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CHAPTER 1

INTRODUCTION

1.1 Kurzzusammenfassung

Das thermische Verhalten eines Kometenkernes, die Entsgetnd Entwicklung der Neu-
tralgasumgebung (der sogenannten kometaren Koma), den&engebung des Kometen,
sowie seine Interaktion mit dem Sonnenwind werden in di@skeit studiert. Das Ziel ist
es, ein umfassendes Modell eines Kometen und seiner Umgeuenmtwickeln. Mit diesem
Modell lassen sich dann physikalische Parameter in der Kemaengebung und deren Ent-
wicklung in Abhangigkeit vom heliozentrischen Abstand #@meten 46P/Wirtanen und
67P/Churyumov-Gerasimenko bestimmen. Insbesonderargeltisucht werden, welche Ef-
fekte die Kometenumgebung auf das Radiosondierungs-Exeet (RSI = Radio Science
Investigations) auf der Raumsond®$ETTA haben wird. Die Mission BSETTA soll im
Februar 2004 gestartet werden und etwa 10 Jahre spater aleet&n 67P/Churyumov-
Gerasimenko bei einem Abstand von ca. 4 Astronomischeneiarh(AE) erreichen, und
ihn dann auf seiner Bahn begleiten. Ursprunglich war Kod&®/Wirtanen als Zielkomet
fur die Mission vorgesehen. Nachdem der Start vasRITA im Januar 2003 aufgrund
von Problemen mit der vorgesehenen Startrakete verschebeten musste, war der Zeit-
plan der Mission nicht einzuhalten und es wurde ein neudk@met ausgewahlt. Komet
46P/Wirtanen dient nun noch als mogliches Ersatzzid§ fialder nachsten Startphase wieder
Probleme auftauchen sollten. Die hier entwickelten Mab#ziehen sich im allgemeinen
auf beide Kometen, da diese sich in vielen Dingen ahnlind,sivie zum Beispiel Orbitpa-
rameter, Grol3enordnung des Kometenkerns und Zusamrmengetim Einzelnen werden
die Unterschiede in der Diskussion der Ergebnisse ausgiéetrb

Die Warmediffusion im Kometenkern wird hier mit einem @meénsionalen Modell be-
schrieben. Um eine Aussage Uber die Temperaturvertellmdgdas Sublimationsverhalten
fur die gesamte Oberflache des Kometen machen zu konnehein Gitter von eindimen-
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sionalen Modellen Uber den Kometenkern verteilt. Die halsschen Bedingungen an der
Oberflache werden durch ein Energiegleichgewicht beslbln und gehen als Randbedin-
gung in die Modellrechnungen ein. Viele der in den Modellarberiicksichtigenden Para-
meter sind derzeit nur ungenau bekannt. Diese nicht zu vdemee Ungenauigkeit spiegelt
sich in der Variationsbreite der Ergebnisse wieder. Diemétliffusion im Kometenkern
wird mit einer Energie-Erhaltungsgleichung beschrieb&ese beinhaltet Warmeleitung
durch das porose Kometenmaterial und Warmetransporim lvon latenter Warme durch
den Fluss von Gas innerhalb des Kometenkerns. Die Anwekelibaer einzelnen Modell-
studien lasst sich zur Zeit wohl am Besten tUberprifedemn man die Gasproduktionsrate
mit beobachteten Daten vergleicht. Die Ergebnisse der Modeinhalten auch Karten der
Oberflache des Kometenkerns mit der Temperaturverteibaieg der Verteilung der lokalen
Gasproduktionsrate an bestimmten heliozentrischenahistri.

Das Neutralgas in der kometaren Koma wird mit den Methodergidrodynamik beschrie-
ben. Dieses Vorgehen ist gerechtfertigt, wenn das Vennalés Neutralgases in der Koma
durch Teilchenstol3e dominiert ist. Dieses stolldomimiB#gime kann je nach Gaspro-
duktionsverhalten des Kometen sehr unterschiedlich aletge sein. Bei heliozentrischen
Abstanden von mehr alg, ~ 2.5 AE und einem Gasproduktionsverhalten, wie es fur die
Kometen 46P/Wirtanen und 67P/Churyumov-Gerasimenkosahgézt wird, wird das hy-
drodynamische Regime den Kometenkern moglicherweislet mallstandig umschliel3en.
Bei kleineren Abstanden von der Sonne dehnt sich der Bexeiraussichtlich uber mehrere
hundert bis tausend Kilometer um den Kometen aus. Der M#saserdes expandierenden
Staub-Gas-Gemisches wird die Bahn eines Raumfahrzeugdsr idmgebung des Kome-
ten storen. Die Beschleunigung, die ein Raumfahrzeugranégdes Gas-Massenflusses
erfahrt, wird mit den Modellergebnissen abgeschatzte §ich ergebendénderung der
Geschwindigkeit verursacht eine DopplerverschiebungFiequenz des von dem Raum-
fahrzeug ausgesendeten Radiosignals. Diese Dopplemesing ist eine der Messgrofien
des Experimentes RSI. Aufgrund der grof3en Rechenzeit,inizelae Modellstudien beno-
tigen, werden Fallstudien an bestimmten heliozentriscNastanden diskutiert. Es ergibt
sich, dass die Beschleunigung von$ETTA durch den Gasfluss selbst igi~ 3 AE noch
so grol3 sein kann, dass die mit dem RSI-Experiment geplamssungen der Koeffizienten
des Gravitationspotentials des Kometenkernes gestadeneodnnen.

Der ionisierte Anteil der Kometenumgebung kann auch mit &3$hkExperiment untersucht
werden. DieAnderungen und der Absolutwert des ElektroneninhaltegirSichtlinie zwis-
chen ROSETTA und dem Beobachter auf der Erde sind die entsprechendenghi@es.
Die Dichte des kometaren Plasmas wird mit einem eindimeasm Modell abgeschatzt.
Dieses Modell bezieht sich auf die Achse Komet-Sonne unspeicht in etwa der Beobach-
tungsrichtung in der Hauptmissionsphase desRTTA Mission. Die bei friheren Arbeiten
bei dem Kometen 1P/Halley angewendete Annahme des photostieen Gleichgewichts
im ionisierten Teil der inneren Koma lasst sich nicht ohneitéfes auf Kometen mit einer
schwacheren Gasproduktionsrate tibertragen. Das Tetapenofil der Elektronen entlang
der Achse Komet-Sonne wird in dem Zusammenhang ebenfalleimgen Annahmen ab-
geschatzt. Die sich ergebenden Plasma- und Elektrort@edidassen einen nur geringen
Effekt der ionisierten Koma auf das Radiotragersignalegten.

Abschlie3end wird noch die Wechselwirkung des Kometen ent &onnenwind untersucht.
Dabei werden aus der Theorie der Magneto-Hydrodynamiklalhge Formeln eingesetzt,
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die die Abstande der BugstoRwelle, der lonopause (bzw.nZHeche der magnetischen
Kavitat) und den Abstand dddberganges vom stoRfreien Sonnenwindregime zu der von
Stollen mit dem Neutralgas dominierten Kometenumgebustinb@men. Diese Abstande
werden in Abhangigkeit vom jeweiligen heliozentrischelsfand fur 67P/Churyumov-Ge-
rasimenko und 46P/Wirtanen berechnet. Dabei wird auch dreatbn der Parameter des
Sonnenwindes und des interplanetaren Magnetfeldes mitdestand von der Sonne beriick-
sichtigt. Es ergibt sich, dass nur mit geringfugigen Eféekauf das Radiotragersignal von
ROSETTA zu rechnen ist. Um die Lage und das Verhalten der Plasmdtielnegn mit dem
RSI-Experiment zu untersuchen, missen daher geeigrrated@éen insbesondere mit Bezug
auf die Umlaufbahn von & ETTA um den Kometen entwickelt werden.

1.2 Abstract

Models of the thermal behaviour of a cometary nucleus, tbeugen of the neutral gas coma,
the ionized cometary coma and of the interaction of the camgtlasma with the solar wind
are studied in this work. The general aim is to develop a dlofmel of the comet and its
environment in order to characterize the physical conad#t@around comets 67P/Churyumov-
Gerasimenko and 46P/Wirtanen with respect to the heliocedistance. The results also
provide estimates of the effects of the cometary environtrarrihe radio science investiga-
tions experiment (RSI) aboard the spacecraftsRTTA After the launch that is scheduled
for February 2004, the ®SETTA mission is planned to encounter comet 67P/Churyumov-
Gerasimenko and accompany it on its orbit. Comet 46P/\Wértdras been the original target
comet, but serves now as back-up target due to the postponefitee ROSETTA launch in
January 2003.

The model of the heat diffusion within the cometary nucleusne-dimensional. A grid of
one-dimensional models is distributed over the nucleusderoto determine the tempera-
ture distribution and the sublimation characteristicsh® tomet on the whole surface of
the comet. A heat balance equation is applied as boundaditmmnon the surface. Many
parameters that have to be accounted for in a heat diffustmteirare not precisely known
to date. The variation of these parameters within reasenahlts yields a wide range of
possible results. The heat diffusion within the cometarglews is derived from an energy
conservation equation that includes heat conduction tiirdbe porous cometary material
and heat convection due to the transport of latent heat bgdsehase within the nucleus.
Model results are evaluated by a comparison of modeled asehebd global gas production
rates. Exemplary maps of the local temperature distribugiod local sublimation rates at
particular heliocentric distances are also provided.

The neutral gas coma of the comet is modeled with a hydrodimapproximation. This
method is justified within a collision dominated regime. Doghe expected weak gas pro-
duction of a comet at large heliocentric distances, thigdgghamic regime might be small
and might not enclose the whole nucleus. When the comet appes the sun and the gas
production increases, the hydrodynamic regime extendsrteetocentric distances of several
hundred or thousand kilometer. The gas mass flux within theaqoerturbs an orbiting space-
craft. The acceleration of the spacecraft due to the gas fiuxss evaluated with the model
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results. The resulting change in velocity can be measuredtasppler shift of the recorded
frequency of the carrier signal. Case studies at sever@degitric distances are carried out.
It turns out that even at heliocentric distances«@8 AU the drag force of the gas can become
strong enough to perturb the measurements of the secondgredty coefficients, which is
a primary science objective of RSI.

The ionized coma of a comet can also have an effect on theecaignal. Changes of the
electron content in the line of sight between spacecraftdnserver at earth are in principle
observable. A one-dimensional model of the plasma densityeacomet-sun axis is devel-
oped. The assumption of photochemical equilibrium is natessarily justified within the
coma of weak outgassing comets. The continuity equatioh@ptasma density has to be
solved without this simplifying assumption. A model of tHeatron temperature profile is
also generated. The transition from a regime where elestaom effectively cooled to a re-
gion with temperatures of the electron fluid similar to salamd levels is assumed to set in
at the position of the thermal electron collisionopausee plasma densities obtained from
the ionospheric model indicate only minor effects on theieasignal.

The interaction of the cometary plasma with the solar windl$® studied. The respective
standoff distances of the bow shock, the cavity surface hadollisionopause of comets
67P/Churyumov-Gerasimenko and 46P/Wirtanen are detednith respect to the helio-
centric distance. The variation of the solar wind paransetath heliocentric distance is
accounted for. Effects of transient solar events, suchlas #ares or coronal mass ejections,
are discussed. It can be concluded that the plasma envirdroheomets 67P/Churyumov-
Gerasimenko and 46P/Wirtanen and their interaction withstilar wind will have only a mi-
nor effect on the carrier signal. Special scenarios mighidegied in order to locate plasma
boundaries within the cometary environment with RSI.

1.3 Motivation

The general motivation of thedSETTA mission is the study of the comet and its environ-
ment and the implications to the origin of comets, origintd solar system and the relation-
ship between cometary and interstellar material. The apetssion scenario distinguishes
ROSETTA clearly from other cometary missions. The target comet béllstudied for many
months while it approaches the sun on its orbit. This pravitie opportunity to study the de-
pendency of the cometary parameters on the heliocentti@dis. With the planned landing
on the nucleus, the cometary material can be studied irfegitine first time. The difference
to other missions that usually provide snapshot-like irapiens of comets comes at the cost
of a long mission duration (mainly due to the interplanetaayeltime) and a large budget.

Besides the general interest in comets and their relatipisithe origin of the solar system,
the cometary environment needs to be studied in order toateathe effects on a spacecraft
and its navigation at a comet. Therefore the information @mets and their environment
available to date is gathered and combined to develop a @mapsive model of comets.
Many physical effects need to be simplified or parameterinedrder to keep the model
manageable.
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The model results therefore provide general estimateseqgflilgsical conditions of the comet
and its environment and estimates of the effects on theecaignal that are to be expected
for ROSETTA at 67P/Churyumov-Gerasimenko. Special attention is gigehe variation of
the results with respect to the variation of the heliocerdistance during the planned prime
mission of ROSETTA.

1.4 Cometary missions

First in-situ observations of the cometary environmenten@ovided by the ICE encounter
at 21P/Giacobini-Zinner in September 1985. In 1986 a swdrapacecraft flew by comet
1P/Halley with the european IGTTO mission being the highlight. The flyby distance of
GloTTo was less than 600 km at March, 13 1986, and it provided theifirages of a
cometary nucleus. Two russian spacecraftG¥ 1+2) and two spacecraft from Japams-
GAKE and SJISEI) also visited 1P/Halley in March 1986. Other successfubenters with
comets to date are IGTTO at 26P/Grigg-Skjellerup in July 1992 andeBr-SPACE-1 at
19P/Borrelly in September 2001. All encounters took pla@garoximately the same helio-
centric distance of 1 AU. &sETTA will be the first spacecraft to accompany a comet on its
orbital path and study the cometary environment with resjoettie variation of the heliocen-
tric distance of a comet. Comet 67P/Churyumov-Gerasimengelected as the target comet
for the ROSETTA mission.

The spacecraft GNTOUR has been scheduled to meet at least two comets, but thisomissi
has been lost after launch. Other encounters that are ¢tiyrdanned are a flyby of the
spacecraft 8ARDUST at comet 81P/Wild-2 in January 2004, and a flyby and collisiban
impactor of the mission BEP IMPACT at comet 9P/Tempel-1 in July 2005.
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CHAPTER 2

THE ROSETTAMISSION

The ROSETTA mission has been selected as a planetary corner stone missian ESA
committee in 1993. The objective is a rendezvous with a candta landing on its nu-
cleus. Therefore the space probe needs to reach the sarmarotbid the sun as the comet.
RoSETTA has originally been scheduled to launch in January 2003 taéailure of a previ-
ous Ariane launcher, the launch has been postponed andtiheblaunch window to reach
the original target comet 46P/Wirtanen could not be usede @uthis postponement, the
project had to chose a new scenario to reach its missiontolgecComet 67P/Churyumov-
Gerasimenko has been selected as the new targetfERA

The main scientific objectives of thedRETTA mission are the study of the origin of comets,
the relationship between cometary and interstellar matand its implications with regard
to the origin of the Solar System. The aim is the global cheraation of the nucleus, the
determination of dynamic properties, surface morpholagy@mposition, and the determi-
nation of the chemical, mineralogical and isotopic compmss of volatiles and refractory
elements in a cometary nucleus. The study of the developafeametary activity and the
processes in the surface layer of the nucleus and the inn& (dust/gas interaction) are fur-
ther goals of the mission. The evolution of cometary agtiwith respect to the heliocentric
distance will also be studiéd

2.1 TheROSETTASpacecraft

Most scientific instruments on the orbiter need to be accodateal on one side of the space-
craft, which must permanently face the comet during the atpmral phase of the mission.

Lsee http://sci.esa.int/rosetta for more details
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The maximum launch mass g;c =~ 2900 kg, with a propellant portion of more than 50%.
This mass limit is governed by the launch capability of theaAe-5 launcher.

The ROSETTA design is based on a box-type central structu@mZ2.1m x2.0m, on which

all subsystems and payload equipments are mounted. Twopsaniels, each of 3872, are
giving a total span of about 32. The maximum cross section of the spacecraft therefore
is Asc ~ 70m?, which has to be considered when estimating non-gravitatiforces on the
spacecraft, such as the drag force of the neutral gas subigrmfaom the comet surface or
the solar radiation pressure.

The two solar wings extend from the 'side’ faces. The inseatrpanel should point almost
always towards the comet, while the antenna and solar aaraydirected towards earth and
sun, respectively.

2.2 Radio Science Investigations

Radio Science Investigations (RSI) use the radio subsystdioard the spacecraft for scien-
tific studies. The analysis of frequency shifts, signal posred the polarization of the radio
carrier waves are examined. The variation of these parastews conclusions concerning
the motion of the spacecraft, perturbing forces acting ensgpacecraft and the propagation
medium of the carrier signaPgtzold et al, 2000]. RSI uses two radio link modes. The
two-way radio link with an uplink radio signal and a simukaus downlink at different fre-
qguencies, and the one-way mode with a dual-frequency dokniThe latter mode is only
intended for occultation experiments.

2.2.1 Scientific Objectives

The primary science objectives of RSI at the comet are therg@ation of Patzold et al,
2000]:

- the mass and the bulk density,

the second order and degree gravity field coefficients,
the gas and dust mass flux on the spacecratft,

the abundance of mm-dm size cometary dust,

- the size, shape and internal structure of the nucleus,
- and the plasma content in the line-of-sight.

Additionally, a search for gravitational waves and the sbog of the solar corona is pro-
posed. The mass and the density of asteroids can also bendetdr when the flyby geome-
try is favorable.

2.2.2 Radio Subsystem

The spacecraft has three antenna systems: a fully steqgrakddolic high gain antenna
(HGA) with 2.2 m diameter, a fixed parabolic medium gain antenna.®M® diameter and
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two low gain antennas. The HGA is the main antenna for reegiand transmitting com-
munication signals. The transponder consist each of S-baddX-band transmitter and
receiver.

The carrier frequencies, the signal amplitudes and therigatéon of the radio signals are
monitored at the ground station.

2.3 Other Experiments

The Orbiters scientific payload includes 11 experimentsanander which is equipped with
its own payload of scientific instruments. The scientifidiasents on the orbiter include:

- an UV spectrometer (ALICE),

- aradio sounding experiment, intended for a tomographyehtitleus (CONSERT),

- a dust mass spectrometer (COSIMA),

- dust velocity and impact measurements (GIADA),

- micro-imaging dust analysis (MIDAS),

- a microwave spectrometer (MIRO),

- an imaging experiment (OSIRIS),

- aneutral gas and ion mass spectrometer (ROSINA),

- plasma measurements (RPC),

- radio science investigations (RSI),

- and a visible and infrared thermal imaging spectrometeRTVS).

The ROSETTA Lander carries nine experiments and a drilling system te sanples of sub-
surface material. The Lander instruments are designeddy e composition and structure
of the nucleus material. A detailed description and curstaus can be found on the web-
pages of the missidn

http://sci.esa.int/rosetta
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CHAPTER 3

POSSIBLE TARGET COMETS

Due to the postponement of theBETTA launch, comet 67P/Churyumov-Gerasimenko has
been selected as the new target comet, with a rendezvoud.#h Zbmet 46P/Wirtanen is
intended as back-up target if problems with the next laurptton should arise. The general
properties currently known for both comets are summariztovb

3.1 46P/Wirtanen

Comet 46P/Wirtanen was discovered in 1948 during exananati photographic plates

by C. Wirtanen of the Lick Observatory in California. Withetlexception of 1980 Comet
46P/Wirtanen has been observed during every close apptodich Sun since its discovery.
It was particularly closely monitored during the observa#l campaign in 1996 and 1997,
after the comet was chosen as the target for the Rosettaomissl 995. The 1996 apparition
has been used for a better determination of the orbit andctingtg throughout the orbit has

been studied.

The nucleus spin period of 46P/Wirtanen is estimated froenahalysis of the observed
lightcurve as~ 6 h. The estimate of the radius of the nucleus is 550 m (eagiy et al.
[1998]; Boehnhardt et alf2002]). The assumed bond albedo for this size estimat®#& O

3.2 67P/Churyumov-Gerasimenko

Comet 67P/Churyumov-Gerasimenko was discovered on agtaqtb by K. I. Churyumov in
1969. The plate was originally exposed for a different cooye®. |. Gerasimenko. The comet
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has been observed in several apparitions since, with plpkad best observing conditions
during 1982.

Comet 67P/Churyumov-Gerasimenko shows an asymmetry aledtelion in observed gas
production rates, with peak productivity occurring shoatter perihelion Qsip et al, 1992].
The estimated radius of 67P/Churyumov-Gerasimenkdi8 km and the spin period of the
nucleus is estimated as.Bzh (unpublished results by P. Lamy [2003]).

3.3 Orbital Elements

The osculating orbital elements (heliocentric, eclipd2000) for both comets given in Table
3.1 are taken from the JPL DASTCOM Database Browser

46P/Wirtanen 67P/C-G
Orbital period [years] 5.44 6.5
Perihelion distance [AU] 1.06 1.29
Aphelion distance [AU] 5.13 5.72
Orbital eccentricity [deg] 0.658 0.632
Orbital inclination [deg] 11.72 7.12
Semi-major axi| [AU] 3.094 3.507
Longitude of the Ascending Node [deg] 8217 5095
Year of discovery 1948 1969

Table3.1:  Orbital elements for comets 46P/Wirtanen and 67P/Churyu@erasimenko

3.4 Timeline and Geometric Considerations

The mission scenarios at comets 46P/Wirtanen and 67P/G@mary-Gerasimenko have dif-
ferences mainly in time of the prime mission and in obseovati geometry. At comet
67P/Churyumov-Gerasimenko the prime mission is plannedhf® perihelion passage of
the comet in the year 2015. With the orbital elements listediable 3.1 the corresponding
distances between comet, sun and earth can be derived.ureRdL the resulting distances
for the scenario at 67P/Churyumov-Gerasimenko are ploffée solid line represents the
distance between the comet and the sun. The periheliongassaxpected to occur in Oc-
tober 2015. The rendezvous oDBETTA with the comet is planned for November 2014.
At this time the comet will be approximately at53AU distance from the sun. The closest
distance between the line of sight (or the ray path betwegh aad comet/spacecraft) and
the sun, indicated by the dotted line, decreases significdating a solar conjunction. If the
distance becomes less tham0 solar radii (or: 0.2 AU), the solar corona can be sounded by
the radio signal. This is a secondary science objectiveeRBI experimentfatzold et al,
2000]. At the same time, the solar corona can perturb radense measurements at the

Ihttp://ssd.jpl.nasa.gov/dastcom.html
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Figure 3.1: Distances between comet 67P/Churyumov-Gerasimenko and (sulid line),
67P/Churyumov-Gerasimenko and earth (dashed line), amgkst distance between the line of sight
and the sun (dotted line) at the time of the proposed primsiamis

comet during a solar conjunction. A corresponding situsitieexpected in January/February
2015 and again in September/October 2016 for the 67P/ChmoytGerasimenko scenario

(see Figure 3.1).

The scenario at 46P/Wirtanen is plotted in Figure 3.2. Arsadajunction does occur in this
scenario in December 2011/January 2012, and from Febraakpril 2013. The perihelion
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Figure 3.2.  Distances between comet 46P/Wirtanen , sun and earth afrtteedf the proposed
prime mission. Line styles are chosen similar as in Figufie 3.

passage of 46P/Wirtanen is expected in July 2013. The gaardistance of 46P/Wirtanen
during the intended prime mission is always larger than 2 idicating poorer conditions
for earth-bound observations of comet 46P/Wirtanen (wlenpared with the intended sce-
nario at comet 67P/Churyumov-Gerasimenko). See also Afpp&nfor more details of the
observational geometry.



CHAPTER 4

THERMAL MODEL OF A COMETARY NUCLEUS

In the following sections information on cometary nucledahe theory for a thermal one-
dimensional model of a cometary nucleus with emphasis orstinace boundary is pre-
sented. The developed theory is applied to model cometsiotbit of 46P/Wirtanen and
67P/Churyumov-Gerasimenko and present the results.

4.1 Introduction

The interpretation of the few existing comet images leadsédfollowing general assump-
tions: A comet nucleus is of irregular shape, the surfaceery dark with a mean bond
albedo of 001— 0.04. The surface varies in topography, roughness, struetudealbedo.
There are only very few craters visible (compared to imadgesteroids) Keller et al, 1988;
Soderblom et aJ.2002], indicating a young and active surface. The low b@ksity of the
nucleus (estimates range free100 kg/nT 3 to ~ 1500 kg/nT3) indicates a high porosity of
the cometary material (see e.gdgdeev et 311988] orHughes[1996]). The dark appear-
ance of the surface may be caused by organic and silicateawnfs, ad'hompson et al.
[1987] propose. They also mention that surface roughnesgarosity of the matrix of the
near-surface material are important for the understarmafitige low albedo. The porosity also
has an effect on the heat diffusion within the nucleus siheecbnvective transport of heat is
attenuated when the material is not compact. In fact, tmspart of energy by gas diffusion
may be an equally important process and enhance the tramdgpgaat by convection within
the porous materiaklehse 1994].

The initial parameters for the one-dimensional thermal ehad the cometary nucleus are
summarized and applied to a grid of models distributed dwestrface of the model comet.
Boundary conditions variable in space and time are thezed@counted for. The results
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provide maps of local surface temperatures, local gas ptamdurates and, when integrating
over the surface, the total gas production rate. Estimdtégedotal gas production rates for
various heliocentric distances exist from observatiorscivallows calibration of parameters
and confirmation of model results.

The main task of the model is to provide estimates of the g&alproduction rates and initial
conditions for a hydrodynamic simulation of the inner corhthe considered comet. Special
care is therefore taken for the surface boundary of the ne@ed the interior is modeled as
simply as possible.

4.2 The Cometary Nucleus

The expected general features of cometary nuclei are disdus this section. The struc-
ture, composition, and detailed model assumptions arepted. The ranges for important
model parameters are given. A short overview of existing eedf the heat diffusion within
cometary nuclei is given.

4.2.1 Observations of Cometary Nuclei

The observation of comets with telescopes has some limitstiOnly the dust and gas enve-
lope can currently be observed with earth-bound telescopearge heliocentric distances,
where the dust envelope may disappear, the resolution ¢éliscopes is too low to observe
the nucleus in detail. So only in-situ observations prowdect information of a cometary
nucleus.

Only two cometary nuclei are known from imaging experime@sTTO took images with
the best resolution of the nucleus of 1P/Halley from a distaof approximately 600 km in
1986 Keller et al, 1986]. These images were the first direct observations ohatary nu-
cleus. Shape, morphology and photometric characterisbigkl be studied for the first time.
Most comet models today are based on these observationsntReon September 22, 2001,
has another comet been imaged: the proBe®SPACE 1 flew by 19P/Borrelly within 2170
km distance $oderblom et a].2002].

Other encounters with comets did not provide images of campatuclei. ICE at comet
21P/Giacobini-Zinner did not have a camera and whenT®o reached comet 26P/Grigg-
Skjellerup in 1992, the camera experiment had already bestiayed from dust grain im-
pacts during the encounter with 1P/Halley.

4.2.2 Structure

The detailed structure of cometary nuclei is not yet knowher€ are several models of the
structure of the interior of a comet (see also Figure 4.bmfthe so called icy conglomerate
or dirty snow ball[Whipple 1950], or theprimordial rubble pile] Weissman1986], to thecy-
gluemodel byGombosi and HoupifLl986] and thdluffy aggregatenodel byDonn[1991].
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Figure 4.1: Various models of cometary nuclei: (top left) dirty snowsWhipple, 1950], (top
right) fluffy aggregate [Donn, 1991], (bottom left) primdatirubble pile [Weissman, 1986], (bottom
right) icy-glue model [Gombosi and Houpis, 1986] (imageraefuced from Donn [1991]).

So far no model can be excluded by observations because @migte observations exist.
Images from GTTO seem to favor the icy-conglomerate model. ThesSRTTA mission
(especially the Lander) should be helpful to distinguistnieen these models.

A homogeneous structure of a porous matrix in the inner ganeonucleus is assumed in the
model developed here, with possible stratification clogbecsurface due to the depletion of
volatile species by sublimation in this region.

4.2.3 Composition

The composition of cometary surface material has never besasured directly. Therefore
only indirect methods can be used to determine the compaogifia comet nucleus. Spectral
analysis and satellite measurements of the dust, gas asd@kenvironment provide the best
clues to the basic cometary material to date. Dust is draggekle gas from the surface and
reflects the sunlight, therefore absorption lines in theectdld light can be studied to deter-
mine the dust composition. Gas can be released directly tihersurface by sublimation, by
diffusion of sublimated gas through porous material frorthimi the nucleus, or from grains
of dust that are in the coma and still contain volatile spe¢eg. Huebner and Benkhoff
[1999]). Photochemistry is assumed to have strong influendée neutral gas. The original
species dissociate and become ionized. Mainly daughteiupts of the original molecules
can therefore be observed. They absorb and re-emit photaohsaa therefore be studied in
emission lines. Since the 1970s cometary comae have bediedstuith UV spectroscopy
from space. This way the major volatile constituents of memymets have been observed.
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Although the observed comets have differences with redpegas production rate, gas/dust
ratio, heliocentric distance and observation geometryeifThitraviolet spectra appear ap-
proximately similar. This indicates a common chemical cosifion. See e.gHuebner and
Benkhoff1999] for more details.

The compositions of the gas and the plasma environment lgllBy have been measured di-
rectly by a neutral mass spectrometer (NMS) on board tlog @ spacecraft. Results show
that water vapor and daughter products dominate the inmeaad the cometrankowsky
et al, 1986].

Besides water typical elements are: Carbon Monoxide (tkerskmost abundant gas in
the coma of 1P/Halley), Carbon Dioxyde, Metha@itgOH), Methane CH4), Ammonia
(NHs3), molecular NitrogenN,), Formaldehyde H,CO), Hydrogen CyanideHCN) and
Methyl Cyanide CH3CN). Other possible components are elgS CoH> [Krankowsky
1991;Rickman 1991].

A possible chemical differentiation in the surface layermuid enable any comet to appear
to have arH,O dominated ice component due to the depletion of more velatéments by
sublimation. This appearance therefore does not refleanitied composition which may be
found in deeper layers under the surface (Blgupis et al[1985]). A process that mitigates
the chemical differentiation is the loss of surface mateatiaing the orbit. Capria et al.
[1996] estimate a loss of material at the surface of a 46R&WEN model comet that reduces
the radius by up to 10 m during one orbit. It may therefore besfie that a significant
amount of ice components more volatile than water appear@bse to the surface.

A body composed of one dust component (for simpliciyQ© as the major ice component
and possible minor components of higher volatility (e@0O, COy) below the surface is

assumed in the model developed here. Thermal conductiaiigs with depth. Gas flux of

highly volatile species from sublimation fronts below theface layer of the nucleus into the
coma is not explicitly modeled.

The release of heat due KyO ice crystallization will be neglected in the calculatioris.
is assumed that the main part of the ice close to the surfaz@lh@ady changed from the
initially amorphous state to a crystalline structure, whis consistent with an estimation
made for comet 67P/Churyumov-Gerasimenkdspinasse et a[1991]. This should be a
reasonable assumption for most short period comets.

The dust/ice mass ratRy; is an initially free parameter in the model. The estimatettoof
magnitude of the dust/gas ratio by thead®To-DIDSY experiment at 1P/Halley was close to
unity [McDonnell et al, 1987]. This experiment was not sensitive to the higher masge in
which a large amount of the cometary dust is expected to beexmasHugheqd1996] points
out. From the cosmic abundance of elements a dust/ice ntassf&y; = 1/2.2 is expected
[Hughes 1996]. Other theoretical estimates of the dust/gas rdtmpmets give the same
order of magnitude (e.@sreenberd1982]; Delsemm¢1982; 1991]). Since the surface layer
of comets may be depleted of volatiles, the dust to ice magsaan locally be significantly
larger and a dust mantle might exist.
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4.2.4 Albedo

The surface of comets appears to be very dark in the visiblgeraThe mean bond albedo
a at 1P/Halley was estimated to lae= 0.02— 0.04 [Keller et al, 1986] and even lower at
19P/Borrelly &= 0.01— 0.03 [Soderblom et a].2002]).

The dark appearance of the . . .
surface may be due to or- 1900 “46‘P/W|r‘ta‘nen‘ ‘e‘ffectl\/‘e ‘ra‘d|us‘

ganic and silicate components, i ]
as Thompson et al.[1987] -

propose. They also men- 1000— :
tion that surface roughness

and the porosity of the ma- 800
trix of the material are im-
portant for understanding the 6007 \ ]
low albedo. The low albedo i ]
L \ -

radius [m]

of cometary grains has also 400

been deduced by e.yicDon- S R A R S
nell et al.[1991]. 002 004 006 008 0.0
albedo

A value ofa= 0.03— 0.04 for

the mean bond albedo is ap-

plied in the calculations. TheFigure 4.2:  Effective radius of 46P/Wirtanen versus assumed
uncertainty in the mean bongalues of the comets mean bond albedo

albedo is of particular interest

when determining the size of a cometary nucleus from imaglesnt by telescopes in the
visible range. Followingeller [1990], the effective radius of a comBt is derived from
the normalized (to a heliocentric and geocentric distafd&\d) measured magnitude of the
nucleusm. as:

logR; = 2.14—0.2m;— 0.5loga . (4.1)

In Figure 4.2 the variation of the effective radius of com@PANirtanen with assumed values
for the mean bond albedo are plotted, as derived from Equétid). The radius is assumed
to beR; = 600m fora = 0.04, which is consistent with the results from observatisese(
Lamy et al.[1998]; Boehnhardt et al[2002]). This indicates the uncertainty of the derived
radius of the nucleuR., since in the case of 46P/Wirtanen a valueaef 0.02 instead of

a = 0.04 would change the derived radiRs by ~ 30 %. A similar uncertainty exists for
comet 67P/Churyumov-Gerasimenko . The radius of the maalekt has therefore to be
varied when varying the mean bond albedo.

4.2.5 Thermal Skin Depth

The application of a one-dimensional model is justified onlyen volume effects in the
interior can be neglected. It turns out that the skin deptih@fmal signals is expected to be
so low that the simplification is acceptable, as shown below.
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When constant thermal conductiviky densityp and heat capacitg are assumed for the
cometary material, Equation (4.9) can be Writter%ta\s: K AT, with the thermal diffusivity

K = k/pc. The thermal diffusivity therefore controls the heat dsffan within the considered
medium. The thermal skin depdy, of the heat wave generated during a full orbit of a comet
can then be estimated dd¢Kay et al, 1986]:

K I

6th ~ ? s (42)

with the duration of the heat puldé. The thermal skin depth is the depth at which the
amplitude of a sinusoidal temperature variation with aquefi equal to the orbit period is
reduced by the factor/&.

For a general estimate 6f, one can apply the orbit periods of comets 46P/Wirtaign=
5.43a and 67P/Churyumov-GerasimenKgg = 6.57a. With a mean density of the nucleus
p = 600 kg/n?, a value for the thermal conductivity of the orderk ~ 0.1 W/(m K) (see
Section 4.3.3) and~ 1350 J/(kg K) (see Section 4.4), and get for both cometsl.2 x 10~/
m?/s.

The skin depth of the heat wave themdjg ~ 2.6 m for 46P/Wirtanen anéy ~ 2.8 m for
67P/Churyumov-Gerasimenko . The temperature in the ortefisuch a homogeneous struc-
tured comet approximately 10 m below the surface shoulefber be uniform and depend
only on the average thermal conditions. The time staléor a temperature signal to reach
a certain deptld can be estimated as = d?/k. An average temperature in a depth of 50 m
is with the above approximation of thermal diffusivity dsitahed after~ 680 years. Since it
is not known if a particular comet has a stable orbit over geaitod of time, the knowledge
of the temperature profile in the comet nucleus would in ppiecprovide clues to possible
previous major changes in orbit parameters.

A constant mean temperature below a depth of 50 m is assuntee imodel comet. The
lower boundary of the nucleus model can therefore be placadiepth of 50 m.

This estimate neglects surface erosion which would teneldoge the thickness of the shell of
variable temperatures. It also neglects possible heatfmahby vapor flow into the interior
which would increase the layer of temperature variabilitg @accelerate the heat transport
into the interior. Changes in the chosen parameters witthddyse to possible changes in
composition or compactness of the body (a dust mantle or rodatile ice species in deeper
layers) are also neglected.

The uncertainty of the deviation of the thermal skin depth tuthe choice of parameters is

very large. The variation of e.g. the Hertz factowhich has an estimated range of several
orders of magnitude (see Section 4.4), is therefore ablkaonge the estimate of the thermal

skin depth by a factor of the square root of its magnitudeeang

It can be concluded that a skin depth of the ordlgr~ 1 — 10 m is a reasonable first order
approximation. For a heat diffusion model of the comet implied that volume effects due
to the assumed spherical shape can be neglected for thetileesonsidered in this work.
A one-dimensional model is a good first order approximatoderive heat diffusion within
the nucleus.
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With the above estimate, the thermal skin depth of the diuemaperature variation is of the
order of Q01 m, if the rotation period of the nucleus is of the order oh10 his corresponds
to the current estimate for comets 46P/Wirtanen and 67RyQmov-Gerasimenko (see Sec-
tion 4.4). The derived values of the thermal skin depth ar@gireement with computations
by e.g.Rodionov et al[2002]

4.2.6 Heat and Gas Diffusion Models

As described in the previous sections, cometary nucleisseraed to be composed of various
ices and dust. Silicate and organic materials are expecthé idust. The ice consists initially
of mainly H,O and one can include several minor components of higherilglaike e.g.
CO, orCOy. The heat from solar irradiation is either reflected, raatsdi, used to evaporate
ices, or penetrates into the nucleus where it can also expa@es. In general, the heat
transport mechanism into the nucleus is either solid-$teé& conduction of the porous ice-
dust matrix, vapor flow through the pores of the matrix inahggdre-deposition, or thermal
radiation Benkhoff199%,; Orosei et al, 1999]. Heat transport by vapor flow is only effective
at high temperatures - for water vapor the effect is only miogdowT ~ 180 K [Kehsg 1994]
and becomes dominant at temperatures affowe210 K [Tancredi et al. 1994]. The gas
flux usually is described in the Knudsen regime, which is & pproximation that seems
reasonable in comparison to the uncertainties of othempetexs of the models, like dust
to ice ratio, porosity or heat conductivity of the porous mxafBenkhoff and Boicel996;
Benkhoff 199%]. Detailed studies of the near surface layer of a cometaglens were
carried out by e.gMarkiewicz et al[1998]; Skorov and Rickmaf1995; 1999];Skorov et al.
[1999]; Gutiérrez et al[2001; 2003].

The vapor from the sublimation of the ices diffuses throughpores of the nucleus and can
be re-deposited in lower temperature areas, like the deepan of the nucleus, or escape
into the coma. A chemical differentiation might occur dudhte different volatility of the ice
componentsispinasse et gl1991; 1993].

The thermal evolution of a comet nucleus has been modeledany muthors with compa-
rable assumptions. The earliest concept of the comet nuisleggested a compact ice-dust
mixture, asWhipple[1950] proposed. Therefore the first models only considéest con-
duction as an energy transport mechanism, &ngoluchowsKil981]; Weissman and Kieffer
[1981]; Klinger [1983]; Podolak and Hermaf1985]; Herman and Weissmgi987]. The
additional energy transport due to gas diffusion within theeleus was first implemented
in models bySmoluchowskj1982] andSquyres et al[1985]. Most models were used to
study the surface temperatures and resulting sublimagit@s r The sublimation rate (or gas
production rate) has been derived by spacecraft measuteed has been estimated from
ground based observations, so these model results can ibeds@Benkhoff 199%]. The
more recent model calculations, like eBenkhoff and Huebnd996]; Benkhoff[199%];
Orosei et al[1999], also include a variation of mixing ratios and an ewioin of the surface
(build-up of a dust mantle or surface erosion).

Laboratory experiments also simulated cometary mateariahi interplanetary environment
and helped to assess the importance of processes invakesthe so calledKOSFexperiments
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[Grin et al, 1991], or experiments by other groups liBar-Nun et al[1985]; Bar-Nun and
Laufer[2003]. Thermal results from the KOSI-experiments havenbaedeled e.g. b$pohn
and Benkhoff1990]. Based on these modéehse[1994] studied latitude dependent irra-
diation by adding a second dimension, but only porous watebodies were studied in that
work.

Huebner et al[1999] compared various published state-of-the-art nodal their results
and concluded that there is no general agreement on the e@maration of processediVe
must conclude that at present nucleus models have onlyetinciiedibility” (Huebner et al.
[1999], p.1297). Included in this work of the so call€@dmet Nucleus Model Teawere
models byBenkhoff and Boic§l996]; Coradini et al.[1997]; Enzian et al[1997]; Kuhrt
and Keller[1994]; Orosei et al[1999]; Prialnik [1992] andTancredi et al[1994]. Only the
very simple model of a pure porous water ice body leads to ageagent in the resulting
surface temperatures and gas release rates. When moriéevMoatomponents and dust are
added, the results differ by as much as 8 orders of magnitude for local sublimation rates
(only one point at the surface was comparddiy¢bner et al. 1999]. In order to understand
these huge differences further investigations have beeousted, with the intention to pub-
lish a reference model in the future. These further invasibgs include the application of
the following processedHuebner et al.1999]: the power balance, temperature profiles in
the interior of the nucleus, determination of the effectivermal conductivity, energy flow
profiles in the nucleus, gas flux profiles in the nucleus, ptyrgsofiles in the nucleus, and
density profiles in the nucleus. Not included in their work affects of irregular shape or
topography effects, which was studied in more detail by @ugfiérrez et al [2001].

This highlights the uncertainties when modeling a cometeuscand indicates the need
for detailed measurements on a real comet nucleus. Withrthignd, the estimates from
the previous sections are used to develop a thermal modeyitlds gas production rates
which match observed gas production rates of comets 67PyGmaov-Gerasimenko and
46P/Wirtanen .

4.3 Thermal Model of a Cometary Nucleus

The model of the nucleus is assumed for simplicity to be spakerA grid of one-dimensional
models of the heat and gas distribution, with grid pointsg# in latitude and longitude
is used to cover the whole surface. The initial free paramaeiee the mean density of the
nucleuspn, the dust to ice mass ratky;, the radius of the poreg, and the Hertz parameter
h. The general behavior of the comet nucleus can also be cioserms of orbital elements,
spin period, obliquity of the spin axis and radius of the can&ome processes are param-
eterized in the model, such as the evolution of the surfagst (thantle), the gas flux within
the nucleus, the attenuation of the solar radiation by tmeac@r the energy input from gas
particles from the coma that are deposited at the surface phiasical context is described in
the following sections.
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4.3.1 Energy and Mass Conservation in a Porous Medium

The model nucleus is assumed to be a porous mixture of dusicandrhe pores contain
vapor of the sublimated ice components. The dust to ice ohtive solid matrix is defined as
Pd
Rai = S (4.3)
with the specific densities of the dust componggiand the ice components. The total
bulk density of the matrix; can then be written g% = pq + pj. It is assumed thai, = px,
neglecting at this point the specific density of the gas camepowithin the nucleugy = Wpy,
whereW is the porosity of the material. The ice component can be ispdi different specific
ice densities, i.epj = pH,0+ Pco+ Pco, + -... The specific densities are derived from the
dust to ice ratio as:
Pn
Pi= Rai+1
Pd=Pn—Pi - (4.4b)
The porosityW is the fraction of a unit volume that contains pores. Thedswiaterial then
fills the fraction 1— W of a unit volume. In this work, the porosity of the materiafasind
by relating the specific densitigg, p; to the corresponding densities of compact material
Pd.c, Pi.c (.9.Tancredi et al[1994]):

(4.4a)

g_q1_Pd_P (4.5)
Pdc Pic
The local icy area fraction of the surface of the materialeswed as (e.@rifo [1997]):
1

Ao (4.6)

1+ Rai (Pic/Pdc)
Using the densities of the compact material implies thapibsity can be neglected when
determining the illuminated icy fraction at the surfacedayl he consequence of applying the
densities of the compact materials is that with a dust-¢om@ss ratio oRy; = 1 the icy area
fraction of the surface is larger tharbdue to the smaller mass per volume of the compact
ice component.
In order to vary the amount of dust at the surface withoutiekfyl tracking the mass balance,
a dusty layer at the surface is parameterized by assuminghinaalue ofAg at the surface
varies with heliocentric distance.

The conservation of mass leads to the continuity equationhi® densityp, if only gas is
assumed to escape from the matrix:

0 ~
wherepgyvy is the gas flux within the pores, with the specific gas dergjty: Wpgn, where
Pg,n is the density of the considered gas and the velocity of teegeEquation (4.7) can be

split into a continuity equation for the gas and a contineiyation for the dust/ice matrix:

9Pg - +
i —Upgvg + dg (4.8a)
Wai _ e (4.8b)

ot
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with the net sublimating or depositing mass flux rqéfe

Local thermal equilibrium between the gas and the solid ima&rassumed. For the temper-
ature of the ga3y and the solid matriXy, therefore applie3g = Tm.

The conservation of energy in one dimension (with detmeglecting gravity and viscous
effects, can then be written as (eSQfeiner and Kkmle[1991]):

9T o[ _oT] . oT .
[PnC(T) + PyCql % - a2 [k(T)E] ~ CGgPgVg7 —Lndg (4.9)

with the specific heat of the solid phasd ) and the gas componegy, the thermal conduc-
tivity k, the latent heat of sublimatidr, and the net sublimating or depositing flux ra@
The first term on the right-hand side is energy transport dueeat conduction, and the sec-
ond and third terms are energy transport by the gas phasedthysadvection and transport
of latent heat.

The second term on the left-hand side will be neglectededime energy necessary to heat the
gas phase and build up the vapor pressure is negligible cehpéth the energy needed to
heat the solid matrix, when water ice is the dominant iceisggp; > Pg). This assumption
may be incorrect when more volatile species are major icgpomants, aSteiner and Kkmle
[1991] point out. The second term on the right-hand sidegtiergy transport due to advec-
tion, has been shown to be negligible in a porous ice matrienmdompared to the transport
of latent heatfFanale et al, 1990;Steiner and Kkmlg 1991], hence will be neglected in this
work.

4.3.2 Sublimation Rate

In order to derive the flux rate of sublimated molecudgérom a homogeneous icy surface,
the kinetic theory model described e.g.bglsemme and Millef1971] is applied:

When the saturated pressure of the neutralmas at equilibrium with the sublimating ice
ps = nKT is used, with the number densityand the homogeneous surface temperature
The kinetic model of deposition implies that all moleculkattcollide with the surface are
deposited, and when assuming steady state the depositingfer at equilibrium equals
the sublimating flux rat«qaf. If now the gas pressure is assumed to be zero (vacuum), the
depositing flux drops to zero, but the sublimating flux dogschange, which has been veri-
fied experimentally aBelsemme and Millef1971] state. The sublimation rate into vacuum
can now be predicted fromy at equilibrium, which is known in terms of flux density from
kinetic theory in the Knudsen-Regime (eKjttel and Kromer[1993]):

dg(vacuum) = o (ea) (= G (eq) = 7NV (4.10)

with n = ps/kT and the mean speed of moleculeg~or a Maxwell velocity distribution at
temperaturd the mean speed is
_ 8kT
V=4/—, (4.11)
™m
with the mass of a moleculm. The temperature is assumed to be the temperature of the

considered surface eleméenht= Ts. Applying the ideal gas law and Equation (4.11), one gets
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for Equation (4.10)particles/(n s)]:

Gy = %ﬂ , (4.12a)
or in terms of the mass flow rateq one gets in units okg/(m? s):
mg = Ps ZT% , (4.12b)
or the also often used tergy ih units of [mol/(n? s)):
Gg = Ps L (4.12¢)
2nMRT

with the molar mass of a molecuje With the assumption of thermal equilibrium the gas
pressureps above an ice surface is often derived with an approximateesspn from the
Clausius-Clapeyron equation (elanale and Salvail1984)):

ps = poe "/ RT) [pg (4.13)

The parametersa = pg andb = L,,/R are derived from laboratory experiments and have
values ofa= 3.56 x 10'2 Pa anch = 6141667 K [Fanale and Salvajl1984]. This kind of
approximation to the gas pressure implies that the lateattdfesublimation does not depend
on the temperature in the considered temperature regiméasdhe valud, = bRyas ~

5.1 x 10 J/mol~ 2.8 x 1P J/kg. The latent heat of sublimation of water ice is, howgever
not independent of temperature (see Section 4.4). An ecapformulation for the saturated
water vapor pressure over ice is provided by &gnkhoff and Huebng995]:

log(Ps) = 4.07023— 2484986/ T +3.56654 logT) —0.00320981IT [Pa] . (4.14)

In Figure 4.3 the ratio of the saturated vapor pressuresieater ice from Equation (4.14) and
(4.13) are plotted. It can be concluded that in the tempsraggime of~ 120K —220K the
difference is only marginal, while at lower temperatures difference becomes significant.
The error made by using Equation (4.13) to derive the sadrptessure of water is not
significant, since the results for temperatures below 120K indicate a negligible water
production rate. Equation (4.13) is therefore applied enrtiodel calculations and the latent
heat of water sublimation is considered as depending ondmatyre (see Section 4.4). The
use of Equation (4.13) has the advantage of providing a sirmuphlytical expression for the
thermal conductivity of the pores (see Section 4.3.3).

If the modeled ice contains more than just one componentinsation rates for each com-
ponent have to be calculated. Stationary sublimation frono@ogeneous plane surface
with a homogeneous mixture of ice components is assumedsircdise, with mainly water
and additional minoCO, or CO components. If e.gCO, is considered as an additional
component, the saturated vapor pressure is derived fromatiegu(4.13) with parameters
a=1.2264 x 10 Pa anc = 31678 K [Fanale and Salvajl1987]. FoICOice the parame-
ters area = 1.2631 x 10° Pa anch = 76416 K [Fanale and Salva;jl1990]. This corresponds
to a constant latent heat b§(CO;) ~ 2.63x 10* J/mol andL,(CO) ~ 0.6 x 10* J/mol.
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B e Water ice is assumed to be the
single ice species in the surface
layer of the nucleus, implying

that all more volatile species

4.0

3.5

I e

o 3:0p . were already depleted in the
IE \ 1 surface layer during previous
L 25¢ ] orbits.
? i ]
il i ] The assumptions concerning
a 20¢ 1 the sublimation are simplify-
f \ ] ing. The nucleus surface and
157 ] the pore walls are not expected
\\ to be plane homogeneous sur-
10T T faces. At least within the
80 100 120 140 160 180 200 220 pores the sublimation into vac-

temperature [K .
P [K] uum is a reasonable assump-

tion. When considering the
Figure4.3:  Pressure ratiofs/ ps from Equations (4.14)  surface of the nucleus, the re-
and (4.13) versus temperature turn flux from the collision
dominated inner coma has to
be accounted for, which influences the thermal balance asuhface. This is discussed
by e.g.Crifo [1987]; Skorov and Rickmaji1998], who consider a thin non-equilibrium layer
nextto the surface before the gas reaches a tempefigtangl a pressurgy at the inner coma
boundary. The resulting effects are taken into considematihen determining the energy bal-
ance at the surface (Section 4.3.4) and when determiningntiee boundary conditions for
the hydrodynamic model of the neutral gas environment (€ndy).

4.3.3 Thermal Conductivity and Gas Flux

The thermal conductivity of the matrix materldIT ) is a combination of the thermal conduc-
tivity of the considered ice species and the dust comporidré.values are given in Section
4.4. The energy transport due to transport of latent heatdgas phase within the pores will
now be defined as thermal conductivity of the pdkggT). The effective thermal conduc-

tivity ket Of the porous medium will be derived. In genelgk is a function of temperature,

composition, and porosity.

The energy conservation equation (4.9) includes the sctarmathg (the last term on the
right-hand side). The source term can be derived by multiglthe equation of the conser-
vation of mass (4.8a) with the latent heat of sublimatigrand one gets:
op ~
Lage = Ly % +LhOpgvy . (4.15)

The first term on the right-hand side can be neglected in theidered temperature regime,
as e.gHagermann1996] shows. The term can therefore be writterh.mg = LnOPgvy.
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The mean free path of molecules in the pore system is derived as:
1
N= N

Water ice is assumed to be the dominant species. A tempeiaittite ice of 200 K, with the
collision cross section for watera 5 x 10 1° m~2 [Crovisier, 1984], and applying the ideal
gas law, assuming the pressure in the pores to be saturgteggby/ing Equation (4.14)) to
determine the number densityyields a mean free path &= 0.17 m which is larger than
the typical assumed pore diameterdot 10— 1000um (e.g.Horanyi et al.[1984]; Klinger
et al.[1996]).

(4.16)

If the Knudsen NumbelKn=A/d > 1, the collisions between gas molecules and pore walls
are more frequent than collisions between molecules. Tliseflgav through the porous
medium is then best described as a diffusion process, andusslow, where particle col-
lisions are dominant, can be neglected. Therefore the porafethe Knudsen-Regimes
applied.

The mass flupgvg depends in the Knudsen-Regime on the pressure gradfgdz and can
be described as depending on the gradient of the sublimediermy (e.g. Kehse[1994]),
which for a dust-ice mixture can be written as:

with the radius of the pores,, and the structural parametér The parametef describes
the effective flow area for the gas phase per unit cross seclibe parametef is defined
in different ways by various authors (elanale and Salvai[1984]; Mekler et al.[1990];
Espinasse et al1991]; Steiner and Kmle[1991]). The choice off can lead to over- or
under-estimation of the effect of the gas phase on the ertemggport. The discussion of
Steiner and Kmle[1991] is followed in this work with:

f=1-V1i-W¥ . (4.18)

When applying Equations (4.12c) and (4.13), and uupgydz = dqg/0T 0T /dz, one gets
~ ~ 1 b\ 10T

Pgvg = — FAorpolig(T) <—§+?) T (4.19)

In the considered temperature regime onelyds>> 1/2, one can therefore neglect the first
term in the brackets. The energy transport of the gas phaseava be written as:

Lty = —kpo(T)OT (4.20)

with thethermal conductivity of the pores
~ b
koo(T) = f Aorpolg(T) T2 Lh . (4.21)

In general, the effective thermal conductivky(T), which could be measured experimen-
tally, should be a function of the individual thermal contivities. ke(T) is approximated
in this work by adding the individual thermal conductivitie(T) = K(T) +keo(T). This
can be viewed as an upper boundary of the real effective tleromductivity adHagermann
[1996] and references therein point out.
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1 Typical thermal conductivities
are plotted in Figure 4.4. The
0 assumed parameters for this

example are: pore radiug, =
10Qum, porosity W = 0.5,
Hertz factorh = 102 and dust
to ice mass ratioRy; = 1.0.
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Figure 4.4:  Typical thermal conductivities of the matrix mable above a temperature df~

terial (dashed), the gas phase within the pores (dotted) thed 220K.
effective thermal conductivity (solid) Instead of solving the coupled

differential equations of heat
and gas diffusion within the comet nucleus, the heat eguatiahe following version is
solved in this work:

T OT] @22)

orolT) % = a5 | berM) 5,

4.3.4 Boundary Conditions

The energy due to insolation of the cometary surface is lbalhby various different pro-
cesses. The low albedo of cometary nuclei (see Section)4&fldcts only about 1%-4%
of the solar energy back into interplanetary space. Othecgsses are the heating of the
material at the surface and phase changes of cometary alat€he energy at the surface
Is also balanced by transport processes, like thermaldiatran, heat conduction within the
solid material of the comet, heat convection due to gas flukiwithe nucleus and thermal
radiation inside the pores of the nucleus material. Thenthéradiation inside the pores is
the least effective transport process in the considerefdeesmture regime (e.ddoranyi et al.
[1984]) and will be neglected in this work.

In Figure 4.5 a schematic view of the energy balance for asarélement is plotted. A pos-
sible stratification below the surface is indicated by tHeedent grayscales. Some important
parameters are assigned to the physical processes fontenge.

The surface temperature of a modeled dust/ice-body isetfiom the energy balance equa-
tion for the considered surface cell

1—a)coH;iC T
Seri( ?2) iG sich;‘i+A5Lhd>s,i(Ts,i)+keff(T)a—zs , (4.23)
" i
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with the effective solar radi- — - -
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tion (4.6)), the normaldirectionF_ 45 A schematic vi f th bal d th
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. important parameters at each surface element
mating gas mass flux rate =

(1—a)magyt. The value ofx in
this trans-sonic regime has been derived byG&ifp [1987] and has the recommended value
of a ~ 0.25, which is adopted in the model calculations.

The term on the left-hand side of equation (4.23) is the setergy input. The radiative
transfer properties of the inner coma are parameterized. effective solar radiation at the
surface is determined &g = &€ ' + &, with the solar constarfy, the optical depth
and the flux of indirect light scattered onto the nucleus By¢bmas;. For simplicity the
parameterg ands; are set to zero in this work. This can be easily changed faaildelt
parameter studies with the provided model routines.

The right-hand side of equation (4.23) includes the terntkarinal re-radiation, sublimation
of the ice component at the surface and diffusion of heatdwrfthe interior of the nucleus.
The heat diffusion is solved as described in Section 4.3.he fhass flux into the coma
is in this model derived from the sublimation rate at the atef Gas diffusion within the
porous medium is only considered as a mechanism to transpergy. This implies that any
molecule sublimated within the pores is re-deposited. &kgimption therefore restricts the
model to just one sublimation front at the surface when a®@rsig the global gas production
rate.

1The term(1— a) is included to account for the energy provided by the re-diing flux from the coma, as
proposed byCrifo [1987]. The value ofx is correlated to the Mach numbket of the sublimated gas emerging
from the surface. The velocity of the emerging gas depends on the characteristics of tfeceubelsemme
and Miller[1971] obtain a value ofg = 0.6v, with the mean speed of a Maxwell distributienThis is the mean
value forvg as a compromise between the case of a solid plane sublingtifece without any pores down to
the molecular level and the case of a surface with deep amdwaores oriented at random. With the speed
of soundvs = (y kTg/m)l/Z, the temperature of the gdg and the heat capacity ratip one gets an estimated
value ofM = 0.8 for water vaporHuebner and Markiewicf2000] derive the Mach number of the gas when
the Maxwell distribution is reestablished a few mean freth p@ngths above the surface. The derived Mach
numbers have a value slightly larger than okks 1.08— 1.14), depending on the degrees of freedom of the
considered gasskorov and Rickmaf1998] use a direct simulation Monte Carlo method to modslfgav in a
Knudsen layer above a cometary surface and obtain a vaMe~of..2 at the exterior boundary of the Knudsen
layer.
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At the inner boundary the heat flux has to vanish:

oT

—_— = . 4.24
oz, = O (4.24)

The inner boundary can be either the center of the comet msiclethe lower boundary of
the layer of variable temperatures.

4.3.5 Numerical Scheme

To solve the partial differential equation (4.22) numédiga finite difference approximation
with an FTCS scheme is used (eRgess et al[1986]). See Appendix B for details.

The computations start at aphelion with a constant ingiadperature throughout the nucleus.
The respective heliocentric distance is derived from thad#rd formulas for orbit determi-
nations (e.gGreen[1985]) by calculating the mean anomaly, the eccentric algrfusing
the Newton-Raphson formula), and then the heliocentri@mdce at each time step. The os-
culating orbital elements of each considered comet were aseput (see Section 3.3). With
the obliquity, the angle between the ascending node ancuthsokar point at perihelion and
the eccentric anomaly, the latitude of the subsolar poidtthe zenith angle at each point can
be derived at each time step.

Case studies for model comets in the orbits of 46P/Wirtameh&¥ P/Churyumov-Gerasi-
menko are computed. The osculating orbital elements anergkastimates for both comets
are given in Chapter 3. The obliquity (the angle betweentoxdnimal and spin axis) is a free
parameter of the model. Most model runs were initiated watto obliquity.

The number of grid points in the space domain is of the ord@ah@ can be varied. The cor-
responding spatial resolution depends on the size of theidered nucleus or layer of tem-
perature variability, respectively. The spatial res@atclose to the surface is at maximum
of the order 101 m, which is approximately the thermal skin depth of the d&giyperature
variations (see Section 4.2.5).

One-dimensional thermal diffusion models are allocateshaidistant points along a merid-
ian and are computed with the appointed time step. The teatyerdistribution and gas
production rate for the whole surface is derived by storegyits of a full rotation at the con-
sidered orbit position. This strategy reduces computaticgsources and makes the model
computations faster than a complete coverage of the surface

One time step in the model calculations is the rotation peabthe considered comet di-
vided by the number of grid points of the hydrodynamic modehee longitudinal direction.
With a longitudinal resolution of five degree, the resultimge step is about 500 s for comet
67P/Churyumov-Gerasimenko and about 300 s for comet 46E/iein.

4.4 Physical Parameters

The model comet is assumed to be of spherical shape. Otheeshave been studied by
e.g.Gutiérrez et al[2001], who pointed out that the topography can have a saamifieffect
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on the energy balance at the surface. Since the shape ofrje¢ teamet of the BSETTA
mission is not yet known, topography effects are neglected.

When modeling the structure of the nucleus one can eithahegmorosity? and the dust/ice
ratio Ryj as free parameters and determine the mean density of theusugh Equation (4.5),

or derive the porosity from an assumed mean density of theeansip,, and the dust/ice ratio

Rgi. The latter way is used in this work (see Table 4.1), sipgand Ry will hopefully

be provided by the experiments aboardd®TTA The Hertz factoh is used to correct

the effective area of the matrix material through which Heats. It is assessed with the
assumption of two spheres of radiRghat are pressed together and have a contact area of
radiusre, soh~ r2/R%. The estimated value df (e.g. Huebner et al[1999]) has a large
range and can be used to effectively dim or amplify the hefiwsion by the solid matrix
within the nucleus.

pn mean density of the nucleus 580000 kg/n?
Rgi  dust/ice mass ratio .0—-100

h  Hertz factor 10°—-1072
o Mean pore radius [m] 16 —-104

Table4.1: Range of free parameters used in the model calculations

In Table 4.2 some physical parameters with respect to theidered components are listed.
Following Huebner et al[1999], the specific heatand the heat conductivityof aCOice
component is assumed to be the same as foHH#@@ component. The specific heat and the
heat conductivity of water ice is taken frolinger [1981]. The specific heat and the heat
conductivity of the dust component and the density of the machicep; is taken from
Ellsworth and Schubefil983]. The compact density of the dust material is an awedghe
considered species as listed@min and Jessberggi990].

Parameter H.O CcO Dust
c(T) specific heat [J kgt K—1] 7.5T +90K 7.5T +90K 1200
k(T) heat conductivity [W m! K—1] h567/T h567/T M2
Pc density of compact material [kgfh 930 930 3000

Table4.2:  Physical parameters for the ice and dust components

For water ice the latent heat of sublimation is given as (Egpinasse et a[1993].
L =2.888x 10°P—1116T [J/kg . (4.25)

This represents the energy to release water molecules )iindw an ice surface. The lower
limit of latent heat of sublimation of @0 molecule in a water ice matrix is given Inzian
et al.[1998] asL(CO) = 2.3 x 10° J/Kkg.

Since only a homogeneous surface is considered in this wloelpcal icy area fractioRg
equals the total icy area fraction of the nucléys In some model calculation, is varied
with respect to the heliocentric distance. This paramstsra variation of the dust to ice
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mass ratidRyj that might occur due to the possible build-up of a dusty latethe surface
when the ice is sublimated. Comet images suggest a stroiagigarof Ag across the surface
of a comet. The results here can be viewed as the corresgphdimogeneous comet with
an averaged icy area fraction.

4.5 Calibration and Results

The thermal model provides the temperature distributicthiwithe comet nucleus as well
as temperatures and sublimation rates at the surface foetkssurface elements evenly dis-
tributed over the nucleus.

As soon as RSETTA reaches its target the validity of the assumptions and trebiity of
the results can be tested in detail. With presently avagldhtasets only the general behavior
and global results of the model can be verified. The quartiay ¢an be currently used best
to evaluate model results is the global gas production Haiecomet, which can be obtained
from remote sensing measurements. These measurementy uswdve additional assump-
tions about the gas distribution within the cometary commehsas symmetrical radial outflow,
exponential decay of the species, or a constant outflow Wel@g. Feldman[1982]).

It should also be noted that a particular sublimation raienfa comet surface can be obtained
by thermal models with different parameter settings. Regybas production rates that are
consistent with observations therefore only indicate @ieability of a particular model.

Results of 4 different exemplary cases for comet 67P/ChuomiGerasimenko and 2 differ-

ent cases for comet 46P/Wirtanen are presented. Many mseestadies were carried out.
They are consistent with the conclusions drawn here. Theerthparameter settings for the
models with the orbit parameters of comet 46P/Wirtanen anensarized in Table 4.3. The

difference between model W1 and W2 is the assumed dust toass mtio and a decreasing
icy area fractiorA, at the surface with heliocentric distance for model W2.

46P/Wirtanen model W1 model W2
pn [kg/m’]  mean density of the nucleus 500 500
Ruyi Dust/ice mass ratio 1 10

h Hertz factor 102 102

Mpo mean pore radius [m] 1d 104

A icy area fraction Ao An(rn)

w Obliquity of spin axis 0 0°

Table4.3:  Parameter settings for 46P/Wirtanen -like model comets

The variation with heliocentric distancgis derived ag\n(rn) = Ao(Rph/rn)?, with the initial
valueAg as derived from Equation (4.6) and the perihelion distdRgeof the comet. This
variation was derived empirically by comparing modeled ahderved gas production rates
(see below).

H>O production rates derived from observations at 46P/Wiraaed results from models
W1 and W2 are plotted in Figure 4.6. Observed productiorsrate taken fronschulz and
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Figure4.6: Observed and modeled production rates at comet 46P/Wintesee text for details.

Schwehnil999]. Observed; production rates are plotted as an example for other obderve
species at 46P/Wirtanen, which have at most the order of ituatgof theC, component (see
Schulz and Schwehih999]). Data obtained on the inbound part of the orbit (peethelion)

are indicated by diamonds. Data from post-perihelion apeeseented by asterisk symbols.
No general difference between pre- and post-periheliorsible in the data.

The gas production rate from the model comet is derived byngddp the calculated local
gas production rates of each surface element. The two mesiglks for comet 46P/Wirtanen
produce a comparable amount of gas at perihelion (see Fgajewith slightly lower gas
productionQg from model W2 caused by a larger dust to ice mass ratio (sele #&). The
steeper decrease with heliocentric distance in model Wt med by the variation of the icy
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area fraction as described above. The variation V\(ifhis empirically derived by comparing

results with the observed gas production rate at distances2AU. This dependence indi-

cates and parameterizes the stepwise blow-off of a dustienatrithe surface with increasing
gas production at pre-perihelion, or the build-up of a dushtie due to the attenuation of the
gas production with increasing heliocentric distance at{perihelion, respectively.

The largest observed gas production ratdd D around perihelion are not reproduced in the
models. In order to match these production rates, a signtfickarger amount of sublimating
ice would be required at the surface. This can be obtainechladditional blow-off of parts
of a dusty surface crust, which uncovers a fresh icy surfades process is not explicitly
included in the models.

In order to obtain a quick method to determine the gas proglucateQqg of 46P/Wirtanen
consistent with the model results at a particular heliatewlistance, a function is fitted to
model W2. This model reproduces the obsere® production rates at distances larger than
~ 1.3 AU better than model W1 (see Figure 4.6). The fit plotted wittashed line in Figure
4.6 is calculated as:

1.06AU

and has only small deviations from the results of model W2e @aviations are less than
the range of errors of the observations indicated by the é&acs in Figure 4.6. Therefore
Equation 4.26 is an acceptable fit. This approximation islwgleen the gas production rate
Qg of 46P/Wirtanen is needed in other model computations,aisihein Chapter 6.

Qq(46P/Wirtanen = 2.5 x 10°® exp{— ( h )1'781 [1/9], (4.26)

Since the estimated radius of 67P/Churyumov-Gerasimenkoger by a factor of .3 than
the radius of 46P/Wirtanen, the total surface area of 67&ACimov-Gerasimenko is larger
by a factor of 10 (assuming spherical nuclei). The observed gas produrdies have the
same order of magnitude at31AU of up to 13 1/s (see Figures 4.6 and 4.7). From this it
can be concluded that the amount of ice available for sublliomanust be smaller at comet
67P/Churyumov-Gerasimenko, or that a different processwmes much of the incoming
energy (such as a more effective heat transport into deaperd).

67P/C-G M1 M2 M3 M4

pn [kg/m] mean density of the nucleus 800 800 800 600
Ryi Dust/ice mass ratio 10 100 100 100
h Hertz factor 102 1073 1073 1073

po mean pore radius [m] @ 104 1074 1074

A icy area fraction Ao An(rn) 0.1-An(rn) 0.5-An(rp)
w Obliquity of spin axis 0 0° 0° 3

Table4.4:  Parameter settings for 67P/Churyumov-Gerasimenko -ligdehcomets

Lower gas production rates can be obtained for example bgasing the dust to ice mass
ratio, by increasing the obliquity of the spin axis to redtieearea per rotation that is reached
by solar radiation, by assuming an irregular shape thatesednadows on the day-side hemi-
sphere, or by increasing the effective thermal condugtivithe latter procedure would re-
quire the inner nucleus to be relatively cold, but also trelyrwell coupled to the surface.
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Figure 4.7: Observed and modeled production rates at comet 67P/Chuyuberasimenko;
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The varied parameters in the models for comet 67P/Churyu@erasimenko presented here
are: the dust to ice mass ratio, the Hertz factor, the icy isedion at the surface and the
obliquity of the spin axis. Details are listed in Table 4.4.

Results from different models of comet 67P/Churyumov-Gienanko are plotted in Fig-
ure 4.7. Also included are observed gas production ratesnoRdy measured gas pro-
duction rates at various heliocentric distances are @lailmsider, ~ 1.9 AU for comet
67P/Churyumov-Gerasimenko. The summarized gas produdies were provided by the
'Group of Cometary Atmospheres and Extra-Solar Planetshfthe DLR in Berlin, Ger-
many’.

http://berlinadmin.dir.de/Missions/corot/caesp/cauatie shtml
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Observed production rates of t#H molecule at comet 67P/Churyumov-Gerasimenko vary
over approximately an order of magnitude at perihelioredlisé, as can be seen in Figure 4.7.
This is probably a consequence of the recurrent observadesuorightening of the comet
at or shortly after perihelion The OH production rate is assumed to be equal to #h©
production rate when comparing observations with modeiltes

Models M1 and M2 overestimate the gas production rate by tamowrder of magnitude
inside 2 AU (see Figure 4.7). From the results at comet 46R&né&n the variation of the
icy area fractionA, with heliocentric distance is adopted in model M2, whicloaleludes
a dust to ice mass ratio enhancement by a factor of ten whepam@ah with model M1. The
progression of the modeled gas production rate with hefivmedistance seems reasonable
for model M2, with an overestimation of the absolute valu&ke icy area fraction at the
surfaceA, is therefore reduced by a factor of 10 in model M3, which prm$uresults that
correspond well with the observed production rates. Thgelaariation at perihelion distance
is not reproduced by the model. Since model M3 matches theress production rates
inside 2 AU, this model is used as a reference model for othkutations where the gas
production rate is involved (especially in Chapter 6).

Model M4 is used to demonstrate that the set of parameteeptoduce observed gas pro-
duction rates is not unique. The resulting gas productiéesraf model M4 are indicated
by the dashed-dotted line in Figure 4.7. The main differenith the other models is the
assumed obliquity of the spin axis @f= 30°. Also varied are the mean density of the model
cometp, and the icy area fraction at the surfagg(see Table 4.4). The observed gas produc-
tion rates are reproduced with accuracy similar to model M&th increasing heliocentric
distances models M3 and M4 have larger differences. The lmddms production rates at
3 AU distance ar€y ~ 6 x 10?* 1/s for model M3 andq ~ 3 x 107° 1/s for model M4 re-
spectively. This indicates the large factor of uncertaintthe modeled gas production rates,
which was also concluded Byuebner et al[1999].

A fit consistent with results from model M3 and M4 and with alvséions was derived as

Qq(67P/Churyumov-Gerasimenfex 1.0 x 10?8 ex —( i )2'3 11/8.  (4.27)
° Y | Pl7 \120a0 -

This fit is represented by the dashed line in Figure 4.7. Tdnsw@ila is used to derive gas
production rates of 67P/Churyumov-Gerasimenko at pdatidieliocentric distances.

Results from models W2 for 46P/Wirtanen and M3 or M4 for 6 iRIumov-Gerasimenko

therefore represent reasonable conditions at the surfatiee aespective comet. Figures
4.8 (M3), 4.9 (W2) and 4.10(M4) show maps of the resultindasig temperatures of these
models at heliocentric distances ab5AU, 2.0 AU and 13 AU. Isotherms are plotted at
equidistant levels of 10 K. The subsolar point in each mag 538 degree longitude. In

Figures 4.8 and 4.9 the subsolar point is at the equator.

The general appearance shows a steep temperature increfieesarface shortly after local
sunrise (90 degree longitude), a temperature maximum datiede of the sub solar point,
which trails local noon (180 degree longitude) due to therttad inertia of the material, and

Isee e.g. http://berlinadmin.dir.de/Missions/corotépdeomeidb.shtml
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a relatively slower, more gradual decay of the temperaturend local evening and night
hours. The polar regions remain at low temperatures whemaarquity is assumed. The
lowest temperatures occur just before local sunrise. Tinpéeature maximum and the max-
imum difference between day and night temperatures inesaagh decreasing heliocentric
distance. The absolute value of the temperature ingjde2 AU is controlled by the dust
to ice ratio at the surface. Dusty surfaces reach significdigher temperatures, while icy
surfaces use much of the incoming energy for the sublimgioness. The absolute temper-
atures at the surface can therefore not be directly conthéatidcal sublimation rates. The
icy fraction area has to be taken into account.

The differences between Figures 4.8 and 4.9 are caused kgnthker rotation period of

comet 46P/Wirtanen and the differences in the assumed nezaityl of the nucleus and in
the dust to ice mass ratio. The differences between FiguBantl 4.10 are mainly caused
by the assumed tilt of the spin axis versus normal of the arplane.

One conclusion that can be drawn concerning the tempesasirthe surface is that almost
any temperature between 80 K and the black body temperatuine aonsidered heliocen-
tric distance can be computed with the considered rangeeofrée parameters for comet
models. The results are principally in agreement with tesaibtained by e.gEnzian et al.
[1999] who derive similar maps of surface temperatures donet 46P/Wirtanen. They used
a different composition of the nucleus, so the absoluteeshare not directly comparable.
The differences can become very large with different mogele@aches or different param-
eter settings, abluebner et al[1999] point out. A direct comparison with other models
is therefore expected to result in large differences. Tleallproduction rate of a point on
the equator, as given in the work Biuebner et al[1999] for reference, can be reproduced
with the same order of magnitude. The models discussétugbner et al[1999] account
for surface evolution which is parameterized in this worksAlute values are therefore not
expected to be exactly reproducible.

The local sublimation rates, can be plotted in the same way as the local temperatures. As an
example, a result from model M3 is discussed with Figure 4ThE surface grid is identical
to the maps of the temperatures, with the subsolar point@t [b8gitude. The heliocentric
distance in this example is 2 AU. Figure 4.11 representsahesponding sublimation rates
to the temperatures at 2 AU presented in Figure 4.8. Thedaggdblimation rates occurring
are of the orderg ~ 107t m~2s~1 in the subsolar region. Isolines of the gas production
rate are not at equidistant levels. The wave-like patteth®@isolines at high latitudes is an
artificial effect of the resolution of the grid. The globaliean is comparable to the behavior
of the temperatures on the surface, with much larger vanatacross the surface due to
the exponential dependence of the sublimation rate on thpemture. The gas production
is slightly asymmetric to the sun direction in accordancthwie asymmetric temperature
distribution. Concluding can be noted that the gas prodads expected to be primarily
on the day-side and negligible on the night-side of a corgatacleus at this heliocentric
distance. This is also valid for other heliocentric dises)af the only ice species within the
surface layer of the nucleus is water ice, as can be concludedthe presented temperature
distributions.
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Figure4.11:  Local gas production rates in [nfs~1] for model M3

In conclusion it can be noted that observed gas productitas rare reproduced for both
comets. The parameter settings required to reproduceausgas production rates are dif-
ferent for 46P/Wirtanen and 67P/Churyumov-Gerasimenkdetso The observed produc-
tion rates are matched mainly by varying the icy area fractiothe surface. Since the model
comets are homogeneous, this variation dims or amplifiegdseproduction in every sur-
face element. It should be possible to obtain the same reguwarying the icy area fraction
locally, which would create more or less active area fraxstion the surface. An irregularly
shaped nucleus could also reduce sublimation rates by siragiparts of the surface (e.g.
Gutiérrez et al[2001]). Other parameters that affect results signifigeaté the Hertz factor
h and the obliquity of the spin axis. The variation of the alb&dl the infrared emissivity
within reasonable limits has only minor effects on the rssut should be noted that a vari-
ation of the albedo has an effect on the estimated size ofubkeus, hence modifying the
modeled global gas production rate by modifying the totaleme area. This effect has not
been studied in detail.

The results indicate a higher abundance of dust on the sudacomet 67P/Churyumov-
Gerasimenko which is in accordance with observations. Tineuat of dust on the surface is
expected to vary significantly with heliocentric distandée icy area fraction in model M3
reaches maximum values Af =~ 0.003 at perihelion distance.

The large observed gas production rates of 46P/Wirtanear#tgdion distance indicate ac-
tivity of a large fraction of the surface. A variation withlfgeentric distance is also expected
at 46P/Wirtanen. Model W2 has a maximum icy area fractiodpf 0.24 at perihelion
distance. To obtain gas production rates similar to the maxi of the observed rates, a
significantly larger amount of the surface needs to subkngais, or additional sublimation
from below the surface needs to be assumed.
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Gas or dust jets that are observed in the cometary coma segmdi¢ate inhomogeneities
of the sublimation process. These jets can be produced lay &mtive areas due to inho-
mogeneities at the surface or by an irregular shaped nychesus.g. Crifo and Rodionov

[1997a;b] point out. A jet-like feature could also be produced by lgcanhancing the quan-
tity of dust grains which are dragged away by the sublimagiag. Model results obtained
here do not provide inhomogeneities at the surface thatusedny jets. If jets are to be
modeled, the dust to ice mass ratio could for example bed/atiany surface element which
would produce regions of different activity on the surfathis can be done in future work.

The thermal model has also been applied to a model comet writiteof 1P/Halley. Results
from a model run compared with observed gas production eatepresented in Appendix C.
The gas production rates could be reproduced with reasemabameter settings for comet
1P/Halley.

An improvement concerning the range of the considered patersican be expected from the
ROSETTA mission. The uncertainties concerning the results fronmthémodels are shared
in neutral gas models of the cometary environment when takenrmodels are used to derive
boundary conditions. The calibration of thermal modelswabserved gas production rates
is therefore a reasonable method to derive plausible boyradeditions for the cometary
coma.



CHAPTER 5

THE NEUTRAL COMA

In this chapter a model of the neutral gas environment¢mng of the comet is developed
and discussed. The gas production of the nucleus is expecbhedweak at large heliocentric
distances. Collisions between emerging molecules cantdeeglected and the evolution of
the gas coma can be described as free molecular flow. Colisietween molecules become
more and more important when the comet approaches the suto darger gas production
rates. The gas flow can be described by using hydrodynammcipkes when molecular
collisions become a dominant process in the coma. The hydesdic regime of the coma
will be studied in more detail in this chapter, and model tsswill be discussed. At the inner
radial boundary of the hydrodynamic regime, which is lodadéa distance of a few mean
free paths of the emerging gas particles above the surfate oiucleus, physical conditions
based on the results from the thermal model of the nucleuslefieed. The effect of the
hydrodynamic gas flow on thed®ETTA spacecraft will also be studied. Theds code,
which has been developed at the Laboratory of Computatistabphysics at the University
of lllinois, is used to model the hydrodynamic part of the tnelgas coma.

5.1 Introduction

The sublimation of gas and the detaching of dust grains flenstrface of the comet nucleus
results in an emerging flux of neutral particles. The gramtel field of the comet is weak,
the gas flux expands almost freely into the ambient spacetr&lauolecules become dis-
sociated and ionized and the dust may fragmentate and ediegped volatile components.
They also interact with the solar wind. When the outgassirig@nucleus is strong enough,
it creates a hydrodynamic regime where collisions betweelecnles dominate, eventually
surrounding the nucleus. The tegullisional comais applied in the sense of the importance
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of collisions between molecules. The collision dominatad pf the coma is, in this work,
referred to as the collisional coma.

At the time ROSETTAreaches its target comet the heliocentric distance willdpeaimately
3—4 AU. The first aim will be to characterize the nucleus as edgias possible so that the
lander can be deployed successfully. This task will be aelgidy mapping the surface with
cameras and by determining the gravity field of the nucleasndp the gravity field, it is im-
portant to determine the orbit of the spacecraft around tizdéenis to high precision. In order
to do so, all perturbing forces have to be evaluated. The ofltROSETTA s planned to be in
the range of a few kilometer cometocentric distance in eailsion phasesatzold et al,
2001]. Non-gravitational perturbing forces are e.g. ththaton pressure and drag force due
to the emerging gas flux. The latter can be computed from a hoddke collisional inner
coma. The coma is expected to be mainly collisionless-at AU heliocentric distance, al-
though the gas production rate of water and more volatilepmrants is not exactly known.
Using results from the thermal model, the water productaia can be estimated to be in the
range 0fQq =~ 10?°— 10?% 1/s for both potential target comets at 3 AU.
The extension of the collisional coma needs to be evaluatedder to obtain a reasonable
estimate of the size of the volume that can be modeled withdadaynamic approxima-
tion. The deviation from a Maxwellian velocity distributidunction of the expanding gas
increases with decreasing density due to the decliningiitapoe of thermalizing collisions.
The assumption of a sharp transition from collision donedatgime to free molecular flow
yields a rough estimate of the cometocentric distance sftthnsition. In reality this tran-
sition is expected to be more gradual and to depend on theichAkecomposition of the
collisional coma. The justification of the assumption of tfenminance of collisions in the
modeled volume will be tested a-posteriori with model ressuFor simplicity, the size of
the collision dominated regimByp is assumed to be quantified by the distance at which
the mean free path of the molecules equals their radialrdist§Vallis, 1974]. Alternate
definitions determine the radius of the collisional comaiatadce where the probability of
an outflowing particle to escape to infinity without anothellision is 0.5 or 1 (e.g.Festou
[1981]; A'Hearn and Festoy1990]; Hodges Jr[1990]). This approach leads results of the
same order of magnitude, if the outflow velocity is assumedmeain constanty’Hearn and
Festoy 1990].
As first order approximation a spherical symmetric coma wattial emerging gas flux, dom-
inated by water vapor, is assumed. The density of the negéistl, can then be written as
(neglecting losses caused by ionization)= Qq/(4mvnr?), with the radial velocity of the
emerging moleculeg, and the cometocentric distanceTypical velocitiesv, measured by
GloTTO at comet 1P/Halley are of the order 1 kmkggnkowsky et a).1986]. The velocity
is lower closer to the nucleus in the case of an adiabaticrepathexpansion. Depending
on the temperature of the gas, the modeled velocity hasalypatues of the order of a few
hundred meter per second. For a sketchy estimate of the sthe dydrodynamic regime
Ryp one can therefore write (e.gvallis[1974]):

Rup = Y20 % (5.1)

4 Ttvy

with the collision cross sectioo = 5 x 10~ m? for water moleculesCrovisier, 1984].
With the determined gas production rates of 67P/Churyu@exasimenko or 46P/Wirtanen
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at 3— 4 AU (see Section 4.5) and assumigr 500 m/s, one getByp ~ 1 — 10 km. With

a gas production g ~ 10?8 1/s for comet 67P/Churyumov-Gerasimenko at perihelion one
getsRyp ~ 1000 km. It is therefore clear that the size of the part of & where a hy-
drodynamic model can be applied is relatively smallaage heliocentric distances. Using
this model, one can only a-posteriori determine to which ementric distance the hydro-
dynamic approach is correctly applicable, as mentioneg@abo

The emerging fluid from the nucleus is initially a mixture @sy(containing probably many
different species) and dust particles of various sizes.ceSthe gravity of the nucleus is
expected to be negligible, the fluid expands freely into théiant space, with a velocity that
is expected to be close to sound velocity. It is expecteddhaimical and photo-chemical
reactions, dust fragmentation and gas/dust grain interecre important processes close
to the nucleus. A<rifo [1991] points out, this regime can be described in hydrodyna
terms as an underexpanded jet. The gradual transition tdlisi@aless regime, where the
distribution function of the gas velocity deviates from taxwell-Boltzmann shape, will
have effects on the fluid components not to be reproducedsamtbdel.

The shape of the nucleus can also have an effect on the gasflbm coma, as can be con-
cluded from e.gCrifo and RodionoJ1997)]. Since the shape of comets 67P/Churyumov-
Gerasimenko and 46P/Wirtanen is not yet known, this effact loe neglected here. The
overall appearance of the collisional gas coma is likelytodbe predictable to a high ac-
curacy with this model, due to the increasing deviation ftbehydrodynamic assumptions
that comes with increasing cometocentric distance thabtiocounted for. The aim of the
model is to evaluate the effects of the gas coma on the rattacsE experiment (RSI). The
strongest effect expected is the drag force due to the cadlgas and dust mass flux, which
will perturb the orbital motion of the spacecraft and wiletefore be directly measurable as
Doppler effect on the carrier signal. As long as the orbit @lwithin Ryp, the model can
be used to estimate orbit perturbations caused by gas drag.

5.1.1 Composition of the Coma

Since the physical and chemical conditions vary considgraithin the coma, measurements
of the composition usually face large uncertainties. tn-sieasurements by spacecraft pro-
vide local quantities at specific times. Even remote measentés usually cover only frac-
tions of the coma and use models to extrapolate the measot&n®me species may not be
observable at all by remote techniques due to their spemtngdsion characteristics, or the
resolution constraints of the used instrument.

It becomes evident from many comet observations thati@ molecule is the dominant
gas species in the inner coma of comets in the inner solaemy@&.g.Shimizy1991]). Its
relative abundance may change at larger heliocentricrdista A general introduction to the
chemistry and solar wind interaction of the coma is providge.g.Huebner et al[1991].

At comet 46P/Wirtanen the neutral spedi@id,CN, C3,C, NH,NH,,CS H andO have been
observed, with the relative abundancedH typically 3 to 4 orders of magnitude larger than
all other species observe8dhulz and Schwehrh999]. The same can be concluded from
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observations of comet 67P/Churyumov-Gerasimenko , as eaedn from the data base for
comet 67P/Churyumov-Gerasimenko provided by the 'Grouparhetary Atmospheres and
Extra-Solar Planets’ at the DIIR

The dust component in the coma is dominating the appeardmeenotely observed comets
in the visible range. Dust grains are dragged by the gas fl@rcometary nucleus. The
typical size of the grains is assumed to range from’2010-2 m. The dust to gas mass ratio
is in general estimated to be of the order of un@®yiin and Jessbergei990].

In the model developed here it is assumed Hidd is the dominant gas species in the hydro-
dynamic regime and dust has no significant effect on the gas flo

5.1.2 Models of the cometary coma

Models of the inner coma differ mainly in the considered psses. The general task is
an estimation of the distribution of matter within the corttee dynamical properties of the
constituents, and the chemical composition. A comprekertgima model, including all rel-
evant physical processes, has not yet been successfuljyoped. Many published works
concentrate on particular details within cometary comaené&take special care of the inter-
face between nucleus and coma. The sublimating gas is neermal equilibrium within a
boundary layer, which has to be accounted for by either siyipd) assumptions or by mod-
eling these conditions (e.Grifo [1987]; Crifo and Rodionoy1997a]; Skorov and Rickman
[1998; 1999];Rodionov et al[2002]).

Other models give special attention to the interaction ef glas and the dust component
within the cometary coma. Examples can be found inMayconi and Mendi$1983]; Gom-
bosi et al.[1985]; Kitamura[1986]; Komle and Id1987]; Korosmezey and Gombd&R90];
Sekaningd1991]; Crifo et al.[1995]; Combi et al [1997]; Muller [1999].

Chemical reactions of constituent within the coma are cersid in greater detail by e Qp-
penheimefl1975]; Schmidt et al[1988], and the interaction with the solar wind is contained
in e.g.Mendis and Houpi§l982]; Wegmann et a[1987].

The collisionless regime where the hydrodynamic approtiomaan not be used is modeled
by e.g.Festou[1981]; Huebner and Keadj1984]; Combi and Smytlil988a]; Hodges Jr.
[1990]; Xie and Mumm&1996]. A regime where collisions between particles are rausu-
ally approximated with the so callddonte-Carlomodels, as discussed in e@ombi and
Smyth1988&].

In this work the collision dominated regime of the inner coimanodeled with a hydrody-
namic approximation, as e.g. @rifo et al. [1995]. The aim is an estimation of physical
conditions in the collisional coma in order to evaluate &feon the RSI experiment. The
model developed here can therefore be assigned to the categbydrodynamic models
with emphasis on the cometary boundary layer, since a tHenodel of the nucleus is used
to determine boundary conditions at the nucleus-comafatey and since effects from dust
and species other th&ipO are neglected. The details are described in the followingmes.

Ihttp://berlinadmin.dir.de/Missions/corot/caesp/caugtie shtml
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5.2 Hydrodynamic Simulation of the Neutral Coma

The procedure applied to model the neutral gas coma is gegb@nthis section. Special
attention is given to the interface between results frontlieemal model of the nucleus and
the inner boundary of the neutral gas coma.

5.2.1 Hydrodynamic Approximation

The velocity distribution becomes a local Maxwellian dlaition function, if collisions
within the gas are dominant. Due to the fast decrease of thigalgas density with come-
tocentric distance, the assumption of local thermal eoiilm of the gas phase becomes
critical. The velocity distribution function of the neutaarticles within a sphere of radius
Ryp is assumed to be Maxwellian. The gas can then be describledh&tmacroscopic terms
mass densityp, scalar pressurp and bulk velocityv. The fluid in the coma is assumed to
be isentropic and compressible. If one neglects viscdabiggmal conductivity and relaxation
effects, the temporal and spatial evolution can be destiibthe following form of the con-
tinuity equations for mass, momentum, and energy, whiclssraferred to as the 5-moment
approximation (e.gSchunK1977]). The equations of hydrodynamics can then be writen
(e.g.Landau and Lifschitf1991]):

0
a_:) _|_D.(pv) = Qp , (5.2a)
%(pv) + 0 (pw)+ Op + p0® =Qn (5.2b)
8 (1 > 3 [ov (¥ _ 5.2
a(EPV —|—p€>+ [pV<E+W>1 —Qe 9 ( ' C)

with the gravitational potentiab, the specific internal energgy and the specific enthalpy
w =g+ pV = £+ p/p. The inhomogeneous terms are source/sink terms for nggsrtio-
mentum Q) and energyQe). The first term in brackets on the left-hand side of Equation
(5.2c) is the energy per unit volume for a volume element efdbnsidered fluid as sum of
the kinetic energy and internal energy density (per unitna)e = pe.

The inhomogeneity terms might be due to e.g. condensatioamorization of grains@,),
radiation pressure or gas to dust momentum tran€fg),@lso to photolytic heating, radiative
cooling or gas to dust energy transf€g] (e.g.A’Hearn and Festo(1990]; Gombos[1991]).
Equations (5.2) are simplified in this work by neglectingstaénhomogeneous terms. The
gas flux is assumed to be adiabatic and the dust componentffaets drom solar radia-
tion are neglected for simplicity. The gas component witihi@ coma is expected to have
a larger effect on the spacecraft than the dust due to lovivelgelocities. A distributed
source of gas from grains within the coma that include vidalements is also neglected.
The photodissociation of water molecules is expected thibertajor external energy source
in the innermost comadombosj 1991]. The photodissociation rate for water molecules
is of the order of 10° 1/s (see Table 6.1). The scale length for photodissocidkien is
Lpd = Vn/lpd = 5 x 10* km, when the mean radial velocity of the particles is assutodmt
500 m/s. This is at least one order of magnitude larger thamahge to which the hydro-
dynamic approximation is applied at comets 46P/Wirtaned/ét/Churyumov-Gerasimenko
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(see Section 5.1). It is therefore sustainable to neglecetiergy source term. A set of cou-
pled hyperbolic partial differential equations has nowéosblved. The hyperbolic character
of the equations allows discontinuous solutions, suchg@sbocks.

5.2.2 TheZeusCode

The Zeus code has been developed as magneto-hydrodynamical (MH@® far astro-
physical purposes at the Laboratory of Computational Astysics, National Center for
Supercomputing Applications, University of Illinois. Thieree-dimensional versionEs-
3D, which is an ideal (non-resistive, non-viscous, adi@baton-relativistic) MHD equa-
tion solver, using the method of finite differences, is agglin this work. Zus allows
explicitly to reduce the code to hydrodynamic equationswmualing all terms that involve
magnetic fields, making the code also efficient for HD appilices. An introduction to the
two-dimensional version and studied test cases are prawngé&tone and Normafil992].
The coupled partial differential equations of hydrodynesrsolved by the Zus code are:

aa—f +0-(pv) =0 , (5.3a)

0
a(pv) + 0 (pvw)+ Op + pO® =0 (5.3b)
g—? + UO.ev= —plv . (5.3¢c)

These equations correspond to Equations (5.2) when nagjetie inhomogeneous terms
and when assuming the gas flow in the coma to be adiabatic. t&mad energy equation
(5.3c) is applied instead of the conservation law for thaltehergy, which improves the
accuracy of the code for supersonic flodne and Normari992].

Gravitational effects in the collisional coma are negldaead the set of equations is closed
with the ideal gas law. For an ideal gas with constant spduo#fat, one has:

1
=nkg T = 5.4
p=nkT, e 1P (5.4)
with the number density, the Boltzmann constaikg, the ratio of specific heatg and the
internal energy density.

Spherical coordinates are used in the model calculatiorise dpplied grid usually has a
resolution of 34x 72x 100 grid points (latitude x longitude x radial distance)gadditional
ghost zones, which are needed to apply the boundary conslitorrectly. In some cases a
resolution of 86x 179x 100 was used. The surface grid points are equidistant, idesgyr
ratioedin radial direction, with each zone growing by-%5 % of the previous inner zone.

The second-order accuratan Leermethod is applied as interpolation scheme in this work.
This scheme uses a piecewise linear function to represenlistribution of a quantity within

a zone. It has improved accuracy when compared with thedidsr accurate donor-cell
scheme, and does not consume as much CPU time as the piepavébelic advection (PPA)
scheme, which is third-order accurag&tgne and Normagri992].
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An artificial viscosity is included in the simulation in orde provide correct jump conditions
and shock velocities at shocks within the computed domane dpproach ofon Neumann

and Richtmyeas described iStone and Normaf1992] is applied. Coefficients of viscosity
are defined in each direction and a separate scalar artfi@asure is defined in each step.

5.2.3 Boundary Conditions

The gas emerging from the surface of the nucleus is initradyin thermal equilibrium. The
velocity distribution does not obey a Maxwell distributifumction. The inner radial bound-
ary of the hydrodynamic regime of the coma is therefore netilicleus itself, but is located
at a distance of a few mean free paths of the emerging mokeableve the surface where
a Maxwellian velocity distribution is established. Theeuboundary in radial direction is
nominally located at the distance where the mean free patheaholecules becomes larger
than the radial distance. This boundary is estimated to likeatadial distanc®p (see
Equation (5.1)).

The applicability of the hydrodynamic approach within thegion can only be confirmed
a-posteriori, when the local number density in each modebddaime is known. The applied
spherical coordinate system has its origin in the centen@htucleus, zero degree longitude
in anti-solar direction, and zero degree latitude at thempole. In this work, only cases
where the spin axis of the nucleus is parallel to the norm#éheforbital plane of the comet
are studied.

The boundary of the grid in longitudinal direction is set teripdic boundary conditions.
Since the polar regions are problematic to model with a spéleroordinate system, a cone
with an aperture angle of°cat each pole is cut out of the model volume, and outflowing
boundary conditions at the cone are assigned (followingGrifp and Rodionoy1997a]).

Outflowing boundary conditions are applied for the outeraidoundary. The values at the
inner radial boundary (inflowing boundary conditions) asxivkd from the results of the
thermal model of the comet nucleus. The values are not &enesf directly, but with a cor-
rection that is due to the conditions in the near-surfacentaty layer. Within this boundary
layer, which is expected to have the thickness of a few lengtithe mean free path of the
emerging molecules, the gas flux is best described in the $anucegime Skorov and Rick-
man[1998; 1999] have modeled this Knudsen layer with a Montdddgpe method. They
use the following relations for a single species fluid, cepanding to earlier applications by
e.g.Crifo [1987]; Crifo and Rodionoy1997a]:

Ty symy-1\? Ssymy-1
Ts \/1+< 2 y+1) 2 y+1 "’ (5.52)

% — % _S,/HT—_?_;L <SZ + %) \/I_:z - %T] erfe(S) exp(S) ,  (5.5h)

where the subscrifg indicates values at the inner boundary of the hydrodynaegome,Ts
is the temperature at the surface of the nuclguss a convenient reference pressure at the
surface Crifo, 1987], and where erfc is the error functioB= M,/y/2 is a dimensionless
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speed, with the Mach numb@&i and the heat capacity ratio of the molecuwesThe as-
sumption of a constamntimplies rotational modes of thd,O molecule to be in local thermal
equilibrium and vibrational modes to be unexcited (€gfo and Rodionoy1999)). A dif-
ferent treatment would require a treatment of radiativedfar within the coma, the effect on
the thermodynamics of the collisional inner coma is expktdde minor Crovisier, 1984].
Using the saturation pressupe(Equation (4.13)) as reference presspy@ Equation (5.5b)
would imply a surface of plain ice (e.gCrifo [1987]; Crifo and Rodiono\1997a]). This
overestimates the density and the pressure of the coma ¢jas oase of a dust-ice mixture
at the surface. In this case only a fraction of each surfaameht contains ice available for
sublimation. The local icy area fractidyg (Equation (4.6)) is used to determine the reference
pressure at the surface ps= Ag ps.

The dust component can ‘mass load’ the gas phase by fragtioenda by releasing initially
trapped volatiles, hence delay the transition to sonicoreés and increase the lateral flow
of the gasKeller et al, 1990]. Such effects are neglected in this work for simplici
A numerical model of the non-equilibrium layer above a plandace of water ice b§korov
and Rickmarn1998] implies a maxwellization of the gas flow within a rargf@bout 10- 12
mean free paths. The derived relations between the maemoge#ers of the flow at this
distance are: T 0
9 . 9

T~ 0.6 B~ 0.2. (5.6)
The derived local Mach numberid ~ 1.2. These values are adopted when determining the
boundary conditions at the inner radial boundary in the rhdeeeloped here. The assigned
positions of the one-dimensional thermal models at theasarbf the nucleus are located at
the same latitude and longitude as the grid points of theriramial boundary of the coma

model.

5.2.4 Non-Gravitational Forces acting orROSETTA

Effects of solar radiation pressure and gas drag force@otirthe spacecraft are discussed in
this section. These effects are expected to be the most tamgaron-gravitational forces on
a spacecraft in low orbit (with a low relative velocity to tbemet). Additional effects, e.g.
due to thermal radiation from the comet, scattered radidtiom within the coma, reflected
radiation from the nucleus, or dust mass flux are not constbleere.
The orbit perturbation of a spacecraft caused by gas drafficutt to model in great detail,
since the interaction of the gas patrticles varies with diifé spacecraft surfaces. The varying
orientation of the spacecraft with respect to the gas fluxaies to be taken into account
[Montenbruck and Gill2000]. The interaction is simplified in this work by assugin
average drag coefficient for the whole spacecraft. The dragfis directed mainly in radial
direction due to the radial outgassing of the comet. Sine®thital velocity of the spacecraft
is expected to be significant less than 1 m/s for an orbitalisadf less than 10 km (e.g.
Patzold et al[2001]), the velocity of the spacecraft can be neglected.h€he acceleration
of the spacecraft due to gas diagagcan then be estimated ad¢ntenbruck and Gi)l2000]:

1 As

adrag = 5 Cb
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with the drag coefficien€p, the total cross sectional area of the space@&aftthe mass of
the spacecrafins, the velocity of the gas and the direction vector of the velocigy = v/v,
which is directed mainly radially away from the nucleus. Thag coefficienCp is dimen-
sionless and describes the interaction of the gas with tfacgimaterial of the spacecratft.
For free molecular flow conditions (when the mean free pajpaaficles is much larger than
the dimension of the spacecraft), typical valueCgfrange from 15— 3.0. In the case
of continuum flowCp is reduced to about unityMontenbruck and GiJl2000]. The value
Cpo = 1 is assumed in this work, since orbital distances of a feankédter are considered,
where the mean free path of the particles is about or lessiieescale size of the spacecratft.
The cross sectional area of the spacecrafigiss 70 n? (see Section 2.1), with solar panels
of ~ 34 n?. The launch mass of the spacecraft willrbg ~ 2900kg. The mass is reduced to
Msc~ 2000 kg by the time BSETTAreaches the comet. A massmf; = 2000 kg is assumed
for estimates of the non-gravitational forces acting @sRTTA.

The magnitude of orbit perturbations caused by gas dragngpeaced with perturbations due
to solar radiation pressure. The solar radiation pressudetermined by the energy of the
solar flux® that passes through an area per unit time. Hence, the sdiatiom pressure
acting on a satellite iB = ®/c with the velocity of lightc, if it is assumed that the surface of
the satellite absorbs all incoming photons. With= § at 1 AU andSy = 1367 W/nt (see
Appendix A)P; is defined as the solar radiation pressure at 1 AU:

P, = % ~ 4.56x 10 O [N/m? . (5.8)

However, in reality the incoming radiation is partly abssaband partly reflected. When
assuming that the solar panels of the spacecraft are alwegaeatl towards the sun, the
acceleratiora;, of the spacecraft can be determinedMsftenbruck and Gill2000]:

Asc (To 2
B = PG () (5.9
with ro = 1 AU, and the heliocentric dis-
tance of the spacecraff, in AU. The ra-

diation pressure coefficie@r depends on I
the material and is derived fro@g = 1+ ¢, 1.5¢10°7

with the reflectivitye. The reflectivity of — I
solar panels is given as= 0.21, the re- §
flectivity of e.g. a high-gain antenna as- H@
0.30 [Montenbruck and Gi|l2000]. When

determining the acceleration due to solar

1.0-10°

/~

radiation, a total cross sectional area of 70 ., -8/ N

m2 and a radiation pressure CoeﬁiCient Of TR PR PR M\u
Cr=1.21 is assumed in this work to keep 1 2 3 4 5
calculations simple. heliocentric distance [AU]

The resulting acceleration ofd8ETTA in

the considered range of heliocentric digsigure5.1:  Acceleration ofROSETTA due to so-
tances is plotted in Figure 5.1. The abstar radiation pressure in the rangé— 6 AU.

lute value around the perihelion distance of



52 THE NEUTRAL COMA

comets 67P/Churyumov-Gerasimenko or 46P/Wirtanen igthjignderestimated due to the
assumption of a constant mass of the spacecraft. The warigiiown in Figure 5.1 is con-
trolled by the inverse square dependency on the heliocafisiance.

5.3 Results

Results from the hydrodynamic model and the implied effectsa spacecraft in low or-
bit around the comet are presented here. Many model runs eareed out for comet
46P/Wirtanen before the postponement of tleessRTTA mission in January 2003. However,
since the conditions at the surface of 67P/Churyumov-@Gesaso and 46P/Wirtanen do not
differ too much at a certain heliocentric distance (seei&eet.5), the results for the coma
are comparable. Probably the most important differendeasinaller size of the nucleus of
46P/Wirtanen. Since the gas production rate of both conastshout the same order of mag-
nitude at a particular heliocentric distance, the numbasitie of the gas close to the surface
is larger for comet 46P/Wirtanen if a spherically symmetoma is assumed. If the estimate
of the sizes of the nuclei of 67P/Churyumov-GerasimenkodirIWirtanen is correct, it can
be inferred that the amount of ice available for sublimatianst be significantly smaller at
comet 67P/Churyumov-Gerasimenko.

Two different cases are presented here: Case 1 is a modet gbtha of 67P/Churyumov-
Gerasimenko at 3 AU heliocentric distance. Itis assumettHp@ is the only ice component
in the surface layer. The day-side of the nucleus then slyatamninates the gas production
as results of the thermal model show. In case 2 the coma oWMiBBhen is modeled at
a heliocentric distance of 2 AU. An additional constant seunf gas is added to the,O
sublimation, accounting for possible more volatile spg@ablimating from deeper layers
at a constant rate. All computations are terminated whereadgt state within the mod-
eled volume is established. Additional case studies of Gieyumov-Gerasimenko and
46P/Wirtanen at their respective perihelion distance dded in Appendix D.

5.3.1 Case 1H,0 Sublimation at 3 AU, 67P/C-G

Results from model M3 of the thermal model of the cometaryjieusare used to derive the
physical conditions at the inner radial boundary (see Tdbleand Figures 4.8). The initial
state of the coma is a spherically symmetric thin gas digtiol that decreases with the
inverse square of the cometocentric distance. The iniglaorty is purely radial at the speed
of sound. The computed volume is a sphere with a radius of 20datered on the cometary
nucleus, excluding the polar cones. Results are providealgnid of 100x 36 x 72 (r,0, @)
points. Sublimation is assumed to be controlledH»D as the only ice component in the
dust-ice mixture at the surface. The sublimation is dontimanthe day-side of the nucleus
and yields a collisional coma restricted to the day-sidegfahe coma. For simplicity, results
in the equatorial plane of the comet are discussed. The spEroathe comet is assumed to
be perpendicular to the orbital plane of 67P/ChuryumovaGienenko, the equatorial plane
therefore coincides with the orbital plane of the comet.
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Figure5.2:  Number density n[cm~2] of the neutral gas in the equatorial plane, logarithmiaall
scaled. Isolines indicate the distribution of the numbengiy at levels spaced by an uniformly dis-
tance of0.2. Exemplary result for 67P/Churyumov-Gerasimenk8 AtJ.

In Figure 5.2 the resulting number density in the equatqaiiahe is plotted for a heliocen-
tric distance of 3 AU. At this heliocentric distance the$ETTA mission is expected to have
started scientific operations. The sun is on the left-hadd sf the picture. The spin of the
comet nucleus is anti clockwise, the terminator (the plaag@ndicular to the comet-sun
axis that includes the center of the comet) is perpenditaldre plotted plane inorth-south

direction. The highest number densities & 1.9 x 10tcm=3) occur close to the surface
in the subsolar region. The low number densities on the rsglg of the comet in this ex-
ample yield a deviation from the assumption that this regsoonollision dominated. The
strong decrease of the local sublimation rate in the tertairagion with increasing longi-

tudinal and latitudinal distance from the subsolar poisutes in a discontinuous transition
to the night-side coma. The resulting radial flow of the n&luglas is comparable to a jet
with a very wide aperture angle. The size of the hydrodynasgane is estimated to be of
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Figure5.3: Extent of the collisional coma in the equatorial plane. Thaded area is dominated
by collisions. Collisions are negligible in the night-sidema. Exemplary result for 67P/Churyumov-
Gerasimenko aB AU.

the orderRyp ~ 1 — 10 km (see Equation (5.1)) for a spherically symmetric redudoma
of 67P/Churyumov-Gerasimenko at a distance of 3 AU from tie sThe approximately
axial-symmetry of the sublimation process with respech&domet-sun axis yields a similar
distribution of the number density of the gas particles @xday-side of the collisional coma.
A better resolution of the grid in the terminator region ntighoduce different results, be-
cause the transition from day-side to night-side cond#mould become more gradual. Gas
flux from the day-side to the night-side coma would probalbiyea

The respective mean free path of the particles within theeteabivolume can be determined
with the knowledge of the distribution of the number densitjne shaded area in Figure
5.3 indicates the extent of the hydrodynamic regime for gasticular scenario at 3 AU

heliocentric distance. The mean free path of the partidl#iseaboundary of the shaded area
equals their cometocentric distance. The collision doteishaegime does not enclose the
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Figure5.4: Gas pressure p [Pa] in the equatorial plane, logarithmigadicaled. Exemplary result
for 67P/Churyumov-Gerasimenko ZAU.

whole cometary nucleus. It is restricted to the day-sidégraéooma and has a size of a few
kilometers. Its outer radial boundary is not resolved witis tnodel due to the restriction to
20 km around the nucleus. The outer radial boundary of theeteddvolume is visible in
the corners on the left-hand side of Figure 5.3. The modeltsare not reliable outside the
hydrodynamic regime. Conclusions from this model, suclihasitceleration of a spacecraft
due to gas drag, can therefore refer only to the day-sideopéne coma.

In Figure 5.4 isolines of the logarithmically scaled pressn the equatorial plane at 3 AU
heliocentric distance are plotted. The pattern correspamgrinciple to the distribution of
the number density, as expected. The highest values of @ssyme Pmax~ 4.5 x 1074 Pa)
appear in the subsolar region close to the surface. Thetigariaf the pressure is almost
symmetric to the comet-sun axis. The difference betweertrtresition to the night-side
from local morning (upper part) and local evening (lowertpernot resolved in this plot.
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Figure 5.5:  Radial profile at the comet-sun axis of the logarithmicakialed number density,n
and the mean free path (mfp) of particles, the radial velogitand the resulting acceleration of the
spacecraft. Exemplary result at a heliocentric distanc8 AfJ.

In order to estimate the effects of the coma on a spacecrdfeanodel comet, the physical
conditions along the comet-sun axis are studied. Profildee@humber density, the mean
free path, the radial velocity and the resulting acceleratif an orbiting spacecraft with the
specifications of the SETTA probe that crosses the comet-sun axis are plotted in Figure
5.5. The number density and the mean free path are logad#tijnscaled. The dots on the
line of the number density indicate the position of the medelells.

Several quantities are included in Figure 5.5, making a @impn more convenient. The
corresponding number density of a spherical symmetric carttaan equal gas production
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Figure5.6:  Profile of the number density,aradial velocity y and the resulting acceleration of a
spacecraft with an orbital distance 6fkm. Exemplary result at a heliocentric distance3afU.

rate is plotted with a dashed line on the panel of the numbesitie The number density at

the comet-sun axis of the model comet is significantly highuerto the sublimation limited to

the day-side part of the nucleus. Only about a quarter ofulface contributes significantly

to the gas production of the nucleus (see e.g. 4.11). Thati@riwith cometocentric distance
indicates an inverse square dependency of the neutral galsendensity. Gas nhumber den-
sities that locally match a dependency with the inverse reqoia the cometocentric distance
are therefore not necessarily the result of a sphericattynsgtric sublimation process.

The dashed line in the panel of the mean free path in Figura8i&ates the corresponding
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cometocentric distance. The intersection of these linesldvimdicate the outer boundary

of the collision dominated hydrodynamic regime. In the cstselied here this boundary is

outside the modeled range of the comet-sun axis.

The panel of the radial velocity includes the correspondiognd velocity, indicated by the

dashed line. It can be concluded that the gas expansionmersapersonic throughout the
collisional coma. The resulting acceleration of a spadetirat crosses the comet-sun axis is
plotted in the lowest panel in Figure 5.5. The model resutklya maximum acceleration of

adrag~ 10> m/< close to the nucleus.

The physical conditions for a spacecraft with an orbitatatise of 51 km are plotted in
Figure 5.6. The subsolar point is at 280ngitude (), local sunrise atb = 90° and local
sunset atb = 270°. The dominant feature is the difference between day and.nigie num-
ber density is plotted in the top panel. The right-hand sidta® panel (local afternoon and
evening) reflects the decrease of the sublimation rate vathesing surface temperatures
(see Section 4.5). The steep increase of the number denshty=290° corresponds to the
steep rise of the surface temperature at local sunrise onubleus. The kink in the line
at ® ~ 310 corresponds to the actual boundary of the modeled surfacstoeaed for this
particular heliocentric distance (see Section 4.3.5 foaits).

The radial velocity component at the orbital distance igtpbbin the second panel. The
variation of the velocity between day and night is the restdbe initialization with constant
Mach number, hence depending on the temperature distibati the surface.

The resulting acceleration of a spacecraft orbiting at aetooentric distance of.5 km is
plotted in the third panel. The dashed line indicates thelacation due to solar radiation
pressure at 3 AU heliocentric distance. The spacecraftsgnasd to have a cross section
of 70 n? and a mass of 2000 kg. The resulting acceleration due to sadétion pressure
is 6.4 x 10 8 m/ (see Equation (5.9)). The acceleration due to gas draggsran the
subsolar region of the orbit and much lower in the night siden&. In the subsolar region
the forces are acting in opposite directions. These nowitgteonal forces have to be con-
sidered from two points of view. The stability of the orbitrist only interesting for exact
measurements from the instruments, but also for the safetyedROSETTA mission (see e.g.
Schwingel{2001]). Also, effects of the second order gravity coefintiean be weaker than
the acceleration due to non-gravitational forces for aflalistances larger than~ 5km (e.g.
Patzold et al[2001]). The gravity mapping campaign therefore needs @ gstimate of the
non-gravitational forces to optimize the orbital strategy

5.3.2 Case 2: Strong Sublimation at 2 AU, 46P/Wirtanen

Comet 46P/Wirtanen at a heliocentric distance of 2 AU is nlextlen this second scenario.
TheH,0 gas production rate as computed in the thermal model W2 i tasgetermine the

conditions at the inner radial boundary of the coma modeh wiglobal gas production rate
of Qg ~ 10?’1/s. A constant spherically symmetric gas production 6#1@ is added in order

to account for possible more volatile species producingfigas a sublimation front below

the surface. This magnitude of gas production was propogezig Enzian et al.[1999]



5.3 RESULTS 59

20 :\ I
&
- N -
10 A3 ¢ :
/S Z.
N .
% BN N //é’,'f
L i _
o 0 Fcometsun- ==
8 Eé % “vj.,.ll‘u\\l\\\ § S:’ ;
Z\Z, SE
10L 2 \Z AR
- re i R
N {//4 N / \\%* .
- 7 \\.\ -
- ‘/“//.//// \\\\\" _
B s d /// _
L N —
'20*\4% Ll

-20 -10 0 10 20
comet radii

Figure 5.7: Isolines of the number density, rin [10°cnT 3] of the neutral gas at levels
1,5,10,50,100,500,1000 Velocities are projected in the equatorial plane. The exdjye length
of the plotted arrows indicates the velocity in units of (&»A4. Exemplary result for 46P/Wirtanen
at2 AU.

for the production of carbon-monoxide for a model comet mahbit of 46P/Wirtanen. The
initial state of the coma is a thin spherically symmetric slgndistribution with a constant
radial expansion velocity. The outer radial boundary ofrtiaeled volume is at 100 comet
radii.

In Figure 5.7 the number density of the neutral gas and wvglogctors of the gas in the
equatorial plane within 20 comet radii are plotted. Isddinéthe number density, in units
10°cm 2 are plotted. The vectors of the velocities are projectetiénetquatorial plane. The
overall appearance of the number density is almost spligresanmetric, but not centered
on the origin of the cometocentric coordinate system. Thereof this distribution has a
slight offset in the sun direction. This is a result of theostyer outgassing of the comet in
sun direction. The velocity field is almost radial. A sligahtiency towards the point of local
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Figure5.8: Radial profile at the comet-sun axis of the logarithmicatigled number densityyrand
mean free path of particles mf p, the radial velocityard the resulting acceleration of the spacecraft.
Exemplary result at a heliocentric distance2AU for 46P/Wirtanen .

sunrise is identifiable, which is towards the top of the imafas is the initially least dense
region due to the smallest sublimation rates on the surface.

Figure 5.8 shows radial profiles along the comet-sun axieefdgarithmically scaled num-
ber densityn, and mean free path of particlesf p, the radial velocity, and the resulting

acceleration of the spacecraft.

Included in Figure 5.8 are the corresponding number deiditile spherically symmetric
coma with equal gas production rate (dashed line in first Ipatie cometocentric distance
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Figure 5.9:  Profile in the equatorial plane of 46P/Wirtanen of the numbensity n, the radial
velocity component,ythe longitudinal velocity componeng\and the resulting acceleration of the
spacecraft. Exemplary result at a heliocentric distanc2Aif.

(dashed line in second panel) and the local speed of soustidddine in third panel). The
distribution of the number density has an inverse squarertiigncy on the cometocentric dis-
tance, almost matching the spherically symmetric distidiou This is a result of the strong
outgassing of more volatile species on the night-side ohtledeus, reducing the variation of
the density distribution close to the surface.

The computed volume remains dominated by collisions. Thallmean free path of parti-
cles remains below the cometocentric distance, as the dgx@orel of Figure 5.8 shows. The
radial velocity of the expanding gas is plotted in the thiathel. The gas expands with super-
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sonic velocities and reaches values of abeut 1km/s atr ~ 10 km cometocentric distance.
The results are in principle agreement with model resulss@iCombi and SmytfiL988b].

The acceleration of the spacecraft due to solar radiatieasprre at 2 AU heliocentric dis-
tance isa, ~ 9.7 x 10-8m/< (see Equation (5.9)). The acceleration due to gas dragftiere
exceeds the acceleration caused by solar radiation peas#thin the considered range of the
comet-sun axis.

In Figure 5.9 the conditions along a virtual orbit in the equial plane at a cometocentric
distance ofr ~ 6km are plotted. The day-night variation of the number dgnsivisible

in the first panel. The variations of the number density ardrétdial velocity component
(second panel) between day and night are relatively smadhwdompared with the results
for 67P/Churyumov-Gerasimenko at 3 AU (see Figure 5.6). Vidtecity component in lon-
gitudinal direction is plotted in the third panel of Figur©@qpositive in the direction of
increasing®). A flow from the day-side to the night-side coma is indicatétie tangential
velocity components reach values-©f5% of the radial velocity at this cometocentric dis-
tance. The fourth panel in Figure 5.9 shows the resultinglabs of the acceleration of an
orbiting spacecraft. The orientation of the solar panelsatds the sun and the tangential gas
mass flux is taken into account in the computations. The ac@n has a maximum in the
subsolar region of the coma and two local minima at the teaoimn where the orientation
of the solar panels is perpendicular to the surface. Thdexrat®n of the spacecraft is then
derived from the size of the main body of the spacecraft. Tdoelaration due to gas drag
exceeds 10’m/s? throughout the orbit.

5.3.3 Consequences for RSI

The acceleration of the spacecraft can be measured withSheXperiment, if the velocity
change has a component in the direction of the line-of-sighterminator orbit might be an
interesting choice as long as the angle between orbit nanthline-of-sight is large enough.
The orientation of the solar panels would minimize the csEsgion of the spacecraft in the
direction of the gas flux. This would be interesting for thexgty mapping campaign in
early phases of the mission. During a solar opposition (lipef sun - earth - comet) this
configuration is not favorable. The acceleration due toigrélven is mainly perpendicular to
the line-of-sight, minimizing the effect on the carrierrsid, The angle between line-of-sight
for an earth observer and comet-sun axis is given in AppeBdix

An alternative strategy might be as follows: The spaceesafblution period for an orbital
radius ofr =~ 5 km has the order of 100 houiBgtzold et al, 2001]. The estimated spin peri-
ods of comets 67P/Churyumov-Gerasimenko and 46P/Wirtaresof the order of 10 hours.
The best way to minimize the perturbation due to gas dragowittosing the information
of the gravity coefficients therefore probably is a polanioperpendicular to the terminator
orbit, with measurements on the night-side part of the asiile the nucleus spins under
the spacecraft. This would allow to map the gravity of the lg@hmucleus within a few orbits
[Patzold et al, 2001].

The maximum of the gas and dust mass flux can be obtained vetbaime orbital strategy,
I.e. on the day-side part of the same orbit, where the effettteomass flux is expected to
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be maximal. The perturbation of the orbit can become strogigh to make operation and
navigation of a spacecraft challenging, as €#zold et al[2001] mentions.

5.3.4 Discussion

The developed model provides the physical conditions ofthiesion dominated inner coma.
The application of the results derived from the thermal nhasleich were used to determine
the conditions at the inner radial boundary, yields realslenestimates of the conditions in
the coma that will be encountered by the$tTTA mission. The modeling of jets is not
included in this work, but can be carried out with the devetbpnodel by adjusting the
parameters at the inner radial boundary, or by further dgwet) the thermal model of the
cometary nucleus. The results presented here thereforesey average conditions in the
cometary coma at particular heliocentric distances. Th@igations for the RSI experiment
on ROSETTA are: Firstly, the orbit strategy for the gravity mapping @aign needs to be
carefully developed, secondly the drag force due to the gasriux can reach (and exceed)
the order of magnitude of the solar radiation pressure abdwitric distances of 3AU. Fi-
nally, the collisional coma of a comet might be significartifferent if gas production from
more volatile species than water is present.

The determination of the boundary conditions is in prireipl accordance with the proceed-
ing proposed by e.@rifo and Rodionoy1997a]. The reference pressure used at the surface
is adjusted in order to account for the dust-ice mixturegmeen the surface. Instead of using
the saturation pressum(T) as reference, as proposed by €gfo and Rodionoy1997a]

or Rodionov et al[2002], the reference pressure is adjusted with the logahiea fraction
of each surface elemeAg.

In general, one can conclude that the gas distribution hapardience on the inverse square
of the cometocentric distance. A spherically symmetric aabserved remotely does not
necessarily indicate a spherically symmetric sublimapoocess. Therefore the total gas
production rates derived from remote observations may leeegtimated. The matching of
the modeled density distribution within the coma with obserdensities is possible, how-
ever. This can be achieved by iteratively adjusting thentta¢model of the cometary nucleus
and then adjust the inner boundary conditions of the comaeindthis proceeding would
probably provide a more realistic computation of the totsd groduction rate, albeit on the
cost of much modeling work.

The model results are in principle agreement with other risodiethe neutral gas coma of
comets. Differences result from different assumption<eaning the boundary condition on
the surface of the nucleus. The combination of a thermal iraidbe cometary nucleus with
a hydrodynamic simulation of the neutral gas coma was alsieted by e.gRodionov et al.
[2002]. Their model is also able to account for various seagfecometary nuclei and gas-
dust interaction. It was successfully applied to the comzoafiet 1P/Halley (e.d5zed et al.
[2002]). The application to comet 46P/Wirtanen with a hoergpus spherical nucleus (e.g.
Crifo and Rodiono\{1997a]) provides comparable results to the model developed s thi
work, although no thermal model of the cometary interiorsgdiin the work ofCrifo and
Rodiono\{19974].
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Two additional cases are added in Appendix D. Results for@&@&yumov-Gerasimenko
and 46P/Wirtanen at their respective perihelion distameeshown. The results indicate the
variability of possible conditions in the cometary coma.



CHAPTER 6

| ONIZED COMA AND INTERACTION WITH THE
SOLAR WIND

The cometary plasma environment and its interaction wighstblar wind is studied in this
chapter. The general pattern of the interaction, the pritmlu@nd loss of plasma particles,
and a simplified model of the ionized coma are discussed.

6.1 Introduction

The RSI experiment can be affected by the ionized comporfetheaccometary coma. The
absolute value of the total electron content in the line ghscan be determined from the
differential propagation delay of a carrier signal in a tway mode Patzold et al, 2000]. A
phase shift of the frequency of the carrier signal is exgkateen the radio wave propagates
through an ionized medium. An estimate of the number demdiipns (and electrons) is
needed in order to evaluate the effect of the ionized competana on the carrier signal.

In-situ observations of the cometary plasma environmeme s far been made only at
heliocentric distances around 1 AU from four different césnghronologically ordered):
21P/Giacobini-Zinner in 1985 (e.@gilvie et al.[1986]), 1P/Halley in 1986, 26P/Grigg-
Skjellerup in 1992 (e.glohnstone et a[1993]; Neubauer et al[1993]) and 19P/Borrelly in
2001 (e.gReisenfeld et a[2002]; Young et al[2003]). At this distance from the sun active
comets have developed a complex interaction pattern wérstitar wind due to large gas
production rates and high ionization rates.

The expanding neutral gas of the coma is ionized mainly bygboization caused by solar
UV- and EUV- radiation, as well as by impact ionization or byagye exchange reactions
with solar wind particles (mainld ™). The assumption of photochemical equilibrium, which
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Figure6.1: A schematic view of the global pattern of the comet - soladviriteraction at 1 AU for
active comets (from Flammer [1991])

produces reasonable results for comet 1P/Halley at thedintiee GOTTO encounter (e.g.
Craveng1989]), is not necessarily justified at comets with a weaeas production. If pho-
tochemical equilibrium can not be assumed, a continuityagqgn for the cometary ions has
to be solved to estimate the plasma densities with respebetoometocentric distance. A
simple one-dimensional model of the plasma densities veispect to the comet-sun axis is
developed in Section 6.4. The variation with heliocentigtahce and solar activity condi-
tions is also studied.

The global pattern of the interaction of a comet with the sofiad is sketched in Figure 6.1
(reproduced fronfFlammer[1991]). In a reference frame at rest with the comet, the ¢arge
ions are in general much slower than the solar wind and have mass than average solar
wind particles. The solar wind picks up the cometary plasaréigles, hence is mass loaded
and decelerated. When this mass loading reaches a cridilced & shock forms upwind of the
comet, according to magneto-hydrodynamic theory. Indigetiow shock the solar wind is
further decelerated and enhanced mass loading occurstidwdiimportant features that are
expected at a comet are the collisionopause (also namedapause by some authors), and a
magnetic barrier with the magnetic pile up boundary (MPB)@ater boundary and the cavity
surface as inner boundary around the magnetic-field-freiycaAt the collisionopause the
regime changes from the collisionless solar wind flow to ansnegdominated by collisions
with neutral gas particles.

The interplanetary magnetic field is enhanced in the magbetirier and the field lines are
draped around the comet in this region. The formation ofe¢Heatures depends on the
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production rate of neutral gas and the solar wind paramatetgherefore varies at different
comets and with heliocentric distance.

The cavity surface (or ionopause) forms where the magnedgspre of the solar wind and the
draped magnetic field is balanced by the drag force of tharadiflowing neutral cometary
particles on the stagnant ionp [and Axford 1987]. The development of the cavity surface
therefore depends strongly on the outgassing of the coynetenleus. The cavity surface is
the outer boundary of a magnetic field free region around timeetary nucleus. Inside the
cavity surface only plasma of cometary origin exists. If ¢fas production of the comet is
too low to maintain a cavity, the solar wind plasma can relelsurface of the nucleus.

An inner shock was predicted as the supersonic to subsamisition feature of the velocity
of the cometary ions inside the cavity surface (see Figurg But has not been observed by
GIOoTTO, see e.gGoldstein et al[1992]. A piling up of the cometary ions just inside the
cavity surface, which would enhance the electron - ion rdgoation rate and neutralize the
plasma instead of decelerating it to subsonic velocitias,deen proposed as an explanation
by Cravend1989]. SeeFlammer[1991] for a review of this region.

In order to study the ionized cometary coma, the variatiothefgeneral physical conditions
due to varying heliocentric distance and due to varyingrsamttivity has to be characterized.
The modeling of the parameters of the solar wind and the tamistdue to the state of so-
lar activity are described in the following sections. In @&t 6.6 the different interaction
features will be discussed.

6.2 Solar Wind Parameters

The spatial and temporal variation of the solar wind paransas studied by many authors.
A straightforward approach is used to model solar wind patars between 1 AU and 6 AU,

principally consistent with the Parker mod&grker, 1958]. Many dynamic features of the
solar wind are neglected for simplicity. Plasma densitygnadic field and temperature of
protons and electrons are expressed with simple power [Ewesr respective dependence on
heliocentric distance is plotted in Figure 6.2.

Plasma Density

The plasma density of the solar wind is assumed to fall ofhwlite inverse square of the
heliocentric distancg,, complying with a spherical expanding gas at constant wgldoata
analysis shows a small deviation from a pu,fé dependencygchwenn1990;Richardson
et al, 1995], but fluctuations and small deviations are negldoged for simplicity. Therefore
the number densitgs,, of protons in the solar wind is modeled as:

Now= % , 6.1)

with ng = number density at 1 AU, typically-3 10 cnm3 [Schwenn1991] and the heliocen-
tric distance in astronomical units=rn/1AU.
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Figure6.2;  Variation of solar wind parameters with distance betweemd & AU

Velocity

The flow speed of the solar wind is assumed to be constant lbgeahge of 1 to 6 AU. An
increase with increasing distance of a few percent in theriheliosphere was predicted by
Schwenrj1990]. Analysis byRichardson et al[1995] showed no general radial gradient in
the velocity data observed byib 8 at 1 AU and \OYAGER 2 between 5-40 AU. An average
solar wind speed ofs,, = 350 km/s is usually assumed in the calculations made herns. Th
corresponds to conditions in an average slow solar windarettiptical plane. The variability
of the solar wind velocity is neglected here.

Interplanetary Magnetic Field

The general features and predictions of the Parker model b@sn confirmed by data anal-
ysis of many spacecraft. Although certain deviations el&riani and Neubauer1990],
the approach of the Parker model is used in this work. Fltictlig and dynamic effects are
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neglected, since the general behavior of the comet - solad witeraction is studied. The
radial variation of the radial component of the magnetidfisltherefore computed as :

. Bro

B (r)= w2 (6.2)

with Byg = radial field component at 1 AU, typically in the range of20 nT. The helio-
centric variation of the field magnitudedepends on the solar angular rotation 1@tand is
derived as:

B(r) =B (r) 4/1+ (ﬂ) . (6.3)

Vsw

Proton and Electron Temperatures

For the heliocentric variation of the proton temperaturdesolar wind, observational results
from the work ofRichardson et al[1995] are applied.iP 8 and VOYAGER 2-Data is used
to derive the power law fit

Tp —a f—0.53:|:0.02 ’ (64)

with a = 3.77 x 10* K, when using data obtained inside 19 AU.

In order to model the temperature of the solar wind electwaitis respect to the heliocentric
distance, an empirical polytrope law for thermal electrihvag has been derived [8ittler Jr.
and Scuddef1980] from VOYAGER 2 and MARINER 10 measurements is applied:

Te=55x10%. p018% (6.5)

6.3 Solar Activity & Predictions

The 11-year activity cycle of the sun is visible, for examjphehe number of sunspots which
have been observed daily since 1749 at the Zurich Obseywakdonthly averages of the
sunspot numbers (officially named tBeulder sunspot numband computed by the NOAA
Space Environment Centgrare plotted in Figure 6.3.

http://sec.noaa.gov
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Figure6.3: Monthly averaged sunspot numbers, computed by the NOA& &maaonment Center

In order to estimate the state of activity during the timehs prime mission of RSETTA,
which would be 2012-2013 for comet 46P/Wirtanen and 2015éonet 67P/Churyumov-
Gerasimenko, predictions of the 10.7cm solar flux as contpoyeK. Schatten and provided
by the NASA Goddard Space Flight Ceritare used. For details about the prediction tech-
nique seesSchatten and Pesndll993] and references therein. The.1@m solar flux mea-
sures the integrated emission at a wavelength of téh from all sources present on the
solar disc. It is of thermal origin and related to the amounnagnetic flux. An advantage
over other indices of solar activity is the independencepkstrial weather conditions. The
quantity of the flux is given in solar flux units (sfa 10 22 m 2 Hz ).

Three datasets are plotted in Figure 6.4. The upper curvesepts monthly averages of the
flare activity index. This quantitative daily flare index isfohed ad=1 =i - t, wherei repre-
sents the optical importance coefficient of a flarélin(spectral line at 12567 nm) and the
duration of the flare in minutes (iHy). The daily sums of the index are divided by the total
observation time per day. For more details see Section &rti®.gOzgic et al.[2002] and
references therein. The data plotted was provided by theiNdtGeophysical Data Center
(NGDC) in Boulder, USA.

The curve below is a composite of measured solar tén flux, provided by the Dominion
Radio Astrophysical Observatory, Canddand the predictions of solar 10.7cm flux.

The state of solar activity is well represented in the solax flata and as can be seen in
Figure 6.4 it correlates well with the flare index. Therefstng flares should be expected
mainly during solar maximum conditions and only few stroragdt during solar minimum
conditions. With reference to the prime mission of theSRTTA mission, the predictions of
the solar flux are plotted. The three curves represent megesflwithearly (dash-dotted),
nominal (dotted), andate (dashed) timing, taking into account the uncertainty inttimeng

1The original source (http://denali.gsfc.nasa.gov/9&edtten/sunpredlatest.htm) has been disappeared from
the web by the time this work is published. Results consistéth the data used here are publishedSsilo
[2003].

2ftp://ftp.ngdc.noaa.gov/STP/SOLABATA/SOLAR_FLARES/INDEX

3http://www.drao-ofr.hia-iha.nrc-cnrc.gc.cal/indemg.shtml
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Figure 6.4: Flare activity, solar 10.7cm flux and predictions. The flagidty index (upper solid
line) corresponds well with the measured solar flux data @oegolid line). The dashed and dotted
lines indicate predicted solar radio flux, see text.

of the cycles at the time the predictions were made (1998mRkhese predictions one would
expect maximum to intermediate activity conditions for #&°/Wirtanen mission scenario
and minimum conditions for the mission scenario at 67P/@nmov-Gerasimenko . There-
fore the chances of seeing effects of solar flares in the@mvient of comet 67P/Churyumov-
Gerasimenko during thedSETTA mission are low, while 46P/Wirtanen would have been a
better target from this point of view.
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6.4 Cometary Plasma

In this section the cometary plasma environment will beisiidThe solar radiation as the
main ionization source and important processes within@heed cometary coma, such as
impact ionization and dissociative recombination, areused. A model for the electron
temperature profile along the comet-sun axis is developed.

In the outward directed flow of neutral particles with a vétpof the order of 1 km/s, colli-
sions and reactions decrease with the distance to the cdimetnost important subsequent
process for the particles is ionization. The ionizationgess for cometary neutrals is dom-
inated by photoionization (solar UV), followed by chargecleange and impact ionization.
Photoionization takes place throughout the cometary gtivere (see also Section 6.4.2),
and charge exchange and impact ionization are strongeshd@iithe comet. Typical reac-
tions with a cometary neutral partich®, such aH,0, CO, O, H are Huebner et al.1991;
Cravens 199D

M+ hv — M" 4+ e photoionization,
M+ Hgy — M" + Hrast charge exchange,
M+ e — M' 4+ e + e impactionization.

The time scale for ionization is of the order off19at 1 AU, which results in a characteristic
ionization length scale of £&km from the nucleus at 1 AUHuddleston et a).1990].

Processes involving solar radiation such as ionizationdissbciation vary with the solar
activity. For the model computations, the solar activitytlod particular time frame has to
be estimated. As discussed in Section 6.3, the sun shoultidréysafter activity maxi-
mum at the time of the prime mission at 46P/Wirtanen (2011320and is expected near
activity minimum at the time of the prime mission at comet &turyumov-Gerasimenko
(2014/2015).

Only water reactions will be considered in this work. Thisaiseasonable simplification,
since water is supposed to be by far the most dominant specike inner coma of comet
46P/Wirtanen (see e.gink et al.[1998]; Stern et al[1998]; Schulz and Schweh{h999]).
At 1P/Halley, the proportion afl,O was about 80% or moré&favens 1989].

The ions formed fronH,O molecules in the cometary coma are mainbO™, H3O", H T,
OH™ andO™ (e.g.Schmidt et al[1988]; Wegmann et a[1999]). The processes involved are
discussed in the following sections.

6.4.1 Solar UV Spectrum

The photochemical processes involved in the cometary @mvient are dominated by solar
UV radiation of wavelengths shorter than 200 In this wavelength region dust has to
be considered only as an absorber, and multiple scatteriigeomal re-radiation can be
neglected Gombosi et al.1986]. The detailed photon flux for many wavelength interva
in the UV range (most in 5 10nm bins) can be found in the literature (e\Myhite[1977];
Gombosi et al[1986]; Huebner et al[1992] and references therein).
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Figure6.5: Top: The solar UV flux at 1 AU for maximum conditions (solidyl aninimum condi-
tions (dotted), Bottom: max/min solar UV flux ratio; datagakirom Gombosi et al. [1986]

The variation with solar activity is large for some wavel#ngegions in the UV range. In
Figure 6.5 (top) the solar UV flux is plotted. The data is takem Gombosi et al[1986].
For active solar conditions (solid line), the flux is essahtilarger. The UV flux varies by a
factor of typically 2 - 3, for some wavelength regions by mtiten an order of magnitude,
as can be seen in Figure 6.5 (bottom), which effects tharifet of neutral gas particles
within the coma Qppenheimer and Downg¥980;Budzien et a].1994]. Since no adequate
observational database exists, empirical models have bseh to consider the variability
with the solar 11-year cycle, usually by correlation betweeeasured solar irradiances and
solar activity data (see e.gean et al[1992]; Richards et al[1994]).
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As pointed out byHaberli et al.[1997], the detailed ionizing spectrum does not necessar-
ily have to be considered when the coma is expected to renmioatly thin, which is a
reasonable assumption at comets 46P/Wirtanen and 67RI@hay-Gerasimenko (see Sec-
tion 6.4.2). Since the attenuation of particular speciredd does not have to be taken into
account in such a scenario, one can use wavelength-ingelgiatization rates (see Section
6.4.3). Additionally it should be noted that the solar réidiais not emitted isotropically, and
therefore the observed spectrum at earth may not be the saarmmaet Htix 1989;Rous-
selot et al, 1993]. For example, the variation with the rotational pdrof the sun reaches
25% at 120m[Stix 1989]. This kind of variation is neglected in the model,dgse the aim

of this work is only to model the general behavior of the corsilar wind interaction.

Solar maximum conditions are assumed in the model calonlafior the scenario at comet
46P/Wirtanen and solar minimum conditions are assumedh®icomet 67P/Churyumov-
Gerasimenko scenario for simplicity.

6.4.2 Optical Depth of the Coma in the UV Range

In order to derive the optical depth of the coma in the UV rarige density distribution of
the neutral gas and the absorption cross sections of thetsdgsin the UV range have to be
known. For simplicity, a spherically symmetric neutral gasna is assumed here to estimate
the optical depth. This simplification is widely used in cdarg studies. It is a basic assump-
tion in the so calletHasermodel (e.gFestou[1981]; Cochran[1985]). The realistic pattern
in the coma should differ from
this assumption in the innermost
10'16; ] region. Without the appearance
; ] of strong jets, spherically sym-
metry is a good approximation,
as can be seen in the results
e from the hydrodynamic simula-
] tions of the neutral gas environ-
ment of 46P/Wirtanen (see Chap-
ter 5). Using the HD-model, a
1 more realistic and detailed pro-
] file of the number density and
the outflow velocity can be con-
i : structed. This should be done if a
19 : .
L R strong asymmetry in the coma due
0 25 50 75100125150175200 to jets or other asymmetric flow
wavelength [nm] patterns is expected, as for ex-
ample at comet 67P/Churyumov-
Figure 6.6:  Absorption (solid) and ionization (dot- Gerasimenko. This will not be
ted) cross sections for# molecules in the UV range, evaluated further at this point,
data taken from Gombosi et al. [1986] since only the general behavior is
studied here. In Figure 6.6 the

=
oI
[N
\l
T .

N
(0 0]

H,O: o,,, and o, [cm?]
=
o
T

100




6.4 COMETARY PLASMA 75

\ \ \ \ \ \ \ \ \ \ \ \ \ \
1.4+ Wirtanen at 1.06 AU, Qg = 1.27E+28 s™ N 1.4+ C-G at 1.30 AU, Qg = 1.00E+28 s™* 4
1.2+ : 1.2+ :
1.0+ . 1.0+ .
= L 1 = L 1
o o
2 0.8+ B g 0.8+ B
= I 1 = I 1
2 o
k<3 L | a L i
o o
0.6F : 0.6F :
0.4 : 0.4} |
0.2+ g 0.2} |
ool 1 1 oot b ] ool 1 1 o W
0O 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
wavelength [nm] wavelength [nm]
(a) optical depth at 46P/Wirtanen (b) optical depth at 67P/Churyumov-Gerasimenko

Figure 6.7:  Derived optical depth at the sub solar point for 46P/Wirtaret perihelion and for
solar maximum conditions (a), and for comet 67P/Churyu@evasimenko at perihelion for solar
minimum conditions (b)

cross section of absorption (solid line) and photoiona@aiidotted line) is plotted. Direct
ionization is important for wavelengths up to 100 nm, whikesdciation and subsequent ion-
ization occurs mainly at longer wavelength (see also Se&id.3). The cross sections for
H,O have typical values of 168 — 1017 cm? in the UV range.

If the number densitp,(r) of neutral particles as a function of radial distanceand the total
absorption cross section of these partidgss(A) as a function of wavelength are known,
the optical depthi(A,r) can be calculated as:

A1) = OapslM) /mnn(r)dr' . (6.6)

Assuming spherical symmetry, which is a reasonable firstraagproximation (see also Sec-
tion 5.3), the density distribution in the coma is derivedeag.Galeev et al[1985]):

(r) = ity exi-0) (6.7)

- Anvgr?

wherel; is the total ionization rate. With the largest observed pobidn rate at 46P/Wirtanen
(1.06AU) of Qq ~ 3 x 10?8 571 [Fink et al, 1998;Schulz and Schwehr999] andQy ~
1x 10?8 s~1 at comet 67P/Churyumov-Gerasimenk@B@ AU) [Osip et al, 1992], a typical
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outflow velocity of the order, ~ 1 km/s [Krankowsky et aJ.1986] and an ionization fre-
guency as derived in Section 6.4.5, the calculated columsityeof the neutral gas becomes
6.24 % 10'® cm~2 along the comet-sun axis at the perihelion of comet 46PAnm for solar
maximum conditions, and.@3 x 10 cm=2 for the perihelion of comet 67P/Churyumov-
Gerasimenko at solar minimum. These values are derived thamintegral of Equation
(6.6), truncating the integration at 1Bm cometocentric distance, well beyond the exponen-
tial drop off of the neutral gas density due to the ionizatpncess (see Equation (6.7)).
The derived optical depth from Equation (6.6) for the suéaspbint of 46P/Wirtanen and
67P/Churyumov-Gerasimenko at perihelion is plotted inuFegs.7. For comet 46P/Wirtanen
solar maximum conditions were applied, while minimum ceiodis were used for comet
67P/Churyumov-Gerasimenko.

At 46P/Wirtanen, between approximately 50 nm and 100 nmryphieal depth reaches values
larger than unity and the irradiation therefore has to besicaned as attenuated (see Figure
6.7(a)). The largest ionization rates for these wavelengtle therefore not at the surface,
but approximately at that cometocentric distance whiéker) = 1, which still is deep in the
inner coma at approximately 2 km distance. However, thecaptiepth at 67P/Churyumov-
Gerasimenko is well below unity for all wavelength bins ie tdV-range, as can be seen in
Figure 6.7(b). The difference to comet 46P/Wirtanen is tyaiaused by the larger radius of
the comet nucleus and the lower gas production rate of 6 1RPy@mov-Gerasimenko (about
a factor 3), resulting in a lower number density close to tivdese. The difference in solar
activity has only a minor effect in these calculations, ratig the exponential part of Equation
(6.7). The coma is therefore assumed to be optically thinemtodel calculations.

The optical depth of the dust component at 1P/Halley dutegdoTTo encounter has been
estimated asqy,st = 0.28 [Keller et al, 1987]. The optical thickness of the dust component
Is therefore assumed to kel everywhere in the models developed here, due to the lower
dust production rate in smaller comets - about a factor ofak2BP/WirtanenJockers et al.
1998], and a factor of 40 at comet 67P/Churyumov-Gerasim@@kip et al, 1992].

6.4.3 Photoionization and Photodissociation

In Section 6.4.2 it is shown that the coma can be considerédatly thin for the solar
UV radiation in most cases. Absorption effects within thenaocan therefore be neglected.
Haberli et al.[1997] point out that in this case the spectrum of the iomgziadiation does
not have to be considered in detail, and wavelength-intedranization frequencies can be
used.

Listed in Table 6.1 are wavelength-integrated ionizatind dissociation frequencies, given
by Gombosi et al[1986]; Huebner et al[1992] andSchunk and Nagf2000]. The chem-
ical reaction rates are taken frolbarconi and Mendi41982] andGombosi et al[1996].
Additional reactions are listed ®chmidt et al[1988] andHaberli et al.[1997].

The resulting total photoionization frequeney, for H2O at 1 AU, including the branches
leading toH,O™, OH* andH T, isvpp = 4.03x 1077 s~ for solar minimum conditions and
Vph = 1.02x 10 ® s~ for solar maximum conditions.
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[10°® s [10°6 s
solar min solar max
photoionization frequencies
HoO+ hv — HO" +e 0.334 0.828
— H"+OH+e 0.0131 0.0407
— OHT+H+e 0.0554 0.151
OH+hv — OHT+e 0.247 0.652
O+hv — OT+e 0.212 0.588
Hz+ hv — Hi+e 0.0541 0.115
— HT+H+e 0.00952 0.0279
H-+hv — Ht+te 0.0726 0.172
photodissociation frequencies
HoO+ hv — OH+H 10.3 17.6
HoO+ hv — H+H+O 0.755 1.91
chemical reaction rates [10°® cm 3 s
H20+ HOF — H30"+OH 0.00205
H,O+ OH™ — H30"+0 0.0013
— HpO"+OH 0.0016
H,O+H* — HO"+H 0.0082
H,O+O* — H,O"+0 0.0023
H> 4+ H,OT — H3O"+H 0.0014
H, +OH™ — HxO"+H 0.00105
OH+OH* — HO"+0 0.0007

Table6.1:  Photoionization and photodissociation frequencies gdkind daughter products (from
Huebner et al. [1992]) and chemical reaction rates in the etany environment (from Marconi and
Mendis [1982]; Gombosi et al. [1986]).

6.4.4 Impact lonization and Charge Exchange

Neutral molecules can be ionized by hot cometary electrorsolar wind electrons if the
energy of the electrons exceeds the ionization energy afieligral molecules. Electron im-
pact ionization should be strongest around the thermatrelecollisionosphere (see Section
6.4.9), where the temperature of the electrons is high dnalghost at solar wind level, see
Section 6.4.8) to cause ionization and the number densitigeoelectrons is large. Further
away from the nucleus the electron density drops to solad Vewvels and this ionization pro-
cess becomes negligiblépmbosi et a].1996]. The time scale for electron impact ionization
is in general a function of the electron temperature, nurdbasity and distribution function.
Cravens et al[1987] conclude that the impact ionization rate reachegesbs high as 50%
of the photoionization rate for solar minimum conditiond &U. The importance of impact
ionization decreases when the photoionization rates &dirdes larger during solar max-
imum conditions. In particular regions around the comepant ionization may still be a
dominant process, probably due to an energy peak in theateittix [Cravens et al.1987].
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Korosmezey et a[1987] calculate steady state photoelectron fluxes in clelerive sec-

ondary ionization and electron heating rates due to phettreins. Two limiting cases are
studied: one without any photoelectron transport (locargy deposition), which is applica-
ble where collisions of electrons with neutrals are freqsee Section 6.4.9), and one with
electron transport along a stationary parallel magnetld,fiwhich can be applied outside
this collision zone. If photoelectron transport is accednfor, the impact ionization rates
of photoelectrons are reduced by about a factor of 2. Thensleeg impact ionization rates
Vimp for H>O without photo-

electron transport, as derived

Solar e
Activity H,O* OH~+ g+ by Korosmezey et al[1987],
Conditions are listed in Table 6.2. The im-

pact ionization rate is assumed
to be coupled to the photoion-
ization rate in the calculations
of this work, since the oc-
currence of photoelectrons de-
pends on the solar irradiation.
Table 6.2:  Secondary impact ionization rates by photoele@ith respect to the ionization
trons at 1 AU as derived bydtosmezey et al. [1987]. The ionrates given in Table 6.2 and the
ization rates are given in [s']. conclusion for the photoioniza-

tion rates in Section 6.4.3 the
impact ionization rate is assumed to\gp = 0.2v, everywhere in the coma. Since ioniza-
tion rates due to solar wind electrons are not derived herghwvould require a more sophis-
ticated model that considers variations with cometocenligtance, this approach seems rea-
sonable as a first order approximation of the total ionizataie due to impacts of cometary
and solar wind electrons. Local effects, such as high eneleptrons that reach regions of
high neutral particle number densities and may locally eanbahe importance of impact
ionization, are neglected.

min 577x 108 6.16x10° 4.37x10°°

max 188x 107 1.98x108 1.39x 108

Cometary ions can also be created by charge exchange wifframm the solar wind. Charge
exchange may become an important solar wind ion loss pr@essd the collisionopause,
asShelley et al[1987] point out.Gombos{1987] proposes aavalancheof charge exchange
in this region. The rate of charge exchamggbetween the neutrals and the solar wind ions is
determined ascx = OcxNswVsw- FOr a solar wind velocitys,, of 350 km/s, a charge exchange
cross sectiomey, of 2.1 x 10~1° cm? [Huddleston et a).1990], and a number density, of

5 cm 3, this would result in a rate of charge exchangegf= 3.7 x 10 " s 1,

If considered in detail in the cometary environment, theataon with velocity of the charge
exchange cross sectiany has to be taken into account (e\Wallis and Ong[1975]). In
general, the process of charge exchange is variable whkicdmetary environment, since
the mass flux varies with cometocentric distance. At a aempaint within the coma the
charge exchange effect can become important. In this wasketifect is neglected and a
constant ionization rate is applied to determine the geéweraet - solar wind interaction. A
rate of ionization caused by charge exchange processesuigiad to be at a level of 10% of
the photoionization rate in this work.
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6.4.5 Total lonization Frequency

The totalH,O ionization frequency; is a combination of the wavelength integrated photoion-
ization frequencies (see Section 6.4.3), impact ionipadiod charge exchange processes.

li = Vph=+ Vimp+Vex (6.8)

wherevy is the photoionization rate)imp is the impact ionization rate angy is the rate
of charge exchange between the neutrals and the solar winfiua For solar maximum
conditions the resulting total ionization frequency at 1 AUJ; = 1.33x 107° s71, while
for solar minimum conditions the frequency at 1 AUlis= 5.24x 10 " s 1. For different
heliocentric distances, the total ionization frequency is scaled Withrﬁ. This neglects a
possible different behavior with heliocentric distanceha respective ionization processes.
It is nevertheless a reasonable first order approximatiosgnly the general behavior is
studied here.

6.4.6 lon-Molecule Reactions

The ionH30O™ was the most abundant observed ion in the inner coma at cd?figalley out
tor ~ 2.5 x 10* km [Balsiger et al, 1986;Eberhardt and Krankowsky995]. The chemical
formation ofH3O™ is mainly due to the reaction &f,O™ with neutral water molecules:

H,O" + Ho0 —3 HzO™ + OH. (6.9)

Other chemical reactions with reaction rates are listecalld 6.1 and discussed in the work
of Wegmann et a[1999], for example. They are not further evaluated hergesin this work
only a water dominant inner coma aHgO™ as the dominant ion species is considered. Out-
side the collision dominated regime these reactions caregkected and other ions become
more abundant. lon densities then followrarf dependency, witkk > 2 for all ion species
[Altwegg et al. 1993].

6.4.7 Recombination

Within the ionosphere the lifetime of at,O™ ion is about 100 s. Mainly,0",OH" and
H* ions are created due to dissociation and ionization presessid almost all of them are
converted tdH3O™ ions via ion-neutral reaction€favens 1989]. The main loss process for
H3O™ ions is dissociative recombination:

H3O" +e= — H,O+H. (6.10)

Following e.g.Craveng1989], the dissociative recombination rate coefficiens$ given as:

300
CX:CXO ?,
e



80 IONIZED COMA AND INTERACTION WITH THE SOLAR WIND

where T is the electron temperature ang = 7 x 10~/ cm®/s is the recombination rate
coefficient.Mul et al.[1983] have measured the temperature dependenay iof laboratory
experiments, concluding that the recombination rate desitiom theT, %> dependency for
polyatomic ions. In order to correctly approximate the rabmation rate this work uses
(following e.g.Eberhardt and KrankowskyL 995]; Gombosi et al[1996]):

300
a(Te) =00 /= Te < 200K (6.11a)
e
0(Te) = 2.3420 T22553-0.1633 logTe Te> 200K . (6.11b)

This recombination rate is applicable for the two most alamadons in a water dominated
coma,H,O" andH30™, as laboratory experiments shotgppner et al. 1976;Mul et al,
1983]. The uncertainty of this recombination rate is estedaas+15%. Recombination
rates for other ions can be found in eSghunk and Nagj2000].

The total loss raté; of ions (and electrons) due to dissociative recombinatsoa function
of the number density of iong:

Li=a(Te) n? . (6.12)

6.4.8 Electron Temperature

The recombination rate of the ions within the coma is coufetie temperature of the elec-
trons. Lower electron temperature results in a higher rdéxoation rate as can be seen from
Equations (6.11a) and (6.11b). The ion density in the comeetbre also depends on the
electron temperature.

The electron population in the cometary environment hasetBources: solar wind electrons,
electrons from the photoionization of cometary gases, andrgdary electrons from the ion-
ization of cometary molecules by electrons, fast neutnagsians. The solar wind electrons
represent the hot component in the electron distributi@hcamrespond to a Maxwellian en-
ergy distribution with a temperature of aboufIat 1 AU (see Section 6.2).

Since the electron temperature profile can not be calculs¢dfeconsistently in an ideal
single-fluid MHD-approach, a temperature profile with a dergraling approach is derived
in this work. In general, the electron temperature in the eamy coma will not be the same
as the ion temperatur&pmbosi et al.1996].

The excess energy in the photoionization process with &Naradiation is of the order of
10— 15 eV [Huebner et al.1992]. Secondary electrons also have energies of the ofder
a few tens of eV Eberhardt and Krankowsky995]. Cooling mechanisms for electrons in
the cometary environment are electron-neutral elastigsamts, electron-ion Coulomb col-
lisions, dissociative recombination with ions, rotatibaad vibrational excitation of neutral
molecules by electron impact, and electronic excitatlGrajens and Krosmezey1986;
Cravens 1991a]. Within the inner coma, the electrons are effectively eabto about the
temperature of the neutral gas, as has been modeled by yvadhors, such aslarconi
and Mendis[1983]; Korosmezey et al1987]; Gan and Craven$1990]; Eberhardt and
Krankowsky[1995]; Haberli et al.[1995], as shown in Figure 6.8. IGTTO observations
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at 1P/Halley show that the ion and gas temperatures witkicalkity surface are low and ap-
proximately constantfammerzahl et a].1987;Schwenn et al1987]. At the cavity surface
the measured ion temperature increases rapidly, whiledbeéegmperature shows no discon-
tinuity [Lammerzahl et a].1987;Schwenn et al.1987]. The ion density then significantly
piles up by a factor of about-34 near a cometocentric distance of k0n [Balsiger et al,
1986;Altwegg et al. 1993]. The nature of this pile up is still not fully understb Possible
explanations are a reduced ion recombination rate causad Imcreasing electron tempera-
ture, dynamical pile-up, or enhanced ionization rates dusddctron impactlp and Axford
1987;Cravens 1989]. This enhancement of the ion density - and the desectron tem-
perature profile - is not only a short-lived transient pheanon which can be assumed due to
in-situ observations of the 8 A-1 spacecraftVaisberg et al. 1987] and due to an analysis
of the radio signals of both &G A missions Andreev and Gavrikl993;Patzold et al, 1997].

Several theoretical approaches to
the electron temperature profile,

such as Marconi and Mendis
[1983]; Kbrosmezey et a[1987]; o .
Gan and Craven$1990]; Hueb- 2% f
ner et al. [1991], show a good 2
agreement inside the cavity sur- § 1% b
face, but large differences outside g |
(see Figure 6.8).Haberli et al. =
[1996] conclude that photoioniza- § 102 B: Haberli et al. 1995 ]
. . o E C: Wegmann et al. 1987
tion can not be the only impor- 1 D: Korosmezey et al. 1987
E: Marconi and Mendis 1988

tant energy source for the elec- F: Gan and Cravens 1990

. G‘: Echn'.halrdE and Krankowikyﬂ

trons outside the cavity surface 101 5
and show that at least additional Distance to comet [kin]
heating by solar wind electrons

has to be considered. They prc1figure 6.8: Electron temperature profiles at 1P/Halley,

pose an enhancement in the S8Ublished by various authors. Chart reproduced frogibidrli
lar wind electron density that isgt g, [1996]

proportional to the compression of
the interplanetary magnetic field in front of the cavity sieé. This would provide enough
energy for the electrons to reach a temperature that caaiexpk ion pile-up.

An additional possible heating mechanism for electronsagmetic field reconnection that
can occur in the region of the magnetic barrier and in thenpéetsil. Magnetic reconnection
at comets is discussed bifedner, Jr[1984], for example. However, cold electrons (below an
energy limit of 10 eV) could not be measured by th@Gro electron analyzer and therefore
the total energy distribution of the electrons in that regiould not be determined.

If the electron thermal pressure has to remain sufficiemtiglsto avoid seriously distorting
the magnetic field profile, the increased electron tempesatiiould not immediately reach
solar wind levelsCravens 1989]. Therefore other effects should be considered iaddity

to explain this ion pile upCraveng1989] favor an enhanced ionization frequency due to im-
pact ionization, whiléltwegg et al[1993] indicate a significant dynamic pile up process as



82 IONIZED COMA AND INTERACTION WITH THE SOLAR WIND

an

10000

T T T TTTW T T I T TTTIT T T
67P/C-G at 1.30 AU

1000 ¢ /

electron temperature [K]

100

TEC at 28.8 km

109 10t 10° 10° 10*
distance from surface [km]

10

5

explanation. These effects will be ne-
glected in this work when modeling
the plasma environment for simplic-

ity.

An electron temperature profile with
the following properties is used in
this work: a constant electron tem-
perature inside the thermal electron
collisionopause (TEC, see Section
6.4.9), a steep temperature increase
(with r? dependency) within 5000
km to a level of 16 K, and a constant
temperature at this level further out
(neglecting a slow increase to solar
wind levels of the electron tempera-
ture). This profile is shifted along the
comet-sun axis with the position of
the TEC.

The increase of the electron temper-
ature is assumed to haveadepen-
dency, corresponding to the decreas-
ing importance of collisions with
neutral particles, which have ra?
dependency of the number density
(see Equation (6.7)). The scale size

Figure6.9: Example of an electron temperature profilef the increasing part of the profile is
as derived for comet 67P/Churyumov-Gerasimenko

adopted from the 1P/Halley results,

since it has not been modeled in more detail in this work. HEsisumption results in a
steeper electron temperature profile for comets with a ligas production. An example of
the derived electron temperature profile for comet 67P/@mov-Gerasimenko at3 AU

is plotted in Figure 6.9. The calculated position of the TEGii~ 30 km cometocentric

distance in this example.

6.4.9 Thermal Electron Collisionopause

In order to match conditions at various heliocentric distm) the electron temperature profile
has to be scaledGan and Craven$1990] link the sharp jump in the electron temperature
to the fading of the main cooling process for electrons: tléstons between the cometary
neutrals and the electrons. This boundary is namedhéemal electron collisionopause
(TEC) [Gan and Cravens1990]. Transport processes such as heat conduction anglas
convection dominate outside this boundary, while insideTEC collisional processes like
electron-neutral cooling are more important. In order tineste the cometocentric distance
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of the inner edge of the TEC the same procedure as with thea&sbin of the collisionopause
is applied here (see Section 6.6.3). A spherically symmeistribution of the neutral gas
density is assumed, ignoring depletion due to ionization:

_ Oel Qg(n)

Rrec ey
n

, (6.13)
with the gas production rat@q(r) derived from Equations (4.27) for 67P/Churyumov-
Gerasimenko or Equation (4.26) for 46P/Wirtanen, respelgti For electron energies be-
tween 01 eV and 18 eV, the effective total inelastic electron impact crosstisa for water

is in the rangeoe = 1071 — 101 cm?, asGan and Craven$1990] provide from their
study of the rotational, vibrational and electronic extiata cross sections and cooling rates
by water vapor.

Usingoe = 1071 cn?, which is ap-

plicable for electrons with a temper- 35 i 67P/C-G]
ature of the order of 0K [Gan 30 ]
and Cravens1990] and for the con- —_ . \

ditions at 1P/Halley at 1 AUQq = g 25;

10°0 s~1 andv, = 1000 m/s), the de- S 50! \

rived cometocentric distance of the = i \

TEC isRtec~ 8000 km. This corre- 8_ 15}

sponds very well with the position at @) i \

which the steep increase in the elec- & 10

tron temperature is modeled, as can

be seen in Figure 6.8. St Y e ]
Therefore the derived cometocentric o T T T
distance of the TEC from Equation 1 2 3 4 5
(6.13) is used to estimate the cometo- heliocentric distance [AU]

centric distance at which the electron

temperature increases as descr'bedll'rbure 6.10: Cometocentric distance of the thermal

Section 6.4.8. electron collisionopause (TEC) as derived from Equation
The cometocentric distance of the irf6-13)- The horizontal line indicates the surface of the nu-

ner edge of the TEC as derived fof/€Us

comet 67P/Churyumov-Gerasimenko is plotted with respethé heliocentric distance in
Figure 6.10. The respective gas production @ges derived from the results of the thermal
model (Equation (4.27)). The surface of the comet is inéiddty the horizontal line at 2 km
distance in Figure 6.10. The line indicating the TEC is dddioe standoff distances closer
than 3 km from the comet surface. The TEC does separate samiify from the surface of
the comet only inside approximately®2AU. A temperature increase that starts at the surface
is assumed for heliocentric distances larger than 2 AU. Tleeteof the electron tempera-
ture on the density of ions within the coma is expected to b@omior larger heliocentric
distances. The decrease of the recombination rate due todrease of the electron tem-
perature is expected to have a significant effect in a phetoatally controlled regime. The
assumption of photochemical equilibrium within the innema is only valid under certain
conditions, which will be discussed in the next section.
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6.5 Stationary Plasma Model 1D

In order to estimate the plasma parameters in the cometaisoament, a stationary one-
dimensional model along the comet-sun axis is applied. Teemarios are studied: photo-
chemical equilibrium is assumed in the first case. This haa beplied successfully at comet
1P/Halley, where the conditions in the coma justified theuagption (e.gCraveng1989]).
However, it is not necessarily applicable at smaller cometgrefore the continuity equation
for ions is solved without assuming photochemical equtiforin the second case.

Effects caused by the solar wind are neglected in these méatedimplicity. The respective
gas production rates of comets 67P/Churyumov-Gerasiman#dagl6P/Wirtanen at the cor-
responding heliocentric distance are derived from theltesiithe thermal modeling of the
comets (Equations (4.27) and (4.26)).

6.5.1 Case 1: with Assumption of Photochemical Equilibrium

For simplicity, the ionosphere is assumed to consist of arggescharged ion species. Quasi-
neutrality is assumed for the plasma. The one-dimensiamiraiity equation for the ion (or
electron) density; in spherical coordinates then is (e@yaveng1989]):

o N )

3 + div(njv) = R(r) = Li(r) , (6.14)
with the cometocentric distancethe plasma velocity = v, &, the local production ratg (r)
and the local loss ratig (r).
If photochemistry is more important than transport proessshe transport terms can be
neglected and the ion continuity equation (6.14) reduces to

0 N;

Steady state conditions are assumed for studies at partiveliocentric distances. The num-
ber density of ions in the cometary environment can then beddy equating the local ion
production rateP, (r) to the local ion loss ratk;(r). The spatial asymmetry of the distribu-
tion of the neutral gas within the coma is neglected and Eoju#6.7) is applied to estimate
the local number density of the neutral gggr). The local ion loss rate is calculated from
Equation (6.12) and the ion production ratddis= I; ny, with the total ionization ratg (see
Section 6.4.5). The number density of cometary ions theR is (;):

mi(r) = /- , (6.16)

with the recombination rate as defined in Equation (6.11). Therefore the number density
of ions follows in principle a cometocentric/d dependency, if the assumption of photo-
chemical equilibrium is applicable. Deviations from thespgndency are expected where the
recombination rate is not constant, or if variations of the ionization r&tare considered.

A general Yr dependency has been observed at 1P/Halley for distancesapptoximately

10* km [Altwegg et al. 1993].
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Figure 6.11: Characteristic time scales for ions at 46P/Wirtanen (a) a®dP/Churyumov-
Gerasimenko (b) at their respective perihelion distanckotBchemical equilibrium can be assumed
when the chemical lifetime of ions (indicated by the sofid)iis less than the transport time (indicated
by the dashed line).

Characteristic scales for the chemical lifetime of ions@mapared with the transport time of
ions in Figure 6.11, in order to estimate the size of the megidhere the assumption of pho-
tochemical equilibrium can be applied. The chemical lifetiof anHzO" ion istc = 1/an;.

The transport time in the radial flow is estimatedas r /v, with the cometocentric distance

r and the plasma velocity[ Cravens 1989]. The plasma velocity is assumed to be controlled
by collisions with the neutral particles. It is thereforsased to equal the velocity, of the
neutral gas particles, which is of the orderwot v, ~ 1 km/s. The assumption of photo-
chemical equilibrium is applicable, if the photochemiafdtime is shorter than the transport
time. In Figure 6.11 the time-scales at 46P/Wirtanen and®7#yumov-Gerasimenko are
compared at the respective perihelion of the comets.

It can be generally concluded that the assumption of phetoatal equilibrium is not nec-
essarily applicable at comets 67P/Churyumov-Gerasimankicd6P/Wirtanen. The charac-
teristic transport time of ions at comet 67P/ChuryumovaSenenko is always shorter than
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their chemical lifetime (see Figure 6.11(b)). At comet 4&Rfanen at perihelion, the chem-
ical lifetime of ions just reaches the same order of mageitasltheir transport time (Figure
6.11(a)). An ionization rate that corresponds to solar maxn conditions is assumed for the
46P/Wirtanen case.

\\ column|density =|10.57 hexem In principle, the following is ap-
plicable to the coma of comet
i \ ’ 46P/Wirtanen at perihelion inside
10 \\ approximately 1000 km (see Fig-
L i ure 6.11(a)). Transport processes
102 are neglected and photochemical
N equilibrium in the coma is as-
" sumed B = L;). The assumed
100 Y ionization ratelj at 1 AU is taken
L Y , from Section 6.4.5, the ion pro-
2 ' duction rate then iB (r) = liny(r),
with the number density of neutral
gasny(r) as derived from Equa-
N ] tion (6.7). The dissociative re-
1010F N\ | combination rate of ions is de-
termined as described in Section
6.4.7. With these assumptions
the number density of ions in the
inner coma can be derived from
Equation (6.16).
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In Figure 6.12 the resulting ion
\ and neutral gas number densities
are plotted. At the ionization
i 1 scale length of- 10° km the num-
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Figure 6.12:  Stationary one-dimensional model of a ph(ggone_ntlal term in quatlon 6.7).
tochemical controlled coma; Top: ion density, dashed lore fThe ion number density generally
results outside the regime where photochemically equiiibr fOllOWS the same pattern with the
can be assumed; Bottom: Neutral gas density of a sphericgKception of the region where the
symmetric coma; 46P/Wirtanen at perihelion electron temperature rises, which
leads to the local maximum at

5x 10° km. In this region the recombination rate decreases duecteasing electron tem-
perature. The ion number density has the largest values tdke surface, because the coma
is assumed to remain optically thin. The assumption of ptte@mical equilibrium is, in the
case studied here, not applicable beyore 10° km (see Figure 6.12) and the ion densities
at larger distances are therefore not correctly estimafthi is indicated by using a dashed
line for larger distances.
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6.5.2 Case 2: Numerical Solution of the 1D Continuity Equatn

The assumption of photochemical equilibrium is not apjlieaif the transport terms in the
continuity equation (6.14) can not be neglected. The fullcbDtinuity equation then has to
be solved in order to derive the ion density within the cometama. Interaction with the
solar wind is neglected and it is again assumed that thelrageliacity of the plasma is the
same as the outflow speed of the neutral gas«(v, ~ 1 km/s), due to collisions between
ions and neutral particles. This is applicable in the ciofisdominated inner coma and at
larger distances if other possible acceleration mechan{soch as e.g. external magnetic
fields) are neglected. The continuity equation for the radgfas is used to to write:

divv ~ —i _dnn
Ny dt
1 (om 0 Ny
= <6t +Vn 3 ) , (6.17)

with the radial velocity of the neutral gas= v,&. By combining Equations (6.14) and
(6.17), and assuming stationarity one gets:
vV On; Vr % R(r)—Li(r)

N T h s e (6.18)

The application of this scenario is limited to inside®4@n cometocentric distance, which
is approximately similar to the ionization scale length.efidfore the exponential term in
Equation (6.7) is neglected. When also applyi(@) = |; n, andLi(r) = o n? one gets:

o 1iQq an?  2n;

e -1 g 1
or 41v2r2 Vr r (6.19)

In order to numerically solve this equation, a Runge-Kuttaesne is applied (see elgress

et al. [1986]). The solutions for various heliocentric distanees plotted in Figure 6.13.
The gas production rate of comet 67P/Churyumov-Gerasimenth respect to the helio-
centric distance was derived from Equation (4.27), theziaton and recombination rates
were determined as described in Sections 6.4.5 and 6.4e/dd3%hed line represents the case
1 scenario (photochemical equilibrium assumed) for a behtric distance of .B AU. The
corresponding solution of Equation 6.19 & AU has much lower ion densities and does not
feature the local peak at>610° km, because the second term on the right-hand side is not
strong enough to have any visible effect in this scenarioth&tsurface, the initial ion den-
sity is assumed to be very smatid = 106 cm~3). Therefore the density rises at first then
follows an 1/r dependency. The same pattern is visible at all heliocedisi@mnces studied
out to 4 AU, with decreasing absolute values due to the detrg@as production rate with
increasing heliocentric distance.

A more comprehensive model including the interaction wite solar wind and the inter-
planetary magnetic field is needed in order to model a motestiedaon density distribution
within the cometary ionosphere. The above approximatideeet gives reasonable orders of
magnitude of the cometary contribution to the ion columnsitgnwhich is the quantity that
can be measured with the RSI experiment, if the ion denstiesarge enough.
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Figure6.13:  Number density of ions at various heliocentric distancasyigrical solution of Equa-
tion (6.19)

6.5.3 Conclusions

In relation to the ion pile-up region observed at 1P/Halleg san conclude from these cal-
culations that a similar pile-up of ions at 67P/Churyumaer&simenko or 46P/Wirtanen is
not expected. The steep rising of the electron temperatofédgoat the TEC does not result
in a significant change of the ion density. The full solutidriree continuity equation with-
out the assumption of photochemical equilibrium does natiufiee this pile-up. If at comets
67P/Churyumov-Gerasimenko or 46P/Wirtanen an ion pilésugbserved at all then other
explanations, like locally enhanced ionization processedynamic effects, will be needed.
The electron temperature profiles considered here haveaomgyy minor effect on the ion
distribution within the coma for the scenario of case 2.
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The total column density along the comet-sun axis as

derived from the results in Section 6.5.2 are listed in rncolumn density]
Table 6.3. These are integrated densities from the sur- | 1ay] [cm2]

face out to 16 km cometocentric distance, which is 13 9.1 100

a rough estimate of the cometary contribution to the | 1 g 4.6 x 1010
plasma content along the comet-sun axis. 20 6.9 x 10°°
No strong effects on the carrier signal are expected in | > g 7.0x 10°8
relation to RSI in general. The sensitivity of RSI for 3.0 4.5 % 1007
variations of the electron content in the line of sight 35 17 % 106

is of the order of 102 hexem at one second integra- 4.0 3.7 % 1004

tion time [Patzold et al, 2000], with 1 hexem= 102
cm2. The sensitivity of RSI to determine the totai@dle 6.3:  Estimated column densi-
electron content in the line of sight is of the order §fs of ions (electrons) from the surface
1 hexem. The relative velocity between spacecraft g9 the comet-sun axis for various
. . heliocentric distances, see text for de-
comet is relatively low (of the order of m/®ftzold
et al, 2001]) when compared with flyby velocities otTa”S
other cometary missions (of the order of km/s). The vamatbthe electron content in the
line of sight is therefore expected to result from the vasrabf the plasma density in the
cometary coma and not from the changing observational gegnide variation of the elec-
tron content in the line of sight of the carrier signal can beamed with RSI, if the orbit of
the spacecraft has a favorable geometry for this objecEwelipses of the spacecraft are the
most promising scenarios to determine column densities.

Apart from the simplifying assumption of spherical symryggtine global gas production rate
Qg may also vary with time. With the assumed radial outflow vityoof v, ~ 1 km/s, the
distribution of the neutral gas at 4&m distance reflects the gas production~ofl0 days
earlier. The variation oQg with time may therefore have an effect on in-situ measurésnen
of the ion density which is not accounted for in the model.sTgrioblem has also been noted
by e.g.Huddleston et al[1993].

A three-dimensional MHD-model would be required to cover bnosphere in more detail
without many of the limiting assumptions. This is beyond skiepe of this work. Since the
detectability of the ionosphere with RSI will be a challergtask, the detailed structure of
the ionosphere is not studied here.

6.6 Interaction with the Solar Wind

The comet - solar wind interaction is studied in this sectidhe solar wind is mass loaded
and various plasma features in the cometary environmentoameed. Standoff distances
for the bow shock, the collisionopause and the cavity ser@e derived. They strongly
depend on the heliocentric distance and cometary actiityne-fluid MHD approach is
used to estimate the size of the interaction regions, afthdhis approach simplifies the
multi-fluid environment, as has been pointed out by 8ayier et al[1990]. However, with
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the MHD approach an estimate of the size of the main plasmadavies is possible, as has
been shown at comets 1P/Halley and 26P/Grigg-SkjellerupreMetailed simulations of the
plasma environment with a multi-fluid model can be found g 8auer et al[1996] orSauer
and Dubinin[1999].

6.6.1 Cometary Pick-up lons in the Solar Wind

Neutral cometary particles are ionized by solar UV radradod added to the ambient solar
wind plasma. These freshly ionized cometary particles fgatBnsity, momentum and en-
ergy of the plasma flow. This process is calledss loadingr pick-up In a reference frame
at rest with the interplanetary magnetic field the pick-upcess depends on the orientation
of the velocity of the cometary ions. For a perpendiculagmation, the pick-up is controlled
by the macroscopic fields and an adiabatic approximation avitatio of the specific heat of
y= 2 can be adopted. If the orientation is oblique, the distrdvuof the injected particles is
isotropized and plasma instabilities dominate the coggdbetween cometary and solar wind
ions. The ratio of specific heats beconyes 5/3 in that scenario (see e glammer[1991]
for more details).

The pick up process is handled as simple as possible in thig we. that the ions are imme-
diately embedded in the solar wind flow, with a perpendicalantation between the solar
wind velocity and the interplanetary magnetic field. Onlg tontribution of the mass of the
ionized patrticle is considered.

The mass flux ratio is denoted herexas pv/pswsw, With the unperturbed mass flux of the
solar windpswsw. Biermann et al[1967] determined a critical value of = 4/3 for the
mass flux ratio, at which thmass loadedr contaminatedolar wind forms a shock. From
numerical models values af = 1.185 fory= 2 andx; = 1.323 fory = 5/3 were obtained
for a sonic Mach number dfl ~ 2 at the shock frontHlammer 1991].

Following Craveng[1989] andHuddleston et al[1990], a single species of ions moving ra-
dially outward from the nucleus at a constant velogjtis assumed. The velocity of the ions
v; is assumed to be similar to the outflow velocity of the newgesv,, ~ 1 km/s. A constant
photoionization rate, depending on the solar activity, emiaistant charge exchange and col
lisional ionization rates, which depend on the instantasesmlar wind flux, are applied. The
total ionization ratd; is given in Section 6.4.5. The density of cometary neutrdigas n,

is given in Equation (6.7).

Sincev; < Vsy, only the mass of the freshly ionized cometary particlesrdoutes signifi-
cantly to the mass flux. The cometary ion flux along the comateis at poinkg can then
be derived by integrating the ion production rate back akbiegaxis, which is assumed to be
the trajectory of the implanted ions:

M X0 41[Vn r2 X ( > ’ ( )

wheredSis the integration path.
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The total ion mass flux along the comet-sun axis is then giyethé solar wind component
and the cometary pickup ion source:

PV = PswVsw+ PiVi , (6.21)

or in terms of the mass flux ratio (or normalized mass flux):

pv 14 nvi m

PswVsw NswVsw Msw

(6.22)

where the ions of the comet are assumed to be of the water gvithi@an effective mass
m; = 20 amu, and the solar wind protons plus alpha particles &mntasms, = 1.15 amu
[Huddleston et a).1992]. The mass flux ratio along the comet-sun axis can nodeber-
mined by applying Equations (6.20) and (6.22).

6.6.2 Bow Shock / Bow Wave

Biermann et al[1967] predict steady-state mass loading with cometarg mslong as the
normalized mass flux stays below a critical value. When thiealvalue is reached, a shock
forms upstream of the comet, which diverts the flow aroundctiraet. Numerical simula-
tions by e.g.Schmidt and Wegmar{t982] show that a shock wave with the Mach number
M = 2 forms in the contaminated solar wind at a cometocentri@dce that corresponds to
a critical value ofxc = 1.185. In a MHD model applied to comet 26P/Grigg-Skjellerug th
results for the Mach number vary betwedn~ 1.4 andM ~ 1.7 [Schmidt et a].1993]. The
resulting critical value for the mass fluxxg = 1.09 for a specific heat ratio gf= 2 for the
plasma.

Wallis [1973] discusses a weakly-shocked plasma flow and argueghiboionization and
charge exchange can gradually and smoothly decelerateolfieveind without the forma-
tion of a shock in certain configurations. The tebmw waveor bow wave transitiorap-
peared as a description of crossings of a spacecraft intmégmnetic sheath region without
clear identifications of a shock, as observed at the inborajdctory of GOTTO at comet
26P/Grigg-Skjellerup, for examplé&lpubauer et a).1993;Reme et al.1993]. In the work of
Sauer et al[1990] the transition at 1P/Halley is described with a miflitid approach, which
agrees well with the measurements. The plasma interacfioveakly outgassing comets
(Qg < 5x 10?6 1/s) with the solar wind is also modeled Bpgdanov et al[1996], who
conclude that no bow shock will appear under such conditidimés would apply to comet
67P/Churyumov-Gerasimenko beyord® AU (see Figure 4.7).

In the simplified model of the bow shock used in this work, $sumed that the solar wind
flow is one-dimensional. It is therefore not deflected frogrottiginal direction, and the speed
is determined by the ions picked up along the streamline ahfynthe flow on neighboring
streamlines.

The density of the neutral gas is derived from Equation (@iff) the assumption of spherical
expansion and constant radial outflow veloaityof the neutral particles, taking into account
a loss due to photoionization with a ratelpfThe normalized mass flux is then calculated by
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combining Equations (6.20) and (6.22)dleev et al.1985]:

i1 —r')
2;1%_&/'”_28)('3( r')dr'
r

4TV PswVsw Vn

Qg my I [l (—rli> [ <I’|i>1
=1+ — |-ex ——EB|— , 6.23
A0V psaven |1 P\ v ) " ve W (6.23)
where the exponential integrl (x) = —Ei(—x) can be found in standard mathematical ta-
bles, e.g.Abramowitz and Stegupi970]. A solution of Equation (6.23) for the standoff

distance of the bow shodRs can not be expressed in a simple form. The standoff distance
Rg can be found by deriving the distance at which X; for a given shock strength.

If the standoff distance of the bow shoBk is assumed to be much less than the ionization
scale length £ = v,/1;), the exponential term in Equation 6.7 can be neglected auodtion
(6.23) reduces taHiermann et al.1967]:

g 14 2mh 1 (6.24)
AT Vi PswVsw T
The standoff distance of the bow shoRk can now be found for a specified valuexgfin
Equation (6.24):
Rs — Qg M |iA

ATT Vi PswVsw [Xe — 1
The condition for a fully developed quasi-perpendicularatis thatRg is larger than at least
an ion gyroradius at the shock front. A typically gyroradisisf the order of 1&km at 1 AU
and 1¢ km at 4 AU [Flammer 1991].

(6.25)

The variation with heliocentric distance 8 depends on the heliocentric distance varia-
tions of Qg, li and pswsw, Which are described in earlier sections. The results foneto
67P/Churyumov-Gerasimenko are plotted in Figure 6.14. apmied critical value of the
normalized mass flux i&. = 1.185, which is the recommended value for a shock Mach num-
ber of M &~ 2 and a specific heat ratio gt 2 [Flammer 1991].

6.6.3 Collisionopause and Magnetic Pile-Up Boundary

Three plasma discontinuities were expected prior to theditsounters at comets. The bow
shock/bow wave, the cavity surface, and an inner shock, ethweflection of the outflowing
cometary plasma toward the downstream region ocedlis and Dryer 1976]. These fea-
tures are also shown in Figure 6.1. An inner shock has not bleserved at 1P/Halley, which
was theoretically explained later on. A piling up of comgtams just inside the cavity sur-
face resulting in an enhanced electron - ion recombinatitswith the plasma being neutral-
ized instead of flowing downstream has been suggestédyend1989] as an explanation.
See e.gFlammer[1991] for more details. An additional boundary was detgettr ~ 10°
km distance byGringauz et al[1986b;a], which was named theometopauseand seems to
coincide with the predicted so calledllisionopausde.g.Mendis et al[1986; 1989]). The
data from \EGA observations were interpreted as indicating an increasenretary ion den-
sity, decrease of proton density, heating of protons, amagé of flow directionGoldstein
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et al.[1992] point out that observations by@ TO are inconclusive concerning this bound-
ary layer. A magnetic pile-up boundary (MPBias been observed by the magnetometer in
this region Neubauey 1987], which was referred to as the cometopause byRege et al.
[1987]. After arguments against the BéA-like’ concept of a cometopaus&gme et al.
1994], at least the MPB seems to be an established intrinsietary featureNlazelle et al,
1995], since it was also observed byd@T0 at comet 26P/Grigg-Skjellerupleubauer et aJ.
1993]. It is therefore distinguished only between a callsipause and a MPB and the name
cometopauses not used in this work. The region of the collisionopauss wadeled with a
multi-fluid approach by e.gSauer et al[1990], who are able to explain many observations
and argue that cometary shocks in the ideal MHD sense do rsit ex

However, the collisionopause can be viewed as a transitimm the collisionless plasma
flow to a flow dominated by collisions with the outflowing neal&. The strong deceleration
of the solar wind is expected to occur at a cometocentri@adcs along the comet-sun axis
of [Mendis et al. 1986]:

0 Qg

ATV,

Rel (6.26)
whereo is the collision cross-section. Thus, R the total momentum transfer collision
mean free path between the average ion in the inflowing cantded solar wind and the out-
flowing cometary neutrals is equal to the radial distance distance of the collisionopause
may be chemically separated for different species, sineentbmentum transfer collision
cross-sections are different for different ionsGringauz et al. 198@)]. The range for typ-
ical values ofo given byMendis et al[1986] iso ~ (2 —3.5) x 1071° cn?. The subsolar
distance of a collisionopause is estimated by applying aevafo ~ 3 x 10~1° cn.

The collisionopause is supposed to be relatively sharmcesed with the increasing effi-
ciency of the momentum transfer between the ions and thealgulue to the continuously
decreasing relative velocity at the collisionopauge 1989]. However, during the IBTTO
observations this transition was not as sharp as duringége Wbservation8flsiger et al,
1986] and also a sudden jump in the magnetic field was obs¢Newabauer et a).1986],
which was not observed by theE¢A 1 and 2 spacecrafRjiedler et al, 1986]. It has also
been noted by various authors before the 1P/Halley missi@tthe charge exchange effect
may play a major role in this interaction regiovgllis and Ong1975;Ip and Axford 1982;
Galeev et al.1985].

The MPB was observed by IGTTO at comets 1P/Halley and 26P/Grigg-Skjellerup (e.g.
Neubauer{1987]; Neubauer et al[1993]). It appears as a sharp increase in the magnetic
field magnitude, and marks the outer boundary of the inducaghetosphere of the comet
where the field line draping becomes efficient in additiorh®pile-up effectfMazelle et al.
1995]. The sharpness was different in inbound and outborossings, therefore the detailed
nature of this boundary is still under discussion and thees to be no simple way to es-
timate the standoff distance of this feature at other comtsomet 26P/Grigg-Skjellerup,
which had an estimated gas production rate .@>610°’ s~1, the magnetic pile-up region
was observed at a length of 2500 km along the1G o trajectory Neubauer et aJ.1993]
(the closest approach was at less than 200 @nmefisemann and Schwehi®93]). If comet
67P/Churyumov-Gerasimenko reaches the same gas praduet® around perihelion, a
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magnetic pile-up region of comparable size has to be exgeéier larger heliocentric dis-
tances a more sophisticated model has to be developed twiptieel size of the magnetic
pile-up region.

6.6.4 Cavity Surface / lonopause

Inside the collisionopause, the solar wind is rapidly dexkd and chemical reactions and
dissociative recombination become important. This alad$do an increase of the magnetic
field strength and the magnetic barrier region is formed @/hige solar wind plasma pressure
is converted to magnetic pressure. When the outgassingoisgsenough the build up of
the magnetic barrier terminates at the cavity surface, evkilee dominant radial forces on
a plasma element in this region are balanced, namely theréhtieected magnetid x B-
force and the outward ion-neutral frictional force (eCgaveng1991b]). A region of plasma
particles of purely cometary origin is created inside thatgasurface. As a non-magnetized
body, the inner region of the cometary coma has no magnelitdigd is called magnetic
cavity. In the real 3D case, slippage of magnetic flux tubessacthe flanks of the cavity
attenuates the build up of the magnetic barrier and thexe&ddimic dissipation of currents is
expected to be important in this regidéndis et al. 1986]. The inner edge of the magnetic
barrier has been namewmntact surface, cavity surfacg ionopause As Neubauer{1988]
points out, the name contact surface may be misleading giieboundary can be described
as tangential discontinuity and not as contact discortynisee e.gLandau and Lifschitz
[1967]). The term cavity surface will be used in this work. Amber of models study the
plasma environment of comets and derive the important geasethat lead to the magnetic
cavity, see e.gMendis et al.[1986]; Baumgirtel and Sauef1987]; Ip and Axford[1990];
Craveng1989; 1991].

Neubauef1988] suggests that a pressure gradient at the cavitycunfiay also contribute to
the equilibrium of forces. A possible increase of the sunhefibn and electron temperatures
Te+ T would create such a gradient. Magnetic field reconnectiaisgsissed by e.dNiedner,

Jr. [1984] is mentioned as a possible heating mechanism.

When adding the momentum equations for all species, negieetass loading and gravity,
one obtains a single fluid momentum equation for the bulk fl@loeity v (e.g. Cravens

[19910]):

dv
pa = IJxB—-0O(pe+ pi) — pVin(V—Vn) (6.27)

wherep = min; + megne is the plasma mass densiwy, is the ion-neutral momentum transfer
collision frequencype and p; the electron and ion pressure awthe outflow velocity of
the neutrals. Using Ampére’s law] x B = ppJ, the J x B-force can be separated into a
magnetic pressure gradient foreél(B?/2uo) and a curvature forcéB - OB /L), with the
permeability of spacgy = 4110’ H/m (e.g.Craveng1991b]). The ion-neutral momentum
transfer collision frequency can be writtervas= kp n,,, wherekp is the ion-neutral collision
rate coefficient. Thél,O drag onHsO™ is estimated bjvlendis et al[1989] to bekp ~ 10~°
cm/s. They also estimate that this drag is comparable to or krger than that between
H,O andH,O". An additional mass loading term was included in the mommaribalance
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equation byHaerende[1987], which produces only secondary effec@sdvens 1991b] and
will be neglected here.

The aim here is an estimate of the cometocentric distandeeatdvity surface with respect
to the heliocentric distance of the comet. A region of stagmald plasma in which the
magnetic field is amplified and all of the solar wind ram presss converted to magnetic
pressure is assumed, neglecting curvature effects anchiigtéhe magnetic field strengBy

in that region as (e.glg and Axford 1990]):

2
2%50 = NewMsuV2y - (6.28)
Analytical expressions for the field strendgdr) at the cavity surface and the cometocen-
tric distance of the cavity surface have been obtained bgraeauthors by integrating the
simplified form of the momentum equation (6.27) and usuajlyabsuming photochemical
equilibrium at the corresponding distance to derive ion bendensities, see e.lylendis

et al. [1989]; Flammer[1991]; Cravens[1991b]. Since the assumption of photochemi-
cal equilibrium is not necessarily applicable at comets/6hBryumov-Gerasimenko and
46P/Wirtanen, as has been shown in Section 6.5.1, the discusflp and Axford[1990] is
adopted and the location of the cavity surfé&g is derived as follows:

At the point whereBs reaches its maximunmdBs/dr = 0) it is assumed that the frictional
momentum on the plasma due to the radial outflowing neutradstt be balanced by the
curvature forcelp and Axford 1990]:

2
S

Ho Res
The radius of the curvature is assumed to be similar to thalrdidtance. The number density
of the neutrals, is derived from Equation (6.7) with neglection of the expaired term for
simplicity, since it is expected th& s < v,/l;. It follows:

_ Hokp Qg mi n;
T 4mB2 ’

with the mean mass of a cometary imnand the ion number density as derived in Section
6.5.2. The condition for a well defined cavity surface is fRagis larger than the gyroradius
of the ions in that region, which is of the order?ln [Flammer 1991].

Res (6.30)

One main concern about the cavity surface is the stabilithisf feature. Various authors
argue that the ion-neutral frictional force can be destahty and that MHD instabilities
might occur at the cavity surface (eMendis and Houpi$1982]; Ip and Axford[1988];
Craveng1991b]). On the other hand, d@rshkovich et al[1989] point out, recombination of
ions results in a plasma momentum loss and causes stabitizalthough this effect may not
be strong enough to quench the instability completely. Imaalysis of the stability of the
cavity surfaceErshkovich et al[1989] conclude that the cavity surface at 1P/Halley should
remain stable and that no effective penetration of magfietatinto the cavity should occur,
although possible destabilizing mechanisms do ekisand Axford[1990] conclude that the
cavity surface is stable when photoionization and recoation effects are accounted for. At
comet 67P/Churyumov-Gerasimenko it will therefore berggéng to study the development
of a stable cavity surface.
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Figure 6.14: Standoff distances of the interaction regions with the rsoland at comets
67P/Churyumov-Gerasimenko and 46P/Wirtanen

6.6.5 Results for 67P/Churyumov-Gerasimenko and 46P/Wignen

The resulting sizes along the comet-sun axis of the maindoten regions for comets
67P/Churyumov-Gerasimenko and 46P/Wirtanen are plottdéigure 6.14. The sizes are
derived as described in the Sections 6.6.2, 6.6.3 and 6.B differences between the
comets appear due to different gas production rates (se®®$dc5) and different ionization
rates (solar minimum conditions at 67P/Churyumov-Gerasko and maximum conditions
at 46P/Wirtanen , see Section 6.3).

The collisionopause depends only on cometary parametdtsrefore does not vary with
solar wind conditions and should remain relatively stablesaticular heliocentric distances.
It is plotted with dotted lines in Figure 6.14. The bow shocokl @ahe cavity surface depend
on solar wind conditions. The plotted standoff distancesdfore are distances expected for
average solar wind conditions in the ecliptical plane. Tbokrswind parameters at 1 AU
adopted here amy = 5 cnT 3 andvs, = 350 km/s, see Section 6.2 for reference. Dashed
lines indicate unrealistic sizes of the features, i.e. wienstandoff distance is larger than
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the respective estimate of the ion gyroradius. Particuldue size of the magnetic cavity is
so small at both comets that it remains questionable whétigefeature will fully develop at
all.

Comet 67P/Churyumov-Gerasimenko :

At 1.3 AU, the cavity surface is nominally locatedRd¢s= 40 km subsolar distance (Figure
6.14(a)), which makes its appearance questionable. Tamistf distance is slightly less
than the estimated cavity surface standoff distance at t@8r/Grigg-Skjellerup at.01
AU: 60— 80 km [Huddleston et a).1992]. This is probably caused by the larger perihelion
distance of 67P/Churyumov-Gerasimenko and smaller iorsitles at the cavity surface,
sinceHuddleston et al[1992] use a formula foRcs, where photochemical equilibrium is
assumed.

The estimated subsolar standoff distance of the bow sho&l3aU is Rg ~ 7 x 10° km,
slightly less than the observed distance at 26P/Griggh8kip (Rs ~ 2 x 10* km [Neubauer
et al, 1993]). This is a result of the weaker gas production of €hRfyumov-Gerasimenko
and probably also due to differences in the assumed solar @anditions. The standoff dis-
tance is clearly less than the ionization scale length arslthierefore reasonable to apply
Equation (6.25).

The standoff distances of the cavity surface and the bowkstecrease quickly with in-
creasing heliocentric distances. An appearance of a feNelbped bow shock is therefore
not expected outside 2 AU. Bow shock and cavity surface are therefore not expeatéue
time when RSETTA is planned to reach comet 67P/Churyumov-Gerasimenko&b AU
heliocentric distance.

Comet 46P/Wirtanen :

The features at 46P/Wirtanen appear at larger cometocetstances at the corresponding
heliocentric distance (Figure 6.14(b)). As mentioned &hdtivis is caused by larger gas pro-
duction rates and different solar conditions. The feattinesefore have a better chance to
fully develop at comet 46P/Wirtanen. The bow shock mightesppnside~ 2.5 AU and

is located aiRg ~ 4.5 x 10* km at perihelion. The cavity surface has a subsolar standoff
distance ofRcs~ 200 km at perihelion. A larger gas production rate and ion Inemaden-
sity are the main reasons for the larger standoff distan@nvwompared with the result for
comet 67P/Churyumov-Gerasimenko. The standoff distaotése cavity surface and the
collisionopause have similar values close to periheliof6®/Wirtanen. This is an artificial
result, because the ion number density at perihelion of tdéie/Wirtanen was derived with
the maximum of the observed gas production rates, while #sepgoduction rate for the
estimation of the distance of the collisionopause was ddrfkxom Equation (4.26).

A variation of the solar wind parameters changes the pasitiothe bow shock and the
cavity surface. Increasing the number density in the solad\Wy a factor of two halves the
standoff distances of bow shock and cavity surface. A vditiabf at least a factor of 2 must
be expected in the parameters of the solar wind in the ecdipgilane for the heliocentric
distances considered here. The indicated distances imeFgli4 are therefore estimates for
average solar wind conditions.
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6.7 Transient Solar Events

In this section the effects on the cometary environment ofestransient solar events are dis-
cussed. Solar flares enhance the radiative solar outpuhandrization frequency respec-
tively, and therefore can change the interaction patteth thie solar wind due to enhanced
cometary plasma densities, which will be briefly discusseldw. The effects of enhanced
flux of energetic particles in the solar wind due to solar #aoa the cometary environ-
ment will not be studied in this work. Interplanetary coromeass ejections usually feature
enhanced plasma densities, larger plasma velocities amhead magnetic field strength,
which has an effect on the global interaction pattern of themet with the solar wind, as
will be presented below. Flares and CMEs occur more oftemnduhe maxima of the solar
activity cycle. Therefore the mission scenario at cometWsRanen would be more conve-
nient for observations than the mission scenario at contet@uryumov-Gerasimenko (see
Section 6.3).

6.7.1 Solar Flares

Solar flares are generally described as transient energgses in sunspot regions. They fea-
ture enhanced radiation across the electromagnetic speetnd release energetic particles
into the interplanetary space. It is distinguished betwie®ulsive and gradual flares. Fully
developed flares combine these basic types and featureldari®ss increase (typically sev-
eral minutes long, the 'impulsive’ or ’flash’ phase), withrbts iny-rays, x-rays, EUV and
microwave radiation, followed by a slow decay (30 minutekdars long, ‘'main’ or 'decay’
phase). Large flares may be visible in the optical range agewight’ flares [Stix 1989].

Satellite observations of flare emissions are made in éiffiespectral bands: usuabyray,
EUV, UV and optical. The EUV and UV bands are interesting ia tontext of enhanced
ionization frequencies at comets. Typically, the energy éiiflares peaks with a normalized
value of 11— 1.6 [Horan et al, 1983]. Some flares might even reach a factor ef2of the
normal energy flux, which has been observed at differenbbefitric distanced{oran et al,
1982;Kazachevskaya et all990;Neidig et al, 1994].

When modeling effects of solar flares on the cometary enuent, the ionization rate can

be increased by a factor of-23 for a particular time period in the order of the flare dunatio

This results in transient increased ion densities. Thesas®d ion densities would mainly
effect the standoff distance of the cavity surface and theneo density of ions and electrons.
Since the appearance of the cavity surface is questionafdethe timescales of the activity
of flares is relatively short, further studies were not @trout. Effects on RSI are expected
to be minor.

The enhanced ionization rate can also increase the stathidtzfhce of the bow shock, which

is plotted in Figure 6.15 for an ionization rate increasea ffigctor of three. The real effect of

a flare on the bow shock distance is expected to be much spthlketo the small timescale

of the flare.



6.7 TRANSIENT SOLAR EVENTS 99

6.7.2 Coronal Mass Ejections

Coronal Mass Ejections (CMES) are large explosion-likenevén the solar corona that usu-
ally have curvilinear shapes, suggesting magneticallyezlaegions that are eruptively blown
out. They apparently result from a restructuring procesaagnetic fields in the low corona.
Their spatial distribution varies with solar activity, ardng at all solar latitudes during so-
lar maximum and mainly in equatorial regions during solanimum. The rate of CMEs
depends on the sensitivity of the coronograph used. Olsemgaby the ®HO LASCO in-
strument indicate a rate of about 0.8 CMESs per day at solaimaim and about an order of
magnitude larger during a solar activity maximubahg, 2001].

When ICMEs (Interplanetary CMES) are observed in situ, theyusually identified from
several plasma signatures, e.g. the presence of bidinattialo electrons, high alpha/proton
density ratios or low proton temperatures. They are oftencoent with magnetic clouds,
which feature high magnetic field intensities and a rotabbthe IMF by ~ 180° [Smith
et al, 2001]. A large event with a high level of transient actiwias observed e.g. around
14 July 2000, which was naméthe Bastille Day EventThe observed transit speed of the
Bastille Day shock at 1 AU was 1480 kmi‘s[Watari et al, 2001].

In order to model effects of ICMEs on the cometary environtr(esee Section 6.7.3), the
number density of the solar wind plasma is enhanced by arfatten and the solar wind
velocity by a factor of two, which is consistent with obsdieas of CMEs at 1 AU (see e.g.
Smith et al[2001]). For larger heliocentric distances the jump in tetoeity has decreased,
as is noted by e.durlaga et al.[2001]. Since the model is only applied to the comet - solar
wind interaction inside- 2.5 AU, this effect is neglected. Results are included in Fegud5.

6.7.3 Possible Effects on Radio Science

The transient events discussed here are expected to odtua Wwigher probability at comet
46P/Wirtanen, since the proposed mission scenario takee pluring or shortly after solar
maximum, while the proposed mission scenario at comet @R¥@mov-Gerasimenko is
expected to take place in solar minimum conditions (see@e6t3).

ICMEs are known to have an effect on the carrier signal angilgheuld therefore be carefully
monitored. However, the effects on the cometary envirorrttext are measurable with RSI
are expected to be small, so that special strategies aresémdetect them. SincedRETTA

is intended to have a relatively low orbit velocity, fluctoais of the plasma boundaries will
only be visible when the considered feature (e.g. cavitfaseror bow wave) sweeps across
the carrier signal in a favourable observational geometiyis is not expected to happen
when the spacecraft is in low orbit around the nucleus. ©nbith a large cometocentric
distance might be a possibility to detect plasma boundansRSI.

In Figure 6.15 the derived standoff distances of the bow Islaoe plotted. The line in the
center (solid + dashed) is the same as in Figure 6.14. Itabekcthe average position of
the bow shock during undisturbed solar wind conditions. @tditional nominal standoff
distances of the bow shock during ICME conditions in therseiad (the lower dotted line)
and during conditions produced by a solar flare (the uppéeddne) are plotted. With ICME
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Figure6.15: Nominal standoff distances of the bow shock at comet 67FPyamov-Gerasimenko
(solid + dashed line), additional standoff distances of lwev shock during flare conditions (upper
dotted line), and with CME conditions (lower dotted line)

conditions, the bow shock shifts closer to the comet by abauirder of magnitude, which
is mainly due to the factor ten enhancement in assumed pldensities. Such conditions
are only applicable during a particular (small) time franfdne lower dotted line therefore
represents the standoff distance of the bow shock for a sinoet period only. After the
ICME has passed the comet, the bow shock will return to theageestandoff distance that
matches undisturbed solar wind conditions. The cavityagarfwould also shift about an
order of magnitude and then reaches the surface of the caiet) is therefore not included
in Figure 6.15.

When the ionization rate at the comet incerases due to aflokarthe standoff distance of the
bow shock also increases. Effects of a factor of 3 increas@dation rates are represented
by the upper dotted line in Figure 6.15. The standoff distasfthe bow shock therefore has
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the ability to shift by more than an order of magnitude wite tssumed variability in the
solar wind conditions.

Transient solar events will be interesting to study, buirtefects on the cometary environ-
ment may be difficult to detect by radio science alone. If feomeasurements at earth are
able to monitor the solar CME activity, RSI may be able to régach events in the line of
sight.
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CHAPTER 7

DISCUSSION AND OUTLOOK

The comprehensive model of a comet and its environment dpgdlhere allows the estimate
of many physical parameters that can be expected when agypngacomet 67P/Churyumov-
Gerasimenko with the ®ETTA spacecraft. The main focus of this work is the variation of
the physical conditions with the variation of the heliocentistance of the comet. Many
involved parameters have large uncertainties, the resdttherefore general estimates of the
physical conditions to be expected. The special requiréneepredict effects on the radio
science experiment RSI ondRETTA led to the simplification of some involved physical
processes.

The modeling of the heat diffusion within the cometary nuslés needed for the character-
ization of the physical conditions on the surface with respe the heliocentric distance of
the comet. The focus of the modeling is the determinationadlland global gas production
rates of the comet. The possible variation of the involvadupeeters leads to a wide range of
possible results. The variation of the composition of thelews, its porosity and the effective
thermal conductivity within reasonable limits leads to deaange of possible gas production
rates. The model results are compared with remote obsemngatif gas production rates of
comets 67P/Churyumov-Gerasimenko and 46P/Wirtanen ier aodevaluate the applicabil-
ity of the considered set of parameters. It is shown that #cpdar set of parameters does not
result in a unique behavior of the sublimation rate withdwdintric distance. In particular the
obliquity of the spin axis of the cometary nucleus might hamemportant effect on the ther-
mal behavior of the cometary nucleus. The thermal modekisioted to spherical shapes of
cometary nuclei, since the shapes of comets 67P/Churyuyseoasimenko or 46P/Wirtanen
are not known to date. Another constraint is the homogeméitige material, which has the
advantage of minimizing computational resources, but wpiobably has to be changed in
future work. The thermal model provides temperatures andl Isublimation rates on the
assigned grid points on the surface of the nucleus. Thedepgints match the longitude
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and latitude position of the grid point at the inner boundairyhe hydrodynamic model of
the neutral gas coma. The results are in principle agreemiémtesults from other thermal
models, although published model results vary over a widgea The variation of the gas
production rate of comets 67P/Churyumov-Gerasimenko &rd\irtanen with heliocentric
distance is described with a fit to the respective model tesihis allows a fast first order
approximation of physical conditions in the environmentiefse comets.

The collision dominated regime of the neutral gas coma ottmet is modeled with a hy-
drodynamic approximation. A fully time dependent, thrémehsional hydrodynamic code,
the ZEus-code, is applied. The size of the hydrodynamic regime isneged by assuming
a spherically symmetric coma. The de-facto applicabibtganfirmed a-posteriori by com-
paring the resulting mean free path of the gas particles thigir respective cometocentric
distance. It turns out that the hydrodynamic regime propdbks not enclose the complete
cometary nucleus at heliocentric distances of approxipn&#®&U. The extent of the hydro-
dynamic regime becomes much larger when the comet appr@dlobesun, although it is
still possible that the night-side coma of a comet remainissamnless (see Appendix D.1).
The conditions at the inner radial boundary, at a distan@efefv mean free paths above the
surface of the nucleus, are determined in accordance watipithposed proceeding by e.g.
Crifo and Rodionoy1997a]. One important difference to the cited work is that the refiee
pressure used here is not the saturation pressure aboviaeesaf pure iceps(T), but the
saturation pressure adjusted with the icy area fraddgim order to account for the dust-ice
mixture present on the surface.

The model results correspond to the general appearanceratan/ comae as a radial ex-
panding gas with velocities of the order of a few hundred mgée second te- 1 km/s. A
restriction of the gas production to particular areas oncthraetary surface might produce
discontinuities in the flow that separate regions of diffiéreonditions. This applies to the
difference between the day-side and the night-side contheaxenarios at 67P/Churyumov-
Gerasimenko studied in this work indicate. It can also befacteof areas of different activity
(varying the amount of ice available for sublimation), ags ée work ofCrifo and Rodionov
[1997a] implies.

The gas mass flux within the coma yields an acceleration ofaeespaft in orbit around the
considered comet. This acceleration results in orbit peations that put the safety of the
ROSETTA mission at risk §chwinger 2001]. It can also perturb the measurement of the
higher order gravity coefficients, as eRftzold et al[2001] point out. The developed model
of the inner coma does provide an estimate of this perturfonge with respect to the po-
sition of the spacecraft within the coma and with respech&heliocentric distance. At a
heliocentric distance of 3 AU the resulting acceleratiothef spacecraft is comparable to or
larger than the acceleration due to solar radiation pressuen if only water ice is assumed
as ice component in the nucleus. The difference betweersid@yand night-side coma can
reach many orders of magnitude. At smaller heliocentritadises the gas mass flux will
probably perturb orbits with small orbital distances 10 km) in a way that the orbit can
become unbound.

The RSI experiment can also be affected by the ionized coergasf the cometary coma.
The absolute value of the total electron content in the lireght can be determined from the
differential propagation delay of a carrier signal in a tway mode. A phase shift of the fre-



105

guency of the carrier signal is expected when the radio wavpguates through an ionized
medium. The number density of ions (and electrons) is estichavith a one-dimensional
model of the cometary ionosphere in order to evaluate trexcetin the carrier signal. The
neutral gas coma is assumed to be spherically symmetridsmibdel. The variation of
the solar radiation with the solar activity cycle is taketoimccount. The state of solar
activity is estimated for the mission scenarios at comeBW&rtanen and 67P/Churyumov-
Gerasimenko. Since the assumption of photochemical équith is not necessarily applica-
ble at comets 67P/Churyumov-Gerasimenko and 46P/Wirtarare-dimensional continuity
equation for the plasma density is solved, neglecting tteraction with the solar wind and
assuming quasi-neutrality of the plasma. The electron &zatpre profile along the comet-
sun axis is assumed to be similar to the profile derived at tdfméHalley, but scaled to a
smaller comet and to larger heliocentric distances. Thiise by determining the position
of the thermal electron collisionopause (TEC). The elawtrare cooled to temperatures of
the order 18 K inside the TEC by collisions with neutral gas particleso®ipnization and
solar wind electrons produce an electron fluid in excess HKl6utside the TEC. The scale
size of the transition between these regimes is assumedguoriar to the estimates of the
scale size at 1P/Halley.

The resulting ion (end electron) densities in the cometamrenment are low so that the
possibility of a survey with RSI remains questionable. Acspleorbit strategy is needed for
the determination of the electron content, with a transeectltation of the spacecraft by the
comet probably being the most promising scenario.

The standoff distances of various plasma boundaries tipatsayin the interaction with the so-
lar wind are also estimated. The distances of the bow shatkencavity surface are derived
with magneto-hydrodynamic principles, as successfulpliad e.g. at comet 1P/Halley and
at 26P/Grigg-Skjellerup (only the bow shock has been detelsere). The variation of the
standoff distances with heliocentric distance is caladai he variation of the solar wind pa-
rameters with heliocentric distance is also taken care loé& résults indicate a much smaller
scale size of the interaction pattern when compared withetdiR/Halley, and a similar or
slightly smaller size when compared with comet 26P/GriggelBerup. A detection with the
RSI experiment might be possible when transient solar sysnth as solar flares or coronal
mass ejections, move these boundaries across the poditioe gpacecraft or across the line
of sight between spacecraft and ground station. In suchreasodat might be challenging to
distinguish between the effect of the transient solar eNself and the effect of the cometary
contribution on the carrier signal.

The general conclusion concerning RSI is that the neutrabowill have the largest effect on
the carrier signal, probably masking the effects of the @igirder gravity coefficients. The
orbit strategy for RSETTA needs to be carefully developed not only to accomplish tlesmsc
tific objectives of RSI, but also to minimize the resultingkrifor the complete mission. The
effect of the ionized coma is expected to be very small ancefbee also needs a favorable
orbital strategy to be surveyed.

Future work should include different shapes of cometaryaiu€he effort for the heat diffu-
sion model of the nucleus probably involves mainly the comgtion of more computational
resources. The effect on the model of the neutral gas corharsaccounted for by applying
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the results of the nucleus model as inner radial boundargitons. A three-dimensional
grid that matches the actual shape of the nucleus then neduks defined. The effect of
gas jets within the cometary coma needs also to be evaludted. can also be achieved
by modifying the heat diffusion model of the nucleus. Theditans at each position of a
one-dimensional model can therefore be varied.

Detailed models of the conditions at 67P/Churyumov-Garasko or 46P/Wirtanen are only
possible when many parameters of their nuclei are detedningreater detail. The know-
ledge of the shape of the nucleus, as well as the compositibe aucleus and the orientation
of the spin axis and spin period will improve the accuracyhaf ¢xisting models. This will
probably not be possible untildSETTA reaches its target. At this time the real challenge for
the modeling begins, because many parameters will be defiiteca much better accuracy
and the model results can be verified or discarded by measuatemUp to then the models
can be used to develop an optimized orbital strategy fsR TA.



CHAPTER 8

ZUSAMMENFASSUNG

Das in dieser Arbeit entwickelte Modell eines Kometen uniheseUmgebung ermoglicht
die Einschatzung der in der Kometenumgebung zu erwarteplgsikalischen Verhaltnisse.
Motiviert ist diese Arbeit durch die derzeitige Vorbereiguder ROSETTA Mission und ins-
besondere des Experimentes zur Radiosondierung am KorfR&n= Radio Science In-
vestigations). RSETTA wird nach dem fur Februar 2004 geplanten Start den Kometen
67P/Churyumov-Gerasimenko ansteuern und diesen aufrdgm&aufbahn tber mehrere
Monate begleiten. Der Komet 46P/Wirtanen ist als Ersa&t-orgesehen, falls es bei dem
Starttermin erneut Probleme geben sollte.

Die prinzipielle Motivation der RSETTA Mission ist die Untersuchung des Ursprunges von
Kometen, der Bedeutung von Kometen bei der Entstehung dasefieystems und der Be-
ziehung zwischen Kometen und der interstellaren Materiee vidchtigsten wissenschaft-
lichen Ziele des RSI-Experimentes beinhalten die Bestingrdes kometaren Gravitations-
feldes, Untersuchung des Kometenkerns, der Neutralgasaksowie der Plasmaumgebung
des Kometen. In dieser Arbeit wird mit der globalen Modellieg des Kometen die Gros-
senordnung der zu erwartenden Effekte auf das Radiosi@ged abgeschatzt. Dies dient
nicht nur der Einschatzung der Wichtigkeit der einzelndielEe, sondern liefert auch die
Moglichkeit eine sinnvolle Strategie bei der konkretersMonsplanung zu entwickeln.

Viele der involvierten Parameter sind derzeit nur sehr nagebekannt, da Kometen bisher
nicht direkt untersucht werden konnten. Die wichtigstegdbnisse sind vom Kometen

1P/Halley bekannt, der 1986 von mehreren Raumfahrzeugtemsucht wurde. Die grofdte

Annaherung erfolgte dabei durch die Missioro&To, die in einer Entfernung von unter 600
km den Kometenkern vorbei geflogen ist.

Die Ergebnisse der Modellrechnungen konnen nur eine giadfinschatzung der physi-
kalischen Verhaltnisse liefern. Der Schwerpunkt diesdyeit liegt auf der Ermittlung der
Verhaltnisse bei Variation des heliozentrischen Abstgrdes Kometen. Die Kometenumge-
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bung wird im Wesentlichen durch das Sublimationsverhaltesn Kometenkerns bestimmt.
Dieses Verhalten wird mit einem eindimensionalen Warrfesionsmodell simuliert, wel-
ches unter Anderem lokale und globale Gasproduktionstaeschnet. Die mogliche Va-
riationsbreite der zu beriicksichtigenden Parameteugtzgine entsprechend grof3e Variati-
onsbreite in den Ergebnissen. So fuhrt zum Beispiel digat/an der chemischen Zusam-
mensetzung des Kometenkerns, der Porositat des Matedalsder effektiven Warmeleit-
fahigkeit zu Unterschieden in der sich ergebenden Gaspgtmohsrate, die durchaus mehr
als einen Faktor 10 betragen kdonnen. Um diese Unsicherheit minimieren, wird die
simulierte Gasproduktionsrate des Kometen mit Beobagsuaten von 67P/Churyumov-
Gerasimenko und 46P/Wirtanen verglichen. Mit diesem \échl wird also die Anwend-
barkeit der gewahlten Parameter Uberprift. Dabei wazkggt, dass ein Satz von gewahlten
Parametern keine einmaligen Ergebnisse in Bezug auf ddsfatilonsverhalten liefert, son-
dern dass ein ahnliches Verhalten auch auf andere Weisdisitnverden kann. So kann zum
Beispiel auch die Neigung der Rotationsachse gegen diedbeme des Kometen das Sub-
limationsverhalten stark beeinflussen. In dieser Arbeitwias Warmediffusionsmodell des
Kometen nur auf spharisch geformte Kometenkerne angestetiadie tatsachliche Form der
Kometenkerne von 67P/Churyumov-Gerasimenko und 46Pawért noch nicht bekannt ist.
Eine weitere Vereinfachung stellt die Annahme der Homagéies Materials dar, welche
den Vorteil einer effizienten Nutzung der zur Verfugunghsteden Computer-Ressourcen
fur zahlreiche Parameter-Studien bietet. Diese Veremfag wird mit steigender Entwick-
lungsstufe der Modelle in Zukunft nicht mehr sinnvoll sein.

Mit dem Warmediffusionsmodell werden Temperaturen unbligwationsraten an diskreten
Gitterpunkten auf der Oberflache des Kometenkernes beeeciDiese Gitterpunkte ent-
sprechen in ihrer Position bezuglich lokaler Langen- @meitengrade den innersten Git-
terpunkten des hydrodynamischen Modells der inneren Higiais-Koma. Die Ergebnisse
der Kernmodellierungen stimmen mit den Ergebnissen andléodelle prinzipiell Uberein.
Dabei ist zu beriicksichtigen, dass die bisher verofieintin Modelle grof3e Unterschiede in
den Ergebnissen aufweisen.

Die Abhangigkeit der Gasproduktionsrate der Kometen 6hBfyumov-Gerasimenko und
46P/Wirtanen vom heliozentrischen Abstand wird jeweils @emer Formel beschrieben, die
den Ergebnissen der modellierten Gasproduktionsrategpasgt ist. Mit einer solchen Ab-
schatzung lassen sich viele weitere physikalische Bealiggn in den Umgebungen dieser
Kometen zumindest grob einschatzen.

Der stoR3dominierte Bereich der Neutralgas-Koma wird mieei hydrodynamischen Mo-
dell simuliert. Dabei wird ein numerisches Modell verwendias die hydrodynamischen
Gleichungen in drei Dimensionen voll zeitabhangig I@ieses Modell hat den Nameteus
und wurde an deUniversity of lllinois im Laboratory of Computational Astrophysics, Na-
tional Center for Supercomputing Applicatioastwickelt. Der innere Rand des simulierten
Gebietes liegt dabei nicht unmittelbar auf der Oberflache idometenkernes, sondern be-
findet sich wenige mittlere freie Weglangen der abstréseanPartikel oberhalb, da die Ge-
schwindigkeitsverteilung der Teilchen in dieser Grenrddmicht einer Maxwell-Verteilung
entspricht. Erst wenn die Verteilung einer Maxwell-Veag entspricht, lasst sich der Be-
reich mit den makroskopischen Parametern der Hydrodynbeskhreiben.
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Die Grol3e des in dieser Arbeit simulierten Volumens isialzel und wird abhangig vom
Sublimationsverhalten des Kometenkerns gewahlt. Died8hsung des hydrodynamischen
Regimes wird dazu zunachst, unter der Annahme einer isghagymmetrischen Koma mit
vorgegebener Gasproduktionsrate, abgeschatzt. Dabenga von einem stol3dominierten
Bereich aus, solange die mittlere freie Weglange der &ereTeilchen Kkleiner ist, als der
jeweilige Abstand vom Kometenkern. Ob der simulierte Beréatsachlich mit einer hydro-
dynamischen Naherung beschrieben werden kann, lassesit am Ende einer Simulation
bestimmen, wenn die Verteilung des Gases in dem Volumenmin¢ékst. Dabei ergibt sich
fur die untersuchten Falle, dass das hydrodynamischariRebei einem heliozentrischen
Abstand von 3 AE den Kometenkern noch nicht notwendigemvemschliel3t, sondern nur
ein Teil der Koma auf der Tagseite des Kometen stoRdomirgertBei der Annaherung
eines Kometen an die Sonne wird die Ausdehnung des stol3giwtamBereiches aufgrund
der zunehmenden Gasproduktionsrate grof3er. Auch beneiestand von B AE kann es
vorkommen, dass die Nachtseite der Koma nicht von StoRemrgert wird, wie aus einem
Beispiel im Anhang (D.1) erkennbar ist.

Die jeweiligen Randbedingungen dibergang vom Kometenkern in die Koma werden ent-
sprechend der vorgeschlagenen Vorgehensweise aus dervanbe.B. Crifo und Rodionov
[1997a] bestimmt. Im Gegensatz zu der zitierten Arbeit wird hiegbicht der lokale Satti-
gungsdruck des Gases als Referenzdruck an einem Oberféeheent verwendet, sondern
der Sattigungsdruck wird noch durch einen Faktor modifizéer den Anteil an sublimieren-
dem Eis in einem Oberflachenelement beschreibt. Der Eféfteil von Eis in dem Staub-
Eis Gemisch wird dabei aus den Parametern des Kernmodeliestinet.

Die Ergebnisse der hydrodynamischen Simulation stimmeeniallgemeinen Vorstellung
der inneren kometaren Koma uberein. Das sublimierte Gamsimit Geschwindigkeiten
von einigen hundert Metern pro Sekunde bid km/s im Wesentlichen radial vom Kome-
ten weg. Bei einer Sublimation von diskreten Gebieten aufGteerflache konnen Diskon-
tinuitaten im Gas entstehen, die unterschiedliche playisithe Bedingungen in der Koma
raumlich trennen. Dies kann zum Beispiel fur Unterschiedischen der Koma auf der
Tagseite und der Nachtseite zutreffen, wie die Beispiatel€n Kometen 67P/Churyumov-
Gerasimenko in dieser Arbeit zeigen. Solche Diskontatait’ konnen auch auftreten, wenn
Gebiete unterschiedlicher Aktivitat auf der Oberflaclobasf begrenzt aneinander liegen,
wodurch sogenannte Gas-Jets entstehen konnenGefB.und Rodionoy1997a]).

Der Massenfluss des Staub-Gas Gemisches in der Koma erzeedgeschleunigung eines
Raumfahrzeuges, das sich in der Umgebung des Kometen kefibie Beschleunigung
kann je nach den Ausmalen des Raumfahrzeuges und der Qadmosrate so grol3 wer-
den, dass ein gebundener Orbit um den Kometen nicht ohneMg&itmoglich ist. In Bezug
auf ROSeTTA wird festgestellt, dass die gesamte Mission durch die Mbgeit eines Ab-
sturzes auf den Kometenkern gefahrdet&tHwingey2001]. Desweiteren konnen auch die
Messungen des Gravitationsfeldes durch das RSI Experigestbrt werdenRatzold et al,
2001]. Mit dem hier entwickelten Modell der inneren Komaskas sich die Krafte, die durch
die Stromung des Neutralgases alidRTTA ausgeiuibt werden abschatzen. Dabei kann die
Position des Raumfahrzeuges innerhalb der Koma beriitigtioverden. Die Abhangigkeit
der GrofRenordnung der Storung vom heliozentrischenakiosties Kometen wird durch die
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Betrachtung unterschiedlicher Fallstudien berucksithtBei einem heliozentrischen Ab-
stand von 3 AE kann die Beschleunigung vood®TTA durch den Gasfluss die gleiche
GrolRenordnung erreichen, wie die Beschleunigung durchStehlungsdruck der Sonne.
Das trifft auch zu, wenn ausschlief3lich Wasser als Eiskamapte im Kometen angenommen
wird. Der Unterschied in der Beschleunigung durch den Gadzwischen Tag- und Nacht-
seite der Koma kann dabei viele GrolRenordnungen betragengrofRerer Annaherung an
die Sonne kann die Beschleunigung durch den Gasfluss eshebinehmen.

Der ionisierte Anteil des Gases in der Kometenumgebunguwddt ainen Effekt auf das Ra-
diotragersignal von BSeTTA Der Elektroneninhalt im Sehstrahl kann aus der Bestimmung
der differentiellen Laufzeitverzogerung des Radioslgrizerechnet werden (z.BRatzold

et al.[2000]). Eine Phasenverschiebung des Signals tritt zudénwenn sich das Radiosig-
nal durch ein ionisiertes Medium ausbreitet. Um die dieggbehen Effekte der Kome-
tenumgebung fur das RSI Experiment einzuschatzen, vnrdiadimensionales Modell der
kometaren lonosphare entlang der Achse Komet-Sonne ekelvi Dabei wird der Einfach-
heit halber angenommen, dass das Neutralgas eine sghayisonetrische Verteilung hat.
Die Anderung der solaren Strahlung im UV-Bereich im Verlauf sielsren Aktivitats-Zyklus
wird in dem Modell beriicksichtigt. Entsprechend der aktuerfigbaren Vorhersagen fur
die Entwicklung des Aktivitatszustandes der Sonne wiigksmommen, dass die Sonne im fur
67P/Churyumov-Gerasimenko geplanten Missionszeitraamktivitatsminimum ist. Das
geplante Szenario fur 46P/Wirtanen lasst einen Aldtsiztistand nahe eines solaren Maxi-
mums erwarten. Es wird gezeigt, dass fur 67P/Churyumaasd@enko und 46P/Wirtanen
die Annahme eines photochemischen Gleichgewichtes imderén Koma nicht gerechtfer-
tigt ist. Daher wird die Anzahldichte der lonen in der Koma einer Kontinuitatsgleichung
fur die lonendichte berechnet. Dabei wird der Einfluss des®nwindes vernachlassigt und
Quasi-Neutralitat des Plasmas angenommen.

Bei der Berechnung der Plasmadichte geht die lokale Ternpedas Elektronen-Fluids
mit ein. Diese kann, wie Messungen bei 1P/Halley andeutiank sariieren. Ein Profil
der Elektronentemperatur entlang der Achse Komet-Sonné dazu modelliert. Dabei
wird angenommen, dass das Profil im Prinzip dem Temperatanfeentspricht, wie er
bei 1P/Halley bestimmt wurde, nur dass es entsprechend d&e@unterschiedes zwischen
1P/Halley und 67P/Churyumov-Gerasimenko bzw. 46P/Wentieskaliert werden kann. Auch
die Variation in Abhangigkeit vom heliozentrischen Abslades Kometen wird beriick-
sichtigt. Dies wird erreicht, indem die Ausdehnung des Bées bestimmt wird, in dem
StoRe mit Neutralteilchen die Elektronen effektiv kithknnen. Die aul3ere Grenzflache,
bis zu der dieser Prozess moglich ist, winérmal electron collisionopaug@ EC) genannt.
Innerhalb der TEC werden die Elektronen durch die Sto3eleritNeutralteilchen auf Tem-
peraturen von der GroRenordnung X0gehalten. In groReren Entfernungen vom Kometen
erreichen die Temperaturen der Elektronen durch den Ritesaitionsprozess und durch den
Beitrag von Elektronen aus dem Sonnenwind eine GroRenagimon 16 K - 10° K. Es
wird angenommen, dass die Ausdehnungldiesrganges zwischen diesen beiden Regionen
von den Abschatzungen bei 1P/Halley iubernommen werden. ka

Das Modell der kometaren lonosphare ergibt Anzahldickitehonen (und Elektronen), die
so niedrig sind, dass eine Untersuchung mit dem RSI Expetimggrund des Auflosungs-
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vermogens schwierig werden dirfte. Eine gunstige Gulaitegie wird notig sein, um den
kometaren Beitrag zum Elektroneninhalt im Sehstrahl lidogpt bestimmen zu kbnnen. Am
vorteilhaftesten erscheint diesbezuglich eine Bahnethe voribergehende Bedeckung der
Raumsonde durch den Kometen beinhaltet, da in diesem FgilbRen mit unterschiedlichen
Eigenschaften mit dem Sehstrahl relativ schnell durclelawierden konnen.

Bei der Wechselwirkung des kometaren Plasmas mit dem Semnérund dem interpla-
netaren Magnetfeld treten Grenzflachen auf, die mit denhbttn der Magneto-Hydro-
dynamik beschrieben werden konnen. Die kometozentnsélstande dieser Grenzflachen
werden hier dementsprechend abgeschatzt. Dieses Vordjeferte bereits bei dem Kome-
ten 1P/Halley und 26P/Grigg-Skjellerup sinnvolle Ergaisei In dieser Arbeit werden die
Abstande der Bugstol3welle, der lonopause und der sogema@ollisionopausedie den
Ubergang vom stoRfreien Bereich in den von StdRen mit karaet Neutralteilchen do-
minierten Bereich markiert, in Abhangigkeit vom heliomgsthen Abstand des berticksich-
tigten Kometen berechnet. Dabei geht die Variation der iRatar des Sonnenwindes in
Bezug auf den Abstand von der Sonne mit ein. Die Ergebnisgerzedass der Bereich
der Wechselwirkung mit dem Sonnenwind bei den Kometen 67ACimov-Gerasimenko
und 46P/Wirtanen kleiner ist, als bei 1P/Halley. Die Griafdelnung ist vergleichbar mit
den beobachteten und modellierten Verhaltnissen beimefem26P/Grigg-Skjellerup. Eine
Erkennung der Grenzflachen mit dem RSI Experiment scheigioch, wenn transiente so-
lare Ereignisse, wie zum Beispiel Effekte durch solexesoder koronale Massenauswiirfe,
diese Grenzflachen Uber das Raumfahrzeug hinweg oden darcRadiostrahl bewegen. In
einem solchen Fall durfte allerdings auch die Trennungdeaminterplanetaren Storung und
dem kometaren Beitrag im Radiotragersignal anspruchsgot.

Mit Bezug auf das RSI Experiment lasst sich zusammenfasgses der grof3te Effekt auf das
Radiotragersignal durch die Neutralgas-Koma erwarted wbie Bestimmung des Gravita-
tionsfeldes des Kometenkerns kann dabei beeintrachegien. Eine Strategie fur die Um-
laufbahn um den Kometenkern muss unter diesem Gesichtspntwickelt werden. Dieser
Schluss bezieht sich nicht nur auf die wissenschaftlichefedles RSI Experimentes, son-
dern zusatzlich auf die Sicherheit der gesamtersiRr TA Mission. Es wird nur ein kleiner
Einfluss des kometaren Plasmas auf das Radiotragersigveaitet, daher wird auch hierfur
eine gunstige Strategie bei der Wahl der Umlaufbahneig séin.

In kiinftigen Arbeiten sollte der Einfluss von anders gefiemKometenkernen genauer ana-
lysiert werden. In Bezug auf das Modell der WarmediffusionKometenkern wird der
Arbeitsaufwand nach der Festlegung sinnvoller Randbeaiggn im Wesentlichen einen
hoheren Rechenaufwand bedeuten. Der Effekt auf die Ngasamgebung geht dann direkt
uber die Bestimmung der Randbedingungen ein. Der Aufwandlér hydrodynamischen
Simulation besteht dann im Wesentlichen darin, ein der FaleenKometen angepasstes Git-
ter zu definieren.

Der Effekt von Jets in der Koma sollte ebenso genauer urdktsverden. Auch das kann
erreicht werden, indem das Modell des Kometenkerns moelifizvird. Dazu kdnnen die
Modellparameter an jedem Oberflachenelement einzelrevianierden.

Detailliertere Modelle der Kometen 67P/Churyumov-Geresiko und 46P/Wirtanen sind
voraussichtlich erst moglich, wenn viele der Modellpagesen besser bestimmt sind. Die
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genauere Kenntnis der Form des Kometenkerns, seiner otfeniZusammensetzung, der
Lage der Rotationsachse und der Rotationsperiode wird drea@gkeit der derzeit existie-
renden Modelle deutlich verbessern kdnnen. Dies wird wéiam erst moglich sein, sobald
ROSETTA den Zielkometen erreicht. Erst dann werden die Ergebnissgegenwartigen
Modelle wirklich bewertet werden konnen. Bis dahin mimsdee heutigen Kenntnisse zur
Optimierung der Orbit-Strategie fUrd$ETTA verwendet werden.



APPENDIX A

PHYSICAL CONSTANTS

AU astronomical unit

kg Boltzmann constant
Rg  molar gas constant
Na  Avogadro constant
amu atomic mass unit
eV  electron volt

S solar constant at 1 AU

o Stefan-Boltzmann constant

1367 [Wm 2]

14959787« 10t [m]
.870400x 108  [Wm=2K™4]
.3806503x 1023 [J K=Y
814472 [JK1mol Y
62214199« 1073 [mol 1]
56053873« 1027 [ka]
1602176462 1012 [J]
.99792458« 108 [m/s]

C speed of light in vacuum

Table A.1:  Physical constants used in the calculations

The solar constant is assumed to be constant in the conditlere period. It is known that
the solar energy output varies slightly with the solar cyeid a small trend is suspected from
the available measuremeht3he implied uncertainty is of the order of 1%.

The other physical constants in Table A.1 are the valuesmewnded by the NIST Physics

Laboratory.

lsee e.g. http://remotesensing.oma.be/solarconstkmtfgm| for more details

2http://physics.nist.gov/cuu/index.html



APPENDIX B

FINITE DIFFERENCE SCHEME FOR THE HEAT
DIFFUSION EQUATION

The numerical scheme applied to solve Equation (4.22) is@3-{Forward Time Centered
Space) finite difference approximation. Since Equatio@2}corresponds to a nonlinear
diffusion problem, due to the dependence of the thermal ecthdty on temperature, the
approximation proposed Bress et al[1986] is used.

oT ODTOT

CL =3, ()E (B.1)

is approximated as:

i -I-ji+1 _ Tji - Djt1/2 (Tj'+1 - le) —Dj_1/2 <Tj' — Tj'71> (B.2)
1= = (Az)2 7 |

with the subscript indicating the time steps and the subscrjiphdicating the discretized
space domain, and with

Djsy2 = 5 [D(Tf) +D(T)] . (.3)

In this formulationD corresponds to the thermal conductivi(T) andcy is pnc(T).

The stability criterion for the scheme (B.2) Bress et al. 1986]:

(Az)? ¢
) ] . (B.4)

j+1/2

At <min
j




APPENDIX C

THE THERMAL MODEL APPLIED TO
1P/HALLEY

In Figure C.1 the resulting gas production rates from a tlaémmodel applied to comet
1P/Halley are plotted. The parameter settings are (notasoin Chapter 4p, = 800 kg,

Rgi = 100,h=103, A= Ag/rn, andw = 0°. The observed gas production rates are taken
from Fink and DiSanti[1990] andSchloerb et al[1987]. Production rates derived at the
inbound part of the orbit are plotted with diamonds, the outid measurements are plotted
as stars. The dashed line is a fit to the data ffonk and DiSant{1990]. The solid line is
the resulting gas production rate from the model run. Thecéffe radius of the spherical
model comet is assumed to BRe= 5.6 km. This value and the orbital parameters for comet
1P/Halley are taken from the JPL DASTCOM dataBase

Since no data are available for heliocentric distancestatganr, = 2.9 AU, the large de-
viation between model results and fit can not be judged. Heweaince the fit is based on
observations alone, it should not be extrapolated beygre 2.9 AU. Insider, &~ 2.0 AU
the model result overestimates the gas production rateicyleea fraction on the surface is
~ 5 9% at perihelion distance. Treating the evolution of theaya fraction with heliocentric
distance differently or taking a possible obliquity# 0° into account might produce even
better results.

The magnitude of observed gas production rates for cometdlley can be reproduced with
reasonable model parameter settings.

http://ssd.jpl.nasa.gov/dastcom.html
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FigureC.1:  Results from the thermal model applied to 1P/Halley. Sonsemed production rates
(diamonds = inbound, stars = outbound), fit to a data-subdashed line) [Fink and DiSanti, 1990],
and model results (solid line) are plotted.



APPENDIX D

ADDITIONAL RESULTS OF THE COMA MODEL

Two additional results from the hydrodynamic modeling arespnted here. The coma of
comets 67P/Churyumov-Gerasimenko and 46P/Wirtanen absippately their respective

perihelion distance is modeled. The inner radial boundandtions are derived from the

heat diffusion models of the comets. At comet 46P/Wirtanemadditional constant source
of gas is added, accounting for possible sublimating ica® foelow the surface.

D.1 67P/Churyumov-Gerasimenko at 1.3 AU

Results from the hydrodynamic modeling of the neutral corhaomet 67P/Churyumov-
Gerasimenko at.B AU are presented here. The conditions at the inner radiahdary are
derived from the results of model M3 of the heat diffusion mloaf the nucleus. In Figure
D.1 isolines of the number density and vectors of the vejoaie plotted. The vectors of
the velocities are projected in the equatorial plane. Theisuo the left of the chart and
the comet spins in an anti clockwise sense. The gas produsti@imost symmetric to the
comet-sun axis. It is dominant on the day-side of the nucléise appearance is jet-like
caused by the sharp transitions to the night-side coma.ig hisesult of the large difference
of the appearing temperatures between the day-side andgiieside on the surface of the
nucleus (see Figure 4.8(c)). The dominant gas expansiohemuldy-side is bounded by
a discontinuity in the terminator region, and thereforedhs is not expanding spherically
symmetric. The result is a night-side inner coma that is mmhidated by collisions. The
velocities in the day-side coma remain at a constant lewettla expansion is purely radial.
The night-side coma has very low number densities, sincextteodl flow from the denser
region on the day-side exists.
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distance [km]

distance [km]

FigureD.l:  Logarithmically scaled number density ftm~2] of the neutral gas. Isolines indicate
the distribution of the number density at levels spaced byraformly distance 00.2. Velocities are
projected in the equatorial plane. The respective lengtthefplotted arrows indicates the velocity in
units of (km/sx4. Exemplary result for 67P/Churyumov-Gerasimenka.atAU.

The general appearance of the resulting coma is comparaalegherically symmetric coma
on the day-side that is not centered on the origin of the coocegttric coordinate system, but
has an offset in the sun direction by about the radius of theeto

A radial profile at the comet-sun axis of the number densitynean free path of particles
mfp radial velocityv;, and the resulting acceleration of the spacecraft is mlattd=igure
D.2. The dashed lines represent the corresponding numbsitylef a spherically symmetric
coma with the same gas production rate (first panel), the tmrestric distance (second
panel) and the speed of sound (third panel).

It can be concluded that the gas expands supersonicaltyhthaumber density depends on
the cometocentric distance with the inverse square, andahger number densities than a
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67P/C-G at 1.30 AU

comet-sun axis

-

-

log(n) [ecm™]

log(mfp) [km]

'_\
o
o
o
I
|

800
600
400
200 -

Vv, [m/s]

o

/

[
o

\

—— |

H
ol
o

\

s/c accel. [m/s?]

|
(o)}

5 10
cometocentric distance [km]

[ERN
[6)]

Figure D.2:  Radial profile at comet-sun axis of the logarithmically sthhumber density,rand
mean free path of particles mf p, the radial velocityand the resulting acceleration of the spacecraft.
Exemplary result at a heliocentric distancelo8 AU for 67P/Churyumov-Gerasimenko .

spherically symmetric coma in the day-side part of the coififee velocity remains at; ~
400 m/s in the inner coma. The resulting absolute of the acabn of the spacecraft caused
by gas drag exceeds the radiation pressure by about 3 ofdeeaitude at a cometocentric
distance of ~ 5 km.

Profiles on a virtual orbit at a cometocentric distance of 5Siknthe equatorial plane are
plotted in Figure D.3. Included in the plot are the numbersitgnthe radial component of
the velocity, and the resulting acceleration of thedRTTA spacecraft. The number density
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67P/C-G at 1.30 AU

equatorial plane, orbit at 5.0 km
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FigureD.3:  Profile in the equatorial plane of 67P/Churyumov-Gerasikeeaf the number density
nn, the radial velocity component &nd the resulting acceleration of the spacecraft. Exenyplasult
at a heliocentric distance df.3AU.

differs many orders of magnitude between the day-side amaitht-side coma. The more
gradual decrease on the evening didle- 270" results from the temperature distribution on
the surface. The radial gas velocities on the day-side comalso larger than on the night-
side. The acceleration of the spacecraft exceeds the aatetecaused by the radiation
pressure (indicated by the dashed line in the third panelgirE D.3) by about two orders

of magnitude. The radiation pressure is dominant for thesado on the night-side part of

the orbit.
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FigureD.4: Isolines of the number density aof the neutral gas at levels 1,5,10,50,100,500,1000 in
10°%cm 3. The projected vectors of the velocities are normalizedlength of [(km/sx4]. Exemplary
result in the equatorial plane of 46P/Wirtanendf AU.

D.2 46P/Wirtanenat 1.1 AU

The inner radial boundary in this scenario is determineghfreodel W2 of the heat diffusion
model of the nucleus. An additional constant source of gahebrder of 18° molecules/s
is added in order to account for the possible sublimation afenvolatile species from subli-
mation fronts below the surface.

The number density and the projected velocity componeritsarequatorial plane of comet
46P/Wirtanen at 1L AU heliocentric distance are plotted in Figure D.4. Ise$irof the num-
ber densities are plotted. The arrows indicate directiahsarength of the velocity. The sun
is to the left and the comet is rotating in anti clockwise dii@n in this chart.

The appearance of the inner coma is similar to a sphericgithymsetric coma with an offset
of the center in the sun direction. This is a result of thersjey sublimation on the day-side
of the nucleus.
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46P/Wirtanen at 1.10 AU
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Figure D.5: Radial profile at the comet-sun axis of the logarithmicalbaled number density,n
and mean free path of particles mfp, the radial velocityand the resulting acceleration of the
spacecraft [m/4. Exemplary result at a heliocentric distance bil AU for 46P/Wirtanen .

Radial profiles along the comet-sun axis of the number dgmaian free path of particles,
radial velocity, and the resulting acceleration of the speaaft due to gas drag are plotted
in Figure D.5. The included dashed lines represent the sporeding number density of a
spherically symmetric coma with the same gas productien(fast panel), the cometocentric
distance (second panel) and the speed of sound (third pdheBn be concluded that this
region of the coma expands supersonically, has a larger euddnsity than a spherically
symmetric coma, and remains collision dominated in the id@nsd range.
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46P/Wirtanen at 1.10 AU

equatorial plane, s/c orbit at 6.3 km
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Figure D.6:  Profile in the equatorial plane of 46P/Wirtanen of the numbensity R, the radial
velocity component,ythe longitudinal velocity componeng\and the resulting acceleration of the
spacecraft. Exemplary result at a heliocentric distancé. dhU.

Profiles on a virtual orbit at a cometocentric distance f6 km in the equatorial plane are
plotted in Figure D.6. Included in the plot are the numbersitgnthe radial and longitudinal
components of the velocity, and the resulting acceleraticihe ROSETTA spacecraft. The
number density differs about a factor of 3 between the ddg-and the night-side coma.
The radial gas velocities on the day-side coma are apprd&lynaimilar to the values on
the night-side. The longitudinal velocity component iredes a gas flow component away
from the dense subsolar region. The gas flux remains maidialraThe acceleration of
the ROSETTA spacecraft with such an orbital distance has values betd@ehm/s® and
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10~4 m/2. The orientation of the solar panels is assumed to be peipdadto the comet-
sun axis throughout the complete orbit.



APPENDIX E

OBSERVATIONAL GEOMETRY FOR
67P/CHURYUMOV -GERASIMENKO

In Figure E.1(a) the earth orbit projected on the orbitahpl®@f comet 67P/Churyumov-
Gerasimenko is plotted. Cometocentric coordinates aréeap@nd the comet-sun axis is
fixed. The time frame from June 2014 to December 2015 is plofA@ solar opposition and

a solar conjunction occur during early phases of this timenf. The kink in the projected
path of the earth does occur close to the perihelion passdlge comet (see also Figure 3.1).

The corresponding absolute angle between the line-ot-gigtween earth and comet) and
the comet-sun axis is shown in Figure E.1(b).This angle lmesdarger than 30 degrees ap-
proximately+3 months around the perihelion passage. It can be conclhdéthe received
radio signals will propagate through the interaction pattbat develops between the solar
wind and the comet on the upwind side. This is of particuléerest for the considerations
of the plasma environment (see Chapter 6).
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Figure E.1:  The orbit of earth in cometocentric coordinates, projectedhe orbital plane of
67P/Churyumov-Gerasimenko (left). Absolute of the angtevben the line of sight and the comet-sun
axis during the time frame of the proposed prime missiorh{yig
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