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Zusammenfassung.
Gegenstand der Arbeit ist die Untersuchung von Staubteilchen des Kometen 67P/Chur-
yumov-Gerasimenko, die größer als 60µm sind. Zu diesem Zweck werden astronomische
Bilder des Staub-Trails dieses Kometen ausgewertet. Solche Teilchen stellen den größten
Teil der Staubmasse dar, die von Kometen in den interplanetaren Raum eingetragen wer-
den. Im Gegensatz zu kleineren Teilchen verbleiben sie auf Trajektorien, die der des Ko-
meten sehr̈ahnlich sind. Dem Beobachter erscheinen sie als eine schmale Struktur entlang
des projizierten Kometenorbits, die als Staub-Trail bezeichnet wird. Die erste im Rahmen
dieser Arbeit untersuchte Beobachtung wurde im April 2004 in sichtbarem Licht mit dem
Wide Field Imager am ESO/MPG-2.2m-Teleskop auf La Silla (Chile) durchgeführt. Der
Abstand des Kometen von der Sonne betrug zu diesem Zeitpunkt 4.7 A.E. Zwei weitere
Beobachtungen wurden im August 2005 und im April 2006 im mittleren Infrarot (24µm)
ausgef̈uhrt mit der MIPS-Kamera auf dem Spitzer-Weltraumteleskop. In beiden Fällen
war der Komet 5.7 A.E. von der Sonne entfernt. In der dazwischenliegenden Zeit, im No-
vember 2005, hatte er das Aphel passiert. Zur Interpretation der Daten werden simulierte
Trailbilder erzeugt. Das verwendete Modell der kometaren Staubemission hat fünf freie
Parameter: den Exponenten der Größenverteilung des Staubs, die Emissionsgeschwindig-
keiten der Teilchen, die Effizienz des Strahlungsdrucks, die Albedo des Staubs und die
Staubproduktionsraten. Für diese Parameter werden diejenigen Werte bestimmt, die eine
bestm̈ogliche Reproduktion der Beobachtungen ermöglichen. Die Ergebnisse für die erst-
genannten vier Parameter entsprechen den Erwartungen. Die abgeleiteten Produktionsra-
ten hingegen sind nicht vereinbar mit der Helligkeit der Kometenkoma, die beobachtet
wurde, ẅahrend sich der Komet im inneren Sonnensystem befand.

Abstract.
The abundance and properties of dust particles larger than about 60µm emitted by comet
67P/Churyumov-Gerasimenko are constrained by evaluating astronomical images of its
dust trail. Such particles carry the bulk of refractory mass released from comets to in-
terplanetary space. In contrast to smaller particles, they remain on trajectories similar to
that of the parent comet during many revolutions around the Sun. They are observable
as a narrow structure along the projected comet orbit, the dust trail. The first observa-
tion evaluated in this thesis was carried out in April 2004 in visible light with the Wide
Field Imager on the ESO/MPG 2.2m telescope on La Silla (Chile), when the comet was
at a heliocentric distance of 4.7 AU. Two observations were performed in August 2005
and April 2006 at mid-infrared wavelengths (24µm) with the MIPS instrument on board
the Spitzer Space Telescope. In both instances, the comet was at 5.7 AU from the Sun,
having passed aphelion in November 2005. To interpret the data, simulated images of the
cometary dust trail are generated. The adopted model of cometary dust emission has five
free parameters: the exponent of the dust size distribution, the particle emission speeds,
the radiation pressure efficiency, the dust albedo, and the dust production rates. For these
parameters, values are derived that are most suitable to reproduce the observations. The
results for the first four parameters are in agreement with expectations. But the derived
production rates cannot be reconciled with the measured brightness of the coma in the
inner solar system.
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Chapter 1

Introduction

Comets are the most obvious sources of interplanetary dust. Their nuclei are conglom-
erates of ice and dust on mostly highly elliptical orbits (Whipple, 1950, 1951). At suf-
ficiently close distance to the Sun, the ices near the nucleus surface sublimate, releasing
and accelerating the embedded dust. The characteristic bright coma and tail of a comet
are due to sunlight scattered by these particles. Cometary dust seems to be a mixture
of very different components, including amorphous and crystalline silicates and dark or-
ganic material. The particle sizes are thought to cover many orders of magnitude, ranging
from compact nanometre-sized grains to fluffy aggregates several centimetres in size and
larger.

Multiple evidence suggests that the total cross-section in a cometary coma is domi-
nated by dust particles of 1 to 10µm. Both the excess colour temperatures derived from
fits to the thermal infrared emission of cometary comae (Divine et al., 1986) and the
presence of silicate emission features in mid-infrared spectra of comets (Hanner, 2003)
require a dominant grain size smaller than about 20µm. On the other hand, the bulk of
particles must be larger than visible wavelengths, because the spectral properties of the
scattered light are similar to those of the incident sunlight (Grün and Jessberger, 1990).
Also in situ measurements during spacecraft fly-bys suggest that the coma is dominated
by µm-sized particles (Divine and Newburn, 1987; Green et al., 2004).

The dust mass, by contrast, that is released from a comet to interplanetary space is
mainly carried by the mm-sized and larger particles (e. g. Sykes and Walker, 1992; Fulle,
2004; Green et al., 2004). These grains are characterised by low emission speeds (a few
m/s) and little sensitivity to solar radiation pressure. They remain close to the comet
orbit for many revolutions around the Sun and appear to the observer as a faint, linear
structure, thedebris trail or dust trail of the comet. Trails of eight short-period comets
were first observed with the Infrared Astronomical Satellite (IRAS) in 1983 (Sykes et al.,
1986a,b). A more recent survey with the Spitzer Space Telescope has shown that debris
trails are commonly associated to short-period comets, because trails along the orbits of
27 out of 34 observed comets were detected (Reach et al., 2007). When the Earth passes
through a cometary trail, a meteor shower is observed. For example, the famous meteor
shower of the Leonids – observable annually in November – is related to the trail of comet
55P/Temple-Tuttle (e. g. Jenniskens, 2001). Of many meteor streams, however, the parent
bodies remain unknown. For spacecraft missions to comets, the dust is not only one of
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2 Chapter 1. Introduction

the primary topics of research, but also a safety issue. Despite the installation of specially
designed dust shields, the Giotto spacecraft recorded attitude disturbances and damage to
instruments due to impacts of mm-sized particles while passing by comet 1P/Halley at
a distance of 600 km and with a relative speed of 70 km/s (Reinhard, 1986). Likewise,
the 350-kg impactor of the Deep Impact probe registered several dust impacts before hit-
ting the nucleus of comet 9P/Tempel 1 (A’Hearn et al., 2005). The Rosetta spacecraft of
the European Space Agency is scheduled to reach comet 67P/Churyumov-Gerasimenko
(henceforth abbreviated as 67P/C–G) in 2014, deploy a lander (“Philae”) to the nucleus,
and follow it into the inner solar system. Because of the low velocity of Rosetta relative to
the comet, the consequences of dust impacts will be much less severe than they were for
the fly-by missions. Detailed knowledge of the cometary dust environment will, never-
theless, be vital for the planning of spacecraft operations and thereby for the optimisation
of the scientific return of the mission.

With astronomical means, mm-sized and larger particles are best studied when sep-
arated from smaller dust grains, which otherwise dominate the total cross-section in the
field of view. Due to radiation pressure, sub-millimetre sized particles disperse into inter-
planetary space on timescales of weeks to months from their release. Their presence is
not expected in the neighbourhood of an inactive comet far from the Sun. Larger particles
remain close to the comet orbit on much longer time scales. Particles of different sizes
can be discriminated because the tail of young, small particles is roughly aligned with the
Sun-comet radius vector, while the trail of old, large grains is parallel to the orbit. To an
observer well outside the orbital plane of the comet these populations appear at different
position angles. This situation, for example, is given in the image of comet 2P/Encke
shown in Reach et al. (2007). For comet orbits with low inclination against the ecliptic
– such as 67P/C–G – the comet orbital plane as seen from Earth is projected to a nearly
one-dimensional structure, and the angular separation of tail and trail is lost. The trails of
such comets can therefore only be studied when the comet is not active; observations are
best performed at heliocentric distances beyond 3 AU where water ice does not sublimate.

The purpose of the present work is to characterise the mm-sized and larger dust par-
ticles emitted from 67P/C–G by observations and modelling of its dust trail. Particular
focus is given to the size distribution and production rates of such particles. Fulle et al.
(2004) and Moreno et al. (2004) have inferred an unusually high production rate of mm-
sized and larger particles at heliocentric distances between 3 AU and 1.7 AU before per-
ihelion in 2002 by analysing images taken while the comet was active. The presence
of significant quantities of large particles in the coma at 3 AU would have severe conse-
quences for the Rosetta mission, because the lander is scheduled for deployment during
this part of the trajectory. The goal of the present work was to investigate whether the ob-
served tail and trail of 67P/C–G can be equally explained with a more conservative model
of the cometary activity. To this purpose, astronomical images of the 67P/C–G trail had
to be obtained that were appropriate for the analysis of the large dust grains alone. Then
a simulation tool was developed in order to interpret the data.

This thesis is outlined as follows. Chapter 2 gives an overview of the basic physical
and astronomical quantities relevant for the subsequent chapters; definitions are provided
and data compiled from the literature. Chapter 3 contains a summary of observational data
on comet 67P/C–G in the literature. In Chapter 4, the acquisition and processing of data
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from three observing campaigns targeting the 67P/C–G dust trail – one in visible light
and two in the mid-infrared – are described. Each of the final images covers about half a
degree of the projected orbit behind the nucleus, and the data were obtained at heliocentric
distances between 4.7 AU and 5.7 AU. In Chapter 5, a mathematical method to generate
simulated images of a cometary trail is presented, and the adopted physical model of
the dust emission is defined. The five free parameters of this model are constrained in
Chapter 6 in such a way that the simulated images reproduce the observations. The results
are discussed in Chapter 7.





Chapter 2

Cometary Dust

This chapter summarises the current knowledge on cometary dust as far as it is relevant
for this work. The definitions of some quantities used in the following chapters are given,
values for specific parameters are compiled from the literature. The data discussed in this
chapter were not obtained specifically from observations of 67P/C–G but from different
samples of comets or theoretical studies, as indicated in the text.

2.1 Terminology – Trail, Tail, Antitail and Neckline

In this work, “trail” is used to describe all dust observed along the projected orbit of
the comet, while “old trail” refers to particles emitted at least one orbital period back,
i. e. during the 1995/96 apparition of 67P/C–G or earlier. Dust emitted during the last
apparition in 2002/03 is considered as “young”. The “tail” of a comet consists of smaller
particles that are driven away from the comet orbit towards the outer solar system by
solar radiation pressure. The term “antitail” describes a part of the tail that seems to point
towards the Sun instead of away from it. This, however, is a purely projectional effect.
Viewed in three dimensions there is no difference between an ordinary tail and an antitail.
A “neckline” (Kimura and Liu, 1977; Richter et al., 1991; Müller et al., 2001) consists
of large particles emitted at a true anomaly of 180◦ before the observation. The orbital
periods of large particles are similar to that of the parent comet. Their orbits in general
are inclined with respect to the comet orbit, but the particles cross the orbital plane of the
comet twice during each revolution around the Sun. One of the intersection points is given
by the point of emission. The other intersection point lies on the line of nodes defined by
the emission point and the Sun. The position of the second intersection point on the line
of nodes depends on the semi-major axis of the particle orbit. Since the orbital periods are
less sensitive to small changes of the orbital energy than the semi-major axes (Kepler’s
third law), large particles emitted at a given time cross the orbital plane of the comet
almost simultaneously, but at different positions along the nodal line. To an observer in,
or close to the comet orbital plane, they appear as a bright line.

5



6 Chapter 2. Cometary Dust

2.2 Material and Bulk Density

Cometary dust grains are assumed to be fluffy aggregates of submicron-sized building-
blocks (Greenberg and Li, 1999). The material of the building blocks is a mixture of
both amorphous and crystalline silicates on the one hand, and carbonaceous material on
the other (e. g. Hanner, 2003; Lisse et al., 2006). The silicates include a component of
crystalline minerals that must have been processed at high temperatures close to the Sun
(Brownlee et al., 2006) and afterwards transported to the cold outer regions of the solar
system to be included in the icy agglomerate of the comet nucleus. While the building-
blocks have the bulk density of the material (a few g/cm3 for silicates), the overall density
of the aggregates is lower. Divine et al. (1986) have argued that the bulk density of
the aggregates decreases with increasing grain size. In situ data have not yet provided
definitive results on this issue. For modelling purposes, constant values in the range of
0.1 to 1 g/cm3 are widely used (Landgraf et al., 1999; Fulle et al., 2004; Crifo et al., 2004;
Green et al., 2004).

2.3 Scattering of Light

The product of the geometric albedop and the phase functionj(α) relates the cross sec-
tion of a dust particle to the intensity scattered by it. The phase angleα is the angle
between the directions to the observer and to the source of the incident radiation as seen
from the scattering particle. The geometric albedo of an object is defined as the ratio of
the intensities reflected backwards (α = 0) by the object and by a Lambert scattering disc
of the same geometric cross section (Hanner et al., 1981). The phase functionj(α) de-
scribes the ratio between the intensities scattered to the phase angleα and to the backward
direction. In the following, the normalisationj(α = 0) = 1 (Müller, 1999) is used, which
is different from the one given by Divine (1981).

The term “specific intensity” (I) is used in the following to describe power emitted or
received per unit solid angle per unit area perpendicular to the beam direction, whereas
“intensity” (J) is in units of power per unit (perpendicular) area.

Scattering by a Lambert Surface

A Lambert surface scatters an equal specific intensityIL to all directions. A detec-
tor of areadA at a distancer from the Lambert surface appears under the solid angle
dΩ = dA/r2. A Lambert surface of areada occupies the solid angledω = da cos θ/r2

seen from the detector, whereθ is the angle between the direction to the observer and
the normal of the Lambert surface. Since the specific intensity received by the detector is
equal to the specific intensity emitted by the surface,IL, the power received by the detec-
tor isPrec,L = IL dA dω = IL dA da cos θ/r2. The measured intensityJrec,L = Prec,L/dA
therefore depends oncos θ.

The total powerPem emitted by a Lambert surfaceda to the hemisphereΩ1/2 is given
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by

Pem =

∫
Ω1/2

IL da cos θ dΩ (2.1)

= 2π IL da

∫ π/2

0

cos θ sin θ dθ

= π IL da.

If the surface is illuminated with parallel, normally incident light of the intensityJinc, the
incident power isPinc = Jinc da, which is equal to the emitted powerPem if the surface is
white. Hence

IL = Jinc/π. (2.2)

The intensity received from a white Lambert surface by an observer looking face-on at
the surface is

Jrec,L(θ = 0) =
Jinc

π

da

r2
. (2.3)

Scattering by an Arbitrary Body

An arbitrary body “d” (e. g. a dust particle) of the cross sectionda as seen from the source
of the incident light, receives the intensityJinc, whereas an observer at the phase angle
α = 0 receives the intensityJrec,d (0) from that body. By definition, the geometric albedo
p of this body is

p =
Jrec,d(0)

Jrec,L(0)
=
Jrec,d(0)

Jinc

πr2

da
. (2.4)

And the intensity received by the observer from a body characterised by the geometric
albedop is

Jrec,d(0) = p
da

r2

Jinc

π
. (2.5)

From the point of view of the scattering body,Prefl = Jrec,d(0) dA is the total power re-
flected by the surfaceda to the solid angledΩ = dA/r2 under the angleα = 0 with the
direction of the incident light. If the body is symmetric about the direction of the in-
cident light, an observer at the phase angleα from this direction receives the intensity
Jrec,d(α) = j(α)Jrec,d (0), wherej(α) is the phase function. The power scattered to the
solid angledΩ = dA/r2 under the phase angleα is

Psca(α) = Jrec,d(α) dA = j(α) p
da dA

r2

Jinc

π
. (2.6)

Measured Geometric Albedo and Phase Function of Dust

Divine et al. (1986) deduce from Earth-based observations that dust from different comets
displays similar optical properties. The colour of the scattered light is neutral to slightly
red at wavelengths between 0.36µm and 2.2µm (Divine et al., 1986). Laboratory mea-
surements and theoretical studies indicate that the geometric albedo is a function of the
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Figure 2.1: Dust phase func-
tions. Solid line: Phase func-
tion of an individual dust par-
ticle as given in Divine (1981),
normalised toj (α = 0) = 1 instead
of
∫
4π j(α) dΩ = 1 in the original

paper. Dashed line: Geometric
phase functionjgeo(α) introduced
by Müller (1999) and explained in
Section 2.6.

particle size (McDonnell et al., 1991). Earth-based observations of cometary dust are not
suitable to investigate this matter because they only provide average data for the ensemble
of particles along a line of sight.

To derive the dust phase function from astronomical observations, a given object must
be observed at different phase angles, i. e. at different times for Earth-based observations.
Since the total cross section of dust in the field of view (FOV) is not constant with time,
an appropriate normalisation is needed, for which two methods are used (Divine et al.,
1986). The first is based on the assumption that the dust-to-gas ratio remains constant
over time (Millis et al., 1982; Meech and Jewitt, 1987; Schleicher et al., 1998). The
normalisation is achieved via gas production rates measured simultaneously with theAfρ
parameter defined in Section 2.6. The second method, preferable but more laborious,
consists in normalising the scattered intensity by means of the simultaneously measured
thermal infrared emission from the same volume (Ney, 1974; Ney and Merrill, 1976;
Ney, 1982; Tokunaga et al., 1986; Hanner and Newburn, 1989; Gehrz and Ney, 1992).
The emerging phase function of cometary dust is characterised by a distinct forward and
a gentle back-scattering peak with a plateau in between (Kolokolova et al., 2004). Divine
(1981) derived from data given in Ney (1974), Ney and Merrill (1976), and Ney (1982)
the phase function shown in Figure 2.1 (solid line).

Like the phase function, the geometric albedo of dust is derived from the simultaneous
observation of the scattered visible and the thermally emitted infrared light, either directly
atα = 0 or at an arbitrary phase angle and assuming a given phase function. Hanner and
Newburn (1989) obtainp = 0.05 at a wavelength of 1.2µm, while Divine et al. (1986) give
p = 0.03± 0.01 at 500 nm. From the generally low albedo, Kolokolova et al. (2004) infer
that there is no significant population of cold, bright (and possibly icy) grains that would
contribute to the scattered light but not to the thermal emission. There is some indication
that the dust geometric albedo is higher for comets beyond 3 AU (Hanner and Newburn,
1989), which may point in the same direction.
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2.4 Radiation Pressure

with The ratio of the solar gravity to the radiation pressure force,β, depends only on
material properties of the dust grains, not on their distance from the Sun:

β =
3L�

16πcGM�

Qpr

ρs
. (2.7)

L� andM� are the luminosity and mass of the Sun,c is the speed of light, andG the gravi-
tational constant (values are listed in Appendix E).Qpr is the radiation pressure efficiency
of the grain having a bulk densityρ and an effective radiuss (Burns et al., 1979; Divine
et al., 1986). It represents the absorption and scattering properties of the grain averaged
over the solar spectrum. For homogeneous spheres and some other simple shapes,Qpr can
be calculated in an exact way from the complex refractive index of the material according
to Mie theory (Mie, 1908; Bohren and Huffman, 1983). For more complicated structures,
a variety of theoretical and experimental approaches exists to obtainQpr (Gustafson et al.,
2001). While for particle sizes on the order of 0.01 to 1µm ,β depends sensitively on ma-
terial, shape, structure, surface properties, and size of the particles (Burns et al., 1979), it
is about constant for much smaller particles, and proportional to 1/(ρs) for large ones, i. e.
in the geometric optics regime (Gustafson, 1994). For sub-millimetre and larger particles,
Qpr is approximately constant (Divine et al., 1986).

Since both solar gravity and radiation pressure force are inversely proportional to the
heliocentric distance and point radially away from the Sun, radiation pressure can be
included in the equation of motion of a particle by introducing a modified gravitational
potential substituting the gravitational constant,G, by G̃ = G(1− β).

2.5 Infrared Emission

The total powerPabs absorbed by a spherical particle of radiuss at the heliocentric dis-
tancerh (in AU) with the absorption characterised by the functionQabs(s, λ) is

Pabs =
1

r2
h

πs2

∫ ∞

0

F�(λ)Qabs(s, λ) dλ, (2.8)

whereF�(λ) dλ is the solar spectrum at 1 AU, giving the intensity crossing unit area in
the wavelength interval(λ, λ+ dλ).

According to Kirchhoff’s law, the emission and absorption of a particle are described
by the same functionQabs(s, λ). The total powerPem emitted by a particle of radiuss and
temperatureT is given by

Pem = 4πs2

∫ ∞

0

πB(λ, T )Qabs(s, λ) dλ. (2.9)

Bλ(λ, T ) is Planck’s function, describing the thermal emission of a blackbody of temper-
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atureT in the wavelength interval(λ, λ+ dλ):

Bλ(λ, T ) dλ =
2hc2

λ5

1

ehc/kBλT − 1
dλ. (2.10)

B(λ, T ) is in units of power per unit solid angle, per unit area perpendicular to the beam
direction, per wavelength interval. In thermodynamic equilibrium,Pabs = Pem:

1

4 r2
h

∫ ∞

0

F�(λ)Qabs(s, λ) dλ =

∫ ∞

0

π
2hc2

λ5

1

ehc/kBλT − 1
Qabs(s, λ) dλ, (2.11)

wereh andkB are Planck’s and Boltzmann’s constants, respectively. From this equation
the equilibrium temperature of a particle for givens and rh can be calculated using a
recursive numerical procedure.

Qabs is related to the Bond albedoA at a given wavelength viaQabs = 1−A, where the
Bond albedo is defined as the ratio of the total intensity scattered by a grain to the total
intensity incident on it (Allen, 1973). The Bond albedo is related to the geometric albedo
(Section 2.3) via the phase integral:

A =
p

π

∫
4π

φ(α) dΩ. (2.12)

The dependence ofQabs on the particle size and the wavelength is governed by the size
parameterx = 2πs/λ. In addition,Qabs is generally influenced by the material, shape,
and porosity of the grain, especially forx ≤ 1, whereas forx� 1,Qabs can be treated as
independent ofx (Bohren and Huffman, 1983).

Assuming that the average Bond albedo at visible wavelengths is given byA, and that
the absorption efficiency for infrared light isQabs = 1, Equation 2.11 can be approximated
by

(1−A) I�
4 r2

h

= σ T 4, (2.13)

whereσ is the Stefan-Boltzmann constant andI� the solar flux at 1 AU. The resulting
equilibrium temperature is

T (rh, A) =

(
I�
4σ

)1
4

(1− A)
1
4

1
√
rh

= 278.8 K (1− A)
1
4

1
√
rh
. (2.14)

ForA = 0.18 (corresponding top = 0.04 and the phase function given in Section 2.3), equi-
librium temperatures of 265 K at 1 AU and 119 K at 5 AU are obtained. This corresponds
to peak emission wavelengths of 19µm and 43µm, respectively1.

The absorption efficiency of small particles is in general a complicated function of
the size parameterx and of the particle properties. The diversity of information found in
the literature hints at the complexity of the problem. On the observational side, two com-

1The relation between the maximum of the spectrum of a blackbody and its temperature is given by
Wien’s displacement law:λmax = b/T , where the value of Wien’s displacement constantb is given in
Appendix E.
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monly observed spectral properties of cometary comae are attributed to small particles.
(1) The colour temperatures derived from spectra in the range of 3 to 20µm are higher

than the equilibrium temperature for the heliocentric distance concerned. This is inter-
preted as an indication that the prevailing grain size is below 10µm (Divine et al., 1986)
and that such small particles cannot effectively emit the absorbed energy at wavelengths
larger than their sizes. Hence they heat to temperatures corresponding to peak emission
wavelengths that are smaller than the particle size (Divine et al., 1986).

(2) Particles of similar size are held responsible for the presence of the silicate emis-
sion features observed in spectra around 10µm and 16 – 35µm. These are resonance
modes, distinct peaks inQabs(λ), occurring only if the particle size is much smaller than
the wavelength. The shape and exact spectral position of the emission features can be
used to constrain the material, porosity, shape, and crystallisation state of the particles
(e. g. Hanner, 2003; Lisse et al., 2006).

2.6 Coma Brightness – Definition of Afρ

The brightness of a cometary coma is proportional to the dust production rate. To compare
data obtained under different observational circumstances, it must, however, be ensured
that all other parameters affecting the measured intensity are properly accounted for be-
fore the dust production rate is inferred. The quantityAfρ was defined for this purpose
by A’Hearn et al. (1984).Afρ stands for the product of albedoA, filling factorf of grains
within the field of view, and the radiusρ of the aperture at the comet. It is measured as
follows:

Afρ = 4
∆2(rh/1AU)2

I
(filter)
sun

× I
(filter)
dust

ρ
, (2.15)

whererh and∆ are the heliocentric and geocentric distances of the comet during the
observation, andρ is the radius of the circular aperture on which the coma intensityI

(filter)
dust

was measured using a given filter.I(filter)
sun is the intensity of the Sun at 1 AU heliocentric

distance seen through the same filter. Provided that the dust particles move away from the
nucleus on straight trajectories and are not subject to processes altering their scattering
behaviour,Afρ is independent of the employed aperture radius, of the heliocentric and
geocentric distances, and – to the extent that the dust can be considered as “grey” (see
Section 2.3) – of the spectral band in which the observation was carried out.

For an isotropic coma and discrete dust sizessj, Müller (1999) relatesAfρ to the
production ratesQd,j (sj) via the dust emission speedsvd,j (Section 5.4.9), the geometric
albedop, and the phase functionj(α) (Section 2.3):

Afρ = 2π p j(α)
∑

j

s2
j

Qd,j

vd,j

. (2.16)

The relative magnitudes of theQd,j rates are given by the size distribution (Section 2.7).
Afρ depends on the phase angle of the observation, due both to the scattering prop-

erties of a single dust grain (Schleicher et al., 1998) and – unless the coma is isotropic
– to projection effects (M̈uller, 1999). In a non-isotropic coma, the timescale on which
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the particles leave a given field of view depends on the angle between the main emis-
sion direction and the line of sight, with higher measuredAfρ for a line of sight parallel
or close to the main emission direction. Müller (1999) therefore introduced ageomet-
ric phase functionjgeo(α) that is characteristic of the specific pattern of emission of a
given nucleus. For a coma where the dust production rate is proportional to the cosine of
the local zenith angle of the Sun, the geometric phase function is shown by the dashed
line in Figure 2.1. Schleicher et al. (1998) obtained from multiple observations of comet
1P/Halley a phase angle dependence ofAfρ that for small phase angles is slightly steeper
than the Divine phase function for a single particle (Figure 2.1, solid line). This supports
the introduction of a geometrical correction to the phase function by Müller (1999).

In practice, for many cometsAfρ seems to depend on the aperture size despite its defi-
nition (e. g. Schleicher et al., 1998; Schleicher, 2006, and references therein). This implies
that the brightness distribution in the coma deviates from the 1/ρ-profile assumed on the
introduction ofAfρ. Possible causes for this deviation include changes in the physical
properties of the grains as they travel outward (e. g. loss of volatiles or fragmentation),
the action of radiation pressure modifying the straight trajectories of small particles inside
the field of view, or a long-lasting population of large particles (Schleicher et al., 1998).

2.7 Dust Size Distribution

The size distribution of cometary dust has been inferred from both astronomical images
and data measured in situ. While the former yield asizedistribution, the latter contain
information on themassesof the particles. For optical images, the determined sizes scale
directly with the particle albedo (Section 2.3). The conversion from size to mass requires
knowledge of the bulk density of the particles (Section 2.2).

A mass or size distribution can be specified in the form of either adifferential or a
cumulativedistribution. The cumulative mass distributionF (m) gives information on the
fraction of particles that have a mass greater than some massm0:

n (m > m0) = F (m0). (2.17)

The differential mass distributionf(m) characterises the relative abundancen of particles
inside a mass interval[m1,m2]:

n (m1<m<m2) =

m2∫
m1

f(m) dm = F (m1)− F (m2). (2.18)

If the mass of a particle can be converted to a size by a relations(m), a corresponding
differential size distributiong(s) exists:

m2∫
m1

f(m) dm =

s(m2)∫
s(m1)

g (s) ds. (2.19)
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It is generally assumed that – at least in intervals of the total mass range covered by
cometary dust – the distribution can be approximated by a power law. In the literature,
both the exponentsγ of the cumulative mass distributionF (m) ∼ m−γ andα of the
differential size distributiong(s) ∼ sα are commonly used. For a constant bulk density
in the concerned size interval,m(s) ∝ s3 anddm ∝ s2ds. Hence the exponentsγ andα
are related by

α = −3γ − 1. (2.20)

The mass distribution at the nucleus is different from the one in the coma. To derive one
from the other, some knowledge of the (mass-dependent) velocity of the dust grains is
needed. The velocity has to be inferred from modelling, because it has not yet been mea-
sured. In general, large particles are more abundant in the coma than close to the surface
because of their lower emission speeds. The relation between the size distributions in the
coma and at the nucleus may be further complicated by fragmentation or evaporation of
grains (McDonnell et al., 1987, 1991) and by an inhomogeneous distribution of surface
activity (Fulle et al., 1995).

In situ data on the dust mass distribution were obtained by the dust instruments on
board the spacecraft VeGa 1 and 2 and Giotto at comet 1P/Halley in 1986 (McDonnell
et al., 1987; Divine and Newburn, 1987; McDonnell et al., 1991; Fulle et al., 1995), on
board Giotto at comet 26P/Grigg-Skjellerup in 1992 (McDonnell et al., 1993), and on
board Stardust at comet 81P/Wild 2 in 2004 (Tuzzolino et al., 2004; Green et al., 2004).
The measured quantity is not the mass distribution of dust as released from the nucleus
but the cumulative flux or fluence on the concerned instrument. The fluence is defined as
the flux integrated over the spacecraft trajectory, it represents therefore an average mass
distribution. The flux (or the fluence measured in only sections of the trajectory) showed
significant variation with time during both the 1P/Halley and the 81P/Wild 2 fly-bys.

Still no general agreement has been reached on the interpretation of the data with
respect to the dust mass distribution at the nucleus, but authors do agree that the mass of
dust in the coma is dominated by millimetre-sized and larger particles. The cumulative
fluences registered at the various spacecraft show different exponents for large and small
particles. The interpretations of this observation are not unanimous. Table 2.1 lists mass-
or size-distribution exponents given in the literature.
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Ḧo

rz
et

al
.(

20
06

)

67
P

/C
–G

T
N

G
m

m
..

.
cm

−
3.

5
F

ul
le

et
al

.(
20

04
)

µ
m

−
4.

5

V
LT

>
10

−
1
3

kg
−

4.
1

A
ga

rw
al

et
al

.(
20

07
)



Chapter 3

Comet 67P/Churyumov-Gerasimenko

Comet 67P/Churyumov-Gerasimenko is the primary target of the Rosetta mission of the
European Space Agency. The spacecraft was launched in March 2004 and is scheduled
to reach the comet in May 2014 at a heliocentric distance of 4 AU. Rosetta will follow
67P/C–G on its way to the inner solar system, deploying a lander with scientific instru-
ments in November 2014 (around 3 AU). The nominal end of the mission is in December
2015, after the perihelion passage of 67P/C–G in August 2015.

In this chapter, published data characterising comet 67P/C–G are summarised. The
values given here serve as input to the model described in Chapter 5 and employed in
Chapter 6 to constrain the emission of mm- to cm-sized particles by 67P/C–G.

3.1 Discovery and Orbital Evolution

Comet 67P/Churyumov-Gerasimenko is a Jupiter family comet with an orbital period of
6.56 years and the orbital elements listed in Table 3.1. It was discovered in 1969 by
K. I. Churyumov and S. I. Gerasimenko. Until 1840, the perihelion distance of the comet
was at 4 AU. A close encounter with Jupiter shifted the perihelion distance to 3 AU. The
distance decreased to 2.77 AU until 1959, when a second close encounter with Jupiter
moved 67P/C–G into its present orbit. The perihelion distance in 2002 was 1.29 AU and
will be 1.24 AU in 2015 (Marsden, 1970).

Table 3.1: Orbital elements of comet 67P/C–G for the epoch 23.0 August 2004 in the coordinate
system given by the ecliptic and mean equinox of J2000. The values were obtained from JPL
(http://ssd.jpl.nasa.gov/horizons.cgi).

Semi-major axis (AU) 3.50
Eccentricity 0.63
Inclination (degrees) 7.13
Longitude of ascending node (degrees) 50.92
Argument of perihelion (degrees) 11.37
Time of perihelion passage (UT) 2002 Aug 18.24

15
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Figure 3.1: H2O production rate as
a function of heliocentric distance,
inferred from spectroscopic obser-
vations during different apparitions
of the comet. The solid line is a
power-law fit to the data.

3.2 Nucleus Properties

The effective radius of the nucleus of 67P/C–G is the range of 1.7 to 3.2 km (Mueller,
1992; Lowry et al., 2003; Tancredi et al., 2000; Kelley et al., 2005; Tancredi et al., 2006;
Lamy et al., 2006, 2007). Lamy et al. (2006, 2007) expect the nucleus to be an irregular
body with axis ratiosa/b = 1.26 anda/c = 1.5 to 1.6. They find a nucleus geometric
albedo in the R-band between 0.045 and 0.06, a rotational period of 12.4 to 12.7 h, and a
bulk density of 370 kg/m3.

3.3 Gas and Dust Production

The dominant species of gas emitted by comet 67P/C–G are H2O and CO. Figure 3.1
shows the H2O production rate inferred from spectroscopic observations as a function of
heliocentric distance (Hanner et al., 1985; Feldman et al., 2004; Mäkinen, 2004; Crovisier
et al., 2002) and a power-law fit to the data. For the CO-production rate, an upper limit
of 1027 molecules/s at 3 AU has been derived from radio observations (Bockelée-Morvan
et al., 2004). On the basis of the observed gas production rates, the emission speeds
of dust particles from the coma, given by Equation 5.48, were derived by means of the
hydrodynamic coma model outlined in Appendix C.

Afρ values for 67P/C–G were measured during the apparitions in 1982/83, 1995/06,
and 2002/03 (Storrs et al., 1992; Osip et al., 1992; A’Hearn et al., 1995; Kidger, 2003;
Lamy et al., 2003; Weiler et al., 2004; Schulz et al., 2004a; Feldman et al., 2004; Schle-
icher, 2006)1. Figure 3.2 showsAfρ as a function of the heliocentric distance. BothAfρ
and the H2O production rate reach their maxima around 30 days after perihelion.

Like for other comets, a dependence ofAfρ on the employed aperture size has been
observed for 67/C–G (Schleicher, 2006). This may account for at least part of the consid-
erable scattering of the data shown in Figure 3.2. Beyond 3 AU, the nucleus appeared as
a point source in all observations known to the author with two exceptions. Kelley et al.

1The data from these publications are summarised in the data base at
http://berlinadmin.dlr.de/Missions/corot/caesp/comet db.shtml. The site also includes
data obtained by amateur astronomers.
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Figure 3.2: Afρ as a function of heliocentric distancerh for three apparitions of comet 67P/C–G.
a) Measured values.b) Measured values corrected for the phase-angle dependence ofAfρ by
division through the geometric phase function shown in Figure 2.1. The solid line is a power-law
fit to the data. The increasedAfρ-values aroundrh= 2.5 AU in Panel (a) can be attributed to a
distinct minimum in phase angle, which is evident from a comparison of Panels (a) and (b): After
division by the geometric phase function, the peak is attenuated but still present.

(2006) found that their nucleus brightness measured in July 2004 is incompatible with the
nucleus radius of about 2 km obtained by Lamy et al. (2006, 2007). They attribute the
excess brightness to either a coma of young particles or a slowly dispersing population
of larger particles from the last perihelion passage. C. Tubiana (private communication)
observed that in May/June 2006 the brightness profile of the nucleus deviated form that
of a point source. From the absence of an observable coma it is generally inferred that the
comet is not active.

3.4 Coma Features, Dust Tail, Antitail and Trail

The coma of 67P/C–G displayed distinct azimuthal brightness variations during both the
1996/97 and the 2002/03 apparitions (Schleicher, 2006; Schulz et al., 2004a,b; Weiler
et al., 2004). An example image is shown in Figure 3.3. These features have been inter-
preted as border lines of coma fans produced by active areas at different latitudes on the
rotating nucleus (H. B̈ohnhardt, private communication). Constraints for the orientation
of the rotation axis of the nucleus have been derived from the observed coma features by
Weiler et al. (2004) and Schleicher (2006).

Between perihelion in August 2002 and at least April 2006, the tail of 67P/C–G was
characterised by a thin, bright spike close to the projected comet orbit in the direction
trailing the nucleus. Different interpretations of this phenomenon are discussed in Agar-
wal et al. (2007) with the conclusion that it most probably is a distinct antitail due to the
low inclination of the comet orbit with respect to the ecliptic.

The dust trail of 67P/C–G was first observed with IRAS in 1983 (Sykes et al., 1986a,b),
having a length of 1.2◦ in mean anomaly and a width of 50000 km (Sykes and Walker,
1992). The first observation of the 67P/C–G trail in visible light was performed by
M. Ishiguro (private communication).
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67P/Churyumov−Gerasimenko (R)
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agarwal/Skycat Jul 03, 2004 at 09:59:05

Figure 3.3: Left: Broadband R image of comet 67P/C–G on 3 May 2003 obtained with FORS1
at ESO/VLT/U1 (Schulz et al., 2004a,b). Right: Same image, but structurally enhanced by sub-
tracting the azimuthally averaged coma profile from the measured brightness distribution. Both
images are by courtesy of R. Schulz.



Chapter 4

Observations of the 67P/C–G Trail

This work is based on the analysis of three observations of the dust trail of comet 67P/C–G,
one in visible light obtained in 2004, and two at mid-infrared wavelengths made in 2005
and 2006. Geometrical parameters of these observations are listed in Table 4.1. In this
chapter, the processing applied to each of the data sets is described. Calibrated profiles
of the surface brightness in the trail are derived. In Chapter 6, the measurements will be
interpreted utilising the trail model described in Chapter 5.

4.1 Optical Observation

4.1.1 Data Acquisition

67P/C–G was observed in April 2004 with the Wide Field Imager (WFI) at the ESO/MPG
2.2m telescope on La Silla (Chile). The total integration time was 7.50 h of which 0.75 h
were done on 2 April, the remaining time was split equally over the three consecutive
nights of 19 – 21 April.1 The data set includes 50 images of 540 s exposure time each.
To maximise sensitivity, 3×3 on-chip pixel binning was used, resulting in a pixel size of
0.71′′. The camera has eight Charge Coupled Devices (CCDs). Each image is therefore
a mosaic of eight frames covering a total FOV of 34′×33′. No filter was employed. The
data processing was done with IRAF2.

4.1.2 Processing of Individual Exposures

An exemplary raw-image is shown in Figure 4.1a. The first processing step was to sub-
tract a bias image. The bias is an additive pattern introduced by the readout electronics

1Images obtained during additional 2.25 h on 18 April were contaminated by stray light from a star of
4th magnitude close to the instrument field of view. These were not used for the following analysis.

2The Image Reduction and Analysis Facility is a general purpose software system for the reduction
and analysis of astronomical data. IRAF is written and supported by the IRAF programming group at
the National Optical Astronomy Observatories (NOAO) in Tucson, Arizona. NOAO is operated by the
Association of Universities for Research in Astronomy (AURA), Inc. under cooperative agreement with
the National Science Foundation. Both software and documentation may be obtained from the website
http://iraf.noao.edu/.
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Table 4.1: Geometrical parameters of the three observations of the dust trail of comet 67P/C–G
described in Sections 4.1 and 4.2. MA = mean anomaly, PA = position angle. The “solar elongation
angle” is the angle between the directions to the Sun and to the comet, seen by the observer. The
“orbit plane angle” is the angle between observer and comet orbital plane, measured from the
centre of the comet nucleus; positive values indicate that the observer is above the comet orbital
plane, in the direction of the orbital momentum vector of the comet. The “viewing angle” is
the angle between the line of sight and the comet velocity vector; values< 90◦ indicate that
the comet moves away from the observer. The “neckline emission date” is defined as the date
when the comet nucleus was at a true anomaly ofτobs−180◦. With the exception of the orbit
section lengths and the viewing angle, all values were obtained from the JPL Horizons System
(http://ssd.jpl.nasa.gov/horizons.cgi).

Telescope ESO/MPG 2.2m Spitzer Spitzer
Instrument WFI MIPS24 MIPS24
Date of observation† 2 Apr, 19–21 Apr 2004 28/29 Aug 2005 8/9 Apr 2006

Heliocentric distance 4.69 AU 5.69 AU 5.66 AU
Distance from observer 3.69 AU 5.72 AU 5.36 AU
Nucleus right ascensionα 14h10m38.s79 15h00m50.s73 17h06m46.s87
Nucleus declinationδ −10◦13′03.′′6 −18◦04′54.′′6 −24◦57′24.′′5
Nucleus dα/dt× cos δ −26.61′′/h 8.83′′/h 1.16′′/h
Nucleus dδ/dt 7.83′′/h −3.53′′/h −1.49′′/h
Orbit section covered (proj.) 2′. . .−33′ 18′. . .−28′ 9′. . .−33′

Orbit section covered (MA) 0.1◦. . .−1.0◦ 1.0◦. . .−1.6◦ 0.5◦. . .−1.7◦

PA of neg. velocity vector 296.9◦ 293.5◦ 281.6◦

PA of Sun-comet vector 253.1◦ 106.2◦ 274.9◦

Phase angle 1.0◦ 10.3◦ 10.0◦

Solar elongation angle 175.3◦ 83.3◦ 102.5◦

Orbit plane angle −0.7◦ 1.3◦ −1.2◦

Viewing angle 54◦ 94◦ 110◦

Ecliptic lat. (obs. centred) 2.8◦ −0.9◦ −2.1◦

True anomaly at obs. (τobs) 150.8◦ 176.1◦ 185.9◦

Neckline emission date (tnl ) 15 Jul 2001 14 Aug 2002 25 Aug 2002
tnl relative to perihelion −34 d −4 d +7 d
Heliocentric distance attnl 1.36 AU 1.29 AU 1.29 AU

†The values given in this table are for 20 Apr 2004, 29 Aug 2005, and 9 Apr 2006, 00:00:00.0 UT.

of the camera. It is independent of the exposure time and therefore measured by an ex-
posure of 0 s duration and the same on-chip binning factor as the science exposures. To
reduce noise, a master-bias was created by median-averaging over ten bias exposures.
The master-bias was then subtracted from each science exposure.

The eight CCDs of the WFI are characterised by different gain factors for converting
electrons to ADU (Analogue Digital Units). The general recommendation for WFI im-
ages (e. g. Erben et al., 2005) is that the removal of the instrumental signature should be
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Figure 4.1: Image section of 10′×8′ during successive processing stages. The nucleus is in the
lower left quadrant.a) Raw image, showing fringing and different CCD gains.b) Image after flat-
fielding, removal of fringing and gain correction.c) Images taken on 19 April average-combined
in the rest frame of the stars.d) Same image as (c) after object masking.e) All images average-
combined in the co-moving frame with object masking.f) Same image as (e) after removal of
nucleus and spatial filtering. Note the different brightness ranges indicated below the images.
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done individually for each CCD and the processed images afterwards be combined into
a mosaic, adjusting their brightness levels through division by the gain factors of the in-
dividual CCDs. For the present data the gain factors given in the WFI Handbook3 were
not sufficiently accurate to ensure uniform sky-level in the resulting mosaic, nor was the
attempted derivation of the relative gain from the data. To ensure a uniform background
level the mosaics of the eight frames of one exposure were assembled first. Then a single
flatfield (see below) was created for the whole mosaic, and the individual mosaics were
divided by this flatfield. Since the original images and the flatfield are scaled by the same
gain factors, these cancel in the flatfielded image.

The raw images were characterised by strong fringing, an interference artefact arising
in blue-optimised thin-layered CCDs when observing in red wavelengths (Erben et al.,
2005). While the amplitude of the fringing depends on time, the shape of the pattern is
considered stable4. The recommended way to remove the fringing pattern is to measure
its amplitude in some well defined parts of the image, scale the fringing pattern image
(obtainable either from ESO or extracted from the data) accordingly, and subtract the
scaled fringing image. The result for the present data set was not satisfactory. The am-
plitude of the fringing relative to the background level generally became stronger towards
morning, possibly because of changing spectral characteristics of the sky. For a limited
time interval, however, it was found that the fringing amplitude could be approximated as
proportional to the background level. Like the gain correction, the removal of the fringing
pattern therefore was included in the flatfielding, which is described in the following.

For flatfielding neither twilight nor dome flatfield exposures were used, because the
science images were obtained without filter and the spectral properties of the night sky
are different from those of the twilight sky or lamp. Instead, superflats were built from the
science data. This was possible because due to jittering, stellar objects were in different
positions on the CCDs in successive exposures. To obtain a superflat, the mosaics were
normalised through division by their modes5 and then median-averaged. Bright objects
were thus excluded from the combined image while instrument-specific features (includ-
ing fringing and gain) remained. Many of the images contained highly saturated objects
with huge haloes, covering areas that overlap in the different images taken in the same
night. These could only have been eliminated by median-averaging over images obtained
during different nights. However, the observed time-dependence of the relative fringing
amplitude implied that a flatfield obtained from averaging over a larger time interval re-
moved the fringing less completely. Since the haloes are predominantly far from the trail,
while the incomplete fringing removal affects the whole image, the emphasis was put on
avoiding the latter. An optimally smooth background after flatfielding was achieved by
median-combining five consecutive exposures into one superflat (Figure 4.1b).

3The Wide-field Imager Handbook, Issue 2.0, was released by the European Southern Observatory as
Document No. 2P2-MAN-ESO-90100-0001 on 4 May 2005.

4http://www.ls.eso.org/lasilla/sciops/2p2/E2p2M/WFI/CalPlan/fringing/ and WFI
Handbook

5In the following, the terms “mean”, “median = midpoint”, and “mode” are used in accordance with
their definitions in IRAF: The mean is given by(

∑N
i=1 xi)/N , wherexi are the values of individual pixels.

The midpoint and mode are obtained from interpolation of a histogram of the data. The midpoint is defined
as the value with half of the pixels below it and half above. The mode is defined as the maximum of the
data histogram.
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After flatfielding, the mean sky level – approximated by the image mode – was subtracted
from each image. To account for the dependence of the atmospheric absorption on the
zenith angleθ of the observed object, the images were corrected for the so-called airmass.
The intensity received by the observer is related to the incoming intensity by

Irec(θ) = Iinc 10−K X(θ)/2.5, (4.1)

whereX ≈ sec θ is the airmass, andK is the location-dependent extinction coefficient
of the atmosphere. The airmass represents the length of the light path through the atmo-
sphere relative to the one at zenith, henceX(θ = 0) = 1. The intensity measured at airmass
X is corrected to some reference airmassX0 by

Icorr = Irec(X)10K(X−X0)/2.5. (4.2)

A mean extinction coefficient for La Silla ofK = 0.15 mag/airmass was used.
In the following, the data obtained at this stage will be called the “corrected single

images”. They were subsequently processed in two different manners in order to, first,
obtain the final image of the trail and, second, derive an approximate flux calibration using
field stars.

4.1.3 Object Masking and Co-Addition

The final trail image was obtained by averaging over all corrected single images in the
rest frame of the comet. Because of the relative motion of the comet and the background
objects, the latter appeared in the combined image as short, dashed lines often consider-
ably brighter than the trail. In order to exclude such objects from the averaging procedure,
object masking was applied.

To create an objectmask, all images of one night were average-combined in the rest
frame of the stars (Figure 4.1c). The nucleus appeared in the resulting image as a dotted
line. The signal-to-noise ratio (SNR) of the stars and galaxies was increased by this
procedure whereas that of the nucleus was reduced. The object mask for a given night
was created with the IRAF routineobjmasks. It masks all pixels above a given threshold
with a sufficient number of neighbours above the same threshold. A lower threshold
results in a smoother background of the final mosaic. The lowest possible threshold was
given by the condition that the comet nucleus and its bright dust environment must not be
masked. The optimal threshold was found to be five times the local mean variance of the
sky. Saturated or otherwise bad pixels and the gaps between adjacent CCDs were masked
as well.

The mask obtained for the averaged image was subsequently “attached” to each in-
dividual exposure. The average-combined image in the rest frame of the comet has a
reasonably smooth background, and the trail is easily visible (Figures 4.1e and 4.3a). A
histogram of the brightness distribution of the background is shown in Figure 4.2. Fitting
a Gaussian to the brightness distribution yields a variance ofσ0 = 34.5 ADU.

However, the low mean SNR precludes a quantitative analysis of this image. SNR
can be improved by applying a spatial averaging filter which replaces each pixel by the
average of itsm× n neighbours (IRAF routineboxcar). By averaging over an areaa,
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the background noiseσ is reduced by the factor(a/a0)
1/2, wherea0 is the area of one

pixel andσ0 = σ(a0):

σ(a) = σ0

√
a

a0

. (4.3)

The price to pay is a loss of spatial resolution. The size of the averaging window should
therefore be smaller than the characteristic dimension of the object. Since the trail is
very extended in the direction parallel to the orbit while narrow perpendicular to it, a
rectangular window much larger in the parallel direction than in the perpendicular one
was used.

To properly apply the filter, the image was first rotated by 26.5◦ clockwise, and the
nucleus was replaced by interpolating between the surrounding pixels. A filtering window
of 200 pixels (140′′) parallel and 10 pixels (7′′) perpendicular to the trail axis was used,
increasing SNR per pixel by a factor of 45. The resulting image is shown in Fig. 4.3b.

4.1.4 Flux Calibration

Flux calibration was done on the basis of the USNO-B1.0 catalogue (Monet et al., 2003).
Like for the derivation of object masks, SNR was increased by averaging over all corrected
single images of a given night in the rest frame of the stars. In the combined images,
aperture photometry of a set of “solar-type” (definition below) field stars in the FOVs
of the images was done. It was assumed that the scattering by cometary dust does not
significantly alter the spectral properties of light from the Sun (Section 2.3).

The USNO-B1.0 catalogue contains up to five magnitudes for each object: R1, B1,
R2, B2, and I2, where “1” and “2” refer to their origin from POSS1 and POSS26 plates,
respectively. The standard deviation of the magnitudes given in the catalogue is 0.25 mag
(Monet et al., 2003). The 1σ-uncertainty of the difference of two magnitudes is therefore√

2× 0.25 mag = 0.35 mag.

6The first Palomar Observatory Sky Survey (POSS1) was conducted on the Oschin Schmidt Telescope at
Palomar Observatory (California) in 1950–57 in the red and blue wavelength bands (Minkowski and Abell,
1963). The POSS2 plates were exposed in 1975-2002 in blue, red, and near-infrared on the U.K. Schmidt
Telescope at Siding Spring Observatory in Australia for the southern sky and on the Oschin Schmidt Tele-
scope at Palomar for the northern hemisphere (Reid et al., 1991).
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Figure 4.3: WFI image of comet 67P/C–G obtained in April 2004. The image size is 35′×4.7′,
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is shown by the colourbar below Panel (b).a) Unfiltered image rotated by 26.5◦ clockwise. The
inclined stripes are remnants of the overscan regions between individual CCDs (Figure 4.1a).
b) The same image, after replacing each pixel by the average over a neighbourhood of 200 pixels
(140′′) parallel and 10 pixels (7′′) perpendicular to the trail axis. The size of the filtering window
is indicated in the upper right corner.c) Peak surface brightness as a function of distance from the
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a profile perpendicular to the orbit (examples in Figure 4.4). The corresponding surface brightness
in R-filter (Section 4.1.4) is indicated by dashed lines. The measure profile is too low by 20 to
40% due to the flatfield (Section 4.1.6 and Appendix B).d) FWHM of the trail and position of
the peak(s) as functions of distance from the nucleus. “+” and “x” show the distances from the
orbit where the surface brightness is half of the peak brightness on either side of the nucleus. It
was assumed that the projected orbit is inclined against the x-axes in Panels (a) and (b) by an
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respectively (see text). Open circles show the peak position when only one peak is observed.
Otherwise, squares and diamonds indicate the positions of the peaks attributed to old and young
particles, respectively. The “old” particle peak is not aligned with the projected orbit, possibly as
a result of inaccurate orientation towards north of the original image.
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Figure 4.4: Profiles through the image shown in Figure 4.3b perpendicular to the projected orbit.
a) Profile at a distance of 3′ behind the nucleus.b) Profile at 23′ behind the nucleus, showing the
splitting of old trail and neckline.

Stars were considered as “solar type” when their B−R, B−I, and R−I filter colours
in the USNO-B1.0 catalogue were compatible with the colours of a G2V (i. e. solar-type)
star in the Cousins filter system: B−R=1, B−I=1.3, and R−I=0.3 (Fitzgerald, 1970)7.
Therefrom the following selection criteria are derived:

0.65 < B1−R1 < 1.35 ,
0.65 < B2−R2 < 1.35 ,
0.95 < B2−I2 < 1.65 ,

−0.05 < R2−I2 < 0.65 .

A star was considered to be of “solar type” if at least three of these criteria were satisfied.
Only stars with R-magnitudes fainter than 17.7 could be used, because brighter ones were
saturated in the raw data. The sets of suitable stars consisted of 18, 35, 34, and 14 stars
for the first, second, third, and fourth night, respectively. During the first and the fourth
night, more stars were saturated because of a higher mean sky flux.

For the selected stars,j, the integral fluxIj (in ADU) in the combined image (Fig-
ure 4.1c) was measured using the IRAF routineimexam. To this purpose, the fluxIc from
a circular aperture of radiusr around the star was measured, wherer was three times the
Full-Width Half-Maximum (FWHM) of the star. To assess the backgound contribution,
the fluxIa from a circular annulus of widthda around the object was calculated. The inner
edge of the annulus was separated from the circle by a specified buffer distancedb. After
scaling to the same area, the flux from the annulus was subtracted from the flux measured
in the circular aperture, giving the flux from the object:

I = Ic −
Ac

Aa

Ia, (4.4)

whereAc andAa are the areas of the circle and the annulus, respectively. The mean
aperture radius used by IRAF wasr = 9 pixels with a variance of 2 pixels, andda = db =
3 pixels, corresponding toAc = Aa = 254 pixels.

7Summarised athttp://www-int.stsci.edu/~inr/intrins.html
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By plotting the catalogue R-magnitudeMcat(j) versus−2.5 log10(Ij) and fitting a linear
relation

Mcat(j) = M0 − 2.5 log10(Ij) (4.5)

to the data, the calibration offsetM0 was deduced. This procedure was exercised inde-
pendently for the four nights and for the two R-magnitudes given in the catalogue. The
derived values ofM0 were consistent within the regression errors with one exception,
so for further calculations the value derived from the largest possible sample of data,
M0 = (32.34± 0.02) mag, was used (Figure 4.5). The stars used for calibration are listed
in Appendix A. The R-magnitude of an object of fluxIobj, measured in ADU is then
given by

Mobj(j) = M0 − 2.5 log10 (Iobj). (4.6)

The surface brightness of an extended object is obtained by using the flux from one arcsec2

asIobj.
Calibrating an observation done without filter in the R-band, is justified as long as the

spectral properties of object and calibration stars are the same. Then the fluxes measured
with and without filter are different by a constant factor. The corresponding magnitudes
are different by an additive constant that is included in the calibration magnitudeM0.

For comparison with simulated images, the R-magnitude must be translated into flux
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Figure 4.5: R-magnitudes from the USNO-B1.0 catalogue versus magnitudes measured in the
images, expressed as−2.5 log10(I), whereI is the total flux from the object in ADU. The lines
are linear fits to the data for R1 and R2 separately and for their mean value.
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per unit solid angle. This is achieved by assuming that the apparent R-magnitude of
the SunMsun = −27.14 mag corresponds to a flux ofISI

� = 1367 W/m2 measured with-
out filter and outside the atmosphere. The superscript “SI” indicates that the quan-
tity is measured W/m2 instead of ADU. The flux in ADU corresponding toMsun is
Isun = exp[(M0 −Msun) / 2.5] = 6.19× 1023 ADU. Therefrom follows the conversion fac-
tor

c =
ISI
�

Isun

= 2.21× 10−21 Wm−2ADU−1. (4.7)

The obtained flux is the one that would have been measured outside the atmosphere.

4.1.5 Calibration Accuracy

In this section, the uncertainty of the calibration magnitudeM0 is investigated in some
more detail. From Equation 4.5 follows

∆M0 = ∆Mcat + ∆Mmeas, (4.8)

with

∆Mmeas = ∆[2.5 log10(I)] =
2.5

ln 10

d

dI
ln(I)∆I =

2.5

ln 10

∆I

I
= 1.1

∆I

I
. (4.9)

∆Mcat = 0.25 mag is given from the accuracy of the USNO catalogue.∆I is assessed
from the procedure of aperture photometry. From Equation 4.4 follows

∆I = ∆Ic +
Ac

Aa

∆Ia. (4.10)

∆Ia and∆Ic are estimated from the background noise. The noise level in a single ex-
posure is given by the varianceσ0 of the Gaussian fitted to the background pixel distri-
bution. Referring to Fig. 4.2, which shows the variance for an image combined of 50
single exposures to beσ = 34.5 ADU, it is deduced that the variance in a single image
wasσ0 =

√
50−1×34.5 ADU = 241.5 ADU. An image combined of 15 exposures – like

those on which the aperture photometry was performed – then has a background variance
of σ15 = σ0/

√
14 = 64.5 ADU. A sum overA pixels has an uncertainty of∆I =

√
Aσ15.

For a single calibration star

∆I =
√
Ac σ

15 +
Ac

Aa

√
Aa σ

15

= σ15(
√
Ac +

Ac√
Aa

).

With Ac = Aa = 254 pixels follows∆I = 2058 ADU. A representative measured mag-
nitude of−2.5 log10(I) = −13.4 (Fig. 4.5) corresponds to a flux ofI = 230 000 ADU.
Insertion in Equation 4.9 gives∆Mmeas = 0.01 mag for a single star, which is negligi-
ble compared to the uncertainty of the catalogue values∆Mcat = 0.25 mag. Since the
procedure was applied to a sample of about 200 objects, the final uncertainty reduces
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to ∆M0 =
√

200 0.26 mag = 0.02 mag, which is consistent with the uncertainty obtained
from the linear regression in Fig. 4.5.

An additional source of error may be the high exposure levels of the calibration stars,
suggesting that the relation between flux and count level (in ADU) may not have been
entirely linear. The maximum deviation from linearity is about 1% for high exposure
levels (WFI Handbook). The maximum calibration error arising therefrom is estimated
as follows. Assuming that the measured fluxImes (in ADU) of a calibration star was
underestimated by 1%, the true flux would have beenItrue = 1.01Imes. The true calibration
magnitude would have beenM true

0 = Mmeas
0 + 2.5 log10 (1.01) =Mmes

0 + 0.01 mag. Since
the trail was fainter than the calibration stars, it was far from saturation and not affected by
the nonlinearity of the CCD. Therefore the trail brightness derived from the uncorrected
calibration star fluxes would be too bright by 0.01 mag.

Figure 4.3 c shows that the statistical uncertainty of the calibration is negligible com-
pared with the uncertainty arising from the background variation, which is on the order
of ±20 ADU, and with the systematic error addressed in the following section and in
Appendix B.

4.1.6 Error Introduced by Flatfield

Figure 4.3 c shows that the surface brightness of the trail was much lower than the sta-
tistical variation of the backgroundσ = 34.5 ADU. The superflats were constructed by
median-averaging over five consecutively taken exposures. The purpose of the median-
averaging was to remove bright objects from the flatfield. In each exposure, a given object
was located at a different position on the CCD, and a given pixel in five consecutive ex-
posures contained a specified object at maximum once. The pixel containing the object
was discarded by the median filter, and the resulting image was free of bright objects.

This method fails if the object is less bright than the statistical fluctuation of the back-
ground. The object-containing pixel will then not be systematically brighter than the other
four, resulting in a non-vanishing probability that the median of the five pixels will be the
value of the pixel bearing the object. For a very faint object, the chances of having it in
the median pixel approach 20%, which is the probability for one out of five identically
distributed pixels to assume the median value. This means that up to 20% of the pixels
in the concerned regions of the superflat must be expected to bear trail information. This
information is lost from the original image on division by the superflat, and the resulting
surface brightness will be approximately 20% too low on average. Because of the em-
ployed jittering pattern, there is some overlap of the trail positions in different images,
resulting in an expected loss of surface brightness of up to 40%.

For a quantitative comparison with simulated images, the details of the flatfielding
process will be included into the simulation (Appendix B). The simulated image then is
expected to contain the same artefacts as the WFI. An accurate estimate of the loss can
only be given for a specificoriginal image. In Appendix B, the loss is estimated for a
simulated image that after flatfielding matches the observed image well. Comparison of
the originally simulated image and the image after flatfielding and spatial filtering shows
that both processes in combination lead to losses in surface brightness of 20% to 40%,
where most of the loss is attributable to the flatfielding.
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4.1.7 Summary of Optical Observation

The length of the orbit section covered is 35′, corresponding to 1.1◦ in mean anomaly.
Fig. 4.3 c shows an intensity profile along the trail axis, characterised by a distinct peak
around the nucleus and a rather uniform brightness distribution beyond 5′ from the nu-
cleus. The measured surface brightness in R-filter is 27.6± 0.3 mag near the nucleus and
29.0± 0.5 mag at nucleus distances exceeding 10′. These values are expected to be too
low by 20% to 40% due to a systematic error.

Taking a closer look at the filtered image displayed in Figure 4.3b, a splitting of the
trail is seen beyond 17′ from the nucleus. The gap between the two branches widens with
increasing distance from the nucleus (Figure 4.3d). It was ascertained that the splitting
does not result from combining images taken in different nights: It remained when only
data acquired in a single night were used. A possible change of the orientation of the
CCD during a night would have been noticed when combining images with offsets to
match stars. The predicted position angle of the trail did not change significantly over
the period of observation, either. Hence the splitting is most likely real. Figure 4.3d
shows the positions of the two peaks as function of the distance from the nucleus. The
average enclosed angle is 0.8◦± 0.2◦. In Section 4.3 and in Chapter 6, the lower and upper
branches will be interpreted as due to particles emitted during the last apparition of the
comet (2002/03) and during previous apparitions, respectively.

The “old” particle trail in Figure 4.3d is not aligned with the projected orbit, which
is contrary expectations (Chapter 6). The reason for the mis-alignment is probably that
no astrometric correction was done for the images. Hence neither the orientation towards
north was optimised nor were distortions removed from the FOV. The relative angle be-
tween old and young trail should, however, not be significantly affected by this.
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4.2 Infrared Observations

Two mid-infrared observations of comet 67P/C–G and its projected orbit at 24µm were
carried out with the Multiband Imaging Photometer (MIPS; Rieke et al., 2004) on board
the Spitzer Space Telescope8 (Werner et al., 2004) in August 2005 and April 2006. The
heliocentric distance of the comet was 5.7 AU during both observations, once before and
once after its aphelion passage on 25 November 2005. In the following, properties of
the data acquisition and processing that are common to both observations are described,
including a summary of the software packages used. Then the data reduction steps are
described that were individual to either of the two observations, the difference mainly
arising from the fact that for the 2006 data a shadow observation was available while for
the 2005 it was not.

4.2.1 Data Acquisition and Basic Processing

Each observation was implemented as a cluster in photometry mode. A set of neighbour-
ing pointing positions along the trail was specified. For each pointing position, a sequence
of exposures (Data Collection Eventsor DCEs) was taken at eight scan mirror positions
and repeated with a small offset of the spacecraft. Around each pointing position, the
total field of view covered was 8.25′ × 8.25′, while a single DCE covered about 5.25′ ×
5.25′. The directions of the scan mirror and spacecraft motions were perpendicular. The
first DCE at each spacecraft position had a shorter exposure time and was depressed in
response. These images were not used for further analyses, leaving 14 valid exposures at
each pointing position.

From each exposure, two images were down-linked from the telescope: thefirst dif-
ferenceimage, corresponding to an exposure of about 0.5 s, and theslopeimage, rep-
resenting the flux averaged over the entire exposure time. The images were flatfielded
and calibrated in units of MJy/sr by an automated pipeline at the Spitzer Science Center
(SSC). ABasic Calibrated Data(BCD) image generated by the SSC pipeline is normally
derived from the slope image. If, however, a pixel in the slope image is close to saturation,
its value is replaced by that in the first difference image. Thereby more reliable flux data
for bright sources are obtained. The flatfielded and calibrated slope and first difference
images are also available from the SSC. The calibrated slope images from 2005 and the
BCD images from 2006 serve as basis for the further processing and eventual mosaicking
described in Sections 4.2.3 and 4.2.4.

To better separate the cometary signal from the background interstellar medium, and –
to a limited extent – also from stars and galaxies, a shadow observation was carried out for
each observation. A shadow is an exact repetition of the primary (with the same exposure
times, pointing coordinates etc.) at a later time, after the comet has left the field of view.
By subtracting the shadow from the primary, information on the moving targets in both
images is gained. For technical reasons, the shadow observation for the 2005 image was
not done before April 2007 and could not be evaluated in this thesis. The 2005 data in
the form presented here are therefore of inferior quality compared with the 2006 data, for

8The Spitzer Space Telescope is operated by the Jet Propulsion Laboratory, California Institute of Tech-
nology under a contract with NASA.
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which the shadow was taken a week after the primary observation.
After the processing and mosaicking described in Sections 4.2.3 and 4.2.4, the bright-

ness profile along the trail in each mosaic was obtained from evaluation of perpendicular
profiles analysed at different distances from the nucleus, giving the trail width and bright-
ness as a function of distance from the nucleus.

The obtained surface brightness needs to be colour-corrected to account for the slope
of the spectrum of dust within the spectral band of MIPS at 24µm. The flux has been
calibrated relative to calibrator stars having a different spectrum from the dust in this
image. To derive the true monochromatic flux density at the weighted average wavelength,
λ = 23.675µm, the measured values are divided by a colour correction factor that depends
on the dust spectrum. Assuming a geometric albedo of 4% in the entire visible wavelength
range and an absorption efficiency of 1 in the infrared (Section 2.5). The equilibrium
temperature atrh= 5.7 AU isT = 111 K (Equation 2.14). The colour correction factor for
a blackbody spectrum of this temperature is 0.947 (MIPS Data Handbook).

4.2.2 Employed Software and Documentation

Documentation concerning the telescope, its instruments and data products is available
from the website of the SSC9 and includes the Spitzer Observer’s Manual, Version 7.1,
issued on 8 December 2006 and the MIPS Data Handbook, Version 3.2.1, issued on 6
February 2006. From the same source, software packages for the planning of observations
and data analysis are available.

The Spitzer Planning Observations Tool(SPOT) 16.0 is described in the respective
User’s Guide issued on 11 April 2007. Apart from planning an observation and creating
the required Astronomical Observation Request (AOR), SPOT also includes an option to
predict the background contributions by zodiacal light, interstellar medium, and cosmic
infrared background for a given area of the sky and observation date. The underlying
model is based on data obtained with IRAS and with theCosmic Background Explorer
(COBE) and takes into account the dependence of the zodiacal light background on the
position of the telescope.

TheMosaicking and Point Source Extraction(MOPEX) software (Makovoz and Khan,
2005) is used to interpolate images to a common grid (either celestial or co-moving for a
solar system object). Outliers are detected, such as hits of cosmic rays and galactic pro-
tons and objects that move with respect to the specified reference frame. The latter works
only if the rate of motion of an object is high enough that it is in less than a given fraction
of the images at the same sky position. If images are combined in the co-moving frame of
the comet, stars should be detected by MOPEX as “moving objects”. In the two data sets
discussed in the following sections, however, the relative motion of comet and stars was
not sufficient to detect stars as moving objects (Table 4.1). The interpolated images are
combined by MOPEX into a single mosaic. Point sources in the field of view are detected
by help of the APEXSpitzer Astronomical Point Source EXtractionsoftware, which can
also be used to generate residual (point-source subtracted) images.

The tool ISPY10 is an interface to the JPL database of small solar system bodies that

9http://ssc.spitzer.caltech.edu
10http://ssd.jpl.nasa.gov/x/fov.html
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serves to identify such objects in a specified field of view. The objects are detected in a
two-step procedure. First, for all objects in the database it is estimated whether or not they
are expected in the field of view from their orbital elements. Then the precise positions
of the selected objects are computed taking into account planetary perturbations. If the
orbital elements of an object are subject to sufficient variability, this object will not be
identified in the first step. Hence, an observed moving object may well be included in the
database although it was not identified by ISPY. An example is comet 67P/C–G, which
was not identified when running ISPY for the parameters of the 2006 Spitzer observation
(Section 4.2.4).

4.2.3 Observation in August 2005

During the observation carried out on 28-29 August 2005, 67P/C–G was at a heliocentric
distance of 5.69 AU and at a distance from Spitzer of 5.72 AU. The comet orbit was
mapped on a length of 46′ projected to the image plane, of which 28′ were in the direction
trailing the nucleus. The set of evaluated data consists of 252 images of 30 s exposure
time and each covering a field of view of 5.25′ × 5.25′. Nine pointing positions were
specified along the comet orbit, each of which was covered twice, going from east to west
and back again. The offsets between the pointing positions were chosen such that each
section of the orbit – unless close to the edges of the covered area – was exposed at least
28 times, corresponding to 14 minutes in total. In the overlap areas between adjacent
spacecraft positions, a coverage of 42 exposures (21 minutes) was achieved. The images
used in the following were processed with version 14.4.0 of the MIPS pipeline.

Saturation of Slope Images

Because of the long exposure time and the bright background, the slope images (Fig-
ure 4.6b) were close to saturation. A considerable fraction of the pixels in the BCD
images generated by the automated pipeline had therefore been derived from the first dif-
ference images (Figure 4.6a). The result corresponded to images of 0.5 s exposure time
instead of 30 s with accordingly higher noise level. Since the cometary emission is very
faint, the low SNR first difference images were not suitable for its analysis. However,
most of the pixels in the slope images were not hard saturated. As part of the calibration
pipeline, the images were also corrected for the nonlinearity of the CCD response at high
exposure levels. Therefore the basic calibrated slope images were used for the following
evaluation.

Bias Image and Zodiacal Light

The slope images were characterised by (1) a brightness gradient roughly from south-west
to north-east, and (2) by a more intricate pattern of brightness variation that was common
to all images (Figure 4.6b). The amplitude of the pattern (2) diminished for increasing
DCE number. Reach et al. (2007) remove both artifacts by subtracting a bias image from
each exposure, obtained by median-averaging over all exposures of a given DCE number.
For the present data set, the different background levels in exposures of the same DCE
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Figure 4.6: Processing stages for a single exposure of the Spitzer 2005 data. The size of the
displayed FOV is 5.25′× 5.25′. The ranges of surface brightness in MJy/sr are indicated by the
colourbars below the images. The nucleus is in the lower right quadrant.a) BCD image with
most pixels derived from the first difference image and therefore corresponding to an exposure
of 0.5 s. b) Slope image, corresponding to the full 30 s exposure time.c) Slope image after
subtraction of the scan-mirror-position dependent gradient and bias image.d) Mosaic of all images
(corresponding to an exposure time of 14 minutes) in the rest frame of the comet after interpolation
to a common grid and outlier rejection.

number precluded the generation of a median image in one step. To nevertheless apply
the technique recommended by Reach et al. (2007) there were two possible ways. Either,
a constant representing the average background of an image (i. e. the mode or median)
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could have been subtracted from each image and the bias images subsequently obtained
as recommended by Reach et al. (2007). The alternative was to approximate the surface
f(x, y) corresponding to the gradient (1) in an appropriate way and subtract it from each
image before extracting the the pattern (2) as the median image of all exposures of a given
DCE number. If the gradient (1) is constant, both methods are equivalent. Otherwise, the
surfacef(x, y) must be approximated by a higher order function. Since the nature of the
surface was not a priori known, the second method was adopted. Thereby the direction
and possible spatial variation of the gradient could be examined and conclusions be drawn
regarding its origin.

The surfacef(x, y) was obtained by least-squares fitting the midpointmi of each
image as a function of the pointing coordinates(xi, yi) in decimal degrees, assuming that
the pattern (2) affects all derived median values in the same way. For a bi-linear function

f(x, y) = ax+ by + c (4.11)

the parameter values obtained by the least-squares fit area = (3.22± 0.06) MJy/sr/◦,
b = (11.23± 0.14) MJy/sr/◦, andc = (−450± 10) MJy/sr. The root mean square of the
residuals

∆mrms =

√
1

N

∑
i

(mi − f(xi, yi))2 (4.12)

is ∆mrms = 0.48 MJy/sr. Fitting a second-order polynomial surface, the achieved root
mean square of the residuals (∆mrms = 0.43 MJy/sr) was on the same order of magnitude
as that obtained by the linear fit. Therefore the approximation by the plane surface given
in Equation 4.11 was adopted. Since both the pattern (2) and the flux from the trail are
additive, the value of the constantc is of no consequence to the results. It was chosen such
that the average flux in the images remained unchanged by the subtraction of the surface,
i. e. c =−522.

The gradient to the surfacef(x, y) is given by the vector(∂f/∂x, ∂f/∂y) = (a, b),
which points to north-east with an azimuthal angle ofarctan(a/b) = 16.0◦ ± 0.5◦ mea-
sured counterclockwise from north in the geocentric equatorial system. The magnitude of
the gradient is given by

√
a2 + b2 = 11.7 MJy/sr/◦. The direction of the gradient is roughly

perpendicular to lines of constant ecliptic latitude and parallel to the scan direction of the
telescope. This indicates that the gradient (1) may primarily be an instrumental effect
correlated with the position of the scan mirror. According to the MIPS Data Handbook,
such gradients are systematically seen in MIPS data and are attributed to changes in the
light scattered into the camera as a function of the scan mirror position.

However, a correlation between the image median and the pointing coordinates is also
observed when considering only images taken at the same scan mirror position (charac-
terised by the same DCE number). The brightness increases by about 0.8 MJy/sr from the
easternmost to the westernmost images. This correlates well in amplitude and direction
with the zodiacal light background predicted by SPOT. The contribution of the interstel-
lar medium to the background is predicted to be fainter by an order of magnitude. The
magnitude of the zodiacal light variation in turn is an order of magnitude smaller than
the gradient attributed to the scan mirror motion. Since the brightness variations due to
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the zodiacal light and to the scan mirror position could both be approximated as plane
surfaces11, their sum was represented by the surfacef(x, y).

After subtraction of the surface from the individual exposures, the pattern (2) was
extracted separately for each scan mirror position by median-averaging images of the
corresponding DCE number. Only exposures to the east of the comet nucleus were used
in order to avoid the inclusion of trail information into the bias images (Section 4.1.6).
The trail east (moving ahead) of the nucleus is below the detection limit. One of the seven
bias images was eventually subtracted from each individual exposure.

Interpolation and Co-Addition

The bias-subtracted images (Figure 4.6c) were shifted to the rest frame of the comet ac-
cording to the JPL ephemeris of 67P/C–G12. The shifted images were interpolated to a
common grid using MOPEX with outlier rejection to remove artefacts due to cosmic rays
and galactic protons. The interpolated images were average-combined with IRAF (Fig-
ure 4.6d). The resulting mosaic and the derived peak surface brightness and trail FWHM
as functions of the nucleus distance are shown in Figure 4.713.

11The zodiacal light component is time-dependent because of the motion of the spacecraft. The predicted
change of the zodiacal light between the beginning of the first and the end of the second scan leg is 0.15
MJy/sr. Therefore it would have been more accurate to subtract the model zodiacal light component as
function of time. The time-dependence of the zodiacal light will also have to be taken into account when
evaluating the shadow, which was obtained from a different position on the orbit of Spitzer.

12http://ssd.jpl.nasa.gov/horizons.cgi
13Since no shadow was available, it was attempted to remove background point sources from the image

enabling a clearer detection of the trail profile. Object masking as applied to the optical data (Section 4.1.3)
could not be used because of the small relative motion of comet and stars and because of the short interval
during which the observations were taken. Particularly in the western part of the image, stars appeared as
single sources also in the co-moving frame. Instead, the software APEX was used to detect and subtract
point sources. It was found that the density of detected point sources was less on the trail than in the rest
of the image. The residual image would have been biased and the trail brightness been overestimated. The
further analysis was therefore done for the image containing all point sources.
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Figure 4.7: a)Mosaic of the images taken on 28-29 August 2005 with MIPS at 24µm. The surface
brightness is in MJy/sr.b) Colour-corrected peak surface brightness along the projected orbit as
a function of distance from the nucleus, derived from the mosaic (a) after 3x3-boxcar-smoothing.
The error bars were derived from the estimated variation of the background.c) FWHM of the
trail as a function of distance from the nucleus, measured in the mosaic (a) after 3x3-boxcar-
smoothing. Shown is the distance from the projected orbit where the surface brightness is half of
the peak brightness. The data points in Panels (b) and (c) were derived from perpendicular profiles
analogous to those shown in Figure 4.4. The positions of the evaluated perpendicular profiles were
chosen in order to avoid bright objects in the mosaic (a). Beyond 20′ from the nucleus, the trail is
visible in the mosaic (a), but the low SNR precluded a clear distinction between the trail and other
sources in the perpendicular profiles. Values from this region are not shown in Panels (b) and (c),
and they are not taken into account for the interpretation of the data in Chapter 6.
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4.2.4 Observation in April 2006

The second mid-infrared observation of the 67P/C–G trail took place on 8-9 April 2006,
at 5.66 AU from the Sun and 5.26 AU from Spitzer. A shadow observation of the same
region of the sky and with the same instrumental settings followed on 14-15 April 2006.
The projected length of the covered orbit section is 42′, of which 33′ in the trailing di-
rection. Eight pointing positions were specified, going three times from east to west and
back. The four eastern pointing positions were covered only five times. The resulting data
set consists of 672 images of 10 s exposure time and a field of view of 5.25′ × 5.25′. The
total exposure time for a given area of sky along the orbit varies between 9.8 and 19.8
minutes.

Because of the – in comparison with the 2005 observation – shorter exposure time
of the individual frames and the lower background flux, the slope images were not satu-
rated and served as bases for the BCD images. For further processing, the BCD images
produced from Version 13.2.0 of the MIPS pipeline were used.

Co-Addition and Shadow Subtraction

The BCD images were interpolated to a common grid in the moving frame of the comet
and average-combined rejecting cosmic ray hits and bad pixels. No background subtrac-
tion was applied to the 2006 data. Instead, the shadow images were treated in exactly the
same manner, and the resulting mosaic was subtracted from the primary (Figure 4.8).

Because of the small motion of the comet relative to background stars during the
three hours’ interval covered by the observation, stars appear also in the moving-frame as
slightly smeared out point sources. Not all fixed objects were completely removed by the
shadow subtraction because of imperfect matching of the frames. These objects appear
half white and half black in the difference image.

The average background brightness in the primary is higher than in the shadow be-
cause of the changing zodiacal light contribution due to the motion of the telescope. The
change in zodiacal light brightness between primary and shadow predicted by SPOT is
3.23 MJy/sr, which is compatible with the measured value given by the average surface
brightness of the background in Figure 4.8d. The peak surface brightness and width of
the trail are shown in Figure 4.9.

Moving Objects

Sources that are not at all affected by the subtraction are moving targets. They appear
either black or white in the difference image (Figure 4.8c), depending on whether they
are present in the primary or in the shadow. Some of the moving objects are highlighted
in Figure 4.8c and discussed in the following.

Due to the scanning sequence, moving objects appear differently in different parts of
the mosaic, according to the time intervals between the exposure sequences taken at a
given sky position. The western edge of the FOV was covered by three pairs of closely
following exposure sequences with a longer time interval between the pairs. Moving
targets in this section of the FOV appear as three equidistant point sources. In the central
part of the FOV, the six exposure sequences were carried out with roughly constant time
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Figure 4.8: a) Mosaics of the images taken in April 2006 with MIPS at 24µm. The surface
brightness indicated by the colourbars below the images is in units of MJy/sr.a) Mosaic of the
primary observation, the trail is in the centre.b) Mosaic of the shadow data, exposed six days later,
showing the same section of the sky. The trail is visible close to the lower margin of the mosaic.
c) Difference of primary and shadow with several moving objects not removed by the automatic
outlier detection included in MOPEX. Moving objects from the primary observation are black,
those from the shadow are white. The positions of identified known asteroids in primary and
shadow are labelled with red boxes and blue diamonds, respectively. Unidentified moving objects
discussed in the text are marked with yellow ellipses.d) Difference image of primary and shadow
after masking of the moving objects marked in Panel (c).

intervals in between. A moving target appears as a sequence of six seemingly individual
sources. In the eastern part of the mosaic, moving objects appear as a sequence of three
sources, of which two are brighter than the third, because these were exposed twice as
often.

The outlier detection routine included in MOPEX identifies and masks a moving ob-
ject if it is present at a given position on the sky in less that a pre-defined fraction of the
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images. The probability that a moving target is identified depends therefore on the appar-
ent speed of the target and – due to the scanning sequence – on its position in the FOV. In
the western part of the FOV, each of the three images of a moving target is present in one
third of the exposures, in the central part in one sixth, and in the eastern part in one third
for the two central images of a moving target and in one sixth for the first and last one,
with a smooth transition between these scenarios. Some moving objects in the central
part of the mosaic (Figure 4.8c) appear as rings rather than as point sources. A probable
reason is that only the first order peak of the point spread function (PSF) was masked by
the outlier rejection routine, while the remaining rings are the second order of the PSF.

Since a couple of moving objects are close to the nucleus and projected orbit of
67P/C–G it was investigated whether any of these could be a fragment of the comet.
Such a fragment would be co-moving with the comet.

The moving objects identified by ISPY are all asteroids, labelled red and blue in Fig-
ure 4.8c, depending on whether they occur in the primary or in the shadow. 67P/C–G
was not identified by ISPY because of the strong variability of its orbital elements. Since
this is a characteristic of all comets, the precise ephemerides of all comets in the JPL
database for the time of observation were obtained without ISPY. With the exception of
67P/C–G, none were in the FOV. For asteroids this procedure was not repeated because
of the comparatively large number of known asteroids.

Some of the moving objects not identified by ISPY are labelled yellow in Figure 4.8c.
None of these can be considered a candidate for a fragment 67P/C–G. Separate inspec-
tion of frames taken at different times shows that P1 and P2 are the same object, a third
appearance of this object (from the first exposure) is to the west of P2 in the original data
but was removed in the mosaic by the outlier-rejection procedure. The same holds for
S1 and S2, and P4 and P5, respectively. S3 and P3 are each tracks of moving objects
with low apparent speeds. The objects labelled S4, P6, and P7, located in the central part
of the image, each appear as a sequence of six images, while S5 – close to the western
edge of the FOV – appears three times. Since all these objects have a non-zero apparent
speed relative to the comet, they cannot be fragments of it. All moving objects marked in
Figure 4.8c were masked manually and excluded from co-addition. The resulting mosaic
is shown in Figure 4.8d.
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Figure 4.9: Brightness profile and FWHM of the trail, derived from the image shown in Fig-
ure 4.8d.a) Colour-corrected peak surface brightness along the projected orbit as a function of
distance from the nucleus. The error bars are derived from the estimated variation of the back-
ground.b) FWHM of the trail as a function of distance from the nucleus. “+” and “x” mark the
distances from the projected orbit where the surface brightness is half of the peak brightness.
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4.3 Discussion of Observations

Comparison of Figures 4.7c, d and 4.9a, b shows that the surface brightness of the trail
was lower in April 2006 than in August 2005 while its FWHM remained approximately
constant. The measured surface brightness is independent of the distance∆ between the
telescope and the trail, because the amount of particles per unit solid angle is proportional
to ∆2, while the radiation received from a single particle is proportional to∆−2. Since the
heliocentric distances were similar, the blackbody equilibrium temperature would also be
similar. On 29 August 2005, 2◦ in mean anomaly corresponded to 35.3′ projected, com-
pared with 38.0′ projected on 9 April 2006. Hence the column density of dust did not
change significantly between the two observations. The observed decrease in brightness
cannot therefore be attributed to changes in the observation geometry but must be ex-
plained from particle dynamics, which is discussed in Chapter 6.

In all three images, the distance of the half maximum from the projected orbit is almost
constant on one side of the trail and increases with distance from the nucleus on the other
side. The constant side is marked by “+” in the plots, the other by “x”. The “x”-side
appears in projection on the southern side of the trail for the WFI and the Spitzer 2006
images, on the northern side in the Spitzer 2005 image. Defining the “upper” side of an
orbit as the one out of which the positive angular momentum vector points, the observer
was below the orbital plane of the comet during the 2004 and 2006 observations (orbit
plane angles−0.7◦ and−1.2◦, see Table 4.1) and above the plane in 2005 (orbit plane
angle 1.3◦). Assuming that all dust remains close to the comet orbital plane, the particles
on the “x”-side are outside the orbit if seen from the inner solar system. They must
therefore be subject to stronger radiation pressure than those remaining close to the orbit.
Simulations presented in Chapter 6 will confirm that particles on the “+”-side are larger
ones remaining close to the orbit even after several orbital revolutions, while smaller
particles (subject to stronger radiation pressure) emitted during the 2002/03 perihelion
passage are found on the “x”-side.



Chapter 5

Simulation of Trail Images

To interpret the observations described in the previous chapter, a numerical procedure was
implemented to generate simulated images of the cometary trail – in the general sense
defined in Section 2.1, i. e. including both the old trail and the tail and neckline. After a
short introduction (Section 5.1), the mathematical method is described in Sections 5.2 and
5.3. The parameters of the physical model of the comet and the emitted dust are discussed
in Section 5.4.

5.1 Motivation

The position of a dust particle in a cometary trail is a function of the emission time and
velocity, and of the radiation pressure coefficientβ (Section 2.4). In the following it is
assumed that the emission speeds of dust from the nucleus are isotropic, and that dust
trajectories are determined by solar gravitation and radiation pressure only.

A “dust shell” describes the ensemble of locations occupied by dust particles charac-
terised by a certain radiation pressure coefficientβ, and released at the timete from the
comet in all directions with the emission speedve. The time evolution of the shape and
size of a shell is described by M̈uller et al. (2001). During a short interval after emission,
the shell can be approximated by a sphere the centre of which is off-set from the comet
due to radiation pressure (Finson and Probstein, 1968). The positionr of a particle in the
shell is given by

r(t, β,ve) = r(t, β, 0) + (t− te) ∗ ve, (5.1)

whereve is the emission velocity of the particle andr(t, β, 0) is the position at the time
t of an auxiliary particle having the sameβ andte but zero ejection speed. The auxiliary
particle does therefore not belong to the ensemble of shell particles. On longer timescales,
the shell is distorted into an ellipsoid by tidal forces (Kimura and Liu, 1977). Equation 5.1
was therefore generalised by Fertig and Schwehm (1984) to

r(t, β,ve) = r(t, β, 0) + Φ(t, te) ∗ ve. (5.2)

Analytical expressions for the elements of the matrixΦ were derived by Massonne (1985,
1987) from Keplerian dynamics. When the shell becomes more elongated, also the de-

43
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scription by an ellipsoid ceases to be valid. Large particles are then found on a tube
bending around the comet orbit, while small particles have been dispersed by radiation
pressure. To approximate particle positions on the elongated shell, a local linearisation
was introduced by M̈uller et al. (2001). For this purpose, the tube is cut into slices roughly
perpendicular to its central axis. The auxiliary particle used in Equations 5.1 and 5.2 is
replaced by a reference particle in the centre of the slice (Kondrateva and Reznikov, 1985;
Müller et al., 2001), characterised by the sameβ andte as the shell, but differentve. The
position of a particle on the slicei is expressed as

r(t, β,ve) = r
(i)
ref(t) + Φ(i)(t, te, β,v

(i)
ref) ∗ (ve − v

(i)
ref), (5.3)

wherer
(i)
ref is the position of the reference particle at the observing time andv

(i)
ref is its

ejection velocity. For Keplerian motion, the elements of the matrixΦ(i) can be calcu-
lated analytically in analogy to those given by Massonne (1985, 1987) for the matrix in
Equation 5.2.

To take into account planetary perturbations the positions of the reference particles
and the matrix elements must be obtained by numerical integration of the equation of
motion of the nucleus and of its Jacobian matrix, respectively. This method was used
by Müller et al. (2003) to successfully predict the 2001 Leonid meteor shower. Since the
numerical integration has to be performed only for a small set of reference trajectories and
the related matrices, this method consumes less computational time than a Monte Carlo
approach requiring the numerical integration of the equation of motion of every single
particle. In the present work, the analytical expressions based on the orbital elements of
the comet are used. (See discussion in Section 5.4.3.)

Müller et al. (2001) have shown that the position of a particle along the shell is
controlled by its orbital period. Decomposing the particle emission velocity relative to
the comet into its components parallel and perpendicular to the comet velocity vector,
ve = ve,‖ + ve,⊥, the specific orbital energyE/m of the particle is

E

m
=

1

2
(vnucl + ve,‖ + ve,⊥)2 − GM�(1− β)

r

=
Enucl

mnucl

+ vnuclve,‖ +
1

2
(v 2

e,‖ + v 2
e,⊥) +

GM�β

r

= −GM�

2a
∝ 1

T 3/2
. (5.4)

The last line gives the relation between the orbital energy, the semi-major axisa and the
orbital periodT of the particle. Equation 5.4 shows that to first order the orbital period
of the particle – and therefore also its position along the shell – depends only on the
component of the ejection velocity that was parallel to the orbital velocity of the comet at
the ejection time. For this reason, reference particles are used that were emitted parallel
or anti-parallel to the direction of the heliocentric velocity of the comet.

The slices of the tube are chosen to correspond to pixel columns in the image. For
every pixel-columnx = xi, a reference particle (characterised byβ and emitted atte) is
determined that is located atxi at the observing timet. For this column, the elements
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of the matrixΦ(i) are then calculated. By inverting Equation 5.3, the emission direction
of a particle observed at a given point in columni is obtained. Repeating this operation
for the four corners of a given pixel, the corresponding fraction of solid angle in the
space of emission directions is calculated. From the – in general direction-dependent –
dust production rate follows the amount of dust observed in this pixel. By applying the
described procedure to all pixels in all columns, the image of one particle shell is obtained.
The final image is constructed as the sum of images of shells emitted at various timeste
and characterised by various radiation pressure parametersβ and emission speedsve.

5.2 Mathematical Method

5.2.1 Coordinate Systems

The coordinate system used to describe the image has its origin at the comet nucleus, and
(x, y, z) form a right-handed, orthogonal system. Thez-axis is along the line of sight,
pointing away from the observer. Thex-axis is parallel to the Earth’s equatorial plane,
andx increases with right ascension (RA), from right (west) to left (east) for an observer
looking at the sky. They-axis completes the orthogonal system, pointing northward in
projection. It is assumed that thex-y-plane corresponds to the image plane, which intro-
duces a distortion for larger fields of view.

A second comet-centred coordinate system is theCometocentric Bipolar System(CBS)
(Massonne, 1987). It is spanned by the orthogonal vectors (ξ,χ,ζ), where theζ-axis is
along the line Sun-comet, pointing away from the Sun. Theξ-axis is in the orbital plane
of the comet, perpendicular toζ, and pointing in the direction of motion.χ completes the
right-handed system.

5.2.2 Reference Trajectories

A set of reference particles is defined that have the sameβ and te as the shell to be
depicted, but not the same emission speed. All reference particles have been emitted
in the direction of the heliocentric velocity vector of the cometev,nucl(te), with varying
absolute speeds. One reference particleJ is needed for each pixel-columnxj in the image.
To find the corresponding emission speedsv‖,j(xj), an auxiliary set of particlesi with
emission speedsv‖,i is defined and the particle positionsxi in the image calculated. The
speeds of the reference particlesv‖,j(xj) are found by interpolation of the relationxi(v‖,i).
The orbital elements of each reference particlej are calculated from its heliocentric state
vector at emission andβ. The coordinates (xj, yj, zj) of the reference particles at the time
of observation are denoted by the vectorsr0,j.

5.2.3 Linearisation

The positionr(tobs) of a particle with emission velocityve = v‖,jev,nucl+∆v is linearised
aroundr0,j for not too large∆v:

r(tobs) = r0,j(tobs) + Ψj∆v. (5.5)
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The transformation matrixΨj depends on the trajectory of the reference particle and on
the dates of emission and observation.Ψj is defined such that∆v is given in the CBS-
frame, whereas the positionsr are in image coordinates.

If the particle trajectories are considered as Keplerian orbits with the gravitational po-
tential modified by the factor∆µ = (1 − β), the elements of the matrix are obtained in
analogy to Massonne (1987). In the latter work the nucleus is used as reference object,
whereas in the present case, dust particles are the reference objects. The full transforma-
tion formula is as follows (Massonne, 1987, pp. 127-128):

rCBS(t) =
1

δτ/δt|te

Φ22 0 Φ21

0 Φ33 0
Φ12 0 Φ11

vCBS
e (te)︸ ︷︷ ︸

I

+ a(1−e2)∆µ
µ

ψ2

0
ψ1


︸ ︷︷ ︸

II

. (5.6)

Part II describes the change in trajectory due to the different strength of radiation pressure
for the nucleus and a dust particle. In the present approach,β is the same for the reference
particle and the shell particles. Hence part II is always zero. In part I,δτ/δt|te is the time
derivative of the true anomaly of the reference object at the time of emission:

δτ/δt|te =

√
µ (1−β)

a3(1−e2)3
(1 + e cos τe)

2. (5.7)

µ =GM� = 1.33×1020 m3/s2 is the gravitational potential of the Sun, anda, e, andτ are
the semi-major axis, eccentricity and true anomaly of the reference object, respectively.
β is the radiation pressure coefficient of the reference object (i. e.β = 0 in the situation
described by Massonne). The matrix elementsΦmn are functions oftobs, te, τobs, τe, a,
ande. rCBS(t) andvCBS

e (te) are in CBS-coordinates centred on the reference object at
the timest andte, respectively.

The∆v of Equation 5.5 is equivalent tovCBS
e (te) of Equation 5.6. It follows that

Ψj =
1

δτj/δt|te
T cbs−im

j (tobs)

Φ22 0 Φ21

0 Φ33 0
Φ12 0 Φ11

 , (5.8)

whereT cbs−im
j (tobs) is the matrix to transform reference-particle centred CBS-coordinates

to image coordinates relative to the reference particle. The orbital elements inΨj and
δτj/δt|te are those of the reference particle,τj, aj, andej.
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5.2.4 Reference Frame in Ejection Velocity Space

A reference frame in the space of ejection velocities is defined with unit vectorsuj, vj,
wj such that

λ ez = Ψj uj (5.9)

ν ey + µ ez = Ψj vj (5.10)

|uj| = |vj| = 1 (5.11)

ujvj = 0 (5.12)

wj = uj × vj. (5.13)

A particle emitted with∆v = uj will be located on the same line of sight as the reference
particle, i. e. x = x0,j andy = y0,j. For ∆v = vj, the particle will havex = x0,j, but
y 6= y0,j. To be consistent with the definition ofΨj, the unit vectorsuj, vj, wj need to be
given in the CBS-frame at the timete. By ∆v = ρuj + σvj, a plane in the∆v-space is
defined that contains all possible∆v for particles to lie in the image column characterised
by x = x0,j. If

Tuvw−cbs
j (te) =

 ucbs
j,1 vcbs

j,1 wcbs
j,1

ucbs
j,2 vcbs

j,2 wcbs
j,2

ucbs
j,3 vcbs

j,3 wcbs
j,3

 (5.14)

is the matrix to transform coordinates from the(u,v,w)-system to the CBS frame, the
matrix Ψ̃j = ΨjT

uvw−cbs
j by definition takes the form

Ψ̃j = ΨjT
uvw−cbs
j =

 0 0 c1
0 ν c2
λ µ c3

 , (5.15)

where the vectorc = Ψjwj has been defined.c, λ, µ, andν depend onj, but the index is
omitted here for the sake of legibility.

5.2.5 Mapping Emission Direction to Position in Image

Any vectorv can be expressed as a sum of the unit vectorsuj, vj, wj:

v = v sin θ sinφuj + v sin θ cosφvj + v cos θwj, (5.16)

whereθ ∈ [0, π] andφ ∈ [0, 2π]. Hence,∆v is

∆v = ve − v‖,j ev,nucl

= ve sin θ sinφuj + ve sin θ cosφvj + ve cos θwj − v‖,jev,nucl. (5.17)
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Taking into account Equations 5.9 - 5.13, Equation 5.8 reads

r= r0,j + Ψj∆v

= r0,j + ve (sinθ sinφΨjuj︸ ︷︷ ︸
λ ez

+ sinθ cosφΨjvj︸ ︷︷ ︸
ν ey+µ ez

+ cosθΨjwj︸ ︷︷ ︸
c

)− v‖,j Ψjev,nucl︸ ︷︷ ︸
σ

(5.18)

or component-wise

x = x0,j + ve c1 cos θ − v‖,j σ1 (5.19)

y = y0,j + ve c2 cos θ − v‖,j σ2︸ ︷︷ ︸
ỹj(θ)

+ ve ν sin θ︸ ︷︷ ︸
∆ymax(θ)

cosφ. (5.20)

These equations relate the direction of emission of a particle to its position in the image.
They can be inverted to giveθ(x) andφ(x, y):

cos θ =
v‖,j σ1 + (x−x0,j)

ve c1
(5.21)

cosφ =
y − ỹj(θ(x))

∆ymax(θ(x))
. (5.22)

For fixedθ, the full ring-segment in a pixel-column covers all values ofφ ∈ [−π, π]. The
borders of the projected shell are characterised byφ = π andφ = 0, respectively. Hence,
the two parts of a shell (front and back) in the given pixel are described by the two angles
φ(θ) and−φ(θ). The sign ofsinφ does not change within a given side of the shell.

5.2.6 Parameters of the Map

To exploit Equations 5.21 and 5.22, the parametersν, c1, c2, σ1, andσ2 need to be evalu-
ated. First, the inverse matrixΨ−1

j is calculated. The column vectors inΨ−1
j are denoted

asΨ−1
j(i) with i = 1 . . . 3 such that

Ψ−1
j = (Ψ−1

j(1),Ψ
−1
j(2),Ψ

−1
j(3)) =

 Ψ−1
j1,(1) Ψ−1

j1,(2) Ψ−1
j1,(3)

Ψ−1
j2,(1) Ψ−1

j2,(2) Ψ−1
j2,(3)

Ψ−1
j3,(1) Ψ−1

j3,(2) Ψ−1
j3,(3)

 . (5.23)

Equation 5.9 yields thatuj = λΨ−1
j(3). With |uj| = 1 (Equation 5.11) follows

λ =
1√

(Ψ−1
j1,(3))

2 + (Ψ−1
j2,(3))

2 + (Ψ−1
j3,(3))

2
. (5.24)

Equation 5.10 gives
vj = νΨ−1

j(2) + µΨ−1
j(3). (5.25)
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Multiplication with uj results in

0 = uj vj = λ νΨ−1
j(2) Ψ

−1
j(3) + λµ (Ψ−1

j(3))
2︸ ︷︷ ︸

1/λ2

, (5.26)

which can be solved forµ/ν (λ,Ψ−1
j ). Re-insertion into Equation 5.25 gives the vector

vj/ν, from whichν is obtained due to the normalisation ofvj. Then it is straightforward
to calculatewj = uj × vj, c = Ψjwj, andσ = Ψj ev,nucl.
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5.3 Number Density of Particles in a Pixel

5.3.1 General Solution

The aim of this section is to calculate the number density of particles in a given pixel
confined by the coordinates (x1, y1) and (x2, y2). The distribution of particles released to
a unit solid angle is given by

dN

dΩ
(φ, θ) =

dN(φ, θ)

dφ dcos θ
, (5.27)

whereθ(x) andφ(x, y) are the comet-centred angles defined in Equations 5.21 and 5.22.
The amount of dustN in this pixel is obtained by

N =

x2∫
x1

y2∫
y1

dN

dx dy
dy dx

=

∣∣∣∣∣∣∣
cos θ2(x2)∫

cos θ1(x1)

dcos θ

φ2(y2,cos θ)∫
φ1(y1,cos θ)

dφ
dN

dΩ
(φ, cos θ)

∣∣∣∣∣∣∣+
∣∣∣∣∣∣∣

cos θ2(x2)∫
cos θ1(x1)

dcos θ

−φ1(y2,cos θ)∫
−φ2(y1,cos θ)

dφ
dN

dΩ
(φ, cos θ)

∣∣∣∣∣∣∣
= |N1|+ |N2| . (5.28)

The first integral represents the number density in the side of the shell with0 < φ < π
while the second integral represents the side with negativeφ. Therefore,N1 andN2 cannot
compensate each other.

If a horizontal boundary of the pixel is inside the projected shell, the corresponding
limit of the inner integrals in Equation 5.28 is given by Equation 5.22. This is in the
following referred to as a “normal” integration limit. If the edge of the projected shell
is inside the pixel, the limit±φi (yj, cos θ) of the inner integral must be set toφ = 0 or
φ = π as appropriate (henceforth called an “anomalous” integration limit). Introducing
z = cos θ, the inner integration limits in Equation 5.28 are described by

φ(y, z) =


φnm(y, z) | cos(φnm)| < 1

φan else
(5.29)

with φnm(y, z) given by Equation 5.22, andφan ∈ {0, π}. The careful evaluation of
contributions from the edges of the projected shell is critical, because a significant fraction
of the dust can be concentrated in these pixels due to the shallow angle between the line
of sight and the surface of the shell.

As an example, the integralN1 is given for the situation depicted in Figure 5.1. Intro-
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Figure 5.1: Example for a pixel (hatched area) containing part of the edges of a shell (area covered
by shell is grey). Thez(i)

0 are defined byz(i)
0 = z(| cos φ| = 1, yj). The integration limits for this

pixel are as follows: on the upper pixel boundary,φ = φnm(y2, z) for z ∈ [z1, z
(2)
0 ], while φ =

φan(y2) for the rest. On the lower pixel boundary,φ = φnm(y1, z) for z ∈ [z(1)
0 , z

(3)
0 ], andφ =

φan(y1) for z ∈ [z1, z
(1)
0 ]. For z ∈ [z(3)

0 , z2], neither boundary contributes. Hence this section
does not have to be considered at all. This effectively corresponds to a shortening of the pixel,
indicated by the dashed vertical line.

ducingdN/dΩ = f(φ, z) and its antiderivativeF (φ, z), the integralN1 is

N1 =

z2∫
z1

dz

φ2(y2,z)∫
φ1(y1,z)

dφ f(φ, z)

=

z2∫
z1

dz [F (φ2(y2, z), z)− F (φ1(y1, z), z)]

=

z
(2)
0∫

z1

dzF (φnm(y2, z), z) +

z
(3)
0∫

z
(2)
0

dzF (φan(y2, z2), z)

−
z
(1)
0∫

z1

dzF (φan(y1, z1), z)−
z
(3)
0∫

z
(1)
0

dzF (φnm(y1, z), z). (5.30)
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For each horizontal pixel boundary, five scenarios of intersection with the edge of the
shell can be distinguished. These are depicted in Figure 5.2.

Figure 5.2: Different possibilities of pixel boundaries intersecting the edge of a shell. The area
covered by the shell is grey. The upper and lower rows show situations for the upper and lower
pixel boundaries, respectively. Different “cases” occur independently for the upper and lower
pixel boundary.1: Both corners are covered by the shell.2: Both corners are outside the shell.
If this scenario is given on both pixel boundaries, the pixel is either empty (φ1 = φ2) or the shell
is thinner than the height of the pixel (φ1/2 = π andφ2/1 = 0). This situation occurs for shells
that are collapsed to a neckline (Section 2.1.)3: The right corner is inside, the left corner outside
the shell.4: The inverse of case 3.5: Both corners are outside the shell, but there are two shell
intersections in between. The possible sixth case (inverse of 5) cannot occur because shells are
convex. In all cases, if there is only one intersection, the intersection point is labelledz

(1)
0 on the

lower pixel boundary andz(2)
0 on the upper one. If there is a second intersection, the leftmost

intersection point is labelledz(3)
0 on the lower andz(4)

0 on the upper boundary.

5.3.2 Isotropic Dust Emission

Isotropic emission is described byf = dN/dΩ = Q/4π. In this instance, the integral
in Equation 5.28 can be solved analytically. For symmetry reasons, the contributions
from the front and back sides of the shell are identical, and Equation 5.28 simplifies to
N (iso) = 2N

(iso)
1 with

N
(iso)
1 =

z2∫
z1

dz

φ(y2,z)∫
φ(y1,z)

dφ
dN

dΩ
(φ, z) =

Q

4π

z2∫
z1

dz [φ(y2, z)− φ(y1, z)] = N
(iso)
1a −N

(iso)
1b , (5.31)

wherez1 = z(x1), z2 = z(x2), and “a” and “b” refer to the upper and lower pixel boundary
(y = y2 andy = y1), respectively.

Normal integration limits. If the part of the upper pixel boundary that is inside the shell
is limited byzα andzβ (in the example given in Equation 5.30zα = z1 andzβ = z(2)

0 ), the
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corresponding normal part of the integralN
(iso)
1a is given by

N
(iso)
1a =

Q

4π

zβ∫
zα

dz φnm(y2, z)

=
Q

4π

zβ∫
zα

dz arccos

(
y2 − ỹj(θ(x))

∆ymax(θ(x))

)

=
Q

4π

zβ∫
zα

dz arccos

(
A2 +Bz√

1− z2

)

=
Q

4π

[
z arccos

(
A2 +Bz√

1− z2

)

−1

2
arctan

(
A2

2 + A2Bz − 1− p2,2

(A2 −B)
√
p1,2

)

+
1

2
arctan

(
A2

2 + A2Bz − 1 + p2,2

(A2 +B)
√
p1,2

)

− A2√
1 +B2

arctan

(
p2,2√

1 +B2√p1,2

)]zβ

zα

, (5.32)

with

A2 =
y2 − yj,0 + v‖,jσ2

veν
(5.33)

B = −c2
ν

(5.34)

p1,2 = 1− z2 − (A2 +Bz)2 (5.35)

p2,2 = z +B2z + A2B. (5.36)

The second index “2” indicates thatA2, p1,2, andp2,2 depend on the upper pixel boundary
(y = y2).

If the edge of the shell intersects the pixel boundary, one or both ofzα and zβ in
Equation 5.32 are given by an intersection point rather than by a pixel corner. As discussed
at the end of Section 5.2.5, for the value ofz in question followscosφ1/2 =± 1, and some
simplifications can be introduced into Equation 5.32. To avoid numerical errors at the
intersection points, it is advisable to introduce these simplifications explicitely into the



54 Chapter 5. Simulation of Trail Images

computer code.

A2 +Bzα/β√
1− z2

α/β

= ±1 = kcos, (5.37)

p1,2 = 0, (5.38)

p2,2 = zα/β + kcosB sin θ, (5.39)

arctan(
G

√
p1,2

) =
π

2
sign(G). (5.40)

The expressionG/
√
p1,2 refers to any of the three arguments of thearctan in the last three

lines of Equation 5.32. The simplified expression for the concerned term inN
(iso)
1a,α/β then

reads

N
(iso)
1a,α/β =

Q

4π

[
kzα/β

− π

4
sign

(
A2

2 + A2Bzα/β − 1− p2

(A2 −B)

)

+
π

4
sign

(
A2

2 + A2Bzα/β − 1 + p2

(A2 +B)

)

− A2√
1 +B2

π

2
sign (p2)

]
. (5.41)

The solution ofN (iso)
1b is analogous toN (iso)

1a , replacingy2 by y1, and in general with
different values forzα andzβ. In the example given in Equation 5.30 the lower boundary
would be characterised byzα = z

(1)
0 andzβ = z

(3)
0 .

Anomalous integration limits. For those sections of a pixel boundary that are outside
the shell (limited byzγ andzδ), the inner integration limit in Equation 5.31 simplifies to
φ(yi, z) = φan = ki, where the index “i” refers to the upper and lower pixel boundary (y2

or y1), and the value ofki is either 0 orπ. In the example given in Equation 5.30,zγ = z(2)
0

andzδ = z
(3)
0 for the upper, andzγ = z1 andzδ = z

(1)
0 for the lower pixel boundary. The

anomalous part of the integralN (iso)
1a/b in Equation 5.31 reads then

N
(iso)
1a =

Q

4π

zδ∫
zγ

dz φan(y2, z)

=
Q

4π
k2 [zδ − zγ] .

As for normal boundaries, the solution for the lower pixel boundary,N
(iso)
1b , is analogous

toN (iso)
1a , replacingy2 by y1, and having different values forzγ andzδ.
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5.4 Model Parameters

5.4.1 Image Geometry

The size of the field of view and the resolution of the simulated image can be specified
in accordance with the observation with which the simulation is to be compared. The
FOV to simulate the WFI image was 34.2′ × 17.1′ with a pixel size of 4.28′′. The Spitzer
images were each simulated with a FOV of 40′ × 20′ and a resolution of 4.8′′/pixel.

5.4.2 Received Intensity

To simulate the WFI image, the light back-scattered by the dust is assumed to have the
same spectral properties as sunlight. In terms of Equation 2.6, the intensity incident on
the particle is given byJinc = I�/r2

h, with the solar flux at 1 AUI� = 1367 W/m2, and the
heliocentric distance of the particlerh in AU. The scattering area of the particle is given
by da = πs2. The geometric optics approximation is applicable, because for dynamical
reasons the particles in the field of view are expected to be much larger than visible wave-
lengths (Chapter 6). The distance between particle and observer isr = ∆ (in m). The
intensity received by the detector from all particlesN of sizessi in one pixel is therefore

Jrec = p j(α)
I�
r2
h

1

∆2

∑
i

N(si)s
2
i . (5.42)

The conversion factorc between W/m2 and ADU of the WFI image is given in Equa-
tion 4.7:c = 2.21×10−21 W/m2/ADU.

The Spitzer images are simulated using the monochromatic flux of a blackbody of the
equilibrium temperature given by the heliocentric distance at the weighted average wave-
length of MIPS24 (23.675µm). This is consistent with the observations because the mea-
sured flux was converted to the equivalent monochromatic flux density at this wavelength
by the colour-correction factor for the given blackbody temperature. The assumption that
the particles have equilibrium temperature is justified because the particles in the fields
of view are expected to be larger than the wavelength (Chapter 6). The intensity per unit
frequency intervalJ IR

rec received by a detector at a distance∆ from theN particles of size
si in a given pixel is described by

J IR
rec =

π

∆2
Bν(ν, T )

∑
i

N(si)s
2
i , (5.43)

whereπs2/∆2 is the solid angle covered by one particle as seen from the detector, and
Bν(ν, T ) is Planck’s function in frequency space

Bν(ν, T ) dν =
2hν3

c2
1

ehν/kT − 1
dν. (5.44)

The fluxJ IR
rec (Equation 5.43) is converted to units of MJy/sr by the factor1020/dω (pixel),

wheredω (pixel) is the solid angle covered by the pixel and 1 Jy = 10−26 W m−2 Hz−1.
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5.4.3 Orbital Properties and Dynamical Model

The orbital elements of comet 67P/C–G are listed in Section 3.1. The positions of ref-
erence dust particles in the model (Section 5.2) are calculated from Keplerian dynamics
with modified gravitational potentials to account for radiation pressure. Trail particles
emitted after the close encounter of 67P/C–G with Jupiter in 1959 form a narrowly con-
fined stream to date, while older particles were scattered into orbits very different from
that of the comet (J. Vaubaillon, private communication). It is therefore assumed that
the trail observed along the projected orbit of 67P/C–G consists of particles emitted after
1959 and that the dynamics of these particlesrelative to the cometcan be approximated
by Keplerian dynamics. The model is not used to calculate an ephemeris of either comet
or dust, which cannot be done without taking into account planetary perturbations.

5.4.4 Nucleus Properties

The shape, size, and density of the nucleus are relevant for the employed model of dust
emission speeds. The speeds given in Section 5.4.9 were obtained for a spherical nucleus
having a radiusrN = 2 km and a geometric albedo of 4%. The mass of the nucleus has
been estimated tomN = 8× 1012 kg by Lamy et al. (2006, 2007), which gives an escape
speed at the surface of

vesc =

√
2
GmN

rN
= 0.73 m/s, (5.45)

At 20 km distance from the nucleus centre – where dust grains have decoupled from the
accelerating gas – the escape speed is 0.23 m/s.

5.4.5 Comet Activity

The emission of dust from the comet is assumed to be isotropic, concerning both the
amount of dust particles produced and their speeds. It is assumed that the comet is active
only within 3 AU – where water ice sublimates – corresponding to a time span of 600 days
around perihelion during each apparition. Dust emitted during the all seven apparitions
since the last close encounter with Jupiter in 1959 is included in the simulation. The
dust activity of the comet is assumed not to change between apparitions. The time step
to generate dust shells is set to 1 day. The dependence of the dust production rates on
heliocentric distance is defined in such a way that the correspondingAfρ follows the same
power law as the observedAfρ. The absolute dust production rate is a variable parameter
in order to reproduce the observed trail brightness. The properties of dust particles are not
assumed to change after their emission from the nucleus.

5.4.6 Albedo

The geometric albedo of dust is assumed to be independent of wavelength and particle
size. Its value is initially set to 4% to generate simulated images. From comparison of the
dust production rates needed to reproduce the optical and infrared images, respectively,
the albedo is inferred, because the brightness of dust at optical wavelengths is proportional
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to the albedo, while the thermal emission is to first order independent of the albedo. (The
change in temperature is negligible for albedo variations of a few percent.)

5.4.7 Radiation Pressure

Since only large particles are expected in the FOVs of the images, bothQpr and the
bulk densityρ are treated as independent of the particle sizes. The radiation pressure
coefficient is expressed as

β(s) = fβ kβ/s. (5.46)

fβ is a variable parameter, whilekβ = 6.5× 10−7 corresponds to theβ-value given by
Gustafson et al. (2001) for astronomical silicate at a mass of 10−8 kg, multiplied with
the corresponding particle radius for a density of 100 kg/m3. Since both the material and
the density of the particles are a priori unknown, the factorfβ was introduced and is
constrained from the reproducibility of the images. Table 5.1 shows theβ-values corre-
sponding tofβ = 1 for the dust size classes used in Chapter 6.

Table 5.1: Beta values corresponding to a scaling factorfβ = 1 for the discrete particle sizes
employed to generate the images discussed in Chapter 6. The first column contains the index of
the size class.

Class index Size [m] β (fβ = 1)

10 1.4× 10−5 5.1× 10−2

11 3.0× 10−5 2.3× 10−2

12 6.4× 10−5 1.0× 10−2

13 1.4× 10−4 4.7× 10−3

14 3.0× 10−4 2.2× 10−3

15 6.4× 10−4 1.0× 10−3

16 1.4× 10−3 4.7× 10−4

17 3.0× 10−3 2.2× 10−4

18 6.4× 10−3 1.0× 10−4

19 1.4× 10−2 4.7× 10−5

20 3.0× 10−2 2.2× 10−5

5.4.8 Dust Size Distribution

The differential size distribution of dust particles larger than 10µm is described by a
power law with the variable exponent−4.3< α < −3.3. The size distribution of dust
lifted from the nucleus surface is not assumed to change with time, with the exception
that the size of the largest liftable grains depends on the heliocentric distance.

For “historical” reasons, the size distribution is specified via a cumulative mass distri-
bution of the shape introduced by Divine and Newburn (1987):

F (m) = F0

(
(1 + x)b−1

xb

)ac

with x =

(
m

mt

)1/c

. (5.47)
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This function is characterised by different exponentsγ = ab for light andγ = a for heavy
particles.mt is the mass at which the transition between the two exponents takes place,
andc determines the sharpness of the transition. By settingmt = 3µmit is ensured that all
particles expected in the FOVs are in the branch with the exponent−a. The exponent for
small particles is fixed toab = 0.26, andc = 2. The last two parameters are not relevant
for the results, because small particles are not expected in the FOV and because the total
amount of emitted large dust particles is inferred from the observed surface brightness of
the trail. The parametera is related to the exponent of the differential size distribution via
Equation 2.20:a =−(1+α)/3.

To represent the size range of dust particles, discrete classes are defined, each contain-
ing particles of one mass decade. All particles within a given class are assumed to have the
same representative size, the maximum size being 3 cm. The representative sizes depend
slightly on the chosen exponent of the size distribution, because they are calculated via
the mean mass in the concerned mass interval (Müller, 1999). Exemplary representative
sizes used to generate the images in Chapter 6 are listed in Table 5.1.

5.4.9 Dust Emission Speeds

The nucleus is assumed to be a point mass from which the dust particles stream radially
away. The initial speeds depend on the particle size and density, and on the heliocentric
distance of the comet. The employed emission speeds were derived from the terminal
speeds of dust grains in an isotropic hydrodynamic coma model (Müller, 1999), briefly
described in Appendix C. The terminal speeds are defined as the speeds of the particles
after decoupling from the accelerating gas in the coma. The values obtained with the hy-
drodynamic coma model for a gas production rate ofQgas = 1028 molecules/s at perihelion
can be approximated by the analytical expression

v (s, ρ, rh) = v0

(
s

s0

)−d(
ρ

ρ0

)−d(
rh
rp

)−b(s)

, (5.48)

with v0 = 3.9 m/s,s0 = 1 mm,ρ0 = 1000 kg/m3, and the perihelion distancerp = 1.29 AU.
The valued = 0.5 is consistent with earlier models (Divine et al., 1986; Fulle et al., 1995).
Since particles with the same cross-section-to-mass ratio reach approximately the same
terminal speeds, theρ-dependence is characterised by the same exponentd as the size
dependence. The size-dependent exponentb(s) was introduced to account for deviations
from the power law for particles smaller than about 10µm and larger that about 1 mm.
The speeds of small particles are limited by the speed of the gas, which is most relevant
close to perihelion. The speeds of large particles deviate from the

√
1/s-dependence due

to the stronger relative influence of the gravity of the nucleus, most noticeably at large
heliocentric distance. The functionb(s) is approximated by a third-order polynomial:

b(s) = c1 x
3 + c2 x

2 + c3 x+ c4, (5.49)

wherex = log10 (s/s0), c1 = 0.063,c2 = 0.42,c3 = 0.92, andc4 = 2.9. Physically, the scal-
ing with heliocentric distance is rather one with the assumed decrease in gas production
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(Chapter 3).
The bulk densityρ of particles is a free parameter in the model. Instead of varyingρ

directly, a scaling factorfv for the emission speeds is introduced into Equation 5.48, such
that the speeds in the simulations are described by

v (s, ρ=100 kg/m3, rh) = 12.3 fv

(
s

s0

)−d(
rh
rp

)−b(s)

. (5.50)

If Equation 5.50 yields a valuev exceeding the speed of the gas in the isotropic coma
model at perihelion, it is set tov = vgas = 750 m/s. The decrease in gas speed with
heliocentric distance is small compared with that of the dust speeds and is not taken into
account. If the value given by Equation 5.48 is below the escape speedvesc = 0.23 m/s at
the decoupling distance of 20 km from the nucleus centre, the particle is not considered.

5.4.10 Dust Production Rates

The production rate of dust is treated as a variable parameter, derived from the condition
that the simulated surface brightness in the trail must reproduce the observed one. Aux-
iliary production ratesQj,aux for particles of sizesj are calculated in such a way that the
observedAfρ (rh) is matched for the employed size distribution. Then a scaling factorfp

is introduced to match the simulated to the observed brightness. The dust production rates
needed to reproduce the observation are obtained by multiplying the original production
rate with the factorfp. The production rate derived from the optical image is for the ini-
tially assumed geometric albedo of 4%. By comparison of the production rates derived
from the optical and infrared images, the geometric albedo of the particles is re-evaluated.

The auxiliary production ratesQj,aux are obtained as follows. If dust of all sizes is
liftable from the ground, the production rateQj,aux of dust of sizesj is proportional to
the relative abundancenj of such particles in the ground, which is given by the dust size
distribution. In general,Qj,aux ∝ ljnj where 0< lj < 1 describes the fraction of particles
of sizesj liftable from the surface. In the present model,lj is either 1 or 0 (Section 5.4.9).

The production rateQj,aux of dust of the sizesj at a given heliocentric distance is
calculated from the observedAfρ-parameter, the particle speedv (s, ρ, rh), the phase an-
gle at the time of observation, the dust geometric albedo, and the relative abundance of
particles of classj. From Equation 2.16 an auxiliaryAfρ-value is calculated:

Afρaux = 2π p j(α)
∑

j

s2
j

nj lj
vj

. (5.51)

The auxiliary production ratesQj,aux are obtained from scaling with the measured value
of Afρ:

Qj,aux = nj lj
Afρ

Afρaux

= nj lj
Afρ

2π p j(α)
∑

j s
2
j nj lj/vj

. (5.52)

In summary, the dust production rates are calculated with two auxiliary steps. They are
first adjusted to theAfρ-values measured in the coma (Figure 3.2) and then to the mea-
sured surface brightness of the trail.
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5.4.11 Summary of Variable Parameters

For the simulations presented in the following chapter, five parameters are variable, and
possible values are derived from adjusting the simulated to the observed images:

• The particle emission speeds are given by Equation 5.50, and the scaling factorfv

is varied. From the range of values offv found appropriate, the bulk density of the
dust grains is inferred (Equation 5.48).

• The radiation pressure coefficientβ is described by Equation 5.46 with the variable
parameterfβ. With knowledge of the bulk density gained from the emission speeds,
the radiation pressure efficiencyQpr can be constrained.

• The size distribution of particles larger than 3µm is described by a power law with
the variable exponentα.

• The dust production rates are set to auxiliary values ensuring that the heliocentric
dependence of the dust production rates is in accordance with the power law derived
from the observedAfρ. Variable is the scaling factorfp, connecting the auxiliary
production rates to those needed to reproduce the image.

• The geometric albedo of the dust is set to an initial value of 4%. The measured
albedo is derived from the ratio of the scaling factorsfp required to reproduce the
visible and the infrared observations.



Chapter 6

Results – Comparison of Observation
and Simulation

In this chapter, simulated images of the trail of comet 67P/C–G are discussed that were
obtained with the model described in Chapter 5. From comparison with the observations
presented in Chapter 4, parameters of the model are constrained. The variable parameters
are the emission speeds of dust particles, the radiation pressure efficiency, the exponent
of the dust size distribution, the geometric albedo of the particles, and the dust production
rates (see Section 5.4). Observations and simulations are compared by evaluating (a) the
peak surface intensity, (b) the FWHM of the trail – both as functions of distance from the
nucleus – and (c) profiles perpendicular to the trail at four positions along the orbit.

The chapter is organised as follows. The spatial distribution of particles of different
ages and sizes is discussed exemplarily for one set of parameters in Section 6.1. The im-
pact of separately varying the speed, radiation pressure and size distribution parameters –
fv, fβ, andα – is assessed in Section 6.2. Possible values for these parameters are derived
in Section 6.3. From the scaling factorsfp needed to reproduce the optical and infrared
observations, the particle albedo is constrained in Section 6.4. The size distribution expo-
nentα and the scaling factorsfp are translated into dust production rates in Section 6.5,
and the correspondingAfρ during emission is compared with published observational
data.

6.1 Particle Ages – Trail and Neckline

In Chapter 4 it was found that during all three observations, dust was not only seen along
the projected orbit but also outside it. The latter was interpreted as particles having higher
β, i. e. being smaller and younger than those found close to the orbit. In the optical
image, a splitting of the profile was observed at distances beyond 17′ from the nucleus
(Figure 4.3d).

To get an overview of the spatial distribution of particle ages and sizes, simulated
images have been generated for sub-populations of dust grains with the parametersfv = 1,
fβ = 3, andα =−3.9. These values were chosen with knowledge of the results discussed
in the subsequent sections, but for the geometrical discussion in this section their precise
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values are not relevant.
The top panels in Figures 6.1 to 6.3 show simulated images for the dates and geo-

metrical conditions of the three observations. The remaining three panels of each figure
display dust emitted between 1962 and 1996 (the old trail), dust emitted around a comet
true anomaly of−180◦ before the observation (the neckline), and dust emitted during the
remaining time of the 2002/03 apparition. Profiles perpendicular to the projected orbit are
depicted in Figure 6.4 for the three dust populations discriminated in Figures 6.1 to 6.3
and for their sum.

The simulated images (Figures 6.1 to 6.3) exhibit a splitting of the dust near the orbit
as seen in the WFI data. The grains emitted before the 2002/03 apparition (Panels b) are
concentrated close to the projected orbit of the comet. Panels (c) show that the narrow
central parts of the second peaks are due to particles emitted at a true anomaly of−180◦

before the observation, hence these peaks are the neckline at the concerned observation
dates. Particles emitted at other times during the 2002/03 apparition are more widely
distributed behind the orbit (viewed in three dimensions), causing the shallower profile
on the young-particle side of the trail. Figure 6.4 confirms that the northern peaks (pos-
itive distance from the projected orbit) in the WFI and Spitzer 2006 images are formed
by particles stemming from apparitions before 2002, while the southern peak is due to
particles emitted in 2002. In the Spitzer 2005 image this is reversed, because the observer
was located below the comet orbital plane in 2004 and 2006, and above it in 2005 (Ta-
ble 4.1). The separation between old trail and neckline at 30′ behind the nucleus is 25′′

in 2004, 39′′ in 2005, and 19′′ in 2006 (Figure 6.4). The corresponding differences in
position angle are (−0.8± 0.14)◦ in 2004, (+1.24± 0.15)◦ in 2005, and (−0.60± 0.15)◦

in 2006, where the uncertainty results from the pixel scale employed for the simulations.
In the 2005 simulation, the old trail encloses an angle of (0.25± 0.15)◦ with the projected
velocity vector. The position angle of the projected velocity vector predicted from the
simulation is consistent with the JPL ephemeris and with the observation. There is no ob-
vious geometrical reason that image distortions are more severe for the 2005 observation
than for the 2004 and 2006 images (Table 4.1). Hence the angle between the old trail and
the projected velocity vector in the simulation for 2005 remains unexplained.

In the observational data, the splitting of old trail and neckline is seen in the WFI
image (Figure 4.3d), but not in the Spitzer images. For 2006, this can be due to the lower
resolution of the Spitzer image (2.5′′/pixel and a PSF with FWHM of about 6′′ for the
MIPS24 instrument compared with 0.7′′/pixel and seeing on the order of 1′′ for WFI). In
the 2005 Spitzer image, trail and neckline are separated by 39′′ at 30′ distance from the
nucleus. This separation is resolvable with MIPS24. But because of the missing shadow
observation, the data quality is too poor at present to decide whether or not the splitting
has been observed. This may change once the shadow data are evaluated.
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Figure 6.4: Profiles perpendicular to the x-axes at 15′ and 30′ behind the nucleus in Figures 6.1
to 6.3, the intensity was not scaled to match the observations. Solid, short-dashed, long-dashed,
and dash-dotted lines correspond to Panels (a) to (d), respectively.a) andb) Profiles derived from
Figure 6.1 (WFI, 2004).c) and d) Profiles derived from Figure 6.2 (Spitzer 2005).e) and f)
Profiles derived from Figure 6.3 (Spitzer 2006).



6.1. Particle Ages – Trail and Neckline 67

Figures 6.5 to 6.7 show the distribution of particles of different sizes and emission times
as a function of distance from the nucleus. The images were generated with the same
model parameters as Figures 6.1 to 6.4. The smallest particles present in any of the FOVs
are of size class 13 (s = 0.14 mm), emitted in 2002/03 (Figure 6.5). With the scaling factor
fβ = 3, this size corresponds to a radiation pressure parameterβ = 0.014. Forfβ = 1, the
minimum size of particles in the FOV iss = 60µm (class 12, see Table 5.1).

The horizontal extensions of the coloured bars in Figures 6.5 to 6.7 demonstrate that
in the old trail, particles of a given size class are more widely distributed than the corre-
sponding particles emitted in 2002/03. Particle sizes in the old trail range from 3 cm near
the nucleus to 3 mm at 30′ behind it. The major contribution to the surface brightness
in the old trail stems from the two apparitions before last (i. e. 1988-90 and 1995-96).
The dominant size of particles emitted in 2002/03 depends more strongly on the distance
from the nucleus. At 15′ behind the nucleus, the neckline is dominated by particles on the
order of 0.1 to 1 mm. With the parameters (fv = 1 andfβ = 3) used for this simulation,
the brightness bulge closely behind the nucleus must be due to particles with sizes on
the order of 1 cm, because smaller particles are more widely spread along the orbit. To
reproduce the observed relative brightness of trail and neckline sets a constraint on the
ratio of mm-sized to cm-sized particles in the dust size distribution.
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6.2 Variation of the Parameters fv, fβ, and α

Figures 6.8 to 6.10 show simulated trail profiles for varying scaling factorsfv of the
emission speeds. Increasing the emission speeds has three major consequences for the
dust distribution. (1) The extension perpendicular to the orbit increases with the emission
speeds. (2) Correspondingly, the surface brightness of the profiles decreases, expressed in
increasing scaling factorsfp for the production rates. (3) The bright bulge closely behind
the nucleus becomes wider and flatter, and the steep flank ahead of the nucleus moves to
the left.

Figures 6.11 to 6.13 show profiles obtained with different values of the radiation pres-
sure factorfβ (Section 5.4.7). With increasingβ, particles are separated from the nucleus
more quickly. Hence the observed bulge behind the nucleus shifts towards the trailing
direction (to the right in the images). The FWHM of the trail decreases slightly, because
at a given nucleus distance, larger particles are found that were emitted with lower speeds.
The FWHM depends on the radiation pressure parameter less than on the emission speed.
No clear correlation is found between the relative brightness of old and young particles in
the perpendicular profiles in Panels (c) to (f) on the one hand, and eitherfv or fβ on the
other hand.

Figures 6.14 to 6.19 show the results of varying the exponent of the differential size
distribution−4.3< α < −3.3 forfv = 0.5 andfβ = 1 (Figures 6.14 to 6.16), andfv = 1
andfβ = 3 (Figures 6.17 to 6.19). The perpendicular profiles in Panels (c) to (f) show
that α governs the relative brightness of the old trail and the particles emitted during
the 2002/03 apparition. The surface brightness far from the nucleus compared with the
bulge near the nucleus increases for smaller values ofα (Panels a) because of the higher
contribution from small particles, evident from the perpendicular profiles (c) to (f). In
contrast, the relative brightness of the old trail and the bulge behind the nucleus depends
little on the size distribution, because both are dominated by particles of the same size.
The FWHM of the trail increases with decreasingα, also because of the higher relative
contribution of the more widely distributed young particles. The position of the bulge
behind the nucleus is not affected byα, because this peak is dominated by the large
particles for all considered size distributions.
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Figure 6.8: Surface brightness and FWHM of the trail in April 2004 for varying emission speeds.
Black: WFI observation. Coloured: Simulation (with flatfield and averaging filter) forα = −3.9
andfβ = 1. The scaling factors for the speeds,fv, and production rates,fp, are listed in Panel (a).
a) Peak surface brightness as a function of distance from the nucleus.b) FWHM of the trail. “+”
and “x” indicate the sides dominated by the old trail and particles from the last apparition, respec-
tively. c) - f) Perpendicular profiles at 13′, 18′, 23′, and 28′ behind the nucleus. The mismatch
between observed and simulated orbit distances is attributed to inaccurate orientation of the WFI
image.



6.2. Variation of the Parameters fv, fβ , and α 73

-0.10

0.00

0.10

0.20

0.30

-30-25-20-15-10-5 0 5 10P
e
a
k
 
s
u
r
f
a
c
e
 
b
r
i
g
h
t
n
e
s
s
 
[
M
J
y
/
s
r
]

(a)

(b)

(c) (d)

(e) (f)

fv=0.3, fp=5.5
fv=0.5, fp=4.0
fv=1.0, fp=3.5
fv=2.0, fp=4.4
fv=3.0, fp=5.4

-30.0

-20.0

-10.0

0.0

10.0

20.0

30.0

40.0

-30-25-20-15-10-5 0 5 10D
i
s
t
a
n
c
e
 
f
r
o
m
 
p
r
o
j
e
c
t
e
d
 
o
r
b
i
t
 
[
"
]

Distance from nucleus x [’]

(a)

(b)

(c) (d)

(e) (f)

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

-100 -50  0  50  100

S
u
r
f
a
c
e
 
b
r
i
g
h
t
n
e
s
s
 
[
M
J
y
/
s
r
]

Distance from projected orbit ["]

x = -3’

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

-100 -50  0  50  100

S
u
r
f
a
c
e
 
b
r
i
g
h
t
n
e
s
s
 
[
M
J
y
/
s
r
]

Distance from projected orbit ["]

x = -7’

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

-100 -50  0  50  100

S
u
r
f
a
c
e
 
b
r
i
g
h
t
n
e
s
s
 
[
M
J
y
/
s
r
]

Distance from projected orbit ["]

x = -13’

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

-100 -50  0  50  100

S
u
r
f
a
c
e
 
b
r
i
g
h
t
n
e
s
s
 
[
M
J
y
/
s
r
]

Distance from projected orbit ["]

x = -18’

Figure 6.9: Surface brightness and FWHM of the trail in August 2005 for varying emission
speeds. Black: Spitzer observation. Coloured: Simulated data forα = −3.9 andfβ = 1. The
scaling factors for the speeds,fv, and production rates,fp, are listed in Panel (a).a) Peak surface
brightness as a function of distance from the nucleus.b) FWHM of the trail. “+” and “x” indicate
the sides dominated by the old trail and particles from the last apparition, respectively.c) - f)
Perpendicular profiles at 3′, 7′, 13′, and 18′ behind the nucleus.
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Figure 6.10: Surface brightness and FWHM of the trail in April 2006 for varying emission speeds.
Black: Spitzer observation. Coloured: Simulated data forα =−3.9 andfβ = 1. The scaling factors
for the speeds,fv, and production rates,fp, are listed in Panel (a).a) Peak surface brightness as
a function of distance from the nucleus.b) FWHM of the trail. “+” and “x” indicate the sides
dominated by the old trail and particles from the last apparition, respectively.c) - f) Perpendicular
profiles at 10′, 15′, 20′, and 25′ behind the nucleus.
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Figure 6.11: Surface brightness and FWHM of the trail in April 2004 for varying radiation pres-
sure force. Black: WFI observation. Coloured: Simulation (with flatfield and averaging filter)
for α = −3.9 andfv = 1. The scaling factors for the radiation pressure,fβ, and production rates,
fp, are listed in Panel (a).a) Peak surface brightness as a function of distance from the nucleus.
b) FWHM of the trail. “+” and “x” indicate the sides dominated by the old trail and particles from
the last apparition, respectively.c) - f) Perpendicular profiles at 13′, 18′, 23′, and 28′ behind the
nucleus. The mismatch between observed and simulated orbit distances is attributed to inaccurate
orientation of the WFI image.
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Figure 6.12: Surface brightness and FWHM of the trail in August 2005 for varying radiation
pressure force. Black: Spitzer observation. Coloured: Simulated data forα = −3.9 andfv = 1.
The scaling factors for the radiation pressure,fβ, and production rates,fp, are listed in Panel (a).
a) Peak surface brightness as a function of distance from the nucleus.b) FWHM of the trail.
“+” and “x” indicate the sides dominated by the old trail and particles from the last apparition,
respectively.c) - f) Perpendicular profiles at 3′, 7′, 13′, and 18′ behind the nucleus.
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Figure 6.13: Surface brightness and FWHM of the trail in April 2006 for varying radiation pres-
sure force. Black: Spitzer observation. Coloured: Simulated data forα = −3.9 andfv = 1. The
scaling factors for the radiation pressure,fβ, and production rates,fp, are listed in Panel (a).
a) Peak surface brightness as a function of distance from the nucleus.b) FWHM of the trail.
“+” and “x” indicate the sides dominated by the old trail and particles from the last apparition,
respectively.c) - f) Perpendicular profiles at 10′, 15′, 20′, and 25′ behind the nucleus.
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Figure 6.14: Surface brightness and FWHM of the trail in April 2004 for varying size distribution
exponent. Black: WFI observation. Coloured: Simulation (with flatfield and averaging filter)
for fv = 0.5 andfβ = 1. The size distribution exponent,α, and production rate scaling factor,
fp, are listed in Panel (a).a) Peak surface brightness as a function of distance from the nucleus.
b) FWHM of the trail. “+” and “x” indicate the sides dominated by the old trail and particles from
the last apparition, respectively.c) - f) Perpendicular profiles at 13′, 18′, 23′, and 28′ behind the
nucleus. The mismatch between observed and simulated orbit distances is attributed to inaccurate
orientation of the WFI image.
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Figure 6.15: Surface brightness and FWHM of the trail in August 2005 for varying size distribu-
tion exponent. Black: Spitzer observation. Coloured: Simulated data forfv = 0.5 andfβ = 1. The
size distribution exponent,α, and production rate scaling factor,fp, are listed in Panel (a).a) Peak
surface brightness as a function of distance from the nucleus.b) FWHM of the trail. “+” and “x”
indicate the sides dominated by the old trail and particles from the last apparition, respectively.
c) - f) Perpendicular profiles at 3′, 7′, 13′, and 18′ behind the nucleus.
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Figure 6.16: Surface brightness and FWHM of the trail in April 2006 for varying size distribution
exponent. Black: Spitzer observation. Coloured: Simulated data forfv = 0.5 andfβ = 1. The size
distribution exponent,α, and production rate scaling factor,fp, are listed in Panel (a).a) Peak
surface brightness as a function of distance from the nucleus.b) FWHM of the trail. “+” and “x”
indicate the sides dominated by the old trail and particles from the last apparition, respectively.
c) - f) Perpendicular profiles at 10′, 15′, 20′, and 25′ behind the nucleus.
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Figure 6.17: Surface brightness and FWHM of the trail in April 2004 for varying size distribution
exponent. Black: WFI observation. Coloured: Simulation (with flatfield and averaging filter)
for fv = 1 andfβ = 3. The size distribution exponent,α, and production rate scaling factor,fp,
are listed in Panel (a).a) Peak surface brightness as a function of distance from the nucleus.
b) FWHM of the trail. “+” and “x” indicate the sides dominated by the old trail and particles from
the last apparition, respectively.c) - f) Perpendicular profiles at 13′, 18′, 23′, and 28′ behind the
nucleus. The mismatch between observed and simulated orbit distances is attributed to inaccurate
orientation of the WFI image.
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Figure 6.18: Surface brightness and FWHM of the trail in August 2005 for varying size distribu-
tion exponent. Black: Spitzer observation. Coloured: Simulated data forfv = 1 andfβ = 3. The
size distribution exponent,α, and production rate scaling factor,fp, are listed in Panel (a).a) Peak
surface brightness as a function of distance from the nucleus.b) FWHM of the trail. “+” and “x”
indicate the sides dominated by the old trail and particles from the last apparition, respectively.
c) - f) Perpendicular profiles at 3′, 7′, 13′, and 18′ behind the nucleus.
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Figure 6.19: Surface brightness and FWHM of the trail in April 2006 for varying size distribution
exponent. Black: Spitzer observation. Coloured: Simulated data forfv = 1 andfβ = 3. The size
distribution exponent,α, and production rate scaling factor,fp, are listed in Panel (a).a) Peak
surface brightness as a function of distance from the nucleus.b) FWHM of the trail. “+” and “x”
indicate the sides dominated by the old trail and particles from the last apparition, respectively.
c) - f) Perpendicular profiles at 10′, 15′, 20′, and 25′ behind the nucleus.
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6.3 Derived Values of fv, fβ, and α

In this section, values offv, fβ, andα are derived that are suitable to reproduce the
observations.

The FWHM of the trail at a given nucleus distance depends on the emission speeds
of the particles located at this position. Any dependence of the FWHM on the radiation
pressure parameter or on the size distribution arises because these parameters affect the
dominant particle size at a given position, and with the particle size also the emission
speed of the observed dust. On the side of the trail dominated by old particles (“+”), the
width depends primarily on the parameterfv. It is unaffected by the choice of the size
distribution exponentα within the considered interval of [-4.3,-3.3], because the surface
brightness is in all cases dominated by the same species of particles (3 mm to 3 cm emitted
before 2002). The trail width on the side where the neckline is observed increases for
smaller values ofα, because the relative contributions of smaller particles (having higher
emission speeds) increase. The dependence of the trail width on the radiation pressure
parameter is weak on both sides of the trail. Consequently, the parameterfv must be
chosen such that the trail width on the “+”-side is reproduced. The WFI image (Figure 6.8)
is ill-suited for that purpose because of the mismatch in position angles. The width on the
“+”-side is reproduced best with 1< fv < 1.5 in the Spitzer 2005 image (Figure 6.9) and
with 0.5< fv < 1 in the Spitzer 2006 image (Figure 6.10). Because of the unexplained
misalignment of the simulated old trail and the projected orbit in the 2005 image, the 2006
results are considered more reliable.

The slope of the bulge near the nucleus towards the forward direction is little influ-
enced by the radiation pressure parameter and less so by the size distribution, whereas the
position of the bulge centre is equally influenced byfv andfβ. The observed slope of the
bulge is reproduced whenfv ≤ 1. Im summary, values of 0.5< fv < 1 are considered as
most appropriate to reproduce the observations. This corresponds to a dust bulk density
of 100 kg/m3 < ρ < 400 kg/m3 (Equations 5.48 and 5.50).

Increasing the radiation pressure parameterfβ shifts the centre of the bulge near the
nucleus to the trailing direction (Panels (a) in Figures 6.11 to 6.13). Since variation of
fv has a similar effect forfv ≤ 1, fβ can only be inferred for a given value offv. For
fv = 0.5, fβ = 1 is appropriate (Panels (a) in Figures 6.8 to 6.10), whilefv = 1 is most
suitably combined withfβ = 3 (Panels (a) in Figures 6.11 to 6.13). By Equations 2.7 and
5.46 this corresponds to 0.34< Qpr < 0.45, where the lower and upper boundaries are
given by (fβ = 3,ρ = 100 kg/m3) and (fβ = 1,ρ = 400 kg/m3), respectively.

It is not possible to derive a single value for the size distribution exponentα suit-
able to reproduce all three observations in every aspect. The profile along the pro-
jected orbit in the WFI image (Panels (a) in Figures 6.14 and 6.17) is best reproduced
by −3.9< α < −3.3. The large error bars in the Spitzer 2005 data (Panels (a) in Fig-
ures 6.15 and 6.18) encompass the entire considered range of−4.3< α < −3.3. The
2006 profile is compatible with−4.1< α < −3.3 (Figures 6.16 and 6.19).

Different ranges ofα are derived from the relative brightness of neckline and trail,
seen directly in the perpendicular profiles (Panels (c) to (f)) and indirectly in the FWHMs
(Panels (b)). The observed equal brightness of trail and neckline in 2004 is reproduced
when−4.3<α<−3.9 (Figures 6.14 and 6.17). A quantitative evaluation of the perpendic-
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ular profiles in the 2005 observation (Figures 6.15 and 6.18) is difficult,−4.1<α<−3.7
seems most appropriate. The same range is found from the 2006 data (Figures 6.16 and
6.19). However, for all employed values ofα, the simulated peak at less than 20′ behind
the nucleus in 2006 (Panels (c) and (d) in Figures 6.16 and 6.19) is on the projected orbit,
while it is shifted towards the neckline direction in the observation. This effect is also
seen from Panels (b) in Figures 6.16 and 6.19, showing that the FWHM of all simulated
trail images is significantly smaller than the observed one. This indicates that more small
particles are present in the field of view than given by any of the considered size distri-
butions. A steeper size distribution (α < −4.3) could not be reconciled with the parallel
profile in the optical observation (Figures 6.14 and 6.17).

When the ratio of trail and neckline contributions in the perpendicular profiles is re-
produced for the 2004 image, the total brightness of the trail beyond about−5′ from the
nucleus is too high compared with the near-nucleus bulge. The relative brightness of the
bulge and the old trail is fixed, because they consist of particles of the same size, emitted
during different perihelion passages. To reproduce both the parallel and the perpendicu-
lar profiles, it would be necessary to decrease the amount of old particles relative to the
young large particles in the bulge.

In summary, the closest reproduction of the observations is achieved with 0.5<fv< 1,
1< fβ < 3, and−4.1< α < −3.9, wherefv andfβ are coupled.

6.4 The Geometric Albedo of the Dust

The results shown so far were obtained with an assumed geometric albedo of 4%. If this
value was correct, the dust production scaling factorsfp required to reproduce the ob-
served surface brightness should be the same for all three observations. Table 6.1 shows
the scaling factors employed for those simulations that match the observations best. The
scaling factors applied to the infrared images tend to be smaller than the corresponding
factor used for the optical observation, which indicates that the albedo of the particles is
less than 4%. However, there is also a systematic difference between the scaling factors
derived from the two infrared images. The 2005 image requires higher scaling factors
than the 2006 data. The geometric albedopi derived from any pair of observations is
given bypi = 0.04fvis

p /f IR
p . The average albedo derived from the Spitzer 2005 observa-

Table 6.1: Dust production scaling factors derived for the simulated images best reproducing the
observations. The scaling factors were determined such that the peak brightness near the nucleus
is matched, implying an excess in simulated surface brightness at larger distance from the nucleus
in the optical (2004) image.

fv fβ α fp (VIS, 2004) fp (IR, 2005) fp (IR, 2006)

0.5 1.0 −3.9 3.3 4.0 3.1
0.5 1.0 −4.1 10.5 21.1 16.5
1.0 3.0 −3.9 6.9 7.4 5.5
1.0 3.0 −4.1 22.8 25.0 19.0
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tion is p05 = 0.032± 0.004, while the Spitzer 2006 data yieldp06 = 0.042± 0.006. The
derived value is an average for the ensemble of particles and the entire wavelength band.
Dependence of the albedo on wavelength cannot be inferred from this observation.

6.5 Dust Production Rates and Afρ

The dust production rates required to reproduce the observed surface brightness are de-
rived from the auxiliary production ratesQj,aux (Section 5.4.10) and the scaling fac-
tors fp applied to the Spitzer images (Table 6.1). This relation is independent of the
particle albedo. Figure 6.20a and b show the mass production rates of particles with
s > 60µm needed to reproduce the observations for the parameters−4.1< α < −3.9
and 0.5< fv <1. At perihelion the production rates are on the order of 300 to 1000 kg/s,
where the lowest production rate corresponds to the parameter setα =−3.9 andfv = 0.5.
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Figure 6.20: Mass production rates andAfρ of particles havings > 60µm as functions
of heliocentric distance for the parameter sets most suitable to reproduce the observations,
−4.1< α < −3.9 and 0.5< fv <1. The bulk density was assumed to be 100 kg/m3 if fv = 1,
and 400 kg/m3 if fv = 0.5. a) Dust mass production rates required to reproduce the Spitzer 2005
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d) Afρ in visible light corresponding to the production rates shown in Panel (b) and a geometric
albedo of 4%.
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The dust production rates derived from the 2005 image are on average higher by a factor
of 1.3 than those derived from the 2006 image (Table 6.1). In other words, the simulated
images for a given production rate would display a similar surface brightness. The model
does not reproduce the observed decrease in surface brightness from 2005 to 2006.

Figures 6.20c and d show theAfρ-values in visible light due to particles withs > 60µm
and for a phase angle of 0◦ that correspond to the derived production rates. These values
are considerably higher than the measured data displayed in Figure 3.2, although they do
not include the light scattered by particles smaller than 60µm.





Chapter 7

Conclusion

7.1 Summary

The primary goal of this work was to constrain the size distribution and production rates
of mm-sized and larger dust particles emitted by comet 67P/Churyumov-Gerasimenko.
For this purpose, three images of the 67P/C–G dust trail – one in visible light and two
at mid-infrared wavelengths – were obtained at heliocentric distances between 4.7 AU
and 5.7 AU (Chapter 4). A method to generate simulated images of a cometary trail was
presented in Chapter 5. From the comparison of observed and simulated images, suitable
model parameters were derived in Chapter 6.

Assuming that cometary activity ceased at 3 AU, the dust present in the images is char-
acterised by radiation pressure parametersβ < 0.01, corresponding to sizess > 60µm
and massesm > 4 × 10−10 kg. The particles expected in the FOVs of the images were
larger than the wavelengths at which the observations were made. The geometric optics
approximation for the scattering of visible light was therefore adopted, and the thermal
emission of the particles was modelled by that of a blackbody at the equilibrium temper-
ature given by the heliocentric distance during the observation.

The free parameters of the simulation were the exponentα of the dust size distribution,
the relation between emission speeds and particle sizes, which is governed by the bulk
densityρ, the radiation pressure efficiencyQpr, the average geometric albedo of the dust at
visible wavelengths, and the magnitude of the dust production rate for a given heliocentric
distance.

The closest reproduction of the observations was achieved with a size distribution
exponent of−4.1< α < −3.9, which is well within the range of values given in the liter-
ature obtained by a variety of methods and for several comets (Table 2.1). The radiation
pressure efficiency 0.34< Qpr < 0.45 roughly matches the value given by Gustafson et al.
(2001) for astronomical silicates. The derived bulk density of 100 kg/m3 < ρ < 400 kg/m3

is also in agreement with earlier findings. This confirms the common view that the dust
particles are porous aggregates. For comparison, the bulk density of the solid material is
on the order of 3000 kg/m3 for silicates. The generally adopted dust geometric albedo
of 4% is confirmed by the 2006 observation, while the 2005 observation yields a slightly
smaller value of (3.2± 0.4)%. The production rates of particles larger than 60µm are on
the order of 200 to 1000 kg/s at perihelion and of 0.5 to 2 kg/s at 3 AU.

89
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7.2 Open Questions and Future Work

Translating the production rates, emission speeds, and size distribution required to repro-
duce the observed trail brightness toAfρ, the values obtained for large particles alone
are on the same order of magnitude or exceed those measured for all dust in the coma
(Figures 3.2 and 6.20). This implies that the coma brightness in the inner solar system
would be dominated by particles of 60µm and larger, which is contrary to the evidence
from multiple sources, including mid-infrared spectra and in situ data. It could be argued
that this evidence was obtained for a variety of comets and that 67P/C–G might be an ex-
ceptional one. But also for the coma of 67P/C–G Divine et al. (1986) have derived a peak
grain radius on the order of 0.6µm between 1.3 and 1.9 AU from thermal infrared spec-
tra. The model presented in this thesis is therefore not suitable to reconcile the observed
surface brightness in the trail with the coma brightness measured within 3 AU.

Three further aspects of the observations cannot be reproduced with the adopted
model. In the simulated image for 2004, the surface brightness of the old trail (large
particles emitted before 2002) is too high relative to the surface brightness in the bulge
close to the nucleus attributed to particles of the same size emitted during the 2002/03
apparition. The effect may be present in the 2005 and 2006 images as well, but the lower
resolution of these images precludes a definite evaluation of this aspect.

Not reproducible, either, is the observed width of the trail south of the projected orbit
at less than 20′ behind the nucleus in the 2006 image (Figure 4.9). Since the excess
brightness is found comparatively far from the projected orbit, it must be attributed to
particles subject to significant radiation pressure.

The third aspect not reflected by the simulations is the observed decrease of the trail
surface brightness by a factor of 1.3 from 2005 to 2006, which is significant despite the
low SNR of the 2005 image.

The excess of old, large particles in the simulation could be avoided by assuming
that the activity of 67P/C–G during the 2002/03 apparition was stronger than during the
previous passages through the inner solar system. This, however, is not supported by
the measuredAfρ values (Figure 3.2) which are on the same order of magnitude for the
last three apparitions. Dissipation of the trail particles due to planetary perturbations is
not expected to be relevant for the timescales in question, either (J. Vaubaillon, private
communication).

Fulle et al. (2004) and Moreno et al. (2004) have derived the size distribution and
production rates of dust emitted by 67P/C–G from images taken between perihelion in
2002 and 2.7 AU. They propose a constant production rate of 200 kg/s and a size distri-
bution exponent ofα = −3.5 between 3.6 AU and 1.7 AU before the perihelion passage,
dropping to 10 kg/s andα = −4.5 after perihelion. The suggested high production rates
before perihelion are not in direct conflict with observations, because no data are avail-
able for the time in question (Figure 3.2). The simulation tool described in Chapter 5
has not been run with the parameters suggested by Fulle et al. (2004) and Moreno et al.
(2004). The high production rate over a long time interval may be sufficient to reproduce
the observed surface brightness without getting in conflict with the measuredAfρ around
and after perihelion. Assuming further that the high production rate was specific to the
2002/03 apparition, also the imbalance between young and old large particles in the 2004
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observation may be accounted for. The observed brightness south of the projected orbit
in 2006, probably due to small particles, cannot be explained by a high production rate
long before perihelion. The same is most likely true for the decrease in surface brightness
from 2005 to 2006.

Green et al. (2004) infer from in situ measurements of the dust number density and
mass distribution in the coma of comet 81P/Wild 2 a high variability on small spatial
scales of both these quantities, which they ascribe to localised emission from the surface
(jets) and particle fractionation after release from the nucleus. The breaking up of large
particles on timescales of at least several years after their emission from the nucleus could
account for the four major unresolved issues discussed above. If the trail particles had
been disintegrating during the time interval covered by the observations, there would have
been be a population of small particles in the FOVs that may have contributed significantly
to the measured surface brightness. There would be no need to assume unrealistically high
production rates of large particles to reproduce the observations. The declining brightness
contribution by old, large particles would follow from their disintegration, as would the
decreasing surface brightness from 2005 to 2006. The small, high-β particles observed in
2006 would be the fragments of broken-up trail particles.

A quantitative evaluation of particle fractionation in the trail requires a much more
elaborate model than the one presented in this work. The size distribution in such a model
would have to be time dependent; the emission speed would not be a unique function of
particle size; and – due to the presence of small particles –, the simple assumptions made
for the scattering and thermal emission by dust would no longer be appropriate. Quantita-
tive information on the occurrence of particle fragmentation in the coma of 67P/C–G will
be obtained by help of the instruments on board the Rosetta spacecraft. Fragmentation
products would for example be seen by the GIADA instrument as a population of small
particles with comparatively low speeds.





Appendix A

Stars Used for WFI Calibration

Table A.1: Stars used for the calibration of the WFI image. The first column gives their ID in the
USNO-B1.0 catalogue. The B1 and R1 magnitudes were derived from the POSS1 set of plates,
while the B2, R2, and I2 magnitudes were measured on POSS2 plates. The standard deviation of
the magnitudes given in the catalogue is 0.25 mag (Monet et al., 2003). The last column refers to
the night during which the concerned star was used for calibration.

ID R.A. (J2000) DEC (J2000) Epoch B1 R1 B2 R2 I2 Night

07860263175 14:21:41.88 −11:18:52.95 1973.7 20.34 19.07 19.87 19.15 18.61 1
07860263334 14:22:28.077−11:19:10.73 1973.7 20.11 18.59 20.31 19.27 18.88 1
07870261539 14:21:12.517−11:14:17.81 1978.3 20.59 – 19.9 19.17 18.55 1
07870261859 14:22:59.546−11:15:42.33 1973.7 19.94 19.19 19.95 19.26 18.38 1
07880263163 14:21:48.816−11:10:33.00 1973.7 20.69 19.02 20.29 18.97 18.71 1
07880263342 14:22:45.831−11:07:05.24 1973.7 20.13 18.98 19.73 19.05 18.27 1
07880263372 14:22:56.551−11:11:33.41 1973.7 20 18.99 20.24 19.19 18.57 1
07880263379 14:22:58.203−11:06:45.86 1973.7 19.87 19.09 20.04 18.89 18.67 1
07890260860 14:20:49.277−11:04:28.88 1973.7 20.38 19.3 20.29 19.07 18.85 1
07890261125 14:22:06.00 −11:02:36.04 1973.7 20.05 19.43 19.62 18.36 18.12 1
07890261195 14:22:29.807−11:00:13.31 1978.3 20.33 – 20.34 19.23 18.83 1
07900263354 14:21:18.393−10:58:57.32 1973.7 19.96 18.78 19.36 18.67 18.32 1
07900263603 14:22:36.451−10:54:14.29 1973.7 20.29 19.42 20.27 19.41 18.75 1
07910260234 14:21:02.91 −10:52:01.01 1978.3 20.3 – 20.23 19.3 18.83 1
07910260359 14:21:40.062−10:50:13.97 1973.7 20.2 18.96 20.19 19.13 18.55 1
07910260440 14:22:02.959−10:49:39.36 1973.7 20.46 19.58 20.43 19.42 18.93 1
07910260575 14:22:46.981−10:50:11.38 1973.7 20.22 19.21 20.23 18.85 18.63 1
07910260625 14:22:57.041−10:53:02.30 1973.7 20.08 18.77 19.29 18.12 18.12 1
07910260627 14:22:57.963−10:50:46.60 1973.7 20.16 19.37 20.07 19.31 18.77 1
07920261533 14:20:42.305−10:47:25.67 1973.5 20.05 18.74 19.89 18.61 18.66 1
07920261755 14:21:46.57 −10:47:43.87 1973.7 19.73 18.62 19.5 18.46 18.31 1
07950257080 14:09:04.947−10:25:42.04 1984.7 – 18.71 20.01 19.2 18.66 3
07950257100 14:09:15.054−10:27:07.70 1978.6 19.55 18.66 19.54 18.87 18.17 2
07950257134 14:09:23.666−10:28:19.30 1978.6 20.64 18.69 19.92 19.03 18.65 2
07950257159 14:09:30.739−10:27:06.60 1978.6 20.25 18.97 20.3 19.04 18.44 2
07950257181 14:09:38.389−10:27:06.38 1978.6 19.64 18.69 19.81 18.79 18.63 2
07950257194 14:09:41.991−10:27:15.70 1978.6 20.56 19.43 20.37 19.03 18.6 2
07950257348 14:10:17.328−10:25:29.51 1976.3 20.14 18.85 19.81 18.47 17.99 2,3
07950257603 14:11:05.26 −10:24:08.90 1976.3 19.38 18.28 19.19 18.46 17.86 2
07960254867 14:09:26.739−10:22:04.87 1978.6 20.48 19.32 20.78 19.47 18.94 2,3,4

Continued on next page
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Table A.1 – continued from previous page

ID R.A. (J2000) DEC (J2000) Epoch B1 R1 B2 R2 I2 Night

07960254985 14:09:59.599−10:20:41.30 1976.3 19.9 18.37 19.7 18.44 18.46 3
07960254991 14:10:00.805−10:21:44.44 1973.3 19.14 18.42 19.51 18.34 18.05 3
07960255007 14:10:04.539−10:21:22.31 1974.9 18.67 18.39 18.83 18 17.81 3
07960255028 14:10:10.458−10:18:47.86 1974.9 19.68 18.81 19.72 18.7 18.56 2,3
07960255097 14:10:27.003−10:21:41.43 1976.3 20.27 18.89 20.07 18.94 18.89 2,3
07960255127 14:10:33.187−10:23:34.80 1976.3 19.95 18.86 19.62 18.35 17.8 2,3
07960255164 14:10:43.588−10:18:23.39 1977.2 20.32 19.23 20.38 19.1 19.09 2
07960255233 14:11:00.639−10:21:33.51 1974.9 20.05 19.07 20.03 18.67 18.57 2
07960255277 14:11:10.956−10:23:39.56 1978.6 19.45 18.81 19.86 19.12 18.48 2
07970255032 14:08:18.937−10:17:51.57 1978.6 19.62 19.09 19.81 18.75 18.52 3,4
07970255045 14:08:24.154−10:13:23.70 1984.7 19.99 – 20.41 19.51 18.95 3,4
07970255071 14:08:30.283−10:17:04.21 1978.6 20.58 19.45 20.68 19.42 18.86 3,4
07970255111 14:08:49.509−10:13:51.78 1978.6 19.61 18.27 19.16 18.26 17.88 4
07970255137 14:08:59.455−10:13:51.88 1978.6 20.25 18.97 20.16 19.22 18.76 3,4
07970255242 14:09:30.39 −10:14:26.19 1978.6 19.89 19.07 19.92 18.82 18.19 2,3,4
07970255269 14:09:37.639−10:17:56.95 1978.6 20 19.33 20.42 19.64 18.8 2,3,4
07970255313 14:09:46.705−10:14:44.00 1976.3 19.61 18.4 19.41 18.38 17.9 4
07970255387 14:10:01.812−10:14:48.38 1974.9 19.31 18.89 19.74 18.66 18.35 2,3
07970255405 14:10:06.182−10:14:34.64 1974.9 19.51 17.75 18.98 17.78 17.67 3
07970255428 14:10:09.366−10:14:48.26 1974.9 19.51 18.18 19.03 17.83 17.48 2
07970255462 14:10:14.756−10:17:07.19 1974.9 19.93 18.67 19.99 18.64 18.28 2,3
07970255488 14:10:19.807−10:13:17.66 1974.9 20.32 19.14 20.37 19.2 18.67 2,3
07970255512 14:10:24.056−10:16:33.59 1975.6 20.4 19.56 20.52 19.6 19.07 2,3
07970255534 14:10:26.946−10:14:45.85 1977.2 19.97 18.64 20.29 18.85 18.84 2,3
07970255558 14:10:31.584−10:16:00.77 1974.9 19.66 18.49 19.47 18.39 17.75 3
07970255574 14:10:33.331−10:12:26.50 1978.6 19.63 18.25 19.43 18.48 17.95 2,3
07970255753 14:11:14.778−10:14:58.79 1974.9 19.59 18.21 19.4 18.58 18.39 2
07980254469 14:08:23.886−10:09:22.36 1978.6 19.55 18.53 19.35 18.34 18.04 3
07980254615 14:09:13.955−10:07:13.90 1978.6 19.8 18.63 19.66 18.55 18.3 2,3
07980254642 14:09:19.743−10:09:16.57 1978.6 19.97 18.74 19.57 18.11 18.08 3,4
07980254741 14:09:50.857−10:08:08.23 1978.6 20.08 18.61 20.17 19.34 19.03 2,3,4
07980254744 14:09:51.376−10:06:21.86 1976.3 19.84 18.62 19.47 18.78 18.45 2,4
07980254782 14:09:59.318−10:10:21.72 1976.3 19.5 18.4 19.32 18.16 17.64 3
07980254814 14:10:07.026−10:11:36.07 1976.3 18.8 17.97 18.38 17.72 17.33 3
07980254934 14:10:30.474−10:06:34.38 1974.9 20.11 19.5 20.17 19.15 18.59 2,3
07980254943 14:10:31.362−10:10:02.98 1976.3 19.93 19.36 19.75 18.93 18.66 3
07980254972 14:10:36.729−10:11:57.58 1978.6 19.78 18.81 20.11 19.2 18.58 2,3
07990256110 14:09:10.088−10:01:55.54 1978.6 19.4 18.24 19.43 18.14 18.21 3
07990256191 14:09:37.529−10:01:10.45 1978.6 20.28 18.62 19.59 18.61 18.31 2,3
07990256522 14:11:06.524−10:03:29.78 1974.9 20 18.85 20.02 18.84 18.47 2
07990256525 14:11:06.853−10:01:54.40 1974.9 19.76 18.72 19.66 18.31 18.32 2
07990256528 14:11:07.625−10:04:50.99 1974.9 19.61 18.38 19.65 18.54 18.32 2
08000257137 14:07:45.973−09:59:02.65 1978.6 19.96 18.64 20.5 19.34 19.07 4
08000257229 14:08:21.319−09:56:31.61 1978.6 19.26 17.98 19.04 17.85 18.07 4
08000257234 14:08:23.283−09:58:20.33 1978.6 19.78 18.66 19.86 18.87 18.73 3,4
08000257245 14:08:25.697−09:55:05.75 1978.6 19.48 18.48 19.41 18.29 18.23 4
08000257535 14:09:52.32 −09:57:28.56 1978.6 20.1 19.02 20.12 19.21 18.8 2,3,4
08000257555 14:09:58.53 −09:56:38.15 1978.6 20.12 19.08 20.18 19.3 18.61 2,3
08000257880 14:10:57.309−09:57:41.77 1977.2 20.33 19.08 20.52 19.23 18.59 2



Appendix B

Impact of Flatfield on WFI Data

In Section 4.1.6 it was argued that the superflats used to remove the instrumental signature
from the WFI raw data contain information from the dust trail, leading to a decreased
signal in the final data. Theboxcar spatial averaging filter also influences the observed
brightness distribution. For the analyses in Chapter 6, the simulated trail images were
therefore subjected to an analogous process of simulated flatfielding. In the following,
the procedure to simulate the flatfielding process is described and the introduced error is
discussed.

The simulated image is rotated by 26.5◦ and magnified to the same scale of 0.71′′/pix
as the original image, conserving the total flux. Then 50 images are created containing
Gaussian noise with the varianceσ0 = 241.5 ADU, derived in Section 4.1.5 for the in-
dividual exposures, and a mean of 40 000 ADU, which represents the mean sky level in
the raw images. The flux in the simulated trail image is converted to ADU by the factor
c = 2.21× 10−21 W/m2/ADU (Equation 4.7) and added to the simulated background with
offsets reflecting the nucleus coordinates in the original data. Superflats are simulated by
generating median-averaged images from five exposures each. The superflats are nor-
malised by division through the mean sky level. The original images are divided by the
corresponding superflat and average-combined in the co-moving frame of the comet. The
resulting image isboxcar filtered averaging over 200×10 pixels2. The peak brightness
parallel to the projected orbit and the FWHM as a function of distance from the nucleus
are then evaluated in analogy to the observed image, estimating a lower and upper limit
for the sky background from perpendicular profiles.

The attenuation of the trail signal due to flatfielding generally depends on the bright-
ness and shape of the original image. The error increases with lower surface brightness
in the original data. A quantitative estimate of the error can therefore only be given for a
specific input image. This is done in the following for the simulated image obtained with
α = −3.9, fβ = 3, andfv = 1, which was found in Chapter 6 to match the observation
reasonably well.

To separate the action of the superflat from that of theboxcar filter, the original image
is also boxcar-filtered without simulating the superflat. The derived profiles and FWHM
are shown in Figure B.1. Theboxcar filter flattens the profiles but does not significantly
alter the flux. In contrast, the flatfielding results in a decrease in surface brightness by 20
to 40%, which is in good agreement with the expectations (Section 4.1.6).
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Figure B.1: Profiles and width of simulated trail image forα = −3.9,fβ = 3, andfv = 1, before
and after simulated flatfielding andboxcar filtering. Red: original image, green: onlyboxcar
filtered, blue: flatfielded andboxcar filtered. a) Peak brightness along the trail axis.b) FWHM
as function of distance from the nucleus.c) - f) Profiles perpendicular to the orbit.



Appendix C

Hydrodynamic Coma Model

The emission speeds of dust particles were obtained as the terminal speeds in the hy-
drodynamic coma model described in detail in Müller and Gr̈un (1997, 1998); M̈uller
(1999); Landgraf et al. (1999). The comet nucleus is assumed to be spherical, and – for
the present purpose – the activity distribution on its surface was considered isotropic. In
the cited publications, more realistic activity distributions have also been implemented.
The flows of gas and dust around the comet are calculated, yielding at any position in
the coma the density, velocity, and temperature of the gas, and the number density and
velocity of dust particles of different mass classes. Each class represents particles having
masses within one decade in the range of 10−20 to 10 kg. All dust particles of one class
are assigned the same representative mass and radius. It is assumed that the particles have
spherical shapes and a constant bulk density.

The numerical method used to compute the dynamics of gas and dust takes advantage
of the fact that the influence of the dust on the gas flow is of minor importance. In a
first step, the gas flow is calculated without taking into account the presence of dust. It is
assumed that the gas is in thermal equilibrium everywhere, and that the mean molecular
mass is constant across the coma and given by the mean of the masses of the two most
common molecules, H2O and CO, weighted by their overall abundances in the coma. The
production rates of these species are input parameters to the model. The CO activity is
treated as independent of heliocentric distance using the value of 1026 molecules/s. The
water activity is assumed to depend on heliocentric distance as indicated by spectroscopic
measurements (Figure 3.1).

In a second step, dust trajectories are integrated considering the gravitation of the
nucleus and the drag force exerted by the gas. The emission speeds used in this thesis
were obtained from fitting the analytical expression given by Equation 5.48 to the terminal
speeds of particles at a distance of 20 km from the nucleus centre, where the gas flow is
sufficiently to preclude a significant momentum transfer to the dust particles.
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Appendix D

List of Acronyms

26P/G–S 26P/Grigg-Skjellerup
67P/C–G 67P/Churyumov-Gerasimenko
ADU Analogue Digital Units
AOR Astronomical Observation Request
APEX Spitzer Astronomical Point Source EXtraction
AU Astronomical Unit
BCD Basic Calibrated Data
CBS Cometocentric Bipolar System
CCD Charge Coupled Device
COBE Cosmic Background Explorer
DCE Data Collection Event
DFMI Dust Flux Monitor Instrument
DIDSY Dust Impact Detection System
ESO European Southern Observatory
FORS FOcal Reducer and low dispersion Spectrograph
FOV Field of View
FWHM Full Width Half Maximum
GIADA Grain Impact Analyser and Dust Accumulator
GRE Giotto Radio Science Experiment
IRAF Image Reduction and Data Analysis Facility
IRAS Infrared Astronomical Satellite
JPL Jet Propulsion Laboratory
MIPS Multiband Imaging Photometer
MOPEX Mosaicking and Point Source EXtraction
MPG Max Planck Society
POSS Palomar Observatory Sky Survey
PSF Point Spread Function
SNR Signal-to-Noise Ratio
SPOT Spitzer Planning Observations Tool
SSC Spitzer Science Centre
TNG Telescopio Nazionale Galileo
USNOFS United States Naval Observatory Flagstaff Station
VeGa Venera Galley
VLT Very Large Telescope
WFI Wide Field Imager
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Appendix E

Physical and Astronomical Constants

Physical Constants:1

Planck’s constant h = (6.626 068 96± 0.000 000 33)× 10−34 J s
Boltzmann’s constant kB = (1.380 650 4± 0.000 002 4)× 1023 J K−1

Wien’s displacement constant (λ) b = (2.897 768 5± 0.000 005 1× 10−3 m K)
Stefan-Boltzmann constant σ = (5.670 400± 0.000 040)× 10−8 W m−2 K−4

Gravitational constant G = (6.674 2± 0.001 0)× 10−11 m3 kg−1 s−2

Speed of light in vacuum2 c = 299 792 458 m s−1

Astronomical Quantities:

Astronomical Unit3 AU = 1.495 978 706,6× 1011 m
Luminosity of the Sun3 L� = (3.845± 0.008)× 1026 W
Mass of the Sun3 M� = 1.9891× 1030 kg
Solar flux at 1 AU3 I� = 1365. . . 1369 W m−2

Solar R-magnitude4 −27.14 mag

12006 CODATA recommended values, maintained at the Physics Laboratory of the National Institute of
Standards and Technology (http://physics.nist.gov/cuu/Constants/).

2The value ofc is exact because of the definition of the metre.
3Values taken from Cox (2000).
4Values given in the literature vary between−26.9 and−27.3, depending on the employed filter (e. g.

Szab́o et al., 2002).
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E. Le Floc’h, C. Papovich, P. G. Pérez-Gonźalez, P. S. Smith, K. Y. L. Su, L. Bennett,
D. T. Frayer, D. Henderson, N. Lu, F. Masci, M. Pesenson, L. Rebull, J. Rho, J. Keene,
S. Stolovy, S. Wachter, W. Wheaton, M. W. Werner, and P. L. Richards. The Multiband
Imaging Photometer for Spitzer (MIPS).ApJS, 154:25–29, September 2004.

D. G. Schleicher. Compositional and physical results for Rosetta’s new target Comet
67P/Churyumov Gerasimenko from narrowband photometry and imaging.Icarus, 181:
442–457, April 2006.

D. G. Schleicher, R. L. Millis, and P. V. Birch. Narrowband Photometry of Comet
P/Halley: Variation with Heliocentric Distance, Season, and Solar Phase Angle.Icarus,
132:397–417, April 1998.



110 BIBLIOGRAPHY
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