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Abstract

The emission mechanism responsible for cometary x-ray emission is still unresolved.
The two most probable models are driven by a charge exchange capture-cascade sys-
tem and energetic electron collisions with ions. A modification of the energetic elec-
tron model is presented. Both this model and the charge exchange emission model are
advanced by describing the resultant emission in a collisional radiative framework, and
by using the most sophisticated atomic data available.

A catalogue of cometary x-ray observations by the Chandra X-ray Observatory
is collated, with most of the data being previously unpublished. Theoretical spectra
from the charge exchange and energetic electron models are compared to the emission
spectra from Chandra, and the validity of each model is tested.

From the Chandra observations, it is not possible to determine which of the mod-
els is dominant. Several suggestions that will maximise the scientific yield of future
observations with current satellites are made, and the distinguishable features of each
emission mechanism are highlighted so as to demonstrate the capability of future ob-
servatories to resolve primary emission the mechanism. The diagnostic potential of
each of the above models, with a view to remote sensing of both the cometary con-

stituents and the local solar wind plasma, is discussed.
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Chapter 1
Introduction

X-rays were generated and first detected by Wilhelm Rontgen (Rontgen 1895, 1898)
during experiments with cathode rays. While ensuring that a glass enclosure for
the rays was opaque when covered with cardboard, he observed a shimmering from
a nearby barium platinocyanide screen. Note however, that the discovery was not
serendipitous: Rontgen planned on using the barium platinocyanide screen in his ex-
periments (hence its presence in the laboratory), and through the nature of his work,
the discovery would have been made imminently by Rontgen or one of his colleagues.
Rontgen immediately proposed that a form of radiation was responsible for the glowing
effect he observed on the screen, and labelled the emission “x-rays”. The results were
published 50 days after the observation (Rontgen, 1895)', and Rontgen concluded that
there was a relation between x-rays and other known forms of electromagnetic waves,
but noted that many of the properties of ultraviolet radiation were not associated with
x-rays. Although the term Rontgen rays is now common, the discoverer always pre-
ferred the title of x-rays.

X-rays, as Rontgen first concluded, are a form of electromagnetic radiation. Usu-
ally, x-rays are labelled as either hard or soft, with hard x-rays having energies greater
than 10 keV, and soft x-rays falling in the range of 0.1 keV to 10 keV. In contradiction
with perceived common knowledge, x-rays are visible to the naked eye when it has
adjusted to dark conditions (Brandes and Dorn, 1896). However, given the harmful
effects of x-rays on living tissue, perhaps propagation of this myth, rather than correc-
tion, is appropriate.

Soft x-rays are absorbed in a few metres of air, so extraterrestrial x-ray sources
can’t be detected by ground based telescopes. Detectors must be positioned 100 km or
more above sea-level. The technology to achieve this was developed during the Second
World War, in the shape of the V2 rocket. Shortly after the war, it was discovered that

'A translation of Réntgen’s papers can be found at
http://www.mindfully.org/Nucs/Roetgen—-X—-Rays28decl1895.htm



the Sun was a bright x-ray emitter (Burnight, 1949); however, its brightness was due
to its proximity, and a similar star at a distance of several parsecs was too faint to be
detected by early instruments. As a result, early x-ray sounding rocket missions (each
with an observing period of 5 or 6 minutes) were almost exclusively dedicated to solar
research.

One of the exceptions to this rule, a search for fluorescent emission from the sur-
face of the moon (Giacconi et al, 1962), resulted in a surprising find. The detector
constantly scanned the sky, and the analysis did reveal a bright x-ray source. However,
the source was 25° from the moon, and the lunar signal was negligible. The object was
so bright that the x-ray flux at Earth was only a factor of 10 to 100 times fainter than
that of solar x-rays (Giacconi and Gursky, 1964). After careful analysis, it was verified
that the source was real, and was located in the Scorpius constellation. Dubbed Sco
X-1, a corresponding object in the visible part of the spectrum was found; although
rather than clarify the nature of the object, this initially caused more confusion. In vis-
ible light, Sco X-1 was a faint blue speck, dimmer than the faintest star visible to the
naked eye; in x-rays, the energy emitted was one hundred million times greater than
that from the Sun.

This incredible discovery signalled the birth of cosmic x-ray astronomy. In the
following years, further rocket- and balloon-borne missions with ever advancing de-
tectors found more bright sources, but their nature remained mysterious. This was
partly due to the incredible detected intensities (Giacconi and Gursky, 1964) and the
large variability of the flux in a matter of minutes (Lewin et al, 1968).

The launch of the Uhuru satellite in 1970 allowed the first all-sky survey, and over
1000 x-ray sources were discovered. An Uhuru observation of Cen X-3, an object
similar to Sco X-1, revealed the nature of these sources. Cen X-3 emitted x-ray bursts
with an average period of 4.84 seconds, that varied as the object orbited another body
every 2.09 days (Giacconi et al, 1971). Also, the emission disappeared for 11 hours as
the source was eclipsed. The object was a binary system, comprising of a star and a
neutron star. Stellar material is accreted onto the neutron star, and reaches energies suf-
ficient to produce x-ray emission. These objects are the most powerful x-ray emitters

0% erg s71.

in our galaxy, with luminosities as high as 1

The other x-ray sources detected by early instruments were all very energetic ob-
jects: supernova remnants, bright stellar coronae (10,000 times solar luminosity),
galaxies, clusters of galaxies.

Considering the colossal nature of the list of x-ray emitters, the recent addition of
the comet appears quite out of place, and some justification is required.

Comets are frequent visitors to the inner solar system, where their spectacular light

shows have amazed (and often terrified!) observers throughout human history. Origi-



nating in the Oort Cloud? or the Kuiper Belt® where they are undetectable from Earth,
comets are continuously dislodged from these regions into the inner solar system.
Whipple famously described comets as “Dirty Snowballs”; that is, large agglomer-
ates of various ices mixed together with dust contaminants. The ratio of ice to dust is
thought to vary to the extent that “Icy Dirtballs” may be more apt in some cases.

Comets orbit the Sun with periods that generally depend on their origin: short pe-
riod comets are from the Kuiper Belt; long period comets are from the Oort Cloud. As
one of these small bodies, typically a few kilometres in diameter, approaches the Sun
its surface is irradiated, and particles sublimate from the surface. The ejected particles
— gaseous molecules and large dust particles — gradually form an almost spherically
symmetrical atmosphere, the coma, which can extend for millions of kilometres.

Under the influence of radiation pressure, the dust particles form one of the comet
tails. As the liberated dust is orbiting the Sun independently of the comet, the white
dust tail curves and points back along the direction of the comet’s trajectory. Gas
particles in the coma are photo-ionised, at which point they feel the influence of the
solar magnetic field (which is altered due to the presence of the comet). Trapped by
the field, the ions are transported from the coma, forming the blue tail which points
back in the direction of the Sun-comet vector.

Visible emission from the coma is caused by scattering of sunlight by dust particles.
The dust scatters light over a broad wavelength range, and so the coma and dust tail
appear white. The ion tail is characterised by CO™ ions, which give the tail a blue tint.

Cometary nuclei were formed in the early years of the solar system while the plan-
ets were still coalescing, and as such may be considered as pristine samples of the
early solar system. It is postulated that the chemical composition of a comet is similar
to the initial composition of the Earth, and it is speculated that the building blocks of
life may be found on comets. For this reason and others, vast amounts of money have
been spent on several high profile cometary missions in the last two decades, and more
missions are planned.

In 1985, the first comet interception was made by NASA’s International Cometary
Explorer (ICE)*. The aim of the encounter with comet Giacobini-Zinner was to exam-
ine the interaction of the cometary atmosphere with the solar wind. Following this suc-
cessful mission, /CE joined the armada of spacecraft heading toward comet 1P/Halley.
In March 1986, ICE was the first of six craft to successfully intercept comet 1P/Halley,

2A postulated spherical region surrounding the solar system, ranging from 50, 000 to 100, 000 AU,
believed to contain billions of comets

3A region between 30 and 50 AU in the solar system plane

4See http://heasarc.gsfc/nasa.gov/docs/heasarc/missions/isee3.html



followed by the Soviet Union’s Vega I° and Vega 2° craft, the Japanese Sakigake’ and

Suisei® devices, and Europe’s Giotto® spacecraft.

Figure 1.1: A Giotto image of comet 1P/Halley, showing large plumes of dust being ejected from the
dayside of the nucleus.

The missions measured properties of the plasma, such as electron temperature,
density and distribution, neutral density, dust composition, ion density, velocity and
composition, electrostatic waves and magnetic fields amongst other things. Results
from these missions are detailed in special issues of Astronomy and Astrophysics (vol.
187) and Nature (vol. 321). The missions also returned the first detailed images of a
cometary nucleus, such as that from Giotto shown in figure 1.1. A large dust plume
can be seen extending on the day-side of the nucleus, and small jets from the surface
are also visible.

’See http://sse.jpl.nasa.gov/missions/profile.cfm?
Sort=Target&Target=Comets&MCode=Vega_0l&Display=ReadMore

%See http://sse.jpl.nasa.gov/missions/profile.cfm?
Sort=Target&Target=Comets&MCode=Vega_ 02&Display=ReadMore

7Seehttp://www.isas.ac.jp/e/enterp/missions/complate/sakigake.shtml

8See http://www.isas.ac.jp/e/enterp/missions/complate/suise.shtml

9See http://sci.esa.int/science—e/www/area/index.cfm?fareaid=15
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The next cometary encounter was Deep Space 1'°, a NASA project. The primary
aim of this mission was to test twelve new high-risk technologies, such as an ion drive
propulsion system and integrated ion and electron spectrometers (Raymen et al, 2000).
After an encounter with an asteroid, the spacecraft was redirected to approach comet
19P/Borrelly. The spacecraft passed within 200 km of the nucleus, producing the pho-
tograph of the nucleus shown in figure 1.2 (Rayman, 2003).

Figure 1.2: Photograph of the nucleus of Comet 19P/Borrelly taken by Deep Space I (Rayman, 2003).

In the summer of 2005, NASA’s Deep Impact'' mission successfully crashed an
impactor probe into the surface of comet 9P/Tempel 1, causing a large plume of mate-
rial to be thrown into the atmosphere (A’Hearn et al, 2005). The flash from the impact,
as seen by the launcher, is shown in figure 1.3.

As the impactor travelled toward its target, it continued to record images of the
surface of the comet. Images were captured up to a few seconds before the point of
impact, and the image shown in figure 1.4 shows the comet in extraordinary detail.
Figure 1.4 is composed of a number of consecutive images taken as the impactor ap-
proached the target, with each image showing a smaller region in more detail. A crater
speckled surface can be clearly resolved, as can thin ice ridges.

In the same period, NASA’s Stardust'? mission was active (Brownlee et al, 1994).
During a close approach of comet 89P/Wild in January 2004, dust and gas particles

from the coma were collected by the spacecraft, which then returned to Earth with its

10See http://nmp.nasa.gov/dsl/
llSee http://deepimpact. jpl.nasa.gov/home/index.html
12See stardust . jpl.nasa.gov/home/index.html



Figure 1.3: Photograph of Comet 9P/Tempel 1 shortly after the moment of the collision in the Deep
Impact mission.

cometary cargo in January 2006.

ESA have launched the Rosetta'> spacecraft which will visit comet
67P/Churyumov-Gerasimenko in 2014. Upon reaching its destination, it will
deploy a landing module, which will touch down onto the comet’s surface, allowing
direct measurement of the conditions on the surface of the nucleus.

The discovery of x-ray emission from comet Hyakutake by Lisse et al (1996) was
surprising, in that the observed radiation was two orders of magnitude brighter than
even the most optimistic predictions. In the following months it was found that x-ray
emission was a general property of comets, and in the intervening years almost every
attempted observation has been successful.

The emission mechanism is still not clear. Several mechanisms have been sug-
gested in the literature, and the two most likely candidates are driven by charge ex-
change and energetic electrons. In charge exchange, minor species ions in the solar
wind such as O7" capture an electron from the neutral atoms and molecules in the
cometary atmosphere. The captured electron is in an excited state, and x-rays are emit-
ted as the electron radiatively cascades to the ground state. The resultant spectrum is
composed of emission lines.

The energetic electron model has evolved in recent years. Initially, it was thought

13See http://www.esa.int/SPECIALS/Rosetta/index.html



Figure 1.4: A composite image of comet 9P/Tempel 1 recorded by the impactor probe as it approached
the surface. The image resolution increases closer to the point of the collision in the lower-right quad-
rant.

that the electrons could lead to x-rays by bremsstrahlung and following inner-shell ex-
citation of cometary neutrals, such as carbon, nitrogen and oxygen. The first spectrum
from Chandra showed that the strongest emission lines are from O and O™* (Lisse
et al, 2001), and as a result the model was modified such that the electrons caused
ionisation of the cometary atoms to the required ionisation stage, and the emission
was caused by bremsstrahlung and emission from the collisionally excited cometary
ions. The required timescales for these ionisation states to be reached suggest that this
scenario is unlikely.

A new incarnation of the energetic electron model has been developed in this study.
It is proposed that the energised electrons may excite the minor species in the so-
lar wind, and also radiate through bremsstrahlung collisions with solar wind protons,

cometary photo-ions and neutrals.



A review of the previous work in the field of cometary x-rays is presented in chap-
ter 2. This includes published observations (and attempted observations) of x-rays
from comets and the various models that have been proposed to explain the emission.
Also, the relevant in situ results from comet 1P/Halley are shown, and there is a brief
description of the comet-solar wind atmosphere.

Data from two spacecraft are shown in chapter 3. Measurements of the solar wind
by the Advanced Composition Explorer (ACE) and a complete analysis of the cometary
data collected by Chandra are presented. Most of the observations have not been pub-
lished to date, and where data have been published, restrictions in journalistic styles
have dictated that a detailed analysis of the emission cannot be presented. Here, a
description of the analysis techniques employed is given, and each observation is cat-
alogued in detail.

The modelling techniques used in this thesis are detailed in chapter 4. Firstly,
the plasma instability believed to generate energetic electrons is presented in gen-
eral terms. The focus of this thesis is the modelling of emission from the ions in
the cometary atmosphere from both the charge exchange and energetic electron mod-
els. The atomic data, the modelling framework, and the application of the model are
presented in chapter 4.

In chapter 5, the emission models are compared to the Chandra catalogue
from chapter 3. Results from non-physical models — arbitrary line emission,
bremsstrahlung, and a combination of both — are presented. This mirrors the level
of sophistication in recent publications (see the modelling presented by Lisse et al,
2001, 2005; Krasnopolsky, 2006). Results from modelling the emission from charge
exchange and energetic electrons models, as discussed in chapter 4, are also presented
in chapter 5.

Finally, the conclusions of the study and recommendations for future work are
presented in chapter 6.



Chapter 2
Previous Work

A review of previous studies is presented in this chapter, with the work being parti-
tioned into several categories: Xx-ray observations, in situ measurements from comet

1P/Halley, proposed emission models and, briefly, cometary atmosphere models.

2.1 X-ray Satellite Observations

Previous x-ray observations from the literature are presented here, with spectra and im-
ages being shown where they are available. The details are presented in chronological
order with respect to the date of publication.

A detailed independent study of observations by the Chandra X-ray Observatory
is presented in chapter 3.

2.1.1 Einstein Observatory — Comet C/1979 [ (Bradfield) — Feb 1980

The first intentional attempt to observe cometary x-rays was by Hudson ef al (1981),
who proposed that x-rays could be produced by a mechanism analogous to a process
observed in the Earth’s aurora (Anderson, 1965).

The High Energy Astrophysics Observatory 2 (Einstein) was pointed at comet
C/1979 | (Bradfield) in February 1980. While the comet was 1.13 AU! from the Sun
and 0.47 AU from the Earth, it was observed for a continuous period of 2.6 ks, in which
time no x-rays were detected at a 3o level in the energy range 0.2 — 4 keV.

As the emission was believed to be a consequence of substorms in the cometary
atmosphere, it was reasoned that the emission would be sporadic in nature. The authors
estimated that the probability of an observation similar to theirs coinciding with such
an event was only a few percent. Further study was urged, with the suggestion that

simultaneous ultraviolet and optical observations could provide some insight into the

11 Astronomical Unit ~ 1.5 x 108 km



cometary weather. Despite these suggestions and the apparent enthusiasm for further

study, 15 years passed before the next attempted observation.

2.1.2 ROSAT - Comet C/1996 B2 (Hyakutake) — Mar 1996

The first successful, intentional? cometary x-ray detections were the simultaneous ob-
servations of comet C/1996 B2 (Hyakutake) in 1996 by the Rontgen X-ray Satellite
(ROSAT)? and the Rossi X-ray Timing Explorer* (Lisse et al, 1996). Motivation for
these missions came from the in sifu measurements of energetic electrons in comet
1P/Halley (Gringauz et al, 1986a, 1986b, and 1987; see section 2.2), and from Ibadov
(1990), who suggested that collisions between cometary dust and interplanetary dust
could release sufficient energy to produce x-rays. The total ROSAT observing time was
20 ks, spread over 9 intervals on the 26th and 27th of March 1996. At this time, the
heliocentric and geocentric distances of the comet were 1.00 and 0.12 AU respectively.
X-rays were observed in each of the observing periods, effectively ruling out the spo-
radic substorm model suggested by Hudson et al (1981). In eight of the observations
the emission was offset toward the Sun on the Sun-comet vector. The exception was
the observation of shortest duration and, consequently, lowest signal to noise ratio and
lowest statistical significance. In six of the observations the emission region was a
semi-sphere around the Sun-comet vector, centred near the nucleus and extending to
~ 10° km, which is the approximate position of the bow shock. No emission was
observed from the tail. One of the x-ray images obtained is shown in figure 2.1 (Lisse
et al, 1996).

Over the course of the observation, the point of peak x-ray brightness was fixed
near 1.8 x 10* km from the nucleus on the sunward side, offset from the Sun-comet
line by a few thousand km. The total x-ray power was calculated to be 4 x 10% erg
s~!. The emission flux was variable over a period of 1 to 2 hours, which is shorter
than the period of rotation of the nucleus (6.2 hours) and the minimum coma crossing
time of an out-gassing particle (~ 7 hours if the out-gassing speed is 0.8 km s, as
was the case for comet 1P/Halley at a heliocentric distance of 1 AU, Combi, 1989).
The morphology and the lack of correlation with the rotation of the nucleus suggested
that the phenomenon was due to the interaction of the cometary atmosphere with the
solar wind. As broadband photometry was employed, a detailed, energy resolved x-ray
spectrum is not available.

2The detection of cometary x-rays in the ROSAT All-Sky Survey preceded this, but the survey was
not scanned for comets until after the Hyakutake observation

3See http://www.ssl.berkeley.edu/euve/

4See http://xte.mit.edu/
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FIRST X-RAY IMAGE OF A COMET
Comet Hyakutake + C/1996 B2 ROSAT HRI

March 27, 1996

10 arcmin

55 000 km

C. Lisse, M. Mumma, NASA GSFC
K. Dennerl, J. Schmitt, J. Englhauser, MPE

Figure 2.1: The first successful x-ray observation (Lisse et al, 1996). The emission region extends to
~ 10° km, and appears symmetrical around the Sun-comet axis.
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2.1.3 ROSAT - Comet C/1996 T1 (Tabur) — Sep 1996

Following the Hyakutake observations, ROSAT was again used to observe comet
C/1996 QI (Tabur) (Dennerl et al, 1996) in September and October 1996, when the
comet was situated 1.09 AU from the Sun and 0.51 AU from the Earth. As with the
Hyakutake observation, the emission was variable in intensity over a period of hours, as
was the observed morphology. Considerable deviation from the crescent-like structure
of Hyakutake was observed, with the emission resembling more a jet shape (Dennerl
et al, 1997). The brightest parts of the emission had a typical extent of 9 x 10* km,
and were centred 3 x 10* km from the nucleus. The peak x-ray brightness was similar
to that of Hyakutake. No further details have been published.

2.1.4 The ROSAT All-Sky Survey — Comets C/1990 K1 (Levy),
C/1990 N1 (Tsuchiya-Kiuchi), 45/P Honda-Mrkos-
Pajdusakova and C/1991 A2 (Arai)

After the ROSAT discovery of x-rays from Hyakutake (Lisse et al, 1996), a detailed
examination of the ROSAT All-Sky Survey revealed seven previous x-ray observations
from 4 different comets (Dennerl et al, 1997). The exposure with the most detections
was the first observation of C/1990 K1 (Levy), with 175 cometary photons and 11
background counts in an exposure of 77 s. The number of x-ray photons detected
in the other exposures is not stated. Most of the morphologies were similar to that of
Hyakutake, with the emission forming a crescent-shaped region between the comet and
the Sun. The emission was independent of the velocity vectors of the comets. Typically
the peak x-ray brightness was of the order 10* km from the nucleus in the nucleus-Sun
direction, and the emitting regions extended to between 10° and 10° km. In every
case the x-rays observed were soft, with about 95% of the photons having an energy
of less than 0.4 keV. In one of the observations (the least significant statistically) the
emission region formed a jet-like structure, similar to that observed from comet C/1996
T1 (Tabur) (Dennerl et al, 1996). The survey found that any comet that passed closer
than 2 A.U. to the Sun and was optically brighter than 12" magnitude was detected in
the x-ray region of the spectrum. The comets left x-ray trails as they travelled through
the field of view of the satellite, which again demonstrated that the emission process is
continuous.

A detailed comparison of the observations (including the previous ROSAT obser-
vations of comets C/1996 B2 (Hyakutake) and C/1999 T1 (Tabur)) was presented by
Dennerl et al(1997). In general, the x-ray luminosity scaled well with the optical
brightness, although the Hyakutake observation did not follow this trend. The ratio

of the x-ray brightness to the optical brightness was independent of the heliocentric
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distance of the comet, the distance from the ecliptic plane, and the solar wind speed.
It was also noted that a the x-ray brightness was dependent on the gas production rate
rather than the dust production rate. This comparison is expanded to include more
recent observations in section 2.1.13.

Unlike the Hyakutake observation, coarse x-ray spectra were obtained from the
survey, although the counting statistics are poor. The spectrum from comet C/1990 K1
(Levy) is shown in figure 2.2.

Comet Levy Spectrum
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Figure 2.2: The x-ray spectrum of comet C/1990 K1 (Levy) in the ROSAT All-Sky Survey (Dennerl
et al, 1997) with 1o error bars. The emission can be fitted by a thermal bremsstrahlung curve with
kT. = 0.23 keV.

It was found that the data could be represented by a thermal bremsstrahlung with
an electron temperature of 0.23 keV, although it was suggested that a charge exchange
capture-cascade mechanism could yield similar results at such low resolving powers
(Wegmann et al, 1998).

Dennerl et al(1997) established that x-ray emission was a standard feature of
comets, which encouraged further observations. The general similarities between the
emission morphologies seen in the survey, and with that of comet C/1996 B2 (Hyaku-

take), suggested that the same emission mechanism could be acting in each case.
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2.1.5 EUVE - Comets 6P/D’Arrest, C/1995 Q1 (Bradfield), C/1996
B2 (Hyakutake), C/1995 O1 (Hale-Bopp)

Results from the Extreme UltraViolet Explorer (EUVE)> observations of four comets
were published by Mumma ez al (1997). The observations took place between Septem-
ber 1995 and September 1996, and spanned the energy range 100 to 165 eV.

One of the comets, comet C/1995 Q1 (Bradfield), was not detected within a 2o
limit. The Hyakutake observation coincided with the ROSAT and Rossi observations
(Lisse et al, 1996), and the reported morphology is consistent with the ROSAT results.
The morphology of comet 6P/D’ Arrest is shown in figure 2.3, and is similar in nature to
that of Hyakutake, although due to the small phase angle the emission region appeared

to be more spherically symmetrical from the brightest point.

Figure 2.3: The EUV image of comet 6P/D’ Arrest as observed by the Extreme Ultraviolet Explorer
(Mumma et al, 1997).

Two mechanisms were considered to explain the emission: 1) charge exchange and
2) scattering by attogram dust particles, both of which are discussed further in section
2.3. By comparing the x-ray emission power to the gas and dust production rates, and
by considering the position of the peak x-ray brightness, the conclusion of Mumma et

al (1997) was that charge exchange was a more probable explanation.

5See http://www.ssl.berkeley.edu/euve/
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2.1.6 Comet C/1995 O1 (Hale-Bopp)

Comet C/1995 O1 (Hale-Bopp) was one of the the largest and optically brightest
comets of the twentieth century, with a nuclear mass estimated to be 40 times greater
than that of comet C/1996 B2 (Hyakutake). Over a period of more than a year a num-
ber of observations were attempted. Contradictory results were obtained, with one
device failing to detect x-rays from the comet on several occasions, and another show-
ing that Hale-Bopp was the brightest x-ray comet observed to date. Details of these

observations are given below.

EUVE

The first reported observation of Hale-Bopp was by Krasnopolsky et al (1997b). The
detection with EUVE in September 1996 was over the energy range 70 to 180 eV. The
effective (reduced due to filtering) duration of the observation was 90 ks.

The x-ray image obtained was rather different to that of previous images. Although
the emission was again on the sunward side of the comet, it was largely displaced from

the Sun-comet vector.

Figure 2.4: The EUV image of comet C/1995 O1 (Hale-Bopp) as observed by the Extreme Ultraviolet
Explorer (Krasnopolsky et al, 1997b).

There is no correlation with an optical image from the same time. The optical
emission is driven by scattering of sunlight by dust, and therefore the optical picture
mapped the location of dust emanating from the comet and occupying a region of space
that was radiating in x-rays. The maximum brightness was located (2.7 + 1.2) x 10°

km from the nucleus, again on the sunward side and displaced from the Sun-comet
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vector. The brightness was reduced by a factor of 3 from the peak at a distance of
2 x 10° km. It was reasoned that the larger heliocentric distance of Hale-Bopp would
result in a much lower x-ray flux if the emission were dust driven, due to the factor 2
difference in the dust temperatures; if the emission were driven by the gas production
rate, then the larger heliocentric distance would reduce the emission by a factor of 1.5.
The observed x-ray emission rate was ~ 80% of the Hyakutake rate, suggesting that
the emission was gas driven. The lack of correlation between the x-ray and optical

images strengthened this theory.

BeppoSAX

An independent observation was carried out slightly before the EUVE mission by
Owens et al (1998) using BeppoSAX®. During the observation on 10th September 1996,
the comet’s geocentric and heliocentric distances were 2.87 and 3.13 AU respectively.

Primarily, the Low-Energy Concentrator Spectrometer (LECS), with an energy
range of 0.1-10.0 keV, was used to image the comet and record a low resolution
spectrum. From the 11.5 ks exposure, a weak source (with a total energy flux of
(2.1 £ 0.3)x107!2 erg cm™2 s7! below 2 keV) was detected in the vicinity of the
cometary nucleus. The x-ray image and spectrum from this exposure are shown in
figures 2.5 and 2.6 respectively.

The brightest point in figure 2.5 is (2.1 £ 1.3)x10° km from the nucleus, which
is comparable to the value suggested in the EUVE observation (Krasnopolsky, 1997b).
A total of 246 x-rays were collected, compared to the 113 detections made with a
background exposure of the same region. The average luminosity is reported as 4.8 x
10 erg s—!, making Hale-Bopp the brightest x-ray comet in the literature, despite
having the largest heliocentric distance.

It was claimed that the spectrum is inconsistent with models involving emission
from gas, as there is no significant feature at 0.57 keV (corresponding to emission from
O5*). From the low statistics of the spectrum, it is difficult to draw any conclusions
about which spectral features may or may not be present. It was noted that the best fit
was a thermal bremsstrahlung continuum, with k7, = 0.29 keV, which is similar to the
best fit to the C/1990 K1 (Levy) spectrum.

The Medium-Energy Concentrator Spectrometer (MECS) on BeppoSAX was also
used to observe Hale-Bopp. The energy range of MECS is 1.3-10 keV, and a low
signal was detected below 2 keV with similar to the LECS exposure in the same energy
range. If this emission were from the comet, Hale-Bopp would be the only comet in

the literature to exhibit any x-ray emission at an energy greater than 1 keV.

%See http://www.asdc.asi.it/bepposax/
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Figure 2.5: The x-ray image of comet C/1995 O1 (Hale-Bopp) as observed by the LECS on BeppoSAX
(Owens et al, 1998).
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Figure 2.6: The x-ray spectrum of comet C/1995 O1 (Hale-Bopp) as observed by the LECS on Bep-
poSAX (Owens et al, 1998).
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Comparisons with optical images show an apparent correlation with the ejection of
a dust plume. Coupled with the fact that Hale-Bopp was a particularly dusty comet,
the large x-ray flux and the lack of symmetry around the Sun-comet vector, Owens
et al (1998) suggest that the x-ray emission from this observation and from comets in

general is driven by dust.

ROSAT

At this point, ROSAT had been the most popular and successful satellite for cometary
x-ray observations: the first six observations utilised this satellite. Several ROSAT
observations of Hale-Bopp were attempted: two in September 1996 (coinciding with
attempts using EUVE and BeppoSAX) and one observation in September, October and
December 1997 (Lisse et al, 1999a). All of the exposures were of comparable length
to the total Hyakutake observation. None of the ROSAT missions detected the comet
in X-rays.

This result, together with results from the ROSAT All-Sky Survey (Dennerl et al,
1997), indicated that the emission was not driven by dust, and it was suggested that a

high dust-to-gas ratio could even stifle the x-ray emission process.

2.1.7 ROSAT and EUVE - Comet 2P/Encke — July 1997

ROSAT and EUVE were used simultaneously to observe comet 2P/Encke (Lisse et al,
1999b) during its close approach to Earth in July 1997. The total observing time with
ROSAT was 62 ks, and the EUVE exposure was 103 ks. During the period of the ROSAT
observations, the heliocentric and geocentric distances of the comet ranged from 0.988
to 1.07 AU and 0.191 to 0.204 AU (with the closest approach distance being 0.190
AU). The total x-ray emission power was 4 x 104 erg s=1.

The morphology was similar to Hyakutake, with 90% of the x-ray emission con-
fined to 5 x 10? km and the peak x-ray brightness located 5 x 10® km from the nucleus,
at an angle of 60° from the Sun-comet line. For Hyakutake this angle was ~ 10° (Lisse
et al, 1996). Extreme ultraviolet emission was detected up to 1.1 x 10° km from the
nucleus.

The x-ray signal was highly variable over a matter of hours, as is shown in the
light curve in figure 2.7. Figure 2.7 also shows the quiescent solar wind magnetic field
strength, the solar x-ray flux, and the solar proton flux (Lisse et al, 1999b).

The lack of any correlation with the solar x-ray flux is evidence to rule out any scat-
tering mechanisms, especially considering the strong correlation between the magnetic
field strength and the proton flux.

A simple model of the propagation of broad solar wind characteristics was used to
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Figure 2.7: Simultaneous measurements of the cometary x-ray signal, the solar magnetic field strength,
the solar x-ray signal and the solar proton flux. The lack of correlation with solar x-rays disqualifies
solar x-ray scattering as the primary source, and the strong correlation with the magnetic field strength
and proton flux suggest that the emission is driven by the solar wind.

derive a delay of 0.17 days between the conditions at the comet being measured near
the Earth, which appears to agree well with figure 2.7.

A spectrum was obtained, although with low spectral resolution due to the use of
broadband photometry. The spectrum was similar to those from comets C/1996 B2
(Hyakutake), C/1990 K1 (Levy) and C/1995 O1 (Hale-Bopp) again suggesting that
there is a common emission mechanism in each case.

Analysis of the images suggested that the EUV and x-ray emission was from the
same approximate volume, and that the average x-ray energy was roughly constant
with cometocentric distance. The large offset angle of the brightest point was too large
to be due to perturbation of the solar wind by the comet’s trajectory, and is so far
unexplained. Possible explanations were offered: anti-correlation with a dust-jet, as
appears to be the case with Hale-Bopp (Krasnopolsky et al, 1997b); or, if the emission
were caused by bremsstrahlung, acceleration of the emitting electrons by a streaming
instability (which would depend on the magnetic field strength). Despite the acknowl-
edgement that emission driven by energetic electrons could explain the light curve and
morphology, and provided the best spectral fit, it was concluded that the most likely

emission mechanism was charge exchange.
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2.1.8 EUVE - Comet C/1996 B2 (Hyakutake) — Mar 1996

Extreme ultraviolet spectra from comet C/1996 B1 (Hyakutake) were published by
Krasnopolsky and Mumma (2001). EUVE was used, and the results were over the
range 80-700 A (155-17 eV). The resolution of the spectra is low, and it is difficult to
explain many of the features with any confidence. An example spectrum is shown in
figure 2.8.
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Figure 2.8: One of the EUVE spectra of comet C/1996 B2 (Hyakutake) published by Krasnopolsky and
Mumma (2001).

It was also noted that the background signal exceeded the signal from the comet.
Part of the subtracted background count included the helium 584A (21.2 eV) line. As
a result of this removal, the line is not present at all (in fact the final signal is large
and negative). This contrasts with the EUVE observation of comet C/1995 O1 (Hale-
Bopp), which detected strong emission from this line (Krasnopolsky er al, 1997b).
The apparent absence of this line could be explained by the variation of the charge-
exchange cross-section with collision speed (Bodewits et al, 2004). The other feature
observed in Hale-Bopp (Owens et al, 1998), at energies attributable to both helium and
oxygen, is detected in Hyakutake, but is attributed solely to oxygen. Emission from
Het at 304A (40.8 eV) was also observed.

It was stated that lines were observed from oxygen ions of several charge states,
indicating that the plasma was collisionally thick to charge exchange. Unlike the
previously published x-ray spectra, the data could not be represented by a thermal
bremsstrahlung. As a result, it was claimed that “convincing proof that charge trans-
fer ... is the main source of X-ray and extreme ultraviolet photons in comets” was

demonstrated.
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2.1.9 CXO - Comet C/1999 S4 (LINEAR) — July 2000

The following generation of x-ray satellites allowed more detailed observations to be
performed. The first cometary x-ray observation by the Chandra X-ray Observatory
was that of comet C/1999 S4 (LINEAR) (Lisse et al, 2001). Two separate observations
were performed, before and after the comet broke-up into several smaller pieces, with
the x-ray signal decreasing substantially after the break up of the nucleus.

An independent analysis of this observation (and observations of other comets by
Chandra) 1s presented in chapter 3.

The pre-breakup observation, when the comet was 0.801 AU and 0.530 from the
Sun and Earth respectively, lasted for 9.39 ks, in which time 13, 500 cometary photons
were collected. The emission was again from a crescent region on the comet’s day-
side, with a peak x-ray brightness at ~ 2 x 10% km, and extending to 10 km (3 x 10°
km in the EUV).

The position of the bow shock was estimated to be, by comparison with Halley,
1.1 x 10* km, so most of the emission was from outside the bow shock (Lisse et al,
2001).

The published x-ray spectrum from the first observation is shown in figure 2.9.
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Figure 2.9: The x-ray spectrum of comet C/1999 S4 (LINEAR) from the Chandra X-ray Observatory
(Lisse et al, 2001) with 1o error bars. The position of lines from the best fit are shown. The fit also
includes a bremsstrahlung continuum with a temperature of 0.39 keV.

The spectrum provided the first clear evidence that x-ray lines contributed a signif-
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icant part of the emission, as a thermal bremsstrahlung continuum was insufficient to
completely explain the spectrum. The best fit to the data was found to be a superposi-
tion of x-ray lines at 0.33, 0.40, 0.49, 0.56, 0.60 and 0.67 keV, and a bremsstrahlung
continuum with k7, = 0.39 keV.

2.1.10 CXO - Comet C/1999 T1 (McNaught-Hartley) — Jan 2001

Chandra was also used to observe comet C/1999 T1 (McNaught-Hartley) (Krasnopol-
sky et al, 2002). The observation was conducted over 6 days in January 2001, and was
composed of five hour-long exposures.

The morphology was similar to that of the previously observed comets. In this
case, the source emission appeared to extend to less than half of the CCD area. By
assuming that a uniform background signal was present over the entire chip, the signal
from an annulus with a minor radius of 353 pixels was subtracted from the signal from
a circular region with radius 353 pixels. This approach is incorrect, as the effective
area of the CCD varies over the chip area.

After removal of the background signal using the above technique, a total of 16, 720
counts were detected.

The x-ray power emitted for photons with energy greater than 150 €V in an aperture
of 1.5 x 10% km was 7.8 x 105 erg s~1. The intensity of the emission varied by a factor
of 5 over the course of the observation period.

The published spectra (both before and after removal of a background signal) are
shown in figure 2.10.

The intensity of the emission varied by up to a factor of 5 over the course of the
observing period. The morphology formed the familiar crescent shape.
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Figure 2.10: The x-ray spectrum of comet C/1999 T1 (McNaught-Hartley) from the Chandra X-ray
Observatory, taken from Krasnopolsky et al, (2002).
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2.1.11 XMM-Newton — Comet C/2000 WM1 (LINEAR) - Dec 2001

The longest observation to date was of comet C/2000 WM1 (LINEAR) using XMM-
Newton (Dennerl et al, 2003). The observation was almost uninterrupted over 17 hours,
and more than 10° photons were collected. The overall morphology was similar to
previous observations, with the peak x-ray brightness located 15,000 km from the
nucleus on the Sun-nucleus vector. The emission was traced out to 250, 000 km from
the nucleus due to the sensitivity of the observation. The morphology was discussed
further by Wegmann et al (2004), who gives the x-ray luminosity as 2.14 x 10 erg
s~1, and Wegmann and Dennerl (2005). The x-ray spectrum from the inner coma is

shown in figure 2.11.
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Figure 2.11: The x-ray spectrum of comet C/2000 WM1 (LINEAR) from XMM-Newton (Dennerl et al,
2003).

The article by Dennerl et al, (2003) gives few details of the observation, and seems
to indicate that a more extensive paper on the observation will follow. No further
articles on the observation have been published.

The paper states that “the results so far clearly demonstrate that the X-ray emission

is caused by charge exchange”.
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2.1.12 CXO - Comet 2P/Encke — Nov 2003

In November 2003, comet 2P/Encke became the first comet to be observed in two
separate orbits (Lisse et al, 2005). For the second observing period, Chandra was used,
and so data from the observation are included in the Chandra catalogue presented in
chapter 3.

At the time of the Chandra observation, Encke was 0.27 AU from the Earth and
0.88 from the Sun. The total exposure lasted 44 s. The background corrected spectrum
is shown in figure 2.12 (Lisse et al, 2005).

e

0.3

0.2

0.1

Counts s~! keV~1!

0.0

-0.1

o \uuuu‘\uuuu‘H\uuu‘u\uuu‘\uuuu
L -+
-
-+

0.4 0.6 0.8
Photon Energy (keV)

o©
s}

Figure 2.12: The x-ray spectrum of comet 2P/Encke from the Chandra X-ray Observatory, taken from
Lisse et al (2005).

It was found that the best fits to the data were obtained using a six line model
with lines at 0.283, 0.279, 0.464, 0.553, 0.600, 0.795 eV, and a combination of a ther-
mal bremsstrahlung continuum with temperature 0.270 keV and 4 emission lines with
energies 0.285, 0.377, 0.463 and 0.570 keV.
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2.1.13 Collective Results

General results from these observations are given in table 2.1.

[ Comet | Satellite | Date | Rggy | Rx—max | Ba | A& | Py [ Popt | Qgas |
Bradfield Einstein 2/80 — — 1.13 0.47 — — —
Hyakutake ROSAT 3/96 10° 1.8 x 107 | 1.07 | 0.12 4 x 10%° 3 x 1020 2 x 10%°
Hyakutake EUVE 3196 — 6 x 107 1.07 | 0.12 — —
Tabur ROSAT 9/96 9 x 10° 3 x 10° 1.09 0.51 4 x 1010 3 x 1017 —
Levy ROSAT 9/90 — 107 1.25 0.57 1.16 x 1010 1020
TK ROSAT 11/90 — — 1.37 1.08 3 x 101° 1019 —
H-M-P ROSAT 7/90 — — 1.00 0.29 4% 1013 1017 —
Aria ROSAT 11/90 — — 1.47 1.20 3 x 1012 107 —
D’ Arrest EUVE 9/95 — — 1.42 | 0.47 — — 1.2 x 107
Bradfield EUVE 11/95 — — 1.50 1.26 — — 4 x 1027
Hale-Bopp EUVE 9/96 10° 2.7 x 10° | 3.07 2.91 2 x 101° 5 x 1021 6 x 1027
Hale-Bopp | BeppoSAX | 9/96 8 x 10° 2 x 107 3.13 2.87 4.8 x 1010 — —
Hale-Bopp ROSAT 9/96 — — 3.0 2.9 — 5 x 1021 2 x 1029
Encke ROSAT 7197 5 x 10° 5 x 105 1.00 | 0.190 4 x 1012 8 x 1017 2 x 1077
1999 S4 Chandra 7/00 10° 2 x 107 0.801 0.530 2 x 1010 — 3 x 102
McN-H Chandra 1/01 1.5 x 10° | 2.2 x 107 | 1.39 1.24 7.8 x 1010 — 1029
2000 WM XMM 12/01 2 x 10° 1.5 x 107 1.02 0.41 2.14 x 101 — 5 x 102
Encke Chandra 11/03 4 x 10% — 0.88 0.27 3.8 x 107% 2 x 1017 8 x 1027

Table 2.1: Overview of Observations. Rggg is the radius encapsulating 90% of the x-ray emission in
km, Ryx_max is the position of the peak x-ray brightness in km, R is the heliocentric distance of the
comet in A.U., A is the geocentric distance of the comet in A.U., P, is the x-ray power over the aperture
Rogy, in erg s™1, Popy is the optical power over the same aperture, and Qgas is the outgassing rate in
mol s~ 1.

From the observations, some general features of the x-ray emission can be de-
scribed.

It is important that each observation is not given equal weight in this analysis.
Observations with CXO and XMM-Newton are more valuable than those with older
instruments due to the increase in the effective area and spectral resolution of their
detectors. Also, it is possible that the processes driving extreme ultraviolet emission
may subtly differ from the cause of x-rays in the comet, so results from EUVE should

be regarded with some trepidation.

X-ray Emission Morphology

The emission morphology is similar in almost every case, suggesting that a common
emission mechanism may be acting in each comet. The emission regions forms a
large crescent on the day side of the comet, almost symmetrical around the Sun-comet
axis. The exceptions to this are the dimmest (and statistically least significant) comets
Tabur and Tsuchiya-Kiuchi, and comet Hale-Bopp. In the case of Hale-Bopp, the
emission appears to anti-correlate with a large dust plume, suggesting that a large dust

production rate is detrimental to x-ray production.
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The emission tends to extend to between 10° and 10° km. Lisse ez al (2004) demon-
strated that the radial extent of the emission roughly scaled linearly with the outgassing
rate (Jgas. NO X-ray emission has been detected from cometary tails in any of the ob-

servations to date. The morphology of several comets is modelled by Wegmann et al
(2004).

X-ray Power

In general, the x-ray emission power varies with Qéég (Dennerl et al, 1997, Lisse et al,
1999b). A comparison between the x-ray and optical luminosities is shown in figure
2.13.
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Figure 2.13: The x-ray luminosity vs. optical luminosity for comets in the ROSAT All-Sky Survey. The
solid lines show contours of the ratio of Afp to the outgassing rate, such that the lower right corner
would represent a particularly dusty comet and the upper left corner would represent a very dust poor
comet. Comets with high dust production rates had lower x-ray to optical luminosity ratios (Dennerl et
al, 1997; Lisse et al, 1999b)

The term Afp in figure 2.13 is the product of the dust albedo, A (the ratio of
reflected sunlight to incident sunlight for a dust grain), the filling factor, f (the total
cross section of dust grains in the field of view) and the radius of the field of view,
p (A’Hearn et al, 1984). This term provides an aperture independent measure of the
amount of dust present in a comet. This demonstrates that dust-poor comets are more

efficient x-ray emitters.
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X-ray Spectra

The early x-ray observations of comet with ROSAT (Dennerl et al, 1997) and Bep-
poSAX (Owens et al, 1998) have produced low resolution energy spectra. These spec-
tra are best fitted with thermal bremsstrahlung models, although these results carry
little weight. Observations by Chandra (Lisse et al, 2001, 2005; Krasnopolsky et al,
2002), and subsequently XMM-Newton (Dennerl et al, 2003) have demonstrated that at
least some of the measured x-ray flux is from line emission. From these observation, it
appears that the emitting ions include O%* and O+, although it is difficult specify any
other ions with any certainty.
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2.2 In Situ Results from Comet 1P/Halley

In March 1986, a total of six spacecraft were sent to intercept comet 1P/Halley. In
order of closest approach, they were Giotto, Vega-1, Vega-2, Suisei, Sakigake and the
International Cometary Explorer. A large proportion of the data are archived by the
Small Bodies Node’. Schematics of the trajectories of the VEGA and Giotto missions

are shown in figure 2.14.
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Figure 2.14: The trajectories of the VEGA (left) and Giotto (right) spacecraft through the atmosphere of

comet 1P/Halley

Measurements relevant to cometary x-rays from VEGA and Giotto are presented

here. This includes observations of neutral particles, solar wind ions, free electrons

and electrostatic waves.

"http://pdssbn.astro.umd.edu/sbnhtml/comets/IHW/
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2.2.1 Neutral Particle Measurements

The neutral particle density was measured by the Neutral Gas Experiment on Vega-1
(Keppler et al, 1986, Gringauz et al, 1986a, 1986b, Curtis et al, 1987) and by Giotto’s
Neutral Mass Spectrometer (Krankowsky et al, 1986). Vega-1 results from both the
inbound and outbound periods are shown in figure 2.15 (Gringauz et al, 1986b, Curtis
et al, 1987).
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Figure 2.15: The neutral density profile through the atmosphere of comet 1P/Halley. The values are
derived from the Neutral Gas Experiment (Curtis et al, 1987) and the Ram Faraday Cup (Gringauz et
al, 1986b) on Vega-1.

The best fits to the data show an inverse square dependence on cometocentric dis-
tance with a corrective exponential decay factor, in accordance with the Haser formula
(Haser, 1957). From this, the total outgassing rate for 1P/Halley was Qa5 = 1.3 x 10%
molecules s~! (Gringauz et al, 1987) or Qg.s = 1 x 10%° molecules s~ (Curtis ef al,
1987).

The data from Giotto’s Neutral Mass Spectrometer (NMS) indicated an outgassing
rate of Qgas = 6.9 x 10** molecules/s (Krankowsky et al, 1986).

The Infrared Spectrometer (IKS) on Vega-1 was used to estimate production rates
of several parent molecules (Moroz et al, 1987): Q0 = 103° molecules s™*, Qco, =

! and the production rate for various hydrocarbons is 7 x 10%®

molecules s~1. An upper limit for the production rate of CO is 2 x 10? molecules s 1.

2 x 108 molecules s~

Profiles of neutral and ionic components are presented by Umbach et al (1998).
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Note that the outgassing rates for 1P/Halley are higher than those for comets ob-
served by x-ray satellites (see tables 2.1 and 3.2).

2.2.2 Solar Wind Ion Measurements

Measurements of solar wind ions in the atmosphere of 1P/Halley by the Giotto lon
Mass Spectrometer/High Energy Range Spectrometer (IMS/HERS) are presented by
Shelley et al (1987) and Fuselier et al (1991). Results from Shelley ef al (1987) are

shown in figure 2.16.
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Figure 2.16: The density of solar wind ions in the atmosphere of 1P/Halley as measured by Giotto
IMS/HERS (Shelley et al, 1987).

As helium is not present in the comet, all of the helium ions originate in the solar
wind, where they are generally fully ionised. Figure 2.16 shows that the fractional
abundance of He™ increased as Giotto approached the nucleus, indicating that helium
recombination has taken place. Balsiger et al (1986) reported detecting He?* as close

as 5000 km from the nucleus.

31



2.2.3 Electron Measurements
Vega-2 Measurements

The PLASMAG-1 devices on the Vega spacecraft were capable of measuring the free
electron distribution between 3 eV and 10 keV. Results from VEGA-2 are published by
Gringauz et al (1987). Approaching the cometopause, from a distance of 8 x 10° km
to 1.6 x 10° km, the electron temperature decreases by a factor of two, from 40 eV to
20 eV.

Near the closest approach, from a distance of 3 x 10? km to 1.5 x 10* km, a
significant population of 1 keV electrons is observed. The change in the distribution

functions is illustrated in figure 2.17.
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Figure 2.17: A comparison of electron distributions outside the cometary atmosphere (lower curve) and
closer to the nucleus (upper curve).

After the craft reached 1.5 x 10* km, the detector malfunctioned temporarily, and
no data were returned until the outbound leg of the transit.
VEGA-I had an identical device, but unfortunately it was not operational by the

time the spacecraft reached comet Halley.

Giotto Measurements

The Reéme Plasma Analyzer on Giotto included the Electron ElectroStatic Analyzer

(EESA), which was capable of measuring the free electron distribution in three dimen-
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sions. The results, presented by Reéme et al (1986, 1993), are in excellent agreement
with the Vega-2 measurements outside the cometopause (at 1.6 x 10° km). Within the

cometopause, EESA did not detect any significant high energy (~ 1 keV) electrons.

Indirect Giotto Measurements

Eberhardt and Krankowsky (1995) calculated electron temperatures from the measured
ratio of the ions CH30H; and H3OT. One of their models predicts an electron tem-
perature of the order 100 eV at a distance of 10* km from the nucleus. Their other
calculations produced lower temperatures in the same region, around 3 eV.

Conclusions

The contradiction between the Giotto and Vega results is puzzling, and as yet unex-
plained. It has been suggested that the Vega detection of energetic electrons was due
to an instrument effect, although Gringauz et al (1987) have shown this this is not the
case. Given that each observation is accurate, it was reasoned that the generation of en-
ergetic electrons is a sporadic phenomenon. It was suggested by Gringauz et al (1987)
that the electrons were energised in a substorm, as suggested by Ip and Mendis (1976).
However, Hudson et al (1981) predicted that the probability of an observation of one
hour coinciding with a substorm was only a few percent. The transit period of Vega-2
through the region featuring energetic electrons was less than 3 minutes. If the Vega-2
transit did observe the effect of a substorm, it was a very fortunate observation.

A more plausible suggestion for the discrepancy is that the energetic electrons are
present in a region corresponding to x-ray emission from comets: a semi-sphere with
the brightest point ~ 10 km from the nucleus on the sunward side. The closest ap-
proach for Vega-2 was 9, 000 km. The closest approach for Giotto was 600 km. Figure
2.14 shows that Giotto passed between the nucleus and the (assumed) x-ray emitting
region. If x-ray emission is driven by energetic electrons, the contradiction between

the Giotto and Vega results is explained by the morphology of x-ray observations.
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2.2.4 Electric Field Measurements

The Vega probes were fitted with a Low-Frequency Plasma Wave Detector (APV-N

(Russian initials)). Measurements are presented by Klimov et al (1986). The wave

spectra before, during and after a measured sharp increase in the plasma density in the

cometopause are shown in figure 2.18.
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Figure 2.18: Wave activity before (¢), during (A) and after (O) an abrupt increase in plasma density at
R = 4.13 x 10* km. The peak at 14 Hz corresponds to the lower-hybrid frequency.

The increase in plasma density (detected by the PLASMAG-1 device) and the cor-
responding increase in wave activity at 15 Hz occurred at a distance of ~ 4 x 10* km
from the nucleus. The region of the wave activity is adjacent to a significant increase
in the density of energetic ~ 1 keV electrons from 2.4 x 10* km (Gringauz et al,
1987). The peak in frequency is of the order of the lower-hybrid frequency for a mag-
netic field of 50 nT (Riedler et al, 1986), which is the geometric mean of the electron
and ion gyrofrequencies. From this, it is possible that the electrons were accelerated
through a resonant energy transfer from the electrostatic waves. This is discussed in
section 4.1.2.
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2.3 Emission Models

Previously suggested emission models are listed here, and brief details are given for
the methods that are still considered plausible.

2.3.1 Discounted Theories

Krasnopolsky (1997a) examined the potential of several x-ray emission models. The
conclusion was that the following models could not match the x-ray flux of models
that involve the interaction of the solar wind and the outgassing cometary atmosphere.
Further reasons to discount the models are given here.

Atmospheric Substorms

Atmospheric substorms, analogous to those observed in the Earth’s aurora, were sug-
gested by Ip and Mendis (1976). Hudson ef al (1981) used this mechanism as moti-
vation for an attempted detection of x-rays from comet Bradfield (see section 2.1.1).
This theory gained some credence through the apparent sporadic nature of the energetic
electrons detected in comet Halley (Gringauz et al, 1987). However, as explained in
section 2.2.3, the contradiction between Giotto and Vega results could be due to the
spacecraft passing through different regions of the cometary atmosphere. In addition
to this, the x-ray light curves from comets, although variable, have been significantly
larger than the x-ray background in almost every observation. This indicates that the

emission mechanism behind cometary x-rays is more stable than the substorm model.

Scattering of Solar X-rays

The lack of correlation between the solar x-ray flux and cometary x-ray light curves,
as demonstrated by Lisse et al (1999) (see figure 2.7) sufficiently shows that the x-ray

emission is not scattering of solar x-rays.

Dust-Driven Mechanisms

Dennerl et al (1997) demonstrated a general trend of dusty comets being less efficient
x-ray emitters. This is supported by an anti-correlation between the x-ray morphology
of comet Hale-Bopp and an ejected dust jet (Krasnopolsky et al, 1997). Therefore,
x-ray emission from comets is not driven by dust, and may even be quenched by the

presence of dust.
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2.3.2 Charge-Exchange Driven Emission

Currently, the most widely accepted explanation of cometary x-rays is charge exchange
between highly ionised minor species in the solar wind and neutral particles emanating
from the nucleus of the comet. The development of the charge exchange model is
presented here, again in chronological order in respect of publication date.

Cravens (1997) first suggested a charge exchange model to explain cometary x-ray
emission. Highly ionised minor species in the solar wind, such as O**, O and C°*,
capture bound electrons from neutral atoms and molecules in the cometary atmosphere.
After the charge transfer, the recombined ions are in an excited state. This excited ion
will radiatively cascade to the ground system by one or more transitions, some of which
will produce x-ray photons. The emission spectrum described by Cravens (1997) was
composed of dozens of emission features, most of which have energies less than a few
hundred eV.

The model proposed by Cravens (1997) was was partly based on the observed
charge exchange products in the coma of comet 1P/Halley (Shelley et al, 1987). Ip
(1989) explored the role of charge exchange reactions in the formation of the come-
topause at ~ 1.4 x 10* km in comet 1P/Halley (Gringauz et al, 1986a, 1986b) and
found that charge exchange did not contribute. Ip (1989) did note that charge transfer
could significantly deplete solar wind ions within the range ~ 6 — 8 x 10* km from the
nucleus.

The preliminary picture of cometary charge exchange developed by Cravens (1997)
demonstrated that the process was plausible near the range suggested by Ip (1989).

Hiberli et al (1997) considered emission driven by charge exchange within a 3D
magnetohydrodynamic fluid model of the comet-solar wind atmosphere. They found
that their models agreed well with the morphology and luminosity of comet C/1996
B2 (Hyakutake).

Wegmann et al (1998) synthesised spectra from charge exchange reactions as
would be observed by a device similar to ROSAT. They found that ROSAT would not
be able to distinguish between their charge exchange emission spectrum and a ther-
mal bremsstrahlung with £7, = 0.2 keV. Wegmann et al (1998) also considered the
emission in the context of a simple hydromagnetic representation of the comet-solar
wind atmosphere, and found an agreement between their model and the observed mor-
phologies. Wegmann et al (1998) concluded that the results of Héberli et al (1997)
were incompatible with the observation of comet C/1996 B2 (Hyakutake). In addi-
tion to considering a charge exchange model, Wegmann et al(1998) also considered
bremsstrahlung by electrons, as is discussed in the following section.

Beiersdorfer ef al (2003) have compared laboratory charge-exchange results with
the x-ray spectrum of comet C/1999 S4 (LINEAR) (Lisse et al, 2001). They used
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the spare X-Ray Spectrometer microcalorimeter detector from ASTRO-E2, which has a
resolution of 10 eV. They installed the XRS on the Lawrence Livermore Electron Beam
Ion Trap (EBIT), and measured charge exchange emission lines from ions of carbon,
nitrogen and oxygen following collisions with selected gases.

They observed that the spectrum of helium-like oxygen is dominated by the for-
bidden 1s2s 3S; — 1s? 1S, transition, though to a smaller degree than they pre-
dicted. Beiersdorfer et al (2003) noted that this contradicts earlier studies: Hiberli
et al (1997), Wegmann et al (1998) and Schwadron and Cravens (2000) predicted that
the 1s2p ' P, — 152 1S, resonance transition would be the strongest; and Kharchenko
and Dalgarno (2001) who used the 1s2p P, — 1s% 1S intercombination transition.
As is demonstrated in section 4.4.2, the ratio of these lines is a strong indicator of the
emission mechanism.

In the hydrogen-like case, the Lyman-« lines dominated, but the other Lyman series
lines (up to and including €) were also prominent.

Strong emission from n = 3,4 is explained by double capture reactions (the sig-
nificance of which in cometary atmospheres is discussed by Ali ef al, 2005), and the
magnitude of lines from these levels compared to the magnitude of emission from 7.
(the preferred capture level) shows that double capture reactions are about as likely as
the single capture case.

From their results they have build a spectrum using He- and H-like C, N and O,
and have compared the result to the spectrum observed from LINEAR 1999 S4 (Lisse
et al, 2001). The spectrum contains 24 lines, and is convolved with the instrumental
response function of Chandra’s ACIS-S device, with a spectral resolution of 100 eV.
Their results are shown in figure 2.19.

Bodewits et al (2004, 2006) used an experimental method developed by Lubinski
et al (2001) to synthesis cometary x-ray spectra. The experimental method allows the
measurement of state selective charge exchange cross sections at velocities between 30
and 1500 km s~!, so both slow and fast solar wind conditions can be represented. Ex-
periments to date have included Het 2+, Q6+ 7+ C5+:6+ and N°+6+ as receiver species,
and donors have included neutral H, Hs, He and CO.
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Figure 2.19: The x-ray spectrum from collisions of neutral CO2 with hydrogen- and helium-like oxygen,
nitrogen and carbon, observed with the ASTRO-E microcalorimeter on the Livermore EBIT. The solid
line shows the spectrum after convolution with the ACIS-S detector aboard Chandra, with a spectral
resolution of 100 eV.
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2.3.3 Electron-Ion Collision Driven Emission

Competing models suggests that the emission is driven by electron collisions rather
than charge exchange collisions.

Emission from Thermal Solar Wind Electrons

Wegmann et al (1998) considered the bremsstrahlung emission by solar wind electrons
passing through the neutral cometary atmosphere. The electrons were heated by the
cometary bow shock in an unspecified manner. Their calculations show that the emis-
sion due to bremsstrahlung from adiabatically heated electrons is 4000 times smaller
than that observed from comet C/1996 B2 (Hyakutake), although it is stated that a
more efficient heating process could boost the effect. The shape of the emission region
from this mechanism is similar to the morphology of comet Hyakutake, although there

is closer agreement with their charge exchange model.

Energised Electrons

A similar model, with a more effective heating process, suggested by Bingham et al
(1997), Northrop et al (1997), Northrop (1997), Milikh and Sharma (1997), and Uchida
et al (1998), and developed by Shapiro et al (1998, 1999) is as follows: cometary
ions are created by photoionisation and charge exchange ionisation of the out-gassing
cometary neutrals. In the solar wind reference frame, the photo-ions form a beam
distribution parallel to the magnetic field and a ring distribution transverse to the field.
The relative streaming of the cometary and solar wind particles leads to the growth
of electrostatic waves, almost perpendicular to the magnetic field. These waves may
transfer their energy to the free electrons in the system, propelling them along the field
lines at energies of the order of 1 keV. A more detailed description of the process is
given in section 4.1.

Uchida et al (1998) and Shapiro et al (1999) assumed that the energetic electrons
would drive x-ray emission through bremsstrahlung and excitation of cometary neu-
trals. The resulting emission lines would have energies of 277 eV, 392 eV and 525 eV,
corresponding to neutral carbon, nitrogen and oxygen respectively. The observation
of comet C/1999 S4 (LINEAR) by Chandra (Lisse et al, 2001) demonstrated that this
was not the case, and that the clearest emission line is from He-like oxygen.

As a result, a modification to the model is suggested in this thesis: the energetic
electrons drive the emission by exciting the minor species in the solar wind, and
through bremsstrahlung collisions with solar wind protons and cometary photoions.
This new approach is detailed in section 4.1.3.
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2.4 The Comet-Solar Wind Atmosphere

When approaching the Sun, a cometary atmosphere is formed by the sublimation of
molecules and dust particles from the surface. Detailed descriptions of the formation
of the atmosphere over a wide range of cometocentric distances can be found in, for
example, Festou (1981) and Divine et al (1986). Beyond a distance of approximately
10r,, where r,, is the radius of the nucleus, a simple model is sufficient to describe the
environment. Beyond this distance, gas molecules can be treated ballistically: flowing
radially from a point source nucleus with a uniform speed vg,s. The neutral particles
are not affected by the solar magnetic field B until they are ionised, either by a solar
photon, an electron collision or a charge transfer reaction. A comprehensive list of
photodissociation and photoionisation timescales of neutral molecules and a photoion-
isation timescales of ions is given by Huebner et al (1992).

For a given atomic or molecular species z, the neutral density at a distance r from

the nucleus is given by the Haser equation (Haser, 1957)

Nofr) = — 2 _exp (— : ) 2.1)

AT VgasT Vgas Tz

where (), is the outgassing rate of x and 7, is the ionisation timescale for . This model
is close to the in situ results from comet 1P/Halley (see section 2.2.1). Detailed study of
the neutral atmosphere are presented by Combi and Delsemme (1980a, 1980b), Combi
(1980) and Delsemme and Combi (1983). The density of the daughter ions ¢ created

from z is

No= % o (1— : )g 9 (2.2)
47T’UgasT VgasTx 47T7-$Ugasr

Inaccuracies in this approach occur as a spread in velocities is introduced by colli-
sions near the nucleus and by the release of energy as daughter molecules are created
(Festou, 1981).

Once ionised, the particles are influenced by the magnetic field and the v x B elec-
tric field. As the ions gyrate around the magnetic field, they are incorporated into the
solar wind flow. As this occurs, the solar wind is slowed as momentum is conserved.
This process is known as mass loading, and a review of the physics of mass loading
plasmas, including comets, is given by Szeg6 et al (2000).

Magnetohydrodynamic models of the interaction of the outgassing, ionising
cometary particles with the flowing solar wind and magnetic field have been performed
by several authors (for example, see Gombosi et al, 1994, 1996; Hiberli, 1996; Weg-
mann, 2002). The resulting profiles of the atmosphere and tails are in close agreement

to observations. A kinetic approach is used by Lipatov et al (2002), although the
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electrons are still treated as a fluid. In the above cases, energisation of electrons (as
observed by VEGA-2; see section 2.2.3) and the effect of energetic electrons is not

considered.

2.5 Conclusions

The published cometary x-ray data to date have been presented. It has also been
demonstrated that currently, there is no conclusive explanation for cometary x-rays.
From the literature it has been shown that only two of the contemporary emission
mechanisms are plausible.

There is clear evidence that charge exchange reactions take place in the cometary
environment. The products of charge exchange reactions (e.g. He™) have been de-
tected in the atmosphere of comet 1P/Halley within the cometopause (Shelley et al,
1987). Although charge exchange emission models, when combined with MHD mod-
els, can represent the observed morphologies (Héberli, 1997; Wegmann et al, 1998),
the emission spectra from Chandra and XMM-Newton are not satisfactorily modelled.

There is also evidence to support the energetic electrons model. Both lower-hybrid
waves (Klimov et al, 1986, Savin et al, 1987) and energetic electrons (Gringauz et
al, 1986a, 1986b, 1987) have been observed in situ in comet 1P/Halley at a position
corresponding to the position of peak brightness in x-ray observations. It has been
demonstrated that the detection of energetic electrons at comet 1P/Halley by VEGA-2
and the non-detection of energetic electrons by Giotto may be explained by the dif-
ference in the spacecrafts’ trajectories. Finally, a new modification of the energetic
electron model has been presented, whereby the electrons cause emission by collisions
with solar wind minor species, resulting in x-ray line emission, and by collisions with

solar wind protons and cometary photoions, causing bremsstrahlung.
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Chapter 3
Observations

In this chapter, the available observational data is presented. The focus of the chapter
is the collection of cometary observations performed with the Chandra X-ray Obser-
vatory. Data from these observations are presented along with contemporary measure-
ments of the solar wind by the Advanced Composition Explorer (ACE).

General properties of the solar wind from ACE measurements are given in section
3.1. The AXAF CCD Imaging Spectrometer (ACIS) on Chandra, the device used in
observations of comets, is described in section 3.1. The processing steps that must be
applied to datasets before a scientific analysis is possible are demonstrated in section
3.3. Data from Chandra observations of seven comets are presented section 3.4. This
section also includes ACE data from the corresponding periods. The potential of future
x-ray missions with regard to cometary x-ray analysis is discussed in section 3.5.

3.1 Solar Wind Measurements by the Advanced Com-

position Explorer

The emission from the comet-solar wind plasma is characterised by minor species ions
in the solar wind. Solar wind conditions are continually monitored by the Advanced
Composition Explorer (ACE), and averages of measured parameters since 1999 are
shown in table 3.1. The average speed of solar wind protons in this period is v, =
(451 4 106) km s~'. The “fast” and “slow” values in table 3.1 refer to periods when
the proton speed was above or below this average.

Some elemental data is not included in the ACE data archive; values for these
abundances are taken from Wimmer-Schweingruber (2002).

Several models are used to predict the solar wind conditions throughout the eclip-
tic plane based on near-Earth measurements (see Fry et al (2003) for a comparison of

models). From these models, Bodewits et al (2007) estimate the delay between condi-
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Parameter

Slow

Fast

Np
Tp
NHe/Np
B
NHO/NO
N¢/No
Nx/No*
NNe/NO
NNa/NO*
NMg/NO
Nai/No*
Ngi/No
Ns/No*
Neca/No*
Nee/No*
NFO/NO

(7.84 £+ 6.06) cm™3
(6.45 + 2.65)x 101 K
0.0361 £ 0.0236
(6.45 £ 2.93)nT
80.2 £ 34.1
0.676 £ 0.182
0.0079 £ 0.037
0.241 £ 0.101
0.00791 £ 0.00304
0.158 £ 0.087
0.0175 £ 0.00657
0.139 £ 0.045
0.050 £ 0.018
0.0085 £ 0.0002
0.0019 £ 0.0008
0.131 £0.070

(4.86 £ 3.99) cm ™3
(1.55 £ 0.93) cm™3
0.0322 £+ 0.0224
(7.35 £ 3.99) nT
93.5+414
0.695 +0.129
0.114 +0.022
0.129 +£0.103
0.00378 £ 0.00118
0.154 £ 0.109
0.00806 + 0.0021
0.149 £+ 0.066
0.053 £0.013
0.0186 + 0.0042
0.0017 £ 0.0004
0.102 £0.073

Table 3.1: Statistics from ACE Solar Wind measurements from 1999 to 2005. Values marked by (¥) are
from Wimmer-Schweingruber (2002). “Fast” and “slow” refer to periods when the solar wind proton

speed was above or below the average value.

tions measured by ACE being representative of the solar wind at the position of each

comet observed by Chandra.

Data contemporary to Chandra observations are presented alongside the cometary
x-ray data in section 3.4. The quality of data returned by ACE varies, and each data
point is assigned a quality grade. Data with low grades are not included here. This
results in sporadic gaps in the data plots — see, for example, the lack of data between

days 194.7 and 194.8 in figure 3.17.
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3.2 The AXAF CCD Imaging Spectrometer — ACIS

Chandra consists of two x-ray detecting devices: the High Resolution Camera (HRC)
and the AXAF CCD Imaging Spectrometer (ACIS). The instruments can be used with
or without high or low energy gratings. The only practical configuration for observing
comets is ACIS with no grating. This device is described here.

There are two sets of CCDs on the device: 4 imaging chips (ACIS-I) and 6 spec-
trometer chips (ACIS-S). The configuration of the detector is shown in figure 3.1.
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Figure 3.1: A schematic of Chandra’s ACIS array of CCDs from the Chandra Proposers’ Observatory
Guide.

ACIS-1 is used for capturing x-ray images over a large field of view. ACIS-S can
be used in the same manner (as is the case here), although it is designed to be used
with diffraction gratings to record high resolution spectra. Another important feature
is that there are two categories of CCD in the ACIS-S array. Four of the chips are
front illuminated (as are all of the ACIS-I CCDs), which is the normal mode of CCD
operation. In these chips, there is a silicon window between the mirror array and the
CCD surface. The remaining CCDs (S/ and S3) are similar to the others, but they are
inverted in the array such that they are back illuminated. That is, the sensing volume at
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the back of the device is exposed to incident x-rays. In this case, photons do not have
to pass through a silicon window, and as a result the chips are an order of magnitude
more sensitive to x-rays below 1 keV (in the energy range of interest in this study).
However, energy resolution is approximately 60% of the front illuminated chips.

The sensitivity of the CCDs is reflected by their effective areas. Typical effective
areas for front and back illuminated chips are shown in figure 3.2.
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Figure 3.2: Typical effective area functions for ACIS chips.

More detailed descriptions of ACIS are given in the ACIS Handbook (Nousek,
1997), and “The Chandra Proposers’ Observatory Guide™!.

For cometary observations, the aimpoint of the S3 CCD (marked by a cross in
figure 3.1) is usually pointed (and periodically redirected) at the nucleus of the comet.

'http://cxc.harvard.edu/proposer/POG/html/
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3.3 Data Processing

3.3.1 Data Reduction

The Chandra data archive can be accessed online, and after a period of one year, ob-
servation data is in the public domain and may be accessed through the WebCHASER?
service.

Two levels of data are available. Level 2 data are created by processing of level 1
datafiles. For most scientific analysis, a new set of level 2 data should be prepared by
processing the level 1 data with the most recent calibration database CALDB? for the
period of the observation.

The data from ACIS is arranged such that information about every detection is
tabulated. The raw signal from the CCD array is full of contamination from effects
such as cosmic rays, and defects on individual CCDs. These have to be removed
using the latest version of the Chandra Interactive Analysis of Observations (CIAO)*
package’.

The CCD false colour image of an observation of comet C/1999 S4 (LINEAR) is
shown in figure 3.3. The resolution of the image is 32 times lower than the actual CCD

array.
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Figure 3.3: A raw ACIS CCD image of observation 584 of comet C/1999 S4 (LINEAR).

The first step is to create a list of all of the known bad pixels on the device from the
period of this observation and to remove these data from the event file. The resultant
image is only slightly different, and is not shown.

Next, each pixel for each event is graded. That is, the signal on each pixel is

http://cda.harvard.edu/chaser/mainEntry.do
3CALDB version 3.3.0 was used here
“http://cxc.harvard.edu/ciao/

>CIAO version 3.4 was used here.
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compared to an event threshold value, and if the signal is greater than that on each of
the 8 neighbouring pixels, the pixel is graded. The signals on neighbouring pixels are
compared to a split-event threshold value, and the pixels with values greater than the
threshold are assigned a value of 1. The grade of the central pixel is determined by the
binary pattern formed on the neighbouring pixels. The grading distinguishes between
true counts and background detections from cosmic rays. Events with an unfavourable
grading are removed from the datafile.

Events with certain grades are removed from the data file, in this case leaving only
13% of the events. The CCD image is shown in figure 3.4
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Figure 3.4: The graded ACIS CCD image of observation 584 of comet C/1999 S4 (LINEAR).

The final filtering step leaves data collected within Good Time Intervals (GTI). A
GTlI is a period with low background and a stable aspect (which can be thought of as
a projecting a constant field of view after corrections for the natural dither of the satel-
lite). When re-pointing the satellite, the aspect becomes unstable, and any detections
from transition periods are not included in the GTT list. This is important in the analy-
sis of comets, as the satellite is periodically re-pointed to track the path of the comet.
The list of GTIs can be determined for each observation, allowing corresponding x-ray
detections to be extracted, and the resultant data file is now a level 2 file. The GTI
corrected data for observation 584 is shown in figure 3.5.

A common problem at this stage is a streaking effect in the horizontal on the S4
CCD. This is caused by a flaw in the output system of the chip, which results in a
random charge being distributed along the pixel row. All of the ACIS CCDs suffer
from this problem to a small extent. The problem is well known, and the CIAO data
package includes algorithms to destreak the data. In general, destreaking the $4 CCD is
not necessary as data from the chip are not analysed. The exception is the observation
of comet C/2002 C1 (Ikeya-Zhang). Despite this, destreaking algorithm is applied to

each observation for completeness. The destreaked level 2 file is shown in figure 3.7.
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Figure 3.5: The GTI ACIS CCD image of observation 584 of comet C/1999 S4 (LINEAR).

This effect is not obvious in this case, as there appears to be a stronger noise signal
in the vertical direction. To demonstrate, a GTI filtered image of observation 1863
of comet C/1999 T1 (McNaught-Hartley) is shown in figure 3.6. Compare this to the
destreaked image shown in figure 3.7.

Comet 1999 T1 — Obs 1863
4500

4000
3500
3000

2500

2000 3000 4000 5000

Figure 3.6: The GTI ACIS CCD image of observation 1863 of comet C/1999 T1 (McNaught-Hartley).
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Figure 3.7: The destreaked ACIS CCD image of observation 1863 of comet C/1999 T1 (McNaught-
Hartley).

The final stage in preparing the level 2 event file is to remove background point

sources, such as those visible in figure 3.7.

3.3.2 Grouping Observations

In many observations, the total observing period is divided into several observation
IDs. Between each ID, the satellite is re-pointed to track the motion of the comet
(the exception to this is the observation of comet C/2002 C1 (Ikeya-Zhang), where the
comet passed through the field of view). In order to combine each observation ID,
a common coordinate system must be introduced. Using the comet ephemeris data
(which is archived in the Chandra archives), a comet-centred coordinate system may
be introduced. After this, sequential (in time, though not necessarily in observation ID

number) observations can be combined.

3.3.3 Analysis of Background Counts

The treatment of background counts is rarely simple, and is particularly tricky in the
case of comets. The ideal scenario for cometary x-rays is to observe the comet’s pro-
jected position shortly before or after the actual observation. This has not been at-
tempted to date. The best available scenario is that the S/ chip is also active during the
observation, and that x-ray emitting region of the comet does not extend far enough to
fall into the projected view of the S/ CCD. This allows the entire chip to be used as a

background source.
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Failing this, if the source covers only a small part of the $3 chip leaving a large
area empty, distinct source and background regions can be assigned. It will be shown
later that the x-ray emitting cometary plasma may extend far enough to fill the $3 CCD
or even the entire ACIS array. Therefore, following this approach could result in a
significant amount of source data being neglected, although the method has been used
in previous analyses (for example Krasnopolsky et al, 2002; Lisse et al, 2005).

If neither of these options are available, there is no way to derive a reliable back-
ground from the observation. It is possible to use a blank-sky datafile, although ap-
plication of this method is complex, and relies on the assumption that the x-ray back-
ground is uniform, which is not the case. Also, it is crucial to ensure that the back-
ground datafile has been processed with the same calibration data as the source. At the
moment it is not possible to reprocess the blank-sky files to ensure that this is the case.

If a contemporary sample of the background can be extracted by one of the above
methods, it is important that it is utilised properly. It is not acceptable to simply sub-
tract a background signal from the source (with appropriate scaling of the solid angles).
To do so assumes that the responses does not vary over the CCD area (which it does),
or in the case of using the blank-sky data, that the response for each observation is
identical, which is also false. The correct approach is to model the background emis-
sion using an response function derived from the background sample. The model that
is used to fit the data is not significant. The background model must be superimposed
onto any model of the source emission. This method has not been employed in previ-
ously published analyses on cometary x-rays.

Further details of the background signals used in this study are discussed in section
5.3.
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3.4 Chandra Observations of Comets

At the moment, the Chandra X-ray Observatory is the most powerful satellite for ex-
amining cometary x-ray emission. The spectral resolution is high enough to demon-
strate that the emission is composed, at least in part, of emission lines. Although
the spectral resolution of XMM-Newton is slightly higher, Chandra is supported by a
comprehensive selection of software packages that allow easy access to the data and
thorough analysis. As a result, Chandra is the most commonly used active instrument
in cometary x-ray research, with 9 observations to date.

For two of the Chandra observations, gratings were used in unsuccessful attempts
to obtain high resolution results. In the other cases, CCD images and spectra were
recorded. Details of the observations are listed in table 3.2.

Comet Instrument Grating Date A R Lat At Qgas Duration Counts Py
C/1999 S4 ACIS-S None 14/7/2000 | 0.530 | 0.801 | 24° -1.09 3%10%8 9.34 16300 | 2.6x10°
C/1999 S4 ACIS-S None 1/8/2000 0552 | 0774 | 24° — — 18.6 15538 —
C/1999 T1 ACIS-S None 8/1/2001 1399 | 1239 15° -6.63 1028 33 5500 25%10'6
C/1999 T1 ACIS-S None 10/1/2001 1384 | 1250 | 15° — 1028 36 5400 —
C/1999 T1 ACIS-S None 12/1/2001 1370 | 1.261 15° — 1028 33 5000 —
C/1999 T1 ACIS-S None 13/1/2001 1363 | 1267 | 15° — 1028 33 1400 —
C/1999 T1 ACIS-S None 14/1/2001 1356 | 1273 | 15° — 1028 3.1 2300 —
C/2001 A2 HRC-S LETG 8/7/2001 0267 | 1.141 — — — 437 — —
C/2001 A2 HRS-1 None 9/7/2001 0273 | 1153 — — — 23.8 — —

C/2000 WM1 ACIS-S LETG | 31/12/2001 | 0.676 | 0.753 — — 5%1028 339 — —
C/2002 Cl ACIS-S None 15/4/2002 | 0457 | 0799 | 26° | -073 2% 1029 234 428000 | 2.8x10'6
2P/Encke ACIS-S None 24/112003 | 0275 | 0891 | -10° | -1.09 | 7.3x10%7 44.1 11400 1x10%4
C/2001 Q4 ACIS-S None 12/5/2004 | 0362 | 0964 | -3° 4180 | 1.3x10%9 104 9510 5% 1015
9P/Tempel ACIS-S None 30/6/2005 | 0.872 | 1.507 | 0.8° — 4.73%1027 50.1 9700 —
9P/Tempel ACIS-S None 4/7/2005 0.892 | 1.506 | 0.8° — 5.01x10%7 613 8700 —
9P/Tempel ACIS-S None 5/7/2005 0.898 | 1.506 | 0.8° — 8.18 %1027 479 6900 —
9P/Tempel ACIS-S None 8/7/2005 0914 | 1506 | 0.8° | -038 | 6.31x10%7 33.1 8600 1.7%x 106
9P/Tempel ACIS-S None 10/7/2005 | 0925 | 1.507 | 0.8° — 5.01x1027 335 6200 —
9P/Tempel ACIS-S None 13/7/2005 | 0942 | 1.508 | 0.8° — 5.6%1027 334 4800 —
9P/Tempel ACIS-S None 24/7/2005 1.01 1518 | 0.8° — 5.6x10%7 334 5900 —
73P/SW 3B ACIS-S None 24/5/2006 | 0.106 | 0965 | 0.5° 0.2 2%1028 20.6 8470 3.6x101

Table 3.2: Details of comets observed by Chandra. A and R are the geocentric and heliocentric dis-
tances of the comet in AU, Lat is the ecliptic latitude of the comet, At is the delay between equivalent
solar wind flows being present in the vicinity of the comet and the Earth Q. is the outgassing rate in
molecules s~ !, the duration of each observation is in ks, and P, is the x-ray luminosity in erg s~!. The
luminosities are estimated by comparing the source signals to the background. 73P/SW 3B is comet
73P/Schwassmann-Wachmann 3B.

In the literature, there are details of the observations of comets C/1999 S4 (LIN-
EAR) (Lisse et al, 2001), C/1999 T1 (McNaught-Hartley) (Krasnopolsky, 2004) and
comet 2P/Encke (Lisse et al, 2005). Publications are in preparation for the observation
C/2002 C1 (Ikeya-Zhang) (Dennerl, private communication 2005), and a review of all
of the Chandra cometary data (Bodewits et al, 2007). The review paper will be include
some of work presented here.

The aim of this section is to collect and catalogue all of the available data from
Chandra observations of comets and to process the data using the most up-to-date
calibration and techniques to allow full spectroscopic analysis. Aspects of the data

presented here are morphology, spectra and light curves, where possible. Although
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previous studies have presented these facets of the data, more detailed results are given
here. No interpretation of the emitting plasmas is made in this chapter: this is done in
chapter 5.

An important caveat of the analysis of Chandra spectra regards the instrument re-
sponse. The response function comprises two components: the effective area and the
redistribution matrix. The effective area dictates how sensitive the device is as a func-
tion of energy. The calculation of the effective area considers physical obstructions by
the structure of the device, the reflectivity of the mirrors, and the quantum efficiency of
the CCD. Also, the effect of incident photons transmitting through an optical blocking
filter must be considered. This is complicated by the buildup of contaminants on one
side of the filter, which have the effect of degrading the effective area over time, espe-
cially in the energy range of interest for comets. Calibration observations indicate that
the thickness of this contaminating layer is increasing linearly with time. The effective
area varies spatially over the CCD. The spatial and temporal variations are included in
the calibration data.

The redistribution matrix indicates the probability of a photon of energy FE resulting
in the incrementation of counts in the bin /. This is the manifestation of the energy
resolution of the device. The redistribution matrix, like the effective area, varies in
time, and spatially over the chip. However, only the most recent response is included
in the calibration data.

Both aspects of the response also depend on the device temperature, although this
is automatically treated in the analysis.

As a result of variation of the response, weighted effective areas and redistribution

matrices must be calculated separately for every observation.
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3.4.1 Comet C/1999 S4 (LINEAR)

Comet C/1999 S4 (LINEAR) was the first comet to be observed by Chandra (Lisse et
al, 1999c). The comet disintegrated as it approached the Sun, and observations were
made both before (July 14th 2000) and after (August 1st 2000) the initial breakup of
the nucleus. The first observation is discussed in this section (the post-disintegration
observation is detailed in section 3.4.2).

The heliocentric radius of the comet was R = 0.801 AU, and its distance from the
Earth was A = 0.530 AU. The observation was split into 8 sequential periods, with the
device being re-pointed toward the comet nucleus for the start of each period. The total
observing time was 10.6 ks, but this includes data collected while the satellite was be-
ing re-pointed. Removing these data gives a total “good time interval” of 9.39 ks. The
CCD image (translated into a comet-centred coordinate system) and aggregate spec-
trum of the comet pre-breakup are shown in figure 3.8. In this figure, there has been no
treatment of background counts other than the removal of cosmic ray detections and
point-sources (as described in section 3.3).
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Figure 3.8: The total x-ray image and spectrum from the first ACIS observation of comet C/1999 S4
(LINEAR).

The spatial extent and the energy range of emission from the comet (rather than
from the x-ray background) must be evaluated. First, consider the emission on the S3
(where the nucleus was centred) and S/ CCDs. Images and spectra from $3 and S/ are
shown in figures 3.9 and 3.10 respectively.

The x-ray image in figure 3.9 is with a resolution of 16 pixels, equating to 3075
km. In this case, the photon energy is limited to only include the range 0.2-1.0 keV.
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The nucleus is marked by a white cross. A distinct crescent shape can be seen, with the
x-ray brightness peak at 24, 300 km from the nucleus, near the Sun-comet line. Clear

emission features are visible in the spectrum.
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Figure 3.9: The x-ray morphology and spectrum of comet C/1999 S4 (LINEAR) from the ACIS-S3 chip
in the energy range 0.2-1 keV.

The x-ray luminosity incident on the §3 CCD, assuming that all of the emission is
from the comet, is P, = 4.4 x 10* erg s~ 1.

Data from the S/ CCD however, do not form a structured morphology, and the
spectrum lacks detailed features. From this, one may conclude that the x-ray emission
does not extend to the S/ CCD, and that data from this chip may be used to represent
a contemporary local x-ray background. The luminosity on S/ is P, = 1.8 x 10 erg
s™L.

The extent to which the source emission fills the S3 CCD should also be checked.
To achieve this, define three regions of interest on the CCD: 1) a circle centred at the
brightest point; 2) an annulus, such that the minor radius is equal to the radius of the
first region, and with an area equal to that of the first region; and 3) the remainder of
the chip. The radii are chosen such that the major radius of the annulus is close to the
width of the CCD. The circular and annular regions each represent 37% of the CCD
area.

The x-ray image and spectrum of the circular region are shown in figure 3.11
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Figure 3.10: The x-ray morphology and spectrum of comet C/1999 S4 (LINEAR) from the ACIS-SI
chip.
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Figure 3.11: The x-ray morphology and spectrum of comet C/1999 S4 (LINEAR) from a circular region
on the ACIS-S3 chip. The region is centred at the brightest point.

As one would expect, the spectrum is similar in nature to that of the total S3 CCD.
The same plots are shown for the annular region in figure 3.12.
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Figure 3.12: The x-ray morphology and spectrum of comet C/1999 S4 (LINEAR) from an annular
region on the ACIS-S3 chip. This minor radius of the annulus is the radius of the circle in figure 3.11,
and both regions are of equal area.

Again, the spectrum appears to be representative of the total S3 spectrum. This
indicates that treating this region as a background source would only serve to remove
source counts from the data.

The data from the remaining portion of the CCD are shown in figure 3.13.
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Figure 3.13: The x-ray morphology and spectrum of comet C/1999 S4 (LINEAR) from the ACIS-S3
chip without the regions in figures 3.11 and 3.12.

Once again, the spectrum retains the main features of the complete S3 data, demon-
strating that a source signal can be found even at the edge of the chip. As a result, using
any part of the $3 CCD as a background signal will remove source counts, and should
be avoided.
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Recall that figure 3.9 only featured photons in the range 0.2-1 keV. Compare the
morphology of this figure to those shown in figure 3.14, which shows data from below

and above this energy range.

Comet C/1999 S4 (LINEAR) Comet C/1999 S4 (LINEAR)

Figure 3.14: The x-ray morphology of comet C/1999 S4 (LINEAR) from the ACIS-S3 chip in the energy
ranges 0-0.2 keV (left) and 1-3 keV (right).

The lack of correlation between these morphologies and that for the energy range
0.2-1 keV suggests that photons outside of this energy range are from the background
rather than the cometary atmosphere.

To confirm that detections in this range close to the lower limit are from the
cometary atmosphere, the morphology of counts in the range 0.2-0.25 keV is shown
in figure 3.15.

Comet C/1999 S4 (LINEAR)

Figure 3.15: The x-ray morphology of comet C/1999 S4 (LINEAR) from the ACIS-S3 chip in the energy
ranges 0.2-0.25 keV.
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The similarity of figure 3.15 and figure 3.9 demonstrate that these data should be
attributed to the cometary atmosphere.

The light curve from the S3 chip is shown in figure 3.16. Only photons in the range
0.2-1.0 keV are included, and the complete CCD area is sampled.
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Figure 3.16: The ACIS-S3 light curve from comet C/1999 S4 (LINEAR) for photon energies in the range
0.2-1 keV. The short periods of no counts represent the time taken to re-point the satellite in order to
track the movement of the comet.

Compare this to the measured solar wind parameters from the same time. Figure
3.17 shows parameters measured by ACE-SWEPAM around the period of the Chandra
observation. In the following plots, the line-shaded region shows the period of the
observation, while the dot-shaded region shows this period minus a shift of 1.15 days,
representing the time difference between the solar wind conditions travelling from the
ACE to the region of the comet. This compares well to the value of 1.09 suggested by
Bodewits et al (2007).

An increase in the x-ray flux by a factor of two coincides with an increase in the
solar wind H flux, and a sharp increase in the solar wind He density (and the He flux).
The solar magnetic field strength, measured by ACE-MAG, is plotted in figure 3.18.
Again, there appears to be a correlation between an increase in the magnetic field and
the x-ray flux.

The densities of some of the other minor species are shown in figure 3.19. The
average ion charge for each species is plotted in figure 3.20. Due to the long sampling

time (one hour), sharp changes in these parameters are not resolved.
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Figure 3.17: ACE-SWEPAM measurements of the solar wind parameters around the observation of
comet C/1999 S4 (LINEAR). The Chandra observation took place during day 195 of the year 2000.
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Figure 3.18: ACE-MAG measurements of the interstellar magnetic field around the observation of comet
C/1999 S4 (LINEAR). The Chandra observation took place during day 195 of the year 2000.
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Figure 3.19: ACE-SWICS measurements of the solar wind minor species densities in the period of the
observation of comet C/1999 S4 (LINEAR). The Chandra observation took place during day 195 of the
year 2000.
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Figure 3.20: ACE-SWICS measurements of the average charge of the solar wind minor species in the
period of the observation of comet C/1999 S4 (LINEAR). The Chandra observation took place during
day 195 of the year 2000.
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3.4.2 Comet C/1999 S4 (LINEAR) — After Breakup

In the days following the original observation, the comet started to disintegrate, and
a secondary observation was performed on August 1st 2000. At this time, the comet
was 0.552 AU from the Earth, and 0.774 AU from the Sun. The good time interval

was 18.6 ks, a factor of two greater than the initial observation. The full comet-centred

ACIS image and combined spectrum are shown in figure 3.21.
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Figure 3.21: The total x-ray image and spectrum of comet C/1999 S4 (LINEAR) after the breakup of
the nucleus.

The data from the S3 chip are shown in figure 3.22. The resolution of the image
is 128 pixels or 25, 600 km. Note that at this resolution, a morphology peaking at the
centre of the chip is naturally present, and the presence of a weak cometary signal is
exaggerated. A total of 10,601 photons were collected between 0.2 and 1.0 keV. The
point of maximum brightness is 42, 800 km from the nucleus. The x-ray flux decreased
below 1 keV, and clear emission lines are not as prominent (compare with figure 3.9).

Note that the emission above 1 keV is similar before and after the breakup of the
nucleus (compare figures 3.8 and 3.21). This, along with the lack of structure of the
high energy morphology in the first observation (see figure 3.14), suggests that the
emission above 1 keV is background noise. This observation is not analysed further
here.
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Figure 3.22: The total x-ray image and spectrum of comet C/1999 S4 (LINEAR) after the breakup of

the nucleus. Only data from the ACIS-S3 chip are shown.
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3.4.3 Comet C/1999 T1 (McNaught-Hartley)

Comet C/1999 T1 (McNaught-Hartley) was observed by both Chandra and XMM.
The Chandra observation, by Krasnopolsky (2000), was conducted over seven days
between January 8th and January 14th 2001. In this period, five separate exposures
of around one hour were made. Between the first and last observations, the comet’s
heliocentric distance had changed from R = 0.124 and R = 0.127 AU, with the
geocentric distance going from A = 1.40 to A = 1.36 AU. The combined ACIS image

(in comet centred coordinates) and spectrum are shown in figures 3.23.
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Figure 3.23: The total (over all observing periods) x-ray image and spectrum from the ACIS observations
of comet C/1999 T1 (McNaught-Hartley).

Again, it appears that the cometary x-rays were constrained to the S3 chip to a
large extent. This is supported by a lack of structure in the morphology on the S/
CCD (figure 3.24), and by a comparison between the spectra from both of the back
illuminated chips (figure 3.25).
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Figure 3.24: The x-ray image of comet C/1999 T1 (McNaught-Hartley) on the ACIS-S1 CCD.
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Figure 3.25: A comparison of the total emission spectra from the S/ (left) and S3 (right) chips from
observations of comet C/1999 T1 (McNaught-Hartley).

The emission varied with each observing period. Figure 3.26 shows the morphol-
ogy on each occasion, along with a superposition of the images. The dated images are
scaled to the maximum count rate on January 8, and only detections on the S3 chip are
shown. In each image, the comet-Sun vector points form the nucleus to the lower-left
corner of the image. In each case, the emission brightness centre is offset from the
nucleus toward the sun, and the emission is almost symmetrical around the comet-Sun
axis. The average position of the brightest point from the three brightest observing
periods is 38, 000 km.
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Figure 3.26: The morphology of each observation of comet C/1999 T1 (McNaught-Hartley) and the
combined morphology. All of the images are from the ACIS-S3 chip, and the energy range of each is
0.2-1.0 keV.
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In a similar fashion, the $3 x-ray spectra from each observing period are shown in

figure 3.27, as is the aggregate S3 spectrum.
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Figure 3.27: The x-ray spectra from each observation of comet C/1999 T1 (McNaught-Hartley), and the
combined spectrum. Only detections by the ACIS-S3 chip are considered.

There are a number of differences in the spectra, indicating that the emitting plasma

is variable over the timescale of one day.
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A structured morphology is observed in the energy range 0.2-1.0 keV (the energy
range used in figure 3.26). The emission maps for the energy ranges 0.2-0.3 keV and
0.8-1.0 keV are shown in figure 3.28. The data are a composite of each observing

period.

Total Total

Figure 3.28: Narrow-band emission profiles for comet C/1999 T1 (McNaught-Hartley). The figures
show emission in the ranges 0.2-0.3 keV (left) and 0.8-1.0 keV (right).

Figure 3.28 demonstrates that most of the emission between 0.2 and 0.3 keV is
attributable the cometary atmosphere rather than the background. This is also true,
though to a lesser extent, of emission between 0.8 and 1.0 keV.

The light curves for each observation are shown in figure 3.29, and are fairly con-
stant over the course of each one hour exposure, although there is variation from obser-
vation to observation (day to day). Each exposure was too short to show any significant

variation in the x-ray flux.
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Figure 3.29: The light curves from each observation of comet C/1999 T1 (McNaught-Hartley).

The variability of these observations dictates that a treatment of the combined data
— although it may be informative — is not appropriate for a comprehensive analysis
as the plasma conditions in each case are not necessarily comparable.

In the analysis presented in chapter 5, data from the observation on January 8th
are used. In this exposure, the luminosity detected by the S3 and S/ CCDs are P, =
3.5 x 10 erg s7! and P, = 9.8 x 10'° erg s~ respectively.

Making a direct comparison of the light curve to the solar wind parameters is ham-
pered by gaps in the ACE data. Measurements from ACE-SWEPAM are shown in figure
3.30. In the following plots, the line-shaded region shows the period of the observation,
while the dot-shaded region shows this period minus a shift of 4.8 days, representing
the time difference between the solar wind conditions travelling from the ACE to the
region of the comet. Bodewits e al (2007) suggest a value of 6.63 days. It is difficult
to assign a value from the data due to gaps in the data from ACE-SWEPAM.
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The possible correlation can be made between periods of high solar wind and x-ray
fluxes with a delay of approximately seven days, although such a comparison should
not be relied on. The measured magnetic field from the same period is shown in figure
3.31. ACE-SWICS data are plotted in figures 3.32 and 3.33.
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Figure 3.30: ACE-SWEPAM measurements of the solar wind parameters around the observation of
comet C/1999 T1 (McNaught-Hartley). The Chandra observations took place between days 8 and 14 of
the year 2001.
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Figure 3.31: ACE-MAG measurements of the interstellar magnetic field around the observation of comet
C/1999 T1 (McNaught-Hartley). The Chandra observation took place between days 8 and 14 of the year
2001.
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Figure 3.32: ACE-SWICS measurements of the solar wind minor species densities in the period of the
observation of comet C/1999 T1 (McNaught-Hartley). The Chandra observations took place between
days 8 and 14 of the year 2001.
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Figure 3.33: ACE-SWICS measurements of the average charge of the solar wind minor species in the
period of the observation of comet C/1999 T1 (McNaught-Hartley). The Chandra observations took
place between days 8 and 14 of the year 2001.
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3.4.4 Comet C/2002 C1 (Ikeya-Zhang)

The Chandra observation with the most counts to date is that of comet C/2002 Cl1
(Ikeya-Zhang) (Dennerl, 2001), also designated 153P/Ikeya-Zhang (the former is used
here). The position of the comet was similar to that of comet C/1999 S4 (LINEAR)
(see section 3.4.1), with R = 0.799 AU and A = 0.457 AU. Two exposures were
taken on the 15th April 2002: one commencing at 1:30 am, the other at 11 pm. Each
observing period recorded 3:15 hours of good time. Overall, in the range 0.2-1.5 keV,
425, 000 detections were made by six of the ACIS CCDs.

The observation was planned in a different manner than the other Chandra obser-
vations. Rather than periodically re-point the satellite to track the motion of the comet,
the pointing direction was fixed and the comet passed through the field of view. This
approach has its disadvantages. The period of an observation is limited by the speed
of the comet, and as the observed line of sight through the comet is dynamic, it is not
possible to construct a light curve. There is one advantage, although its presence is
coincidental. In this case, the emitting plasma was large enough to fill a single CCD
chip. By allowing the comet to fly through the field of view, a wider exposure of the
atmosphere was taken.

The complete aggregate ACIS image of the observation is shown in figure 3.34,
along with the combined spectrum.
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Figure 3.34: The full ACIS image and spectrum from the first Chandra observation of comet C/2002 C1
(Ikeya-Zhang).
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Unlike previous observations, significant source (rather than background) detec-
tions were made by chips other than S3. The images and spectra from the ACIS-1, S1,
S2, 83 and S$4 chips are shown in figures 3.35 to 3.39.
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Figure 3.35: The x-ray image and spectrum of comet C/2002 C1 (Ikeya-Zhang) from the ACIS-I array.
The top spectrum is from the first observing period, and the lower spectrum is from the second observing
period.

The ACIS-I data are the least significant of the observation. The emission bright-
ness decreases with distance from the nucleus (apart from at the extremities of the chip
where the effective area is lower). Spectrally, the signal is weak below 500 eV because
the quantum efficiency of the front illuminated chips is low in this energy range. The
data from ACIS-I CCDs are not considered in the modelling presented in chapter 5.

The data from the secondary back illuminated chip, S/, are shown via an image and
spectrum in figure 3.36. The position of the cometary nucleus is outside the range of
the figure, to the lower right of the image. The gradual reduction of the x-ray brightness
confirms that main source of x-rays is the comet rather than the background (compare
with §7 images of comet C/1999 S4 (LINEAR) in figure 3.10).
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Figure 3.36: The x-ray image and spectrum of comet C/2002 C1 (Ikeya-Zhang) from the ACIS-SI chip.
The nucleus is located off of the image to the lower-right.
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Figure 3.37: The x-ray image and spectrum of comet C/2002 C1 (Ikeya-Zhang) from the ACIS-S2 chip.
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The luminosities detected from each observing period are P, = 8.5 x 10 erg s!

and P, = 7.2 x 10" erg s71.

The S2 chip data are interesting in this observation. This is the first comet to be
detected with the front illuminated chips S2 and S4. Although these chips suffer from
poor quantum efficiency at energies lower than around 500 eV, the resolving power
is slightly greater than that of the back illuminated chips. Data from the S2 chip are
shown in figure 3.37. The detected luminosities are P, = 1.8 x 10'® erg s=! and
P,=15x10% ergs!.

Comet C/2002 C1 (lkeya—Zhang)

Comet C,/2002 C1 (lkeya—Zhang)
T T T T T

40 F

-
4
E ot
30

20

Counts/s/keV

]
II
]

i
g

o L L
©.0 0.2 0.4

S
»

0.6 0.8 o
Photon Energy (keV)

Comet C/2002 C1 (lkeya—Zhang)
T T T T T

Counts/s /keV
I
T
+
poo b b b bvvna bees

Figure 3.38: The x-ray image and spectrum of comet C/2002 C1 (Ikeya-Zhang) from the ACIS-S3 chip.

As with the other Chandra observations the comet nucleus was centred on the most
sensitive array, S3, and so this chip was exposed to the most counts. The S3 data are
shown in figure 3.38. The detected luminosities are P, = 3.1 x 10'° erg s~! and
P, = 2.5x 10" erg s71. The average point of maximum brightness is 36, 000 km from
the nucleus.

The S$4 data, shown in figure 3.39 are similar in terms of morphology and the
detected spectrum to the S2 data. The detected luminosities are P, = 1.6 x 10 erg
sTtand P, = 1.2 x 10 erg s~ 1.

The spectra from each CCD demonstrate that the x-ray emitting atmosphere was
large enough to fill the solid angle projected by the ACIS array. As a result, it is not

possible to designate a background region.
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Figure 3.39: The x-ray image and spectrum of comet C/2002 C1 (Ikeya-Zhang) from the ACIS-S4 chip.

ACE data from the period around the observation are shown in figures 3.40 to 3.43.
In these figures, the line-shaded region shows the period of the observation, while the
dot-shaded region shows this period plus a shift of 4.5 days, representing the time dif-
ference between the solar wind conditions travelling from the ACE to the region of the
comet. Bodewits et al (2007) suggest a value of —0.73 days. However, the model used
to predict the delay only considers the difference in the ecliptic longitudes of the Earth
and the comet. During the observation, this difference was only 0.5°. The relatively
large latitude of the comet, 26° is not considered. As a result, the model significantly
underestimates the delay between equivalent solar wind conditions being present at
the comet and the Earth. The value used here is derived from results of modelling the
x-ray spectra. Significant line emission from Fe!® ions is detected. Figure 3.43 shows
that the average charge of iron increased significantly on day 109 of 2002, suggesting
a minimum value for the delay. As there are no light curves from the observation, it is
difficult to specify the delay with more accuracy.

Figure 3.40 shows measurements from ACE-SWEPAM. The magnetic field from
the same period is plotted in figure 3.41. The density of each of the minor species and

their average ion charges are shown in figures 3.42 and 3.43 respectively.
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Figure 3.40: ACE-SWEPAM measurements of the solar wind parameters around the observation of
comet C/2002 C1 (Ikeya-Zhang). The Chandra observation took place during day 103 of the year 2002.
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Figure 3.41: ACE-MAG measurements of the interstellar magnetic field around the observation of comet
C/2002 C1 (Ikeya-Zhang). The Chandra observation took place during day 103 of the year 2002.
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Figure 3.42: ACE-SWICS measurements of the solar wind minor species densities in the period of the
observation of comet C/2002 C1 (Ikeya-Zhang). The Chandra observation took place during day 103
of the year 2002.
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Figure 3.43: ACE-SWICS measurements of the average charge of the solar wind minor species in the
period of the observation of comet C/2002 C1 (Ikeya-Zhang). The Chandra observation took place
during day 103 of the year 2002.
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3.4.5 Comet 2P/Encke (2003)

Comet 2P/Encke is the only comet to be observed in two separate orbits. The first
observation with ROSAT (Lisse et al, 1999b) is discussed in chapter 2. The second
observation is presented in Lisse et al, (2005), and an analysis is made here.

The Chandra observation of 2P/Encke took place on the 24th of November 2003,
when the comet had a heliocentric distance of R = 0.891 AU and a geocentric distance
of A = 0.275 AU. The comet was continuously tracked for over 15 hours, resulting in
a good time interval of 44, 000 seconds. The ACIS-S3 CCD counted 8795 x-rays in the
range 0.2-0.8 keV.

The complete ACIS image and spectrum are shown in figure 3.44.

Comet 2P/Encke

Comet 2P /Encke
——————

Counts/s/keV
—

4
pitt Pt

Wikttt ]
Hig ++++H+++H++++

0.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Photon Energy (keV)

Figure 3.44: The total x-ray image and spectrum from the ACIS observation of comet 2P/Encke.

Note the unusual chip configuration for this observation, with the front illuminated
10 chip being mistakenly activated rather than back illuminated S/.

The image and spectrum from the ACIS-S3 CCD are shown in figure 3.45. The
luminosity detected by the S3 CCD is P, = 2.8 x 10'* erg s~. The point of maximum
x-ray brightness is 9, 000 km from the position of the nucleus.

The light curve is plotted in figure 3.46.
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Figure 3.45: The x-ray image and spectrum from the ACIS-S3 observation of comet 2P/Encke.
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Figure 3.46: The light curve from comet 2P/Encke 2003.
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ACE data from the period of the observation are shown in figures 3.47 to 3.50. In
these figures, the line-shaded region shows the period of the observation, while the
dot-shaded region shows this period plus a shift of 0.95 days, representing the time
difference between the solar wind conditions travelling from the ACE to the region
of the comet. This compares well to the value of 1.09 suggested by Bodewits et al
(2007). Measurements from ACE-SWEPAM are shown in figure 3.47. Note that the
observation took place four days too late to coincide with a short period of higher solar
wind flux. Had the observation occurred at this time, a significantly higher x-ray flux
would be expected.

Data from ACE-MAG from the same period are shown in figure 3.48. The minor
species’ densities and averaged charges are plotted in figures 3.49 and 3.50.
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Figure 3.47: ACE-SWEPAM measurements of the solar wind parameters around the observation of
comet 2P/Encke. The Chandra observation took place during day 328 of the year 2003.
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Figure 3.48: ACE-MAG measurements of the interstellar magnetic field around the observation of comet
2P/Encke. The Chandra observation took place during day 328 of the year 2003.
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Figure 3.49: ACE-SWICS measurements of the solar wind minor species densities in the period of the
observation of comet 2P/Encke. The Chandra observation took place during day 328 of the year 2003.
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Figure 3.50: ACE-SWICS measurements of the average charge of the solar wind minor species in the
period of the observation of comet2P/Encke. The Chandra observation took place during day 328 of the

year 2003.
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3.4.6 Comet C/2001 Q4 (NEAT)

A short observation of comet C/2001 Q4 (NEAT) was made on May 12 2004, when
the geocentric and heliocentric distances were A = 0.362 AU and R = 0.964 AU
respectively. From 3 pointings, the good time interval was 10.3 ks. The ACIS-S3 chip
detected 8764 x-rays in between 0.2 and 0.8 keV.
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Figure 3.51: The total x-ray image and spectrum from the ACIS observation of comet C/2001 Q4
(NEAT).

Data from ACIS-S3 and ACIS-S1 are shown in figures 3.52 and 3.53 respectively.

The luminosity detected by each CCD is P, = 6.7 x 10 erg s* and P, = 4.4 x 10*°
-1
ergs .
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Figure 3.52: The x-ray image and spectrum from the ACIS-S3 observation of comet C/2001 Q4 (NEAT).
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Figure 3.53: The x-ray image and spectrum from the ACIS-S1 observation of comet C/2001 Q4 (NEAT).
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The ACIS-S3 light curve for the photons in the energy range 0.2 < £’ < 0.8 keV is
plotted in figure 3.54.
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Figure 3.54: The light curve from comet C/2001 Q4 (NEAT).

ACE data from the period of the observation are shown in figures 3.55 to 3.58. In
these figures, the line-shaded region shows the period of the observation, while the
dot-shaded region shows this period plus a shift of 0.95 days (from Bodewits et al,
2007). ACE-SWEPAM data plotted in figure 3.55. Measurements of the magnetic field
from the same period are shown in figure 3.56. The densities and average charges of
minor species ions, from ACE-SWICS, are shown in figures 3.57 and 3.58.
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Figure 3.55: ACE-SWEPAM measurements of the solar wind parameters around the observation of
comet C/2001 Q4 (NEAT). The Chandra observation took place during day 132 of the year 2004.
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Figure 3.56: ACE-MAG measurements of the interstellar magnetic field around the observation of comet
C/2001 Q4 (NEAT). The Chandra observation took place during day 132 of the year 2004.
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Figure 3.57: ACE-SWICS measurements of the solar wind minor species densities in the period of the
observation of comet C/2001 Q4 (NEAT). The Chandra observation took place during day 132 of the
year 2004.
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Solar Wind Average Charge States
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Figure 3.58: ACE-SWICS measurements of the average charge of the solar wind minor species in the
period of the observation of comet C/2001 Q4 (NEAT). The Chandra observation took place during day
132 of the year 2004.
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3.4.7 Comet 9P/Tempel 1

Comet 9P/Tempel 1 was the target for NASA’s Deep Impact mission in July 2005. This
mission involved crashing a 300 kg impactor into the surface of the comet and studying
the ejected plume. The comet was observed by Chandra before, during and after the
impact on July 4th 2005 for a total observing period of 293 ks.

A total of 7 separate pointing were performed between June 30 and July 24, with
individual exposures ranging from 33 ks to 61 ks. Over the course of the mission, the
heliocentric and geocentric distances of the comet changed from R = 1.507 AU and
A =0.872AUto R =1.518 AU and A = 1.01 AU.

The ACIS-S3 x-ray images from each exposure are shown in figure 3.59. The
contour scale from the June 8th exposure is used in all of the images to show the
intensity relative to the brightest observing period. The point of maximum brightness is
13,000 km from he nucleus for the brightest observation. The x-ray spectrum obtained
in each observing period is shown in figure 3.60, and the corresponding light curves,
plus a broader light curve encompassing the total observation, are shown in figures
3.61 and 3.62.

Data from the brightest observing period are considered further in chapter 5. In
this exposure, the luminosities detected by the $3 and S/ CCDs is P, = 1.7 x 106 erg
s7tand P, = 9.9 x 10'° erg s~! respectively.
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Figure 3.59: The morphology of each observing period of comet 9P/Tempel 1. All of the images are
from the ACIS-S3 chip. Each image is scaled to the brightest exposure (July 8th).
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Figure 3.60: The spectrum of each observing period of comet 9P/Tempel 1. All of the data are from the

ACIS-S3 chip.
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Tempel 1 (June 30) Light Curve, 0.2 keV < E < 0.8 keV
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Figure 3.61: The x-ray light curves for comet 9P/Tempel 1.
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ACE data from the period of the observation are shown in figures 3.63 to 3.66. In
these figures, the line-shaded region shows the period of the observation, while the dot-
shaded region shows this period plus a shift of 0.38 days (from Bodewits et al, 2007).
Parameters of the solar wind from the observing period, captured by ACE-SWEPAM,
are shown in figure 3.63. The light curves suggest that a delay of ~ 3 days provide
a better correlation with the measures x-ray flux. With this delay, the observations on
June 30, July 8 and July 24 coincide with periods of increase solar wind flux.

The measured magnetic field strength from the same period is plotted in figure
3.64. The densities of the minor species and their average charges are shown in figures
3.65 and 3.66.
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Figure 3.63: ACE-SWEPAM measurements of the solar wind parameters around the observation of
comet 9P/Tempel 1. The Chandra observations took place between days 180 and 204 of the year 2005.
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Figure 3.64: ACE-MAG measurements of the interstellar magnetic field around the observation of comet
9P/Tempel. The Chandra observation took place between days 180 and 204 of the year 2005.
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Figure 3.65: ACE-SWICS measurements of the solar wind minor species densities in the period of the
observation of comet 9P/Tempel 1. The Chandra observation took place between days 180 and 204 of
the year 2005.
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Figure 3.66: ACE-SWICS measurements of the average charge of the solar wind minor species in the
period of the observation of comet 9P/Tempel 1. The Chandra observation took place between days 180
and 204 of the year 2005.
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3.4.8 Comet 73P/Schwassmann-Wachmann 3B

The most recent observation is that of comet 73P/Schwassmann-Wachmann 3B. The
comet passed close to the Earth (A = 0.106 AU, R = 0.965 AU) in May 2006, and
a 20.6 ks exposure was made with Chandra ACIS. The comet was also observed by
SWIFT, XMM-Newton and Suzaku. Results from these observations are still unpub-
lished and are not in the public domain.

During the comet’s previous pass in 1995, it began to disintegrate into five large
pieces. In the 2006 orbit, eight pieces were visible, each of which appears to be
disintegrating further. The Hubble Space Telescope observed dozens of fragments
steaming from frag mets B and G°. One of these fragments, designated Comet
73P/Schwassmann-Wachmann 3B, was observed by Chandra. The complete image
and spectrum from the ACIS array are shown in figure 3.67.

Comet 73P/Schwassman—Wachmann 3B
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Figure 3.67: The total x-ray image and spectrum from the ACIS observation of comet
73P/Schwassmann-Wachmann 3B.

Data from the S3 and S/ CCDs are shown in figures 3.68 and 3.69 respectively. The
detected luminosities from these CCDs are P, = 3.6 x 101 erg s~! and P, = 2.0x 104
erg s~ 1. The brightest point on the §3 CCD is located 1, 600 km from the nucleus.

The x-ray light curve is shown in figure 3.70.

6See the press release at
http://hubblesite.org/newscenter/archive/releases/2006/18/
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Comet 73P/Schwassman—Wachmann 3B

Comet 73P/Schwassman—Wachmann 3B
T T

1.5 T T
t
& +++ :
! ]
R . t ]
Wt t -
0.5 ++ +H +++++ t _
_ | _
+
2 + +++++ + e by b
oo O,I2 Of4 Of6 OfS 1.0

Photon Energy (keV)

Figure 3.68: The x-ray image and spectrum from the ACIS-S3 observation of comet 73P/Schwassmann-
Wachmann 3B.
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Figure 3.69: The x-ray image and spectrum from the ACIS-S1 observation of comet 73P/Schwassmann-
Wachmann 3B.
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Schwassman—Wachmann 3B Light Curve, 0.2 keV < E < 0.8 keV
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Figure 3.70: The light curve from comet 73P/Schwassmann-Wachmann 3B. The short periods of no
counts represent the time taken to re-point the satellite in order to track the movement of the comet.

ACE data from the period of the observation are shown in figures 3.71 to 3.74. In
these figures, the line-shaded region shows the period of the observation, while the dot-
shaded region shows this period minus a shift of 0.2 days (from Bodewits et al, 2007).
Parameters of the solar wind from the observing period, captured by ACE-SWEPAM,
are shown in figure 3.71. Note that like the observation of 2P/Encke, this observation
missed a period of increased solar flux by three days. The measured magnetic field
strength from the same period is plotted in figure 3.72. The densities of the minor
species and their average charges are shown in figures 3.73 and 3.74.
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Figure 3.71: ACE-SWEPAM measurements of the solar wind parameters around the observation of
comet 73P/Schwassmann-Wachmann 3B. The Chandra observation took place on day 144 of the year
2006.
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Interplanetary Magnetic Field
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Figure 3.72: ACE-MAG measurements of the interstellar magnetic field around the observation of comet
73P/Schwassmann-Wachmann 3B. The Chandra observation took place on day 144 of the year 2006.
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Figure 3.73: ACE-SWICS measurements of the solar wind minor species densities in the period of the
observation of comet 73P/Schwassmann-Wachmann 3B. The Chandra observation took place on day
144 of the year 2006.
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Solar Wind Average Charge States
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Figure 3.74: ACE-SWICS measurements of the average charge of the solar wind minor species in the
period of the observation of comet 73P/Schwassmann-Wachmann 3B. The Chandra observation took
place on day 144 of the year 2006.
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3.4.9 High Resolution Spectroscopy

Attempts have been made to utilise the high resolution capabilities of Chandra. Comet
2001 A2 was observed by Vestrand in July 2001 using the High Resolution Camera
on Chandra. Both the imaging and spectroscopy (with the Low-Energy Transmission
Grating) arrays were used. No structured emission is present in the images, and the
count rate was too low for the spectra to be statistically significant.

In December 2001, ACIS with the LETG was used to observe comet 2001 WM.
The extent of the emitting atmosphere and the low count rate resulted in no grating
spectra being available. Although it is possible to examine the spectra from the pulse-
height generated by the detections (as is the case with all ungrated data), there may be
severe deficiencies in some energy ranges. Furthermore, no morphological data may
be extracted.

The practise of using gratings on extended sources is developing through expe-
rience (see “Analysis Guide for Chandra High Resolution Spectroscopy” by Huen-
emoerder’). However, the low x-ray flux from comets suggests that high resolution
spectroscopy with Chandra will not be possible.

"http://space.mit.edu/CXC/analysis/AGECHRS/AGEfCHRS.html#purpose
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3.4.10 Collective Results

Instrument Responses

The difference between the weighted redistribution matrices is small from observation
to observation. This is because the ACIS calibration does not consider the change in
the spectral resolution over the lifetime of Chandra. The degradation of the device is
solely represented by the gradual reduction of the effective area function. The effective
area functions for several of the comet observations are shown in figure 3.75.
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Figure 3.75: Calculated effective areas as a function of photon energy for selected observations. The
gradual degradation of the back illuminated ACIS-S3 CCD can be seen.

Morphologies

The morphologies of comet C/1999 S4 (LINEAR), C/1999 T1 (McNaught-Hartley),
C/2002 C1 (Ikeya-Zhang), 9P/Tempel 1 are similar to the common morphology ob-
served in comets C/1996 B2 (Hyakutake) (Lisse et al, 1996), C/1990 K1 (Levy) (Den-
nerl et al, 1997), C/2000 WM1 (LINEAR) (Dennerl et al, 2003; Wegmann et al, 2004).
That is, a semi-spherical shell on the dayside of the comet, almost symmetrical around
the Sun-comet axis. For comet 2P/Encke, there is a disagreement between the position
of the nucleus of the comet presented here and that of Lisse et al (2005), who position

the nucleus at the brightest point of the x-ray emission. In either case, the morphology
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forms a sphere, similar to the optical coma morphology rather than following the more
common crescent shape.

In the cases of comet C/2001 Q4 (NEAT) and 73P/Schwassmann-Wachmann 3B,
it is difficult to qualify the morphologies. From a comparison between the S3 and
S1 spectra, it appears that the extent of the emission region from comet C/2002 C1
(NEAT) was larger than the area projected by ACIS. This, coupled with the low count
rate, results in a dilute emission map with no clear structure. 73P/Schwassmann-
Wachmann appears to form a crescent shape, although there is no clear displacement

between the nucleus and the x-ray emitting region.

Spectra

The x-ray spectra are discussed in chapter 5, as various emission models are compared
to the data.
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3.5 Future Missions and Observations

3.5.1 ASTRO-E2 (Suzaku)

The Japanese satellite ASTRO-E2, later known as Suzaku, was launched in July 2005.
The main instrument was the X-ray Spectrometer, which was an x-ray calorimeter.
A calorimeter retains the large effective collecting area of a CCD array, but has a
significantly higher energy resolution. In August 2005, a malfunction resulted in all
of the liquid helium escaping, rendering the device useless. Suzaku is also equipped
with the X-ray Imaging Spectrometer, a CCD array that is similar to the Chandra ACIS
device. The energy resolution is approximately twice as high as the ACIS array. The
format of XIS datafiles is identical to the ACIS format, so a large proportion of the
Chandra Interactive Analysis of Observations package will be retained for use with
Suzaku, meaning that the analysis techniques are already familiar to x-ray astronomers.

XIS was used to observe comet 73P/Schwassmann-Wachmann 3B in May 2006,

though no results have been published or released to the public domain to date.

3.5.2 Sounding Rockets

It has been proposed that a device identical to ASTRO-E2’s XRS could be deployed on a
sounding rocket (Porter, Private Communication 2005). The observing time of a mis-
sion like this would be around 6 minutes, so a significant increase in the effective area
is required (compared to Chandra ACIS). A sounding rocket observation would cost
~ $1 million. Recent proposals have been made, and have been rejected. Although,
as the effective area of detectors increases, the case for a sounding rocket observation

grows stronger.
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3.5.3 Constellation X

The next scheduled large-scale x-ray mission is the NASA project Constellation X.
This array of 4 identical satellites promises effective areas a factor of 25—100 times the
current generation of satellites (as shown in figure 3.76), and spectral resolutions of
the order of several eV. A simulation of the resolving power is shown in figure 3.77.

Unfortunately, the current status of the project is “Delayed Indefinitely”, with 2017
being the earliest possibility for launch. This depends on whether Constellation X,
LISA or JDEM is chosen to be NASA’s next major astrophysics observatory following
the James Webb Space Telescope.
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Figure 3.76: The effective areas of current x-ray observatories and Constellation X (blue).
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Figure 3.77: A simulation demonstrating the resolving power of Constellation X. The spin-forbidden
(561 eV) and dipole (574 eV) n = 2 — n = 1 lines in O VII are clearly resolved.
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Chapter 4

Modelling the X-ray Emission from
Cometary Atmospheres

Previous studies into the atomic physics of cometary x-rays have focused on one of two
areas: charge exchange (Cravens, 1997, Wegmann et al, 1998) or energetic electron
collisions (Bingham et al, 1997, Shapiro et al, 1998, 1999). Both of these models are
considered in detail here. Firstly, aspects of the interaction between the solar wind
and the outgassing cometary atmosphere are discussed in section 4.1. The focus is on
the transfer of energy from solar wind ions to the free electrons in the system via a
turbulent electric field.

For both the charge exchange and energetic electron models, a general approach to
modelling the emission from an ion in a plasma is taken, working within a collisional-
radiative framework. The atomic processes and the data describing them are discussed
in section 4.2. By way of illustration, data for helium-like oxygen, one of the so-
lar wind’s predominant minor species, are presented. By comparing the effectiveness
of these reactions in a low density plasma, the collisional-radiative approach can be
simplified by removing contributions from weak processes. The collisional-radiative
model (Bates et al, 1962, Burgess and Summers 1969), without terms that are negli-
gible in the cometary case, is described in section 4.3. This approach assumes quasi-
static equilibrium to determine excited level populations (from which emissivities can
be derived) and ion fractional abundances.

Two relevant applications of collisional radiative modelling are shown in section
4.4. Namely, the ionisation balance of the solar wind (as a function of electron tem-
perature and density) is found and the emission from ionic species in the comet-solar
wind plasma are modelled.
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4.1 Electron Energisation

The process that generates electrons, as observed in the coma of comet 1P/Halley
(see section 2.2.3) is described. There are two components to the mechanism: firstly,
a streaming instability induces the growth of electrostatic waves; the energy of the
waves is transfered to the free electrons in the system. These aspects of the model are
described in sections 4.1.1 and 4.1.2.

4.1.1 The Modified Two-Stream Instability

The development of the cometary atmosphere and the mass loading of the solar wind is
discussed briefly in section 2.4. The generation of lower-hybrid waves in the cometary
atmosphere (as proposed by Bingham et al, 1991 and developed by Bingham et al,
1997, 2002; Dawson et al, 1997; and Shapiro et al, 1998, 1999) is described here.
Following the ionisation of a cometary neutral, the ion is influenced by the so-
lar magnetic field. In the reference frame of the solar wind, the cometary photoions
form a ring distribution in velocity space such that the initial cometary ion distribution

function can be written as

fitu) = 6(v —uy)o(vy + ) /2mu. 4.1)

where v, and u) are the solar wind velocities perpendicular and parallel to the
magnetic field vector. The solar wind ions and free electrons are assumed to have
Maxwellian distributions with temperatures 7; and 7,

m 3/2 m.v2
Joo = (%Ta) xp <_ 27 ) 4.2)

where « is used to denote the solar wind ions and electrons.

For electrostatic perturbations, the plasma dispersion relation for a magnetised

plasma is (Davidson 1983)

w2, & J2(ba) Ofs  Nwea OF
_pax n\‘’a e ca o _
1+§a: " > / L rar— o <k;|| B0 T s 8m) 0 (43

n=—oo

where

Me

4 az2 2\ 1/2
e — (M) 44)

is the plasma frequency for the particle species «, w is the wave frequency, and is

composed of both real and imaginary parts, k is the wave-vector such that k% = kﬁ+k2 ,
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Jn(b) is the Bessel function of the first kind, order n, b, = kv, /weq, and

_ Za.eB

MaC

4.5)

wCO{

is the gyrofrequency.
The solutions of interest lie between the ion and electron gyrofrequencies, and on
such a timescale the ions may be treated as unmagnetised particles. That is

Wee > W > Wei- (4.6)

Under these conditions, the susceptibility for ions simplifies to

2
o Woi [ 5 k-0fi/0v
Xi =73 de—k~v 4.7)

At this point, we use subscript r and b to denote ring and background (solar wind)
ion respectively. As the background ions are assumed to form a Maxwellian distribu-

tion, the susceptibility is

Wpb
= 4.8
For the ring distribution ions, the susceptibility is
wgrw 9)
Xr = — .
(W2 — k3 u?)*?
and the susceptibility for a Maxwellian distribution of magnetised electrons is
w2 kWP
_ pe | *pe
Xe = wge — p wz . (410)
The complete dispersion relation can then be written as
w2 o wr kW2 w2 w
14 2pe _ Zpe b pr =0. (4.11)

w? W k? w? o (wr— k2P )2
Equation 4.11 (or a similar equation based on different assumptions in the particle
susceptibilities) has been analysed in detail by McBride et al (1972), Akimoto et al
(1985), Lakhina (1987), Shapiro et al (1999). In each study, the instability causes
the growth of electrostatic waves near the lower-hybrid frequency, with wave vectors
almost perpendicular to the magnetic field. This agrees with the in situ detection of low

frequency waves in comet Halley by the Vega probes (Klimov et al, 1986; see section
2.2.4).
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4.1.2 Landau Damping of Electrostatic Waves

Electrostatic waves are in resonance with particles when their velocity components co-
incide. In the case of the lower-hybrid waves generated in the cometary atmosphere,
the parallel (with respect to the magnetic field) velocity components of the waves
(w/k,) can coincide with free electrons velocities. The waves are Landau damped
if the gradient of the electron distribution around the resonant region is negative. This
is described by the Fokker-Plank equation,

afe _ 0 dfe
(5) —an (o03) @12

where G(v))) is a normalised wave diffusion operator. Dendy et al (1995) solved equa-

tion 4.12 for the case of a Gaussian wave packet transferring energy to a Maxwellian
distribution of electrons. In this case, the diffusion operator is

eE |?

mup

G(v)) = Vrwre (4.13)

ﬂexp {—_(UII — UO)?
A A?
where w is the wave frequency, v,; is the electron-ion collision frequency, vy, is the
electron thermal velocity, vy is the parallel component of the wave velocity and A is
the half-width of the wave.
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Figure 4.1: The electron distribution before Landau damping (¢ = 0) and after £ = 3 ms of electron-
wave resonance. In this case, electron temperature is 1 keV, the electron density is 10 cm ™3 and the
wave field is 40 mVm™". The resonant velocity is 1.5 vy, with a half-width of 0.5 vy,. ¢ is angle from
the magnetic field vector.

Results are shown in figure 4.1. The left hand figure shows the electron distribution
att = 0, and the right hand figure shows the distribution after ¢ = 3 ms. The parameters
are given in the figure caption.
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The effect of the wave-particle resonance is to accelerate electrons in the parallel

direction. The evolution of this high energy tail is shown in figure 4.2.

Evolution of Distribution Function

0'20 ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘
0.15— Initial Distribution =  ----- _|
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L Intermediate Steps e i
/ﬁ\ L
< 0.10—
> L
=
0.05—
0.00 L.
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Electron Velocity (vq,)

Figure 4.2: The evolution of f. (v, ). The parameters are the same as those used in figure 4.1.

As electrons are accelerated, a high energy plateau is developed. As the gradient
of the distribution function approaches zero, the transfer of energy is stopped. Elec-
tron distributions of this kind, families of distribution functions produced with various
wave spectra, or any electron distribution function can be accommodated in the atomic
modelling techniques presented in sections 2.2.4, 4.3 and 4.4 (Bryans et al, 2007.

Particle in a cell simulations can describe the transfer of energy from streaming ion
species to free electrons (Su et al, 1990; McClements et al, 1993; Bingham et al, 2002),
and a similar model is believed to be responsible for emission from the expanding shell

of supernova remnant 1209-52 (Bingham et al, 2004).

4.1.3 Emission from Energetic Electrons

One of the key features of the emission caused by energetic electrons is a
bremsstrahlung continuum (see section 4.2.5). This was due to the nature of early
emission spectra, which could be modelled by a bremsstrahlung signature (Dennerl
et al, 1997; Owens et al, 1998). Uchida et al (1998) and Shapiro et al (1999) sug-
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gested that the continuum emission would be accompanied by neutral fluorescence
from cometary neutrals as the electrons excite or ionise inner-shell electrons. The re-
sultant x-ray emission lines would include 277 eV from neutral carbon and 525 eV
from neutral oxygen. In this scenario, measurement of the x-ray lines would reveal the
atomic constitution of the cometary gas.

However, the x-ray spectrum from the Chandra observation of comet C/1999 S4
(LINEAR) (Lisse et al, 2001) demonstrated that these neutral lines were not dominant
features of the emission. The best fit to the spectrum (from an arbitrary line model)
included emission at 560 eV and 670 eV (Lisse er al, 2001) (the latest results for this
observation, presented in section 5.5.1, has these lines at 571 eV and 653 eV) indicates
emission from O VII (with an emission feature in the range 561 — —574 eV) and O VIII
(with an x-ray transition of 654 eV) are present.

Initially, the possibility of the energetic electrons ionising the cometary atmosphere
to this extent was explored. The timescale required in this low density plasma is too
great to make this viable. Furthermore, it was found that for a cometary composition,
the ratio of line emission to continuum emission was too high when compared to the
emission from C/1999 S4 (LINEAR).

A new interpretation of the interaction between energetic electrons and the comet-
solar wind atmosphere is presented here. By examination of the observed data, it is
possible that the energetic electrons cause x-rays by exciting minor species in the so-
lar wind. The emitting ions are already present in the solar wind, so no ionisation
reactions are necessary. An accompanying bremsstrahlung continuum is emitted by
free-free collisions with solar wind protons and alpha particles, and neutral originating
from the comet. As the fractional abundance of line emitting ions (solar wind minor
species) to the continuum emitting species listed above is reduced, the ratio of line
emission to continuum emission is also reduced, resulting in a closer match with the
observation of C/1999 S4 (LINEAR). In this approach there is also the potential for
fluorescent line emission from cometary neutrals, although observations indicate that
if this emission is present, it is faint compared to emission from solar wind ions. De-
tectors with higher spectral resolution (for example, Constellation-X, see figure 3.77)

are required to determine the contribution of fluorescence to the overall x-ray flux.

112



4.2 Atomic Data

The methods used to generate and organise atomic data are presented here. To illus-
trate, data for helium-like oxygen are presented. Where broad plasma parameters are
required to determine the relevance of a process, in situ results from Halley are used
(see section 2.2). The values are of the order n, ~ 10 cm™2, n, ~ 10 cm™3, TeCOld ~ 50
eV, TehOt ~ 1000 eV. The comet-Sun distance is taken as 1 AU, which dictates the solar

wind conditions.

4.2.1 Atomic Structure

Energy levels may be calculated using, for example, AUTOSTRUCTURE (Badnell

1997). However, more accurate results are delivered by experiment. The NIST!

database lists accurate energy levels for a large number of ions and atoms.
Spontaneous emission is the relaxation of an excited z-times ionised ion A™* in the

state j to the state 7, where the ionisation potential of ¢, ; is lower than that of j, /;,

ATE(5) — AT*() + h. (4.14)

The emitted photon has an energy hiv = I; — I;. As with energy levels, radiative
rates are calculated by AUTOSTRUCTURE (Badnell 1997), and are also archived in the
NIST database. It is common practise to adjust calculated energy levels and radiative
rates, to better fit tabulated NIST data.

An excited state may also decay to a lower energy state by the emission of two

photons,

AT(§) = AT*(i) + hin + his. (4.15)

The sum of the photon energies is hiy + hi, = I; — I;. Emission rates and continuum
profiles for two-photons decays in hydrogenic ions are given by Goldman et al (1981),
and profiles for helium-like ions are given by Drake ef al (1969). In He-like ions, there
are potentially two radiative decays by two-photon emission: 1s2s 3S — 1s? 'S and
1s2s 'S — 1s? 'S. In He-like oxygen, the rates for these transitions are 2.54 x 107!
s7! and 2.31 x 10° s~! respectively. The triplet to singlet transition competes with
a single-photon spin forbidden transition, which has a decay rate of 1.04 x 103 s~
As a result, the triplet side two-photon transition may be neglected. The alternative
single photon decay from 1s2s 'S — 1s? 'S is an electric monopole transition, and
so has a negligible radiative rate. As a result, this two-photon transition competes

with collisional processes. This is discussed further in section 4.2.2. The normalised

ISee http://physics.nist.gov/PhysRefData/ASD/index.html
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continuum from this transition, given by Drake et al (1969), is shown in figure 4.3.

Two—Photon Emission Continuum
0.0025 T T T T T
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Normalised Emission Coefficient
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0.0000 | |
0 200 400 600
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Figure 4.3: The normalised emission coefficient continuum for the two-photon transition 1s2s 1S — 1s2
1S in OS5,

By multiplying this continuum by the photon emissivity coefficient, a direct compar-
ison to other radiative sources can be made when constructing a theoretical emission

spectrum.
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4.2.2 Excitation/De-excitation Processes
Electron Collisional Excitation/De-excitation

The processes of excitation/de-excitation by collisions between the ion A*# and an

electron with incident energy e,

AT (i) + e(e;) = AT (5) + e(e;) (4.16)

where €; = ¢, — I, + I;, have associated cross-sections o;_.(¢;) and 0;_;(¢;), such that

3571, where N, is the electron density, N 4+-

there are NN s+-vo(v) transitions cm™
is the density of A™#, and the electrons are travelling at a speed v.

Baseline quality excitation/de-excitation data can be quickly calculated using
a Born approximation via AUTOSTRUCTURE (Badnell, 1997) or the Cowan code
(Cowan, 1981). More sophisticated results are returned by R-Matrix methods (Burke
and Berrington, 1993), in particular R-Matrix with pseudo-states (Bartschat et al,
1996). However, as this method is computationally intensive, only baseline data are
available for many ions.

Rather than return collision cross-sections, the output of the routines mentioned

above are collision strengths, €2;;, which are related to the cross-sections such that

_Eioini(E) g 0jilE)
Iy  mad "Iy mad

Qij(e) 4.17)

where w; ; are the statistical weights of the levels ¢ and j, Iy = 13.606 eV is the Ryd-
berg energy and ay = 5.2918 x 10~ cm is the Bohr radius. The collision strength is
tabulated over electron energy, and it is common for thousands of points to be tabulated
for each transition, especially in R-Matrix calculations. A more practical quantity to
tabulate is a distribution averaged collision strength. In the case of a Maxwellian distri-
bution of electrons (and only in this case) with temperature 7, the averaged collision
strength, T;;, is symmetric with respect to excitation and de-excitation, and is given by

T,(T,) = /OOO Qijes/MTed <%) . (4.18)
where k is the Boltzmann constant. From this, the excitation and de-excitation rates
are

1 Iy \"? .
() = 2/l - ( kTe) e~ Cme)TY (T, (4.19)
and

115



1 /Iy \ V2
¢i—i(T.) = 2/Tacal— (—) Yi;(Te) (4.20)
/ Owj kTe J

respectively. In the above equations, « = 1/137.04 is the fine structure constant and
¢ = 2.9979 x 10'° cm s~! is the speed of light in vacuum. A study into emission
driven by non-Maxwellian electrons is presented by Bryans (2005). The effect of non-
Maxwellian distributions is too subtle to be detected by instruments such as Chandra,
so thermal electrons are used throughout this study. However, as x-ray instrumentation
improves, line ratios could be used to diagnose distributions of electrons in an x-ray
emitting plasma.

The Maxwell-averaged collision strength is a typically smooth varying function,
and may be tabulated over a wide temperature range in relatively few points.

In the case of O%" (and every He-like ion from C** to Kr**") ions, R-Matrix cal-
culations have been performed by Whiteford (2006, private communication). Com-
parisons of the Maxwell-averaged collision strengths from R-Matrix and Cowan code
calculations are shown below. Figure 4.4 shows the averaged collision strength be-
tween the terms 1s? 'S and 1s2s 3S.

ADAS RELEASE: ADAS98 V2.10 PROGRAM: ADAS811 v1.2 Printed by : Martin Torney at 12:04 on 19/07/06
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Figure 4.4: Cowan (solid line) and R-Matrix (dots) calculation of the Maxwell-averaged collision
strength for the 1s? 'S and 1s2s 3S transition in O%*. Note that “gamma” is referring to Y in equa-
tion 4.18.

There is reasonable agreement between the two curves above 50 eV. At lower tem-
peratures, a discrepancy is present due to the inclusion of resonances in the R-Matrix
calculation. The collision rate for this reaction at 50 eV is of the order 10~!7 cm3 s~ 1,

with the rate decreasing rapidly with the electron energy. Compare this to the rate for
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electrons with a temperature of 200 eV of 107!2 cm?® s~*. Even a small population of
energetic electrons results in the effect of cooler electrons becoming negligible.

The collision strength between the transition 1s% 1S and 1s2S S is shown in figure
4.5, and that for 1s? 'S and 1s2S 'P is shown in figure 4.6.

For 152 1S and 1s2S 'S, again there is a good agreement between the methods above
50 eV, with diverging results below this energy. This discrepancy can be discounted
with arguments given above. The comparison for the 1s? 'S and 1s2S P is reasonable
at all of the tabulated energies.

Larger discrepancies are present in other transitions, such as between the terms 1s2
1S and 1s3d 'D. However, as there is good agreement between the strongest transitions,

using Cowan data where R-Matrix data is not available is not ideal, but reasonable.
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Figure 4.5: Cowan (solid line) and R-Matrix (dots) calculation of the Maxwell-averaged collision
strength between the terms 1s? 'S and 1s2s 1S in O, Note that “gamma” is referring to Y in equation
4.18.
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Figure 4.6: Cowan (solid line) and R-Matrix (dots) calculation of the Maxwell-averaged collision
strength between the terms 1s2 1S and 1s2p 1P in O%*. Note that “gamma” is referring to Y in equation

4.18.

Electron Impact Redistribution of Excited States

To assess the importance of collisional process from excited states, the collisional

excitation and de-excitation rates must be compared to radiative transitions. Consider

up to n = 2 excited states in O%". Radiative rates from from these states are listed in

table 4.1. Note that transitions from 1s2p 'P with comparatively small branching ratios

are omitted, and the values in brackets are the radiative rates for two-photon decay. For

each of the higher energy excited states (n > 3), the sum of the radiative rates from a

level is always greater than 1010 s71,

‘ Transition ‘ A ‘
1525 3S — 152 1S | 1.04 x 103 (2.54 x 1071)
1s2p °P — 1s? 'S 7.94 x 107
1s2p 3P — 1s2s 3S 1.54 x 108
1s2s 'S — 1s2 1S 0.00 (2.31 x 10°)
1s2p 'P — 152 1S 3.31 x 10*2

Table 4.1: Radiative rates between the lowest terms in the He-like oxygen system. Values in brackets

are the rates for two-photon decay (Drake, 1986, Drake et al, 1969).

The total loss rate from a level ¢ may be written as the sum of all the radiative and

collisional transition rates from ¢ — j:
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Effective Density (cm™)

D A+ NY a4y (T). (4.21)
j<i i
At each temperature, there will be an electron density at which the radiative and col-
lisional loss rates are comparable. Denote this density, or effective density, as n/(7,),
such that

n(T,) = == (4.22)

> a(m)

J#i
This has been evaluated for the term 1s2s 3S, with the results shown in figure 4.7.
Also shown are the effective densities at which radiative transitions compete with all
excitation processes only, and excitations to 1s2p >P.
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Figure 4.7: The effective density (defined in equation 4.22) for transitions from the 1s2s S term in He-
like oxygen. The solid line is for all excitations to higher energy states, the dashed line is for excitations
to 1s2p P, and the dotted line is for all collisional excitations and de-excitations. These lines indicate
the density required for collisional processes to occur on the same timescale as radiative processes.

3

Despite the low radiative rate, electron densities of the order 10° cm~3 are required
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for collisional processes to be significant. The effective densities are even higher for
other levels as they are more inclined to radiatively decay.
As a result, it is safe to exclude electron-impact driven redistribution of excited

populations.

Proton Collision Excitation/De-excitation

The collision strengths for proton excitation and de-excitation can be large in com-
parison to electron collisions when the initial and final states are degenerate or almost
degenerate. As a result, proton impacts have the potential to be effective in the redistri-
bution of [-shell populations for a given n. Pengelly and Seaton (1964) developed re-
distribution rates in order to bridge the gap between the treatment of recombining ions
in low and high density plasmas. The focus was on electron and proton collisions in
hydrogenic ions, with degenerate levels nl, nl’, but their approach was general enough
to apply to nearly degenerate levels. The approach of Pengelly and Seaton (1964) was
to introduce an effective cut-off to the impact parameter R, in order to avoid the prob-
lem of collision cross-sections approaching infinity as the transition energy nears zero.
This is set such that

8.91 x 10107, =72

R? = smallest of ¢ 5.05 x 107227, (e (%)2 (4.23)
47.94=

where T, is the proton temperature, m, is the electron mass, m is the proton mass, 7
is the radiative lifetime of the target ion and A E is the energy between the levels. The
first expression in equation 4.23 is derived based on the impact parameter being close
to v7. The second is the usual expression for non degenerate levels. When both of
these terms are large, the Debye length (the third expression) is used.

This work was extended to include the non-hydrogenic case, that is for transitions
nlLS — nl'L'S, by Summers (1977) and Spence and Summers (1986). The collision

rate given by Spence and Summers (1986) is

1/2
G = 922x10°¢ (L 8 585 1
! MMe 37 wi VT

L 5
[15.6 + logy, <7::D ) + 210g10R6] cm®s™! (4.24)

nl

where S;; is the line strength, Z is the ion charge, w; is the statistical weight of ¢, and T’
is the temperature of the colliding particles in eV. The term D, is defined as (Pengelly
and Seaton, 1964)
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Dy = Z%6n* (n* = 1> —1—1). (4.25)

Using this expression, Spence and Summers (1986) generated proton collisional
excitation and de-excitation rates for large n-shells (up to n = 10) for O™". The
range of n was chosen to match levels populated by charge exchange recombination.
Equation 4.22 (for both proton and electron collisions) was used, and it was found that
for temperatures of 7, , = 107 K, and densities N, , = 5 x 10" cm™? redistribution
of angular momentum states is significant for proton collisions only. However, the
effective densities required ranged from 10'? to 10'* cm™3. From equation 4.24, the
collision rate varies with the logarithm of the incident particle density. It is reasonable
to assume that decreasing the proton density by several orders of magnitude will have
little effect on the collision rate, or on the required effective density. Therefore, in the
cometary environment, proton impact redistribution of excited states is negligible.

Photo-absorption

Consider the dipole excitation from 1s? 'S to 1s2s 'P in O%". The energy difference

between these states is 573.9 eV, and the oscillator strength f;; is 0.6945. The energy

density of the solar radiation field at a distance of 1 AU is shown in figure 4.8. At the

energy required to excite O%* from the ground state, the energy density is insignificant.
The absorption coefficient is

4Am?e?

mehvc

Bij = fij (4.26)

where e is the electron charge. The photo-excitation rate is then

32m3e2i?
mect (/KT —1)

where u; is the energy density of the radiation field and W is the dilution factor. Al-

Rij =upBijj =W fij ~ 1071 g7 (4.27)

though other ions and low-energy transitions are more susceptible to photo-excitation,
X-ray emission is not a consequence of these transitions. Further, photoionisation of
this and similar ions will be even more infrequent. The radiation field can safely be
disregarded in the treatment of x-ray emitting solar wind minor species ions.

Of more significance is the effect of the radiation field on the outgassing cometary
neutrals. These atoms and molecules have similar ionisation potentials, and so a global
ionisation rate can be found. Following ionisation, these particles are influenced by the
magnetic field, and are incorporated into the solar wind via mass-loading. This means
that the photo-ionisation rate contributes to the neutral loss and the solar wind gain

rates.
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Solar Radiation Field at R = 1AU
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Figure 4.8: The energy density of the solar radiation field at a distance of 1 AU from the Sun.
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4.2.3 Recombination Processes
Radiative Recombination

Radiative recombination is the capture of a free-electron by an ion, accompanied by

the emission of a photon.

AT (i) + e(gy) — AT + ko (4.28)

An electron may radiatively recombine into any state, j. If the ionisation energy of
Jis I; (I; < 0), the energy of the emitted photon is hv = ¢; + I;.

Radiative recombination has an associated capture cross-section ().(7), such that
for a free electron distribution f(v) and incident speeds between v and v + dwv, there

are N, N.vf(v)Q.(v)dv captures cm—3 s71,

S

Badnell (2006) has calculated partial final-state resolved radiative recombination
rates for all of the ionic species present in the solar wind and more. The data from
this study is utilised here, and are available online?. The total radiative recombination
rate coefficient to O from the ground state of O™" is shown in figure 4.9, along with
the recombination rates into the levels n < 5 (used in collisional radiative model) and
n < 8 (tabulated in the online datafile).

There is an associated radiative recombination continuum. The emissivity for re-

combination into the state A™*71() is (Summers and Hooper, 1983)

ma2ly\*? 8atc 2 i
= N6N+Z8 0 II I]‘/k‘Te —hv /KT, 4'29
€ERR 3 ( kTe ) 3\/§7‘[‘ag V3 g e (& ( )

where v is the effective principle quantum number of the recombined electron, /; is
the ionisation potential of the level j, and g is the free-bound Gaunt factor (Gaunt,
1930; Karzas and Latter, 1960; Burgess and Summers, 1987).

2See http://amdpp.phys.strath.ac.uk/tamoc/RR/
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Figure 4.9: The total radiative recombination rate coefficient to 0%+ from O7*+ (1s). The solid line is
total recombination rate, the dotted line is the rate into all levels up to and including n = 8, and the
dashed line is the rate into levels up to and including n = 5.
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Dielectronic Recombination

Dielectronic recombination is a two step process, the first of which is resonance cap-
ture,

AT + e — ATE(j,nl). (4.30)

The doubly excited ion A™*(j, nl) then has two possible paths to a lower energy state.
The first, and most likely reaction, is the inverse of equation 4.30, Auger breakup.

Alternatively, the excited ion may radiate via a relaxation of the excited core

AT (4,nl) — AT*(i,nl) + ho (4.31)

or the captured electron,

AYZ(j,nl) — AY(j,n'l') + hov. (4.32)

The emitted photon is known as a satellite line. If a radiative transition occurs, the
electron has successfully recombined and is still in an excited state, possibly prompting
further transitions.

Dielectronic recombination rate coefficients can be calculated by AUTOSTRUC-
TURE and ADAS-DR. The rate coefficients for final capture into a recombined, excited
state have the same units as radiative recombination rates, and as a result a superposi-
tion of the two may be tabulated. The recombination rates for capture into O%* 1s2p
P from O™ (1s) are shown in figure 4.10.

This shows the importance of dielectronic recombination over a wide range of elec-
tron temperatures.

The drawback of this approach is the modelling of satellite lines, or rather the
archiving of data for these transitions. Retaining data for intermediate states would
require hundreds of Gigabytes; making, and including this volume of data in an emis-
sion model is not practical. The tabulated dielectronic recombination rate is for the net

reaction

AT + e — ATE(i,nl) + ho (4.33)

but no data on the emitted photon is retained.

To illustrate, consider dielectronic capture by H-like oxygen. After resonance cap-
ture, the ion will be in the state (nl,n’l"). A fraction of the ions in this state will suc-
cessfully recombine, making the transition to (1s,n’l’) and emitting the corresponding
x-ray photon. In this case, one may assume that every successful dielectronic recombi-
nation by O17, as described by equation 4.33 is accompanied by a photon in the range
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Figure 4.10: The radiative (dashes) and dielectronic (dots) recombination rate coefficients into O%+
1s2p 'P from O™+ 1s.

of cometary x-ray emission that is not accounted for in the tabulated datafile. The

same is true for capture by He-like ions, as n > 2 to n = 1 satellite lines will again be
omitted.
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Charge Exchange

Charge exchange is the capture of one or more electrons by ion from a neutral atom

donor,

AT + DY — AT (i,nl) + DY. (4.34)

Strictly, there is no requirement that the donor is neutral, though the ion-ion charge ex-
change cross-section is greatly reduced by electrostatic repulsion. The captured elec-
tron is typically in a highly excited state.

The receiver elements considered here are carbon, nitrogen and oxygen. In the
solar wind, these elements exist in their fully-stripped, H-like and He-like ions. The
charge exchange reactions of interest involve the bare nuclei and hydrogenic ions only,
as charge capture by the He-like ions does not drive x-ray emission. In this study the
charge exchange reaction is restricted to the transfer of a single electron, although Ali
et al (2005) have demonstrated that the transfer of multiple electrons is common for
donor species more complex than neutral helium, and that the emission spectrum is
significantly altered by the transfer of more than one electron.

The charge exchange data used here are detailed below before being summarised
in table 4.2.

Data for Bare Nucleus Collisions with Neutral Hydrogen

Fritsch and Lin (1984) calculated n! resolved cross-sections for collisions between hy-
drogen atoms and the bare nuclei of several light elements, including carbon, nitrogen

and oxygen, using an atomic orbital expansion (AO+) model (Fritsch and Lin, 1983).
Data for H-like Collisions with Neutral Hydrogen

Shimakura et al (1992) have presented nl.S resolved cross-sections for H-like carbon
collisions with hydrogen. A semi-classical molecular orbital close-coupling model was
used for collisions relevant to this study, and a quantum-mechanical close-coupling
approach was used for lower energies.

In addition to this, nl resolved data for H-like oxygen with hydrogen have been
posted on the ORNL/UGA Charge Transfer Database for Astrophysics®. The data in
this archive are generated by a classical trajectory Monte Carlo (CTMC) model.

Resolved data for other ions of interest are not available. However approximate
cross-sections can be derived. Consider the case when data are available for the reac-

3Located at http://cfadc.phy.ornl.gov/astro/ps/data/home.html
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tion

A 4 H — A (nlS) + HY (4.35)

and data for the collision

BY+H — B (nlS)+ H' (4.36)

are required. Denote the cross-sections for 4.35 as o, and the cross-sections for 4.36
as o’. The total charge transfer cross-section for 4.36, o/-(v) must be known. The
classical over the barrier model (see, for example, Hoekstra, 1990; Ostrovsky, 1995)
for charge exchange predicts that for such collisions, the most probable n-shell of the
ion after the collision will be

. S— 4.37)

z—1
1+ 2¢/z+1
From the most probable n-shell for each of the above reactions, define the follow-

ing:

dn® =n, —n;] (4.38)
f = dn*(modulo 1) (4.39)
An* =dn* — f+ 1. (4.40)

The variable f is introduced to accommodate cases where dn* > 1. The nor-
malised (to the total cross-section) cross-sections ,,4(v) for reaction 4.35 are given
by

us(v) = 2 (4.41)
Z(nlS)’ sy (V)
The normalised cross-sections for 4.36 are then given by
Onis() = (1= f)o+ fon_ani-ars (4.42)

where Al* = 0 or Al* = An*. At low impact speeds (i.e. in the regime of the solar
wind speed), the tendency is for low angular momentum states to be overpopulated
with respect to statistical values. As a result, Al* = 0 is a more appropriate choice for
the purposes of this study.

Approximate state-selective charge exchange cross-sections are then given by
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orus(v) = Tps(v)or(v). (4.43)

Data for H-like nitrogen charge capture from neutral hydrogen and generated in

this manner from the resolved C* capture cross sections from Shimakura et al (1992)
and the total N®F capture cross sections from Meyer et al (1985).

Summary of Charge Exchange Data

The data charge exchange data used in this study are summarised in table 4.2.

Receiver | Resolution Source

Cco+ nl Fritsch and Lin, 1984

N+ nl Fritsch and Lin, 1984

o%+ nl Fritsch and Lin, 1984

N6+ Total Meyer et al, 1985

Cot nlS Shimakura et al, 1992

N6+ nlS Derived from Shimakura et al, 1992
o™t nl ORNL Database

Table 4.2: Charge exchange data sources used in this study. In all cases, the H is the donor. Data for
N6+ are derived from C®t (Shimakura et al., 1992) using the method described above and the total
cross sections from Meyer et al (1985). A statistical distribution is assumed to obtain the spin-system
resolved cross sections of O7+.

Alternative cross sections for some of these species are presented by Shipsey et al
(1983), Kimura et al (1987), Janev et al (1985, 1993), Richter and Solov’ev (1993)
and Caillat ef al (2001).

Data Requirements

The charge exchange data requirements for cometary x-ray emission were discussed
by Stancil et al (2002). They suggest the investigation of a large number of reactions
through orbital close-coupling methods, be they with quantum-mechanical or semi-
classical approaches and atomic or molecular orbitals. Liu et al (2005) demonstrated a
hyper-spherical close-coupling (HSCC) method that results in a closer agreement with
experimental values for non-dominant n-shells at low to moderate energies.
Calculations with any of the above methods would represent a significant improve-
ment in the quality of available charge transfer data. The reactions of interest involve
the ions prevalent in the solar wind with H,O, CO, CO,, OH, O and H donors. This
represents a large volume of research, much of which is computational and labour in-

tensive. Several authors have published more recent cross section calculations and/or
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measurements (for example, Greenwood et al, 2000, 2001; Hasan et al, 2001; Errea
et al, 2005; Bodewits et al, 2006; Otranto et al, 2006, Stancil private communication,
2006), with many of these studies being performed with the aim of fulfilling the charge

exchange requirements of cometary x-rays.

Other Recombination Processes

Three-body recombination may neglected as the rate depends on the square of the
electron density. Stimulated recombination is not included due to the low product of
the electron density and the energy density of the radiation field.

4.2.4 Ionisation

The inverse to three-body recombination is direct electron impact ionisation,

ATE(i) +e(e) — AT + e(e) + (). (4.44)

Ionisation in this manner is non-resonant, and the cross-section, o;_, . is a smoothly
varying function of incident electron energy ¢.
An alternative route to ionisation is through excitation-autoionisation. The first

step of this process is the excitation of an inner-shell electron,

A (i) +e(e) — AT (v, nl) + e(&). (4.45)

In this notation,  represents the core electrons, with a vacancy caused by one electron
being excited to the state nl. As with excitation of valence electrons, resonances exist,
corresponding to excited states of the A™*~! system. The excited ion A*?(v,nl) may

relax via several routes:

A1) 4 ele") — APY) b+ of)
/!
AT (y,nl) — AT*(y,nl) + hi/' (4.46)

N
A+Z(77 n,l,) + W' — ... = A+Z(7,) + L'

The first reaction route in equation 4.47 is autoionisation of the n/ electron. Fol-
lowing this step, the ion is still in an excited state with an inner-shell vacancy, and
the ion may relax by emitting a photon or undergoing further autoionisations if there

is sufficient energy in the system. This step is characterised by an autoionisation (or

130



Auger) rate A,. The second process is a radiative relaxation of the excited core. The
third processes is a radiative transition of the nl electron. The nl electron will cascade
back to the vacancy in the electron core. The second and third processes depend on ra-
diative rates, A,.. Fluorescence (the radiative relaxation of the excited core) and Auger
rates are calculated by Kaastra and Mewe (1993) and revised by Gorczyca et al (2003).

With regard to this study, the following aspects of these ionisation processes are
relevant. Total ionisation rates, that is the sum of resonant and non-resonant ionisation
processes, are required to establish the ionisation balance of a plasma (see section 4.3).
Since it is assumed in both the charge exchange and modified energetic electron models
that the source of highly charged ions is the solar wind, the radiation associated with
ionisation processes is irrelevant.

Within the cometary atmosphere, neutrals are ionised through electron collisions,
charge exchange and photoionisation. Resonant ionisation processes are a possible
source of x-ray emission, although this x-ray mechanism is not included in this study
as preliminary fits to Chandra data indicate that fluorescence lines are not necessary
(as discussed in sections 4.1.3 and 5.5.1). However, it is possible that neutral fluo-
rescence could contribute a detectable and distinguishable amount of radiation when
more advanced satellites such as Constellation-X are employed. The total ionisation
rate of neutrals represents the loss rate of particles from the solar wind, and is required
to model the interaction of the atmosphere with the solar wind (see section 2.4)

Several methods may be used to calculate ionisation cross-sections. The semi-
empirical cross-sections of Burgess and Chidichimo (1983) include excitation-
autoionisation effects. More sophisticated approaches such as distorted-wave (see for
example, Loch et al, 2002) or R-Matrix with pseudostates (Bartschat et al, 1996) may
also be used. As with collisional excitation, it is more practical to tabulate ionisation
rates ¢, rather than cross-sections. The reaction rates are generated by integrating
the product of the cross-section and a Maxwellian distribution of electrons.

4.2.5 Bremsstrahlung

The average bremsstrahlung power radiated as a function of photon frequency 7,
(W (7)) between the frequency interval 7 and 7 + dv from a Maxwellian distribution

of electrons with temperature 7 is (Karzas and Latter, 1960)

(W(H)di = 2Zne 72, (M)I/Qd< hir )

4hmc3 3m kgTe
—hi/kpTe ) 111 [ hiv  Z%Ig
e (9 (e, 20 )) (4.47)

where Z is the average charge of the ions in the plasma, and g' is the temperature
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averaged free-free Gaunt factor (Gaunt, 1930; Karzas and Latter, 1960; Burgess and
Summers, 1987).

4.2.6 Summary

Ion or atom energy levels and radiative rates are tabulated, along with R-Matrix
Maxwell-averaged electron collision strengths where available; otherwise, Cowan
code calculations are used. These data are appended with combined radiative and di-
electronic recombination coefficients, and electron impact ionisation rates. The above
data are in the central ADAS archive. The transition rates are altered to include two-
photon transition rates, and charge exchange recombination rates from Fritsch and
Lin (1983), the ORNL archive, Shimakura et al (1992), or an extrapolation from Shi-
makura et al (1992) complete the datasets.

It has been demonstrated that the solar radiation field and proton impact transi-
tions have a negligible effect on excited state populations or ion charge states and are

therefore not included in this analysis.
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4.3 Collisional Radiative Modelling

From the reaction rates described in section 4.2, the time dependence of the population
of the excited state /V; is given by

Z |:Aj—>i + Neqje'—n} N; + Z Neq i N,
j>i k<i
_'_ N3N+Oélr-r+NeN+Oé?r+NHN+quX

dN;
= E Ne L E Az—> Ne 'e_> Ne i— Nz -
{j>z‘ e " k<i [ b k] T +} " dt

In this notation, the left-hand side of equation 4.48 represents processes populat-
ing the level 7 from all of the other levels and recombination, and the right-hand side
terms are the losses from 7. Also, the dummy variable 7 is used for levels with energies
greater than the energy of ¢, and the levels £ have energies lower than ¢. The su-
perscripts e, rr, dr and CX denote electron collisions, radiative recombination, dielec-
tronic recombination and charge exchange respectively. The electron impact ionisation
rate is ¢;_... Processes driven by radiation fields and proton collisions are neglected,
as discussed in section 4.2.

To solve this set of simultaneous equations, define the collisional radiative matrix

C, such that the diagonal elements are the total loss rates from each level,

Ci = Z Aij+ N, Z Gimj + NeGimt (4.48)
j<i i

and the remaining elements represent processes populating the level ¢ directly from j,

Cy= Ay~ Negy  i#]. (4.49)

Also, let NN, r; be the sum of the radiative and dielectronic recombination rates to .
Equation 4.48 may now be written as

d.N;
> CiiN; = NeNyri + Ny Ny — TR (4.50)
J
In equilibrium, this becomes
> CyN§" = N.Nyr; + NgNogf™. (4.51)
J

At this point, a distinction between levels can be made according to level lifetimes,

which are a function of the plasma parameters. In this study, the set of long-lived
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metastable levels comprises of the ground state only, with every excited state cate-
gorised as a short-lived (or ordinary) level. This is justified by the comparison of colli-
sional and radiative rates in section 4.2.2: collision rates are too small to compete with
radiative transitions from even the longest-lived levels. In other parameter regimes
(that is, higher density plasmas), the contribution of excitation from metastables on
the overall population structure may be significant. This extension to a Generalised
Collisional-Radiative model is described by Summers and Hooper (1983) and Sum-
mers et al (20006).

Ordinary excited levels may be assumed to have reached statistical equilibrium, and
so equation 4.51 (i # 1) applies. Adding to this the dynamic ground state population,

dN
> Ci;Nj = NNyry + NyNog™ - d—tl (4.52)
J
gives
(Cn ey Cj;ij) N, =
j#1 k#1
NeNyry+ NeNe Y Cy Y Crlr+ (4.53)
J#1 k#1

_ diVy

NyN_ ¢SX + NyN, ; Ch; ; Chla™ - T (4.54)

Equation 4.54 is often written without charge exchange recombination, which al-
lows the definition of “collisional-radiative” ionisation, S, and recombination, .,
coefficients (Bates ef al, 1962), such that

= (Cii =Y _Ciy Y Cy'Cr)/N, (4.55)
GAL k£
and
Qop =71 — Z Cyj Z Cﬁjrk. (4.56)
R =

In a similar manner, we can define the collisional-radiative charge exchange recombi-
nation coefficient as

Cor =7 =) Oy Y Crlg™ (4.57)

J#1 k#1
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Excited Level Populations

Rearranging equation 4.54 gives the excited level populations,

Ny = =) C'CaNi+ > Cj'NeNiri+ Y Ci NuNigfX
i#1 i#1 i#1
= FI"INN, + FIONN, + FIONg N, (4.58)
where the F J(CXC) , F ;mc) ,and ]:;CX) are the effective contributions to the excited popula-
tions by excitations from the ground, recombination and charge exchange respectively.

From these values, the photon emissivity coefficients can be defined as

PEC) = Aj_y F (4.59)
PEC) = Ay F (4.60)
PECY) = A, 4 F, oD

Photon emissivity coefficients are then used to construct line emission spectra.
Note that for two-photon emission, the PEC represents the integral over all possible
photon energies. Bremsstrahlung and radiative recombination continua must be added

separately to the PEC spectrum.

Tonisation Balance

The population of an ionisation stage N* may be found by balancing ionisation and

recombination rates to and from the stage N7,

dN~

— Nesz—l—wNz—l
dt cr

— (Nesczr—w—i-l _I_Neair—w—l _I_NHCCzr—w—l) N? (4.62)
+ (Neai;‘rl—»z + NHCé:Q—l—»z) Nz+1

where S.., a. and C,, are the collisional-radiative ionisation, recombination and
charge exchange coefficients as defined in section 4.3. In equilibrium, the stage popu-

lations can found from the set of simultaneous equations
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_g0—1 QIHO‘F(NH/Ne)CCl:’O 0 NO

cr cr

SOt — (ST 4 all 0+ (N /NCLT0) 0 Nl
1—-2 2
Ne 0 Ser 0 N _ 0’
0 0 (e (N /NCR T Nz
(4.63)
normalised such that
20
Niw = Y N7, (4.64)
z=0

where Ny is the density of the element in question.
Again, this method may be expanded to include metastables in a generalised colli-

sional radiative framework (Summers and Hooper, 1983, Summers et al, 2006).

136



4.4 Application of Collisional Radiative Modelling

4.4.1 The Solar Wind

The x-ray emitting species in the cometary plasma are the heavy ions in the solar wind.
These ions are formed in the solar corona, a low density plasma with a temperature of
the order 100 eV and electron density 10% cm~3. The level populations of ion species
are not of consequence, as emission from the corona is not being examined here. Only
the fractional abundance of each ion of an element is important. The ionisation balance
can be found from equation 4.63. Due to the high temperature of the corona, the neutral
hydrogen density will be negligible, and so the contribution from charge exchange
recombination does not need to be considered.

For illustration, the ionisation fractions for oxygen as a function of temperature are

shown in figure 4.11. In this case, the electron density is 10% cm ™3,
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Figure 4.11: The ionisation stages of oxygen as a function of electron temperature for a plasma with
3

electron density N, = 10%cm~3.

In the temperature region of the corona, 7, ~ 100 eV, the main oxygen ions are
0%*, O™ and O%". Summers (1972) demonstrated that although the fractional abun-
dances of neutral and near-neutral particles are density dependent at low temperatures,
the fractional abundances of highly charged ions are constant in the coronal limit (up

to a density of ~ 10'2 cm=3.

137



0.8rr

T
M
@

¥
S

0.6 Fet13

Nz/N
T
m
[0}
>,
&

0.4 Fe+20

0.2

0.0 1
1072 107! 100 10! 102 103 104 109
Electron Temperature (eV)

Figure 4.12: The ionisation stages of iron as a function of electron temperature for a plasma with electron
density N, = 108cm~3.

The ion fractions for iron at the same density are shown in figure 4.12.

The other minor elements of significance in the solar wind are He (although it does
not emit x-ray lines), C, N, Ne, Mg, Si and S. The population of each ion is preserved to
a large extend as the solar wind streams from the corona due to the long recombination

timescale.
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4.4.2 Modelling Emission Spectra

Theoretical spectra are created using photon emissivity coefficients (equations 4.59 —
4.61). For example, the emissivity of the transition ¢ to j from a plasma element with

volume dV is

ey =N7( NPECT(N,,T.) +

U/}

N.PECT) (N, T.) +

NyPECSU(N,, T.,v) AV (4.65)
where N7, N, and Ny are the ion, electron and hydrogen densities in the volume
element, 7, is the electron temperature and v is the impact speed of the charge ex-
change reactions. It has been demonstrated that in this parameter regime the radiative
rates from metastable levels are larger than the collisional rates, and so metastable
levels may be treated as ordinary excited levels. As a result, the coefficients are den-
sity independent, and the charge exchange PEC does not depend on the free electron

temperature. This simplifies the emissivity to

€in; = N7 N.PEC™NT,) +

1—]

N, PEC™)(T.) +

i—J

NyPEC)(v) )dV. (4.66)
Photon emissivity coefficients of each type are tabulated against their relevant inde-
pendent variables. An emission spectrum can be developed by adding €;_,; to a spectral
array at the corresponding bin, and repeating the process for every observable transi-
tion in each of ions present. The exception to this is when the coefficients describe

two-photon decay (see section 4.2.1).
The spectrum is completed by including bremsstrahlung (equation 4.47) and radia-

tive recombination continua (equation 4.29) using the same plasma parameters.
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Electron Driven Emission

By way of illustration, the photon emissivity coefficient spectrum from He-like oxygen
driven by electrons with temperature 7, = 200 eV is shown in figure 4.13.
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Figure 4.13: The zero density electron excitation driven photon emissivity coefficient spectrum for O
VII with T, = 200 eV.

Note that the emission from bremsstrahlung and two-photon transitions is small
compared to line emission. This is the case for all of the x-ray emitting ions in the solar
wind. Consequently, if a significant bremsstrahlung continuum is present in observed
spectra, the most probable source is hydrogen and helium ions. These ions are the most
abundant, and do not emit x-ray lines.

The strongest O VII lines are listed in table 4.3. The variation of these photon
emissivity coefficients with electron temperature is shown in figure 4.14.

At low electron temperatures, the coefficient is composed of the contribution from
radiative recombination. At higher temperatures, the coefficient is dominated by the
contribution from electron impact excitation from the ground state, although the effects
from both radiative recombination and dielectronic recombination are included. Again
note that the emission of satellite lines in dielectronic recombination is not accounted
for in this approach.

Transitions with lower photon emissivity coefficients are not shown in figure 4.14,
nor are transitions that are below the detection range of the ACIS device on Chandra,
(E < 240 eV).
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Transition Line Energy (eV) | PEC® (cm? s~ 1)
1s2p 'P — 152 1S 574.0 1.19 x 10~ 1
1s2s %S — 152 1S 561.0 4.93 x 10712
1s2p 3P — 152 1S 568.6 3.84 x 10712
1s3p 'P — 1s* 1S 665.6 1.26 x 10712
Isdp 'P — 152 1S 697.8 3.59 x 10713
1s5p 'P — 152 1S 712.7 1.52 x 10713

Table 4.3: The most prominent transitions in the electron excitation PEC spectrum for T, = 200 eV.

O VIl Electron Excitation PEC
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Figure 4.14: The zero density electron driven photon emissivity coefficient for O VII as a function of

electron temperature.

The recombination spectrum for the same parameters has a similar form, although

the coefficients are approximately 3% of those of the excitation spectrum. Again,

the recombination and two-photon continua are much smaller than the line emission

emissivities.

Data are available to construct similar figures for many other ions. A summary

of the most prominent emission lines from ADAS is given in table 4.4. The data are

arranged by emitting ion, and the lines are ordered by photon emissivity coefficient

for an electron temperature of 300 eV. This value is used as it is representative of the

141



electron temperature suggested by various fits to cometary x-ray spectra (see Dennerl
et al, 1997; Owens et al, 1998; Lisse et al, 2001).

ITon Energy (eV) Transition
ciF 308 1s2p TP — 152 IS
299 1525 38 — 152 1S
304 1s2p 3P — 1s2 1§
354 1s3p 'P — 1s2 1S
coF 368 2p—1s
436 3p—1s
N°F 431 1s2p TP — 152 IS
426 1s2p 3P — 152 18
498 1s3p 1P — 1s2 1S
N6+ 500 2p — 1s
593 3p—1s
0%+ 574 1s2p TP — 152 IS
561 1525 38 — 152 1S
569 1s2p 3P — 152 1§
666 1s3p 'P — 1s2 1§
o7T 654 2p — Is
775 3p—1s
817 4p — 1s
837 S5p—1s
NeBF 915 1s2p 3P — 152 IS
922 1s2p 'P — 1s2 1§
1074 1s3p 1P — 1s2 1S
Ne%F 1022 2p — 1s
1211 3p — Is
255 4s — 2p
4d — 2p
Mg&F 254 1s22s4p TP — 152252 IS
Mg+ 263 1s24d 2D — 1s%2p 2P
282 1s24p 2P — 15225 28
Mgl0+ 1351 1s2s 1S — 1s? IS
1344 1s2p 3P — 152 18
246 1s3p 3P — 1s2s 3S
235 1s3d 3D — 1s2p 3P
SiloF 284 1s22s3p TP — 15225
282 1522s3p 3P — 152252
Sitl+ 304 1523p 2P — 15225 2§
Sitz+ 340 1s3p 3P — 1525 3S
328 1s3d 3D — 1s2p 3P
1s3d 1D — 1s2p 3P
322 1s3s 3S — 1s2p 3P
318 1s3d 3D — 1s2p 'P
1s3d 'D — 1s2p 1P
316 1s3s 1S — 1s2p 'P
SitsF 371 2p — Is
501 3p—1s
SBF 262 1522522p33d 3P — 15225%2p? 3P
1522S22p33d lD N 1S22S22p4 1D
261 1522522p33d 3D — 1522s522p* 3P
1522522p33d 1P — 1522522p* 3P
1522522p33d 3P — 1s22s22p* 'D
263 1s22522p33d 38 — 1522522p* 3P
1522522p33d 'F — 1522s22p* 1D
S9F 294 1s22s22p?3d 2D — 1522522p3 2P

1522522p23d 2F — 1s22522p° 2D

Ion Energy (eV) Transition
ST+ 317 1s%22522p3d 3D — 1s%2s%2p? 3P
314 1522522p3d 1F — 1522522p2 3P
318 1522522p3d 3P — 1522s522p2 3P
ST+ 343 1s22s23d 2D — 1s22s22p 2P
ST+ 385 1s22s3p TP — 152252 1§
ST+ 408 1s23p 2P — 15225 2S
ST+ 450 1s3p 5P — 1s2s 3S
435 1s3d 3D — 1s2p 3P
AT 331 1s22522p?3d 2P — 1s22s22p° 2P
1s22522p%3d 2D — 1522522p° 2P
323 1522522p*3d 2P — 1s22522p® 2P
Arl0+ 362 15225%2p33d 3P — 1522s22p? 3P
1s22522p33d 1P — 1s22522p* 'D
363 1522522p33d 'F — 1s22s22p* 'D
15225221333(1 38 N 1S22522p4 3})
360 1522522p33d 3D — 1522s22p* 3P
1522522p33d 1P — 1522522p% 3P
1522522p33d 3P — 1s22522p* 'D
369 1522522p33d 3D — 1s22s22p* 3P
ArTT+ 396 1s%22522p23d 2P — 1522s72p° 1§
394 1522522p23d 4D — 1522522p3 48
1522522p23d 2F — 1522522p3 2F
Art?+ 424 1522522p3d 3D — 1522s%2p? 3P
421 1s22522p3d 'F — 1s22s22p2 'F
426 1522522p3d 3P — 1522522p2 3P
ArT3+ 453 1s%22523d 2D — 1s22s22p 2P
ArT3T 502 1s22s3p TP — 152252 1§
500 1522s3p 3P — 152252 1S
403 1522s3p 'P — 1s22p2 1S
Arl>+ 528 1s%3p 2P — 15225 S
Art6+ 558 153d 3D — 1s2p 3P
1s3p 3P — 1s2s 1S
578 1s3p 3P — 1s2s 3S
Fel?F 235 1522522p83sdp TP — 1522522p%3s2 TS
Fel>F 246 1s22s22p%4p 2P — 1522s22p83s 2§
310 1522522p%5d 2D — 1522522p%3p 2P
Fel6F 826 15225%2p°3d TP — 1s225%2p° 1S
731 1522522p53s 3P — 1522522pf 1§
812 1522522p53d 3D — 1522522p8 1S
727 1522522p53s 1S — 1522522pf 1§
Fel™F 870 1522s522p%3d 2D — 15%25%2p° 2P
869 1522522p%3d 2P — 1522522p° 2P
885 1522522p%3d 2D — 1s22522p° 2P
789 1522522p*3s 2D — 1522522p° 2P
775 1522522p%3s 2P — 1522522p° 2P
857 1s22522p%3d 2D — 1522522p° 2P
865 1522522p*3d 2F — 1s22s22p® 2P
1522522p%3d 28 — 1522522p° 2P
865 1522522p*3p 2P — 1522s2p% 28

Table 4.4: Prominent electron collision driven transitions in the soft x-ray regime. Emission lines from
each ion species are arranged by photon emissivity coefficient for an electron temperature of 300 eV.
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Charge Exchange Driven Emission

In a similar manner, a charge exchange driven photon emissivity coefficient spectrum
for the same ion is presented in figure 4.15. In this case, the collision speed is vy = 800

eV/amu.
PEC spectrum
10-6 T T T T I
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\(E)/ 10-10 |
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0 200 400 600 800 1000
Phaton Energy (eV)

Figure 4.15: The zero density charge exchange driven photon emissivity coefficient spectrum for O VII
with vy = 800 eV/amu.

The only continuum emission driven by charge exchange is from two-photon decay.
The most prominent O VII transitions are listed in table 4.5.

Transition Line Energy (eV) | PEC™ (cm? s~1)
1s2s 3S — 1s? 'S 561.0 1.12 x 1077
1s2p 3P — 1s* 1S 568.6 9.27 x 1078
1s2p 'P — 1s% 1S 574.0 423 x 1078
13p P — 152! 665.6 9.77 x 1079
Isdp 'P — 15218 697.8 4.83 x 107?

Table 4.5: The most prominent transitions in the charge exchange PEC spectrum for vy = 800 eV/amu.

The variation of the emissivity coefficients with collision speed for O VII is shown
in figure 4.16.
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Figure 4.16: The zero density charge exchange driven photon emissivity coefficient for O VII as a
function of collision speed.

Total Emission Spectra

The emission from a plasma can be simulated by superimposing the emissivities from
every observable transition of the present ions. The emission is a function of electron
temperature and density, the charge exchange collision speed, and the abundances of

the ions.

Distinguishable Differences Between Models

There are two distinguishable differences between the models that will be resolved
by sufficiently advanced detectors. The first difference is the presence or absence of
a bremsstrahlung continuum. Although the bremsstrahlung emission from collisions
between energetic free electrons and highly charged ions such as O%* is low compared
to the accompanying line emission, the composite emission from the cometary plasma
may include a significant free-free continuum contribution from ionised hydrogen (the
most abundant ion in the solar wind) and hydrogen-like species created by ionisation
of cometary neutrals. Charge exchange driven emission will feature no significant

continuum emission.
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The second feature is the ratio of the 1s2s 3S — 1s% 'S and 1s2p 'P — 1s? 'S
emission lines from He-like ions. Electrons collisions result in a lower fraction of ions
being excited into triplet states than singlet states due to the nature of the collision
strengths, as demonstrated by figures 4.4 and 4.6. As a result, the dipole transition is
the strongest. Charge exchange collisions on the other hand will populate the singlet
and triplet systems almost statistically. A large proportion of the triplet ions will ra-
diatively cascade to 1s2s 3S (or 1s2p 3P, from which there is a two-photon continuum
rather than an emission line) from which they will radiate to the ground state. As a
result, the spin-forbidden transition is the strongest.

The spectral resolution of the ACIS device on Chandra is not sufficient to resolve
either the presence of a continuum or the emission lines from the 152/ — 1s% emission
feature in He-like ions. The Suzaku’s XRS may have been able to distinguish between
the models from both of the above features (see an example of the resolving power in
figure 2.19. Unfortunately, the device is inoperable. Constellation-X will be capable
of distinguishing continuum and line emission, and will be able to measure accurate

line ratios (an example of the resolving power is shown in figure 3.77).
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Chapter 5
Fitting

Data from the Chandra catalogue presented in chapter 3 are used to evaluate several
non-physical and physical x-ray emission models. The non-physical models are used
to establish the basic form of the emission spectrum, and the charge exchange and
energetic electron models developed in chapter 4 are compared to the data to test the
plausibility of the model, and to gain an understanding of the conditions of the emitting
plasma if the model accurately represents the conditions of the cometary atmosphere.
In order to compare the results of a model to the observed data, a theoretical emission
spectrum must be convolved with the instrument response as described in section 5.1.
The parameter values are systematically and iteratively altered to obtain the closest fit
to the data. The fitting algorithm is detailed in section 5.2.

It is important, whenever possible, to represent the background signal in the ob-
served data. The samples selected to represent the background are shown in section
5.3, and the source data are specified in section 5.4. The models and the best fits to the
data are presented in section 5.5. In section 5.6, the results are summarised, compared

and discussed.

5.1 Convolving Theoretical Spectra

As mentioned in section 3.2, in order to compare a theoretical model, M (F) (in units
of photons cm~2 s71), to the observed binned data, C(I), the model spectrum must be
convolved with the appropriate instrument response. In the case of non-grating data
from the Chandra ACIS array, the response function has two components: the effec-
tive area A(E) and the normalised redistribution matrix R(I, E). The effective area
reflects the quantum efficiency of the detector, that is, the amount of radiation that is
not absorbed by the detector window. The redistribution matrix shows the probability
of the detection of a photon with energy £ resulting in a signal being detected in bin

I, and is normalised such that

146



Y R(I,E)=1 (5.1)

In addition to being functions of photon energy, these quantities also vary with each
pixel on the CCD array. This means that they are functions of the morphology of the
emission, and that a weighted effective area and a weighted redistribution matrix must
be calculated for each observation.

From these functions, the convolved model, S, is constructed such that

S(I) = R(I, E)A(E)M(E) (5.2)

This spectrum can be directly compared to the observed data.

5.1.1 Verification of Convolution Process

One of the most common tools employed in the analysis of astrophysical x-rays is
XSPEC, which incorporates a large number of emission models of varying complexity.
Models are convolved with response functions, and are fitted to data. XSPEC is not

used in this analysis. The reasons for this are:

e An independent source of atomic data (ADAS) is used,

e The models used (charge exchange and non-thermal plasma) are not part of
XSPEC.

As a result, the convolution process used here must by verified before it may be
deemed credible. To test the convolution process, compare the response generated by
a simple delta function. Figure 5.1 shows the spectrum generated by folding a delta
function centred at 571 eV with 1 eV through an ACIS response file using XSPEC and
the software developed and used here.

The favourable comparison is sufficient to demonstrate the equivalence in the ap-
proach used here to that of XSPEC in regard to convolution of theoretical models.

147



0.2 0.4 0.6 0.8 1
Energy (keV)
C . \ \
0.2 0.4 0.6 0.8 1.0

Energy (keV)

Figure 5.1: Convolution of an x-ray line with energy £ = 0.571 keV by XSPEC (top) and by the
independent convolution routine used here (bottom). The units of the y-axis are arbitrary as both folded
and unfolded models are being compared in the same view.
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5.2 Fitting Algorithm

A modification of the Levenberg-Marquardt algorithm (Levenberg, 1944; Marquardt,
1963) is used to advance parameters of non-linear models to their least squares values
when compared to the Chandra emission spectra.
The data are a set of N points, y,,, with uncertainties Ay,,. From the uncertainties,
each point is assigned a weight w,, such that
1

y = —— 53
T Ay -

The model has a set of free parameters p, and is convolved to give the points f,,
which can be directly compared to y,,. In turn, each of the parameters p; is adjusted by

dp; to give the set of points f/. From these, the partial derivatives

/ JE—
Op; op;
are found, and the matrix M and the vector b can be constructed as
Z Ofn 0fn " 5.5)
Ipi 019]
N
Ofn
2 Gy, U~ (5.6)
The linear change in parameter space, Ap, to advance f, to y, is then

Ap = M~ 'b. (5.7)

This is the form of the Gauss-Newton algorithm. In the Levenberg-Marquardt
algorithm, the matrix M is replaced by a damped matrix, M + I\. The value of
the damping parameter A\ can be adjusted with each iteration, with \ decreasing (but
always remaining positive) as the solution tends toward the least squares solution.

The quality of the fit is assessed by evaluating

X —an o= yn)?/(N = P) (5.8)

where P is the number of variable parameters in the model (i.e. N — P is the number
of degrees of freedom).

This process, from evaluating the Jacobian to assessing the fit parameter 2, is
repeated until the difference between successive values of x? is less than a set tolerance
value. Each successive value of x? will be lower than the previous.
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When the minimum x? has been found, the covariance matrix C' can be defined as

C=M" (5.9)

From this, the normalised covariance matrix

Cu_ it

Clf =4 V@G T (5.10)
v Cij, t=1

is a more useful quantity. The diagonal elements of C'" are the errors in the parameters

p, and the off-diagonal elements are the correlations between free parameters.

5.3 Background Signals

In previous studies of cometary x-rays (e.g. Krasnopolsky et al, 2002; Lisse et al,
2005), a background has been subtracted from the source data. A different approach is
taken here: the background signal is modelled, and the unfolded model is added to any
emission model before it is convolved with the instrument response. This increases the
accuracy of the background treatment by removing the assumption that the instrument
response is uniform.

An estimate to the background signal is obtained by one of two methods. The
more preferable is to use the data sampled by the ACIS-SI CCD. The advantages of
this background signal are that the S/ and S3 CCDs are almost identical and operate
in a similar manner, the projected solid angles of the chips are close enough to assume
that the cosmic backgrounds are similar, and far enough apart to significantly reduce
the cometary flux incident on S/ in some cases.

If S7 is not activated (as was the case for the observation of comet 2P/Encke), a
background may be extracted from the S3 chip. This can be achieved by assigning a
circular source region centred on the comet, and an annular background region around
the source. A major disadvantage of this approach is that care must be taken to avoid
removing a significant fraction of source detections.

If neither of these methods are available or reliable, then no treatment of the back-
ground is made. It is noted, however, that a blank-sky dataset could be used. This
approach assumes that the cosmic background signal is uniform or almost uniform,
and the black-sky dataset must be manipulated to match the source observation. As
the level 1 event files for these observations are not available, the blank-sky data can’t
be processed using the same calibration (that is, the most up-to-date version) as the
comet observations. Since the blank-sky data are essentially arbitrary, the background

emission from any of the cometary observations is as valid a sample as that from the
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blank-sky datasets. The variation of the backgrounds presented in this section demon-
strate that using a “typical” background sample is not appropriate.

A further possibility, although it has not been explored to date, is to sample the
projected position of the comet a short time before the planned exposure. This will
provide a clean instance of the local background being sampled by the central region
on the §3 CCD: the region that is used to observe the predicted brightest part of the
emission.

Fits to the background signals are obtained using a simple line emission model,
where the position and intensity of the lines are arbitrary. Analysis of the line energies
is not relevant, as the source of the background is not discussed here.

5.3.1 Comet C/1999 S4 (LINEAR)

The background signal for comet C/1999 S4 (LINEAR) is taken from the ACIS-S1
CCD.

Comet 1999 S4 BG (S1 CCD)
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Figure 5.2: The background signal for the first observation of comet C/1999 S4 (LINEAR). The data
are taken from the ACIS-S1 exposure.
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5.3.2 Comet C/1999 T1 (McNaught-Hartley) (January 8)

The background signal for the January 8 observation of comet C/1999 T1 (McNaught-
Hartley) is taken from the ACIS-S1 CCD.

Comet 1999 T1 (McNaught—Hartley) BG (S1 CCD)
I — 7 T T T T T T

0.8

0.6

Counts s~ keVv™!

0.4

o O O O
o NeOo S NLD

o

Residuals

0.4 0.6 0.8 1.0
Photon Enerqgy (keV)

N
N

Figure 5.3: The background signal for the January 8 observation of comet C/1999 T1 (McNaught-
Hartley). The data are taken from the ACIS-S1 exposure.

5.3.3 Comet C/2002 C1 (Ikeya-Zhang)

As the cometary x-ray atmosphere extended over the full area of the CCD array, it
is not possible to extract a background signal from the observation. However, as the
detected x-ray flux is much larger than the blank-sky background and all of the other
backgrounds presented here, the signal to background ratio is high. In the modelling

performed here, no compensation is made for the x-ray background.
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5.3.4 Comet 2P/Encke

Since the ACIS-SI CCD was not activated for the observation of comet 2P/Encke,
the preferred source of a contemporary background signal is not available. Instead, a
background is extracted from the ACIS-S3 CCD.

Comet Encke
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Figure 5.4: The background signal for comet 2P/Encke. The data are from an annular region around the
brightness peak of the emission on the ACIS-S3 CCD.
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5.3.5 Comet C/2001 Q4 (NEAT)

The signal of comet C/2001 Q4 (NEAT) on the ACIS-SI CCD is similar in form to
the S3 signal. This suggests that the majority of the x-ray counts on S/ are from the

comet. As a result, it is not possible to extract a reliable background sample from the

observation.
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Figure 5.5: The background signal for comet C/2001 Q4 (NEAT). The data are form the ACIS-S1 CCD.
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5.3.6 Comet 9P/Tempel 1 (July 8)

The ACIS-SI data provide the background for the July 8 observation of comet
9P/Tempel 1. The background has a structure similar to the ACIS-S3 signal, and so
the background signal may contain a significant flux from the comet. As a result, the

fits are applied to the data with this background signal and with no background treat-

ment.
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Figure 5.6: The background signal for comet 9P/Tempel 1. The data are from an annular region on the

ACIS-S3 CCD.
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5.3.7 Comet 73P/Schwassmann-Wachmann 3B

The background signal for comet 73P/Schwassmann-Wachmann 3B is taken from the
ACIS-S1 CCD. As with the observation of comet 9P/Tempel 1, the background signal
shown here is similar to the source spectrum. As a result, the data are fitted with and

without this background flux included in the model.
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Figure 5.7: The background signal for comet 73/Schwassmann-Wachmann 3B. The data are from the
ACIS-S1CCD.
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5.4 Source Data

The source and background data are summarised in table 5.1.

Comet Source Spectrum BG Spectrum

1999 S4 Entire ACIS-S3 Entire ACIS-S1

1999 T1 (Jan 8) Entire ACIS-S3 Entire ACIS-S1

2002 C1 (Both Exp) | Entire ACIS-S1,52,53,54 | None

Encke Region on ACIS-S3 Region on ACIS-S3
2001 Q4 Entire ACIS-S3 None

Tempel (Jul 8) Entire ACIS-S3 Entire ACIS-S1, None
SW 3B Entire ACIS-S3 Entire ACIS-S1, None

Table 5.1: Data sources for modelling

For comets C/1999 S4 (LINEAR), C/1999 T1 (McNaught-Hartley), C/2001 Q4
(NEAT), 9P/Tempel 1 and 73P/Schwassmann-Wachmann 3B, data collected by the
entire ACIS-S3 CCD are used as a source, with the background being taken from the
ACIS-S1 CCD. For comet C/2002 C1 (Ikeya-Zhang), the data from ACIS-S1 ,S2, S3
and $4 are modelled separately. Also, each exposure is modelled independently.

For comet 2P/Encke, the source is taken from a circular region on the ACIS-S3
CCD. The area projected by these regions at the position of the comets are 6.36x 1
km? (318 pixels in radius) and 6.76 x 10% km? (329 pixels in radius) respectively. The
regions are centred at the brightest point of the x-ray emission. The background signals
are taken from annular regions immediately surrounding the sources, with equal areas.

For comets C/1999 T1 (McNaught-Hartley) and 9P/Tempel 1, only 1 of the ob-
serving periods is modelled. In each case, the brightest exposure is used. For comet
C/2002 C1 (Ikeya-Zhang), data from both observing periods are treated as separate

observations in this analysis.
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5.5 Fitting Chandra Data

In this section results of several emission models are presented, with non-physical
models appearing first. These models are: arbitrary line emission (section 5.5.1, ar-
bitrary bremsstrahlung (section 5.5.2 and a combination of arbitrary line emission
and bremsstrahlung (section 5.5.3). Results from physical models are then presented:
charge exchange emission (section 5.5.4) and energetic electrons (section 5.5.5).

The stated errors are from the normalised covariance matrix C'V (equation 5.10).

5.5.1 Arbitrary Line Emission

This is the most simple modelling approach. A number of emission lines of arbitrary
position and magnitude are used to fit the data. Some previous studies have also incor-
porated lines of varying width. The ions in the cometary atmosphere are too cold to
exhibit detectable Doppler broadening, and even if this were the case, the associated
temperature would presumably be constant for all ions. Therefore, the alteration of
line widths is inappropriate.

Although this model is unphysical, the energy of the required lines gives an indica-
tion of which ions are present. Furthermore, this model will reveal the energy ranges
that are impossible to model. Results from the model are presented in figures 5.8 to
5.23.
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Figure 5.8: 8 line fit of comet C/1999 S4 (LINEAR). The dashed line is the convolution of the back-
ground model

Comet C/1999 T1 (McNaught-Hartley) (January 8)
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Figure 5.9: 8 line fit of comet C/1999 T1 McNaught-Hartley). The dashed line is the convolution of the
background model
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Residuals

Residuals

Comet C/2002 C1 (Ikeya-Zhang) - First Observation

The data from the observation of comet C/2002 C1 (Ikeya-Zhang) are partitioned ac-
cording to observing period (commencing at 01:33:49 and 22:53:32 on April 15th

2002) and CCD array (the S/, S2, S3 and S4 chips).
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Figure 5.10: 12 line fit of comet C/2002 C1 (Ikeya-Zhang) (ACIS-S1) (first observation) on the ACIS-S1

chip.
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Figure 5.11: 12 line fit of comet C/2002 C1 (Ikeya-Zhang) (ACIS-S2) (first observation) on the ACIS-S2

chip.
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Figure 5.12: 12 line fit of comet C/2002 C1 (Ikeya-Zhang) (ACIS-S3) (first observation) on the ACIS-S3

chip.
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Figure 5.13: 12 line fit of comet C/2002 C1 (Ikeya-Zhang) (ACIS-S4) (first observation) on the ACIS-S4

chip.
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Comet C/2002 C1 (Ikeya-Zhang) - Second Observation

5 Comet 2002 C1 (lkeyo—Zhang) Energy (eV) | Magnitude (Arb. Units)
[ il 27543 0.965 £ 0.056
H + 365 + 4 3.16 = 0.18
ol ,
O o 45246 1.50 £ 0.12
3 T ] 544 £+ 3 4.09 + 0.42
T 4l . 639 £ 2 2.84 +0.07
E 1 754 + 8 0.478 + 0.037
S 844 + 17 0.307 4 0.042
217 o ] 920 £ 11 0.239 4 0.061
i 1 1043 £ 9 0.0860 + 0.0090
8‘% - ‘ ‘ T 1167 + 12 0.0361 + 0.0052
028 . N q Hm”:I PLaflosn . 3 1328 + 4 0.110 £ 0.006
83k E 1453 + 14 0.0286 + 0.0037
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 2
Photon Energy (keV) X 122

Figure 5.14: 12 line fit of comet C/2002 C1 (Ikeya-Zhang) (ACIS-S1) (second observation) on the ACIS-
S1 chip.
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Figure 5.15: 12 line fit of comet C/2002 C1 (Ikeya-Zhang) (ACIS-S2) (second observation) on the ACIS-
S2 chip.
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Figure 5.16: 12 line fit of comet C/2002 C1 (Ikeya-Zhang) (ACIS-S3) (second observation) on the ACIS-

83 chip.
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Figure 5.17: 12 line fit of comet C/2002 C1 (Ikeya-Zhang) (ACIS-S4) (second observation) on the ACIS-

84 chip.
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Figure 5.18: 7 line fit of comet 2P/Encke. The dashed line is the convolution of the background model
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Figure 5.19: 7 line fit of comet C/2001 Q4 (NEAT).
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Comet 9P/Tempel 1
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Figure 5.20: 7 line fit of comet 9P/Tempel 1. The dashed line is the convolution of the background
model.
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Figure 5.21: 8 line fit of comet 9P/Tempel 1 with no background treatment.
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Comet 73P/Schwassmann-Wachmann 3B
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Figure 5.22: 5 line fit of comet 73P/Schwassmann-Wachmann 3B. The dashed line is the convolution of
the background model.

Comet Schwassman Wachmann 3B
T T T

1.20 T
o :
o Si 1 Energy (eV) | Magnitude (Arb. Units)
3 0f 281 +3 0.405 £ 0.025
W osf i 366 + 4 1.11 £ 0.09
£ | +w 447+ 3 0.453 + 0.029
8 o4 560 + 2 0.43740.019
wl 637 +7 0.0921 4 0.0097
T 726 4+ 5 0.0569 + 0.0062
o%BE : : ‘ X? 1.36
0.05F =
0.00F =
“8%8E E
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Photon Energy (keV)

Figure 5.23: 6 line fit of comet 73P/Schwassmann-Wachmann 3B with no background treatment.
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Comments on the Arbitrary Line Model

This simple model can provide an indication of which ions are responsible for the
observed line emission, although some of the features that are employed in fitting the
spectra may correspond to a combination of emission lines. The data are over-fitted in
two cases (figures 5.8 and 5.10). The x? values for fits to comet C/2002 C1 (Ikeya-
Zhang) are high (up to 5.25). The high number of counts results in a low statistical
error. Errors from the instrument calibration are not included.

There are some emission features that are common to all features. A list of transi-
tions and energies is given in table 4.4. The most prominent of these is in the emission
range 538-587 eV, corresponding to three O%" transitions fromn = 2 — n = 1 (561,
568 and 571 eV. From the spread in energy of the emission lines, it is not possible to
specify which of the three transitions is most likely. Another common feature in all
fits other than 73/P Schwassmann-Wachmann 3B (figure 5.23) is a line in the energy
range 636—658 eV, explained by emission from O7F (2 — 1) (654 eV). In all of the
back illuminated fits, a line in the range 250-298 eV is present. This could correspond
to neutral carbon fluorescence at 277 eV, Mg?* (263, 282 eV), or Si'’* (282, 284 eV).

The feature in the range 340-394 eV, may be from neutral nitrogen fluorescence
at 392 eV, C>* (368 eV), or Ar'%t (362, 363, 360 eV). The feature at 433-473 eV
does not correspond to any strong transitions in table 4.4 or to any neutral fluorescence
transitions.

Comets C/1999 T1 (McNaught-Hartley) (figure 5.9) and C/2002 C1 (Ikeya-Zhang)
(figures 5.10 to 5.17) require a line at 808—-844 eV, for which Fe'* (826 eV) is the only
strong electron collision excited line. In this region there are also charge exchange
driven lines from O7* (817 and 837 eV).

Comet C/2002 C1 (Ikeya-Zhang) has a unique feature in the energy range 1325—
1347 eV, close to lines from Mg!®* (1344 and 1351 eV). The change in the strength
of this emission on each chip (S3 requiring a larger flux, and the flux on other chips
reducing with distance from the brightness centre) indicates that the emission at this
energy is from the comet rather than the background.

167



Residuals

Counts s~! kev~!

5.5.2 Arbitrary Bremsstrahlung Emission

The arbitrary bremsstrahlung model is described in section 4.2.5. The data are fit-
ted with a hydrogenic continuum (effective charge of 1), with free parameters of the
electron temperature 7, and a multiplicative constant M.

A fit to the observation of comet C/1999 S4 (LINEAR) is shown in figure 5.24.

Comet 1999 S4

T, V) 2893 + 1542

2F M (Arb. Units) | (3.92 + 75.06) x 103
X2 28.5
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Figure 5.24: A hydrogenic bremsstrahlung fit of comet C/1999 S4 (LINEAR). The dashed line is the
convolution of the background model.

The quality of the fit is low, as is the case when the model is applied to the other

observations. Consequently, the results for other comets are not shown.

Comments on the Arbitrary Bremsstrahlung Model

It is clear from the fit to comet C/1999 S4 (LINEAR) (5.24) and every other comet
that a bremsstrahlung continuum is not sufficient to explain the emission. However,
it remains plausible that bremsstrahlung from electrons with a temperature of several

hundred eV may form a component of the emission.
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5.5.3 Arbitrary Line + Bremsstrahlung Emission

In this model, the previous two approaches are combined. A hydrogenic thermal
bremsstrahlung is supplemented by narrow emission lines of arbitrary position and
magnitude. The continuum is multiplied by a factor M.
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Figure 5.25: A bremsstrahlung plus 5 lines fit of comet C/1999 S4 (LINEAR). The dotted line represents
the convolved background signal, and the dashed line is the contribution from bremsstrahlung
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Figure 5.26: A bremsstrahlung plus 6 lines fit of comet C/1999 T1 (McNaught-Hartley). The dotted line
represents the convolved background signal, and the dashed line is the contribution from bremsstrahlung
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Comet C/2002 C1 (Ikeya-Zhang) - First Observation
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Figure 5.27: Bremsstrahlung and 8 lines fit of comet C/2002 C1 (Ikeya-Zhang) (first observation). The
dashed line is the contribution from bremsstrahlung
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Figure 5.28: Bremsstrahlung and 8 lines fit of comet C/2002 C1 (Ikeya-Zhang) (first observation). The
dashed line is the contribution from bremsstrahlung
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Figure 5.29: Bremsstrahlung and 8 lines fit of comet C/2002 C1 (Ikeya-Zhang) (first observation). The
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Figure 5.30: Bremsstrahlung and 8 lines fit of comet C/2002 C1 (Ikeya-Zhang) (first observation). The
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Comet C/2002 C1 (Ikeya-Zhang) - Second Observation
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Figure 5.31: Bremsstrahlung and 7 lines fit of comet C/2002 C1 (Ikeya-Zhang) (second observation).

The dashed line is the contribution from bremsstrahlung

Comet 2002 C1 (lkeya—Zhang)
T T T T

Energy (eV) | Magnitude (Arb. Units)
462 + 4 1.55 + 0.21
_° ] 366 + 4 447 +0.65
3 559 +2 5.98 + 0.24
o ] 647 + 1 441+0.11
£ 777 £ 13 0.387 + 0.169
St 822 + 10 0.470 + 0.167
o ] 909 + 3 0.343 + 0.026
i 1334 42 0.141 £ 0.006
9;2.\”'&' T. eV) 285+ 13
SoF M (Arb. Units) | (1.24 +0.19) x 1014
=43k X2 1.78
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Photon Energy (keV)

Figure 5.32: Bremsstrahlung and 8 lines fit of comet C/2002 C1 (Ikeya-Zhang) (second observation).

The dashed line is the contribution from bremsstrahlung
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Figure 5.33: Bremsstrahlung a-nd 8 lines fit of comet C/2002 C1 (Ikeya-Zhang) (second observation).
The dashed line is the contribution from bremsstrahlung

Residuals

Comet 2002 C1

(Ilkeya—Zhang)
T T

5 Energy (eV) | Magnitude (Arb. Units)

W E 443 £ 7 0.763 + 0.218
N 349 + 6 3.46 & 0.86
I E 57142 3.41 +0.24
P 656 + 1 3.23+0.10
£,F E 799 + 4 0.400 + 0.034
St 875+ 11 0.232 + 0.043

2 E 929 + 8 0.190 =+ 0.050

g R AN ’ 1340 + 2 0.112 + 0.006

9 EB B T. (eV) 254 £ 8
7%33 E el _nuﬂ'—'nu i .I‘L[‘-'lllu u”uu" nu"uﬁ-—u\_ru ol M (Arb. Units) (1.72 £0.18) x 104
53k 2 1.83

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Photon Energy (keV)

Figure 5.34: Bremsstrahlung and 8 lines fit of comet C/2002 C1 (Ikeya-Zhang) (second observation).
The dashed line is the contribution from bremsstrahlung
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Figure 5.35: A bremsstrahlung plus 6 lines fit of comet 2P/Encke. The dotted line represents the con-
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Figure 5.36: A bremsstrahlung plus 5 lines fit of comet C/2001 Q4 (NEAT). The dashed line is the

contribution from bremsstrahlung
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Figure 5.37: A bremsstrahlung plus 5 lines fit of comet 9P/Tempel 1. The dotted line represents the
convolved background signal, and the dashed line is the contribution from bremsstrahlung
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Figure 5.38: A bremsstrahlung plus 4 lines fit of comet 9P/Tempel 1 with no background treatment. The
dashed line is the contribution from bremsstrahlung
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Figure 5.39: A bremsstrahlung plus 5 lines fit of comet 73P/Schwassmann-Wachmann. The dotted line
represents the convolved background signal, and the dashed line is the contribution from bremsstrahlung
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Figure 5.40: A bremsstrahlung plus 5 lines fit of comet 73P/Schwassmann-Wachmann. The dashed line
is the contribution from bremsstrahlung.

Comments on the Arbitrary Bremsstrahlung and Line Emission Model

As with the arbitrary line model, this model over-fits the data in several instances.
The contribution of a continuum is small in the fits for comet 2P/Encke (figure 5.35),
9P/Tempel 1 (with background) (figure 5.37) and 73P/Schwassmann-Wachmann (with
background) (figure 5.40). In the case of comet 9P/Tempel (without background) (fig-
ure 5.38, the temperature associated with the continuum is significantly higher than
the temperature in every other fit. The other results feature continua with temperatures
ranging from 154-381 eV.

The line energies required are similar to those required by the arbitrary line model,

as one would expect. The main difference is that in general a significant fraction of
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the low energy emission is due to bremsstrahlung rather than emission from neutral
carbon fluorescence at 277 eV, Mgt (263, 282 eV), or Sil%+ (282, 284 eV).

5.5.4 Charge Exchange Between Solar Wind Ions and Cometary
Neutrals

From the charge exchange data and emission modelling described in chapter 4, syn-
thetic spectra can be created. A simple charge exchange model incorporates the relative
collision speed, v, and the abundances of emitting ion in the solar wind, i.e. CO+5+,
N7+6+ and O®"7*. There is a temperature associated with each element, T, Ty
and 7. These temperatures represent the equilibrium electron temperature required to
obtain the appropriate ionisation balance in a low density plasma.

After the fit is complete, the ion abundances are normalised to unity, and the nor-

malisation factor is given as the emission measure M such that

B 1
TN

where A is the geocentric distance of the comet, N; is the density of the solar wind

/NINHdV (5.11)

minor species ions, Ny is the neutral hydrogen donor density and V' represents the

emitting volume of plasma.
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Figure 5.41: Charge exchange fit of comet C/1999 S4 (LINEAR). The dashed line is the convolution of
the background model
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Figure 5.42: Charge exchange fit of comet C/1999 T1 (McNaught-Hartley).
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Figure 5.43: Charge exchange fit of comet C/2002 C1 (Ikeya-Zhang) (first observation) on the ACIS-S1
CCD.
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Figure 5.44: Charge exchange fit of comet C/2002 C1 (Ikeya-Zhang) (first observation) on the ACIS-S2
CCD.
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Figure 5.45: Charge exchange fit of comet C/2002 C1 (Ikeya-Zhang) (first observation) on the ACIS-S3

CCD.
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Figure 5.46: Charge exchange fit of comet C/2002 C1 (Ikeya-Zhang) (first observation) on the ACIS-S4

CCD.
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Figure 5.47: Charge exchange fit of comet C/2002 C1 (Ikeya-Zhang) (second observation) on the ACIS-
S1 CCD.
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Figure 5.48: Charge exchange fit of comet C/2002 C1 (Ikeya-Zhang) (second observation) on the ACIS-
S$2 CCD.
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Figure 5.49: Charge exchange fit of comet C/2002 C1 (Ikeya-Zhang) (second observation) on the ACIS-

S$3 CCD.
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Figure 5.50: Charge exchange fit of comet C/2002 C1 (Ikeya-Zhang) (second observation) on the ACIS-

S4 CCD.
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Figure 5.51: Charge exchange fit of comet 2P/Encke. The dashed line is the convolution of the back-
ground model
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Figure 5.52: Charge exchange fit of comet C/2001 Q4 (NEAT).
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Figure 5.53: Charge exchange fit of comet 9P/Tempel 1. The dashed line is the convolution of the
background model.
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Figure 5.54: Charge exchange fit of comet 9P/Tempel 1.
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Figure 5.55: Charge exchange fit of comet 73P/Schwassmann Wachmann 3B. The dashed line is the
convolution of the background model
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Figure 5.56: Charge exchange fit of comet 73P/Schwassmann Wachmann 3B.

Comments on the Charge Exchange Model

The charge exchange model results in a good fit of points around the main emission
feature from OS*. Fitting of the O™" emission regions is less successful as several
emission lines are present, and the fit shows a compromise betweenn > 3 — n = 1
lines fitting a broad range around 800 eV and the prominent (in some observations)
n = 2 — n = 1 line at 654 eV. This could be resolved with including emission from
Fe'0™ at 826 eV.

At lower energies, the combination of carbon and nitrogen lines cannot match the
observed data below 500 eV. This is despite each ion species having a specific tempera-

ture. This effectively allow the abundance of each ion to vary freely, causing the model
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to be more adaptable than the solar wind conditions it should represent. This results
in a very large abundance of carbon at a low average ion charge. This is because the
model needs a large amount of emission from C®* charge exchange, but a very small
amount of emission from C°" charge exchange. At the plasma temperatures given for
carbon (~ 40 eV), the dominant carbon ion is C**, but the ratio of C>* (0.5%) to C¢*
(8 x 10™°%) is high. Again, this could be resolved by the inclusion of more ions.
From these results, it is impossible that a charge exchange model based on a more
extensive set of charge exchange cross sections could not explain the observed x-ray

spectra.

5.5.5 Energetic Electrons — Excitation of Solar Wind Ions and

Bremsstrahlung

The abundance of carbon, nitrogen, oxygen, neon, magnesium, silicon, sulphur, argon,
iron and nickel are parameters in this model. In addition to this, the abundance of
hydrogen is set to 1.0.

The hydrogen abundance actually represents all of the ions and atoms that do not
emit x-ray lines, but still contribute to continuum emission. This includes solar wind
protons and « particles, cometary neutrals and cometary photoions. As a result of this,
and the condition that the hydrogen abundance is 1, it is expected that the abundance
of the other species is lower than the the ratio of the species density to the H density in
the solar wind.

The array of these abundances is then normalised by divided by the sum over all
elements. The other parameters are the free electron temperature and the solar corona
temperature. Emission lines are observed following collisions between the free elec-
trons and the minor species ions, and a bremsstrahlung continuum is generated by
collisions between the electrons and all of the ions. The corona temperature is used to
indicate the ionisation balance of each species.

Finally, the photon emissivity coefficient spectrum is multiplied by a factor M,
such that

M= ——
AT R2AE
where R is the distance to the comet, AF = 14.6eV is the width of the ACIS

energy bins, V' is the emitting plasma volume, n. (V") is the electron density, and n; (V)

! / nen;dV (5.12)

is the ion density.
Results are shown in figures 5.57 to 5.72.
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Figure 5.57: Energetic electron fit of comet C/1999 S4 (LINEAR). The dashed line is the convolution
of the background model
Comet C/1999 T1 (McNaught-Hartley)
Comet 1999 T1 (McNaught—Hartley)
6F T T T
E Data +
£ i
Tk C (2.07£0.75) x 107
2 N (3.57 £ 1.50) x 106
b3 0 (2.70 +0.37) x 107
3.5 T, (eV) 249 + 16
TS (eV) 138 £ 8
E M (2.24 £ 0.26) x 101
X2 1.60
18
0.5F
0.0F
-0.5F
-1.0
0.2 0.4 0.6 0.8 1.0

Photon Energy (keV)

Figure 5.58: Energetic electron fit of comet C/1999 T1 (McNaught-Hartley). The dashed line is the

convolution of the background model
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Figure 5.59: Energetic electron fit of comet C/2002 C1 (Ikeya-Zhang) (first observation). The dashed
line is the convolution of the background model
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Figure 5.60: Energetic electron fit of comet C/2002 C1 (Ikeya-Zhang) (first observation). The dashed
line is the convolution of the background model
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Figure 5.61: Energetic electron fit of comet C/2002 C1 (Ikeya-Zhang) (first observation). The dashed

line is the convolution of the background model
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Figure 5.62: Energetic electron fit of comet C/2002 C1 (Ikeya-Zhang) (first observation). The dashed

line is the convolution of the background model
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Figure 5.63: Energetic electron fit of comet C/2002 C1 (Ikeya-Zhang) (second observation). The dashed
line is the convolution of the background model

Comet 2002 C1 (lkeya—Zhang)
T T T T

Residuals

8 T
C (233+£057) x 107
i I N (2.29 £ 0.54 x 1075
3 0 (7.57 £0.87) x 10~°
T, i Ne (7.66 £ 0.83) x 10~¢
: Mg (126 £0.12 x 103
8 Fe (2.51 £0.37) x 10~¢
] T, (eV) 283 4+ 17
TS (V) 217 + 4
, M (6.40 + 1.40) x 101°
00 ; 2 5.59
93 -

Figure 5.64: Energetic electron fit of comet C/2002 C1 (Ikeya-Zhang) (second observation). The dashed
line is the convolution of the background model
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Figure 5.65: Energetic electron fit of comet C/2002 C1 (Ikeya-Zhang) (second observation). The dashed
line is the convolution of the background model

Comet 2002 C1 (lkeya—Zhang)
SF T T T T

C (1.1I9 £ 0.37) x 107
N (1.58 £ 0.28) x 106
¢} (6.20 £ 0.64) x 107>
Ne (7.70 £ 0.79) x 10~6
Mg

Fe

(131 £ 0.14) x 1075

Counts s~' kev—!

(9.54 + 1.67) x 107

E T. (eV) 23849

] TSOr (eV) 237+ 4
M (1.16 + 0.19) x 106
X2 2.76

2 0.4 0.6 Q.8 1.0 1.2 1.4 1.6
Photon Energy (keV)

Figure 5.66: Energetic electron fit of comet C/2002 C1 (Ikeya-Zhang) (second observation). The dashed
line is the convolution of the background model
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Figure 5.67: Energetic electron fit of comet 2P/Encke. The dashed line is the convolution of the back-
ground model
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Figure 5.68: Energetic electron fit of comet C/2001 Q4 (NEAT).
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Figure 5.69: Energetic electron fit of comet 9P/Tempel. The dashed line is the convolution of the
background model
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Figure 5.70: Energetic electron fit of comet 9P/Tempel with no background treatment.
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Figure 5.71: Energetic electron fit of comet 73P/Schwassmann-Wachmann. The dashed line is the
convolution of the background model
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Figure 5.72: Energetic electron fit of comet 73P/Schwassmann-Wachmann with no background treat-
ment.
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Comments on the Energetic Electron Model

In general, this model provides a good fit to the data, including an over-fit of the obser-
vation of comet 73P/Schwassmann-Wachmann 3B (without background) (figure 5.72).
The only observation in which all of the emission features are not represented is that of
comet C/1999 S4 (LINEAR) (figure 5.57). A possible resolution of this is the inclusion
of fluorescence from neutral nitrogen at 392 eV. Fluorescence from cometary neutrals
is compatible with the energetic electron model.

The fits generated by this model indicate that the spectral resolution below 1 keV
of the ACIS-S instrument is greater than the resolution predicted by the latest Chandra
calibration data.
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5.6 Conclusions

The main aim of this study is to determine which emission mechanism is more proba-
ble: charge exchange or energetic electrons. Results of the fits are shown in table 5.2.

The arbitrary line and the arbitrary line plus bremsstrahlung models are included for

completeness.
Comet L L+B | CX | EE
1999 S4 1.39 | 1.34 | 244 | 3.01
1999 T1 0.920 | 0.971 | 2.52 | 1.60

2002C1(SH@D 0979 | 1.22 (342 272
2002 C1 (52) (I) 2.89 | 1.59 | 37.3 | 6.65
2002 C1 (83) () 525 | 587 | 181 | 134
2002 C1 (84) (I) 323 | 1.65 | 38.1 | 2.17
2002 C1 (S D) | 1.22 | 1.58 | 26.0 | 3.14
2002 C1(S2) D) | 1.66 | 1.78 | 28.9 | 5.59
2002 C1 (S3) D) | 505 | 4.12 | 140 | 104
2002 C1 (S4) D) | 296 | 1.83 | 26.5| 2.76
Encke 142 | 143 | 3.01 | 1.25

2001 Q4 1.31 [ 0928 | 12.8 | 1.62
Tempel (WithBG) | 1.90 | 1.88 | 6.10 | 2.92
Tempel (No BG) 1.58 | 1.08 | 17.1 | 2.84
S-W 3B 1.02 | 1.07 | 7.67 | 2.11
S-W 3B (NoBG) | 1.36 | 0.869 | 13.1 | 0.857

Table 5.2: x? results for each fit. The listed models are arbitrary line emission (L), arbitrary line
emission plus bremsstrahlung (L+B), charge exchange (CX) and energetic electrons (EE).

In almost every case, the energetic electron model results in a significant improve-
ment in x2. This is due, in part, to the available archive of charge exchange cross sec-
tions being incomplete. Incorporating charge exchange lines from magnesium, argon
and iron would improve the data, although it is possible to quantify the improvement.

From these results, it is impossible to categorically state that charge exchange emis-
sion could not explain the observed emission spectra. However, one can state that the
energetic electron model can explain all of the features of the observed emission spec-
tra.

Based on this spectroscopic analysis alone, the energetic electron model is a more
likely explanation for cometary x-rays.
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Chapter 6
Conclusions

In this thesis, a comprehensive catalogue of cometary x-ray observations from Chan-
dra is presented (section 3.4). The data are processed using the latest versions of the
Chandra calibration database (CALDB version 3.3.0) and the CIAO analysis package
(version 3.4).

Two emission models from the literature were considered: charge exchange colli-
sions and energetic electron collisions. The energetic electron model was modified
to become more compatible with observations. Early versions of this model pre-
dicted bremsstrahlung emission and neutral fluorescence. Chandra results from comet
C/1999 S4 (LINEAR) (Lisse et al, 2001) indicated that the strongest emission lines are
from the ions O%* and O7". Preliminary studies on a highly ionised cometary plasma
demonstrated that this route was unfeasible due to the required ionisation timescales.
Therefore, the main emission lines could not be from cometary constituents.

The new version of the model presented here is as follows. The processes generat-
ing energetic electrons remain unchanged from the original model (section 4.1). The
difference is in the emitting species. Rather than neutral fluorescence, the emission is
from electron impact excitation of solar wind minor species ions. In addition to this,
there is a bremsstrahlung continuum from solar wind protons, cometary neutrals and
cometary ions. In this approach, there is still the potential for emission from neutral
fluorescence, although it appears that if such a component is present, its contribution
is relatively small.

Energetic electrons were observed in the atmosphere of comet Halley by VEGA-2
(Gringauz et al, 1987) but not by Giotto (Reéme et al, 1986). It had been proposed
that this was due to the energisation process being sporadic in nature, and that the
VEGA-2 transit coincided with such an event. A new explanation is presented here
(section 2.2.3). If cometary x-rays are generated by energetic electrons, one would
expect energetic electrons to be present only in x-ray active regions. The literature and

the Chandra catalogue show that typically, x-ray emission is brightest at ~ 10, 000 km

197



from the nucleus on the dayside, falling to almost background levels near the nucleus.
The closest approach of VEGA-2 was ~ 9,000 km; the closest approach of Giotto
was 600 km. It is possible that Giotfo passed through comet Halley without entering
the active x-ray region (compare figures 2.14 with the cometary x-ray morphologies
presented in section 3.4).

Both the charge exchange models and the modified energetic electron models were
constructed in a collisional radiative model (section 4.3) using the most advanced data
available (see section 4.2). The models were compared to data from the Chandra cata-
logue (section 5.5). The results indicate that the energetic electron model can represent
all of the emission features observed in almost every case. In the only exception, the
inclusion of a neutral nitrogen fluorescence line could explain the discrepancy.

This model can be advanced by considering the role of energetic electrons in mod-
els of the cometary atmosphere. From such an approach, the morphology from the
model can be calculated. A further development is to include non-Maxwellian distri-
bution functions rather than rely on Maxwell-averaged representations, although the
variation in emission line ratios is too subtle to be detected by current x-ray observato-
ries.

In the case of charge exchange driven emission, it is impossible to conclude that
the model can or can not explain the emission. This is due to the low quantity and
quality of charge exchange data available. The required charge exchange data have
already been specified by Stancil et al (2002).

Given the fact that both models have the potential to explain the observed emission
spectra, the emission mechanism for cometary x-rays remains unresolved. However,
according to the analysis performed here, which demonstrates that the energetic elec-
tron model generally produces lower x? values in fits of the emission spectra and from
the explanation of the discrepancy between VEGA-2 and Giotto observations, it has
been demonstrated that at this stage the energetic electron emission mechanism is at
least as probable as charge exchange.

Diagnosable differences between the charge exchange and energetic electron
models are specified (see section 4.4.2). They are: the absence or presence of a
bremsstrahlung continuum; and the line ratio of the 1s2s 3S —1s? 1S and 1s2p
1P —1s2 1S in helium-like systems. The current generation of x-ray observatories
are unable to resolve these features. The XRS device on Suzaku could resolve these
features (see figure 2.19 for an example of the spectral resolution), but unfortunately
the device is not operational. A equivalent device could be employed in a sounding
rocket observation, although the six minute limit on the exposure is probably too short
to collect a statistically significant number of cometary x-rays. An instrument similar
to Constellation-X could distinguish between the emission models (see figures 3.77 for

an example of the predicted spectral resolution). A device with this resolving power
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would also be able to detect weak emission from neutral fluorescence.

Until the launch of Constellation-X or a similar device, care must be taken to max-
imise the scientific yield of observations with current observatories. Every new version
of the Chandra calibration benefits from the continued improvement in the understand-
ing of the instrument. Consequently, all of the Chandra data should be reprocessed,
and the fitting methods demonstrated here should be reapplied whenever a new version
of CALDB is released.

Steps can be taken to ensure that the background sample used in the analysis of
the data is free from emission from the comet. This can be achieved by including in
observation proposals an exposure of the projected position of the comet a short period
before the observation. This will provide a clean sample of the local background using
the entire ACIS array.

Due to the apparent correlation between the solar wind flux and the cometary x-
ray flux, future observations should avoid being constricted to one observing period.
As the emission mechanism is still uncertain, the aim of observations must be to gain
further insight into the emission process rather than a diagnosis of the solar wind.
Until cometary x-rays are fully understood, observations with as many source counts
as possible are desirable. Partitioning of the exposure increases the probability of an
observation coinciding with a period of high solar wind flux, thereby increasing the
probability of observing a bright x-ray atmosphere. Only when the emission model
has been established should continuous observations can be used as measurements of
the short-scale variation of the solar wind.

Potentially, each of these models may provide useful diagnostics of both the solar
wind at large geocentric distances and the constituents of the comet. Charge exchange
emission could reveal the speed of the shocked solar wind through the cometary at-
mosphere, the solar wind constituents and the cometary constituents on a molecular
level. The energetic electron model could be used to diagnose the solar wind species,
the free electron distribution and the cometary atomic abundances if fluorescence can
be detected.
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