the gas streaming away from the
surface. The physical interaction of the expanding gas and dust into the circum-
nuclear environment is complicated and numerous theoretical models have been
constructed.

At the beginning of this chapter a short overview of this model is given. Afterwards
a new approach is introduced to interpret observations of this region close to
the nucleus. This approach is based on the assumption that the dust grains are
ejected in jets from point sources of different strengths distributed in extended
areas of activity on the nucleus surface. These jets can have discrete or continuous
cross-sections. The inner coma is interpreted as jets superpositioned around the
nucleus body. The detailed steps to construct an inner dust coma of multiple
jets will be explained and the physical consequences of the approach will discussed
subsequently.

5.1 Gas Dust Interaction Region

It was recognized as early in the mid 1930s that gas outflow plays an important
role in the cometary dust production process. In early treatments of the gas-dust
interaction it was assumed that the dust drag coefficient was independent of the
gas parameters and that the gas velocity was constant in the dust acceleration
region (Whipple, 1951; Huebner and Weigert, 1966).

In the late 1960s the assumption of a constant gas velocity was dropped by intro-
ducing a two component treatment of the gas-dust interaction (e.g., Probstein,
1969). It was assumed that heavy dust grains have no thermal motion and collide
only with gas molecules. It was pointed out that the gas’ mean free path was

69
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much larger than the dust particle dimensions. Consequently the gas flow could
be considered to be free molecular relative to the dust component. In Probstein’s
dusty-gas dynamic treatment, the traditional gas energy equation was replaced
by a combined dust-gas energy integral. He assumed a single characteristic dust
size (a = 0.5 µm) and neglected any external dust or gas heating in the interac-
tion region. Later Hellmich and Keller (1980) pointed out that dust grains can
be heated significantly in the inner coma by multiple-scattered solar radiation.

Hellmich (1981) and Gombosi et al. (1983) included in their calculations a dust
size distribution and could demonstrate that Probstein’s single size approxima-
tion and their results showed significant differences. Gombosi et al. considered
as first step, the outflow of gas and dust into an empty coma until the system
reached steady state. The sublimating surface was replaced by a reservoir of sta-
tionary perfect gas. The surface of this reservoir was covered by a thin layer of
friable dust according to the friable-mantle model of Horanyi et al. (1984). The
gas leaves the reservoir through the friable mantle and starts to carry away dust
grains. The outer surface temperature is higher than the sublimation tempera-
ture at the bottom of the layer. Gombosi et al. described the outflow following
the concept of a Laval nozzle with an effective-cross section that varies with dis-
tance from the nucleus, reaching its minimum at the sonic point. This approach
also provided for a non-steady state solutions and hence descriptions of the onset
of outbursts.

Hellmich (1981) further examined how the gas and dust production rates could be
influenced by radiation transfer in the coma. The radiative transfer problem in a
dusty cometary coma is far from simple and has been investigated by a number
of groups using different methods, e.g. Hellmich and Keller (1980); Marconi and
Mendis (1984). Marconi and Mendis (1986) investigated the effects of the dust
thermal radiation on the energetics of the neutral gas.

Modeling efforts have shown that the spatial extent of the gas-dust interaction
region is limited to less than ∼ 30 Rn (see Keller, 1983; Mendis, 1983). Gas
particles typically spend about 100 s in this region. This time scale is too short
for any significant change in the chemical composition of the gas. Thus a single
- fluid dusty hydrodynamical approach is adequate for describing the dynamics
of the gas-dust interaction region.

The gas dynamic outflow in two dimensions has been considered by Kitamura
(1986 & 1987) who simulated symmetric jets of gas loaded with dust emanating
from active source regions. He investigated different activity distributions consid-
ering inactive areas and uniform weak outflow from areas surrounding the active
source regions. The jet-like structure was followed out to around 100 km from
the nucleus. The anisotropy produced by the gas jet smooths out beyond this
distance and the coma becomes isotropic.
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A further, more recent, model is that of Crifo and Rodionov (1999) who modeled
the circumnuclear environment with multifluids whereby they grouped not only
gas and dust in two fluids but they also distinguished between different ”dust
fluids” depending on the dust’s nature. The nucleus is assumed to be homogenous
with a constant value of icy area fraction over its surface.

5.2 Inner Dust Coma Model Data Analysis Ap-

proach

To be able to study the dust emission in more detail, to constrain possible physics
behind it, and to determine the sources on the nucleus surface, a new analysis
method is introduced. Based on Kitamura’s hydrodynamic models of isolated
dusty gas jets, the dust emission is approximated as jets with a fixed opening an-
gle emitted from active regions on the nucleus surface. This is a simplified model
of the outgassing features, in which the dust emission is assumed to undergo
force free outflow within a fixed opening angle from individual sources. Thomas
et al. (1988) already suggested a similar approach with dust cones to explain the
intensity profiles around the nucleus of comet Halley. The observed emission of
superimposed dust jets emitted from an elliptical nucleus can be simulated and
compare with the resulting brightness distribution.

Jets are assumed to emit with a fixed opening angle from point sources distributed
over the nucleus. These multiple discrete sources themselves can appear to form
active areas. Due to the superposition of jets complex patterns are formed in the
coma. The attempt is to model the brightness map of the first 30 km around
the nucleus by fitting it with a number of discrete sources. This superpositioning
dust jet model (SDJM) is based on a linear algebraic idea, where each signal can
be written as a sum of weighted source terms depending on the opening angle of
the jets and their positions (Figure 5.1).

Thus a linear system of equations can be set up
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where two types of profile can be chosen for ρ, namely,
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• Cone profile:

ρ = 2 ·
∫ l

0

1

r2
dl (5.2)

whereby the cone opening angle has to be considered in r.

• Gaussian profile:

ρ = 2 ·
∫ l1 1

r2
· e−θ2

2σ2 dl (5.3)

The angle between the vector (source-signal) and the symmetry axis of the
jet is ϑ and σ is the full width half maximum (FWHM).

In Eq. 5.1, Q is the dust production rate and v is the dust velocity. The column
density, N , for a jet is defined: N = Q

4πv
· ρ.

Figure 5.1: The first ellipse represents the nucleus. The sources are situated on
the perimeter of the ellipse. The signals taken into the linear combination system
are equidistant to this ellipse. The signals shown here are placed every 10̊ away
from each other.

By solving the linear system, Eq. 5.1, a n-vector Q
4πv

is obtained which gives
information about the ratio of the production rate to the outflow velocity. The
right-hand side quantities of the linear system are the signals of the MICAS
images along one equidistant envelope around the nucleus (Figure 5.1 and Figure
4.6). This approach attempts to place constraints on hydrodynamic models by
direct analysis of the data in a simple and rapid way. With the solution of the
linear system the position and Q/v values of the dust emission on the nucleus are
obtained. These inputs can then be used to produce a simulated image of the
inner coma.
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5.3 The SDJM with Discrete Dust Cones

The simulation of the dust ejection with cones is described schematically in Fig-
ure 5.2. The emission cones were placed at equal angular distances (e.g. 10̊ ,
20̊ , etc.) and with fixed half-opening angle around the nucleus. Depending on
the opening angle and the location of the dust jets, a linear system according to
Equation 5.1 can be set up and solved for the groups of input parameters which
have been applied.

Figure 5.2: An example of three dust cones which are ejected from the nucleus
surface. The emission sources are lying below the nucleus boundary, simulating
active areas lying closer to the center nucleus in projection. The subsequent cones
are placed at equal angular steps around the nucleus (marked with the arrow).

Several simulations were run with different combinations of input parameters
and assuming constant dust outflow velocity. The simulations with half-opening
angles between 10̊ - 40̊ were able to reproduce most features, e.g., the main
jet, the nightside dust and the fans if the input signal is chosen between 2 - 5
km away from the projected edge of Borrelly’s nucleus. Using dust cones of 10̊
half opening angle leads to resolved structures (Figure 5.3) which requires higher
angular resolution (i.e. more sources). A better fit is obtained with larger half-
opening angles, e.g. 20̊ to 40̊ (Figure 5.3 left). However, the linear system of
equations forces an almost perfect fit at the distance from the nucleus where the
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signal from the image is taken from to solve the system. One can only judge the
accuracy of the solution by then extrapolating the resulting cones to simulate the
whole image.

When the extrapolation is made, one discovers severe difficulties. Firstly, the
cones become resolved close to the nucleus. Secondly, adjacent cones can give
alternately positive and unphysical negative values indicating instability in the
solution. The extrapolation to larger distances then fails badly to match the
observations. Discrete cones are therefore a poor approach.

Figure 5.3: The image on the left is the brightness distribution of the simulated
dust coma (blue line) and the observed one of Borrelly at 3 km above the nucleus.
The half opening angles of the cones are 30̊ , the sources are situated 2̊ (equal
angle step) away from each other. The input signals have been taken at 3 km
above the projected nucleus surface. The image on the right side results from the
simulation considering a dust cone of 10̊ half opening angle. The sources are
placed at 2̊ away from each other and the input signal height is 3 km.

5.4 SDJM with Gauss-Profile Jets and Acceler-

ation

Because the interpretation of the dust emission with discrete cones did not give
satisfactory results, Gaussian profiles have been used as an alternative. This ap-
proach reproduces the main emission features well, giving no resolved structures
even with an opening angle of 10̊ FWHM. Figure 5.4 gives the results of a dust
coma structured by Gaussian jets with a FWHM of 10̊ and an angular sepa-
ration of 10̊ for the sources. The linear system constrains the model to fit the
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Figure 5.4: The contour of Borrelly on mid 3.2 and of the SDJM with Gauss-
profile jets. The FWHM is 10̊ and the jets are positioned 10̊ away from each
other around the nucleus. The jet sources are 1 km away from the projected
margin of the nucleus.

Figure 5.5: The brightness distribution of Borrelly (black line) and the SDJM
(blue line) at 10 km above the nucleus surface.
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observed intensity at 3 km above the nucleus. On the contour plot it is recog-
nized that the main jet of the SDJM is less collimated than the one of Borrelly.
This can be explained by the construction of the observed main jet. The main
jet comprises several components (the α and β jets) which merge non-radially
into one prominent dust emission. This means that the dust does not leave the
nucleus along a trajectory orthogonal to its surface. This assumption is made in
this “ideal”-case model.

The dust fans at the lower and upper tip of the nucleus could not be reproduced
with this combination of free parameters (i.e. FWHM and source distances). The
sources are too far from each other or the opening angle is too narrow.
The brightness of Borrelly’s coma is higher close to the nucleus than in the model.
At greater distances from the nucleus (> 8 km) the brightness distribution of the
real comet is lower (see Figure 5.5). A big difference can be seen between the
observed and the simulated feature on the “night side”. The model’s

∮
Ids is

almost constant which suggests that the deviation from a point source is not an
adequate explanation for the observed behavior at Borrelly. Other physics must
be included.

5.4.1 SDJM with dust acceleration

The next step was to consider acceleration of dust particles in the SDJM. This
has been done by inserting a variable dust velocity in the integral described in
Equation 5.3. The velocity values presented in Figure 4.15 have been applied.
The dust velocity of grains with radius ≈ 0.5 µm has been used. The resulting
dust coma is given in Figure 5.6. The contour plot shows the observation and the
model result. The sources are positioned 12̊ away from each other. Sources are
placed on the surface of the ellipse and also 1 km inside the ellipse (simulating
sources closer to the nucleus center in projection). The sources of the jets located
on the outer margin of the projected nucleus(= 0 km) have 30̊ FWHM, those 1
km inside the ellipse have a FWHM of 15̊ .

The collimated shape of the main jet on the sunward side is well fit with these
parameters. The fit of the dust fans and the nightside feature has been improved
in this approach. However, it can be recognized that in the observations the dust
fans on the tip of the nucleus smooth out with increasing distance to the nucleus.
However, this emission features are still recognized distinctly in the model.

The brightness radial profile of Borrelly and the SDJM along the main jet and the
nightside are plotted in Figure 5.7. The profile along the main jet of the model
fits the observed one, showing the constant outflow behavior at higher distances
and decrease closer to the nucleus indicating deviation from a point source. In
the first 3 km away from the nucleus center the model’s profile show a steeper



5.4. SDJM WITH GAUSS-PROFILE JETS AND ACCELERATION 77

Figure 5.6: Modeling the dust coma (solid line) with two Gauss-jets of different
FWHM, 30 and 15̊ , and acceleration. The velocity values has been taken from
Figure 4.15 with considering the values of particles of 0.5 µm size. The jet
sources are positioned at 0 and -1 km away from the nucleus projected margin,
respectively. The contour of SJDM simulation is overplotted by the observed
dust coma of Borrelly seen on mid 3.2.

slope compared with the observed one. This can be explained with the assumed
elliptical nucleus of the model and the irregular shape of Borrelly’s actual nucleus.
Straylight also influences the observed intensity. This will be discussed later. On
the other hand, the decrease of Borrelly’s profile with increasing distance to the
nucleus on the night side could not be reproduced by the model.

Figure 5.8 gives the integrated intensity,
∮

Ids, of the SDJM and Borrelly. The
model’s

∮
Ids increases with decreasing distance to the nucleus surface only until

≈ 200 m away from the nucleus surface, afterwards its gradient goes to ∞. The
model appears to fit the observation well but there is a systematic difference.
The observed

∮
Ids increases continuously.

The
∮

Ids values of the model reaches a constant value at > 10 km away from the
nucleus, indicating constant free-radial outflow. The observation however shows
a steady decrease with distance. This deviation of the model and the observed∮

Ids might be expected if one considers the radial brightness profiles plotted
in Figure 5.7. The decrease of the radial profile on the nightside could not be
reproduced and thus the difference in

∮
Ids is clear.
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Figure 5.7: The radial profile of Borrelly (black) and the SDJM (blue) along the
main jet and on the nightside.

Many other input parameters, e.g. varying the source positions and the opening
angle, has been tested but the presented parameters provided the best fit.

One possible explanation for the steepening of the intensity profile could not only
be acceleration processes but straylight from the nucleus inside the camera. To
examine the contribution of straylight to the observed brightness, the Braille data
taken by MICAS have been used. Because asteroids are not surrounded by any
observable dust and gas coma, one should observe a sharp profile at their limbs.
Any deviation from this signal can be attributed to straylight. From the analy-
sis of the Braille images it has been deduced that straylight plays only a major
influence in the first 2 pixels away from the limb of the solid body. Here it has a
contribution of ≈ 10 - 30 % of the observed signal. Because this is the region of
strong

∮
Ids increase, the signal of Borrelly’s dust coma will decrease significantly

if the straylight contribution is subtracted. Nevertheless the observed
∮

Ids is still
higher than seen in the SDJM.

Halley’s inner dust coma has also been modeled with the SDJM without satis-
factory results. The decrease of Halley’s

∮
Ids, Fig. 4.7, with decreasing distance

to the nucleus could not be obtained. This could be explained with an optical
thick coma in the first 10 km away from the nucleus or particle fragmentation
into “optically large” sizes. Thus this approach can not be applied because the
dust emission cannot be traced back easily.

In summary Borrelly’s inner dust coma can be approximated by accelerated dust
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Figure 5.8: The integrated intensity of the model result presented in Figure 5.6
and Borrelly’s on mid 3.2.

grains emanated in jets from distributed point sources forming active regions on
the nucleus surface. The dust particles can not be entrained in distinct sharp
cones but in smooth jets with a peak density along its symmetric axis. The col-
limated main jet could be well generated with narrow jets, whereby the fans and
night side emission are better generated with broader jets.

The SDJM cannot reproduce all of Borrelly’s peculiarities. The intensity gradi-
ent on the anti sunward side cannot be modeled. This is a further evidence that
dust seen in projection in the nightside hemisphere is probably dust swept around
from dayside regions through lateral expansion (Keller and Thomas, 1989; Knol-
lenberg, 1994).

The solution of the linear equation still gives negative “source strengths”. If the
linear system is forced to render only positive values, the fit is changed for the
worse of model and observed brightness distribution. Fig. 5.9 gives the bright-
ness distribution at 3 km away from the nucleus for two SDJMs with Gauss-jets.
Both simulations have the same input parameters but the figure on the left in-
cludes the negative values of the linear equation system. The figure on the right
belongs to the simulation with only positive source strengths. It is recognized
that the main jet of the SDJM of the right figure is less collimated than the one
on the left. Also the dust fans could not be well reproduced and the nightside
brightness is higher. Therefore negative solutions of the linear equation system
are indicative of departure from assumed Gaussian profiles.
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Figure 5.9: The brightness distributions of the SDJM with jets of 20̊ FWHM and
the observed brightness distribution at 3 km away from the nucleus. The sources
are 10̊ away from each other. The left plot shows the simulation including
positive and negative source strengths. The plot on the right belongs to the
model with the solutions of the linear equation being forced to be positive.

The increase of
∮

Ids close to the nucleus surface indicates not only dust accel-
eration. A noticeable increase of

∮
Ids with superpositioned jets of two opening

angles has been obtained. However, the magnitude of this increase could still not
match the data. This might be explained by particle fragmentation into optically
small particles or differences in the assumed acceleration. If fragmentation oc-
curs, then the question arises why this process only takes place in the first 200 -
800 m away from the nucleus. It seems questionable whether fragmentation can
take place already within such short distance from the nucleus.



Chapter 6

Observations at Pik Terskol

The goal of the ground based observation campaign of comet Borrelly at the 2m-
Zeiss telescope at the Pik Terskol observatory was to place the DS1 encounter
observations into a broader context. Compared with the in situ data, which reveal
a nucleus vicinity dominated by anisotropic dust emission, the remote data pro-
vide images of a coma out to a distance of 103 km. These images give a view of
a region, where the resolved emission features in the circumnuclear environment
have already “dissolved” into a broader dust cloud, in which different forces begin
to dominate the motion of the dust grains.

This chapter will deal with the analysis of the Earth-based observation data. First,
the normalized brightness map of Borrelly taken with different filters will be pre-
sented. The radial profiles have been examined for departure from the 1/ρ law.
The dust production in terms of Afρ has been determined. In addition the color
of the dust has been analyzed, giving further information about the spatial dust
size distribution. Finally the morphological peculiarity of Borrelly has been ex-
amined. For this purpose, a special processing technique has to be employed to
enhance possible asymmetries, which could have their origin in the anisotropic
dust emissions seen on the encounter images.

6.1 The Outer Dust Coma and Tail of Borrelly

The observations have been described in chapter 2. To give an overview of the
brightness of Borrelly’s dust coma, the continuum images taken with the narrow-
band filters have been normalized with the mean solar disk intensity, i¯. Unfor-
tunately only the images of Borrelly in the nights of September 19/20 and 20/21
could be used here. The images taken at the time of DS1’s encounter, September
21/22, were disturbed by dense clouds and do not give any useful information.
Some of the images contain some very extended bright patches. These are the
star trails which could not be removed without influencing the original source
data.

81



82 CHAPTER 6. OBSERVATIONS AT PIK TERSKOL

Figure 6.1: Two representative continuum images taken in the blue range (IF444)
normalized by the mean solar disk intensity for two subsequent nights (September
19/20 & 20/21, 2001). The distances were transformed from equal angular sizes
to km. The lower color bar shows the intensity scale. Celestial North is at the
top and East to the left.

Figure 6.2: Two representative continuum images taken in the visible range
(IF526) normalized by the mean solar disk intensity for two subsequent nights
(September 19/20 & 20/21, 2001). The intensity scale of the images follows the
color bar in Figure 6.1.
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Figure 6.3: The brightness of the dust coma on September 21, 2001. Its intensity
scale of the image follows the color bar in Fig. 6.1. The shape of this dust coma
appears to be less elongated than the shape on the other images, which can be
explained by O1D molecules. Celestial North is at the top and East to the left.

Figure 6.4: The red continuum (IF642) images normalized by the mean solar disk
intensity. The distances were transformed from equal angular sizes to km.
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Figure 6.1 shows calibrated brightness images in the blue continuum from two
nights. The intensity scale of all images is presented by the logarithm of 10−15 ×
the mean solar disk intensity. The color table repeats if the intensity exceeds 2.8
·10−15 mean solar disk intensity. This provides a better insight into the region in
the center of about 20 ·103 km away from the nucleus. The same procedure has
been applied to the continuum images taken with the IF526 (see Fig. 6.2), IF631
(see Fig. 6.3) and IF642 (see Fig. 6.4) filters.

The dust coma of Borrelly has in all continuum images an elongated shape with
a peak pointing in projection towards the Sun. The projection of the Sun-comet
vector is situated at ≈ 18̊ above the horizontal line and to the left. The averaged
extension of the coma is around 80 ·103 km in length and 40·103 km in width.
The observations on September 21 show a more prominent dust tail than that
on the day before, probably indicating an increased dust production. Apart from
this increased intensity of the tail structure, no further dominant variability can
be recognized. A peak intensity between 2.5 - 4 ·103 × the solar disk intensity
×10−15 is observed on every image in a region of ≈ 2-3 ·103 km away from the
center of the coma. Comparing to the similar shape of the coma in the IF444,
IF 526 and IF642 images, the IF631 image appears to have a spherical shape
superimposed over mentioned elongated form. This is because of the emission of
of O 1D at 630.8 nm.

6.1.1 The O 1D emission

The intensity of O 1D can be derived from the continuum images of IF631 and
IF642. The brightness observed with the IF631 filter is composed by the bright-
ness of the O 1D molecules and the continuum brightness

I631 = I[OI] + Icont (6.1)

Assuming that the brightness of the dust coma emitting at 641.6 nm is similar like
the one at 630.8 nm without any contribution of this O1D molecule, its intensity
can be derived by

I[OI] = I631 − Icont = I631 − I642 (6.2)

Figure 6.5 gives the subtracted image of O 1D from the two continuum images.
A slightly higher column density of O 1D on the sunward side can be recognized,
indicating an asymmetry of the emission of the parent species, H2O and OH. A
stronger asymmetry of gas emission on Borrelly’s sunward side has been detected
by Schleicher et al. (2003) for CN. This indicates an anisotropic emission of CN
and O 1D on the sunward side.
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Figure 6.5: This O 1D frame has been continuum subtracted. The resulting image
is essentially only O 1D emission. The image comprises a region of 130 ·103 km
along the x- and y-axis, with North at the top and East to the left.

6.1.2 The Radial Dust Profile

To investigate any trends of the dust outflow with aperture size (such as devia-
tions from free radial outflow) the normalized intensity has been plotted versus ρ.
Thus the gradient of this radial profile of the coma should equal -1 in a log-log fit.

Figures 6.6, 6.7, 6.8 and 6.9 show the radial normalized intensity as a function of
the projected radial distance to the comet’s supposed nucleus along the sunward
side direction, the tailward side direction and as average over the whole azimuth
of 2π. The sunward side and tail profile are medians of a 10̊ wedge centered on
the measured peak direction and in the opposite direction.

The profiles on all plots decrease monotonically with increasing aperture. How-
ever the gradient of the fall-off is not constant along all distances. The intensity
curve flattens below about 3 ·103 km from the center. This can be explained with
seeing, telescope tracking and the spatial quantization on the image by the CCD
pixel grid (Jewitt and Meech, 1987). At higher distances the gradient steepens.

As expected, the radial profile along the sunward side is higher than the one along
the tail. On all plots, a rather steep gradient for this direction can be recognized.
This steep gradient is indicative of acceleration of the dust grains by radiation
pressure. In comparison the tailprofile follows the 1/ρ fall-off constantly until
an aperture size of 3 · 104 km. The averaged profile follows in a limited region
between ≈ 3 - 7 ·103 free radial outflow behavior, and further it decreases faster
because of the contribution of the sunward side and the one perpendicular to the
sun-comet line, where radiation pressure dominates.
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Figure 6.6: The dust intensity of the IF444 images with respect to the mean solar
disk is plotted versus the projected radial distance from the comets center. The
straight line with a slope of -1 represents the 1/ρ behavior of the dust outflow. The
symbols denote measurements of the sunward (+), tailward (4) and azimuthally
averaged (♦) profiles.

Figure 6.7: The radial dust profiles of the IF526 images. The straight line repre-
sents the 1/ρ behavior of the dust outflow. The sunward side: (+), the tailward
side: (4) and the azimuthally averaged profile: (♦).
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Figure 6.8: The radial dust profiles of the IF631 images. The straight line repre-
sents the 1/ρ behavior of the dust outflow. The sunward side: (+), the tailward
side: (4) and the azimuthally averaged profile: (♦).

Figure 6.9: The radial dust profiles of the IF642 images. The straight line rep-
resents a 1/ρ behavior. The sunward side: (+), the tailward side: (4) and the
azimuthally averaged profile: (♦).
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6.1.3 Color of the Dust

Variations among the continuum colors of the comets at a given wavelength are
significant and not correlated with heliocentric distance, phase angle or mass-loss
rate. The color differences seem to result from intrinsic differences among the
grains in different comets, (Jewitt and Meech, 1986).

Figure 6.10: Color maps of the dust distribution on September 20, 2001 and
September 21, 2001.

To facilitate a comparison of measurements which are obtained with different
filters one may use a reddening factor of % reddening per 1000 Å (A’Hearn
et al., 1984; Jockers, 1997). If B and R are the filters, and λB and λR the
corresponding wavelength in Å, the reddening percentage can be obtained from
following equation:

S ′(λB, λR) =
IB − IR

λB − λR

× 2000

IB + IR

(6.3)

IR and IB are the intensities (relative to the Sun) at the wavelengths, λR and λB.
The pairs of red and blue images from each particular night were use to produce
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color maps of the dust continuum.

To improve the signal-to-noise ratio on the color maps, some preprocessing steps
were performed. A mask was created with values equal to 1 where the image
contains signal greater than 1σ of the sky background and 0 elsewhere. The
masks for the pair of blue and red images are multiplied with each other and
a final mask was obtained. The blue and red images were multiplied with this
mask. To obtain the color map, Equation 6.3 has been applied. The results of
this procedure are presented in Figure 6.10, which shows the dust color obtained
from the IF444 and IF526 filters or IF526 and IF642 filters.

The systematic differences among the standard stars images were ≈ 0.23 % from
4445 Å to 6425 Å wavelength. Therefore the gradient errors were ± 0.11 % per
1000 Å.

Grains, which are small compared to a wavelength satisfy the Rayleigh approx-
imation. Thus the scattered radiation is relatively blue. For larger grains the
scattering efficiency falls from the maximum towards the large-particle limit and
scattered radiation in this regime is relatively red (Jewitt and Meech, 1986).
Thus reddening is indicated by S ′(λB, λR) > 0 and blue scattered radiation by
S ′(λB, λR) < 0.

Figure 6.11: The reddening profile derived from IF444/IF526 (♦) and
IF526/IF642 (4) of September 20, 2001 along projected distance from the nu-
cleus. The negative distances denote the sunward side and the positive distances
the tailward side.

The color maps for the filter pairs IF444/IF526 and IF526/IF642 are presented
in Figure 6.10 for the two nights of Sept 19/20 and 20/21, 2001. The reddening
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of Borrelly’s dust coma is very low with values < 2 %/1000 Å and an average
value of ≈ 0.5 %/1000 Å. In the range of 20 ·106 km away from the nucleus the
reddening of the scattered light is around 0.5 %/1000 Å with values going below
zero, indicating blue scattering. The reddening increases at distances > 20 ·106

km away from the supposed position of the nucleus.
Compared to other comets (notably Halley) Borrelly’s coma is therefore dom-
inated by small grains. The outer margin of the dust coma, the envelope, is
popularized by bigger particles. Because there is a maximum radius which will
reach the maximum apex distance.

The S ′(4445, 5265) of the two nights do not show any significant changes. The
same behavior has been observed for the S ′(5265, 6426) image of September 20,
2001. But significant differences can be recognized for the S’(5265,6426) of the
subsequent night, which reddening varies only around 0.2 %/1000 Å. Again this
is very low for comets.

6.1.4 Dust Production Rate

The dust activity of a comet, measured in terms of the quantity A(θ)fρ has been
introduced in Equation 4.7. Following this equation, the Afρ values of Borrelly
seen from the Earth for the IF444, IF526, IF631 and IF642 images have been de-
rived (Table 6.1). To obtain the albedo-filling factor product (Eq. 4.5) a straight
line with a slope of -1 has been fitted to the log-log plot of the intensity versus
the projected radial distance (Fig. 6.6 - 6.9).
To derive the dust production rate, the values between ≈ 3 − 8 · 103 km of the
averaged profile have been used, because they follow the 1/ρ profile. This line is
plotted on all images.

The Afρ at λ = 443.5 nm and λ = 525.5 nm ranges between 400 - 500 cm,
while the Afρ at the longer wavelength of 641.6 nm is higher with an average
value around 600 cm. Apart from the Afρ value derived from the IF526 images
no variations can be recognized in the two nights. This is somewhat surprising
because of the more pronounced dust tail on 21th September.

Schleicher et al. (2003) derived Afρ values between 400 - 500 cm for the en-
counter period of DS1 and Borrelly. This agrees well with the value obtained
from the Pik Terskol data.

6.1.5 Morphological Features

To enhance the visibility anisotropic emissions in the coma, the images have been
processed by converting the image of the comet to a (r,θ)-plot, an azimuthal plot
of the coma with increasing distances, r, to the nucleus. Each horizontal line
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Data Date Afρ [cm]
BOR44401 Sept. 20 432 ± 2
BOR44402 Sept. 20 436 ± 9
BOR52601 Sept. 20 416 ± 15
BOR52602 Sept. 20 453 ± 8
BOR64201 Sept. 20 600 ± 16
BOR64202 Sept. 20 588 ± 8
BOR44401 Sept. 21 403 ± 11
BOR44402 Sept. 21 417 ± 7
BOR52601 Sept. 21 482 ± 20
BOR64201 Sept. 21 584 ± 22

Table 6.1: The Afρ values determined from the continuum images of the Pik
Terskol data set with the standard deviations.

of the (r,θ) representation was then normalized to the maximum and minimum
values along this line (A’Hearn et al. (1986). This procedure removes all radial
variations. Afterwards the plot is converted back to the conventional image for-
mat.

The results of this procedure applied to the Pik Terskol data are shown in Fig-
ures 6.12 and 6.13, which are representative for all images taken in this campaign.
Celestial North is at the top of all images, and East is on the left in all images.
The Sun direction is defined.

A dominant dust emission on the sunward side is visible on all processed images,
while a fainter enhanced dust “fan” is seen on the opposite direction. The strength
of the second feature varies from image to image. It can be well recognized on
the images taken with the IF526 and the broadband RX filters, but less strong
on the IF444 and IF642 images. There are no spiral shapes identified in this
dust emission which could be attributed to rotation. An averaged position angle1

of ≈ 92̊ has been obtained for the sunward side emission. Its width is around
30̊ whereby the emissions on the IF642 images have a lower width of ≈ 25̊ .
There are no variations in the width observed between the two subsequent nights.

Because of the narrow and straight appearance of the sunward side emission,
it has been concluded that the dominant emission is emitted closed to the pole
of the nucleus. This has been reported by Sekanina (1979), Fulle et al. (1997)
and Schleicher et al. (2003). This evidence points to a correlation between the
dominant sunward emission peak seen from the Earth and the main jet observed
on the MICAS images.

1Position angles are measured from 12pm counter clock wise
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Figure 6.12: The azimuthal median technique has been applied on the broad
band images to enhance Borrelly’s in evident dust asymmetries. The left image
was taken on the September 21, 2001. The right image was taken one night
later, September 22, 2001. A strong linear dust stream pointing to the Sun is
recognized on both images and a fainter dust stream on the anti sunward side.
The projected direction of the Sun is indicated by the yellow arrow. North is on
the top of the images and East on the left.

Figure 6.13: These images are processed by taking the IF642 images on the
September the 20, 2001 and September, 21, 2001. The main dust emission on
the sunward side is also identifiable on these images, whereby a small amount of
dust is seen on the night side comparing with the RX images in Figure 6.12. The
projected Sun’s direction is indicated by the yellow arrow. North is on the top
of the images and East on the left.



Chapter 7

Model of Outer Dust Coma and
Tail

The emission of dust from a comet’s nucleus and its acceleration by expanding
gas in the circumnuclear environment have been treated in a number of theoretical
works and with the linear system model, which have been introduced in chapter
5. But this process takes place within a domain which is not resolved in ground
based imaging.

Farther out, where ground based resolution becomes adequate, the grain flow can
be modeled by radial expansion, influenced by solar radiation pressure. Although
the emission of material from the nucleus is not spherically uniform, the result-
ing deviation from symmetry in the inner coma tends to be small but nevertheless
measurable.

The purpose of this chapter is to compare the Pik Terskol data with a model
describing the outer dust coma and tail whereby the peculiar anisoptropic shape
of Borrelly will be included. The first section will describe the physics acting on
the dust particles after they have de-coupled from the gas. The orbital calculations
of the particles will be explained. Afterwards follow the results of the model and
the comparison with the observational data.

7.1 Model of the Dust Coma and Tail

After being released from the nucleus surface (section 5.1), the dust grains travel
through a region where gas and dust interact. At about 300 km of cometocentric
distances (Gombosi et al., 1986) the gas and dust become decoupled and both
components approach their terminal velocities.

Beyond a distance of a few times 1000 km from the nucleus the influence of
solar radiation pressure (FR) on micrometer-sized particles becomes increasingly
evident in the particle motion (Whipple, 1950).
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For a spherical dust particle of radius a and density ρd at a heliocentric distance
r, the two acting forces, radiation pressure and solar gravity (FG), are expressed
as

FG =
GM¯

r2

(
4

3
πa3ρd

)
(7.1)

FR =
Qpr

c

(
L¯

4πr2
πa2

)
(7.2)

where L¯ is the solar luminosity and c is the speed of light. The efficiency factor
for radiation pressure is expressed by Qpr.

Qpr = Qsca

(
1

ω
− 〈cos θ〉

)
(7.3)

where θ is the scattering angle. The term 〈cosθ〉, also called the asymmetry
parameter (Bohren and Huffman, 1983), accounts for the anisotropy of the scat-
tered radiation. For forward scattering of the incident radiation 〈cosθ〉 = 1; for
isotropic scattering 〈cosθ〉 = 0 while back scattering would have 〈cosθ〉 = -1. The
parameters Qsca and ω denote the efficiency factor for scattering and the single
scattering albedo, respectively. Qpr depends on the particle radius a, the wave-
length λ and the material properties of the dust (Burns et al., 1979; Hellmich
and Schwehm, 1983; and Chapter 3).

Since both forces, FG and FR, are radial, opposite and vary with r−2, a dust
particle will follow a Keplerian trajectory corresponding to a reduced “effective”
gravity field (1− β)FG where

β =
FR

FG

= 0.585× 10−4kg m−2Qpr

ρa
(7.4)

is called the acceleration ratio. β does not depend on the distance from the Sun
but only on particle properties.

The concept of the outer dust coma model is to follow the dust orbit after it
has been released from the nucleus. The dynamical theory of the dust trajectory
will be introduced in the following section. The parameters used for all models
are the same. Nd ×Nn ×Nt samples of dust grains are considered, whereby Nd

is the number of dust sizes considered in the simulations, Nn denotes the num-
ber of grains of a fixed size either emitted uniformly or anisotropically according
to the emission features, and Nt is the number of time interval of the dust ejection.

In the model Nn particles are emitted into a randomly distributed direction, ei-
ther isotropically or within a 3D-Gaussian cone with assumed orientation and
FWHM. It has been shown in the previous chapter that Borrelly’s dust emission
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is characterized by a dominant jet, which is ejected close to the pole in the sun-
ward direction. This jet is initially assumed to explain the elongated dust coma
seen on the Earth based observations (see Chapter 6). To include this emission
in the outer dust coma and tail simulation the cone will be positioned at the
nucleus rotation pole.

The model includes a particle size range of 0.1 µm to 5 mm. The latter is the
largest grain which can be lifted from the nucleus surface. This size range has
been divided into 85 size bins (Nd) and Nn = 200 particles are emitted per size
bin in equidistant intervals of the comet’s true anomaly. In each simulation the
emission starts 60 days before the date of observations, and 200 emission events,
Nt, are considered. The particle sizes are distributed according to Equation 3.25.

The simulation provides the spatial distribution of the number of particles N pro-
jected on sky plane for 85 particle size bins. To calculate the surface brightness,
B(x, y), from this spatial distribution, the particle number distribution has to be
combined with the particle size distribution, n(a) (Eq. 3.25), and the brightness
of the particles, Qscaπa2P (θ), so that

B(x, y) ∝
∫ amax

amin

QscaΦ(θ)Nπr2n(a)da (7.5)

(Bonev et al., 2001). Φ(θ) is the phase function at the scattering angle θ of the
observations. Qsca has been calculated for an ensemble of non-spherical particles
between amin = 0.1 µm and amax = 0.005 m and a size distribution n(a). Φ(θ)
and Qsca are presented in section 3.4.4.

7.1.1 Theory of Motion

The orbit of the dust grains can be solved by the inverse problem of Kepler’s
equations. If ~r and ~̇r (=~v) are given at some time t = t0, the orbital elements
of the dust trajectories can be computed and the location of the grains can be
propagated for any time. The semimajor axis of the dust particles is

1

a
=

2

|~r| −
|~̇r|2

µGM¯
(7.6)

µ = 1 − β describes the reduced gravitational force on the particles. If a > 0
then the orbit is an ellipse. If a < 0 then the orbit is a hyperbola. The angular
momentum per unit mass, ~L, is equal to the cross product of the heliocentric
radius vector and the velocity vector at the apsidal endpoint: ~r×~v. The angular
momentum is a conserved quantity and the components of ~L are constant for the
entire transfer orbit, see, e.g. (Taff, 1985).
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


Lx

Ly

Lz


 =




yvz − zvy

zvx − xvz

xvy − yvx


 = L




sin i sin Ω
− sin i cos Ω

cos i


 (7.7)

Two intermediate quantities are obtained

p =
L2

µGM
(7.8)

q = ~r · ~v = xvx + yvy + zvz (7.9)

The eccentricity of the orbit is defined as

e =
(
1− p

a

) 1
2

(7.10)

thus the eccentricity < 1 if the orbit is an ellipse and > 1 if it is hyperbolic. If
the orbit is an ellipse, the eccentricity can be written as

ex = 1− r

a
= e cos E (7.11)

ey =
q√

aGM
= e sin E (7.12)

The inclination i is obtained by solving Equation 7.7

i = arccos
(

Lz

L

)
(7.13)

similarly to the longitude of the ascending node, Ω, can be found from

Ω = arctan

(
Lx

−Ly

)
(7.14)

The next element which need to be determined is the argument of perihelion, ω.
For this the true anomaly, θ, will be required.

θx =
L2

rµGM
− 1

θy =
Lq

rµGM

θ = arctan

(
θy

θx

)
(7.15)
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Now the following intermediate relations are introduced:

cos(ω + θ) = (x cos Ω + y sin Ω)/r
If i = 0 or i = π then sin(ω + θ) = (y cos Ω− x sin Ω)/r
If i is neither 0 nor π then sin(ω + θ) = z/(r sin i)

and the argument of perihelion is obtained via

ω = arctan

(
sin(ω + θ)

cos(ω + θ)

)
− θ (7.16)

where θ is the true anomaly of the object’s current position in its orbit. The true
anomaly is zero at perihelion, but it will be π radians at aphelion. ω has to be
corrected to the interval [0, 2π) if necessary.

Finally the time of perihelion passage, T , is needed. For that the mean motion
is defined as

n =

√
µGM

a3
(7.17)

whereby n has to be adjusted depending if it is a ellipsoid or a hyperbolic orbit.

Elliptical orbits

If the orbit is an ellipse, the eccentric anomaly, E, is found from

E = arctan
(

ey

ex

)
(7.18)

and the mean anomaly, M , is found from Kepler’s equation:

M = E − e sin E (7.19)

T is the perihelion passing time and can be also derived by Kepler’s equation

T = t− M

n
(7.20)

the unit of the mean motion [rad/day] or [rad/s] should be chosen according to
the time units used for T and t.

Hyperbolic Orbits

If the orbit is a hyperbola, the “eccentric anomaly” is found from

H = arccosh

(
e + cos θ

1 + e cos θ

)
(7.21)
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The mean anomaly is derived from the hyperbolic analogue of Kepler’s equation

M = e sinh H −H (7.22)

and the time of perihelion passage, T , is obtained by the same relationship used
for the elliptical orbit (see Eq. 7.18).

When all orbital elements (a, e, i, ω, Ω and T ) are known, the position of each
particle at a given time t can be propagated with its Keplerian motion. The
position vector ~r at time of emission, te, of the dust grains is assumed to be the
position vector of the cometary nucleus at time te. The dust grain velocity vector
~Vd of a given grain size is calculated by the relation taken from Fulle (1989).

~Vd = ~Vc + v(1− µ)(1/k) ~uq; q = 1...Ns (7.23)

where ~Vc is the Keplerian velocity vector of the cometary nucleus, ~uq denotes
the unit vector along the ejection velocity and v the dust ejection velocity. v
is considered to be the terminal velocities given in Figure 4.15. k should range
between 4 to 6 as discussed by Fulle (1989).

7.2 Model and Observation - a Comparison

To define the orientation of the sunward side dust Gauss-cone, the spin axis of
Borrelly has to be determined. Several authors have determined the pole orien-
tation of Borrelly and their results are in Table 7.1. They range between α =
225 ± 15̊ and δ = -10 ± 10̊ .

References α δ
Thomas et al. (2001) 233 -18

Samarasinha and Mueller (2002) 221 -7
Schleicher et al. (2003) 214.1 -5.7

Table 7.1: P/Borrelly’s spin axis determinations of several authors. (α, δ) are the
equatorial coordinates of the pole.

For the model of Borrelly, two dust grain compositions are considered: pure sili-
cate and silicate core-amorphous mantle particles. The main jet has been mod-
eled with a Gauss-cone, positioned 7̊ away from the pole orientation and with a
FWHM of 25̊ . Further two broader dust fans of 50̊ FWHM have been included.
They are 18̊ and 25̊ away from the pole. Figure 7.1 gives the contour plot of
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the observation, image BOR64201, and the simulated coma containing pure sil-
icate particles and Fig. 7.2 a coma of silicate core-amorphous mantle particles.
The particle’s porosity is P = 0.69. The contour plots have been normalized.
The images have been divided by their maximum brightness and multiplied by a
factor of 512. The scale of the contour plot follows 2x with x = 0...8.

The main jet, 25̊ FWHM, contributes with 40% and the two fans of 50̊ FWHM
with 30% each to the total dust coma. This combination could provide a reason-
able fit to the observed shape of Borrelly’s dust coma. The MICAS data gives
a 3:1 ratio of the projected dayside to nightside emission. The dayside contri-
bution is therefore ≈ 75%. A direct comparison cannot be made between the
contribution of the emissions for the ground-based observational model and the
one obtained from the MICAS data because the model did not include an night-
side “emission”. But for both cases, most of the dust grains are ejected from the
dayside.

To provide a reasonable fit and to obtain Borrelly’s characteristic sunward elon-
gation, the dust in the main jet have to be ≈ 1.4− 1.7× faster than the dust in
the fans. Further have the core-mantle particles to be faster than the pure silicate
particles for comparable sizes, because they are stronger influenced by the solar
radiation pressure than the pure silicate grains (Eq. 7.3).

A pole orientation of α = 235̊ and δ = -16̊ has been determined for the model,
which is in good agreement with the values of the other authors.

The observed inner dust coma is nearly isotropic and the sunward elongation of
Borrelly increases with increasing distance from the nucleus. It has been men-
tioned in the previous section that the center of the coma is not well resolved be-
cause of seeing, telescope tracking and spatial quantization of the images. There-
fore the model will show a steeper density gradient than the observed coma.

At the outer margin of the coma, the observed density gradient is steeper than
the model’s. The main influence for this could be attributed to the radiation
pressure acting on the dust grains. In this work Qpr has been considered to be a
constant value for all particles sizes. But it is known that the radiation pressure
depends not only on the dust composition but also on the grain radius (Burns
et al., 1979; Hellmich and Schwehm, 1983). Therefore an improved fit of the
modeled dust coma with the observed one will be expected for size dependent
Qpr.

Fig. 7.3 gives the distribution of the dust particles according to their size ranges
for the above mentioned Gaussian jet. The color coding refers to Σ, where Σ is
the total scattering area of the particles in each particular range of size. It can be
seen that the jet towards the sun is formed by particles between 1·10−7 - 1·10−5
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Figure 7.1: The contour plot of BOR64201 (—–) and the modeled dust coma (-
- -) of SiO4 particles with a gauss jet of 25̊ FWHM and 7̊ away from the pole
orientation. (α = 235̊ , δ = -16̊ ). The projection of the Sun-comet vector is ≈
18̊ above the horizontal line to the left.

Figure 7.2: The contour plot of BOR64201 (—–) and the modeled dust coma (-
- -) of SiO4 core-carbon mantle particles with a gauss jet of 25̊ FWHM and 7̊
away from the pole orientation. (α = 235̊ , δ = -16̊ ). The projection of the
Sun-comet vector is ≈ 18̊ above the horizontal line to the left.
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m which are also the fastest particles (1000 ≤ vd ≤ 160 m/s). The intermediate
size particles 70 ≤ vd ≤ 160 m/s also give a sunward fan, which is less collimated
compared to the smaller particles. The bigger particles and therefore the heaviest
particles generate a more isotropic dust coma 8 ≤ vd ≤ 70 m/s.

Figure 7.3: The distribution of dust silicate core-amorphous carbon grains at
three different size bins (1·10−7 - 1·10−5 m; 1·10−5 - 1·10−4 m and 1·10−4 - 5·10−3

m). The color coding refers to the total scattering area Σ. The direction of the
Sun, North and East are given.

In summary it can be said that the elongated dust coma of Borrelly, observed on
the Earth-based images can be attributed to the main jet seen on the MICAS
data. A Gaussian jet positioned closed to the pole orientation was able to repro-
duce the peculiar shape of Borrelly. A perfect agreement with the observations
could not be obtained. The MICAS data show that the emission distribution
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is more complex than assumed here and this obviously has influence on the ob-
served structure. Changes in the radiation pressure efficiency, Qpr, with grain
radius might also improve the fit.



Chapter 8

Summary and Conclusion

The dust coma of comet 19P/Borrelly has been analyzed based on images ob-
tained from the MICAS (VISCCD) onboard the Deep Space 1 spacecraft. Near
simultaneous ground-based observations were obtained from the observatory of
Pik Terskol, and have also been analyzed. To support the analysis, two models
have been developed which simulate the dust coma in the circumnuclear envi-
ronment. For comparison, data of comet 1P/Halley have been investigated in a
similar manner.

In MICAS data the inner dust coma is dominated by dust jets leaving the nucleus
surface. The dimensions and position angles of these jets have been determined.
The dust outflow has been investigated, whereby differences between Halley and
Borrelly were observed in the variation of brightness with distance. By inte-
grating around the nucleus a quantity,

∮
Ids, has been obtained, where I is the

intensity and s is the distance.
∮

Ids should be a constant for force-free radial
outflow of an optically thin, non-fragmenting dust emission. However, the quan-
tity decreases with increasing distance to the nucleus for Borrelly. In comparison
Halley’s

∮
Ids increases, indicating that different physical processes dominate in

the vicinity of Halley’s nucleus.

The analysis of the MICAS data combined with the Superpositioning Dust Jet
Model (SDJM) have shown that Borrelly’s dust emission can be understood as
dust jets emanating from active regions distributed on the nucleus surface which
form together prominent features such as the main jet, and the observed fans.
However not all dust features could be reproduced with the SDJM. The scheme
of fitting the emissions requires that the axis of symmetry of the individual jets is
normal to an idealized surface (ellipse). It is apparent that although the scheme
reproduces the inner coma fairly well, there are significant departures from the
assumption (i.e. jet structures which are not aligned parallel to the idealized
surface normal).

The dust on Borrelly’s nightside can be attributed to lateral dust flow being
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swept from the dayside (Keller and Thomas, 1989; Knollenberg, 1994), which
also would explain the observed differences between the nightside and dayside
radial profiles. Therefore SDJM is limited because its approach is based on dust
jets which are assumed to be ejected perpendicular or close to perpendicular to
the line of sight. However, SDJM is able to constrain the physics which influ-
ences Borrelly’s dust outflow. By including acceleration and superimposed jets,
the model could fit the observed

∮
Ids reasonably well and could constrain possi-

ble explanations for the increase of
∮

Ids with decreasing distance to the nucleus.
Particle fragmentation is not needed to explain the observed intensity profile in
the first km away from the nucleus. Dust acceleration contributes significantly to
the observed increase of

∮
Ids close to the nucleus surface, but the SDJM showed

that a combined effect of acceleration and distributed jets was able to fit best the
observations.

Halley’s inner dust coma could not be reproduced with the SDJM approach. This
can be explained by an optically thick inner coma and/or particle fragmentation
into optically “large” particles. Both these processes can explain the flattening
of

∮
Ids close to the nucleus surface. With a dust production rate of 2.17 ·104

kg/s derived by Keller and Thomas (1991) a maximum optical depth of about 1
was obtained < 1 km away from the nucleus. Beyond this distance the optical
thickness decreases continuously. The optical depth of the dust coma has been
calculated assuming an isotropic dust outflow. For a non radial-symmetric coma,
see Müller (1999), these values can change. However they are strongly dependent
upon the dust size distribution.

The Afρ (see section 4.3) of Halley at a distance of 600 km away from the nucleus
is about 1.8 ·104 cm. Considering a photometric error of ≈ 10% inherent in the
relative calibration of the data sets, it can be concluded that the value agrees
reasonably with the one obtained by Schleicher et al. (1998) for March 1986,
Afρ = 2.04 ·104 cm.

The expected reflectivity of Borrelly’s dust has been calculated for a given dust
production rate and compared with the observed reflectivity. A good fit of the
modeled reflectivity with the observed one has been obtained with dust produc-
tion rates between Qd ' 200 - 250 kg/s and particle porosity of P ≈ 0.86 for
silicate, core-mantle and 2-component mixed grains and the particle size distribu-
tion of Hanner et al. (1985). The good agreement between modeled and observed
reflectivity has also been obtained with Qd ' 300 - 350 kg/s and P = 0.68 for
the mentioned dust grain compositions. The former given porosity is in good
agreement with the one suggested by Li and Greenberg (1999) for Borrelly’s
core-mantle dust grains. The derived dust production rates agree well with the
values found by Lamy et al. (1998), Qd ' 185 - 215 kg/s, and Newburn et al.
(1989), Qd ' 335 kg/s for Borrelly.
With a dust production rate of 200 - 350 kg/s and a gas production rate of 3 ·1028
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molecules s−1 (Weaver et al., 2003), a dust to gas ratio of χ = 0.25 - 0.4. This
agrees well with the ratio of 0.4 derived in section 4.2.2.

The Afρ also has been derived for Borrelly from the in situ and from the Earth
observations. These values disagree by a factor of two. Given that an identical
approach for the analysis of comet Halley has been used, this is hard to explain.
Three possibilities are proposed.
Firstly, there may be a systematic calibration error in the MICAS images.
Secondly, the Afρ in MICAS data was measured at only 40 km from the nu-
cleus. The signal level beyond this distance was too low. For Halley, the value
of Afρ increased with distance from the nucleus out to around 100 km before
reaching a constant value. This was possibly caused by optical depth effects al-
though Thomas and Keller (1991) considered particle fragmentation as a more
likely reason based on the dust size distribution of McDonnell et al. (1990). In
the case of comet Borrelly, optical depth effects are unimportant. But particle
fragmentation may continue out to larger distances at Borrelly.
Thirdly, the lower Afρ value of Halley at distance within 40 km away from
the nucleus compared to the final value at 500 km could also be attributed to
anisotropic outflow, which also might play a role in the determination of the in
situ Afρ for Borrelly. Some combination of these three possibilities cannot be
ruled out.

The dust outflow along the main jet observed on the MICAS images can be
thought of as constant for the duration of the observation. Unfortunately, the
“far” images from MICAS, which should have given the dust coma up to 300
km away from the nucleus, are so poorly calibrated that an analysis of the data
cannot be performed. The resolution closer to the nucleus (< 3000 km) of the
Earth observations is also limited, but, in this case, of observational conditions.

The observed brightness in the inner dust coma could be well fitted with the
particle size distribution of Hanner et al. (1985). The SDJM was also able to
reproduce the increased

∮
Ids close to the nucleus surface with the dust velocities

of 0.54 µm grains, taken from the 2D-axissymmetric model of Combi and Tenishev
(2003).

The reddening of Borrelly’s dust coma is around 2 %/1000Å close to the center
of the coma which is an indication of the presence of small grains.

The observation of O 1D shows anisotropic emission towards the sunward side
suggesting that the dust jet anisotropy is driven by gas emission anisotropy.
Schleicher et al. (2003) reported an anisotropic emission of CN towards the Sun.
The source of CN is inferred to be dust (A’Hearn et al., 1995). Therefore a con-
nection between the elongated sunward dust emission, the CN and O 1D can be
inferred.
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Models of Borrelly’s dust coma seen from the Earth have shown that an anisotropic
dust emission of Gaussian profile is able to reproduce the observed elongated
shape of the coma. The pole orientation has been determined to be α = 235̊
and δ = -16̊ . The Gauss-jet is 7̊ away from the pole with 25̊ FWHM, points
towards sun direction and is supposed to represent the main jet observed on MI-
CAS. To be able to reproduce a similar coma shape like the one observed, two
further dust fans, also of Gaussian profiles but with 50̊ FWHM are needed. The
dust particles in the jet are about 2 times faster than the one in the fan emis-
sions. Still a best fit has to be achieved. An optimization of the fit is complex
and remains to be completed as future works.

Further modeling of the dust coma of comet Borrelly with better defined input
parameters will improve the characterization of its dust coma and add further
information to a broader understanding of cometary dust comae. But more in
situ data are needed to improve the understanding of the inner dust coma of a
comet and to allow a direct comparison with observations performed from the
Earth.

An improved knowledge of the dust environment is also necessary for ESA’s
cornerstone mission, Rosetta, which successfully lifted off from Kourou, French
Guiana, at 04:17 local time (08:17 CET) on March 2, 2004. It will reach comet
67P/Churyumov-Gerasimenko in 2014. The spacecraft comprises a large orbiter,
which is designed to operate for a decade at large distances from the Sun, and a
small lander. Each of these carries a large complement of scientific experiments
designed to complete the most detailed study of a comet ever attempted. After
entering orbit around comet Churyumov-Gerasimenko (C-G), the spacecraft will
release a small lander onto the icy nucleus, then spend the next two years orbiting
the comet as it heads towards the Sun. OSIRIS, the main imaging system onboard
the orbiter, will perform observations of the innermost coma throughout this
phase. Simultaneous ground-based observations will provide a link between near-
nucleus observations and the outer coma so that, in future, we can hope to
estimate changes in the outgassing properties of the nucleus from low resolution
ground-based data.
This work has shown that while the physics needed to understand the outflow is
fairly well established, in detail there remain practical difficulties in constraining
models of the innermost coma and their extrapolation to scales of several tens of
thousands of kilometers from the nucleus.
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ABSTRACT 

Images obtained by the Miniature Integrated Camera and Imaging Spectrometer (MICAS) experiment 
onboard the Deep Space 1 spacecraft which encountered comet lSP/Borrelly on September 22nd 2001 show 
a dust coma dominated by jets. In particular a major collimated dust jet on the sunward side of the nucleus 
was observed. Our approach to analyse these features is to integrate the observed intensity in concentric 
envelopes around the nucleus. The same procedures has been used on the Halley Multicolour Camera images 
of comet lP/Halley acquired on March 14th 1986. We are able to show that at Borrelly the dust brightness 
dependence as a function of radial distance is different to that of Halley. At large distances both comets 
show don&ant values as the size of the concentric envelopes increases (as one would expect for force free 
radial outflow). For Halley the integral decreases as one gets closer to the nucleus. Borrelly shows opposite 
behaviour. The main cause for Halley’s intensity distribution is either high optical thickness or particle 
fragmentation. For Borrelly, we have constructed a simple model of the brightness distribution near the 
nucleus. This indicates that the influence of deviations from point source geometry is insufficient to explain 
the observed steepening of the intensity profile close to the nucleus. Dust acceleration or fragmentation 
into submicron particles appear to be required. We also estimate the dust production rate of Borrelly with 
respect to Halley and compare their dust to gas ratios. 0 2003 COSPAR. Published by Elsevier Ltd. All 
rights reserved. 

BACKGROUND 

Deep Space 1 (DSl) made its closest approach to the nucleus of comet lSP/Borrelly on September 
22nd 2001 at 22:30 UT. The fly-by distance was 2174 km on the sunward side. The relative velocity at the 
time of encounter was 16.58 km s-l; the phase angle of the approach was 88”. The comet was 1.36 AU 
away from the Sun and 1.47 AU from the Earth. A description of the first results of the MICAS (Miniature 
Integrated Camera and Imaging Spectrometer) experiment has been presented in Soderblom et al. (2002). 
Further results on the observed dust distribution were given in Boice et al. (2002). In this paper, we present 
an analysis of the intensity profiles in the inner coma of Borrelly and compare these with observations of 
the inner coma of comet lP/Halley acquired during the Giotto encounter. 

DATA ANALYSIS 

Available Data Sets 
We used the Standard Level 1 data set from the United States Geological Survey. These data have been 

absolute calibrated in units of reflectivity with an accuracy of M 20%. For comparison we have analysed 
images of comet Halley obtained on 13 - 14 March 1986 by the HMC (Halley Multicolour Camera) onboard 
Giotto. The distance between the Sun and Halley was 0.89 AU and the Earth-comet distance was 0.96 

Adv. Space Res. Vol. 31, No. 12, pp. 2583-2589,2003 
0 2003 COSPAR. Published by Elsevier Ltd. All rights reserved 
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AU at the time of the Giotto encounter. The phase angle was 107”. These data have also been absolute 
calibrated and are available through the Planetary Data System (Keller et al., 1996). 

Dust Emission 
On all MICAS images, a non-isotropic emission is observed which is illustrated by plotting the azimuthal 

intensity distribution around Borrelly’s nucleus (see Figures 1 and 2). A fit using three Gaussians has been 
made to the azimuthal distribution following Reitsema et al. (1989). Thus the full width half maximum 
(FWHM) of the observed emission features could be determined. The resulting parameters of the fit are 
shown in Table 1. 

Ok -.----~ _- .-..-.- 
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Clock oivjle [dq] 

Fig. 1. The upper image is MID3.2 acquired 
by MICAS seven minutes before closest approach 
(range=7150 km, 1 pixel M 0.093 km). The field 
of view is M 50 x 50 km. The nucleus was deliber- 
ately saturated to enhance the dust emission (black 
stripes indicate saturated data). Below a polar projec- 
tion about the nucleus centre of this image is shown. 
The Sun direction is indicated by the arrow. Several 
linear features (jets) can be seen. 
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Fig. 2. This plot shows the azimuth brightness dis- 
tribution at 15 km above the assumed nucleus centre 
of Borrelly and the fitted Gaussians. The fit parame- 
ters are presented in Table 1. The lowest plot is the 
residual.. The fitted Gaussian and the residual have 
been offset by -6 x 10m4 and -1 x 10m3 respectively 
for clarity. The direction of the Sun is indicated by a 
dashed line. 

The Gaussian representing the main jet on the dayside appears narrow and collimated superimposed 
over a broader emission. Despite the fact that it is the most dominant feature seen on the images, its 
contribution to the total emission is relatively low (see Table 1). Because of the uncertainty of the background 
level in the analysis, we also present the relative strengths of the jets compared with the total emission of alI 
jets. The ratio of the projected dayside to nightside emission is estimated to be 3.3 f 1.0 : 1. The amount 
of dust over the nightside is surprisingly high although the features on the dayside seem to be so dominant 
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Table 1. Results of the azimuthal intensity distribution fit are shown in Figure 2. The Sun’s clock angle GZ 177’ 
Emission Clock angle FWHM Contribution to Contribution to total 

on image [deg] kw total emission (%) jet emission (%) 
Jet1 142 18 19 24 
Jet2 177 72 31 40 
Jet3 292 74 28 36 
constant - - 23 - 

on the images. This does not, however, imply necessarily nightside activity. Hydrodynamical expansion 
of the gas which drags dust particles from the sunward-facing active regions across the projection of the 
terminator could explain these observations (Keller and Thomas, 1989 & Knollenberg, 1994). A dayside : 
nightside asymmetry ratio of 3.2 :l was observed at Halley from a similar phase angle. 

Jet Dimension 
Because of the elongated shape of the nucleus 

(roughly 4 km x 8 km in projection) the images 
have been transformed into a coordinate system 
based upon an ellipse centred on the nucleus. Fig- 
ure 3 shows the intensity profile on a mininum size 
ellipse surrounding the nucleus but without inter- 
secting it. We have fitted this plot with four Gaus- 
sians to obtain an objective measure of the width 
of the observed jets near their bases. The width 
for the main jet on the sunward side of the nucleus 
seen in MICAS images has a FWHM of about 3.07 
km. The FWHM of the emission on the nightside 
is 3.11 km. That of the weaker dust fans is around 
0.51 and 0.93 km. These values probably comprise 
an upper limit to the actual width of the emitting 
region, because of the rapid lateral expansion im- 
mediately above the source. In this plot four emis- 
sion features are identified while Figure 2 shows 
only three. The reason is that fan No. 2 diverges 
at higher altitude and gets fainter. 
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Fig. 3. Intensity along an ellipse surrounding the nu- 
cleus. The projected day- and nightside hemispheres 
are marked. A fit to the data has been superimposed. 
The emission features are nummbered. 

Dust Outflow 
To examine the dust outflow of the comet we approximate the nucleus as an ellipse and assume that 

the gas/dust sources are situated on the surface of this ellipse. Further we assume a continuous constant 
emission of dust from these sources. If this outgassing expands radially without being influenced by any 
forces, the dust flux in concentric envelopes remains constant. If we integrate the intensity, I, around an 
envelope, the quantity $ Ids (where s represents the distance around the perimeter of the envelope) should be 
constant with increasing radial distance to the nucleus surface for free radial dust outflow. Thus a variation 
of this integral will indicate sources, sinks, or changes in the scattering or flow characteristics of the dust 
(Thomas and Keller, 1990). 

We applied this method to analyse and compare the dust outflow behaviour of Borrelly and Halley. 
Borrelly’s integral, f Ids, increases with decreasing distance to the nucleus surface, while Halley’s decreased 
(see Figure 4). One can interpretate this in terms of deviations from l/r dependence of intensity. Halley’s 
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l/r profile flattens close to the nucleus (Thomas et al., 1988); Borrelly’s steepens. There are several possible 
explanations for this observation. A high optical depth above active regions can flatten l/r profiles close 
to the nucleus and would be a plausible explanation for Halley. Also fragmentation into optically large 
particles can cause similar behaviour of the intensity because of the change in the scattering area at visible 
wavelengths (Thomas et al., 1988). Earlier observations of Halley have detected a high amount of large 
dust particles (Fulle et al., ZOOO), thus this fragmentation process is possible. In Borrelly’s case, particles 
fragmentating into submicron size would explain a decrease of the integral with distance. These particles 
would not contribute to the scattering process at large distances and the intensity will drop. Soderblom 
et al. (2002) also suggested that Borrelly’s dust particles seem to be small. Another potential reason for 
Borrelly’s behaviour is dust acceleration which steepens the intensity profile near the nucleus, because of 
the increasing dust number density. Also the existence of distributed sources on the nucleus surface might 
influence the intensity profile (see below). 
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Fig. 4. The integrated intensity along equidistant 
envelopes is plotted for Halley (- - -), Borrelly (-) 
and the model of Borrelly (- - -). This plot shows 
Halley’s integral, f Ids, divided by 48. 

Dust to Gas Ratio 
In Figure 4 Halley’s integrated intensity f Ids 

has been divided by 48, which is approximately 
the ratio of the dust emission brightnesses at large 
cometocentric distances. The dust production rate 
ratio is even greater because the dust out%ow ve- 
locity at Halley was almost certainly higher than 
at Borrelly. Models by Gombosi et al. (1986) in- 
dicate ~~~~~~~ M 200 m/s and ~~~~~~~ M 120 m/s 
for micron-sized particles. Consequently the pro- 
duction rate ratio could be as large as 8O:l. The 
Hz0 production rate of Borrelly at DSl encounter 
was 3.5 x 10% molecules/s (Stern et al., 2002). 
That of Halley at Giotto encounter was 5.2 x 1O2g 
molecules/s (Festou et al., 1986). Therefore, if the 
dust size distribution for the two comets were simi- 
lar then the dust/gas ratio (x) of Halley was about 
%ve times that of Borrelly. McDonnell et al. (1990) 
gave a dust to gas ratio for Halley of 2 and hence, 
we estimate that for Borrelly, x = 0.4. A’Hearn 
et al. (1995) gave x = 1.16 for BORelly (assuming 
that an Afp of 1000 cm is roughly the dust produc- 
tion rate in metric tons/s). Their value for Halley 
was 1.6. 

DUST EMISSION MODELING 

Model 
To be able to study the dust emission in more detail, to constrain possible physics behind it and to 

determine the sources on the nucleus surface, we introduce a new analysis method. Based on Kitamura’s 
hydrodynamic models (1986 & 1987) of isolated dusty gas jets, we approximate the dust emission as jets 
with Gaussian intensity profiles. This is a simpliied model of the outgassing features, in which dust emission 
is assumed to undergo force free outflow within a fixed opening angle from individual sources. Thomas et 
al. (1988) already suggested a similar approach with dust cones to explain the intensity profiles around the 
nucleus of comet Halley. We simulate the observed emission with superimposed Gauss - shaped jets emitted 
from an elliptical nucleus and compare the resulting brightness distribution. The jets emit with a %xed 
opening angle from point sources distributed over the nucleus. These multiple discrete sources themselves 
form active areas. This approach differs from the assumption of Crifo et al. (1999) who created the dust 
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and gas emissions as fluids described by hydrodynamic equations. Due to gas and dust interaction complex 
patterns are formed in the coma. We avoid this complex scenario by simply superimposing all jets. Our 
result is a 2D array of superimposed jets which forms a brightness map of the first 30 kms around the 
nucleus. We can write each signal as a sum of weighted source terms depending on the opening angle of the 
jets and their positions. Thus we can set up a linear system of equations (see Eq. (1)). 

PLO& + Pl,l& + * * * + p1,n* = Sl n 

(1) 

where: 

Q is the dust production rate and v is the dust velocity at the source points on the surface., p is the 
integral term of the brightness column density, N, calculated for a Gaussian jet by N = & - p. The angle 
between the vector (sourcesignal) and the symmetry axis of the Gaussian is 8 and o is the FWHM. By 
solving the linear system we get a n-vector & which gives us information about the ratio of the production 
rate to the outflow velocity. The right-hand side quantities of the linear system are the signals of the MICAS 
images along one envelope around the nucleus. The point of this approach is to try to place constraints on 
hydrodynamic models by direct analysis of the data in a simple and rapid way. 

Modeling Results 
With the solution of the linear system we get the position and Q/v values of the dust emission on the 

nucleus. These inputs can then be used to simulate an image of the inner coma. Figure 5 below shows the 
dust emission model with Gaussian jets of 10” FWHM. This model reproduces the main emission features 
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Azimuth [deg] 

Fig. 5. This figure shows the simulation of the inner 
coma by Gauss - shaped jets. The FWHM is 10”. 
The sources are lying 1 km below the surface border. 

Fig. 6. This plot shows the brightness distribution of 
Borrelly (- ) and the model (- - -) at 10 km above 
the nucleus surface. 

fairly well. The dust fans at the lower and upper tip of the nucleus could not be reproduced with an half 
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opening angle of 10” and a source distance of 10” (angle step around the assumed nucleus center). The 
sources are too far from each other or the opening angle is too narrow. The linear system constrains the 
model to fit perfectly at 3 km (the altitude of the input signal). The brightness of Borrelly’s coma is higher 
close to the nucleus. At greater distances from the nucleus (> 8 km) the brightness distribution of the real 
comet is lower (see Figure 6). This can be also seen in Figure 4. The model’s $ Ids is almost constant which 
suggests that the deviation from a point source is not an adequate explanation for the observed behaviour at 
Borrelly. Acceleration and/or fragmentation into small particles will be the subject of future investigation. 
We are not able to reproduce exactly the brightness distribution around the nucleus with the assumptions 
set up for the linear system. But we have examined the influence of inclined and non radial jets on $ Ids. 
The increase of the intensity of the model towards the nucleus comparing with Borrelly’s is very small. 

SUMMARY AND CONCLUSION 

Comet Borrelly’s inner dust coma, as observed by the Deep Space 1 spacecraft on 22 Sept. 2001, was 
dominated by a main collimated dust emission on the dayside (FWHM = 18” ). and a broader emission 
feature on the nightside (FWHM = 74” ) of the nucleus. The dayside to nightside brightness ratio was x 
3.3 :l.O. This is remarkably similar to that of Halley at a similar phase angle as observed from Giotto. 
The integrated brightness of Borrelly’s coma was a factor of 48 below that of Halley at Giotto encounter. 
Taking into account the outflow velocity, we estimate a dust production rate ratio between the two comets 
of 8O:l and a dust to gas ratio for Borrelly five times less than that of Halley at Giotto encounter. The 
integrated intensities around concentric envelopes show significant differences close to the nucleus for Halley 
and Borrelly. In the case of Halley, a flattening of the intensity was observed which could result from high 
optical thickness effects or particle fragmentation into optically large sizes. On the other hand, Borrelly’s 
coma shows a steepening of the intensity. This slope could be explained by particle acceleration, particle 
fragmentation to submicron sizes or deviations from a point source. We have analysed these possibilities 
with a model which assumes force free radial outflow and dust emission coming from distributed sources. 
Deviations from point source geometry do not appear to have sufficient influence on the intensity distribution 
to explain the observed behaviour at Borrelly. Either fragmentation or acceleration effects seem to be more 
important. 
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Appendix B

Data sets

On the following pages, the images of the MICAS and Pik Terskol data sets are
listed including the important identifications, like phase angle, exposure time
etc. Not all data could be used in the analysis because of bad calibration or bad
observational conditions, which is in the case of the ground-based data.

B.1 DS1-MICAS

Image name Time Relative Phase Exposure Range Resolution
to C/S [s] angle [̊ ] [ms] [km] (m/pixel)

CCD Far 1 4 -4996 87.6 874 82882.2 1089.1
CCD Far 1 5 -4966 87.6 1750 82384.9 1082.5
MID 1 1 -578 76.4 614 9825.9 129.1
MID 1 2 -548 75.7 109 9341.3 122.7
MID 2 1 -518 75.0 218 8858.2 116.4
MID 2 2 -483 74.0 109 8296.6 109.0
MID 3 1 -437 72.5 218 7562.7 99.4
MID 3 2 -407 71.3 614 7087.8 93.1
MID 4 1 -377 70.0 109 6616.0 86.1
MID 4 2 -347 68.5 218 6148.2 80.8
MID 5 1 -290 64.9 109 5274.3 69.3
MID 5 2 -260 62.5 218 4825.3 63.4
MID 5 3 -230 59.6 77 4386.7 57.6
MID 5 4 -200 56.0 154 3962.0 52.1
NEAR 1 -170 51.6 77 3556.3 46.7

Table B.1: The encounter images taken by the VISCCD of MICAS applied for
the data analysis. Additional to that the characteristics of each single image is
also included. C/S denotes the encounter time of closest approach. Phase angle is
the angle between Sun-Target-Observer. Range is the distance of the spacecraft
to the nucleus.
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B.2 Pik Terskol

Filename Filter Time Exposure Phase ∆ r
[UT] Time [s] angle [̊ ] [AU] [AU]

20/09/01
Bor64201 IF642 00:08:02 300 41.0481 1.485448 1.359590
Bor52601 IF526 00:20:08 300 41.0487 1.485411 1.359594
Bor44401 IF444 00:29:08 300 41.0490 1.485383 1.359598
Bor63101 IF631 00:36:55 300 41.0494 1.485358 1.359601
Bor44402 IF444 01:30:58 600 41.0519 1.485189 1.359621
Bor52602 IF526 01:45:06 600 41.0525 1.485146 1.359626
Bor64202 IF642 01:57:34 600 41.0531 1.485105 1.359631

21/09/01
Borrx01 RX 00:12:06 100 41.1154 1.481128 1.360168
Bor64201 IF642 00:18:33 600 41.1158 1.481106 1.360171
Bor52601 IF526 00:33:02 600 41.1164 1.481063 1.360177
Bor44401 IF444 00:49:03 600 41.1171 1.481013 1.360184
Bor44402 IF444 00:59:55 600 41.1175 1.480980 1.360189

22/09/01
Borrx01 RX 00:15:05 100 41.1797 1.476867 1.360845
Borrx02 RX 00:19:34 100 41.1799 1.476852 1.360848
Borrx03 RX 00:22:41 100 41.1800 1.476843 1.360849
Bor64201 IF642 00:26:08 600 41.1802 1.476833 1.360851
Bor66201 IF662 00:37:57 1200 41.1807 1.476797 1.360857
Bor52601 IF526 01:51:55 1200 41.1836 1.476572 1.360894
Borrx04 RX 02:14:11 50 41.1845 1.476503 1.360906

Table B.2: This Table contains the continuum images at Pik Terskol taken on
the night September 19/20, 20/21 and 21/22 2001. The time is presented as
Universal Time [UT], ∆ represents the geocentric distance of the comet and r its
heliocentric distance, both in Astronomical Units. The Phase angle is the angle
between the Sun, the target and the observer.
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Appendix C

Refractive Indices

The complex refractive indices of all components considered to be dust grain
material are listed in the following tables for the MICAS (500 - 1000 nm) and
the Pik Terskol (443.5 nm, 525.5 nm, 630.8 nm, 641.6 nm) data sets. The values
has been obtained by interpolating given values in the papers of Draine (1985),
Weingartner and Draine (2001), Jenniskens (1993), Rouleau and Martin (1991).
Also given are the densities of the materials.
Further are listed the combined complex refractive indices for particles which are
made of a mixture of two components. This indices has been derived by the
Maxwell-Garnett function.
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C.1 Refractive Indices for the Analysis of the

VISCCD Data set - 1 component

Material λ[µm] n k
Astronomical silicates [1] 500 1.72 0.029
ρ = 3500 kg m−3 600 1.72 0.029

700 1.71 0.030
800 1.71 0.030
900 1.71 0.030
1000 1.71 0.030

Astronomical silicates 500 1.67 0.030
smoothed UV [2] 600 1.67 0.030
ρ = 3500 kg m−3 700 1.67 0.031

800 1.67 0.031
900 1.67 0.031
1000 1.67 0.031

Organic refractories, 500 1.86 0.450
heavily UV processed [3] 600 1.91 0.389
ρ = 1600 kg m−3 700 1.97 0.317

800 2.00 0.243
900 2.00 0.259
1000 2.01 0.229

Amorphous carbon [4] 500 2.20 0.226
ρ = 1850 kg m−3 600 2.18 0.223

700 2.16 0.227
800 2.14 0.231
900 2.12 0.235
1000 2.10 0.234

Table C.1: The interpolated complex refractive indices at wavelengths specific
for the Micas data sets for silicate, organic refractory and amorphous carbon.
ρ denotes the material density. [1] is taken by Draine (1985). [2] is taken by
Weingartner and Draine (2001). [3] is taken by Jenniskens (1993). [4] is taken
by Rouleau and Martin (1991).
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C.2 Refractive Indices for the Analysis of the

VISCCD Data set - 2 component

Material λ n k density
[nm] [kg m−1]

Astronomical silicates [1] 500 1.81 0.315 2196
+ organic refractory 600 1.85 0.274 2196
1:1 700 1.88 0.241 2196

800 1.90 0.209 2196
900 1.91 0.186 2196
1000 1.91 0.166 2196

Astronomical silicates [1] 500 1.83 0.369 2507
+ organic refractory 600 1.87 0.320 2507
2:1 700 1.91 0.282 2507

800 1.93 0.243 2507
900 1.94 0.216 2507
1000 1.95 0.191 2507

Astronomical silicates [1] 500 2.03 0.157 2421
+ amorphous carbon 600 2.02 0.155 2421
1:1 700 2.00 0.158 2421

800 1.99 0.161 2421
900 1.98 0.163 2421
1000 1.97 0.162 2421

Astronomical silicates [1] 500 2.10 0.184 2698
+ amorphous carbon 600 2.08 0.182 2698
2:1 700 2.06 0.185 2698

800 2.05 0.188 2698
900 2.03 0.191 2698
1000 2.02 0.191 2698

Table C.2: The complex refractive indices for a mixture of astronomical silicate
Typ I and organic refractory or amorphous carbon at MICAS wavelengths. These
values are derived with the Maxwell-Garnett function.
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C.3 Refractive Indices for the Analysis of Pik

Terskol Data - 1 component

Material [nm] n k
Astronomical silicates [1] 443.5 1.72 0.029
ρ = 3500 kg m−3 525.5 1.72 0.029

630.8 1.72 0.029
641.6 1.72 0.029

Astronomical silicates, 443.5 1.68 0.030
smoothed UV [2] 525.5 1.67 0.030
ρ = 3500 kg m−3 630.8 1.67 0.030

641.6 1.67 0.030
Organic refractory, 443.5 1.80 0.484
heavily UV processed [3] 525.5 1.87 0.431
ρ = 1600 kg m−3 630.8 1.92 0.376

641.6 1.93 0.371
Amorphous carbon [4] 443.5 2.22 0.228
ρ = 1850 kg m−3 525.5 2.19 0.223

630.8 2.17 0.225
641.6 2.17 0.226

Table C.3: These are the interpolated complex refractive indices at wavelengths
specific for the Pik Terskol data sets for silicate, organic refractory and amorphous
carbon. ρ denotes the material density. [1] is taken by Draine (1985). [2] is taken
by Weingartner and Draine (2001). [3] is taken by Jenniskens (1993). [4] is taken
by Rouleau and Martin (1991).
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C.4 Refractive Indices for the Analysis of Pik

Terskol Data - 2 component

Material λ n k density
[nm] [kg m−1]

astronomical silicates [1] 443.5 1.79 0.342 2196
+ organic refractory 525.5 1.83 0.303 2196
1:1 630.8 1.86 0.264 2196

641.6 1.86 0.260 2196
astronomical silicates [1] 443.5 1.77 0.267 2507
+ organic refractory 525.5 1.80 0.237 2507
2:1 630.8 1.83 0.207 2507

641.6 1.83 0.204 2507
Astronomical silicates [1] 443.5 2.04 0.152 2421
+ amorphous carbon 525.5 2.02 0.149 2421
1:1 630.8 2.01 0.151 2421

641.6 2.01 0.151 2421
astronomical silicates [1] 443.5 1.96 0.118 2698
+ amorphous carbon 525.5 1.94 0.116 2698
2:1 630.8 1.93 0.118 2698

641.6 1.93 0.118 2698

Table C.4: This are the complex refractive indices of silicate and organic refrac-
tory mixtures or silicate and amorphous carbon mixture at wavelengths of the
Pik Terskol filters for different ratios of the components. This effective refractive
indices are calculated with the Maxwell-Garnett function.
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Ratschlägen profitiert.
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Borrelly zu erhalten und die schöne Landschaft Kaukasiens kennenzulernen.
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