FROM MOLECULAR CLOUDS TO OUR SOLAR SYSTEM: AN EVOLUTIONARY
STUDY OF ICE AND DUST IN PREPARATION FOR THE JAMES WEBB SPACE
TELESCOPE

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF THE
UNIVERSITY OF HAWAI‘l IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY
IN
ASTRONOMY

AUGUST 2020

By
LAURIE ELIZABETH URBAN CHU

Dissertation Committee:

Klaus W. Hodapp, Chairperson
A. C. Adwin Boogert
Gary R. Huss
Karen J. Meech
Jonathan P. Williams



¢ Copyright 2020
by
Laurie E. U. Chu
All Rights Reserved

ii



To my husband Jason, whose love for me is more infinite than the Universe

iii



Acknowledgements

First and foremost I want to recognize my husband Jason for his dedication in helping me
succeed and showing me unconditional love. I also thank my family for motivating me to
always pursue my dreams and specifically my sister, Lisa who was the first to introduce me
to astronomy and fueled my passion to learn about the Universe.

I am very grateful to my advisor, Klaus Hodapp who helped me develop a fascinating
dissertation and supported my travels to present this work. I also want to thank
Karen Meech and Adwin Boogert who co-advised me on much of my work and their
expertise helped nurture an interdisciplinary approach to astronomy. Other members of
my committee, Jonathan Williams and Gary Huss were helpful in ensuring I was successful.
I want to remember Donald Hall who sadly passed on before the completion of this work,
but I was honored to have him as a member of my committee.

I am very appreciative to Marcia Rieke at University of Arizona who funded this work
and allowed me to participate with the JWST NIRCam team. I want to thank those
that helped contribute to the work in this dissertation, specifically Tom Greene, Tony
Farnham, Ekkehard Kiihrt, Stefano Mottola, and Jacqueline Keane. 1 am appreciative for
the University of Hawaii Time Allocation Committee for granting critical observing time
on Maunakea, and also Maunakea Observatories for their dedication to providing the best
astronomical facilities. I also recognize the staff at the Institute for Astronomy, specifically
Bill Unruh, Pam Lau, Sandra Miyata, Susan Lemm, and Curt Dodds who are irreplaceable.
My fellow graduate class was also such a wonderful supportive group and it was a pleasure

to have such intelligent peers.

v



I recognize that the summit of Maunakea has always held a very significant cultural
role for the indigenous Hawaiian community and I am thankful to have the opportunity to
observe from this mountain. With this, I want to thank my Kumu Hula Kilohana Silve and
Halau Hula O Manoa for welcoming me into the Hawaiian culture and broadening my respect
for the indigenous people of Hawaii. I also want to thank the Soroptimist International
Founder Region Fellowship for Women for their generous contribution supporting my
dissertation work during graduate school.

Finally, I want to thank God for allowing me to unlock some of the mysteries of His
creation. Also, thank you to my cat, Meli who provided many snuggles during the writing

of this dissertation.



Abstract

Ice and dust play a key role in building the Solar System. During their life cycle, these
primitive components are exposed to complex physical and chemical processes. Some of
the earliest remnants from the formation of the early Solar nebula still remain in comets
providing a way to probe these initial building blocks. As comets travel toward the sun,
ices sublimate revealing much about their composition and history. However, the survival
of ices in comets is poorly constrained. The comet 49P/Arend-Rigaux is a low-activity
periodic comet and was suspected of losing its volatiles (ices) over time. Over several
apparitions small tail and jet-like features were observed. Using dust dynamical models 1
determine the grain properties and the outgassing duration of these different displays of
activity. By modeling the ice sublimation over time I show there is a clear decrease in
activity over 30 years providing a strong example of a comet transitioning to a dormant
state. Outside the Solar System, initial conditions promoting ice formation can be studied
within small dense molecular cores where cold surfaces of dust grains become chemical
factories for simple and complex ice molecules to form. However it is unclear if complex
organic molecule (COM) formation requires energetic UV radiation from newborn stars. To
test this, I measure the CO and CH30H abundances for the first time with lines of sight
toward background stars through molecular cores. I find a large abundance of CH3OH ice
and a high conversion rate from CO into CH3OH during the pre-stellar phase, signifying that
COMs can indeed form in cold environments and account for COMs observed at later stages
of star formation. To constrain the local density of hydrogen (H and Hj) in the cores where

COMs can form, I create very high spatial resolution extinction maps and transform them

vi



into three dimensions using an inverse-Abel transformation. Only a small fraction (-2%)
of the volume of the cores have sufficient density for CH3OH and thus presumably other
COMs to form. This work is in preparation for large-scale ice maps that will be obtained
with the slitless spectroscopy mode of JWST-NIRCAM. I present simulations testing the

feasibility of the observations and projected science return.
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Chapter 1

Introduction

Ices are considered vital for producing planetary systems analogous to our own Solar
System and forming the necessary ingredients for life. Ices are made up of volatile molecules
that only exist in the solid state at very cold temperatures, unlike interstellar dust grains
that are solid at warmer temperatures and typically composed of metals and silicates.
Some of the first observations suggesting the presence of ice beyond Earth came from the
observations of comets, and was later actually detected in the mid 1990s. Documented as
far back as at least 240 B.C. (Kronk 1999) comets were initially sometimes thought of as a
bad omen. Instead, comets contain some of the earliest remnants of the Solar System and
represent a way to peer into the history of our Sun’s birth. With the use of spectroscopy,
ices such as solid water, carbon monoxide, and carbon dioxide were discovered outside the
Solar System in interstellar space, particularly in dense regions (clouds) of dust and gas
where stars form (e.g. van de Hulst 1946; Danielson et al. 1965; Knacke et al. 1969). It has
been shown that ices are a key ingredient in these environments promoting dust grains to
stick together and forming larger bodies such as planetesimals, comets, and even planetary
bodies (e.g. Ormel et al. 2009; Testi et al. 2014). Small icy bodies in the Solar System also
may be responsible for some of the water and organic material found on Earth (Gomes et al.
2005; Meech & Raymond 2020). By studying ices in nearby comets and in more distant star-
forming clouds within our Galaxy, I take an interdisciplinary approach to understanding

the early evolution of ices and the conditions that promote or inhibit their existence.



1.1 Background on Ice Formation in Molecular Cores

The development of ices actually begins with dust. Ejected stellar material from asymptotic
giant branch (AGB) stars or supernovae produce silicate grains very quickly (on the order
of days), but over millions of years for reasons which are not completely understood,
these grains start to condense forming clouds with intermixed dust and gas (Figure 1.1,
Panel 1). The most prominent element in these clouds is hydrogen in the molecular form
(Hz), hence they are referred to as molecular clouds (Gould & Salpeter 1963; Solomon &
Wickramasinghe 1969; Shu et al. 1987; van Dishoeck 2004). Under their own self-gravity
small cores develop, some of which are part of large star-forming complexes (often referred
to as giant molecular clouds), while others are more isolated and are sometimes referred to
as Bok globules (Bok & Reilly 1947; Evans 1999; Bergin & Tafalla 2007). In this dissertation
I focus on these isolated cores which are small (-1 pc), relatively low mass ( 2-50 M ),
and can typically produce stars with a similar mass as the Sun (Bok 1977; Leung 1985).
These cores are also mostly opaque in the visible-light wavelengths due to dust obscuration,
and thus can appear as dark voids in the sky (Figure 1.2, left). The earliest stage of these
cores are quiescent and stable where there is a balance between the outward gas pressure
(amongst other sources, e.g. centripetal forces, turbulence, or magnetic fields) and the
inward gravitational force from the core itself. These objects are often considered Bonnor-
Ebert spheres (Ebert 1955; Bonnor 1956) which is a theoretical model describing a gas cloud
in hydrostatic equilibrium (e.g. Ballesteros-Paredes et al. 2003; Finn et al. 2019). When the
internal gas pressure is no longer sufficient to prevent collapse, material falls inward, also
known as the Jeans instability (Figure 1.1, Panel 2). As the cloud collapses, some of the
released gravitational energy is transformed into thermal energy due to the Virial theorem.
When the core reaches high enough temperatures and densities a star can ignite and is

referred to as a Young Stellar Object (YSO).

At the quiescent, collapsing, and star forming stages, these cores efficiently shield the

inner regions from outside interstellar radiation, allowing temperatures to drop as low as
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Figure 1.1: General evolutionary stages from molecular clouds to young planetary systems
including approximate size scales. Different stages are described in more detail in the text.

5-15 K and becoming some of the coldest places in the known Universe (Sakamoto et al.
1997). Given that these cores are primarily composed of Hp, the high rotational excitation
energies of the molecule, and the low temperatures within these cores, there is not enough
energy to collisionally (thermally) excite the hydrogen in bulk leading to nearly all of
the Hy remaining in the ground state. Due to these inconvenient properties, we cannot
directly observe Hy, therefore other methods are required to understand the composition of
molecular cores and trace the Hy abundance. Perhaps the easiest method is to quantify the
dust extinction (e.g. Bok & Cordwell 1973; Lada et al. 1994), which is the amount of light
(electromagnetic radiation) that is obscured by foreground dust from a background source
such as a star. The amount of extinction naturally depends on the amount of dust, but it
is also strongly wavelength dependent where an object that is highly extincted and opaque

in shorter visible wavelengths may be observable at longer wavelengths (Figure 1.2, middle;
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Figure 1.2: Left panel shows an optical image (B, V, and I filters) of the Bok Globule
Barnard 68 (B68). The center panel demonstrates the view in infrared colors (B, I, and K
filters) where background stars become visible. The right panel is an extinction map from
Alves et al. (2001) of B68 and is 300 300 arcseconds. The left two images are courtesy of
the European Southern Observatory (ESO).

Lada et al. 1994). If we measure the extinction along lines of sight for many stars behind
the molecular cloud of interest, we can use the amount by which dust extincts a target to
measure the global distribution of dust in a molecular cloud (Figure 1.2, right). Finally
using the well-established molecular hydrogen gas-to-dust ratio in interstellar clouds we can
convert our dust distribution maps into gas distributions, since the dust traces the Hy (e.g.

Bohlin et al. 1978; Predehl & Schmitt 1995; Giiver & Ozel 2009).

It is important to determine the amount of molecular hydrogen in molecular cores
because the H/H; ratio can impact ice formation. At relatively low densities (ny 103
cm 3) and thus low extinction levels, the cold temperatures ( 100 K) allow gas to start
condensing onto dust grains. Where the H/Hj ratio is approximately equivalent, then H
atom addition (hydrogenation) with atomic oxygen can occur allowing for the formation of
thin icy monolayers or mantles made of water (H,O, Hollenbach et al. 2009). The shielding
from the interstellar radiation field lessens the effects of photodesorption — where individual
photons hit atoms and molecules ejecting them from the grain surfaces. After this initial
deposition of HoO ice, ice mantle growth is rapid. At higher densities most of the atomic
oxygen has been incorporated into H2O ice and carbon monoxide (CO) can accrete directly

onto dust grains from the gas phase (Hollenbach et al. 2009). The hydrogenation of oxygen
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also produces an intermediate OH molecule that can react with CO to form COz (a much
more efficient reaction than combining CO with pure oxygen, which has a higher energy
barrier). The freeze-out of CO continues until nearly all of the CO gas is converted into
ice, resulting in an enhanced gas-phase H/CO ratio. Meanwhile within the icy mantles,
the hydrogenation of CO (combining hydrogen with CO) allows more complex ices, such
as formaldehyde (H2CO) and methanol (CH30OH), to form in a short amount of time,

( few 10* years, Cuppen et al. 2009).

At this point, CH3OH serves as an important basis from which larger molecules can form.
To date 50 different molecules have been detected in dense interstellar and circumstellar
sources. These molecules have 6 or more constituent atoms giving them the nomenclature
of “complex,” and since they contain carbon, they are also considered organic (Herbst &
van Dishoeck 2009). All but CH3OH have only been found in the gas phase because the
spectral features of the solid complex organic molecules (COMs) are difficult to characterize.
Thus, it is often concluded that the detection of CH3OH ice is indicative that other solid
COMs have formed. However the mechanism to form these COMs is poorly constrained
observationally. In laboratory studies, COMs can form from CH3OH after exposure to
high energy particles such as ultraviolet (UV) photons and cosmic rays (Oberg et al. 2009).
Alternatively, Fedoseev et al. (2017) show that COMs can form from the hydrogenation of
CO without the need for higher energy reactions, which has the important implication that

COMs can form at cold temperatures.

To determine and quantify which if any of these two processes is dominant, CH3OH
ice is vital to study in molecular cores. If CH30OH ice is found in abundance before a star
has formed or outside of the envelope of a YSO, then it is more likely it was formed at
cold temperatures. Another indicator of this process would be a high fraction of CH3OH
relative to CO, implying that the hydrogenation of CO is efficient in producing more complex

molecules.

In order to study the ices in molecular cores, I observe the near-infrared (NIR) spectra

of stars in the background of molecular cores (e.g. Boogert et al. 2011, 2013). This samples
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lines of sight through the cores, and with a good subtraction of the background star’s
photosphere I am able to measure the ice absorption features. It is also possible to measure
lines of sight toward YSOs to detect the ices in their envelopes embedded within later
evolutionary stages of the core (Dartois et al. 1999; Boogert et al. 2002, 2004; Pontoppidan
et al. 2003, 2004, 2008). Prior to the work presented in this dissertation, CH3OH and CO
ice have only ever been measured along lines of sight toward YSOs. As discussed earlier, this
cannot resolve the question of whether CH30H and COMs can form at early cold stages

and if so, is it enough to fully account for the amount of CH3OH already found around

YSOs.

It is also imperative to study the environmental effects on the formation of ice within
molecular cores. Broadly speaking, between the quiescent, collapsing, and star-forming
stages of molecular cores the gas densities can vary significantly and thus affect ice
condensation onto dust grains. Furthermore, the presence of a young star or multiple young
stars can introduce turbulence, stellar feedback, and/or magnetic fields which can adversely
affect the ability for different ices to form or exist. In this study I include molecular cores
at each of these three stages to develop an overall understanding of the evolution of ices

and what conditions must be met for them to form.

1.2 Survival of Ices in Comets

Once a YSO has formed within the molecular core, a disk of dust and gas begins to encircle
the star while the star is still embedded in an envelope (Figure 1.1, Panel 3). This is
typically referred to as a Class 0 or 1 protostar, where rotation in the envelope is present
and bipolar outflows may penetrate through the envelope. After about 100,000 years the
envelope dissipates and the star is in the T Tauri phase (Figure 1.1, Panel 4). Within
the surrounding disk, small planetesimals grow larger forming asteroids, comets, and young
rocky or gaseous planets. This stage can be very turbulent as planets potentially migrate

through the disk before settling into a final orbit, and there may be many collisions where



planetesimals are pulverized into dust producing a debris disk (Figure 1.1, Panel 5). Debris
disks are typically found around stars younger than 30 Myr (Rieke et al. 2005; Su et al.
2006) but some disks can last beyond 100 Myr (e.g. Géaspar et al. 2009; Meyer et al. 2008;
Trilling et al. 2008; Koerner et al. 2010; Urban et al. 2012). By 1 Gyr planetary systems
have mostly settled into their final orbits in a form similar to that of our own Solar System

(Figure 1.1, Panel 6).

The prolific and recent detections of exoplanets (planets around other stars) prove that
this evolution in developing planetary systems is a relatively common process, however it is
still difficult to determine whether ices survive or if the chemistry is reset. In Visser et al.
(2009), evolutionary models from a pre-stellar core to a protostar with a circumstellar disk
show that all but the most volatile molecules survive. Almost all HoO remains solid to
within 10 au of the star and mixed CO-H20 ices can prevent CO from sublimating at
warmer temperatures, accounting for the CO found in comets. In samples collected from the
Stardust mission from the periodic comet 81P/Wild 2, the dust grains appear to incorporate
some presolar material, but also have compositions similar to meteorites (Brownlee 2014).
This would indicate a higher temperature origin meaning comets have a mixture of outer
and inner solar system components. Comparisons of the abundance of different volatiles
were made for protostellar clouds and disks (Salyk et al. 2011; Oberg et al. 2011), and
there appears to be significant chemical changes in the inner disk from the original volatile
material. It is clear we do not fully understand how much ice survives during planetary

formation and this question remains an active area of research.

Within our Solar System, we have identified different populations of comets that give
us a window to understand these early conditions. Comets today mostly originate from
two distinct regions: the Oort Cloud ( 10,000 to 50,000 au) and the Kuiper Belt ( 30
to 100 au, Mumma & Charnley 2011). Some of these comets experience a gravitational
perturbation, sending them into the inner Solar System. After one passage close to the
Sun, their trajectory may eject them out of the Solar System forever, but some become

trapped in short period orbit, the most famous being Halley’s Comet. One major family of
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periodic comets is known as the Jupiter Family Comets (JFCs), which have orbits strongly
influenced by Jupiter’s gravity. It was originally believed that JFCs formed in the Kuiper
Belt however the Nice model (Gomes et al. 2005; Morbidelli et al. 2005) showed that the
migration of Saturn into an orbital resonance with Jupiter may have disrupted an outer
disk of icy planetesimals between 15-35 au. The perturbed comets were then redistributed
into both the Kuiper Belt and Oort Cloud meaning JFCs are not necessarily only from the
Kuiper Belt. Alternatively, a different dynamical model suggested that up to 90% of the
comets in the Oort Cloud formed around a neighboring star that was part of the Sun’s birth

cluster (Levison et al. 2010), but this is a rather extreme scenario.

The discrepancy in formation locations can be probed by developing an inventory of
ices for JFCs and long period comets (LPCs). Since LPCs likely formed in the vicinity of
the giant planets, and JFCs formed in the colder outer disk, we might expect differences in
the volatile chemistry between the two populations. However, to make this comparison, we
need to understand the original composition, particularly in JFCs which have made many
close perihelion passages. Thus it is important to understand the evolution of volatiles in
the nucleus. Early on during the Late Heavy Bombardment period when the Solar disk was
disrupted, some early cometary-like bodies may have impacted the Earth delivering volatile
and organic material (Morbidelli et al. 2000; Bardyn et al. 2017; Meech & Raymond 2020,
and references therein). Other comets may catastrophically break up as was famously
observed when comet Shoemaker-Levy 9 encountered and collided with Jupiter in 1994
(Hammel et al. 1995). However contrary to these violent yet spectacular ends, the most
likely fate of a comet is a gradual depletion of its ice reservoirs. Comets are believed
to be active for 3,000 to 30,000 years, and within the JFCs, there are possibly 3.5 times
more extinct comets than active comets (Levison & Duncan 1997). This is because as
comets journey in toward the Sun, ice near the surface warms up and sublimates, eventually

returning it to the interstellar medium from which it came.

The transition of a comet into an inactive body like an asteroid has not been well

observed. This is because outbursts of activity from sublimating ices usually indicate



there is still a plentiful reservoir of ices that may be below the thermally active surface
layer (Prialnik et al. 2004). Thus we are naturally (perhaps unwittingly) biased toward
observations of comets displaying some type of activity. Without any observable activity on
the surface of comet nuclei it is difficult to distinguish a comet from an asteroid. Therefore,
we have only identified a handful of comets that may be in this transitional stage. For
example 107P /Wilson-Harrington had an outburst during its discovery in 1949 but follow-
up observations have shown no further activity. Also the comet, 28P /Neujmin 1 has shown
only small amounts of activity, which was recorded in 1984 (A’Hearn et al. 1984).

Comet 49P/Arend-Rigaux (49P hereafter) is a JFC that typically displayed some
activity as it approached the Sun on its 6.72 year orbit, but very little in comparison to other
comets (Jewitt & Meech 1985; Lowry & Fitzsimmons 2001; Lowry et al. 2003; Stevenson
& Jedicke 2007). However in 2012, routine observations of 49P revealed more activity than
expected as it approached perihelion®. Both a tail feature and a second “jet-like” feature
protruding from the comet nucleus were observed. This comet unexpectedly became an
interesting case study as it began to display more activity than previously recorded, and
the question arose if indeed is it transitioning to a dormant state. Outbursting events such
as this allows us to model the active surface area of the comet (Meech et al. 1986; Meech &
Svoren 2004; Meech et al. 2017). Because 49P had some level of activity over several orbits
it is possible to study the active area over time, and determine whether or not the comet’s

ice reservoirs are truly becoming depleted.

1.3 The Future of the James Webb Space Telescope

Much of the work in this thesis is motivated by the upcoming James Webb Space Telescope
(JWST) planned for launch in 20212, As an infrared orbital observatory with a 6.5 meter
diameter mirror, JWST will bring discoveries to nearly every sub-field of astronomy. One of

its primary science themes is to study young stellar and planetary systems in detail in ways

1The closest point to the Sun in an object’s orbit.
2This is the tentative schedule.



that we have not been able to do with any ground- or space-based observatories. It will
be particularly groundbreaking for studying ices in molecular cores as described in Section
1.1, with the ability to observe faint targets and access weak ice spectral features that are
not observable from the ground. JWST will have a suite of instruments including the Near
Infrared Spectrometer (NIRSpec), the Mid Infrared Imager (MIRI), and the Near Infrared
Camera (NIRCam). The support for this dissertation comes from the NIRCam team with
Principal Investigator Marcia Rieke and motivation for some of the work presented here
is in preparation toward NIRCam Guaranteed Time Observations (GTO). Details of these

upcoming observations are discussed in Chapter 5.

1.4 Dissertation Overview

This dissertation is aimed at understanding the evolution of ices, both nearby in the Solar

System in in early stages of molecular cores. Specifically I address the following questions:

1. What happens to ice within a comet over time? Do comets run out of volatiles and

become more dormant or asteroidal, or break up catastrophically?

2. Can CH30OH and organic molecules be produced in cold environments without high

energy particle interactions?

3. What is the fraction of CO ice that is incorporated into CH3OH ice?

4. What is the local density of hydrogen molecules in molecular cores where ices form?

5. What is the fraction of molecular cores that is capable of developing icy grains, and

what environmental and evolutionary factors impact this fraction?

6. How will ground-based studies of ices in this work set the stage for future observations
with the James Webb Space Telescope (JWST)? What advancements can we expect
from JWST?
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In Chapter 2 I present a case study of a low activity comet, 49P/Arend-Rigaux. This
periodic comet typically displays small amounts of outgassing as it approaches perihelion
(the closest point to the sun in its orbit). It has been hypothesized that this low activity
indicates a comet running out of volatile material. Finson-Probstein dust dynamical models
are employed to calculate the dust production, which is then used as input parameters for
models that determine the amount and species of sublimating ice from the surface. The
fractional active area of the comet is determined over time to test if the comet is becoming

more dormant. This chapter has been published in the journal Icarus (Chu et al. 2020).

Chapter 3 studies ice outside of the Solar System in isolated dense molecular cores to
investigate the formation of complex organic molecules in interstellar ices. Spectra of stars
in the background to the cores and Young Stellar Objects (YSOs) that are embedded in
the cores are used to sample lines of sight for ice features. For the first time, the CH3OH
and CO ices are observed simultaneously to constrain ice evolution models. We test to see
if the formation of CHzOH in icy mantles is enough to explain the abundance of CH3OH in
later stages of star formation. CHzOH observations are key for constraining when complex
organic molecules form. This work has been submitted to the Astrophysical Journal and is

currently under review.

In Chapter 4, extinction maps of the dust in molecular cores are used as a tool to
understand more about the conditions where ices form. Very high spatial resolution
extinction maps are created for cores where ices were detected in Chapter 3. An inverse
Abel transform is used to create three dimensional maps the maps of the extinction. This
produces volume densities where ices have formed which limits the regions of molecular
cores that allow for complex organic molecule growth. This work will soon be submitted to

the Astrophysical Journal.

Finally in Chapter 5 we discuss this work in the context of upcoming Guaranteed Time
Observations with the James Webb Space Telescope. These observations will allow for
mapping ices across molecular cores at different evolutionary stages. I simulate observations

to test the feasibility of our observational method and determine the estimated science
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return. The results of the simulations were published in the Journal of Astronomical

Telescopes, Instruments, and Systems by Greene et al. (2017) where I was a co-author.
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Chapter 2
Detailed Characterization of Low Activity

Comet 49P/Arend-Rigaux

Note: This chapter originally appeared as Chu et al. (2020), with coauthors Karen J.
Meech, Tony L. Farnham, Ekkehard Kiihrt, Stefano Mottola, Jacqueline V. Keane, Stephan

Hellmich, Olivier R. Hainaut, and Jan T. Kleyna. .

Abstract

Comet 49P /Arend-Rigaux is a well known low-activity Jupiter Family comet. Despite the
low activity, we have witnessed outgassing activity in 1992, 2004, and 2012. In 2012 a
broad tail-like feature (PA 270 , 2.3 10° km) and a narrow jet-like feature (PA 180 ,

9.3 10* km) were seen simultaneously. Using Finson-Probstein (FP) dust dynamical
models we determine: the grain sizes released in each event; the duration of activity; when
the activity peaked; and the velocity of the dust particles, allowing us to make comparisons
between the events. We find that the tail feature in 2012 is similar to the tail in 1992 with
large grains (40-4000 m) peaking in activity around perihelion with a long duration of
outgassing greater than 150 days. The jet feature from 2012, however, is more similar to
the 2004 event which we model with small grains (1-8 m) with a short duration of activity
on the order of one month. The main difference between these two features is that the 2004
event occurs prior to perihelion, while the 2012 event is post-perihelion. We use the grain

sizes from the FP models to constrain ice sublimation models. Between 1985 and 2018 we
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cover six apparitions with 26 nights of our own observations, data from the literature, and
data from the Minor Planet Center, which together, allow us to model the heliocentric light
curve. We find that the models are consistent with H>O ice sublimation as the volatile
responsible for driving activity over most of the active phases and a combination of HoO
and CO> ices are responsible for driving activity near perihelion. We measure the fractional
active area over time for HoO and discover that the activity decreases from an average active
area of 3% to  0:2%. This clear secular decrease in activity implies that the comet is
becoming depleted of volatiles and is in the process of transitioning to either a dormant or

dead state.

2.1 Introduction

The presence of volatiles in comets distinguishes them from asteroids. It may be that some
asteroids were once comets that ran out of volatiles, became dormant, or have such a low
activity that they are classified as asteroids. The transition to an asteroidal state may
come from the cracking and resealing of the mantle causing intermittent cometary activity
(Jewitt 2004). From the Rosetta Mission’s observations of 67P/Churyumov-Gerasimenko,
dust emitted during an active stage may fall back to the comet and trap some of the ices
beneath the surface, which also could contribute to a change in the activity state (Hu et al.

2017). Comet 49P/Arend-Rigaux (hereafter, 49P) is suspected to be at this stage.

Comet 49P/Arend-Rigaux was discovered in 1951 and is a member of the Jupiter
Family comets (JFC, orbital period less than 20 years and an inclination less than 30 ;
dynamically controlled by Jupiter). It has an orbital period of 6.72 years, with perihelion
at g=1.42 au and aphelion at Q=>5.70 au (2011 Epoch). The orbit has been very stable; it
has not passed within 0.9 au of Jupiter for 900 years or more (Marsden 1970). The comet
has a relatively large nucleus of Ry =4.60 0.11 km and an albedo py =0.03, typical of most
comets (Lowry et al. 2003; Millis et al. 1988). Its small perihelion distance and large size

makes 49P /Arend-Rigaux relatively bright and easy to observe. Because of the low activity,
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this was one of the first comets for which a rotation light curve was measured (Jewitt &
Meech 1985; Wisniewski et al. 1986; Millis et al. 1988). The rotation period is reported to be
13.47 0.017 (Millis et al. 1988)) and 13.45 0.005 hr (Eisner et al. 2017) with a brightness
that varies up to 0.4 magnitudes as the comet rotates (Jewitt & Meech 1985).

Since its discovery, 49P has characteristically displayed low activity even when near
perihelion. In December 1998 when it was at r=2.11 au, Lowry & Fitzsimmons (2001)
observed the comet and noted an almost stellar appearance except for a small dust-jet
emanating in the anti-solar direction. They suggested this could be due to pressure buildup
near areas of thin mantle resulting in temporary outbursts, and that the comet should
be monitored for any possible transition to an asteroid-like state. Observations with the
Spitzer Space Telescope did not show a debris trail, consistent with it being a minimally

active comet without large dust particles (Reach et al. 2007).

We observed 49P/Arend-Rigaux near perihelion in 2012 as it was outward bound.
Despite its low activity, we witnessed both a tail feature pointing in the anti-solar direction
at a position angle (PA) of 270 and a narrow dust-jet pointing at PA 180 . Because
of its known low activity these features were unexpected, which leads us to consider if this
comet is becoming more asteroidal or if a volatile-rich reservoir remains. We have a long
baseline of 49P/Arend-Rigaux observations covering several apparitions which allows us to
explore the activity and any secular changes, and probe what drives the activity in this

comet.

2.2 Observations and Data Collection

We have 26 nights of observations from 1985 to 2012 covering five apparitions (Figure 2.1).
The telescope, instruments, and the observing geometry for each date of observation are
provided in Table 2.1. We make use of additional data taken from the literature from
five nights (Figure 2.1), and the same information for these observations are reported in

Table 2.1.
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Figure 2.1: Orbit plane diagram of 49P /Arend-Rigaux showing the positions along the orbit
at which we have data from Table 2.1 (including supplemental literature observations). The
orbits of the inner planets are drawn for reference. Perihelion and aphelion are marked with
a dash on the 49P orbit. The observations marked active showed either a jet or a tail in
the images, or gas was detected spectroscopically.

2.2.1 Observation of Activity

For the majority of the observations, comet 49P appeared stellar and did not show any
apparent activity. The first noticeable dust emission in our data set appeared in 1992
(after perihelion) as a dust tail with two features. The projected length of the main tail
was 1.7 10° km and was directed at a PA 295 . A small narrow tail extended with
a projected length of 6 10* km in the anti-solar direction with PA 292 . An image
showing this activity is in Figure 2.2. During a later apparition, in 2004, Stevenson &

Jedicke (2007) present data showing a very narrow jet-like feature that extended from the
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surface at a PA 270 , 186 days pre-perihelion (Figure 2.3). Reach et al. (2007, 2013) found
that 49P was actively producing CO, during the same apparition in 2004.

In 2012 we observed a tail and jet feature similar to the one seen by Stevenson & Jedicke
(2007). Using data from amateur archives' we know that there was a tail pointing in the
antisolar direction with PA 270 starting as early as 46 days before perihelion (which
occurred on October 19, 2011). Our first observations during this apparition of 49P were
on February 22, 2012, where we still saw a tail with a projected length of 2.3 10° km.
We observed 49P later on March 28 and saw another feature at PA 180 that resembled a
narrow jet. The tail was also still present. Using the amateur archives we discovered that
the jet appeared some time between March 16 and March 23. The jet extended 9.3 10*
km (projected length) and was faint close to the comet, then had a small bright patch,
and then faded again further from the nucleus. We followed up with observations on April
1, when the jet remained visible but the bright portion had moved slightly away from the
nucleus. The tail was not noticeably different. We observed 49P again on April 15 when
only a small feature appeared close in to the comet pointing at PA 180 and a faint tail
remained. By June 5, the nucleus was stellar in appearance and the tail was no longer
seen. This sequence is shown in Figure 2.4. With several instances of activity we seek to
determine whether this comet has depleted most of its volatile supply or if there remains a

rich deep reservoir of ices that causes these outbursts.

2.3 Data Reduction and Analysis

Out of the 26 nights of data used, four nights were already fully processed by Jewitt &
Meech (1985), and the remaining 22 nights required flattening and calibrations. For all of
the data observed on the UH 2.2m, KPNO 2.1m, and CTIO 1.5m and 4m telescopes we used
the Image Reduction Analysis Facility (IRAF; Tody (1986)) to perform bias subtraction and
flat-field reductions from dithered images of the twilight sky. The images from the Calar Alto

1.2m telescope were reduced using the instrument’s processing pipeline. Non-photometric

available at http://comet.observations.free.fr
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Figure 2.2: An individual image taken of 49P/Arend-Rigaux on Jan 6, 1992 taken using
the UH 2.2m telescope on Maunakea. The image is 3.36" 2.05'. This image was used for
modeling with the Finson-Probstein models (see discussion in section 6.1.1).

s
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Figure 2.3: Stacked image of 49P/Arend-Rigaux on August 23, 2004 from Stevenson &
Jedicke (2007). The image is 3.6 0.9°. The jet-like feature at PA 270 is similar to the
feature seen in the 2012 images and modeled using Finson-Probstein models shown in Figure
2.4.

nights and the nights observed at Calar Alto were calibrated using field stars from the Sloan
Digital Sky Survey (SDSS, York et al. (2000)). We then transformed the magnitudes to
Kron-Cousins R-band equivalents using conversions derived by R. Lupton? and calibrated
the photometry using the standards from Landolt (1992). The SDSS calibrations were
tested on a photometric night where we used standard stars to determine that the results

were consistent to within 3-5%. Each of the fluxes for standard stars and field stars were

Zavailable online at http://www.sdss.org/
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measured with circular apertures that sampled the background with surrounding circular
annuli.

The photometric measurements of 49P were performed using circular apertures and
when the comet was active, the background sky statistics were measured manually in regions
of blank sky near the object. This was done to avoid contamination from any dust in the
coma. The aperture radius for the photometry was chosen to be at 520 to encompass >99%
of the total flux from the comet while minimizing interference from nearby stars or galaxies.
The aperture size was also chosen to remain consistent across all data sets to be used for
ice sublimation models discussed in Section 2.5. Field stars in the comet images were also

measured to correct for extinction variations throughout the night.

2.4 Finson-Probstein Analysis

We use the method of Finson and Probstein (Finson & Probstein 1968a,b) to model the
dust tail. The Finson-Probstein (FP) method is a dust-dynamical method which calculates
the trajectories of an ensemble of dust grains ejected from the surface of the nucleus at
different times and considers the perturbations from solar radiation pressure on their orbits
around the sun. A tail is modeled by summing all of the scattered light contributions from
the dust grains. By matching the synthetic dust trails to observed images it is possible
to constrain the dust particle size distribution, production rate, emission velocity, and the
onset and cessation of the activity.

Original FP models were performed initially on only a few comets (Finson & Probstein
1968b; Sekanina & Miller 1973; Jambor 1973) but then the method was improved by Fulle
(1987a) when he accounted for the time-dependence of the size distribution of particles
and then refined with numerical simulations (Fulle 1989). His modified version was used in
several studies (Fulle 1987b, 1990; Fulle et al. 1992) and to estimate dust production rates
during the Giotto encounter of comet 26P/Grigg-Skjellerup (Fulle et al. 1993). Others
have used simplified FP models (Sekanina 1974a,b; Gary & Odell 1974; Beisser & Drechsel
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1992) to determine individual parameters such as the grain sizes, activity levels, or using
streamers in the dust tail to look for rotation periods. The FP method was improved by
Farnham (1996) who accounted for orbital mechanic effects to allow the tail to be modeled
from any comet orientation, grain size, geometry, and emission time. We use this improved

model for 49P /Arend-Rigaux.

2.4.1 Finson Probstein Models
Dust grain size

We assume that there is no mass loss (from either sublimation or fragmentation) from
the spherical grains leaving the nucleus. Therefore, the only forces acting on the emitted
grains are the gravitational attraction from the sun and solar radiation pressure. To a first
order approximation both forces act in the radial direction and vary as r 2 where r is the

heliocentric distance. To relate these two forces a common parameter is used called

defined as
F
lf:‘ : (2.1)
which can be written as
_ 5740 10 420 (2.2)

qa
where a is the grain radius in meters, ¢ is the grain density in kg m 2 and Qpr is the
radiation pressure efficiency. For our models we make certain assumptions for 4 and Qpy
and vary to match our observations. This allows us to keep the grain radius as a free
parameter. We assume that the grains are spherical because without additional constraints
from in situ observations from space-based data we cannot model irregular grains.

From measurements of IDPs and in situ observations of comets, we know that the
minerals in the refractory dust have a typical density of 3500 kg m 2 but we do not know
the porosity, therefore the bulk density could be very different. Mukai (1989) and Griin
& Jessberger (1990) calculate the densities of different dust materials that are possible on

comets. These materials have been measured in situ and by ground-based measurements
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of emission features. The different materials are listed in Table 2.2 with the corresponding
densities. From the Rosetta mission, both fluffy and compact grains were observed (Fulle
et al. 2015; Hilchenbach et al. 2016) so we take the density of 2200 kg m 3 to use in
Equation 2.2 as a reasonable upper limit.

Table 2.2: Dust Material Densities

Material | Density (kg m 3)
Water Ice 1000
Olivine 3300
Chondrite 2200
Silicate 2200
Tholin 1450
Magnetite 5200
Graphite 2200

Detailed calculations of the radiation pressure efficiency, Qpr, of spherical grains being
illuminated by sunlight show that Qpr 1 and for different classes of particles the value
varies by less than a factor of 2 for almost all cases (Burns et al. 1979). Only metallic
particles have Qpr >2, but these particles have not been observed in cometary dust. We

adopt an average efficiency value of Qpr = 1:5.

Particle Size Distribution

The particle size distribution can take many forms but the simplest is a differential power
law as given in the equation,

f()/ O (2.3)

where n can be as small as 1 (Lisse et al. 1998). This controls how steep the distribution
is between the grain sizes and the model is generally sensitive to this parameter. The slope
is controlled mostly by the particle size distribution in the nucleus but may also result
from factors like the dust-to-gas ratio, the porosity of the grains, and the forces on the
grains which may force small particles to join or large particles to split. A power-law size
distribution for the dust was derived from the The COmetary Secondary Ion Mass Analyzer

(COSIMA) during the Rosetta Mission. They find a form where the number of particles of
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a specific size, r, is proportional to r°. The power index ranges from -1.9 for grains between

30 m and 150 m and -0.8 for for grains larger than 150 m (Merouane et al. 2016).

Velocity Distribution

The initial velocity of the grains is controlled by the terminal velocity of dust in a gas flow
(which is reached within a few nucleus radii), after that the grain motion is controlled by
solar radiation pressure and solar gravity. Basic orbital mechanics can be used to calculate
the positions of grains at any given time. The time at which a particle is emitted is defined
as the moment the gas sublimation imparts enough energy to a dust grain that it is able
to overcome the escape speed of the nucleus. It reaches its terminal velocity and when the
dust is far enough away from the nucleus it will no longer be influenced by the gravity of
the nucleus or the gas flow and it begins its own orbit around the sun. The dust grain’s
emission velocity is defined as the residual velocity after the gas drag (the force that pushes
the grain off the nucleus) becomes negligible. The equation for the motion of a particle
relates the upward force due to outflowing gas and the gravitational force of the nucleus to
the motion of a dust particle. The relation shows that if gas is emitted uniformly over the
nucleus then the gas density drops offas ¢/ R 2 where R is the distance from the nucleus.
Also the gravitational force will drop off as R 2 meaning any particle that is lifted off of the
surface will ultimately escape the comet. A maximum grain size that can be lifted off of the
comet can be calculated. On the other end, very small grains would be strongly coupled to
the gas flow and will approach the gas outflow velocity. The size of grains between those
that couple to the gas flow and those that cannot be lifted from the surface follow a velocity

distribution using the equation:

Vi =Vmax M (2.4)

where Vmax is the velocity of tiny particles ( = 1), and Vv; is the initial emission velocity,

which cannot be larger than Vmax because we only allow for  values from 0 to 1. We use a
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starting value for m around 0.35, but the model is relatively insensitive to the velocities so
that vmax and m do not need to be speci ed precisely. However, this also means that the
emission velocity is the least well-determined parameter. A signi cant increase in velocities
will spread the dust out over a larger area of the image. For xed values of dust material
the high velocities will also create a fainter surface brightness. The model allows us to
determine a velocity at di erent times throughout the activity. The velocity can usually
be assumed to remain constant so we did not vary the velocity over time in any of our

modeling runs.

Dust Production Rate

The dust production rate will impact the brightness of the tail and a ects its shape the
most. This also means that it is the best constrained parameter. The function for the dust
production rate usually drops o with increasing heliocentric distance. However, in small
outbursts it is possible that the outburst occurs at some point in time and then decreases
over the next several days even if the comet is inbound. In Section 2.4.4 it is discussed how

this parameter can be re ned.

2.4.2 A49P/Arend-Rigaux as a Candidate for Modeling

Despite 49P being a well known low-activity comet, it has displayed dust emission features
during the 1992, 2004/2005, and 2011/2012 apparitions. The 1992 apparition is convenient
for dust modeling because there were 3 observations over a ve month period. In the rst
image taken in January 1992, the Earth was near the comet's orbital plane and provided
constraints on the emission velocity. During later observations in March, the comet was
more face-on allowing better constraints for the dust parameters. The nal image in June
showed no dust which limited the number of large grains. The 2004/2005 apparition is
good for modeling because it clearly shows two separate components in the tail making the
determination of the onset and duration of activity very precise. Additionally, the 2011/2012

apparition is advantageous for FP modeling because there is a sequence of four observations
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showing the tail, with two of those images also displaying the jet. Because the morphology
of these features can be seen throughout the di erent images there is a good opportunity to
determine the onset of dust production and the grain size distribution. With three di erent
apparitions modeled we can compare the dust properties and production rates over time.
Fortunately, 49P has never been observed to have a plasma tail. This is bene cial for
modeling because it reduces the possibility that electromagnetic forces of small charged
dust grains moving through a plasma tail will be perturbed enough to be comparable to
the radiation pressure forces (Horanyi & Mendis 1985; Ellis & Ne 1991). The lack of a
plasma tail also lessens the amount of surface brightness contamination that could come

from plasma.

2.4.3 Running the Models

To set up the models we use the geometry of the comet at the time of observation and the
image scale and create an input le with a range of and values where represents the
onset and o set time of the activity in units of days before or after perihelion. We can
then vary the grain size distribution, the dust production rate, and the velocity distribution

with respect to and . Modifying these parameters allows us to nd a combination that
closely matches the shape of the dust emission and we can determine the goodness of the
t (Section 2.4.4). The model steps through the and values coarsely at rst, but as the

model improves, we can decrease the step size in order to obtain a smooth t.

2.4.4 Goodness of Model Fit
Creating Composite Images

To allow for a comparison between the observed image and the model image without
nearby star contamination, we created composite images for each night of observation by
shifting to center the comet on the same pixel and median combining the images. This
removes background stars if the star trails do not overlap. This is important to isolate the

comet coma and measure the coma surface brightness and structure without interference of

32



background stars. If the imaging spacing was not large enough we median combined every
other frame or every third frame and stacked the results so that the stars were removed.
In some cases we did not have enough observations to do this or the comet was moving
slowly, so star residuals still appear in some of the nal images. For very bright stars in
the image it is dicult to remove them completely, however we did not have any cases
where a nearby bright star prohibited us from modeling the dust emission features. Image
dithering has the advantage that the target is not always landing on the same pixels in
the chance there are dead pixels. After stacking, images were trimmed to contain only the
comet and the dust features. For modeling purposes we also binned the images into 2
bins to reduce modeling time while producing initial models. Once the models started to t
the binned image we used the un-binned image size to obtain the nal result. The results
of these composite images are represented in comparison to our model results in Figure 2.4.
In Figure 2.2 we do not show the stacked images because there was only one measurement

made on January 5, 1992 and two measurements on January 6, 1992.

Model Residuals

We determine an instrument-dependent ux scaling factor by integrating the ux counts
over the length of the structure in the dust tail for both the observation and the model.
Then we divide the sum from the observation by the sum from the model. Taking that
factor we scale each pixel in the model to match the observation. To simulate the noise in
the observation we add arti cial noise using the IRAF routine, mknoiseusing the read noise
and gain to match the observation. We also simulate an arti cial comet nucleus in the same
location in the image as is seen in the observation using the IRAF routinemkobject. The
PSF of the arti cial comet does not necessarily match the observed comet PSF, it is merely
for the viewer to have an easier comparison by eye. This means that when analyzing the
residuals we do not expect the comet to subtract out as well as the dust emission.

In order to ensure that the model represents the observation, we subtract the model from

the observation and measure the residuals. We make a cut of the image to only analyze the
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residuals where there is emission (so any stellar artifacts and the nucleus do not contaminate
the residuals) Once the residuals within this cut is within 3 of the background noise, we
accept the model as a good t. This means that the distributions in the model are only

measured to enough precision to understand basic trends.

2.4.5 Model Results

We performed FP Models for ve observations taken in 2004 and 2012. A summary of the
results is presented in Table 2.3 along with FP model results from 1992 for comparison
(Farnham (1996)). We note in the table what feature was modeled (tail or outburst/jet).
The images for each observation, FP model, and residual are shown in Figure 2.4. The
observations are the composite images with background stars subtracted. Streaks in the
image are due to residuals from nearby stars, in the April 1 and April 15 observations 49P
was near a bright star that did not subtract out well. The model shows the arti cial noise
and comet nucleus for comparison to the observation and scaled to the same brightness.
The residuals display the model subtracted from the observation.

For these models, we were able to constrain initial values for and by using syncurve
plots of 49P. Syncurves are plots made up of the loci of a suite of particles that are the
same size released at di erent times (syndynes, values) and a distribution of particle sizes
released at the same time (synchrones, values). Using other information such as the
orbital geometry of the comet, the superposition of these two sets will map out the possible
positions of the tail. A comparison of the observed image to the map of the possible dust
loci can provide initial guesses for the model. These curves for the 2004 and 2012 apparition

are plotted in Figure 2.5.

2004 Apparition

The feature observed in 2004 appears very narrow and interestingly shows up in the
observations on August 23, 2004 at 186 days before perihelion. It appears to have had

two outbursts of activity | there is a gap in brightness at about 10,000 km from the
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Figure 2.4: Each set of three images shows the observation, FP model, and residuals for a
given date from top to bottom. Dates, orientations, scale (in km), and the negative of the
heliocentric velocity (-v) and the extended Sun-target vector or anti-solar direction (- ) are
shown.

nucleus to about 60,000 km. Because of this we modeled each event separately with the FP
models and combined them into one image. In both events we see that the grain sizes are

small, 1-8 m ( =0.05-0.38). The rst burst of activity was between 200 and 211 days

36



prior to perihelion, then there appeared to be less activity for about 7 days and then the
second burst began at 193 days before perihelion. Since the observations were taken at 186
days prior to perihelion, it is uncertain how long the second outburst lasted. The velocities
of the grains were low, for the rst outburst they were 1-2 m s ! and for the second more
recent outburst they were 3-4 m s ! (with lower velocities for larger grain sizes). We also
used a particle size distribution with the functional form given in Equation 2.3 with n =2:5
for the rst outburst, and n = 3:8 for the second outburst for all values of . The higher
n value signi es that the particles were predominantly smaller dust grains. There is also a
possibility that the gap in activity is due to some large scale variations in the background
ux that was not removed during at- elding. If this is the case, then the seven days of
lower activity could mean that the outburst was actually one continuous outburst. However
since in both outbursts we had similar grain sizes and grain velocities, the results in Table

2.3 would not change.

2012 Apparition - Tall

We model the images from February 22, 2012; March 28, 2012; April 1, 2012; and April
15, 2012 where the comet displays a broad tail feature. These correspond to 126, 161, 165,
and 179 days post-perihelion, respectively. If the activity producing the tail is a gradual
process, then the variation between these four dates should not be signi cantly di erent.
This meant we were able to constrain our model ts by ensuring that the parameters were
very similar for all four observations. As the syncurve plot implied, we found that the tail
consists of large grains 780 m to 4 mm ( =0.0001-0.0005). The model shows that the
onset of activity began about 100 days before perihelion and continued to produce dust at
least 90 days after perihelion. It is di cult to tell whether the comet was still producing
grains later than 90 days because they would still be close to the nucleus if they were
large grains. However, we do not observe any dust emission feature on June 6, 2012, thus
the activity most likely decreased signi cantly around the 90 day mark, making the total

duration of activity about 200 days. The peak of activity was constrained to be at 25 days
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prior to perihelion. Since the grains were relatively large particles, the velocities were very
low between 0.5 m st and 2 m s 1. The patrticle size distribution followed the distribution
in Equation 3 with n =3:5 4:5 meaning there were not as many of the large millimeter

size grains as there were the smaller grains.

Figure 2.5: Syncurve map of 49P/Arend-Rigaux for the dates modeled in Figure 2.4 where
April 1, 2012 can be applied to the March 28, 2012 model as well since they are only
separated by three days. The dashed lines represent the syndynes galues) and the solid
lines represent synchrones ( values). and values are given for each line moving from
top to bottom and right to left, clockwise.
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2012 Apparition - Jet

The jet-like feature emanating from 49P in the southerly direction is quite di erent from
the tail. This feature was not seen during our observations on February 22, 2012 (126 days
post-perihelion) and observations from amateur archives do not show the feature until 155
days after perihelion. In our observations we detect this feature easily on April 1 (165 days
post-perihelion) but do not see it on April 15 (179 days post-perihelion). This implies that
this event was relatively short-lived and for it to be almost as long as the tail ( 9.3 10
km), the grains must either be small or the velocities have to be high.

We model the jet feature using the March 28 and April 1 observations, though the March
28 image is slightly better for modeling due to a bright nearby star that was di cult to
subtract out on April 1. The two models, though close in time, still provide a good way
to constrain the model parameters. Running the model, we nd that the grains are much
smaller than in the tail, with grains ranging from 1.5 to 6.5 m. From Equation 2.3, the
particle size distribution for the jet had n = 4:0. We constrain the peak activity to occur
between 143 days and 146 days post-perihelion with a duration of 34 days, starting at 129
days post-perihelion. This means that the activity had already ceased by the time we made
our observations in March. In order for this to be the case, the velocity of the grains had to
be low for the particles to stay near the nucleus before traveling outward. We determined
grain velocities of only about 1-4 m s 1,

We note that in all of the activity the dust velocities are quite low. Other active objects
at similar distances display slow dust velocities such as P/2016 J1 (PANSTARRS) (Hui
et al. 2017), 133P/(7968) Elst-Pizarro (Jewitt et al. 2014), and 313P/La Sagra (Jewitt
et al. 2015) - all with dust velocities of 1.7 - 2.5 m s 1. For P/2016 J1 (PANSTARRS)
and 313P/La Sagra we recognize that the grain sizes are larger than the grains in the 2012
jet feature so the comparison is not exact but exempli es how we can have slow moving
grains. Further, measurements from the Rosetta mission of 67P/Churyumov-Gerasimenko
had dust velocities between 2-10 m s 1 (Rotundi et al. 2015). Faster grains would leave

the eld-of-view more quickly and thus we are not as sensitive to them.
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2.5 Ice Sublimation Models

Comet 49P has reportedly been known as a low-activity comet and Lowry et al. (2003)
suggested follow-up work to probe whether it is making a transition to an asteroidal state
or if the activity is remaining constant. Using a surface ice sublimation model (Meech
et al. 1986; Meech & Svoren 2004; Meech et al. 2017) we can test whether the fractional
active area decreases over time and what ice drives the activity. This model has many free
parameters, which when constrained can provide us with a basic understanding of what
volatile species drives the activity. The lead driver of activity for comets close to the sun
is sublimation of ices where the ice transitions between a solid and vapor state. When
sublimation occurs either from the surface or near-subsurface layers, the gas escapes and
pushes dust o with it. The dust escapes the surface gravity of the comet and appears in
the coma and tail. Assuming no contribution from gas uorescence, the brightness of the
comet comes from the sunlight re ected o of the nucleus and scattered light from the dust.
This total coma brightnessmcoma can be expressed in the following equation as a function

of mass loss (Meech et al. 1986):

p (dM=dt)t

Mcoma = C 2:5'0910 W
9

(2.5)

The constant, C depends on the apparent magnitude of the sun in the Iter we use, among
other terms. For the Kron-Cousins R-band, the constant is 30.3, if a di erent lter is used
then this constant is adjusted accordingly. The valuet represents crossing time and is the
aperture size divided by the grain velocity. We assume the Bobrovniko approximation
(Bobrovniko 1954) for velocity, v r 9% km s ! (for r in au). The other parameters
p, Dg, a and correspond to the albedo, grain density, grain radius, and geometric
distance respectively. The mass loss rate is de ned from the energy balance equation for ice

sublimating o of the surface of a nucleus in thermal equilibrium, ignoring heat conduction:

F@ A=r’= [T %+ L(T)(dms=dt)] (2.6)
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The left side of the equation is the absorbed solar ux whereF represents the solar ux
constant, and A is the Bond albedo (which for the modeling isqp , where g is the phase
integral and has been measured for low albedo asteroids to be0.4 (Shevchenko et al.
2019)). The right side of the equation represents the black-body energy and the energy
going into sublimation. The parameter expresses how fast or slow the nucleus rotates. If
it is slow then heat will only be deposited on one face of the nucleus (= 2) but if it is fast
then heat will be evenly distributed ( = 4). The infrared emissivity is given by and the
Stefan-Boltzmann constant is given by . L(T) represents the latent heat as a function of
temperature for common ices (Meech et al. 1986). Finally the parametedmgs=dt provides
the mass loss rate per unit area and relates to the sublimation vapor pressure and thermal
gas velocity. This model is not intended to explore the depth of ices, but rather to model

which ices contribute to the overall activity in the comet.

The equations above allow for several free parameters in the model including properties
of the nucleus (ice type, albedo, emissivity, phase integral, density, and radius) and the
dust grains (density and radius). We also have the fractional active area of the nucleus
as a free parameter. Fortunately most of these values have been directly measured for
49P and other values can be assumed based on our previous knowledge of comets. The
two main parameters that we adjust are the fractional active area and the grain size. The
other free parameters and our accepted values that we use are provided in Table 2.4 with
references. It is important to note that the density from Thomas et al. (2013) was measured
for 9P/Tempel 1 and the coma phase integral from Meech & Jewitt (1987) was derived from

1P/Halley.

To determine an approximate grain size for 49P we use the results from our FP models.
We found that the outbursts in 2004 and 2012 consisted of 1-8 m size grains and Millis
et al. (1988) found a consistent range of 3-5 m size grains. However the tail feature in 1992
and 2012 have grain sizes greater than 40m but are still dominated by smaller grains so
we vary the grain sizes in the models from 3 to 8 m to nd the best t. The fractional

active area and grain sizes are related. As the grain sizes increase then a larger gas ux is
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Table 2.4: Ice Sublimation Model Parameters

Parameters Value Units Reference
Nucleus

Geometric Albedo 0.028 Millis et al. (1988)
Emissivity 0.9 assumed
Phase Function 0.035 mag deg! Sekanina (1974a)
Density 400 kgm 3 Thomas et al. (2013)
Radius 4600 m Lowry et al. (2003)
Dust

Coma Phase Function 0.02 mag deg’ Meech & Jewitt (1987)
Density 2200 kgm?3 Section 4.1.1
Radius 3-8 m Section 4.5.1

needed to lift the grains from the surface. Additionally, since the surface area to mass ratio
depends inversely on grain size, the number of grains has to increase for the massive grains
to produce the same amount of scattered light (which means a higher gas ux, and higher
fractional surface area). Therefore we can still determine whether the fractional active area
decreases over time but knowing the precise grain sizes allows us to more precisely determine

how much of the comet is active.

The typical ices we would expect to sublimate from comets are CO, C® and H,O.
It is dicult to distinguish between CO and CO » ices since at this distance from the sun
the slopes of the sublimation curves are the same but we can easily determine whether
H,O is present. Many space-based observations have found GQlominates activity over
CO so we only run models with either HO or CO,. After running the models using a
particular ice, grain size, and fractional active area (and including the parameters in Table
2.4), the R magnitude throughout the apparition and the gas production rate at incremental
heliocentric distances are produced. We plot theR magnitude of our observations and the
R magnitude produced by the model versus the true anomaly (using the same de nition of
TA as Table 2.1). When the model ts the most data points and generally represents the
same trend as our observations we accept it as a t. In most apparitions we have too few

data points to do a 2 minimization so our t is designed only to represent a general range
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of values for the fractional active area and determine what ice drives the activity on the
comet.

The gas production rate is a useful output because we can match the values to previously
observed production rates at a particular heliocentric distance. For example, A'Hearn et al.
(1995) found logQ(H,0)=27.25 molecules s?® at 1.56 au on August 9, 1991. This allowed
us to identify an exact fractional active area to match the gas production rate and nd
the most dominant grain size for a single apparition. Similarly, Reach et al. (2013) found
logQ(C0,)=26.13 0.35 molecules s! at 1.69 au on November 29, 2011. This allows us to

estimate how much CQ, should be included during this apparition.

2.5.1 Data for Modeling

Our observations combined with literature and amateur data span a wide range of dates
from 1984 through 2018. These dates cover six apparitions of 49P for which we have our
own data in four of them. We de ne a single apparition from aphelion to aphelion and the
range of dates with the number of nights of observations are given in Table 2.5. We will

refer to each apparition by the ID number given in column 1.

Table 2.5: Apparition Dates

ID Range of Dates Range of JD # of Obs
07/04/1981 - 05/02/1988 2444789 - 2447283 a5
05/03/1988 - 02/23/1995 2447284 - 2449771 10
02/24/1995 - 11/02/2001 2449772 - 2452215 3
11/03/2001 - 06/16/2008 2452216 - 2454633
06/17/2008 - 03/03/2015 2454634 - 2457084
03/04/2015 - 11/17/2021 2457085 - 2459535

OO0, WNPRE
o oo

a Four from (Jewitt & Meech 1985)

Some apparitions have several of our own data points that cover a full range of the orbit
for a single apparition, while others only have a small coverage. We also have two literature
values from the third apparition from (Lowry & Fitzsimmons 2001; Lowry et al. 2003)

(Table 2.1). In order to Il in some of the heliocentric light curve, we use measurements from
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the Minor Planet Center (MPC) database®. These observations have reported magnitudes
with an N (nucleus) or a T (total) to signify whether the magnitude encompasses just the
nucleus or if it has a larger aperture including more of the coma or background sky. In
order to avoid possible nearby star contamination with larger apertures, we only include
the observations of the nucleus. The spectral lters used for observations are not included
in the MPC archives but we expect the brightness in di erent bands to vary by about 0.5
magnitudes at most, which is acceptable to understand basic trends over time. In the rst
two apparitions the MPC data is sparse and very scattered so we do not use the MPC
values for these apparitions. In the third apparition there are only a few MPC data points
but they are similar to our measured photometry and at a similar true anomaly. For the
fourth apparition we do not have any of our own measurements but the MPC data has
some coverage of the heliocentric light curve. For the fth apparition the MPC data does
not perfectly align with our measurements and this is due to unknown lters. To adjust
for this factor we shift the MPC magnitudes until it matches our measurements for the
fth apparition, which is 0.5 magnitudes. With this known shift, we also adjust the fourth
apparition measurements by the same scale factor. In the sixth apparition, 49P was mainly
a daytime comet and very few observations were possible so we only have a small amount of
data from the MPC. For the fourth and sixth apparition, we use these data to understand
the shape of the light curve to tell us what gas is driving the activity but we cannot make
claims about the fractional active area using BO; however, Section 2.5.2 discusses how we
can constrain the CO, fractional active area. There is data dating back before our rst
apparition but we do not include these points because there are very few, and they have

higher uncertainties.

2.5.2 Summary of Model Results

The dependence on the geometry between the observer and the target changes the brightness

of the comet signi cantly for di erent apparitions, therefore we require a separate model

3https://tinyurl.com/49P-MPC-Results for all data with a designation of N (nucleus) for the magnitude
measurement, and for the range of dates covering the third through sixth apparitions
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for each apparition. We began by modeling our second apparition using D ice because
we have an BO production rate measured for August 9, 1991 (A'Hearn et al. 1995). By
iterating through values for the fractional active area we found that the measured BO
production rate aligned with the model with the fractional active area of 0.0063. We then
varied the grain size between 3-8 m (from the FP model) and found that the best t grain
size is 8 m. This is a simpli cation because there is typically a full size distribution of
grains but this value represents the most prominent size. We then modeled the remaining
apparitions using H,O ice and found an estimate of the fractional active area for each grain
size between 3-8 m. The best ts are determined by visual inspection but the model starts
to change signi cantly in appearance when the fraction is changed by 0.0005 ( 0.001 for

Apparition 1) so we know that the ts are good to within this error.

Figure 2.6 shows the ice sublimation models for each apparition with our corresponding
photometric measurements; the last four apparitions include MPC data and literature
values. The gure shows the true anomaly versus the R magnitude as a representation
of the heliocentric light curve. For each apparition the H,O model dominates the activity
during most of its orbit while the fourth and fth apparitions show a combination of H ,O
and CO; to explain the excess brightness near perihelion. There is not a su cient amount
of data to determine if CO is present for other apparitions near perihelion. We see from
the MPC data that the light curve shape does not match the H,O ice trend between a true

anomaly of -60to 60.

Therefore, we ran our models for the fourth and fth apparition using a delayed onset
of CO; ice to combine with H,O ice, similar to previous works (e.g. Meech et al. (2013),
Snodgrass et al. (2013), Meech et al. (2017)). C®ice is more volatile than H,O and would
sublimate beyond 10 au if it is on the surface but if it were buried in a deeper layer, the
model would only show CG outgassing later in the orbit. If the comet has an insulating
porous dust layer or even a water ice layer (as seen during the Rosetta mission (Biele et al.
2015; Gulkis et al. 2015)) then it would take time for the heat to penetrate deep enough to

sublimate the CO,. Equation 2.6 does not incorporate heat conduction into the interior of
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the comet but we are not attempting to determine the depth of ice or the time it takes for
the ice to reach a buried layer, but we know that an additional ice component is hecessary
in order to model the increase in brightness near perihelion. Because the model deviates
away from a pure HbO model at TA -60 we allow for the CG, ice to begin sublimating
exponentially near TA = -60 as heat starts to penetrate the deeper ice layers and reaches
its peak CO, outgassing near perihelion. Then we let the outgassing decay exponentially

to TA = +60.

When we apply this adjustment and add both the CO, and H»,O ice together in the
model we match the data very well. From Reach et al. (2013) we use the C£gas production
rate from the fth apparition, log Q(CO ,)=26.13, to nd the fractional active area (similar
to determining the fractional active area using the H,O gas production rate in the second
apparition). We found that the fractional active area is 0.00023 { an order of magnitude
less than the fractional active area of BO in the third and fth apparitions, meaning there
is signi cantly less contribution from CO ;, than water. We do not know whether this low
activity from CO , is due to a small presence of the ice, or if there was not enough heat to
penetrate into deeper layers of CQ. We cannot distinguish whether the ice is CO or CQ
but it is more likely CO , based on recent space missions (A'Hearn et al. 2012) and the gas

production rate from Reach et al. (2013).

We consider that the rst apparition might display the presence of CO, near perihelion.
To match the observation on March 7, 1986 we require HO for a good t but the H ,0
model does not produce bright enough results to match the data from January, 1985 (Jewitt
& Meech (1985)). These observations were closer to perihelion so it is possible that GO
drove the activity as in the fourth and fth apparition. We tested this apparition by
modeling a smaller fractional active area of HO and instead exponentially increasing the
CO3 near perihelion. The only way the 1985 data ts the model is with a fractional active
area of COQ, 0.008, over an order of magnitude greater than the fractional active area of
CO:3 in the later apparitions. Unfortunately with such small temporal sampling we cannot

conclusively determine whether CQ has a role in driving the activity during this apparition.
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Figure 2.6: 49P/Arend-Rigaux photometry for six apparitions compared to ice sublimation

models for H,O (blue line) and a combination of HbO + CO, (orange dashed line).
Measurements reported in this paper for the rst time are shown with red circles. Cyan

diamonds represent data from the Minor Planetary Catalog, green diamonds are taken from
the literature (Supplemental Observations in Table 2.1). The black line represents a bare
nucleus. In Apparition 4 the bare nucleus and HO model are not distinguishable in the

gure. A True Anomaly of O represents perihelion.

It is however clear that the fractional active area is still greater than the later apparitions

whether we use a pure HO model or a H,O and CO, combination model.

Knowing the fractional active area of each apparition allows us to identify trends to
determine if the comet has become more or less active over time. The results of our models

with the grain size and fractional active area or H,O are given in Table 2.6. Based on
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