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Spectral Analysis of X-Ray Emission Mechanisms in

Local Astrophysical Environments

Bradford Snios, Ph.D.

University of Connecticut, 2016

In order to establish contributions of different X-ray emission mechanisms from local
astrophysical environments, we perform a theoretical analysis of observed cometary X-
ray emission spectra. We develop a model from first principles that generates updated
spectra of solar wind charge-exchange (CX) emissions together with accurate scatter-
ing and fluorescence spectra of solar X-rays by atoms, molecules, and dust/ice particles.
This model also explores scattering and fluorescence spectra for different solar condi-
tions, including spectra induced by solar X-ray flares of different classes and durations.
We compare the modeled spectra with cometary and planetary observations from the
Chandra X-Ray Observatory Advanced CCD Imaging Spectrometer (ACIS) and de-
termine the primary emission mechanisms for both the 0.3-1.0 keV and 1.0-2.0 keV
photon energy ranges. These comparisons establish upper limits on cometary dust/ice
mass production rates and grain size distributions. Our results also demonstrate the

utility of charge-exchange emissions as a remote diagnostics tool of both astrophysical
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plasma interaction and solar wind composition. In addition, we observe potential soft
X-ray emissions via ACIS around 0.2 keV that are correlated in intensity to the hard
X-ray emissions between 0.4—1.0 keV. We fit our CX model to these emissions, but our
lack of a unique solution at low energies makes it impossible to conclude if they are
cometary CX in origin. Finally, we discuss probable emission mechanism sources for
these soft X-rays and explore new opportunities these findings present in understanding

emission processes via Chandra.



Spectral Analysis of X-Ray Emission Mechanisms in

Local Astrophysical Environments

Bradford Snios
B.S., Rochester Institute of Technology, 2009

M.S., University of Connecticut, 2013

A Dissertation
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Doctor of Philosophy
at the
University of Connecticut

2016



Copyright by

Bradford Snios

2016



APPROVAL PAGE
Doctor of Philosophy Dissertation
Spectral Analysis of X-Ray Emission Mechanisms in
Local Astrophysical Environments

Presented by

Bradford Snios, M.S.

Major Advisor
Vasili Kharchenko
Associate Advisor
Robin Coté
Associate Advisor
Phillip Mannheim

University of Connecticut

2016

i



I dedicate this work to my parents, Barbara and Ronald, who taught me to think like a

scientist before I ever knew what a scientist was.

il



ACKNOWLEDGEMENTS

Looking back at everything required to complete a Ph.D., I realize how grateful I am for
those people who supported me every step of the way. I would like to thank my advisor
Dr. Vasili Kharchenko for his guidance over the years. For any topic of discussion,
Vasili has proven to be a great mentor as well as a great friend. I would also like to thank
my co-advisors Dr. Robin C6té and Dr. Phillip Mannheim whose guidance through my
dissertation writing has been indispensable. Additionally, I thank Dr. Casey Lisse, Dr.
Scott Wolk, Dr. Konrad Dennerl, and Dr. Michael Combi for their collaborative efforts
with me and for their invaluable advice. My family has also been the driving force for
much of my success, and so I thank my parents Barbara and Ronald Snios who taught
me the value of hard work and dedication. I also thank my girlfriend Katya for her
constant love and support. Lastly, I would like to thank all my fellow graduate students
who have been great friends and were always there to help me unwind after a stressful

week.

v



TABLE OF CONTENTS

(I._Introductionl . . . . ... ... ... 1

metric R I0DS| . . . . . 4
2.1 Chandra Overviewl . . . . . . . . . . .. 5
2.1.1 ACIS Instrument! . . . . . . ... ... oo 5
2.1.2 HRCInstrumentl . . ... ... ... ... ... ... . .. 7
2.2 Chandra Observationsl . . . . . .. ... .. ... ... ... ..., 8
2.3 Image Reproccessing| . . . . . . ... .. ... o oL, 9
2.4 Background Correction| . . . . . . . ... ... .. ... L ... 12
2.5 Emission Spectra Extraction| . . . . ... ... ... ... ......... 13
3. Analysis of Charge-Exchange Mechanism| . . . . . ... ... ... ... .. 18
(3.1 Background| . . . . .. ... ... 18
3.2 Cross Sectionsl. . . . . . . ..o 20
(3.3 Spectral Intensity| . . . . . ... Lo oo 21
(3.4 Solar Wind Conditions & Spectral Variability| . . . . . ... ... ... .. 23
4. Analysis of Scattering and Fluorescence Mechanisms| . . . . . . ... .. 26
4.1 Optical Thickness Approximation| . . . . . ... ... ... ... ..... 27
M2  Cross Sections|. . . . . . . o i e 29
4.3 Spectral Intensity| . . . . ... ... o 32




4.4 Variability of Spectra due to Scatterer Composition| . . . . . . ... .. .. 35

4.5 Scatterer Density Distributions| . . . . . . . ... 00000, 37
4.6 Solar X-Ray Intensity| . . . . . . . .. ... oo 39
5. Cometary Observations and Analysis| . . . . ... ... .......... 41
5.1 Modeled Average Emission Spectrum| . . . . . ... ... ... 0. 43
[5.2 Modeled Average Emission Morphology|. . . . . . .. .. ... ... ... 45
5.3 Ikeya-Zhang|. . . . . .. ... ... ... 48
5.4  PanSTARRSI 67
71

78

[5.7  Universality of Observed Cometary Spectral . . . . . .. ... ... .. .. 80
[5.8 Potential Soft X-Ray Emissions from ACIS| . . . .. ... ... ...... 86
[6. Pluto Observations and Analysis| . . . . ... ... ... .......... 92
6.1 Pluto Observationsl . . . . . . . . . ... ... 93
[6.2 Modeling Pluto Emissions| . . . . . ... ... .. ............. 96
(/. _Conclusions|. . . . . . ... .. ... 100
Bibliography| . . . . . . . ... 105
A. Emission Model Code Repositoryl . . . . ... ... ... ......... 112

vi



LIST OF FIGURES

2.1 Example of sso_freeze Routine| . . . . . ... ... ... ...

(2.2 Region Selection Examplef . . . . .. .. ... ... ... ..

2.3  Cometary X-Ray Emission Spectra . . . . . . ... ... ...

2.4 ra Eftective Area Functions| . . . . . . . . . ... ...

(3.1 Solar Wind Charge-Exchange Diagram|. . . . . ... ... ..

4.1  Geometry of Optical Thickness|. . . . . ... ... ... ...

2 r Cr 100S|. .« v v v e e e e

4.3 Geometry of a Single Scatterer] . . . . .. ... ... ... ..

[5.1 Modeled Comet Emission Spectrum| . . . . . ... ... ...

[5.2 Modeled Comet Emission Spectrum| . . . . . ... ... ...

[5.3 ACIS Images of Ikeya-Zhang| . . . . . . . ... ... ... ..

[5.4 Ikeya-Zhang Modeled Emission Spectrum| . . . . . . . . . ..

[5.5 Jupiter—Ikeya-Zhang Comparison|. . . . . . . ... ... ...

[5.6 Ikeya-Zhang Gas Emission Spectrum|. . . . . . . .. ... ..

[5.7 Ikeya-Zhang Nanoparticle Emission Spectrum|. . . . . . . ..

[5.8 Ikeya-Zhang Dust and Ice Emission Spectrum| . . . . . . . ..

5.9 ACIS Images of PanSTARRS]|. . . . . ... ... ... ....

[5.10 PanSTARRS Modeled Emission Spectrum|. . . . . . ... ..

vii



[5.11 ACISImages of ISON| . . . . ... ... ... ... .. ... ....... 72
[5.12 ISON Modeled Emission Spectrum|. . . . . . .. ... ... ... ..... 74
[5.13 ISON Dust and Ice Emission Spectrum|. . . . . . ... .. ... ... ... 76
[5.14 Additional Cometary Modeled Emission Spectra] . . . . . . ... ... .. 79
[5.15 Universal Emission Spectrum Comparison| . . . . . . . ... ... ... .. 83
[5.16 ISON Soft X-Ray Emissions| . . . . . .. ... ... ... .. ....... 87
[5.17 ISON Modeled Soft X-Ray Spectral . . . . . ... ... ... ... .... 88

viii



LIST OF TABLES

2.1 Chandra Instrument Overviewl . . . . . . ... ... ... ... ...... 6
(3.1 Solar Wind Composition Ratios| . . . . . ... ... ... .. ....... 24

1 I m rvation Parameters| . . . . . ... ... ... ... .. 49
5.2 SW Composition Comparison to ACE| . . . . . .. .. .. ... .. .... 53
[5.3  Universal Spectrum Solar Wind Composition Ratios|. . . . . . .. ... .. 82
(6.1 Chandra Pluto Observation Parameters|. . . . . . ... ... ... ..... 94

2 D Pluto Photons| . . . . . . ... ... ... 95

iX



Chapter 1

Introduction

Investigation of emissions from astrophysical environments has seen great progress in
recent years due to the increase in spaced-based telescopes. Removal of the signal at-
tenuation and extinction caused by the Earth’s atmosphere has allowed astronomers to
develop a deeper understanding of various astrophysical sources, such as solar wind
emissions, stellar formation in distant nebula, and binary black hole evolution. In par-
ticular, the study of astrophysical X-ray emissions has rapidly expanded through the
introduction of long-exposure, high-resolution X-ray observations that were previously
impractical via other observing techniques. It is through the comparison of these ob-
servations with accurate physical models of X-ray emissions that we establish a more
complete picture of the universe. As such, the study and categorization of X-ray emis-
sion mechanisms is a key component to any astrophysical investigation.

Consistently bright X-ray sources are exotic due to the high temperatures re-
quired to produce such emissions. Instead, most X-ray sources are variable in intensity
and only emit strongly when unusual physical conditions are met. Due to these irregu-

lar emission rates and the inverse-squared dependence on distance for these intensities,



it is challenging to detect high photon count rates from most interstellar and intergalac-
tic X-ray sources without long exposure observations, frequent surveys, or abnormally
high activity from the host object. This work therefore focuses on the analyses of
X-ray emissions from interplanetary bodies, such as planets and comets, as the short
detection distance provides higher counts without the necessity for significantly long
telescope exposure times. Each selected object is investigated through post-process
imaging techniques to obtain an accurate physical emission morphology and emission
spectrum, which can be used to explore local conditions as well as emission mechanism
sources present within each system.

X-ray emissions from interplanetary objects are dominated by three mechanisms:
charge-exchange between neutral atoms and solar wind ions, scattering of solar X-rays,
and fluorescence. Each mechanism depends on different physical parameters of the
observed systems that dictate the overall emission intensity and spectral shape. In this
thesis, emission spectrum models are developed from first principles for each mech-
anism over the observable X-ray energy range using accurate theoretical and experi-
mental cross section results. Comparison of the modeled spectra to observational data
provides valuable insight into the ratios at which these mechanisms operate within dif-
ferent systems and how various physical parameters impact these ratios. In addition,
examination of different mechanisms may yield several interesting physical insights,
which may include: source object chemical composition, solar wind composition, solar

wind speed, interaction region between solar wind and the object, dust particle densi-



ties, dust particle radius dependence, dependence of emission on solar conditions, time
variability of emissions, and changes in the detector over time. This makes emission
modeling an important process due to the significant amount of new and interesting
physics that can be obtained from its analysis.

This work begins with a description of post-processing techniques incorporated
to extract physical results from observational data. Afterward, a discussion of mod-
eling X-ray emissions via charge-exchange, scattering, and fluorescence emissions is
performed. Finally, modeling results are compared to observations and their implica-

tions are analyzed, followed by conclusions.



Chapter 2

Photometric Reductions

Detection of X-ray emissions from astrophysical systems is a significant challenge due
to the short penetration depth of X-ray photons into Earth’s atmosphere, requiring all
X-ray observatories to be high altitude detectors, such as high-altitude balloons or satel-
lites. Even after removing the effects of the atmosphere, intense X-ray emissions are
exotic from most astrophysical systems, requiring significant exposure time for the de-
tector to properly resolve any objects. These difficulties result in fewer observatories
and lower signal-to-noise ratios than present for other wavelength bands, requiring care-
ful post-processing of images to ensure all critical data is preserved as even the loss of
few counts in an image can significantly alter the results. It is therefore crucial that any
discussion of astrophysical X-ray observations begin with a thorough analysis of the
observatory used and the post-processing techniques employed to ensure statistically

and physically relevant results.



2.1 Chandra Overview

All observations analyzed in this research were taken by the Chandra X-Ray Observa-
tory (Chandra). Launched July 23, 1999, Chandra is in a high ecliptic orbit around the
Earth and possesses a suite of instruments designed to observe X-ray sources through
both morphological and spectroscopic analysis. These instruments include the High
Resolution Camera (HRC), Advanced CCD Imaging Spectrometer (ACIS), High En-
ergy Transmission Grating Spectrometer (HETGS), and the Low Energy Transmission
Grating Spectrometer (LETGS).

Local astrophysical objects have frequently been observed with Chandra over the
course of the telescope’s lifetime [[1]. In practice, the HETGS and LETGS instruments
have proven to be of little use in such cases due to the distended nature of local objects
when viewed. Therefore, all local observations are performed with either ACIS or
HRC, and a description of each can be found in Table [2.1] as well as in the following

sections.

2.1.1 ACIS Instrument

The ACIS instrument is composed of two CCD arrays comprised of over 10 different
chips. The first array is titled ACIS-I and is a 4-chip, 2x2 array used for wide-field
images, with a field-of-view of 16°x16’, and CCD imaging spectrometry. All chips
present in ACIS-I are front-illuminated CCDs, which offers a higher energy response at

the cost of a reduced observable energy range. ACIS-I possesses an observable energy



FOV Energy Time
Instrument Scientific Use Aimpoint  (arcmin)  Resolution (eV) Resolution (sec)
ACIS-I Wide-Field Imaging I3 16.9x16.9 130 @ 1.49 keV 32
ACIS-S  Imaging Spectrometry S3 8.3x50.6 95 @ 1.49 keV 32
HRC-I Wide-Field Imaging - 30x30 - -
HRC-S Timing Mode - 6x30 - 1.6e-5

Table 2.1: An overview of all Chandra instruments frequently utilized for local as-
trophysical observations. See the Chandra Proposal Handbook for further

instrument specfications.

range of 0.6—11 keV, with its highest sensitivity at energies greater than 1.0 keV.

The second ACIS array is ACIS-S, and it is a 6-chip, 61 array with a 8.3’x50.6’
field-of-view used primarily for CCD imaging spectrometry, occasionally in conjunc-
tion with the HETGS instrument. ACIS-S is unique in that two of its six chips, S1 and
S3, are back-illuminated. Back-illumination means that the insensitive silicon material
on the back of the chip has been removed, and the chip is then deployed with the back
side facing outward. This is done to reduce the photon penetration depth required for
a detection when compared to front-illumination, allowing for back-illuminated chips
to achieve a higher sensitivity to lower energy photons. For the back-illuminated chips,
ACIS-S can achieve an observable energy range of 0.3—11 keV, with much improved
sensitivity towards soft X-rays over what is seen from the front-illuminated chips. Of
the two back-illuminated chips present, the S3 chip is primarily used as it resides in the

center of the array and possesses a slightly higher sensitivity than S1.



Over its lifespan, the ACIS instrument has shown degradation in its sensitivity,
with the 0.3-1.0 keV energy range sensitivity decreasing by a factor of 3 since its
initial testing. This degradation is likely due to molecular contamination buildup on
the optical blocking filter, an effect that will increase the required photon penetration
depth and therefore reduce the soft X-ray detection rates. In addition, radiation damage
due to high energy protons reflecting through the telescope early in Chandra’s mission
has created several dead pixels across the various CCDs. As this work investigates
and compares observations taken over the course of Chandra’s lifetime, it is important
to properly correct for the differences in detector characteristics before performing the

analysis. Further details on this topic are discussed in Sect. 2.5

2.1.2 HRC Instrument

The HRC instrument is comprised of two microchannel plate imaging detectors. The
HRC-I is designed for wide-field imaging, while the HRC-S serves as a read-out for the
LETGS. As we are concerned with local astrophysical objects and therefore are using
the LETGS, we focus our attention on the HRC-I1.

The HRC-I possesses the largest field-of-view of any Chandra detector ( 30°x30’)
and is placed at right angles to the optical axis, tangent to the focal surface. It also
possesses the best time resolution of Chandra at 16 usec. In addition, its response
extends to energies below the sensitivity of ACIS with an overall energy range of 0.06—

10 keV, although it lacks in overall spectral resolution. The lower energy sensitivity



makes HRC-I an excellent complement to ACIS-S observations when analyzing the

morphologies and time variance of soft X-ray emissions.

2.2 Chandra Observations

All observations analyzed in this research were taken using either ACIS-S of HRC-I.
For the ACIS observations, the object was centered on the S3 chip and ACIS was set
to very faint mode for all observations. Very faint mode, also called vfaint, outputs
the position, time, pulse height, and pixel location for each detected event while also
recording telemetry from a 5x5 area of surrounding pixels. Examination of adjacent
pixels allows the detector to assist in filtering out bad X-ray events, such as cosmic
X-rays, from the source events. This mode is considered standard for observations of
diffuse systems, but total intensity from source object must be considered as the addi-
tional telemetry reduces ACIS’ total saturation threshold. As all of our observations
were of X-ray dim objects, we need not worry about detector saturation. All obser-
vations were also performed in drift-scan mode where no active guidance is enabled
and Chandra’s pointing was only updated to re-center before the object moved off the
chip. This technique is a common practice for local object observations to ensure high

exposure times and minimal emission drift due to Chandra’s movement.



2.3 Image Reproccessing

Since all observations were performed in drift-scan mode, the first step is to convert
all images to object-centered coordinates. We may perform this by reprojecting the
photon event locations extracted from the observation in conjunction with the mapped
trajectory of the object over the exposure duration to produce a new image with object-
centered coordinates. For this process, we may use of the sso_freeze routine found
in the Chandra Interactive Analysis of Observations (CIAO) software package, a set
of software tools specifically designed to assist in the data processing and analysis of
Chandra observations [2]]. A by-product of this process is non-uniform exposure across
the resulting image, which is notable at the image edges that experienced an exposure
duration lower than the total observation time due to the motion of the telescope. Expo-
sure map correction must therefore be performed to weight the total counts in each pixel
to its exposure time in order to obtain an accurate emission image. Once completed,
accurate morphological and spectroscopic analysis of the source object may begin.
When beginning image analysis, the detected photons must be separated between
those from the source object currently being studied and those from background emis-
sions coming from distant objects also present in the image. Therefore, clear and dis-
tinct source and background regions must be selected for each image. Source regions
are designated as those pixels dominated by emission from the source objects, while
background regions are areas of the images where the emissions are dominated by

background emissions. Region size and shape are unique for each image as each ob-



Before sso_freeze After sso_freeze
routine routine

Fig. 2.1: An example of an image before and after running the sso_freeze routine from
the CIAO software package. The process converts the image into the source
object’s rest frame, allowing for an accurate morphological spectroscopic

analysis.

ject possesses unique morphology, chip positioning, and background conditions which
make automation of region selection improbable. Instead, manual selection of both the
source and background regions must be performed for each image. Designating be-
tween these two areas can be challenging for diffuse emission sources, such as comets,
and so selected background regions should always be as far away from the source re-
gion as possible. However, it is assumed that a small percentage of source emission
will still reside in the background regions, and this fact must be considered in future
uncertainty calculations. In addition, background X-ray objects, such as stars, must
be excluded from the regions through image masking to avoid contamination of our re-

sults. See Fig. [2.2)for an example of proper region selection, noting the streak down the
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Comet ISON
Chandra ACIS-S
Nov 06 2013

Fig. 2.2: An example of source and background region selection for image analysis.
The source region is selected to encapsulate the emissions from the object of
interest (in this case, comet ISON) while the background region is primarily
free of source emissions. The streak in the image between the two regions is
due to a background star moving in the comet’s rest frame, which stresses the

need for uniquely selected regions for each observation.

image center. This streak is due to a background X-ray object that appears as a diffuse
streak after the image is reprocessed into the source object’s rest frame. Exclusion of
examples such as this are crucial for accurate morphological and spectral analysis, and
the inconsistent nature of them in each image further reinforces the need for manual

region selection.
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2.4 Background Correction

When analyzing emissions from extended objects, such as comets or planetary at-
mospheres, one of two possible background correction techniques are frequently em-
ployed: on-chip corrections or blank-sky corrections. It is important to assess the ben-
efits of each and determine which is preferred for our analysis.

On-chip correction is the most frequently utilized technique in X-ray emission
analysis and is performed by isolating a region of pure background on the same chip
that observed the source. A background spectrum, assumed to be constant over the
entire area of the chip, is extracted from this region and subtracted from the raw source
spectrum to create the final source spectrum. Such a method is valuable for X-ray
analysis due to the high variability of X-ray background over time as it ensures near-
identical background to that found in the raw source spectrum. However, observations
of extended sources leave little area on chip for a proper background region to be de-
fined. In the case of comet observations, the source may occupy 70-90% of the S3
chip, which reduces the possible background statistics one can gather and can increase
the uncertainty in the resulting source spectrum. On-chip correction also requires scal-
ing the calculated background count rates with the background-to-source region ratio.
The background region ideally should be of similar or larger size to the source to avoid
introduction of systematic error through this technique.

The alternative method is blank-sky background correction, which is performed

by matching the coordinates of our comet observation to a similar blank-sky image
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where only background emissions were observed. By scaling the blank-sky obser-
vation to the exposure map of our original observation, one can generate a synthetic
background spectrum that can be utilized with our data. This technique is beneficial
due to the low statistical uncertainty it introduces to our resulting spectrum. In addi-
tion, blank-sky correction is often preferred for extended sources, such as comets, as
on-chip background regions may be contaminated by the source. Despite these benefits,
the high variability of the X-ray background may result in blank-sky correction intro-
ducing random uncertainty into our calculations that would not exist from the on-chip
method.

Analysis of both techniques shows that the spectral uncertainty introduced via
on-chip correction only becomes significant at energies greater than 2 keV for high-
intensity objects and 1 keV for low-intensity objects [3l]. Since the emissions mecha-
nisms discussed in this work primarily contribute in the 0.1-1.5 keV range, the on-chip
correction method is preferred to avoid introducing additional uncertainty due to the

X-ray background variability.

2.5 Emission Spectra Extraction

Having converted all images to object rest coordinates, corrected for exposure differ-
ences, and removed background counts, emission spectra may now be extracted. All
spectra observations are taken by the Chandra-ACIS instrument, which has an approxi-

mate spectral resolution of 50 eV over the 0.3-2.0 keV energy range. Although this res-
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Fig. 2.3: Summed total spectra of X-ray photon counts for comets PanSTARRS and

ISON extracted from Chandra observations. Both spectra utilize nominal S3

chip background emissions for background correction calculations.
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olution is poorer than other X-ray observatories, Chandra provides improved count sen-
sitivity that significantly improves signal-to-noise ratios, allowing for improved statis-
tics when model fitting.

The emission spectra are generated by plotting the number of counts-sec™! de-
tected per energy bin over the desired energy range. These spectra can be obtained
through summation of the raw counts per energy bin or through use of CIAO’s specex-
tract routine, which automates this process. Of the two processes, the latter is chosen.
Spectra produced from multiple observations of the same object are combined with the
combine_spectra routine to improve overall signal-to-noise ratios of the results. Exam-
ples of generated spectra from two comets are found in Fig. 2.3

After obtaining the emission spectra, it is useful to convert the data into physical
units for accurate comparison between other instruments as well as allow for proper
physical modeling analysis. Conversion from counts to photons-cm™2 requires knowl-
edge on the area of the telescope’s field of view, but rarely is a telescope’s geometric
area considered accurate. Internal reflectivity and vignetting normally causes the ge-
ometric area of a telescope to be reduced to a smaller “effective area”. Furthermore,
effective area varies as a function of incident photon energy as the detector’s quan-
tum efficiency is not constant at all energies. Our resulting count rates per energy bin
must be divided with the appropriate effective area for that energy when converting to
physical units.

See Fig. for a plots of the effective area functions for Chandra’s ACIS and
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Fig. 2.4: A comparison of effective area functions for the ACIS and HRC instruments,
as documented in the Chandra handbook. Note that HRC has a higher sensi-

tivity to soft X-ray emissions than ACIS.

HRC instruments as of Proposal Cycle 18. As previously discussed in Sect.
the effective area function is dependent on the detector’s efficiency, and this efficiency
is known to degrade over time. As our analysis includes observations taken over the
lifetime of Chandra, we therefore must utilize the effective area function that correctly
corresponds to each observation. Previous effective area functions are available in the

Chandra handbook and in CIAO. In addition, we note the significant difference between
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the two plotted functions due to differing detectors and filters used. It is therefore
important to always account for effective area when comparing results from different
instruments, even if those instruments are on the same telescope. This fact will be

important later in Sect. [5.8]



Chapter 3

Analysis of Charge-Exchange Mechanism

Charge-exchange (CX) is a common X-ray emission mechanism from local astronom-
ical objects and a primary contributor to X-ray emission spectra, in some cases gen-
erating over 90% of the total intensity emission [4, 15} 16} 7, 8, 9]. Although common,
these emissions have been shown to demonstrate high variability in intensity depend-
ing on local conditions near the source object [8) [10]. Therefore, accurate modeling
of observed X-ray emission spectra must begin with a thorough analysis of CX and its

dependence on various physical parameters.

3.1 Background

Nearly all local astrophysical objects generate an outward flux of particles through
sublimation due to incident solar photons or solar wind (SW) particles on the object’s
surface. For planets, the majority of the outward flux will remain gravitationally bound
while only highly energetic particles escape, creating a diffuse outflow above the high

density atmosphere. For smaller objects like comets, the ejecta of atoms, dust, and ice

18
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Neutral v
Gas/Nanoparticle |9 E,

Solar Wind lon

Fig. 3.1: A diagram of the Solar Wind Charge-Exchange (SWCX) process, in which
an electron is transferred from a neutral particle to a solar wind ion. As the
captured electron relaxes to its ground state, it will produce a high-energy

photon that may be in the X-ray energy regime.

particles are not gravitationally bound and can create diffuse outflow of neutral material
with velocities of a few km/s, often forming jet-streams from the surface [11].

As the flux of particles escape from their source object, they will begin to interact
with an increasing density of SW ions. Should a neutral particle A quantum mechan-
ically interact with a SW ion BN, it is possible for the neutral atom to exchange an
electron with the ion, known as solar wind charge-exchange (SWCX) [5} 16, [7]. The

process is illustrated with the equation
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A+ BY" > AT + BV 3.1

where the captured electron is in an excited state after the collision. Direct collision
between the two particles may also produce a transfer of electrons, but it is much less
likely of an occurrence. Either case will result in photons generated as the electron
relaxes back to ground state. See Figure [3.1|for a diagram of this emission process.
Although SW is over 95% H* and He?* ions, there are highly charged and heavy
ions, such as C®*, N, O7*, 0%+, Mg®*, and Ne®*, present within the outward flux [12].
When these heavy ions undergo CX with neutrals, the relaxation energy is sufficient to
generate X-ray emissions from the process. CX between these highly charged, heavy
SW ions and neutral particles have been identified as the major source of emitted X-ray

photons with energies below 1 keV [6]].

3.2 Cross Sections

The CX process is dictated by the interaction cross section between the neutral particle

A and the SW ion BY*. The differential cross section is defined as

d
d—g = £ (0} - vADP, (32)

where |v) — Ul is the relative speed difference between the particles.
Analytical solutions for CX cross sections are possible for simple, hydrogenic-

like particles using the Landau-Zener formula to solve the transition dynamics of a
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two-level quantum mechanical system. Higher order collisions can be approximated
using Multi-Channel Landau-Zener Model, though the calculations quickly become
difficult due to the increase in complexity of the electronic colliding structure and the
complexity of the collision dynamics. As the focus of our work is on the application
of these cross sections, we therefore use independently-calculated cross sections for

various sources and targets for our modeling analysis [6, 13 14, 15,16, (17,18, [19].

3.3 Spectral Intensity

The model of CX X-ray emissions discussed in this work is based upon previous mod-
eling techniques [8, 20} 21}, 22]]. Though these previous models are robust, most only
incorporate the primary emission lines, generally 10-20 lines, out of the possible 700+
lines that may be generated in an average CX interaction [6]. This is typically done
because each emission line is treated as a free modeling fit parameter, and increasing
the total number of parameters will significantly reduce confidence in any results due
to chi-square testing. However, proper consideration of state selective CX cross sec-
tions of highly charged SW ions will reduce model fit parameters as all emission lines
per ion will be set at fix ratios determined by their cross sections and photon emission
yields [8]. Such a model would therefore only be dependent on the heavy SW ion
composition, reducing the model from 700+ parameters down to 10-20.

The updated CX model developed through this work is generated from first prin-

ciples that include all possible lines arising in radiative cascading processes of excited
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SW ions with proper cross sections. This simplifies input parameters of X-ray mod-
eling through limiting of input variables to SW ion composition while also improving
its physical accuracy through the increase of emission lines. The model may also be
utilized as a remote diagnostic tool for solar wind composition.

We begin by expanding upon the CX model outlined in previous works [, 20,21,
22]. The emitted intensity / of the photon flux induced by CX collisions is defined as
the total emission resulting from the interaction between k species of atoms/molecules
and SW ions /, where [ is dependent on both the element and its charge. We define it as

an integral over the line of sight distance s and the solid viewing angle €,

Ihw)) = f oo — )P (hw;)dsdQy, (3.3)
kil

where n; is the object of interest’s particle density, n; is the SW ion density at the object,
o, 1s the charge transfer cross section for collisions between k neutrals and / ions, vy is
the neutral particle velocity, v, is the local SW velocity, and P,((’; is the photon yield for
emissions with the energy 7Zw; in the collision between k and / species. The total yield
of all X-ray photons is normalized to unity, where 3, P;{{?(hw ;) = 1, per each unique k
J

and / in order to be valid on a per collisional basis.

For our equation, vy is much lower than v; and is therefore approximated as zero.
The physical parameters sz; and o are obtained from previous lab and theoretical

research [6, [13} 14} 115, [164 17, 18, 23] 24} 25, 26]]. Calculation of n; and v; is highly

dependent on the SW conditions at the time of observation, of which a discussion is
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found in Sect. The last term we require is n;, and it is dependent on the source
object. A discussion of neutral particle density distributions for diffuse atmospheres
is found in Sect. {.5] Applying these results, we are able to obtain theoretical or
experimental values for each parameter in Eq. [3.3] We may therefore calculate the

emitted intensity spectra for a local source object.

3.4 Solar Wind Conditions & Spectral Variability

The CX emission spectrum in our model is computed for two independent major groups

of heavy SW ions:

1. (Group A): key heavy ions for “3/4 keV” energy interval (C>*, C%*, N>+, N6,
N7+, 0%, O7*, O8*, Ne®*,and Ne’*). This group includes the CX emission spectra
generated from collisions between neutrals and H-like, He-like, and Li-like heavy
SW ions. The CX spectra of these ions are reasonably constrained by lab and

theoretical research [6} [13) 14,15} {16, 17,18, [19]].

2. (Group B): heavier excited ions (Mg?*, S?*, Si?", and Fe?") that primarily con-
tribute to the soft X-ray spectra (below 0.4 keV). The cross sections and relative
intensity of different emission lines of the CX cascading spectra for these ions
are less known than for the ions from Group A but are well estimated [27, 28]].

The energy position of spectral lines are well defined [29].

The spectra of CX cascading photons for Groups A and B are computed inde-
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Avg. Avg. Avg. Avg.

Ion Ratio® | Ton  Ratio™ | Ion Ratiot | Ton Ratiot4

co 0318 | O 0.070 | Mg!%  0.098 | S%* 0.019
c* 0210 | O™ 0.200 | Mg* 0.052 | Fe!**  0.002
N 0.006 | O°* 0.730 | Si'%* 0.021 | Fe!**  0.007

N+ 0.058 | Ne’* 0.004 |S!'* 0.005 | Fe!'™*  0.023

N>+ 0.065 | Ne¥*  0.084 | S!o+ 0.016 | Fe!®  0.031

Table 3.1: Average slow solar wind ratios. All ratios are normalized with respect to the

total solar wind oxygen composition.

pendently and then unified into a synthetic spectrum that represents the most probable
emissions up to 1 keV. Ion elemental and charge composition for all groups are treated
as variable parameters that are initially set to average SW composition ratios [[12} 30].
The initial SW ratios for the model are shown in Table

To calculate the CX emission intensity, accurate values for SW density and speed
are also required. However, SW conditions are known to to have high variance as
a function of both time and solar longitude. Therefore, only a direct observation of
SW composition at the object of interest would be able to accurately determine the
conditions present during the Chandra observations. As we lack such instrumentation,
we approximate the SW conditions through use of the Advanced Composition Explorer,
or ACE. ACE is a satellite located at the L1 Lagrangian point that continuously records

SW conditions and stores all previous information in an online data archive. Although
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ACE is not located at the object of interest, we evolve its data through use of time-
of-flight correction models to approximate the SW conditions at the object [3]. We
compare our results to average SW values taken from previous analyses of the SW
plasma to ensure our results are physical [12].

After developing a physical range for these SW parameters, we allow the values
to vary within these limits until a proper fit to the observational data is found over the
0.3-1.0 keV energy range. We define our goodness-of-fit with the y? value, which is

represented as

N Xi— 1 2
)/:Z( - ) (3.4)

In this equation, the x; + o-; is the observed data and y; is the modeled data. A low y?
value represents high confidence in the goodness-of-fit, and so we vary our parameters
until y? is minimized [3]. We note that due to Chandra’s low sensitivity below 0.35
keV and the lack of accurate calibration near the carbon K-shell line at 0.284 keV, we
find that varying several SW ions types that predominantly emit in this region produces
no change in y*. As a result, these SW ion types are left constant as average SW

composition ratios.



Chapter 4

Analysis of Scattering and Fluorescence Mechanisms

Coherent scattering and fluorescence (SF) of solar X-rays also contribute to the total ob-
served X-ray emission spectra from local astrophysical systems, but their contributions
at photon energies below 1 keV are minor when compared to CX [5, [31]. However,
recent comet observations using Chandra have shown emission spectra above 1 keV
with unresolved spectral features, or peaks [10]. Current interpretation of observed
spectra suggest that these hard X-ray peaks are a result of CX with abnormal, highly
ionized SW ions like Mg''* and Si'** [8, [10]. However, in situ observations with mass
spectrometers have not detected these highly charged ions [30,32]. Theoretical models
describing the charge abundance of heavy SW ions also predict an extremely low prob-
ability of finding Mg'!'* and Si'** in the SW plasma because of the inability to reach
such high freezing-in temperatures in regular SW and coronal mass ejections [[12]].
Alternatively, solar X-ray emissions with photon energies above 1 keV have been
observed to increase by 1-3 orders of magnitude during solar flares [33]. It is therefore
possible that SF emissions by heavy elements from an astrophysical environment would

also increase by 1-3 orders of magnitude during high solar activity. Such an increase
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Sun

Photons Atmosphere

Fig. 4.1: Geometry of optical thickness calculations for a diffuse atmosphere. The vari-
ables listed are as follows: p is impact parameter from atmosphere center and

z is the is half of the total penetration depth.

may result in SF providing more significant contributions toward X-ray emissions than
CX. Accurate SF spectra of cometary X-ray emission should therefore be factored into
spectral models.

This chapter will define the required parameters and characteristics of the solar
X-ray emission spectra required for detailed formulation of the SF model and outline

the model derivation.

4.1 Optical Thickness Approximation

We begin with an analysis of the optical depth of diffuse atmospheres, the primary
sources of SF X-ray emissions. Assuming these systems are optically thin we may
ignore radiative transfer processes in our emission model derivation, significantly sim-

plifying our work.
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We begin by defining optical depth 7 as

7(z,p) = f n(z, p)o,dz, 4.1)

(%)

where p is the impact parameter between the photon and the atmosphere center, z is
half of the total penetration depth, and o, is the average cross section. A diagram of
the physical setup is shown in Fig. In principle, an optically thin atmosphere is

defined as

1(z,p) << 1, 4.2)

and so we will calculate T and compare to this relation to determine the depth state.
We approximate the atmosphere as isotropic with a 72 dependence, where r is
defined by r* = p? + z2. For this spherical atmosphere, we define the maximum radius
as the mean ionization length of the neutral particles A;,,;, as the ionized particles are
carried away from the system via SW flows or the solar magnetic field. Utilizing our

approximation, we define the average optical depth as

(r) =

/lianiz
0 f 2rpdp - 1(z, p). (4.3)
i 0

ioniz

Combining Eqs. d.1]and @.3] we find

g,

0
2
ﬂ-/li(miz

/lioniz 4
(1) = f f 2mpn(z, p)dzdp, (4.4)
0 —00
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which can further be simplified as the integration of scatterers over the entire atmo-
sphere, which equals the total number of scatterers in the system N,,,;. This value may
also be expressed as

/lioni
Noowat = %, @.5)

where Q is the neutral particle production rate and v is the neutral particle outflow

velocity. Inputting our expression for N, into Eq. 4.4 produces

(1) = o0

- ’
ﬂ/lionizv

(4.6)

which is our general expression for optical depth.

Inputting a range of average values for diffuse atmospheres of both planetary
and cometary origins, we find that 7 ~ 10"5-7, This range of values is sufficient to
satisfy Eq. .2} and so we may therefore assume that the systems we are to investigate
in this work are optically thin. The description of thin atmospheres does not require
consideration of the radiative transfer processes and allows us to calculate SF X-ray

fluxes as a superposition of X-ray fluxes induced by independent single scatterers.

4.2 Cross Sections

Scattering properties for a particle are defined by its differential cross section

do

d_Q = |f(0SC’ E)|27 (47)
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which is dependent on scattering angle 6;., incident photon energy €, and, for dust and
ice particles, grain radius a. We assume that all dust and ice particles have spherical
shapes as this approximation significantly simplifies the theoretical description of X-ray
scattering. The scattering cross sections also depend on the polarization of incoming
electromagnetic radiation. We consider the solar X-ray emission to be unpolarized
and use, in our modeling, cross sections averaged over all polarization of solar X-rays.
Differential cross sections of the atomic and molecular K-shell absorption, which de-
termine fluorescence production rates, are isotropic and hence have no angular depen-
dence.

Cross sections of elastic photon scattering and fluorescence for all atoms and
some molecules have been measured in laboratory experiments and/or been calculated
using accurate quantum mechanical methods and many-body theory. For atomic con-
stituents, we utilize well-established databases [|34), 35]]. These databases are known to
lack accuracy with energies close to resonance transitions, but averaging of accurate
near-resonance structures over energy step sizes comparable to our selected databases
provide good agreement [36].

Data on scattering of X-rays by dust and ice particles is significantly less devel-
oped and is mostly based on empirical models [37, 38]]. The classical Mie model is
used as an approximation in determining differential and total cross sections for nano-
sized dust and ice particles [39], although differences between the results of Mie and

quantum calculations are expected for ultra-small grains. While real nanodust and ice
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Fig. 4.2: Total cross sections for X-ray scattering of both nano ice and dust as well as

neutral hydrogen, helium, carbon, nitrogen, and oxygen gases.

may have extremely complex compositions and geometries, ranging from relatively
simple core-mantle structures to large aggregates [40], we choose to model the parti-
cles as Mie spheres. Such a Mie model assumes a spherical, homogeneous scatterer
with uniform index of refraction and is the exact solution to Maxwell’s equations [41]].
Realistic nanoparticles are not spherical and may form much more complex structures,
thus requiring a more rigorous calculation of classical scattering methods 39} 42], but
use of homogenous dust/ice spheres and the Mie model allows for a good approxima-
tion of scattering cross sections. The Mie spheres range in radii from 1-10 nm and are
composed of carbon, silicon, and H,O ice. The index of refraction used for the nan-

odust spheres is obtained assuming bulk densities and is dependent on incident photon
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energy [43]. Detailed information on scattering cross sections of nanoparticles and

relevant atmospheric gases is provided in Fig. #.2]

4.3 Spectral Intensity

In our model, the object of interest center is located at a distance r.. from the Sun and the
detector-Sun distance is R,. See Fig. [4.3|for a diagram of the scattering geometry. The
scattered spectral intensity is defined as the number of photons collected per second
per unit surface area and per unit interval of the photon energy €. If the solar spectral
intensity is known at some specific distance from the Sun, for example at Ry = 1 AU,
we can define the observed scattered intensity radiation as seen at the detector /,.(¢€) in
terms of the known solar spectral intensity /y(€). The value of I.(¢€) is given by the sum
of all photons scattered by atoms, dust, and ice particles.

The spectral intensity /,.(€) of X-rays scattered by the diffuse atmosphere is
found by integrating over the entire atmospheric volume with the density distribution

n;(r) for j types of scatterers:

2

R
u@zmaZJEwpﬁ 0 O R, @48
J

9
77+ 7RI+ 77 = Rol?

Equation {.§]is valid for optically thin atmospheres, where scattering and absorption of
X-rays do not affect the value of the local X-ray photon flux.
Simplification of Eq. occurs if the atmosphere’s size is small with respect to

. g g . . . . . . .
distances r, and |7, — Ro|: r; << r.,|F; — Ro|. This assumption is, in principle, valid



33

Comet
Center

Atmosphere

Fig. 4.3: Geometry of a single scatterer within an atmosphere (in this case, a cometary
atmosphere). The variables listed are as follows: R; is the Sun-detector dis-
tance, 7, is the Sun-object center distance, 7 is the object center-scatterer dis-

tance, and O’ is the scattering angle.
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in regards to diffuse emissions from any local astrophysical objects. For comets, the
radius of the atmosphere r is ~10°~% km when the object is ~1 AU from the Sun. In
comparison to the distances r, and |r; — Rﬂz)l that we used in our analysis, the cometary
atmosphere is 2-3 orders of magnitude smaller in size. For planetary emissions, the
ratio is even smaller, often 5—6 orders of magnitude. As our SF analysis is focused on
emission spectra and not the numerical modeling of emission morphology of emissions,
we may approximate the atmosphere as a point source located at . and comprised of
N; number of scatterers. Applying this approximation to Eq. we obtain a simple

expression for the spectral intensity of scattered X-ray photons:

R;

Isc(e) = IO(E) S
r27e — Rol?

D 1fiBer OPN;. (4.9)

J

The resulting equation is an approximation of the scattered X-ray intensity and is a
valid approximation in all the cases that we will investigate.

The derivation of fluorescence emissions is identical to that of scattering, except
we are now interested in the intensity 7, of a specific spectral line rather than the

spectral intensity. The total intensity per fluorescence line k of scatterer m is defined as

2

_ L ” 2
Ty = N, | /(O gmi(€)lo(€)dE, (4.10)

R -
T g |7‘ c R()l2
where the intensity spectrum is integrated from the threshold energy €, of absorption

for the considered fluorescent photon €, to infinity. As the solar intensity spectrum and

photo-absorption cross sections drop off significantly at large €, we truncate the upper
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bound at 10 keV. The fluorescence intensity is also dependent on the fluorescence yield
gmi(€), the efficiency of many-electron Auger transitions [44]]. Fluorescence yield de-
termines the probability of photon emission by excited many-electron ions. Equations
4.9 and [4.10] allow calculation of a complete SF emission spectrum from a diffuse at-

mosphere.

4.4 Variability of Spectra due to Scatterer Composition

Every atmosphere has a unique mixture ratio of atoms, dust, and ice particles, which is a
function of the object-Sun distance and object composition. As cometary atmospheres
nearing perihelion with the Sun possess both favorable observation geometry and are
optically thin sources, they are the most likely candidate for detection of significant
scattering emissions [45]. We therefore focus our discussion on cometary composition.
In principle, the same analysis would be valid for any diffuse emissions, albeit with the
initial composition adjusted to match the object of interest.

On average, comets are shown to be primarily composed of H,O, with an aver-
age atmospheric contribution of 85% [46, 47, 48]]. Carbon amounts vary between the
comets [46]], averaging to be 10% of the total atmosphere. Nitrogen and silicon are also
present in trace amounts, composing less than 5% of the atmosphere.

We normalize the H,O production rate Qp,o to observed rates for each comet
[46,47,148]. All other element production rates are set equal to the average element-to-

H,0 composition ratio multiplied by Qn,o. We note that because of this normalization
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method and the overwhelming percentage of H,O in the cometary atmosphere, varia-
tions in the mixture ratio of minor elements produce only slight changes to our results.
We also choose to exclusively model O-based fluorescence because of the significant
proportion of O present within cometary atmospheres in relation to all other elements
present.

While micron-sized cometary dust particle densities are well-studied due to their
efficient scattering of infrared and optical radiation, nano-sized dust and ice particle
densities and composition ratios are not as well-established because of a lack of precise
observational data for such small masses [49]. Nanoparticles also efficiently scatter X-
rays because their grain geometric sizes are on the same scale as the photon wavelengths
[31} 39] and are therefore the focus of our scattering calculations. For our model, we
infer that dust particles would maintain a similar ratio to those observed for atoms, with
85% H,0, 10% C, and 5% heavier elements like N and Si. Unlike dust particles that
can be composed of a variety of elements, ice particles are mostly composed of H,O
or CO,. Modeling of ice particles has shown dissociation rates to be dependent on
their impurity ratios, where particles with a minimum impurity ratio, known as pure
ice particles, possess the longest lifetime [S0]. In our consideration of X-ray scattering
by dust and ice nanoparticles, we initially treat all ice particles as pure to establish an
upper limit on the particle densities. Should the total scattered contribution of these
particles prove significant, we will revise our model to include more accurate impurity

distributions.
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As observational dust and ice mass production rates within cometary atmospheres
are not well-studied, the mass production rate of dust particles ¢, is unknown for each
of the five comets we analyzed. Instead, the empirically established proportionality for
mass loss rates gau = 1.5q,4 18 used to estimate the total number of nanoparticles
present within the atmosphere [3, 31, 151]. This relationship has previously been shown
to be valid for micron-sized dust particles down to 0.1 um [38] and is extrapolated
down to nanoparticles for our analysis. The extrapolated total nanoparticle mass loss
rate agrees with measurements from Utterback and Kissel [49], but it is possible that
nanoparticle distributions may behave independently from micron-sized grains. We
therefore use this empirical proportionality for our initial results and then will vary

nanoparticle densities as a free parameter when comparing to Chandra data.

4.5 Scatterer Density Distributions

Spatial distribution of the scattering gas, molecules, and dust/ice particles depend on
several factors, the most important one being the interaction of the local environment

with solar radiation and SW. Accurate modeling of an atmosphere requires:

1. A detailed description of the formation of the gas and dust fluxes on the host

object surface;

2. Analysis of important chemical and photo-chemical reactions, as well as dust and

ice-particle fragmentation processes;
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3. modeling of the SW plasma interaction with a dusty atmosphere, using advanced

MHD models [52] or direct Monte Carlo simulations [53]].

Our investigation of X-ray emissions is focused on determining spectral inten-
sities, so the X-ray morphology and spatial distributions of the gas and dust can be
considered approximately. As a result, we use a simplified model of the distributions,
assuming the size of the diffuse atmospheres to be much smaller than r. and |7, — R%l.
The density distribution is modeled differently for gas and nanoparticles. The total
atomic and molecular gas density n(r), composed of j unique scatterers, is defined with

a simple radial distribution [4],

n(r) = Z ni(r) = &e—r/m, 4.11)

— A7v;r?
j

J

where Q; is the particle production rate for scatterer i, v; is the radial flow velocity of
the scatterer, r is the radius from the object center, and Am, is the mean ionization length
for the scatterer.

Distributions n(r) for dust density and dust radius, a, are taken from Fink and
Rubin [38]],

-

n(r.a) ~ = (4.12)

where « is set to 2.5 and S is set to 2.0. This distribution agrees with interpolated results
extracted from Rubin et al. [37]], although normalization was required. The normalized

density distribution 7(r, a) for j dust and ice scatterers is determined to be
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o — 1 (an\* (ru )’
nj(r,a) = 4rra;r3 (Z) (7) Naj» (4.13)
f ni(r,a) da d’r = Ny, (4.14)

where g, is the lower bound for the particle grain radius and r, is the upper bound for
the atmosphere radius. Integrating over all grain radii and assuming a simplified model
of strictly spherical dust particles, an atmospheric volume for scatterer j equals the
total number of dust particle j in the atmosphere N;,. The total volume density-size
distribution of dust and ice particles can be calculated by a summation of Eq. over

all types of nanoparticles present within the system: n(r, a) = >, n;(r, a).
J

4.6 Solar X-Ray Intensity

Spectral composition and intensity of solar X-rays are important for calculating the
total SF spectrum of X-ray emission. The CHIANTI atomic database, a theoretical
emission line database specifically designed for astrophysical plasmas, is used to model
the relative spectral intensities (spectral shape) of the X-ray spectrum from 0.3-2.0 keV
[54) 55]. We compare the modeled spectrum to observational data from McKenzie
et al. [56] taken from SOLEX-A, and both are in good agreement. Slight discrepancies
present are likely a result of fluctuations of solar X-ray line intensities which naturally
occur over time [33]].

The results from McKenzie et al. [S6] and CHIANTI provide a reliable database

from which we can extrapolate a spectral shape, but the solar X-ray spectrum during
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observations is highly dependent on the solar conditions at the time of detection. It is
therefore important to determine the real-time solar X-ray intensities during observa-
tions and to scale the modeled SF spectra to these values. The GOES X-Ray Satellite
records total X-ray intensities over the 1.5-15.0 keV range as seen at Earth in three-
minute intervals and has data on solar conditions during each observation that we are
analyzing. By correcting for time-of-flight differences between GOES and the object
of interest and also normalizing our model’s spectral intensity to match the observed
intensity of GOES, we may approximate the solar spectral intensity emitted during each
observation [45]]. Similar to our results for CX, we again note that these approximations
assume the object of interest encountered similar solar conditions to those observed
near Earth. This assumption may not be the case due to the highly non-isotropic nature
of solar emissions, but our approximation provides us with the best estimate for solar

intensities at the object given the tools provided.



Chapter 5

Cometary Observations and Analysis

Cometary X-ray emissions, originally discovered by Lisse et al. [57]] and now observed
in over 30 comets, are a well-studied phenomenon. As comets pass through the so-
lar system, they absorb solar energy and eject atoms, dust, and ice particles through
sublimation. Fluxes of neutral material created at the nuclear surface propagate out-
ward with velocities of a few km/s and can form localized jet-streams of ejecta from
the comet’s surface [11]]. This neutral ejecta forms a diffuse cometary atmosphere that
undergoes significant transformation because of photo-chemical reactions, dissociation
of molecular species, and fragmentation of dust and ice particles.

The neutral gas that composes the cometary atmosphere has been shown to pro-
duce X-ray emissions from both CX and SF [4, 5,16, 7, 8, 9]. CX emissions are gener-
ated from collisions between highly charged, heavy SW ions (~0.1% of all solar wind
ions) and the neutral gas. CX has been shown to be the dominate emission mechanism
over the 0.3—1.0 keV energy range, with CX producing over 95% of the total observed
intensity [} 16, [7]. SF of solar X-rays also contribute to the observed X-ray intensities,

but their contributions at photon energies below 1 keV have been estimated to be a

41
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minor fraction of the total flux of cometary X-rays [, 31].

Although the analysis of CX emissions is well-established, new and valuable
insight can be obtained from the data. Through the use of our developed model, we may
obtain information regarding SW composition at the comet during observations, a feat
that would normally require a local detector due to highly nonuniform solar emissions.
This advanced probing of SW composition would be applicable to any astrophysical
system which is emitting due to CX, allowing for probing of distant systems that are
unrealistic to analyze with a local detector. Such mapping of SW conditions would
be of significant use to the astronomical branch of stellar wind modeling, a challenging
area of physics due to the lack of required simultaneous data points over a wide area. In
addition to this massive benefit, our model provides reductions in computational time
to fit observational data while improving the physical accuracy of our results. This
makes our efforts valuable for multiple areas of research as more physical insight into
our local universe can be extracted from already available databases of observations.

Beyond using CX as an analysis tool, SF emissions also present a unique oppor-
tunity to extract new physics for comets, as well as dust and ice particles. As previously
discussed in Chapter[d, SF emissions may be detectable from comets at energies greater
than 1 keV due to their diffuse atmospheres and close proximity to both the detector
and Sun. This presents us with an unique opportunity to extract accurate SF emission
spectra from astrophysical sources, which would provide accurate estimates on particle

mass loss rates from the comet and particle density distributions. These results may
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provide valuable insight on properties like densities, cross sections, and grain size de-
pendence of the dust and ice particles present within these systems . Even though dust
and ice are present in nearly all astrophysical systems, little is understood about them
when approaching nano-sizes due to a lack of detector sensitivity from in situ observa-
tions [49]. Having a better understanding on production rates, lifetimes, and densities
(all of which would be possible from these results) would go a long way to improving
our knowledge on these elusive particles.

Given these substantial benefits from investigating comets with our newly de-
veloped models, it is no surprise we selected several unique and/or bright cometary
observations that will allow us to test the validity our models and also comment on the

validity of the possible benefits beyond cometary physics.

5.1 Modeled Average Emission Spectrum

Before analyzing emissions from various comets, we must first ensure our emission
model produces physically consistent results. We therefore begin with Fig. which
is the output emission for an average comet encountering average solar conditions at
a distance 1 AU from both the Sun and the detector. As the figure shows, our model
below 1 keV has CX as the dominant emission mechanism by orders of magnitude.
The resulting emissions are consistent with independently calculated values [S]] and
agree with our previous assessment that CX would be the primary mechanism. Curi-

ously, scattering from nanoparticles appears to contribute significantly less than from
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Fig. 5.1: A modeled cometary emission spectrum for an average cometary observation.

gas scattering. To confirm that this result is not a byproduct of of the non-isotropic
nature of the dust and gas cross sections, this average emission spectra is generated at
several different scattering angles. In each case, the nanoparticle emissions are found
to be noticeably lower than those from the gas. We therefore conclude that the nanopar-
ticle densities present in an average cometary system should be incapable of producing
detectable emissions. An investigation of increased nanoparticle densities and inclusion

of total dust emissions is explored in further detail in Sect. [5.3]
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5.2 Modeled Average Emission Morphology

Beyond analysis through spectroscopic modeling, observational data should also be
compared to approximate morphological models as cometary emission morphology
strongly correlates to SW conditions during the observations [/, 9, 58]. A simplified
theoretical description of interaction between the SW plasma and cometary atmosphere
shows that the emission originates predominantly from the sunward hemisphere of the
neutral coma and creates a projected paraboloid of emission with the comet at its focal
point [S52} 58]].

To generate an approximate cometary emission morphology, we begin by drop-
ping the exponential term from the cometary gas production rate defined in Eq.
producing

ny(r) = 5.1

as we are only concerned with the local emissions from the comet nucleus. Since
we recall CX emissions to be the dominant source of intensity, we then return to our
CX intensity equation, Eq. [3.3] for our description of the morphology. We simplify this

equation by assuming all CX interactions emit a photon of average energy E, producing

I= ngnswo-avglv;w - U—g)lEa (52)

where n, is the cometary gas density, ng, is the SW density, and o, is the average CX
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cross section for the system. We may further simplify this equation by realizing the SW
velocity vy, is normally 2 orders of magnitude greater than the gas outflow velocity v,

even during periods of slow SW speeds. We may therefore simplify Eq. to

I= ngnswo-augvswE- (5.3)

and we now only require 7, to model Eq.
To solve for ny, for this simplified system, we assume all SW ions are traveling

in a parallel flow. The SW ion density then may be defined as the differential equation

dny,
dt

= NyNsyO qugVsw- (5 4)

We define the +x direction as the interacting line from the comet to the Sun, and so

Vg = —dx/dt. Substituting in both our equations for vy, and n, results in

1 dl’lsw _ Qo-aug
ng, dx  4mu,r?

(5.5)

Solving this differential equation in comet-centered cylindrical coordinates produces

the expression

ﬂ) (5.:6)

Ngy = Ngyo€XP | — N
4mv,rsing

where ng, ¢ s the initial SW density prior to interacting with the cometary atmosphere.

Combining Eqgs. [5.1]and [5.6) with [5.3] gives us
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Fig. 5.2: A modeled cometary emission morphology for an observation of an average,
collisionally thick cometary atmosphere. The comet is located at the center,

while the Sun (not shown) is to the right.

I

SW. av SlUE av. 0
=M6x ( Qo-—g)’ (5.7)

4nv,r? - 4, rsing
which we may use as an approximate model of cometary X-ray emissions. See Fig.[5.2]
for an image of the modeled cometary emission.

When analyzing cometary X-ray images, the overall emission morphology is
determined by SW interaction with the cometary atmosphere as the majority of the
emitted intensity is due to CX. In the collisionally thick case for an active comet, we
expect a paraboloid with the comet at the focus where the magnitude of the semimajor

axis is dependent on the atmospheric density [47, 52,58} [59]. We may therefore assume

that any observations with a similar structure to our model possesses high interaction
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rates between the SW and neutral atmosphere.

In comparison to our modeled case, the collisionally thin case will produce the
majority of its X-ray emission structure at its highest concentrations of gas in the coma.
For such a situation, we expect to see regions of enhanced X-ray emission at regions
of higher cometary particle density, such as those found along jet streams near the
cometary surface [60]. As neutral outflow morphology is dependent on shape, struc-
ture, and composition of the comet, each collisionally thin cometary atmosphere pos-
sesses an irregular emission morphology that cannot be easily quantified without more
information on the system. Nonetheless, the lack of predictable emission morphology
is still a strong indicator of below average SW and/or neutral particle densities present

during the observation.

5.3 Ikeya-Zhang

Having developed models that accurately reproduce emissions from cometary systems,
we now begin comparing our results to observational data. All comets selected have
previously been observed via Chandra and are openly available for use on the Chan-
dra Data Archive. Details regarding selected comets are outlined in Table Of the
comets we selected, the Chandra observations of comet Ikeya-Zhang (IZ) are of sig-
nificant interest because of the high cometary X-ray intensity and pronounced spectral
shape established from previous analysis [10]. Data on X-ray intensity emissions from

GOES taken at the same time as the Chandra observations of IZ show that 2—4 M-class
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Texp rc A Latg Longp 9H,0
Comet Obs. Date Prop. Num. (ks) (AU) (AU) (deg) (deg) (10® mols™')
8P 2008 Jan 01-04 09100452 47 1.10 0.25 2.076 89.22 2218
Encke 2003 Nov 24 05100560 44  0.89 0.28 1141 50.19 0.74
ISON 2013 Oct 31-Nov 6 15100583 36 1.18 095 1.130 115.0 2lel
1z 2002 April 15-16 03108076 24 081 0.81 2642 2050 20810
LS4 2000 July 14 01100323 94 080 053 24.18 3126 3102l
MH 2001 Jan 8-15 02100340 169 126 1.37 13.50 185.1 1216
PanSTARRS 2013 Apr 17-23 14108442 45 1.10 144 84.16 150.5 5163

Table 5.1: Observation parameters are listed as follows: Chandra observation date,

observation proposal number, exposure time Texp, comet-Sun distance rc,

comet-Earth distance A, Heliospheric Latitude Late and Longitude Longg),

and H,O production rate Oy ,0-

solar flares occurred during this time. The cometary X-ray scattering flux of M-type

X-ray solar flares can be 1-3 orders of magnitude higher than the flux observed dur-

ing quiet solar conditions. In addition, IZ had the highest observed particle production

rates of any other comet analyzed [46l], providing additional atmospheric scatterers. It

therefore should possess an unusually high signal-to-noise ratio, producing improved

modeling statistics as well as optimal conditions for the detection of SF emissions.

Morphology

The ACIS observation image of comet IZ is presented in Figure The image has

been corrected for differences in exposure time, smoothed with a 3x3 pixel Gaussian
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ACIS 100,000 km
April 14

Fig. 5.3: Chandra/ACIS-S observations of comet Ikeya-Zhang. The images are binned
to include all 0.3-2.0 keV photon events, exposure corrected, on the same
linear scale, and smoothed with a 3%3 pixel Gaussian filter. Our results show
an abnormally high X-ray emission intensity with the predicted paraboloid

shape.

filter, and is shown on a linear scale. This image is highly abnormal for a cometary ob-
servation as the total intensity from IZ is 2-3 orders of magnitude larger than average.
This increase agrees with our previous assessment that the increase in particle produc-
tion rates from the comet coupled with the high solar activity at the time of observation
should result in increased X-ray emissions.

In addition to the intensity, IZ’s image serves as an excellent example of the
ideal emission morphology from a collisionally thick cometary atmosphere. We clearly

see the projected paraboloid shape, with the comet nucleus located at the center. This
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structure extends farther out than is seen in other cometary observations, indicating
above average SW density, above average particle density, or possibly both. Regardless,

IZ is the benchmark case of cometary morphology to which all others are compared.

Emission Spectrum

As we have established, comet IZ demonstrated above emission activity during the
course of its Chandra observations. With such a high signal-to-noise ratio, [Z’s emis-
sion spectrum allows for unparalleled probing of cometary emission mechanisms con-
tributions to high accuracy. We therefore analyze each emission mechanism individu-

ally in order to properly assess contributions from each one.

Analysis of Charge-Exchange Emissions

Utilizing our CX model, we are able to successfully describe the IZ emission spectrum,
as shown in Fig. [5.4 We find a unique solution for the emission spectrum that fits
well to the observations up to 1.0 keV. We also calculate the reduced y?, also known
as x, by dividing y* with the degrees of freedom (dof) for each comet. The comet
observations are binned with a minimum of six counts per spectral bin for proper gaus-
sian statistics. For IZ, which has 32 dof, )(12e = 1.2 for the 0.35-1.00 keV range. All
spectra are truncated at 0.35 keV due to the carbon K-shell absorption edge detector
contamination present from ACIS at energies below this threshold. These results agree

well with previously calculated emission spectrum models for IZ [10] while also pro-
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Fig. 5.4: Comparison between our CX model and the average background-corrected
observations for comet Ikeya-Zhang and the y? residuals (Ay?) of the data-
model comparison. Each observational spectrum has been grouped with a
minimum of six counts per bin for proper statistics. Our model varies SW
composition ratios until a best-fit is found. The resulting SW composition

ratios for each model are detailed in Table[3.1]
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Source

C6+/C5+ O7+/06+ 08+/06+

1Z

ACE

1.35 0.25 0.16

1.11+0.44 0.14 £0.01 —

ISON

ACE

1.35 0.28 0.14

0.80 0.12 0.19
1.18 i0.48 0.25 io.og 0.09 i0.06

PanSTARRS

ACE

1.29 0.12 0.05

0.62 0.13 0.14
109705 022700 0.0870¢!

Table 5.2: A comparison between the model-calculated SW ion ratios and the average

values observed by ACE. All calculated values are found to have an average

uncertainty of £20% and agree to the observational data within uncertainty,

aside from IZ which was observed highly irregular solar activity. We note

that agreement between ACE and PanSTARRS is inconclusive given the

significant difference in heliospheric latitude between the two.

viding a more complete and physically accurate picture of the CX process in cometary

atmospheres.

In addition to accurately modeling the cometary emissions, we compare our mod-

eled SW composition results to contemporaneous composition ratios provided by ACE.

A comparison of our model results of comet IZ to ACE, shown in Table [5.2] demon-

strates an agreement within uncertainty for the C®*/ C3* ratio but not for O’*/O%*. The

discrepancy may be attributable to the high solar activity we previously discussed cou-
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pled with the non-isotropic nature of the SW emissions. In addition, SW conditions are
known to differ significantly from Earth’s observations at high heliospheric latitudes
(Latp > 20°) [3], and IZ was observed at a latitude of 26.42°. We therefore find these
comparisons to indicate our results are within the appropriate physical limits for the
system, but direct comparison between ACE and 1Z is inconclusive due to additional
sources of uncertainty.

Our analysis of SW composition shows an above average amount of highly charged
ions, such as O%" and C%*, with an decrease in their lower energy variants present at the
cometary atmosphere. The heightened solar emissions would explain the high intensity
detected from IZ and would also have a significant impact on the remaining emission

mechanisms, making it a prime target for SF detection.

Comparison of Ikeya-Zhang to Jovian Disk

Spectral shapes are unique for different X-ray generating processes such as bremsstrahlung,
scattering, or SWCX mechanisms. Analysis of the relative spectral shape of detected
X-ray signals is broadly used to determine the physical mechanisms responsible for
X-ray emission. We therefore compare the observed spectral intensity of IZ to detec-
tions of X-ray scattering from the Jovian disk as evidence of scattering above 1 keV in
cometary atmospheres.

Measurements of Jovian X-ray emissions with XMM-Newton have previously

been performed during a series of M-class solar flares [64, 65]. Accurate time and
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Fig. 5.5: Comparison of X-ray spectra from comet Ikeya-Zhang [10] and Jupiter [64],
observed during solar X-ray flares. The data sets have been scaled to overlay
each other in order to better visualize the strong similarity in spectral structure

between the two astronomical objects at energies above 1 keV.
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spectral correlation between the solar X-ray flares and disk X-ray emissions have been
analyzed in detail [64], concluding that peaks observed above 1 keV were generated
from the scattering of solar X-ray photons from Jupiter’s outer atmosphere [64]. We
can therefore infer a similarity between the production mechanisms within each system,
namely scattering of solar X-rays, if we demonstrate a similarity in the general shape
and peak structures observed from both the Jovian disk and comet IZ. Above 1 keV
there are no significant resonant scattering or absorption cross section features for the
primary scatterers present within the cometary and Jovian atmospheres, as shown in
Fig. We therefore assert that any similarities of spectral structure, which is defined
as a similarity of relative intensities of important spectral features, are independent of
atmospheric composition and would exclusively be attributed to relative intensities of
the spectral features in the solar X-ray spectra.

Figure [5.5] shows the relative spectral intensities for Jupiter from XMM over-
laid with the comet IZ data taken from Chandra, with both data sets corrected for the
differences in effective areas of the two telescopes. The results show a strong similar-
ity in overall spectral shape between the two objects at photon energies above 1 keV.
Although each observation was taken during separate solar flares, the peak structures
above 1 keV agree with regular features seen in observed solar flare spectra [56] and
are common for average M-class solar flare activity [S4, 55].

Differences between the IZ and Jupiter spectra near 1.35 keV may be a result

of a difference in intensity of the Mg XI (2p-1s) emission line present in the solar
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flare spectra during the Jupiter and IZ observations. The peak seen in both spectra
at 1.85 keV may be a combination of scattered Si XIII (1.85 keV) X-ray emission
line from the solar flare and Si K (1.74 keV) fluorescent emission by dust. Spectral
differences below 1 keV are explained by the SWCX mechanism of cometary X-rays,
which produces additional X-ray photons in the cometary spectrum that the Jovian disk
spectrum would lack because it is produced entirely via SF.

As Jupiter disk emissions are shown to be a result of scattering, this strong agree-
ment in spectral shapes above 1 keV leads us to consider that both spectra are produced
via the same mechanism, the scattering of solar X-rays. Because both spectra were
observed during solar X-ray flares, the similarity of the scattering mechanisms is even

more evident.

Analysis of Gas Scattering Emissions

Motivated by our IZ-Jupiter comparison, we analyze the total contribution of gas scat-
tering in the observed IZ spectrum. Figure [5.6] shows the theoretical spectral intensity
of the SF cometary X-rays induced by the atmospheric gas together with the X-ray
spectrum observed from comet IZ. We found reasonable agreement in the overall peak
structures to our SF model at energies above 1 keV. The largest discrepancy occurs at
~1.35 keV where IZ shows a well-pronounced peak whereas our model does not. This
discrepancy may be the result of utilizing an average solar X-ray emission spectrum to

model our spectral intensities rather than utilizing direct observations.
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Fig. 5.6: Comparison between the spectral intensities of background-corrected ob-
servational data taken from Chandra (Xs) and our theorized scattering-
fluorescence spectrum model induced exclusively from atmospheric gas (solid
line) for Ikeya-Zhang. The dotted-line plot is the model scaled to match the
observational intensities. We note the similarity in peak structure at energies

greater than 1.5 keV.
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Although the spectral shape of the theoretical gas scattering model agrees well
with observations of IZ, the total intensity of the predicted SF spectrum above 1 keV
is lower than the observed by a factor of ~350. This discrepancy is too great to be
accounted for through uncertainties in our calculations or background corrections, and
so we conclude that gas scattering of high-energy photons is not a significant source of

cometary X-ray emissions given our model parameters.

Analysis of Nanoparticle Emissions

The presence of additional scatterers in the cometary atmosphere could explain a sim-
ilarity of spectral shapes of the high-energy cometary emission and solar X-rays. Nev-
ertheless, these particles should be inefficient in scattering of optical and infrared radi-
ation. They should also be inefficient in fluorescence radiation as analysis of observed
cometary X-ray emissions have shown that fluorescence from O and several lighter ele-
ments are a minor X-ray source in comet emissions less than 1 keV [5]. Nano-sized dust
and ice particles would satisfy such conditions [5]. Nanoparticles as additional scatter-
ers could significantly influence the intensity of the high-energy tail for cometary X-ray
spectra and should therefore be analyzed in detail.

To investigate the role of nano-sized dust and ice particles, we incorporate the
cometary dust density distributions from Fink and Rubin [38]], as discussed in section
4.5 The comparison of the cometary X-ray emission contribution from nanodust to gas

is shown in Fig. Nanoparticle contributions to cometary X-ray emissions are 3—4
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Fig. 5.7: A comparison of total spectral intensity contributions from nanoparticle scat-

tering to observational data of Ikeya-Zhang (Xs). The Fink and Rubin [38]]
dust distribution represent an average dust density (dashed line), while the
upper limit approximation (solid line) represents a hypothetical cometary at-
mosphere where nanoparticle dust and ice production rates are equal to gas

production rates.
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orders of magnitude lower than those from gas, indicating that nanoparticles have little
impact at these densities on the overall emission spectrum.

As our results shown in Fig. are based on data for dust and ice densities
that are extrapolated from micron-sized particles down to nanoparticles, it is possible
that nanoparticles, especially small ice particles, are more abundant than predicted by
such a scaling technique. For example, the size-distribution density of small particles
given by Eq. d.12|may sharply increase with an & between 3-5 as particle radii become
less than 100 nanometers [66, 67]. At the present time, there are no observations or
consistent theories providing robust information on distributions of nano-sized dust
and ice particles. We therefore investigate the upper limit of nanoparticle scattering by
scaling nanoparticle emissions equal to the observed IZ emissions to extract maximum
production rates and densities.

Figure|5.7|shows the observational data from IZ compared with the Fink & Rubin
2012 model and a maximum nanoparticle density model. Although the Fink & Rubin
2012 model cannot accurately represent the size distributions of nanoparticles, it may
provide a general description of efficiency of X-ray scattering by small ice and dust
particles. We note the disparity between the nanoparticle model and the observed spec-
trum at higher energies. This discrepancy can be attributed to the bias towards smaller
scattering angles at higher energies from Mie approximations rather than spectral dif-
ferences between observational and theoretical data [41]]. The classical Mie model is

known to be invalid for the scattering of high-energy photons because the wavelengths
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of X-ray photons are comparable to the size of dust and ice nanoparticles and therefore
the actual geometric shape of the nanoparticles plays an important role.

If the actual complicated geometry of dust and ice nanoparticles were taken
into account and a more accurate scattering theory were incorporated, such as quan-
tum mechanical calculations with simplified electronic wave functions of nano-sized
grains/particles or classical discrete dipole approximation modeling for aggregate dust
particles [68], we might obtain the theoretical spectral shape of scattered X-rays that
provide a stronger agreement to those observed. However, such calculations are beyond
the scope of our investigations.

In addition to the discrepancies with the spectral shape, we note that the required
nanoparticle densities to produce such X-ray emissions are significantly higher than
the observed density of micron-sized dust and ice particles. In order for the resulting
increase in scattering intensity shown in Fig. to be exclusively from nanoparticles,
their mass production rate over a 1-10 nm radii range must be equal to the gas mass-
production rate.

Dust production rates can be significantly higher than gas production rates. Al-
though it is possible that nanoparticles may be more abundant in the cometary atmo-
sphere than previously theorized, we assert that a more realistic model should treat
production of nano-sized particles between 1-10 nm consistently with distributions of
larger grains using results of previous observations, such as data from McDonnell et al.

[S1].
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Analysis of Dust and Ice Emissions

As we have shown that nanoparticle scattering could not be responsible for the high en-
ergy spectral features from IZ with currently accepted physical parameters, we instead
consider possible contributions from dust grains of all sizes. We extend the upper limit
of our dust equations from Sect. .5]to an upper limit grain radius of 1 cm. The mass
loss rate is held fixed and is now distributed over the wider range of particles to ensure
the physical constraints of the system are preserved. By modifying our dust radii, we
now must calculate the cross sections for all particles over the radii range. Rather than
derive the the cross section for every grain size, we instead develop a relationship to
describe cross section as a function of grain radius.

To begin our derivation, we consider a porous, optically thin dust grain that will
approximate a small grain particle. We assume summation over all possible grain con-
figurations will produce an isotropic shape as its average, and so we define the total

particle density as

4
Ny(a) = ?ﬂcfna, (5.8)

where a is the grain radius and n, is the atomic, or molecular, particle density within
the grain. Assuming the particle is porous enough where each atom or molecule may

be considered non-interacting with any other, the total cross section X,,,; should equal:

4
Zgman(a) = Na(a)o-p = ?6131’1610'[,, (59)
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where o, is the cross section of an individual atom or molecule. A comparison of cal-
culated values from this equation to those found from Mie scattering for particles 1 nm
show strong agreement, and so we use Eq. [5.9]as our small cross section approximation.

To calculate the upper limit of our cross section range, we recall that for a macro-

scopic, spherical particle, the cross section may be defined as

z“large(a) = 27'[(12, (510)

which we will use as our upper limit. We then define that our calculated cross section

should evolve over this range based on the equation

Z:small (a)zlarge (a)
Z;small(a) + Z:large (Cl) .

Ziotal(@) = (5.11)

After inputting our values for X, and X4, we then simplify Eq. [5.11]and return

‘—‘nnaal,cﬁ

3
2:total(a) = )
1+ $n,0,a

(5.12)
as our final expression for cross section dependence as a function of grain size. Again,
it is worth stressing that the main purpose of this equation is to understand the cross
section as a function of grain size and not to calculate cross sections to high accuracy.
With this dependence in-hand, we may now utilize theoretically and experimentally
calculated cross sections and apply our relationship to approximate the cross sections

for our model over the entire grain radii range. This modeling should provide an ap-

proximate spectral intensity generated due to dust and ice particle scattering within a
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cometary atmosphere.

Applying the revised dust scattering model to comet IZ produces the result shown
in Fig. Surprisingly, the additional amount of dust scatterers provides a significant
boost to the total scattering emissions, ultimately surpassing gas scattering emissions
and equalling the observed intensity seen from IZ at over the 1.0-2.0 keV energy range.
The observed emission peak at 1.85 keV agrees well with our scattering model, pro-
viding further evidence that this spectral feature is a by-product of scattering and not
CX.

Despite the agreement between the two data sets, we note the significant dis-
crepancy between the observed spectrum and the modeled scattering spectrum at 1.35
keV and at 1.75 keV. The difference at 1.75 keV is likely due to detector contamination
from the Si K absorption edge line present in the ACIS-S detector and does not reflect
a true difference between theory and experiment. However, the difference at 1.35 keV

is indeed physical and may be a result of two possibilities:

1. Scattering of the Mg XI (2p—1s) emission line present in the solar flare spectra.
This line has been seen in previous solar flare observations [56l], and we believe

IZ to have been observed during solar flare activity.

2. CX emissions coming from from Mg XII ions. Although these ions have not been
directly observed and are unlikely to be present in SW due to freezing-in temper-
atures, exotic solar conditions may produce these ions in enough abundance to

be detectable through spectral analysis of CX emissions. This would also be in
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Fig. 5.8: A comparison of the approximated total spectral intensity contributions from

dust and ice particle scattering to observational data of Ikeya-Zhang. The
model emission includes dust contribution from all grain radii. The potential
peak shown may possibly be from either CX or scattering and is currently

unclear with is the most likely source.
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keeping with the Jupiter-IZ comparison where Jupiter scattered emissions also

did show at a peak at 1.35 keV.

Given the limited dataset on this spectral feature, it is impossible to provide a conclusive
answer to its origin. Nonetheless, our results help limit possible explanations while also
providing strong evidence that the higher emission feature at 1.85 keV is indeed from
scattering. If true, properties of dust and ice particles within cometary atmospheres
may be obtained by modeling spectral intensity emissions over the 1.0-2.0 keV energy
range. Further improvements such as the introduction of accurate dust grain morphol-
ogy in cross section analysis should be incorporated into our scattering model to more

accurately quantify dust density distributions as well as grain radii dependence.

5.4 PanSTARRS

Prior to the Chandra observation of comet PanSTARRS, infrared observations of the
comet indicated an average dust-to-gas emission ratio of ~4 [69]]. Therefore, there was
much speculation if its high dust-to-gas ratio would significantly affect its X-ray CX
emission intensity as it is more favorable to produce Auger electrons instead of X-rays
when undergoing CX with dust particles [60, [70, [71]. We therefore make sure to note
any X-ray emission irregularities within our results and, if so, their possibility of being

due to dust particles.
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Fig. 5.9: Chandra/ACIS-S observations of comet PanSTARRS. The images are binned
to include all 0.3—-1.1 keV photon events, exposure corrected, on the same
linear scale, and smoothed with a 5x5 pixel Gaussian filter. Our results show
fluctuations in X-ray emission intensity, and the overall morphology is highly

non-uniform.

Morphology

We present the ACIS observation images of comet PanSTARRS in Figure [5.9] All
images have been corrected for differences in exposure time and are normalized to
the same linear scale. These images show a constant intensity in X-ray emissions in
all the observations, as we expect given the constant cometary dust/gas emission rates
and SW conditions observed at the time of our observations. We also find that the
overall morphology is highly non-uniform, and so we conclude that PanSTARRS was
collisionally thin during its observations. This is likely a result of the high dust density
present in the cometary atmosphere as dust particles are significantly less efficient in

CX X-ray production than molecular gas [60, [/0} [71]].
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Emission Spectrum

Utilizing our CX model, we are able to successfully characterize PAnSTARRS’ spec-
trum up to 1.0 keV without making any adjustments to our CX scenario, as shown in
Fig. Above 1.0 keV, the uncertainty in the observations becomes too great to
distinguish between noise and emission peaks. For PAnSTARRS, which has 30 dof, we
find y% = 1.2 for the 0.35-1.00 keV range. Since no features were observed above 1.00
keV, SF emission modeling was not performed.

A comparison of our model results to ACE, shown in Table @, demonstrate an
agreement within uncertainty for all observations. Analysis of SW composition through
the use of our model shows a lower than average amount of highly charged ions, such as
0% and Ne®*, with an increase in their lower energy variants, like O%" and Ne®*. This
result agrees with our previous assessment that PanSTARRS was observed at fast, polar
SW. Beyond this irregularity, PanSTARRS’ spectrum possesses no additional traits that
would classify it different from any other comet X-ray spectrum.

Although we cannot infer from our spectral analysis how PanSTARRS’ large dust
quantities may have impacted other emissions mechanisms present within the cometary
spectra, our results indicate that it had little to no observable impact on the comet’s CX
X-ray emissions. As such, any differences present are more likely attributed to the SW

flux density and ionization state at the time of observation.
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Fig. 5.10: Comparison between our CX model and the average background-corrected

observations for comet PanSTARRS and the y? residuals (Ay?) of the data-
model comparison. Each observational spectrum has been grouped with a
minimum of six counts per bin for proper statistics. Our model varies SW
composition ratios until a best-fit is found. The resulting SW composition

ratios for each model are detailed in Table[3.1]
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5.5 ISON

Despite being one of the brightest comets in recent years, the Chandra observations of
ISON that we analyze were taken slightly prior to ISON’s drastic increase in gas pro-
duction rate starting on 2013 November 13. Fluctuations in SW speeds, as confirmed
by ACE, and several M-class solar flares, as reported by GOES, were also observed
during ISON’s Chandra visits. These highly volatile SW conditions may significantly

impact ISON’s emission spectra, similar to what we saw for IZ.

Morphology

The ISON observations were unique as it was the first time HRC observations of a
comet were performed in conjunction with ACIS observations. The extracted ACIS
and HRC images for the three ISON observations are shown in Figure Each im-
age set, either from ACIS or HRC, has been corrected for differences in exposure time
and has been normalized to the same linear scale. The ACIS images demonstrate the
expected paraboloid morphology of a collisionally thick case, while the HRC observa-
tions depict a more non-uniform emission typical of a collisionally thin case. Given
that HRC is more sensitive to soft X-rays than ACIS, this result may indicate that the
soft X-ray emissions are due to CX emissions from lighter SW ions with smaller cross
sections, such as He?*, than the SW ions that emit hard X-rays, such as C®" and O%*.
The reduction in cross section allows for deeper penetration into the cometary atmo-

sphere, and it may be substantial enough to generate the difference in these image sets.
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100,000 km H RC 100,000 km H RC 100,000 km

Chandra/ACIS-S and HRC-I observations of comet ISON. Each set of im-
ages (either ACIS or HRC) are exposure corrected, shown on a linear scale,
and smoothed with a 5x5 pixel Gaussian filter. ACIS images are also binned
to include all 0.3-2.0 keV photon events. The images show a “see-saw”
effect between the soft X-ray HRC observations and hard X-ray ACIS ob-
servations where an increase of intensity in HRC correlates to a decrease in
ACIS, and vice versa. This result also correlates to fluctuations in SW speed

between October 31 and November 03 as seen via ACE.
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It is also possible that the soft X-ray emissions from ISON are from a different emis-
sion mechanism that would not produce the same morphology, such as scattering or
fluorescence.

The ISON image sets also demonstrate significant fluctuation in the cometary
emission intensity over time and a “see-saw’ in intensity between the soft X-ray HRC
observations and the hard X-ray ACIS observations, most notably seen on the October
31 and November 03 visits. These intensity fluctuations correlate with increases in SW
speed as documented by ACE, where the maximum SW speed was recorded November
03. Such an association between SW and cometary emission intensity is predicted
by our CX model as SW speed fluctuations indicate fluctuations in SW ion freeze-
in temperatures [[12]]. Such temperature changes shift the SW charge state distribution,
producing a varying average cometary emission energy based on our normalized photon
emission yield function P,(ﬁ(hw 7). As we see a similar shifting of the average cometary
emission energy, we therefore assert that CX emissions are the dominant cometary

emission mechanism in the soft X-ray region, a fact that will become important in our

discussion in Section[5.8]

Emission Spectrum

Using the ACIS observations and applying the same method as done for PAnSTARRS,
we are able to model ISON’s spectrum as CX below 1 keV and extract SW composition

ratios as shown in Fig. For ISON, the y% = 1.1 over the 0.35-1.00 keV range for
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Fig. 5.12: Comparison between our CX model and the average background-corrected
observations for comet ISON and the x? residuals (Ay?) of the data-model
comparison. Each observational spectrum has been grouped with a mini-
mum of six counts per bin for proper statistics. Our model varies SW com-
position ratios until a best-fit is found. The resulting SW composition ratios

for each model are detailed in Table 3.1
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32 dof. ISON’s ratios, as shown in Table confirm the above average SW speed
with an overabundance of highly charged SW ions, like O% and Ne*, that produces a
distinct plateau in the spectrum from 0.75-1.00 keV. The O’" ratio is twice that seen
from PanSTARRS, best visualized via the emission peak at 0.6 keV.

In addition to these results, ISON exhibits some possible peak structures in its
emission spectrum at energies above 1 keV: one peak at 1.35 keV and another at 1.85
keV, as seen in Figure[2.3] Such peaks have been previously seen in Chandra’s obser-
vations of comet 1Z, as discussed in Sect. As these peaks are not explained with
our CX model, we therefore explore SF as a possible emission source.

As we did for 1Z, we model SF emission spectra for ISON and compare our
results to the observational data. Similar to IZ, the contributions from fluorescence, gas
scattering, and nanoparticle scattering are all several orders of magnitude less than the
observed spectrum, and so we find it unlikely that these three sources had any noticeable
impact on the emission intensity. We therefore move on to analyzing total dust and ice
scattering contributions.

Using the total dust scattering model we developed in Sect. we model the
total dust and ice scattering contributions for comet ISON and plot the results in Fig.
[5.13] Our results show that the modeled spectrum is one order of magnitude lower
in spectral intensity than what we observe from the comet, even after accounting for
the the total dust scattering contributions. This result disagrees with our assessment of

comet IZ which found excellent spectral agreement above 1 keV with the dust scattering
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Fig. 5.13: A comparison of the approximated total spectral intensity contributions from
dust and ice particle scattering to observational data of ISON. The model
emission includes dust contribution from all grain radii. Each scattering

model is calculated with a different grain radii dependece «.
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model. Such a disagreement may indicate a different primary emission mechanism for
ISON above 1 keV. However, it is unlikely for there to be a primary mechanism over the
1-2 keV energy that we have not already discussed, and all previous mechanisms were
found to be lacking in intensity or too exotic to be considered probable. We therefore

return to the dust scattering and note that it is based on the grain size a dependence of

n(a) ~a*?, (5.13)

where « is set to 2.5 for our model. Previous, independent dust modeling analysis
have shown that average grain size dependence for diffuse system is equal to 2.5 [38]].
However, such a relationship is dependent on various factors of the system, includ-
ing: comet size, jet streams presence, jet stream locations, comet-Sun distance, comet
composition, and comet origin. It is therefore possible that the dust relationship was
different for ISON, producing a higher intensity scattering emission. We therefore mod-
ify our dust scattering equation to allow grain size dependence over a range of values
found to be physically viable for a cometary system [37, 38]].

Adjusting the grain size dependence over a range of 2.0-3.0, we find an agree-
ment in intensity between the observation and our model over the 1.0-1.25 keV energy
range for an « set to 2.2. The resulting comparison plot is shown in Fig. [5.13] Unfor-
tunately, the modeled spectrum diverges from the observed spectrum at higher energies
and does not produce a good fit. Given the limitations of both the X-ray solar spec-

trum model and the dust scattering model, it is possible this divergence is due to our
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approximations and is not reflective of a physically relevant result. We therefore can
only conclude that the ISON spectrum cannot be accurately modeled at higher energies
using average physical parameters for both the solar spectrum and cometary dust and
ice density distributions. However, we have shown that dust scattering can produce
total intensity emissions equal to observational data and, given our analysis of the other
most viable emission mechanisms in this energy range, dust scattering appears to be

the most probable emission source.

5.6 Miscellaneous Comets

In addition to the three comets already discussed, we analyze four more comets. These
comets are selected as previous analysis of each has been performed [10], and each
comet demonstrates average emission rates as well as negligible emissions above 1 keV.
As these comets better represent an average cometary emission spectra, we therefore
investigate SF emissions to determine the probability of detection for a typical Chandra
observation.

Our models are compared to observational spectrum and are shown in Fig. [5.14]
The results clearly show that SF emissions are several orders of magnitude lower than
the typical Chandra background count rates. We also note that the background rates
fluctuate between 10702 counts sec™! keV~! depending on the viewing angle, SW
outflow rates, and Chandra’s effective area rate at the time of observation. As the

average SF emissions are two orders of magnitude less than the background emissions,
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we conclude that one of the following cases must exist for SF emission detection: high
solar X-ray emissions (like the rates found during solar flares), abnormally high gas
and dust outflow rates from the comet, favorable geometry for the observation, or a
combination of these possibilities.

Examples of the outlined situations are shown for the IZ and ISON observations,
both of which occurred during high solar flare activity and therefore allowed us to
properly assess SF emissions. However, our analysis clearly shows that these cases
are exotic as the average cometary SF emission are unlikely to be detected due to high

background count rates.

5.7 Universality of Observed Cometary Spectra

We have shown throughout this chapter that the presence of cometary X-ray emissions
is a common occurrence. Although spectral shape may vary depending on both the SW
and cometary atmospheric conditions, X-ray emissions are frequently observed at high
signal-to-noise ratios from any comet nearing its perihelion with the Sun. In addition,
we notice similarity in emission peak structure from all comets over the 0.3-1.0 keV
energy range. Due to the consistent spectral structure observed, we postulate that a
universal cometary emission spectrum may be generated through the averaging of all
available cometary X-ray observations [72]. As emissions over the 0.3—1.0 keV energy
range have been shown be dominated by CX through our prior analysis, such a universal

spectrum would provide additional insight into SW composition ratio fluctuations via
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comparison in spectral shape to cometary observations. As we have already compiled
a database of cometary spectra for our prior work, we set forth on development of a
universal cometary emission spectra from observational data.

To begin, we return to the Chandra Database Archive to collect all available
cometary observations for use in our analysis. In total, 10 comets are found in the
archive that were all observed with ACIS-S in vfaint mode using the S3 chip as the
aimpoint in drift-scan mode. Although additional comets are available for use, they
all use the LETGS instrument for observations which was previously found inadequate
for cometary observations due to the distended nature of the object. We extract all
emission spectra using the procedure outlined in Chapter [2] ensuring to correct for
the different effective area for each observation. We then normalize all spectra over
the 0.35-1.50 keV energy range as this will include the majority of the total observed
intensity for each selected comet while also avoiding any contamination issues from the
carbon K-shell at 0.284 keV and Si K-shell at 1.75 keV. Each result is then interpolated
and averaged together with all other spectra to produce a universal cometary emission
spectrum.

Prior to comparing our universal cometary emission spectrum to observation
data, we first fit the spectrum with our CX model to extract SW composition results.
As our universal spectrum should be representative of average physical parameters for
cometary emissions, we expect our SW composition results to reflect an average com-

position ratio. Fitting our CX model and extracting SW composition, we find that all
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Avg.  Model Avg.  Model

Ion Ratio®™ Ratio | Ion  Ratiol™ Ratio

c% 0318 0310 | O 0.070  0.060
C* 0210 0210 | O™F 0.200  0.240
N+ 0.006 0.008 | O%* 0.730  0.700

N+ 0.058  0.052 | Ne’* 0.004 0.005

N>+t 0.065 0.069 | Ne!* 0.084  0.091

Table 5.3: Average slow solar wind ratios compared to SW ratios extracted from the
universal cometary X-ray spectrum. All ratios are normalized with respect

to the total solar wind oxygen composition.

ratios agree with the average SW ratios to within 5% [/2]. See Table for a com-
parison of our extracted results to average SW composition. We therefore conclude
that the universal cometary emission spectrum is consistent with our initial hypothesis.
In addition, our spectrum is therefore valid as a universal SWCX emission model for
any diffuse astrophysical source emitting CX as the overall structure of the spectrum
is largely independent of the source. Our universal spectrum would therefore not only
work for comets but also planets, asteroids, or any local deposits of dust/gas particles
emitting X-rays due to CX.

Having established our universal spectrum to be consistent with physically ex-
pected results, we present the average cometary emission spectrum compared to ob-

servations of several comets in Fig. Our comparisons indicate that the average
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Fig. 5.15: Comparison between the universal emission spectrum and several comets.
All spectra have been converted to physical units and normalized over the
0.35-1.50 keV energy range. Differences between the universal curve the
cometary spectra indicate differences in SW composition, with observa-
tions below the curve indicating below average SW activity and observations

above the curve indicating heightened SW activity.
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spectrum agrees well to observational data for X-ray emissions up to 0.5 keV. Exam-
ination of higher energy emissions shows clear differences between our spectrum and
observed data for the majority of comets, with discrepancies seen both above and be-
low the universal curve depending on the comet analyzed. Emissions generated above
0.5 keV are primarily due to exotic emissions from H-like SW ions that may fluctuate
significantly in densities over time. It therefore is logical that such variations between
average emissions and observed rates would be observed as they are tied to SW com-
position during the time of observation, with observations below the curve indicating
below average SW activity and observations above the curve indicating heightened SW
activity [72]. Our comparison between the average and observed spectra provides us
with an immediate understanding of SW conditions at the comet during the Chandra
observations prior to our thorough CX analysis, giving us quick insight into expected
results.

Beyond the ease of access that our universal spectrum provides to information
on SW activity, we note some inconsistencies within our results. When comparing
our results to observations, we notice irregularities with a few comets, notably 1Z and
ISON, that dip below the average emission spectrum at energies greater than 1.0 keV
despite being previously shown as abnormally bright comets. These deficiencies are a

by-product of two key issues:

1. The selected normalization range includes the peak structure at 1.35 keV present

in both comets IZ and ISON, significantly altering the way the normalization is
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weighted over the 0.3-1.5 keV energy range

2. The high intensity comets have an above average signal-to-noise ratio, producing
a more prominent high energy tail before being overwhelmed by background
emissions. As less intense comets approach their noise floor of signal intensity
faster than high intensity observations, normalization between different sets of

comets will again provide different weighting for the spectra.

It is clear that inconsistent weighting of the observation spectra when calculating the
universal curve presents issues when irregular spectra with high energy emissions are
analyzed. Future analysis on a universal cometary spectrum may want to instead nor-
malize over both a soft X-ray band and a hard X-ray band when comparing soft and
hard X-ray emissions, respectively, to reduce issues in normalization weighting. In
addition, a universal spectrum for high SW activity may also be developed that will
better fit these exotic cases. Such a spectrum would require further observations to be
taken during such SW conditions, as the current sample pool is too low for statistically
relevant count rates.

Despite some issues present with exotic emissions, our results show a universal
emission spectrum that is able to accurately reproduce soft X-ray features while also
indicating SW conditions during the observation without the need for SW dynamical
modeling or CX analysis. These results provide a quick, visual indication of SW condi-
tions for the observation that may be used in conjunction with any diffuse astrophysical

system emitting via CX, including comets, planets, and dust/ice clouds.
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5.8 Potential Soft X-Ray Emissions from ACIS

While examining the ACIS spectra from ISON, we found a peak-like feature located at
0.2 keV. This feature was also found in the PanSTARRS observations, but with a lower
relative spectral intensity. After removing the portion of the spectra caused by the car-
bon K-shell detector contamination at 0.284 keV, we plot the resulting emission spectra
for each of the three ISON visits in Figure [5.16] Our plots show a soft X-ray region
at 0.2 keV that the detector is sensitive to after our corrections, even showing fluctua-
tions that agree with the soft X-ray emission fluctuations detected by HRC (see Figure
[5.T1). The overall shape of this feature is likely due to the ACIS effective area function
abruptly decaying toward zero at 0.18 keV and is not due to any specific emission line.
Also, the fluctuations between the visits exceed the spectral intensity uncertainty in this
region, which is 0.08 counts s™! keV~!, and so we believe these features to be physical.

Based on our HRC results from Sect. [5.5] we assume CX emissions to be the
most likely cause of this feature. We therefore extend our CX model down to this soft
X-ray region and plot the results with the observational data. See the dotted lines in
Figure for our predicted CX model for each observation. Calculation of a unique
solution of SW ratios required to produce such intensities is not possible due to the
abundance of over 200 unique lines from over 15 different SW ion types that fall within
ACIS’ resolution of this soft X-ray feature. We therefore choose to leave our model at
average SW abundances in this region. We note that fixing these parameters produces

no difference in the spectral fit over the 0.3—1.0 keV energy range.
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ACIS spectral intensity for each observation of comet ISON. All detector
contamination from the carbon K-shell at 0.284 keV has been removed from
the spectra. The observed spectral feature at 0.2 keV has the the same fluc-
tuation in intensity that is observed from the HRC observations and exceeds
the average spectral intensity uncertainty in this region, and so we conclude
that this feature is physical. Possible origins of this spectral feature are dis-

cussed in Section
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Fig. 5.17: ACIS spectral intensity for each observation of comet ISON (solid lines) and
its respective modeled CX using average SW compositions (dotted colored
lines). All detector contamination from the carbon K-shell at 0.284 keV has
been removed from the spectra. Despite the excellent agreement above 0.4
keV, our model fails to match the shape and intensity of the soft X-ray spec-
tral feature. We also calculate an upper limit to soft X-ray CX emissions
by accounting for sequential CX events (dotted black lines), and our results
show these additions to be insufficient to equal the observed soft X-ray in-

tensities.
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Our results show that our average CX model is not capable of producing the
necessary intensity to match the observations for either the ISON emissions or the
PanSTARRS emissions, which are not shown. Furthermore, the SW abundances that
our model would demand to match these features in intensity far exceed their physical
boundaries, with most abundances requiring an increase by an order of magnitude. Al-
though such exotic SW compositions are not impossible given its constantly fluctuating
nature, the consistent presence of these soft X-ray features during both fast and slow
SW indicate these should be generated under average SW conditions.

Although our current CX model does not agree with the soft X-ray intensities
detected, we only consider a single electron capture event per incoming SW ion. Se-
quential capture events may occur for an ion if the cometary atmosphere is collisionally
thick, increasing the amount of soft X-rays emitted from the system as the ion charge
state decreases (0% — O"*— O%"— ... ). We therefore modify our CX model to include
these sequential capture events per ion as it may solve our soft X-ray intensity deficit.

For our analysis, we calculate an upper limit on the increase to soft X-ray CX
emissions from sequential capture events by assuming all SW ions are neutralized
through interaction with the cometary atmosphere. Our results are presented in Fig-
ure and they show that the additional CX events are not sufficient to equal the
observed soft X-ray intensities. We find that the upper limit of CX emissions only
increases the total soft X-ray intensity ~50%, which is not enough to account for the

factors of three to six between the model and the observations. Furthermore, we stress
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that the actual rate of sequential capture events present in these cometary systems is
lower than this upper limit, so the actual emission intensities will reside between our
model and the upper limit. We therefore find it unlikely that sequential CX events could
account for these soft X-ray features.

As we are confident that both our CX model’s resulting SW composition and
photon yield emission rates are accurate, we therefore consider two possible explana-

tions for the soft X-ray discrepancy:

1. Since the CX model does not match the observational intensities, it is possible
we lack the SW ion type required to produce this feature. He** CX emissions,
currently not included in our analysis, would be detectable in this soft X-ray
region due to the low resolution of ACIS, and its high abundance may provide
the required order-of-magnitude increase in intensity [21, [/3]. Such SW ions
would also have deeper penetration in the cometary atmosphere, which might
also explain the collisionally thin appearance of the HRC morphology discussed
in Section 4.1. Future iterations of our model should include this ion and compare

the modified results to the soft X-ray emissions from ACIS.

2. The soft X-ray feature may be a result of previously undocumented detector con-
tamination or degradation that sharply decays below 0.2 keV, producing a peak
in observed spectrum. Examination of blank-sky observations taken at different
stages of ACIS’ lifetime would show if such a soft X-ray feature is always present

or if this feature has manifested itself over time. If no emissions are detected in
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this region for such observations, these features may therefore be cometary in

origin.

The required analysis for each of these possibilities is beyond the scope of this
research, but we believe that any future work on these soft X-ray features from ACIS
should provide a thorough analysis of each possible explanation to determine the cause

of these unique findings.



Chapter 6

Pluto Observations and Analysis

Similar to our discussion on cometary emissions, X-ray emissions from planetary sys-
tems are a well-studied phenomenon [1]]. However, the study of planetary systems is
complicated due to the introduction of auroral emissions from magnetosphere interac-
tions with SW ions. These interactions bolster UV and X-ray emissions from the sys-
tem, producing significant intensities that typically dwarf average CX and SF emissions
[1]]. In addition, auroral emissions can be fed via ions produced through thermalization
in the upper atmosphere, making it difficult to properly determine the total SW ion con-
tribution to the auroras. Planetary systems also possess dense atmospheres that we can
no longer treat as optically thin, thereby relegating the majority of CX and SF emis-
sions to the upper atmosphere, or exosphere, of the system. All of these complications
mean our initial model is not valid for the majority of planetary systems and must be
modified through the inclusion of magneto-hydrodynamics, thermalization, and inter-
nal scattering.

Instead of including these revisions, we may instead use our current model to an-

alyze dwarf planetary systems. Dwarf planets, also known as planetesimals, are small

92
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planet-like bodies that orbit the Sun, have sufficient self-gravity to achieve hydrostatic
equilibrium, and are not satellites. These objects correspond to the middle point be-
tween the evolution of an asteroid to a planet. Due to the small size, dwarf planets
normally have a diffuse atmosphere and limited tectonic activity. These conditions are
perfect for analysis with our models as they strongly resemble those of a cometary
system.

Of the dwarf planets available for observations, Pluto is the natural choice given
the recent observations performed of it with the New Horizons probe. Although this
probe did not have a X-ray spectrometer available, New Horizons provided valuable
insight into SW conditions at Pluto as well as dust densities in its upper atmosphere that
allow us to model its theoretical emission spectra. Recent results from New Horizons
also confirmed that no auroral emissions were detected from Pluto, leaving only CX and
SF as the primary X-ray emission mechanisms [74]. Pluto is also estimated to have a
neutral particle loss rate similar to a comet at 1 AU, making it an excellent complement
to our previous work. We therefore model the theoretical X-ray emissions from Pluto

and compare our results to Chandra observations.

6.1 Pluto Observations

All X-ray observations of Pluto were performed with the Chandra ACIS-S instrument
in very faint mode with the aimpoint on the S3 chip. These conditions are identical

to previously analyzed comet observations. Further details on the observations are
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Texp }"P A VP
Obs. Date Obs. ID (ks) (AU) (AU) (kms™)

2014 Feb24 15699 35.1 326 332 14.2
2015 Jul 26 17703 141 329 320 14.1
2015 Jul 30 17708 17.6 329 320 14.1

2015 Aug 01 17709 107.2 329 320 14.1

Table 6.1: Observation parameters are listed as follows: Chandra observation date,
observation ID number, exposure time Texp, Pluto-Sun distance rp, Pluto-

Earth distance A, and Pluto velocity Vp.

listed in Table [6.I] We note that a preliminary observation was performed on Feb 24,
2014, while the New Horizons probe was 4 AU from its intersection with Pluto. The
remaining observations were taken in conjunction with the New Horizons flyby. We
therefore increase the uncertainty for our results of the initial observation as the SW
conditions we will use for our model of Pluto are extracted from New Horizons.

Due to the significant distance between the detector and source object, the total
count rate is significantly lower than what we find for an average cometary observation.
We therefore cannot extract a emission spectrum due to the low counts. We instead
isolate the energy range of each image to 0.3-2.0 keV and list the total counts detected
within the 11x11 pixel source region set around Pluto. Results of this analysis are
shown in Table[6.2] Adding the 4 observations together and accounting for background

corrections, we find a total Pluto X-ray intensity of 6.79 + 1.16 counts with a total



95

Obs. ID  Obs. Photon Energy Vew nsw

eV) (kms™) (cm™?)

15699 597 364.67 0.01230
— 396 364.39  0.01249
17703 374 392.95 0.01016
17708 327 381.50 0.01286
17709 465 37472  0.01399
— 405 375.39 0.01422
— 312 376.64  0.01096
— 4717 376.95 0.00873

Table 6.2: Information on the observed Pluto photons. Observation parameters are
listed as follows: Chandra observation proposal number, observed photon
count energy, SW velocity Vsw and particle density ngw detected at Pluto

from New Horizons SWAP measurements.

count rate of (3.9 + 0.7) x 107> count sec™!. Although these counts rates are small, the
probability that such an observation would be due to the random background fluctua-
tions would be as low as 5 x 10~*. We therefore are confident that these observations
are physical and, having excluded any background objects as the emission source, con-

clude that these emissions are coming from Pluto and, possibly, its moon Charon [[75]].
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6.2 Modeling Pluto Emissions

As discussed in the previous sections, Pluto was selected for modeling as it shares
similar properties to an average cometary system. We therefore do not have to modify
our equations for Pluto and instead only adjust our variables accordingly. We also
integrate our modeled spectra to calculate the total counts sec™! as the low count rates
from the observations make comparison to a spectrum impossible.

Through our anaylsis, we find that neither CX nor SF are satisfactory for emission

rates detected from Pluto based on the following results:

e Coherent scattering is an unlikely source of the detected emissions as all observed
photons were in the 0.33-0.06 keV energy range, while previous results from our
cometary analysis show that scattering only dominates at energies greater than
1 keV. Results from our model agree with this theory as we return a count rate
of 1.7 x 107 counts sec™! for the 0.3-0.6 keV energy range, over three orders
of magnitude lower than the observed emission rate. To match the observed
intensity, a significant increase in either solar X-ray activity or scatterers would
be required. However, extrapolation of measurements from the GOES X-ray
sensor indicate that the Pluto observations were taken during a period of quiet
solar X-ray activity. In addition, results from New Horizons provide significant
constraints on the total dust densities present near Pluto and indicate such an

increase in scatterers to be highly improbable [74].
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o Initially, fluorescence appears to be a strong emission candidate since the ob-
served composition signature agrees with fluorescence emissions from large con-
centrations of C, N, and O. All of these elements are present in high abundances
in Pluto ( high C and N) and its moon Charon (high H,0O). In addition, the ratio
observed indicates a 5:1 C+N:O composition ratio, which agrees with the ~4:1
ratio of Pluto:Charon’s surface area [75]. However, our results show a total flu-
orescence count rate over the 0.3-0.6 keV range to be 6.2 x 1078 counts sec™!,
three orders of magnitude lower than the observed rate. We note that the cal-
culated fluorescence rate is entirely from the diffuse atmosphere in the system
and does not include the possibility of surface-generated fluorescence, similar to
X-ray emissions previously observed from the Moon [1]. Inclusion of surface-
generated fluorescence would increase the results by 1-2 orders of magnitude,
depending on the geometry of the observation. However, such results would
demand Pluto’s atmosphere to remain optically thin at all altitudes, and New
Horizons’ observations indicate a dense atmosphere at low altitudes [74]. We

therefore conclude fluorescence to be unlikely, barring a massive shift in the un-

derstanding of Pluto’s atmospheric density.

e CX emissions may be calculated to high accuracy given the New Horizons ob-
servations of SW conditions near Pluto. Using the physical parameters provided,

we are able to calculate the total count rate for the 0.3-0.6 keV range as 2.1 X

1

107® count sec™!, a factor of ~20 lower than the observed intensity. Although
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the value is closer than our previous calculations, the high precision in our SW
inputs means that only an increase in neutral particle density could likely account
for this discrepancy. In addition, simulated CX emissions normally demonstrate
a C+N:O <1, while observations show a ratio ~5. Approximated SW compo-
sition ratios extrapolated from ACE indicate a C+N:O ratio closer to 0.5, even
further from the observed ratio from Pluto. We do note that the observed ratio
may be a by-product of the low count rate instead of a physical phenomenon, and
further observations are recommended to provide improved statistics. Until then,
we can only conclude that CX is unlikely to be the single emission source given

the observational data provided.

Given these results, we are left with uncertainty over what the primary emission
mechanism could be for Pluto. Scattering appears to be an insignificant mechanism,
unless there is a significantly higher abundance of scatterers present than what is re-
ported. Scattering may also be bolstered from an unreported resonance scattering cross
section in the 0.3-0.6 keV range, which is unlikely. Fluorescence is also lower than
the observed intensity, but the modeled results reproduce a similar spectral signature.
Modeling of CX produces the highest emitted intensity and may equal the observed in-
tensity given a slight increase in neutral particle density. The difference may indicate a
dust tail-like structure trailing behind Pluto, similar to a comet, that would increase total
neutral particles by a sizable fraction. In either case, the CX emissions would require a

significant, and highly irregular, quenching of O ions in the SW before reaching Pluto
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to be similar to the observed spectral composition signature. We therefore can only
conclude that our current model is insufficient to accurately reproduce the observed
Pluto X-ray spectrum and that further observations of Pluto, particularly regarding its

diffuse density distributions, are required before accurate results may be derived.



Chapter 7

Conclusions

In summary, we developed a synthetic X-ray emission spectrum from a diffuse astro-
physical atmosphere. Our model incorporates the three primary emission mechanisms

for such a system:

1. Charge-exchange emissions from heavy, highly-ionized SW ions interacting with

neutral particles in the atmosphere.

2. Coherent scattering of solar X-rays from gas and dust/ice particles, with a focus
on nanoparticles. We also include approximations for total scattering contribu-

tions for dust grains of all sizes.

3. Fluorescence of neutral particles caused by excitation from solar X-rays.

Our work provides an updated CX emission model that includes large amounts of ion
spectral lines induced in CX collisions and simplifies input variables while improving
the physical accuracy in comparison to previous models. The SF component provides

improved physical accuracy through the inclusion of dust/ice scatterers and is used

100
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to determine the primary emission mechanism over the 0.3-2.0 keV range, whereas
previous work has focused on analysis below 1.0 keV [3]].

Using our model, we analyzed several comets of unique compositions and phys-
ical conditions. The observed X-ray morphologies from each comet was dramatically
different, with comets IZ and ISON displaying an extended, well-developed X-ray
coma. Average comets, like PanSTARRS, produced an unformed X-ray haze. Our
morphological analysis indicates the markedly different SW conditions between the
various observations, with ISON and IZ impacting an excited wind, while PAnSTARRS
traveled through fast SW.

Comparison of our CX model to observed spectra below 1.0 keV provided evi-
dence of strong emissions induced in CX collisions of SW ions normally present within
cometary emissions (C>*, C6*, N>+ N®* N’* 0% O+, O, Ne®*, Ne’*) from all ob-
served comets. Analysis of IZ and ISON spectra showed higher concentrations of O%*
and Ne”* due to above-average solar activity. Comet PanSTARRS demonstrated a more
average CX spectra with higher O’* concentration, indicating a lower SW ion freeze-in
temperature during its observations.

Beyond CX analysis, we also examined total SF emissions present with cometary
systems over the 0.3-2.0 keV energy range. Although we found SF to provide insignifi-
cant contributions at energies lower than 1.0 keV due to the abundance of CX emissions
in this region, dust and ice scattering contributions were found to dominate in the 1.0—

2.0 keV range. Due to poor signal-to-noise ratio at such energies, only two comets
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in our analysis, IZ and ISON, showed any spectral peaks above 1.0 keV as both were
observed during above average solar X-ray activity. We compared approximations of
total dust scattering to both comets and found that IZ emissions matched our model in
both intensity and spectral shape. Unfortunately, ISON did not agree with our model
in intensity, which may indicate that dust density distributions within cometary atmo-
spheres are highly dependent on unique physical constraints, such as jet-stream activity
or comet surface area. Further observations of intense cometary X-ray emissions must
be performed before a conclusion is reached as our current sample size is too small for
definitive remarks.

In addition to our cometary analysis, we utilized our work to model X-rays emis-
sions from the diffuse atmosphere of Pluto. Our analysis of each primary mechanism
found that none fully replicated the observational data, with CX being closest in in-
tensity and fluorescence being closest in spectral shape. These results may indicate the
presence of dust tail behind Pluto that would increase the total neutral particles available
for CX emissions. However, CX as the primary emissions mechanism would require an
irregular quenching of O ions in the SW before reaching Pluto to match the observed
SW composition. We therefore cannot provide conclusive evidence on the X-ray emis-
sion ratio from Pluto and advise additional observations of the object to determine if
the current spectral shape is accurate or if it is a statistical anomaly.

Beyond successfully analyzing several objects, we also demonstrated our model’s

potential use as a SW ion composition analyzer. Our composition results agree well
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with other SW composition tools available, such as ACE, while also calculating unique
composition ratios not available through these other tools, like Ne3*, Ne*, and Mg!%*.
With further development of CX X-ray modeling, such an application would be pos-
sible for any CX emissions, not just those from comets. Our model also simplifies
the variable inputs and provides an additional information on SW composition. We
therefore intend to use such a model for all future CX analyses of cometary and plane-
tary X-ray emissions as well as for investigations of CX X-rays induced in interaction
between the SW plasma and interstellar gas.

In addition to our modeling results, we found the possibility of soft X-ray emis-
sions around 0.2 keV detected from both comets ISON and PanSTARRS via ACIS.
These soft X-ray features fluctuate similarly to those observed from the HRC observa-
tions and exceed the average spectral intensity uncertainty, leading us to believe these
features to be cometary CX in origin. We extended our CX model to this soft X-ray
region to compare, only to find our results lower in intensity than the observations by an
order of magnitude. We also revise our model to include sequential CX capture events
as these increase soft X-ray intensities, but we found that even the inclusion of more
capture events is not sufficient to match the observed intensities. Based on our confi-
dence in the model from its previous results, we believe this discrepancy to be a result of
either a lack of SW ion types in the model that produce significant emissions in the soft
X-ray region (such as He"), detector contamination or degradation, or a combination of

these possibilities. Investigations of these soft X-ray features should carefully explore
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each explanation since confirmation of these features as physical emissions would open

new opportunities in understanding cometary emission processes via Chandra.
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Appendix A

Emission Model Code Repository

All emission spectra modeling discussed in this work is written in C++ and is openly
available for free use and modification. Links for all programs can be found in the
following repository:

http://github.com/astropsychics
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