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ABSTRACT

The study of the Solar System’s remnant planetesimals is motivated by their con-

nection with their formation conditions in the proto-Solar disk. The discovery of the

active Centaurs and Main Belt Comets over the past few decades has made it clear

that far more objects are go through phases of activity than previously estimated,

and often through activity mechanisms that are poorly understood. The critical

knowledge gap is thus understanding how activity changes the properties of these

small bodies and how to interpret their modern properties to understand their recent

evolution. This Dissertation improves our ability to “roll back the clock” on these

small bodies through telescopic observations, dynamical simulations, and laboratory

experiments relevant to nine objects at di↵erent evolutionary and activity states to

assess how changes in activity alter the properties of these objects. Telescopic obser-

vations of two Geminid Complex objects, (3200) Phaethon and (155140) 2005 UD,

reveal Phaethon’s surface to be rotationally homogeneous but di↵erent from UD’s.

I heated samples of the CI Chondrite Orgueil to successively higher temperatures

to compare with the reflectance spectra of these objects and constrain their recent

thermal evolution. Laboratory spectra at Phaethon’s perihelion temperature were

quite similar to Phaethon, but no match was found for UD. Observations of the

nuclei of four (nearly-) dormant traditional comets, including the Quadrantid parent

(196256) 2003 EH1, show them to have a large variation in surface properties. Dor-

mant Main Belt Comets might be distinguishable from dormant traditional comets,

but thermal alteration might play a complicating role for some objects. Orbital sim-

ulations and new multi-wavelength telescopic observations of two active Centaurs,
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174P/Echeclus and P/2019 LD2 (ATLAS), show them to have very di↵erent activity

patterns and recent orbital evolutions. Echeclus’s activity is dominated by strong,

short-lived outbursts, while LD2’s activity is weak and stable in time. LD2’s recent

orbital change might have initiated its activity, but Echeclus has had no significant

recent orbital changes. I also present and analyze observations of the interstellar

comet 2I/Borisov, which reveal it to be compositionally distinct from many Solar

System comets despite many clearly similar ongoing chemical processes.
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CHAPTER 1

Introduction

1.1 Science Overview

1.1.1 Historical Overview: The Early Solar System

Despite noting “great philosophic interest throughout the ages” in the original state

of the Solar System, Gerard Kuiper noted in 1956 that previous attempts to divine

the properties of our home planetary system at its birth eons ago had been hampered

by inadequate, innacurate, or fully wrong conceptions about its modern properties.

“This poses a warning against premature developments and shows that a vigorous

campaign for the acquisition of new data over the entire front of planetary studies

is essential to progress.” By 1974, Kuiper notes that thankfully this has happened

(Kuiper, 1956, 1974). Our increasing understanding of the early Solar System is

driven by our increasing understanding of the modern Solar System, and centuries

of hard work – often at night – by scientists (and the countless engineers, students,

teachers, and those in other supporting and leading roles whose contributions often

go under-or-unaccounted-for) have pushed our understanding of the Solar System

to smaller spatial scales, further distances, fainter features, and perhaps most com-

pellingly, further back in time. It seems natural to begin this dissertation with a

broad-scoped discussion of the history of our knowledge of the early Solar System,

and to highlight the relevant questions of research to frame the discussion of the

modern competing theories of planet and planetesimal formation, and how the new

observations, models, and inferences presented in this dissertation facilitate discrim-

inating between them.
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The work of French Mathematician Pierre-Simon Laplace, particularly Laplace

(1796), is the first proper treatment of the dawn of the Solar System from a mathe-

matical perspective. Independently of previous (more qualitative) work by Immanuel

Kant in 1755 (and quite possibly Emanuel Swedenborg in 1734)1, Laplace formulates

a theory for the formation of the Solar System that has since been named the “Nebu-

lar Hypothesis.” An inititally (mostly-)spherical cloud of gas and dust that is slowly

rotating (the aforementioned nebula) begins to slowly contract under its self-gravity.

Conservation of angular momentum mandates that such a collapsing cloud flattens

and spins up as it collapses with increasing density towards the center. The Sun

forms from the central condensation of this circular flattened disk, and the planets

are able to condense from collections of gas and dust already following circular paths

around the central condensation with similar velocities. This hypothesis provides

a natural explanation for the very circular and low-inclination orbits of the major

planets of the Solar System, but leaves several problems unsolved.

Perhaps the most prominent issue was why the Solar System’s angular momentum

is partioned the way that is is, with almost all of it being contained in the orbital

motions of the planets and less than 1% contained in the Sun’s rotation. As noted

in Woolfson (1993), the Nebular Hypothesis was discounted or ruled out for much

of the 19th and early 20th centuries, and in its place a variety of new theories were

postulated. Roche (1854) suggested that a low-mass nebula around a pre-existing

Sun might solve the angular distribution issue, but Jeans (1919) showed that in order

to overcome the tidal stresses imparted by the Sun on the forming planets, the solar

nebula need be quite dense. Chamberlin (1901) and Moulton (1905) suggested that

the material that formed the planets could have been erupted directly from a more

active young Sun, but Russell (1935) and Lyttleton (1960) showed that material

produced during such an encounter could not get to planetary distances if such a

1Brush (1996) argues that few scientists read Kant’s work at the time.
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process even happened. Jeans (1917) proposed that the planets had condensed from

a tidal filament generated by a close passage of another young star at the dawn of the

Solar System (Je↵reys (1929) suggested that a glancing blow might better explain

the rotations of the planets), but Spitzer (1939) noted that material the temperature

of the Sun would simply be too hot to collapse – the thermal pressure completely

dominated over the gravitational pull. In summary, the new theories often solved

some of the pre-existing issues by introducing new problems in their wake.

Safronov (1969) claims that most astronomers in this time period essentially were

still Laplacians, despite the problems. One particular reason is that more information

was becoming available about young stars elsewhere in the Milky Way. To draw an

Arizona-specific example, the seminal work of Bok and Reilly (1947) and Bok (1948)

found what are now called Bok Globules, dark balls of gas and dust with masses of on

the order of 0.1� 60.0M� and diameters on the order of ⇠ 250� 1000 Astronomical

Units (hereafter just ‘AU’). These objects are in the size and shape range expected for

a plausible proto-Solar Nebula, so it seems that at least something like the Laplacian

Nebular Hypothesis is right. (Furthermore, we have since directly observed disks like

our Solar System had, so these processes have to have operated in some fashion, see,

e.g., ALMA Partnership et al. 2015)

Beyond the issues of what particular scenarios could get the right amount of

mass and angular momentum to the right places to begin forming planets, there

is the (more basic) question of how planets actually form. The seminal work of

Safronov (1969)2 highlights the processes by which an increasingly flattened disk of

material can begin to form planetesimals, the precursors to planets – and what we’d

refer to as comets, asteroids, and trans-Neptunian objects today. While I advise the

reader to read Safronov’s work themselves, here is a brief summary of his conception

of what happenes immediately after planet formation. First, if the gas density of the

2Later translated into English from Russian in Safronov (1972).
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disk was so high as to facilitate direct condensation, we might expect the planets

– or at least the gas giants – to retain the same chemical composition as the Sun.

While Jupiter and Saturn might be similar to the Sun (as in, their atmospheres

are dominated by Hydrogen and Helium), they are not the same, and Uranus and

Neptune look considerably di↵erent. Therefore, the dust (non-gas) component of

the disk must play a critical role. The movement of dust grains perpendicular to

the plane of the disk primarily evolves in response to the interactions (”coupling”)

with the gaseous part of the disk and the self-gravity of the disk itself. A su�cently

large particle (say, 1 µm in radius) will slowly settle to the midplane of the disk in

⇠ 2� 3⇥ 104 years (Safronov, 1969), with larger particles settling faster.3

These small µm particles grow (and erode!) through mutual collisions. In order

for these particles to grow, they need to make contact with another particle at

a low enough speed to ‘stick’ (see Weidenschilling (1980) for an early discussion

and modeling of this process). Solid particles of di↵erent properties – composition,

density, porosity, et cetera – should and do a↵ect the ability of these particles to

stick. As an example of recent laboratory work, µm-sized water ice particles can

stick at ⇠ 10m/s (Gundlach and Blum, 2015) but silicate grains of the same size

can likely only stick at a tenth of that speed (Poppe et al., 2000). A big-picture

implication of this is that di↵erent kinds of objects can form under a wider variety

of conditions – and at di↵erent rates – than others. Considering that from first

principles the disk should be warmer closer to the proto-Sun and colder further out,

the larger abundance of icy ‘sticky’ materials at greater distances should facilitate

faster production of larger objects from these small particles, but the lower density

of dust and gas at greater distances is a large complicating factor to this general

statement.
3Armitage (2007) notes that if the disk is significantly turbulent, the particles must begin ag-

gregating before reaching the midplane. Regardless of turbulence, such a process would increase

the speed at which these dust particles settle if it were in action (Safronov, 1969).
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These solid dust particles can move radially within the plane of the disk in a

process most commonly called radial drift (Weidenschilling, 1977). Small particles

(say, less than ⇠ 1 cm in radius) are still well coupled to the gas, meaning that they

move azimuthally around the disk at the sub-Keplerian speed of the gas, but at the

same time slowly move inwards as they do not “feel” the same gas pressure that

drives the gas to move at sub-Keplerian speeds. By contrast, particles large enough

(say, ⇠ 1 m in radius or larger) are less coupled to the disk, meaning that they’re

e↵ectively feeling a ‘headwind’ by moving through gas that is moving slower than

themselves. This causes them to more rapidly move inwards. Even larger particles

(say, greater than 10 m in radius) are large enough that even though they are still

moving faster than the gas they pass through, they’re too large for their velocity to

be changed appreciably. In the seminal work of Weidenschilling (1977), it was shown

that for particles around a few meters in size, their drift timescales are much shorter

than the actual lifetimes of the disk – possibly as short as just ⇠ 100 years for a

meter-sized rock at a heliocentric distance of RH = 1 AU. Much of modern planet

formation theory attempts to reconcile this issue: an inescapable fact of building

procedurally larger bodies inside a gas-and-dust disk is that for some particular size

of object set by the local thermodynamic conditions, these planetesimal building

blocks spiral inwards extremely rapidly. Non-uniform pressure gradients in the disk

could move the objects outwards or inwards locally, but the movement is still rapid.

The formation of bodies large enough to be una↵ected by gas drag thus needs to be

rapid.

1.1.2 Building Planetesimals

What is or are these rapid process(es) that produce planetesimals from their con-

stituent smaller parts? Three basic scenarios discussed prominently in the literature

today are:
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• Mutual Collisions / Collisional Growth (all the way from µm-sized dust to

planetesimals, see e.g. Weidenschilling 1980.)

• Gravitational Instabilities (direct collapse of macroscopic objects from a grav-

itationally unstable disk, e.g. the ‘Goldreich-Ward’ Mechanism, see Goldreich

and Ward 1973.)

• Streaming Instabilities (instabilities from direct gas-dust interactions in certain

conditions cause local overdensities which facilitate gravitational collapse, see

Youdin and Goodman 2005.)

Generally speaking, the first two scenarios leave certain things to be desired.

(Again, for more specific details, see the texts in question.) The ‘Mutual Collisions’

scenario outlined in Weidenschilling (1980) and subsequent works requires that mu-

tual collisions are able to build objects large enough to fully decouple from the gas

before the smaller gas-coupled-and-radially-migrating particles are all depleted. This

timing constraint appears to be challenging but not overwhelmingly so. One critical

point, as mentioned before, is that at di↵erent parts of the disk, these processes have

to be di↵erently e�cient. Icier grains can stick at larger speeds, porous grains can

compact without breaking, and so on. It seems to be that, while this collisional

growth scenario can likely form planetesimals outside of and near to the water snow

line and under certain other circumstances, this cannot be the only mechanism at

play, and may not even work at all in the inner Solar System.

Gravitational instabilities, resulting in the direct ‘condensation’ of gas-decoupled

objects straight from the disk, bypass the issue of a rapid radial drift of some par-

ticles by simply growing them too quickly into another size regime – in fact, maybe

just a few thousand years or less to form directly from an unstable disk (Goldre-

ich and Ward, 1973). Unfortunately, this scenario does not work in the presence of

turbulence, and the very scenario that it envisions – a mid-plane so dense that it
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becomes favorable to immediately collapse in some fashion – would create turbulence

anyways.4

The direct gravitational collapse of solid material in the disk into planetesimals

might not be viable in its original form, but the basic facts of it – construction

of large objects on timescales quick enough to negate some worries about radial

drift – has inspired much work since. The Streaming Instability of Youdin and

Goodman (2005) is perhaps the most promising and prominent of these successors.

In essence, the direct gravitational collapse can still happen, but how the local solid

density reaches criticality is di↵erent. As Armitage (2007) notes, there is no basic

or intuitive explanation of why this happenes, but mutual interactions between the

gas and dust can cause local over-densities of the dust in stream-like features. While

under absolutely ideal conditions, planetesimals can form on timescales of ⇠10 orbits

around the central mass, the mechanism seems able to function under a wide variety

of other conditions, though more slowly. In general, this mechanism is less rapid

than direct gravitational instability, but faster than a collisional growth scheme.

The properties of the planetesimals that were produced – such as their bulk struc-

tures, where they formed, their distribution of sizes and masses – are reflective of

the processes that created them. The study of the planetesimals that remain to the

modern day, given names like “Jupiter Family Comets” and “Main Belt Asteroids”

and so on, are in part motivated by understanding what these earliest days of the

Solar System were like. The “problem” is disentangling what of their modern prop-

erties actually reflect those properties they formed with. This question is one of the

primary motivators of the work contained in this Dissertation, and is discussed in

great detail in most Chapters.

4Essentially, the mid-plane would begin to rotate faster than the material directly above or below

it, initiating a Kelvin-Helmholtz style instability.



31

1.1.3 Dynamical Evolution of the Early Solar System

This thesis primarily concerns itself with ascertaining the modern properties of indi-

vidual remnant planetesimals from our Solar System and elsewhere and attempting

to understand what can be said about how they have changed or will change on

timescales much shorter than the Solar System’s age. However, this subsection is

dedicated to a description of the dynamical evolution of the Solar System’s “small

bodies” in the ⇠4.6 billion years in between the formation of the planetesimals and

the modern day.

Long-term orbital integrations of the Solar System’s eight planets and the Sun do

show that, as far as can be estimated, the Solar System is dynamically chaotic but

statistically predcitable (see, e.g., Sussman and Wisdom 1988; Laskar 1989; Sussman

and Wisdom 1992), meaning that while the particular placement of each object in

the Solar System cannot be predicted with precision within several million years of

the present, statistical knowledge of what could happen is possible and there do not

appear to be dire scenarios lurking around the corner. (This is to say, explicitly, that

there is no risk that the Earth will collide with another planet within the next three

billion years (Laskar and Gastineau, 2009).) However, these are statements about

the modern Solar System – what arrangements could it have had in the past that

could have led to the present?

There is extremely strong evidence that the previous arrangement of the planets

and smaller bodies of the Solar System was quite di↵erent. Perhaps the first work to

show that the properties of the modern Solar System could be explained as having

di↵ered considerably from its initial state was Malhotra (1993), which showed that

Pluto’s orbit – inclined, eccentric, and in a 3-2 mean-motion resonance with Neptune

– could have been produced through an outward migration of Neptune. The proposed

reason for the motion of Neptune was planetesimal driven migration, a process by

which the plantesimal population that fed the growth of the Giant Planets also
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exchanged significant orbital angular momentum with them as first discussed in

detail by Fernandez and Ip (1984). The movement of the planets in the earliest days

of the Solar System sets the modern locations of the remnant plantesimals. In this

subsection, I highlight two seminal recent hypothesized scenarios that set much of

the modern research on the topic: the “Nice Model” and the “Grand Tack”.

The “Nice Model” is really a class of models and studies as of writing, but the

original idea was proposed in Gomes et al. (2005) and Tsiganis et al. (2005) as well as

Morbidelli et al. (2005). Motivated by the suggestion from the Apollo Lunar Samples

of a sudden increase in impact rates near ⇠ 4 billion years ago later termed the

“Late Heavy Bombardment”, the ‘Nice Model’ is an attempt to explain this sudden

increase in the impactor population by having the Gas and Ice giants suddenly shift

their orbits some ⇠ 600 million years after the Solar System formed. The original

hypothesis was that many hundreds of millions of years of residual planetesimal

driven migration caused Jupiter and Saturn to cross a 2-1 mean-motion resonance,

causing much of the entire Solar System to become dynamically unstable. This

pushes Saturn outwards (and Jupiter inwards slightly), which results in stronger

interactions between Saturn and the ice giants pushing them out even further. An

initially more compact system – with all the giant planets confined to ⇠ 5.5-17.0 AU

and a very massive proto-Kuiper Belt (⇠ 35 Earth masses!) is then changed into the

modern Solar System extremely rapidly, with the Kuiper Belt mostly destroyed and

heavily truncated, the Asteroid Belt depleted, the Late Heavy Bombardment caused,

and the Jupiter Trojans captured. Subsequent research has focused on details large

and small of this model, such as ‘How steady was Jupiter’s migration?’ (the ‘Jumping

Jupiter’ scenario, Brasser et al. 2009) or ‘Did Uranus and Neptune switch places?’

or ‘Was there a third ice giant that was lost?’ (Nesvorný, 2011).

The “Grand Tack” hypothesis about the movement of Jupiter and Saturn and

resultant low mass of Mars was first presented in Walsh et al. (2011). Motivated
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in part both by the issue of Mars’s small mass compared to theoretical predictions

and the discovery of “Hot Jupiter”-type exoplanets in other systems, Walsh et al.

(2011) proposed that Jupiter underwent gas-driven (disk-driven) inward migration

to ⇠ 1.5 AU before ‘turning around’ and moving back outwards due to a resonant

interaction with Saturn, which generally moved in the same way.5 This scenario can

provide for a small mass for Mars and a generally low-mass asteroid belt to boot,

both long-standing issues in modeling the construction of the terrestrial planets, but

provides an explanation for an additional feature of the inner Solar System in a way

that helps interpret the modern properties of planeteismals. While this is discussed

in more detail in the section on the Asteroid Belt, the Belt is composed of ‘S-type’

asteroids – largely stony, middle-albedo objects - and ‘C-type’ asteroids – carbon rich

and low albedo objects of lower density. The ‘Grand Tack’ scenario proposes that

this inward motion of Jupiter brought outer Solar System planetesimals in with it.

The model predicts that the asteroid belt should be have a compositional gradient

from being inner Solar System material dominated at the inner edge to outer Solar

System material dominated at the outer edge, which provides for a neat explanation

for the relative di↵erences between stony and carbonaceous asteroids – the darker

volatile rich ones really did form beyond the ice line and incorporate very di↵erent

materials.

In both of these cases, the details of the models are still in flux, but it is my

assessment that most of the field agrees that some non-smooth planetary migration

occured and something like the Grand Tack occured. (The original motivation for

the Nice Model, the “Late Heavy Bombardment,” has come into some new scrutiny

in recent years, as has the delayed-onset stability in the Nice model invoked to

explain it.) In each case, developments, refinements, and refutations of details or

5One wonders if Kuiper would be arguing now that understanding the population of exoplanets

is the current poorly understood topic that limits our understanding of the early Solar System.
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aspects of these and similar models is informed and driven by understanding the

modern properties of the Solar System. As a specific example, the aforementioned

question of how rapid Jupiter’s migration in the Nice Model was (Brasser et al.,

2009) was driven from a closer comparison of the initial Nice Model results with the

actual distribution of orbital parameters of the modern Asteroid Belt. Too slow a

migration resulted in too many high eccentricity high inclination objects, but a more

rapid one driven by a close approach of Jupiter with a smaller ice-giant type planet

could produce both an accurate Asteroid Belt while maintaining the model’s initial

successes in the capturing of the Jupiter Trojans. A better understanding of the

modern properties and locations of planetesimals is thus key to refining these kinds

of models and understanding everything from the age of the Lunar Surface to how

Jupiter’s early motion compares with exoplanets.

1.1.4 Modern Populations of Planetesimals

The current Solar System is thus quite obviously di↵erent from the way it was when

it formed, and both are di↵erent from the intermediate stages in which it was being

sculpted. In this subsection, I provide a basic review of the current populations

of planetesimals – their current locations, general formation region(s), and modern

properties – to guide further discussion of individual objects studied in this thesis.

In each sub-subsection, I will highlight any objects of study in this dissertation that

are contained in that category, and generally this review of object populations will

naturally be more detailed on topics that I have researched.

The Oort Cloud and the Long Period Comets

The Oort Cloud is the dynamical edge of our Solar System and the furthest known

or inferred population of objects that are exclusively bound to the Sun. Canonically

proposed first by Oort (1950) and Kuiper (1951), the distribution of Long Period



35

Comets (LPCs) is more consistent with there being a very di↵use but very large

cloud of comets barely bound to the Solar System with semimajor axes of thousands

to hundreds of thousands of AU. The orbits of these Long Period Comets are evenly

distributed in energy, which is proportional to the inverse of the semimajor axis.

Those with large enough semimajor axes can have e↵ects like the passage of nearby

stars or the galactic tide act to change their orbits (Duncan et al., 1987). The

distribution of inclinations of LPCs is strongly isotropic, suggesting that the Oort

Cloud is essentially spherical. The source of these objects pushed to large heliocentric

distances would be the planetesimals that formed among the Giant Planets and were

flung outwards as opposed to inwards or accreted directly. Generally, this means

that while Oort Cloud Objects and Long Period Comets might be the most distant

objects in the Solar System today, they are unlikely to have formed the furthest out

and thus incorporated the most volatile material into their interiors. Outside of the

Long Period Comets, it is not clear if there are any additional Oort Cloud objects

that have been observed. The trans-Neptunian object (90377) Sedna (Brown et al.,

2004) could be a member of the proposed ‘Inner Oort Cloud’ (Hills, 1981; Brown

et al., 2004) (which may not necessarily be spherical), but it is unclear where the

extreme trans-Neptunian region ends and the Oort Cloud begins (let alone what

process is determinant for Sedna’s orbit.) Certain Long Period Comets are classified

as ‘dynamically new’ if the inverse of their semi-major axis implies an Oort cloud

origin, meaning that in principle they have not ‘seen’ the inner Solar System since

their ejection into the Oort cloud. Królikowska and Dybczyński (2010) showed that

only comets with original semi-major axes of 50000 AU or greater are sure to be

‘new’. Bauer et al. (2017a) found that the average size of a Long-Period Comet was

2.1 kilometers in diameter, and that they have a shallow Cumulative Size Frequency
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Distribution (C/SFD)6 slope (� = �1.0± 0.1). Compared to Short Period Comets,

the average LPC is almost twice as large in diameter and their distribution of sizes

has fewer small objects.

The distribution of Halley-Type Comets (HTCs) is also isotropic. HTCs are

intermediate in period between the Long-Period comets (P > 200 years or so) and

the Short-Period comets (P < 20 years or so), and generally have semimajor axes

among the outer Giant Planets and aphelia beyond them. There is good evidence that

while they are not currently in the extreme outer reaches of the Solar System with

other Oort Cloud objects, they are sourced by the Oort Cloud (Duncan et al., 1988;

Levison et al., 2001; Nesvorný et al., 2017), and probably the inner portion. Even

though their namesake, 1P/Halley, was the first comet to be assigned a periodic orbit

and the first to be visited by a spacecraft (Keller et al., 1986), HTCs are challenging

to study as a population due to their long orbits and small numbers. The ESA

Giotto and the Soviet Vega 2 missions to 1P/Halley, as expected, did revolutionize

the study of comets and their nuclei and are worth discussing briefly.

Whipple (1950) proposed that comet nuclei are agglomerations of dust and ice

that coalesced somewhere in the middle or outer Solar System. Once close enough to

the Sun in their orbit to become su�ciently warm, these ices begin to sublimate from

the nucleus dragging dust along with them, which form the tail(s) of the comet that

are commonly observed. Given that in 1950 (and through even the early 1980s!),

there was only strong inferred evidence for a nucleus but no direct observations

thereof, it was assumed that comet nuclei had to be su�ciently small or dark enough

to become totally lost to observers in the gas and dust being lofted from their surfaces.

Direct observations of comet nuclei in the early 1980s were facilitated first by radar:

2P/Encke in 1980 (Kamoun et al., 1982b), 26P/Grigg-Skjellerup in 1983 (Kamoun

6A Cumulative Size Frequency Distribution (C/SFD) is the distribution of sizes above some

value. The slope reported (�) is a power-law fit to that slope of growth.
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et al., 1982a), and C/1983 H1 (IRAS-Araki-Alcock) in 1983 (Goldstein et al., 1984),

with the last also being detected at mid-infrared wavelengths (Hanner et al., 1985).

All nuclei were found to be a few kilometers across in size, and thus inferred to be

quite dark. The Halley Multi-Color Imaging System on Giotto found 1P/Halley to

be significantly larger than other comets, some 15 kilometers by 10 kilometers in

projection, and with a visible albedo (fraction of incoming light that is reflected)

of 4% or less (Keller et al., 1986). One some small portion of the nucleus showed

evidence for ongoing ice sublimation with most of it sitting apparently dormant.

While the study of comet nuclei surfaces, interiors, and structures continue – in fact,

the majority of this thesis is such – there is an important point to be made here

that seems almost too obvious to state. Indirect inferences and direct observations

of comet nuclei generally predicted the properties of cometary nuclei that would be

seen by later in-situ missions. As missions to comets are both rare and in many ways

more challenging to execute than missions to inactive or more massive objects or

those on less eccentric orbits, telescopic observations of comets and their nuclei will

remain an absolutely critical path forward to understanding these objects.

Within the Levison (1996) taxonomy of comets, both LPCs and HTCs are almost

always “nearly-isotropic” comets, meaning that their Tisserand parameter with re-

spect to Jupiter is TJ < 2.0. As a general rule, comets can change orbital periods

more easily than they can drastically change their TJ . The Outer Edge of the Oort

Cloud appears to be over a light year in distance from the Sun, though again I note

that definitions of the edges of regions in the Solar System are rarely so certain

and the actual extent of the cloud is likely not static. There are no Long-Period

Comets discussed in this dissertation, and there is one Halley Type Comet con-

sidered: P/2006 HR30 (Siding Spring). An additional object, (196256) 2003 EH1

dynamically looks similar to HTCs within the Levison (1996) framework but looks

like a Jupiter Family Comet in others, so placing it clearly in one group or another
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is challenging.

The Trans-Neptunian Objects

The Trans-Neptunian Objects (TNOs) are the multiple overlapping populations of

planetesimals at and beyond Neptune’s orbit until approximately ⇠ 45-50 AU or so

with an extension of highly eccntric objects further out still, though there are several

‘extreme’ TNOs (ETNOs) whose classification and relationship to other populations

is unclear for now. The question of who deserves credit and in which amount for

hypothesizing this group of objects is somewhat political. Edgeworth (1943, 1949)

recognized that objects likely did form beyond Neptune but without enough surface

density of solid material to form any large objects, concluding that “It may be

inferred that the outer region of the solar system, beyond the orbits of the planets, is

occupied by a very large number of comparatively small bodies.” Kuiper (1951) also

inferred that such a belt must exist from basic planet(-esimal) formation principles

and makes the explicit connection that the objects that formed there would have

comet-like compositions dominated by a variety of ices, but argues that it must have

been lost and scattered outwards. In particular, Kuiper (1951) argues that Pluto

would have scattered the objects that formed there due to its eccentric and inclined

orbit based on a large overestimation of Pluto’s mass. Fernandez (1980) inferred

the modern existence of a trans-Neptunian belt of material as it could be the source

of the Short Period Comets (SPCs). To fit the modern orbital distribution of the

Short Period Comets, Fernandez (1980) directly forward modeled a disk of material

that subtended ⇠ 35-50 AU with a small but non-zero distribution of inclinations

(as motivated by the actual distribution of inclinations of SPCs) and found that it

could supply the right amount of comets to the inner Solar System, and went on

to provide a reasonable estimate for the brightness of the brightest objects in the

modeled size distribution used. Essentially, the paper got more details right about
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the actual trans-Neptunian objects and their distribution than its predecessor papers

in the extreme. However, much of the literature used the phrase “Kuiper Belt”7 to

describe part or all of the TNO population until quite recently.

Broadly speaking, there are three broad categories of TNOs: Classical TNOs,

Resonant TNOs, and Scattered Disk Objects (SDOs) (see Fernández 2020 for a

recent review).8 The Classical TNOs are low-eccentricty objects with semimajor

axes between 41 and 46 AU, and are classified as dynamically ‘hot’ or ‘cold’ based

their placement in the trans-Neptunian bimodal inclination distribution (Brown,

2001). The Resonant TNOs are those that are currently captured and orbit in

mean-motion resonances with Neptune like the 2:3 where Pluto is. The Scattered

Disk is a collection of objects with perihelia between Neptune’s orbit and ⇠ 40 AU,

but high enough eccentricities that their semimajor axes are extended to very large

semimajor axes. Some current uses of the name “Kuiper Belt” apply to the Classical

and Resonant TNOs, e.g., those that are actually confined to an actual ‘belt’ region.

While the majority of known TNOs are Classical, the SDOs are undercounted in the

observed sample due to myriad biases against their detection. Furthermore, there are

‘Detached’ SDOs with even higher perihelia (q > 40 AU) that are no too far from the

planets to experience significant perturbations due to them (Gladman et al., 2008).

None of the largest TNOs appear to be in the Cold Classical population, but the

Cold Classicals are also the only population to display “ultra-red” surfaces (Tegler

and Romanishin, 2000). Other populations in the TNO region, especially the large

ones, can display highly complex surfaces covered in several di↵erent kinds of highly

volatile ices (Stern et al., 2015). In general, the picture seems to be that the Cold

Classical population formed more or less where it is beyond 40 AU, but the other

7This term was almost certainly coined in Duncan et al. (1988), a study that provided further

evidence such a belt like described in Fernandez (1980) as well as further evidence against an Oort

Cloud origin for the SPCs.
8Apparently the first usage of this now-accepted terminology was in Jewitt et al. (1998).
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populations likely formed interior to where they are now and were dragged with or

pushed out by Neptune as it migrated outwards. The Cold Classicals appear to

have a much higher binary fraction compared to the other subgroups, and Fraser

et al. (2017) recently even concluded that all objects that formed in the TNO region,

as opposed to being emplaced there, formed as binaries. The objects that formed

in-situ and the objects that formed further in likely formed under very di↵erent

conditions and experienced very di↵erent subsequent evolutions, so the di↵erences

in their modern properties is likely to be expected. The trans-Neptunian region is

filled with a remarkable amount of structure, and generally seems to be the place

in the Solar System where the scars of planetary migration and formation are most

obviously still around.

The original trans-Neptunian population of objects continues to shrink into the

modern day as objects get perturbed onto Neptune-crossing orbits and get scattered

in or out. For the objects that get scattered inwards, the “Centaurs” of the next

subsection, the Scattered Disk is the likely source for many but not all of the them

(Volk and Malhotra 2008, see also Duncan and Levison 1997.) The Centaurs are,

in turn, the primary direct source of the Jupiter Family Comets of the inner Solar

System, so the same constraints that Fernandez (1980) used to construct a model

“comet belt beyond Neptune” apply here to the distribution of the SDOs. However,

Volk and Malhotra (2008) suggested that other populations – the Classical and Res-

onant TNOs mainly – also might contribute some objects to this interior population.

While this region of the Solar System was once filled with dozens of Earth masses of

material, today it has maybe 1/10 of an Earth mass left with more objects continuing

to leave. There are no TNOs in this thesis, though a large fraction of the objects

described in this dissertation were almost certainly derived from there.
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The Centaurs

The Centaurs are objects which occupy highly chaotic orbits among the Giant Plan-

ets, are primarily sourced by the TNOs, and in turn are the primary source of the

Jupiter Family Comets (JFCs). The definition of what objects are Centaurs and

which aren’t – when some TNOs cross the orbit of Neptune and some JFCs cross

the orbit of Jupiter – are varied and often soft. To list two commonly discussed

examples, Jewitt (2009a) defines a Centaur as an object with perihelion and semi-

major axis entirely between the semimajor axes of Jupiter and Neptune and isn’t

co-orbital with any planet, while Gladman et al. (2008) classified many of these same

low-perihelion Centaurs as “Jupiter Coupled” objects instead as their orbits are still

so ‘controlled’ by Jupiter. For a population of objects whose orbits cross all sorts

of boundaries and demarcations of the modern Solar System and typical dynamical

lifetimes of just a few million years (Tiscareno and Malhotra, 2003), this is probably

to be expected. A Centaur orbiting among the Giant Planets has something like a

1-in-3 chance of becoming a Jupiter Family Comet (Tiscareno and Malhotra, 2003),

the rest are scattered out of the Solar System, impact a planet or moon, or more

rare end-scenarios like acquiring HTC-like orbits (Fernández et al., 2018).

There are two objects that vie for the title of “first Centaur discovered”:

29P/Schwassmann-Wachmann 1 (hereafter ‘SW1’) and 95P/Chiron (hereafter just

‘Chiron’). SW1 was discovered during an outburst (e.g. large rise in activity state,

see ‘Activity’ subsection later in this Introduction) in November 1927 by Arnold

Schwassmann and Arno Arthur Wachmann of the Hamburg Observatory in Ger-

many, after which it faded in brightness rather quickly (⇠ 75% dimmer in 2-weeks,

or 1.5 visual magnitudes). As SW1 was discovered while obviously active, it was

classified as a comet, albeit with many peculiarities, and not as a member of a new

class. Chiron’s discovery by Charles Kowal of (what is now) Palmoar Observatory in

the United States was reported in November 1977 (Kowal and Gehrels, 1977). Ch-
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iron was not noticibly active at the time (displayed no comet-like tails or a coma).

Chiron very obviously did not fit into the paradigm of the time: there are comets,

which are active and on eccentric orbits, and there are asteroids, which are inactive

and on more circular orbits. Once Chiron receieved its modern name (as opposed to

its provisional designation 1977 UB), the population had its name – the Centaurs,

half human and half horse, or in this case half comet and half asteroid.9

Given a dozen years, Tholen et al. (1988) had reported that Chiron was signifi-

cantly brighter than it was predicted to be, Meech and Belton (1990) had found a

comet-like coma around Chiron, and Bus et al. (1991a) found spectroscopic evidence

for production common cometary molecule – the cyanogen radical, CN – directly

from Chiron. In essence, Chiron was also cometary in some fashion.10 While Chiron

seemed to generally brighten near perihelion and dim away from it in a way that

at least superficially resembled the behavior of other known comets, decades of ob-

servations of SW1 found its activity essentially uncorrelated with how close it was

to the Sun or where it was in its orbit. SW1 appears to be always slightly active

(its “quiescent” coma) with large violent outbursts superimposed on top of the pre-

existing activity (Whipple, 1978, 1980a; Larson, 1980; Jewitt, 1990; Trigo-Rodŕıguez

et al., 2010). These outburst may even be periodic and repeating (Trigo-Rodŕıguez

et al., 2010), a feature not seen on any other comet or Centaur to date. Subsequent

surveys for objects other than Centaurs, such as for near-Earth objects (NEOs) or

TNOs, have since found more Centaurs, bringing the total to several hundred objects

depending on definition. Only some small fraction of these objects (Jewitt, 2009a;

Cabral et al., 2019) are known to be active, with the vast majority (90% >) inactive.

9As a historical aside, the discovery in 1920 of (944) Hidalgo by Walter Baade (also in Hamburg

but at the Bergedorf Observatory), an object with a perihelion inside of most of the asteroid belt

but an aphelion near Saturn that was not active, seems like as much an outlier as Chiron was 1977.
10Bus et al. (1991a) sum up the situation well in their abstract: “Chiron is now generally regarded

as the largest known comet.”
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The active objects are generally ‘closer in’ than their inactive counterparts, though

the bias towards detecting closer objects is coupled with the fact that active objects

are brighter and thus also more detectable. Further out objects could still be active,

but their comae would also have to be physically larger to appear extended to an

observer.

SW1’s orbit – a low-eccentricity low-inclination orbit just exterior to Jupiter –

appears to be a very common path for Centaurs to enter the Jupiter Family Comet

population in the inner Solar System (Sarid et al., 2019a). More than two-thirds of

these proto-JFCs go through an SW1-like orbit just prior to insertion inwards. This

region of SW1-like orbits was coined as the “Gateway” to the JFCs. A majority of

known Gateway objects are active, suggesting that a period of non-water-sublimation

powered activity seems to precede becoming a JFC. One of these Gateway objects,

P/2019 LD2 (ATLAS), is the primary topic of Chapter 6.

The surfaces of the Centaurs, most easily probed for those without cometary

atmospheres surrounding them, appear to be quite varied if not completely bimodal.

Early foundational studies like Tegler and Romanishin (1998) and Peixinho et al.

(2003) found that the TNOs and Centaurs may be bimodal in color, with the two

groups being ‘grey’ or ‘neutral’ and ‘red’ or ‘redder’ or similar, though a recent

review by Peixinho et al. (2020) notes that the larger datasets available now have

reduced the significance by which the two proposed populations of the Centaurs

can be di↵erentiated on the basis of color alone (the TNOs are still di↵erentiable).

Bauer et al. (2013) found a correlation between the color of a Centaur’s surface and

its geometric albedo, with the neutrally-colored objects having an average albedo of

pV = 0.06 ± 0.02 and the redder objects having pV = 0.12 ± 0.05, similar to the

Cold Classicals (Brucker, 2009). The active Centaurs appear to be predominantly

in the neutrally-colored, darker group11, but determination of nuclear properties

11Brucker (2009) found that the Cold Classicals beyond Neptune were also brighter and redder
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of active objects is notoriously challenging. (A large fraction of this thesis deals

with this and similar questions.) One particularly notable inactive is (5145) Pholus,

the first object discovered after Chiron to be recognized as a Centaur. Pholus is

among the reddest objects of the Solar System at visible-wavelengths, consistent

with “tholins”, and shows spectral evidence for water ice and methanol ice at longer

wavelengths in the near-infrared (Fink et al., 1992; Cruikshank et al., 1998). Tholins

are radiation-byproducts of simple organic molecules thought to explain some of the

reddest surfaces of the outer Solar System. In essence, in an object like Pholus are

all the components of a typical comet – it’s just a question of whether or not the

signatures are in fluorescence among the inner Solar System comets or in reflectance

on outer Solar System Centaurs and TNOs. To be clear, these dark red surfaces, even

if they are likely the byproducts of the breakdown of traditional cometary materials,

do not have diagnostic features that would let one positively identify any of their

individual components.

One more object to single out is (10199) Chariklo, the first object outside of

Jupiter, Saturn, Uranus, and Neptune to have a ring system around it (Braga-Ribas

et al., 2014). Chariklo is ⇠ 250 kilometers in diameter and appears to have two

kilometer-scale rings with the inner being apparently thicker. As of writing, the

origins of Chariklo’s rings or how they persist to the present day are unclear. The

point in bringing Chariklo’s rings up or mentioning SW1’s outburst patterns is that

the Centaurs are a very varied and strange group of objects – more study of those

that are telescopically accessible is needed, especially in advance of any hypothetical

mission to the Centaurs.

A proper debiasing of the Centaur population – correcting for a majority or all

significant biases in the searches that have found Centaurs – to understand how many

total objects there are or whether or not certain kinds of objects occur in certain

like the inactive Centaurs.
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kinds of orbits does not appear to be possible at the current time. There have been

no dedicated surveys of the Centaur population, but the Vera Rubin Observatory’s

Legacy Survey of Space and Time should discover many new objects in this class

regardless. Despite the growing interest in these objects over the past half-century,

no spacecraft has yet visited them – the same cannot be said for the NEOs, the Main

Belt of Asteroids, the JFCs, the TNOS, or the HTCs. This dissertation presents new

observations and dynamical insights into two active Centaurs: 174P/Echeclus and

P/2019 LD2 (ATLAS).

The Jupiter Family Comets

The Jupiter Family Comets are Short Period Comets whose orbits are primarily

controlled – changed by interactions with – Jupiter. They are primarily moderate

eccentricity objects with inclinations below ⇠30�. As described at length previously,

the JFCs are sourced by the Centaurs which are in turn sourced (primarily) by the

trans-Neptunian objects. The JFCs represent the vast majority (seven out of eight!)

of comets visited by spacecraft with the sole exception being comet 1P/Halley. Fur-

thermore, the JFCs appear to be smaller on average (D = 1.3 kilometers) with more

objects being smaller out of the whole population with CSFD slope � = �2.3± 0.2

(Bauer et al., 2017a). Those authors interpret these di↵erences – smaller nuclei and

fewer large nuclei – as evolutionary. The fundamental dichotomy of the JFCs is

thus: they are the most regularly and easily observationally accessible population

of comets, and yet they are very obviously very late in the evolutionary chain from

formation in the middle Solar System, scattering beyond Neptune into ‘cold stor-

age’, a chance scattering inwards past Neptune and then a likely path through the

Gateway into the JFCs. Even the most active JFCs are “evolved” compared to their

dynamically new LPC or Cold Classical counterparts.

Throughout the 1970s and onwards, various separate surveys between the Lowell
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Observatory & the University of Maryland (A’Hearn et al., 1995), the University of

Texas at Austin (Cochran et al., 2012), and the Lunar and Planetary Laboratory

at the University of Arizona (Fink, 2009) have assessed the inventory of detectable

molecules within the comae of comets. One of the primary conclusions that came

from these long-term hundreds-of-comets surveys is that the broadest possible cat-

egorization of cometary molecule inventories is a two-item taxonomy of ‘normal’ or

‘conventional’ and ‘carbon chain depleted’; comet membership in the latter cate-

gory indicates a relative deficiency in molecules thought to derive from long-chain

hydrocarbons, like C2 and C3, relative to a less variable molecule, most often the

aforementioned CN radical. While the specific amounts varied over each survey –

each utilized di↵erent methodologies to extract molecular abundances from their

spectroscopic data – the JFCs were much more likely than the LPCs to be Carbon-

Chain Depleted. This too is generally interpreted as an evolutionary aspect where

these comets that have been exposed to the heat of the inner Solar System for longer

have less complex organics available to get lofted o↵ their surfaces. There are out-

standing questions to the intepretation of this taxonomy, such as how exactly these

long-chain hydrocarbons are stored on and in cometary nuclei (Are they clathrated

inside the ice? Are they simply stored near sublimate-able water ice? Are they some-

times released directly from grains?), but in summary there is both an expectation

of and evidence for the JFCs being more evolved or aged than other populations of

comets, with the exception of the yet-mentioned Main Belt Comets (MBCs).

There are many di↵erent kinds of orbits that all get classified as JFC orbits

despite their rather di↵erent thermal environments. A ‘typical’ JFC orbit, should

such a thing exist, has an aphelion very near to Jupiter’s orbit (and usually has an

ascending or descending node there, meaning that it crosses the plane of the Solar

System at or near aphelion), a semi-major axis somewhere in the middle-to-outer

part of the Asteroid Belt (3-to-4 AU from the Sun), and a perihelion somewhere



47

between the middle of the Asteroid Belt and interior to Earth’s orbit. As a well-

studied example and object of note, 67P/Churyumov-Gerasimenko has q = 1.24AU,

a = 3.46AU, Q = 5.68AU, and thus e = 0.64. There are two other orbitcal classes of

objects that are sometimes considered sublcasses of JFCs and sometimes classified on

their own: Encke-type comets and Quasi-Hilda comets. Encke-type comets, named

after Comet 2P/Encke, have aphelia far enough inwards from Jupiter (Encke has

Q = 4.09AU) to be much less e↵ected by the Giant Planet than typical JFCs, but

still have a JFC-like Tisserand parameter just slightly above 3.0. Levison et al. (2006)

found that Encke’s orbit might indicate a long period of low activity or dormancy,

likely hidden among the asteroids of the Main Belt, before the ⌫6 resonance that

defines the inner edge of the Asteroid Belt drove its perihelion to su�ciently low

values that it became warm enough to become active again. In fact, for a long

time Encke was the periodic comet with the smallest known perihelion distance

(q = 0.34AU!) but this has since been eclipsed both by other “normal” comets like

96P/Machholz and MBC/Active-Asteroid type objects like (3200) Phaethon.

Quasi-Hilda Comets (QHCs) are comets that are currently librate in the 3-2

interior resonance with Jupiter, and thus have a semimajor axis of a ⇠ 3.7� 4.2AU

and lower eccentricities than other JFCs. The asteroids that occupy this same zone

are called the Hildas after their largest member (153) Hilda, but many QHCs appear

to be interloping temporarily (Tancredi et al., 1990; Ohtsuka et al., 2008b) in the

region, hence the name. These comets are poorly studied and only a dozen or so

are known, so while it clear that QHC-like orbits appear to be important ways for

these comets to interact with Jupiter strongly, it is unclear if all QHCs are JFCs

temporarily passing through or if some are originally from the Hilda population.

Perhaps the best known (likely) QHC is the one that hit Jupiter in 1994: Comet

D/1993 F2 (Shoemaker-Levy 9) (Benner and McKinnon, 1995).

Levison and Duncan (1997) found that a JFC has an average ‘physical lifetime’
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of ⇠ 12000 years (90% confidence interval: 3000-30000), meaning the length of time

before the object becomes significantly dimmer and (in their work) is presumed to be

inactive. If cometary active lifetimes were significantly longer than this value the JFC

inclination distribution would become too broad to match the observed populations

(Nesvorný et al., 2017). They then estimate that for every JFC that is active at the

present time, there are 3.5 (90%: 2.0�6.7) now-dormant JFCs still around that have

not impacted a planetary surface or the Sun or scattered out of the Solar System.

The question of how best to estimate if a comet is ‘visible’ or how to construct a

so-called “fading law” (a prescription for the brightness of a comet over time as a

function of how its orbit has evolved) is highly non-trivial, but the broad conclusion

here still stands. Models which can correctly predict the current number of active

Jupiter Family Comets predict a larger number of objects in similar orbits that still

come from beyond Neptune but are now dormant. In other words, some of the

most accessible trans-Neptunian material from spacecraft or telescopic perspectives

is located in dormant comets – the question is how to identify what dormant comets

look like and how to di↵erentiate them from other inactive objects coincidentally on

similar orbits. This, too, is a primary motivator of this Dissertation. This thesis

includes observations and dynamical studies of two active Jupiter Family Comets,

364P/Pan-STARRS and 249P/LINEAR, and one dormant Jupiter Family Comet,

(196256) 2003 EH1, which I have previously noted has some orbital similarities to

some Halley-Type Comets.

The Asteroid Belt

The Asteroid Belt is a collection of rocky and carbonaceous solid bodies between the

orbits of Mars and Jupiter. As discussed previously, some material in the asteroid belt

– widely believed to be the rocky type components – formed in-situ or close to their

present positions, while the carbonacous material likely formed further out and was
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scattered inwards (Walsh et al., 2011). This combined population was then whittled

down both during the era of planet migration (Tsiganis et al., 2005; Morbidelli et al.,

2005; Gomes et al., 2005) and subsequently as objects near resonances with the

Giant Planets were excited and flung elsewhere. Like the trans-Neptunian region,

the overall structure of the belt is primarily set by the locations of these resonances

even though the vast majority of the objects in the Belt are not resonant themselves.

First noticed by Kirkwood (1867), the large number of mean-motion resonances with

Jupiter have no asteroids in them. In general, the 3:1, 5:2, 7:3 and 2:1 are the most

prominent gaps when looking at a distribution of the number of asteroids versus

their semimajor axes. The 3:2 resonance is stable unlike these others, and it is

where the aforementioned Hildas are. The 5:2 is often what demarcates the border

between the ‘inner’ and ‘outer’ Main Belt, but those labels are often used somewhat

nonspecifically. The inner edge of the Belt is set by the ⌫6 resonance associated

with the precession of Saturn’s orbit. It is generally the case that the carbonaceous

asteroids dominate the outer Main Belt while the stony asteroids dominate the Inner

Belt, but there are objects of all types throughout the Main Belt (DeMeo and Carry,

2014). As with the trans-Neptunian region, the specifics of which objects with which

properties are where is through to be a direct product of the era of planet formation

and migration. Approximately one-third of the Main Belt’s mass is contained within

its largest member (1) Ceres, the first discovered asteroid.

The benefits of placing a Belt of objects with such varied compositions and ap-

pearances closer to the Earth is that it allows for much more detailed study of many

more of its constituent members, and thus the development of more nuanced and so-

phisticated taxonomies. The two taxonomies primarily discussed in the literature for

asteroids today are the Tholen (Tholen, 1984) and Bus-Demeo (DeMeo et al., 2009)

taxonomic systems. The Tholen system utilized data obtained for the Eight-Color

Asteroid Survey (ECAS), a photometric survey primarily at visible wavelengths and
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slightly into the near-infrared (Zellner et al., 1985), and auxilliary information to

classify the reflective properties of the several hundred asteroids in their survey. The

original classification of asteroids as ‘stony’ (”S-type”) or ‘carbonaceous’ (”C-type”)

was now broken into ten multi-member types, with three objects assigned invidi-

ual types. The Bus-Demeo taxonomy is a 24-class system based on spectroscopic

observations at visible and near-infrared wavelengths and builds on the earlier Bus

taxonomy (visible wavelength spectra only, Bus 1999) which in turn built on the

original Tholen taxonomy. Characterization of planetary surfaces over larger wave-

length ranges and at higher spectral resolution (e.g. spectroscopy over photometry)

provides more information about the surfaces themselves and is more robust to some

systematic errors (such as lightcurve-induced e↵ects on retrieved photometry). The

growing number of classes in each of these sets of taxonomies reflects the growth in

the number of asteroids that have been characterized e↵ectively.

On the subject of taxonomies, I highlight two particular notes about the modern

systems that are relevant to this dissertation. First, the taxonomies derived from

surveys of asteroids can be applied successfully and apparently meaningfully else-

where. In particular, the few cometary surfaces which have been observed directly

mostly look very similar to D-type asteroids at visible and near-infrared wavelengths

(Licandro et al., 2003; Abell et al., 2005; Campins et al., 2006). However, there

are genuine cometary surfaces which do look di↵erent and cannot be accounted for

through other means, many of which are presented newly in this thesis. Second, in

between the Tholen and Bus taxonomies, some classes were merged, notably the ‘B’

and ‘F’ classes of the Tholen taxonomy were combined into a single ‘B’ class in Bus

(1999). The reason for this is that the visible-wavelength spectra used to make the

Bus taxonomy (and then utilized as part of the Bus-Demeo taxonomy) started at

a su�ciently long wavelength (0.55µm) that the discriminating feature between the

two types was at too small a wavelength to be characterized. This decrease in re-
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flectance at very blue visible wavelengths, usually referred to as the “Near-UV Drop

O↵”, is present in the Tholen B-types and absent in the Tholen F-types. Beyond

0.55µm, both sets of objects have approximately linear-and-blue reflectance spectra,

so they were su�ciently similar in the Bus taxonomy to be combined. However,

subsequent work has highlighted what Tholen (1984) originally concluded: these

two sets of objects do have di↵erent properties, even if they do appear similar when

observed at certain wavelengths. There are two Tholen F-type / Bus-Demeo B-type

objects in this thesis that this distinction applies to, and they are both Near Earth

Objects and mentioned in the next subsection.

The Asteroids and Comets of the Solar System were long believed to be com-

pletely distinct, but the discovery of several “Transition Objects” since the 1990s has

made it clear that there is really a continuum between these two populations. The

“Active Asteroids” (Hsieh and Jewitt, 2006; Jewitt et al., 2015) are objects within

the Main Belt of asteroids that show cometary activity through a variety of mecha-

nisms, though I leave a longer discussion of activity until the “Activity” subsection

later in this Introduction. At least some of these objects appear to be powered by

the sublimation of water ice, the classical mechanism by which traditional comets are

active in this region. Furthermore, in 2010 water ice was detected spectroscopically

on the surface of the large asteroid (24) Themis (Rivkin and Emery, 2010; Campins

et al., 2010). The Themis Collisional Family of objects, a group of dynamically sim-

ilar objects thought to be fragments of Themis ejected by a large impact, contains

many of these Active Asteroids as well. It seems inescapable that water ice can

be preserved within Main Belt Asteroids for the lifetime of the Solar System, or at

least since they were scattered into their current positions. Some of these icy MBAs

thus can act fairly similarly to conventional comets under the right circumstances.

Furthermore, Hsieh et al. (2020b) found that some Themis family objects can even

evolve onto JFC-like orbits, but the actual number of these objects hidden among the



52

JFCs is unclear. These issues are addressed in further detail in the ‘Comet-Asteroid

Continuum’ subsection. There are no objects in this thesis that are obviously Main

Belt Asteroids, but a few of the objects here could have origins in the Main Belt.

The Near Earth Objects

The Near(-) Earth Objects (NEOs) are a broad class of Solar System objects that pass

within some critical distance of the Earth’s orbit, commonly defined as having q < 1.3

AU such that the object could become “Earth-crossing” after some orbital change if

it is not already. Like the Centaurs, the NEOs are a transient population on orbits

that are not stable over the history of the Solar System and must be replenished

as objects collide with planets or the Sun. As the criterion is simply perihelion-

based, the population includes not just objects that spend most of their time near

the Earth but also JFCs, HTCs, and LPCs. By number, the vast majority (⇠ 99%)

of known NEOs are asteroidal, but many of the largest NEOs are comets. A larger

fraction than the known cometary fraction should be of outer Solar System origin

when considering the possibility of dormant (previously active) objects (Morbidelli

et al. (2002) argue for a total of ⇠ 6%.)

The primary way by which the asteroidal component of the NEOs is supplied

is through movement of asteroids from stable orbits into unstable ones near reso-

nances through the Yarkovsky e↵ect (Burns et al., 1979a; Bottke et al., 2006). The

Yarkovsky e↵ect is a thermally-driven process that acts to change an object’s or-

bit, whereby light absorbed uniformly over the surface of an object is preferentially

re-radiated at an angle with respect to the object-Sun direction that depends on

its rotation rate, rotational sense, obliquity, and thermal inertia. Put more simply,

the object might be illuminated all over the dayside, but it is warmest where it is

currently ‘afternoon’ on the body, and more of the thermal radiation from the body

is emitted there. Where afternoon is is dependent on how well the body can retain
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heat (thermal inertia), how fast it is rotating, and whether it rotates prograde or

retrograde. Generally speaking, prograde objects feel a net push outwards as the

Yarkovsky e↵ect acts to push them forward and outward in their orbits, while retro-

grade objects drift inwards for similar reasons. Smaller / less massive objects drift

faster. There is a seasonal analog to the traditional day/night Yarkovsky e↵ect (Ru-

bincam, 1987) which always acts to shrink orbits for objects with non-zero obliquity,

but it acts over longer timescales and appears to be less significant for most asteroids.

The Yarkovsky e↵ect(s) is thus a natural process that can push asteroids towards res-

onances that can then excite their eccentricities and push them onto planet-crossing

orbits. As the origin of the e↵ect is a direct response to thermal radiation, it becomes

less e↵ective with increasing distance from the Sun and is often neglected beyond

the Asteroid Belt. On the other hand, this also means that it is increasingly e↵ective

as objects leave the Asteroid Belt and approach the Earth, adding another layer

of intricacy to predicting their orbital motions. E↵ective characterization12 of the

Yarkovsky e↵ect on individual objects provides a new way by which to probe their

thermal properties and masses.

An additional process that acts to shape the properties of the NEOs is the related

YORP e↵ect (Radzievskii, 1952; Paddack, 1969; Paddack and Rhee, 1975; O’Keefe,

1976) coined as such and synthesized in Rubincam (2000). For an object with an

irregular (realistic, not a perfect sphere or symmetric otherwise) shape, thermal

radiation to the object will still be normal to the local surface but may no longer

be directly radially away from the rotational axis. The combined absorption-and-re-

emission from the whole surface can then act to change its spin properties, which

then in turn can change the way the regular Yarkovsky e↵ect can act upon the

object’s orbit. A full characterization of the YORP e↵ect on a given object also then

12This requires characterizing other non-gravitational e↵ects as well, which explains why there is

only one claimed Yarkovsky detection of an active object.
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requires knowledge of its actual shape! Luckily, objects that cross close enough to

the Earth to be in need of precise orbital predictions can often be probed with radar

observations, which allows for not just direct ranging of these objects at that moment

but also allows for modeling of their sizes and shapes given quality data. To draw an

Arizona-specific example, radar and thermal observations of (101955) Bennu were

able to constrain its orbit, shape, and rotational state well before OSIRIS-REx ever

got there (Nolan et al., 2013; Lauretta et al., 2017).

Two particular reasons that precision orbital high predictions are often desired for

NEOs may seem obvious by this point: assessing their impact threats and planning

spacecraft visits to them. First, Orbits can change rapidly in the NEO population, so

characterization of Yarkovsky and YORP processes is essentially critical for making

detailed dynamical predictions decades or centuries into the future – particularly if

one is worried about them impacting the Earth or if one wishes to visit them with

a spacecraft. The information required to assess these features (size, shape, density,

material properties, etc.) often also are the critical pieces of information required

to plan a successful spacecraft mission towards them. Second, The fact that these

objects are, by definition, near Earth means that smaller objects can be seen and

characterized than would be available in the Main Belt or beyond. This is beneficial

for finding objects that might be small but not so small as to be inconsequential as

an impact hazard, but also for the acquisition of high-quality data from telescopes.

As such, a large fraction of objects in this thesis are ‘near-Earth’ using the definition

listed above: (3200) Phaethon, (155140) 2005 UD, (196256) 2003 EH1, P/2006 HR30

(Siding Spring), 364P/Pan-STARRS, and 249P/LINEAR.

Interstellar Objects

As noted throughout this Introduction, many of the Solar System’s small bodies did

not make to the modern day. While some were accreted into larger bodies or fell
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into the Sun, many were scattered out of the Solar System entirely. Until 2017,

it was only surmised, though on good theoretical grounds, that interstellar space

should have a large number of small objects in it ejected from our and other stellar

systems. These Interstellar Objects (sometimes called ISOs) would be a critical way

to compare the conditions that formed our Solar System to those around other stars

should we ever be able to find them, but the literature was largely unconvinced of

any such object being found soon (Dones et al., 2015).

Thankfully, the literature was wrong. October 2017 brought the discovery of

1I/’Oumuamua (Meech et al., 2017), an apparently inactive red object with an ex-

tremely large light curve amplitude implying a very large elongation of the object

(Bannister et al., 2017; Jewitt et al., 2017; Ye et al., 2017; Fitzsimmons et al., 2018),

likely in a highly excited and unstable rotational state (Fraser et al., 2018). It was

also later found to have a significant non-gravitational acceleration consistent with

some Solar System comets (Micheli et al., 2018). ‘Oumuamua’s encounter with the

Solar System had an eccentricity of ⇠1.20 and a perihelion distance of q = 0.255 AU.

The object was discovered after its perihelion had already happened (September 9th

of that year) when it was warmest and most likely to show sublimation-driven activ-

ity, but no precovery observations have been found. In a very real sense, like Pluto in

1930 or Chiron in 1977 or 1992 QB1 in 1992, there was an assessment by the commu-

nity that there were kinds of objects out there whose presence we weren’t previously

aware of and whose properties weren’t quite what we would have predicted.

What was predicted was that objects further out in the Solar System should

be more likely to be thrown out of the Solar System as they were bound to it less

tightly (Dones et al., 2015). In other words, the expectation was for a comet, not

some cigar-or-plate-shaped very red object without a detectable coma. One of the

primary disappointments, should one be able to call it that, with 1I/’Oumuamua

was that the lack of a coma, and its overall relative dimness prevented many kinds
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of characterization that might have allowed for a direct comparison of our own Solar

System with where it formed. The second found interstellar object, 2I/Borisov,

met many of the expectations that the community had for its elongated and red

predecessor, and observations of it are included in this thesis.

1.2 Activity and Observational Considerations

1.2.1 Historical Updates and Terminology

While the historical dividing line and the modern one separating the comets from

the asteroids is much the same – if the object in question is definitively extended

beyond a point source in images, then it is cometary – the inferred meaning of such

an assessment has changed greatly. Objects that are “active” or “show activity” or

similar are objects from which mass is being lost. (Saying that an object has ‘ongoing

mass loss’ is e↵ectively synonymous with the object ‘being active.’) Until the 1990s,

there were only two ways (widely) discussed for an object to lose mass to the void

of space: the sublimation of ices dragging surficial dust along with it and impacts.

The latter is perhaps the most obvious cause: an object being struck at great speed,

even if by no means catastrophic, will cause much of the material a↵ected by the

impact to be thrown from the body as ejecta. This is both presumed and measured

to be a rare event, but provides an explanation for why an object might suddenly

appear extended once and then retreat back into inactivity. (596) Scheila’s one-o↵

mass loss event is likely the best known example of an impact-driven coma (Hsieh

et al., 2012). In this sense, a one-o↵ observation of activity might not be enough to

formally reclassify an object as a comet, but a sustained or repeating kind of mass

loss might. Recurring or sustained activity thus was thought to imply an icy nature

to the object.

The sublimation of ices is the direct phase transition from solid to gas. If those

same ices were under more pressure, they might move through a liquid phase first
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(as they would on the surface of the Earth, for instance), but the vacuum of space

prevents liquids from being stable. This is the ‘canonical’ way in which comets lose

mass and is described in more detail in the next subsection. As a comet approaches

the Sun, it warms and some fraction of its surface and near surface begin to be

warm enough to cause ice to sublimate. These new gases then move away from the

central nucleus – again, the solid body at the center of the cometary coma – and

the gas pressure exerted by their bulk movement exerts pressure on dust grains at

or near the surface. In this sense, if one sees an object and notices that it becomes

brighter and more extended as it moves closer to the Sun, the case is essentially

closed. (Even better if it’s a periodic comet and it can be observed when it comes

back!) This scheme of thinking – that sustained or repeating activity can only be

driven by the sublimation of ices – was directly challenged by a variety of enigmatic

objects examined and “re-”discovered in the 1990s and early 2000s, and I discuss

two in detail here.

C/1949 W1 (Wilson Harrington), renamed multiple times before its modern des-

ignation (4015) 107P/Wilson-Harrington, is one of the more enigmatic objects of the

inner Solar System. In its discovery images (one blue- and one red-sensitive pho-

tographic plates, to be exact), the object appeared very much cometary – with no

extended nuclear condensation but a very clear tail. The object was then lost as

its position was only captured on the two plates. Later, an asteroid was discovered

– 1979 VA – which in 1992 was realized to be the same object, just inactive. This

history (recounted in Fernández et al. 1997) is perplexing on its face. If the object’s

activity (and thus volatile reserves able to sublimate) were dwindling, what luck

was it that it was caught in 1949? How was it never recovered, and when it was,

it was inactive? In that same paper, Fernández et al. (1997) present a re-analysis

of the original two discovery plates and find the most likely explanation to be that

the tail was essentially all gas with little to no dust. The source of the light was



58

fluorescence of CO+ and H2O+ within the plasma tail of the comet. Contempo-

rary observations (presumably no longer available) indicated that the tail dissipated

within a few days. Another key piece of information here is that while cometary nu-

clei are primarily red at visible and near-infrared wavelengths, Tholen (1984) found

Wilson-Harrington to be neutral-to-blue (F or CF type) at visible wavelengths and

Reddy (unpublished data, available on the Planetary Data System)13 found it to be

blue and concave-upwards in the near-infrared. In summary, this object appeared to

undergo an extremely gas rich outburst in 1949 and has since remained (apparently)

dorman and does not even look similar to a comet in terms of its reflectance spectra.

How should this object get classified, and what produced its modern properties?

The other “obvious” object to bring up is (7968) 133P/Elst-Pizarro (Hsieh et al.,

2004). This main-belt asteroid (and (24) Themis family member!) was first discov-

ered to be active near perihelion in 1996 but found to be active again near perihelion

in 2002 (Hsieh et al., 2004) and subsequent apparitions (Jewitt et al., 2015). This

object, also with no clear coma but a very clear tail, likely only needs to be putting

o↵ a few hundred grams of dust per second near perihelion (or less!) and at rather

low speeds, on the order of a fewm/s or less to explain the observations. The amount

of gas needed to lift this much dust is almost certainly challenging to detect from

from the ground. However, the small observed population of larger grains at 133P

might need an additional force given the upper limits on outgassing. In this case, the

small rotational period of 133P (3.471 hours) is thought to play a role as well. Thus,

the current consensus is that while this object still has to have the sublimation of

volatile ices as a primary driver of its activity due to its perihelion-only activity, the

added centripetal “push” from its quick rotation is necessary to see the activity at

all.

Studying objects like 107P or 133P, which defy easy classification and under-

13Don’t download this though, as it’s on my to-do list to write a quick paper about it.
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standing, is critical to understanding the broader population of active Solar System

objects, both to assess what it really means for an object to be “active” and also

to understand individual processes act in tandem with others when their relative

importances are changed.

1.2.2 Traditional Cometary Activity & Fluorescence Spectroscopy

Considering the stories and detailed history of the basics of cometary activity, it

seems prudent to discuss a few seminal papers in this area and mention more recent

ones as the situation merits.

Examining photographs of Comet Morehouse (1908c) in which the comet showed

a very sharply defined parabolic-shaped inner coma, Eddington (1910) proposed the

Fountain Theory for cometary activity, more commonly referred to as the Fountain

Model today. Dust grains are initially forced14 away from the central nucleus radially,

but their paths are increasingly deflected by radiation pressure from the Sun. This

outflowing fountain of particles forms a natural edge to the coma for a particular

grain size at the ‘turn back distance’ (or many similar terms), whereby particles of a

particular size have had their Sunward velocities negated by the cumulative e↵ect of

radiation pressure procedurally slowing the object. The parabolic shape of the coma

comes then from how particles launched at di↵erent angles are stopped at di↵erent

rates.

Left unmentioned in the previous paragraph (and hinted to in its footnote) is

that the actual nature of the cometary nucleus and how dust left it was largely un-

clear. The lack of any clear nuclear detection (which, as mentioned in the Section of

14Eddington’s work is a challenging read without both looking at contemporary papers and

actually viewing an image of Comet Morehouse. One of the points brought up in the paper, that

the material in the tail and the coma appear to be acted upon di↵erently, is clearly explained by

the tail being composed primarily of ions. However, Eddington’s work, as far as I can tell, does not

even say the word ‘ion’ or ‘ice,’ despite contemporary growing understanding of these topics.
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this Introduction regarding the Long Period Comets took until the early 1980s) left

any direct probing of what said object was like challenging, outside of the inference

that the nucleus must be rather small if it had never been observed at the center of

any coma. Whipple (1950) proposed that the gases seen escaping from a comet –

OH, NH2, CN, and so on – were frozen either as is or as their “parent” molecules

(the molecules that broke up to form these “daughter” molecules) in the nucleus in

a large macroscopic conglomeration with the dust, all mixed intimately. Most of

the then-known molecules observed in cometary spectra could all be produced by

photodissosiative breakdown of just four parent ices: water (H2O), carbon dioxide

(CO2, though Whipple notes that CO might also work), methane (CH4), and am-

monia (NH3). The ones that did not fit in this grouping, namely C2 and CN, N+
2 ,

must come from some other source that was not clear at the time.15

On the basis of the studies of compositions and properties of meteors (making the

assumption that all meteors stemmed from comets), Whipple (1950) inferred that the

non-ice content of the nucleus had to be quite friable and porous on its own. Whipple

refers to this substance as ‘meteoritic material’, but for all intents and purposes it is

just what a contemporary comet scientist would refer to as “dust.”

The sublimation of ices in the nucleus acts as a natural cooling mechanism, and

the di↵erent ice’s sublimation temperatures (and volatility curves!) would result in

a highly complex thermophysical state of the near-surface of the nucleus. Each ice

would have its own sublimation front – a discrete distance inwards from the surface

into the nucleus where it is warm enough to have that ice sublimate notably. The

paper even goes on to correctly estimate that cometary material in the bulk is a very

good thermal insulator, and only a small distance from the exterior of the comet

inwards is actually a↵ected by sunlight! These inferred thermal properties are shown

to also induce a time-lag in where the comet is warmest – in the local afternoon –

15To a good extent, the parents of these molecules still aren’t totally clear!
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and thus that outgassing might very well be asymmetric on the dayside of the comet

(Whipple, 1950).

The last of the highly prescient suggestions put forward in Whipple (1950) is the

calculations that comets need only lose extremely small fractions of their total mass

each revolution for their outgassing and mass loss to explain the non-gravitational

changes in their orbital periods. Due to conservation of momentum, the force applied

to loft dust and gas away from the comet pushes the comet in the other direction.

Given that comets do not outgas completely evenly over their surface, this process

is reliant on many unknown factors (seasonality, rotational period, physical shape,

abundances of various volatiles, and so on), it cannot be truly predicted in advance.

However, the bulk change in orbital period averaged over several orbits can be mea-

sured, and Whipple (1950)’s model could reproduce it.

The model of the bulk (outer) coma proposed by Eddington (1910) and the model

of the nucleus and bottom of the coma proposed in Whipple (1950) are connected

by the coma morphology and chemistry model of Haser (1957a). Haser, informed

by these previous works, proposes a model based on both first principles and obser-

vational insights to explain the distribution of detectable cometary molecules. The

model assumes directly non-accelerating radial outflow of all molecules at all times

and thus that, on their own, the coma decreases in volumetric number density as r�2.

Parent molecules are released from the nucleus at some speed and then decay over

some particular distance or in a certain amount of time into their daughter molecules

which in turn decay themselves. The lifetimes against survival / decay distances and

the initial bulk velocity of the flow are adjusted with the heliocentric distance of the

comet. This model for the number density (molecules per unit volume) around the

comet can be directly compared observations by first integrating the model along the

axis connecting the observer and the comet and then multiplying this surface density

(molecules per unit area) by the fluorescene e�ciency for that molecule at that he-
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liocentric distance. This final product is the number of photons from that molecule

per that unit area, and in essence the brightness of the comet at that wavelength

range. Haser (1957a)’s model is still the standard model today for most remote

observations of gas fluorescence in comets, though its limitations (the assumption

that all gas moves radially outwards, molecular breakdown only ever adds outward

velocity, a single parent exists for each daughter, and extrapolating a whole coma

from only the part that lands in your extraction aperture) are well known. However,

“Haser Models” form the basis for many of the modern comet taxonomies, meaning

that one must use a Haser model in order to contextualize one’s results.

Fluorescence

As an aside, the molecules, ions, or radicals seen in visible-light (⇠ 0.3 � 0.9µm)

spectra of comets are generally fluorescing. (A friendly reminder that these molecules

are all the products of breakdown of larger molecules still.) Fluorescence is the

process by which a substance absorbs a certain wavelength (range) of light and then

re-emits it at a separate, longer wavelength (range), with the energy “lost” in the

interchange usually going to altering the rotational and vibrational states of the

molecule. Rotational and vibrational transitions are much lower energy, and thus

are not observed at visible wavelengths but instead at infrared and radio wavelengths.

Di↵erent fluorescent transitions (those stimulated by di↵erent photons, which

in turn release still di↵erent photons) have di↵erent fluorescence e�ciencies, often

written as g or L/N (luminosity divided by the total number of molecules) measured

in ergs�1mol�1 or equivalent. Unlike atoms, which can have extremely narrow lines

for their electronic transitions, molecules have bands where their light is emitted

(again due to all the rotational and vibrational transitions on top of the electronic

one). With a flux-calibrated and background-subtracted spectrum, summing the flux

over the wavelength range where the molecular band is supposed to appear and then
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dividing by the applicable full-band fluorescence e�ciency for that transition gives

the number of actual molecules of that substance within the aperture used to obtain

the spectrum.

One point often assumed to be obvious but worth stating explicitly is that even

though many molecules – cometary or otherwise – can fluoresce and be detected

remotely thereby, some molecules simply have radically higher fluorescence e�cien-

cies. CN and C2 were the earliest cometary molecules identified (quite possibly first

in Huggins (1881)) in part because of their high fluorescence e�ciencies across the

visible spectrum. Many molecules in comets (or planetary atmospheres) might be

much more abundant and yet be harder to detect and quantify based on visible

spectra alone. The primary way comets were classfied chemically (e.g. “normal”

or “depleted” based on the relative abundances of those two molecules) is giving

way to taxonomies at other wavelengths (Mumma and Charnley, 2011) and broader

thinking generally (Cochran et al., 2015).

1.2.3 Activity on Centaurs

The “vigorous” sublimation of water ice inside of 3.5 � 4.0 AU becomes ine�cient

and slow outside of it. Comets with perihelia outside of this “snow line” can still

be extremely active, but the sublimation of water ice can no longer be the primary

player. Whatever mechanism is at play, some active Centaurs still brighten near

perihelion and show CN emission like 95P/Chiron (Bus et al., 1991a), but others act

quite di↵erently and I focus on that here.

The two most-discussed mechanisms for powering mass-loss outside 4 AU are

the sublimation of ices more volatile than water ice (”supervolatiles”) and the crys-

tallization of amorphous water ice. Carbon monoxide is indeed more volatile than

water ice and has been detected in several Centaurs and distant comets (Womack

et al., 2017a) at a wide variety of abundances using radio and sub-millimeter tele-
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scopes. Notably, its emission (usually the 2-to-1 or 1-to-0 rotational transitions) is

often blue-shifted with respect to the observer, meaning that the material emitting

the light observed is moving towards the observer, and thus on the warmer day-side

of the object. While details and scales change, there is still an ice in thermal contact

with the surface sublimating in response to solar insolation much like in the inner

Solar System. At least for some objects, the sublimation of CO is more than enough

to power the dust comae observed (Senay and Jewitt, 1994a).

The crystallization of amorphous water ice is a phase transition where a glassy and

unstructured form of water ice that is only stable at low temperatures exothermically

crystallizes into the cubic structure of ice that is common in “warmer” environments

like the Earth. In theory (see, e.g. Bar-Nun and Kleinfeld 1989), the release of heat

from the crystallization can warm other nearby amorphous ice to do the same. In

this sense, the process needs to simply be warm enough to start and then can proceed

in fits and (out)bursts until the amorphous ice is mostly or fully gone.

It is unclear at present whether or not amorphous water is present in significant

quantities in Centaur interiors, but there is good qualitative evidence to suggest

that it should be – or at least some process that allows for activity uncorrelated

with solar insolation. The evidence comes from the strange activity patterns like

that of 29P/Schwassmann-Wachmann 1 or 174P/Echeclus (see Chapter 3). Both

SW1 and Echeclus undergo large-and-rapid outbursts – brightening by factors of up

to several hundred in a matter of hours – all throughout their orbit, and with no

compelling evidence to suggest that they are more common or intense near perihelion

when the objects are physically warmer. While SW1’s orbit is su�ciently circular

(e = 0.044) to not have huge temperature swings from its orbit alone (obliquity

aside), Echeclus’s eccentricity is a factor of ten higher (e = 0.455) and thus has

much larger changes in its thermal environment throughout its orbit. Conventional

sublimation of ices would not produce this behavior. Furthermore, Jewitt (2009a)
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recognized that most of the active Centaurs are within the water ice crystallization

zone where the rapid crystallization of the ice can start. At least one inner Solar

System comet, 17P/Holmes, has been noted to have a qualitatively similar multi-

magnitude outburst (Yang et al., 2009).

However, as mentioned earlier in this Introduction when discussing the Centaurs,

the actual determination of which Centaurs in what orbits are most likely to be active

is a very challenging thing to investigate given the myriad challenges in observing

them at all, let alone debiasing a survey that found them. The Centaurs that have

been noted as active are often extremely active, so the possibility that many are active

simply at a level below current detection limits seems not only possible, but quite

likely given what is known of their compositions. It might very well be the case that

only a handful of the largest and most active Centaurs are in this ‘large outbursts

throughout their orbit’ category. The large macroscopic active chunk expelled from

Echeclus in 2005 (see Bauer et al. (2008), also Chapter 3) was around the size of an

‘average’ Jupiter Family Comet and thus necessitated a large primary for ejecting

the object. Characterization of the volatile contents of Centaurs, and how that varies

across di↵erent kinds of activity and di↵erent activity cycles, is not really accessible

with current telescopic assets, though the James Webb Space Telescope will likely

make a very significant headway in this area.

1.2.4 Rotation, radiation pressure, and other mechanisms

The apparent abundance of objects in the inner Solar System which are active but

do not retain large stores of volatiles (or cannot access them) shows that many must

be powered by di↵erent mechanisms. As mentioned at the start of this section, the

fact that an object is rotating – and they all are – is something that assists all other

methods of mass loss. Particles on the rotational equator of an object need less of

a kick to leave the surface than those at the poles do. If an object is rotating fast
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enough, purely rotation driven mass loss is possible. For an object with a density

of 1g/cc (like pure water ice), an object with a period less than ⇠3.3 hours will

have loose material on its equator fly o↵, as the local centripetal acceleration is

now equal to or larger than the corresponding gravitational acceleration. Objects

that are denser (often rockier, but also less porous) can spin more rapidly, but the

opposite is true for less dense objects. This calculation (often done as a back-of-the-

envelope estimate) neglects the actual cohesion of the body or grains themselves, so is

more of a guideline than actual rule for rotating small bodies. The YORP e↵ect also

naturally spins some objects up as well, which is thought to make this and associated

processes possibly widespread. One additional key point to make is that even objects

that are not formally at the spin-barrier can still deform and change shape because

of rotational stresses. The abundance of “spinning top” shaped NEOs, like Bennu or

(3200) Phaethon, is evidence that there is an equator-ward movement of materials

on these objects (Nolan et al., 2013; Hanuš et al., 2016).

Outside of rotationally-driven mass loss, the alternative process most relevant to

this Dissertation is the action of solar radiation pressure or the solar wind to sweep

loose material o↵ the surface of an object. This process has only been proposed for

(3200) Phaethon in Jewitt and Li (2010) and Jewitt et al. (2013) and is sometimes

called “radiation pressure sweeping” or similar. In essence, grains that are su�ciently

small and insu�ciently held to the surface can be pushed straight o↵ by the pressure

of incoming radiation or the impacts of the ions in the solar wind onto the surface.

This process is, by its very nature, dependent on the distance from the object to the

Sun, and thus it is natural that it was first proposed for a near-Sun object. Phaethon

appears to lose mass for a few days directly around perihelion at just q = 0.14

AU, but the extremely high temperatures sustained through part of its orbit make

any long-term storage of ices quite unlikely. However, at such a small heliocentric

distance, it is actually quite easy for any dust to be pushed right o↵ without any
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volatile role at all. The high day-night and orbital temperature di↵erences also cause

thermal breakdown of suface materials, whereby the shock of heating and cooling so

rapidly can cause macroscopic boulders and rocks to break down into smaller pieces,

including dust. The jury is out on whether or not thermal breakdown is merely the

process that re-supplies the dust that is then lost to the radiation pressure sweeping,

or whether materials break so violently that their daughter products are kicked out

at a velocity that assists in the loss of mass from the asteroid.16

1.2.5 Meteor Showers and their Parent Bodies

As a final note on active objects, it is worth pointing out that an object does not

need to be directly observed losing mass to infer that it is, or was at one point, active.

The canonical example is (3200) Phaethon, the primary subject of Chapter 2, though

the same story largely applies to (196256) 2003 EH1, the primary subject of Chapter

5. Shortly after discovery (once their orbits were reasonably well determined), their

orbital parameters were noted to be su�ciently similar to those of particular meteor

showers – the Geminids and Quadrantids, respectively (Whipple, 1983; Jenniskens,

2004) – to suggest a causal link: these apparently inactive objects had at some point

in the recent past been active enough to create and sustain a meteor shower. Neither

of these objects are spectrally similar to traditional cometary nuclei (which was only

proven for 2003 EH1 by the work in Chapter 5), so without their apparent associa-

tion with these meteor showers they might have gone largely unstudied. This is an

important point that is worth re-iterating and re-phrasing: without the additional

information that these objects were the parents to meteor showers, we would not

know (a priori) that they were cometary – be it traditionally or as an escapee from

16In their review, Jewitt et al. (2015) seem to reverse course and say that Phaethon is all ejection

by thermal fracturing. However, the radiation pressure is still there, regardless of whether or not

it is strictly needed.
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the Main Belt.

”Meteors” are observed when small bits of material (”meteoroids”, almost always

fractions of a gram or less) burn up on entry into the Earth’s atmosphere at high

speed (tens of kilometers per second or higher). If they make it all the way to the

ground intact, they’re called “meteorites.” Photographs, videos, and other detection

techniques can track which direction these bits of space dust are coming from, the

specifics and challenges of which are beyond this overview. While meteors can and

do come from any particular point on the sky at any time of year, there are locations

on the sky that during certain times of year simply have far more meteors originate

from them – these are called “meteor showers.” The phenomena of meteor showers

are produced by the Earth moving through debris trails in space – a collection of

dust spread out in true anomaly along a common orbit. An object that is actively

losing mass by any method will be releasing each of those individual pieces of dust

with a slight bit of excess velocity added to its own orbital velocity. In essence,

active objects produce toroidal clumps of dust around the path of their orbit. How-

ever, due to gravity, non-gravitational forces, and pertubations from other planets

and objects, these interplanetary structures that produce our terrestrially-observed

meteor showers evolve rapidly in time. Without a constant supply of new material

from the same parent body, meteor showers spread out and lose coherence. Showers

that are detectable today might not be in several hundred years, not because they

have dissipated but because their orbits have precessed su�ciently to make their in-

tersection with the Earth’s orbit less significant. The “structure” of these streams of

debris is thus a clue to how they were produced and over what duration that activity

lasted. The specifics of the Quadrantid stream (sometimes called the “Quadrantids

Complex” or the “Machholz Complex” due to its relation to 96P/Machholz) and how

it is used to age-date 2003 EH1’s activity is described in the introduction to Chapter

5. Briefly, it allowed a reasonable inference that this now apparently-inactive object
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was active just 200 � 300 years ago! The modern structure of the stream was also

best-modeled by traditional cometary activity (as opposed to mechanisms with lower

ejection velocities like solar wind sweeping or rotational losses), which was also found

to be true for the Geminids and thus for Phaethon’s remnant activity.

While the study of objects like Phaethon or EH1 are motivated by their rela-

tionship to these meteor showers, much of the literature on these objects from the

observational side neglects to reflect on and utilize our understanding of the meteor

streams themselves. This first occurred to me (probably) while writing the first draft

of my first first-authored paper, included here as Chapter 2. The paradigm through

which (3200) Phaethon was understood was very much that this object was an active

asteroid which looked like other asteroids and was previously somewhat more active

in some nebulous way. Left unmentioned in most of these papers presenting new

observations of this object was the fact that its meteor shower was likely formed

by conventional (sublimation driven) activity and that direct spectroscopic observa-

tions of the Geminids in the upper atmosphere revealed chemical abundances also

consistent with conventional cometary meteor composition. This does not upend an

asteroid-like explanation for Phaethon, but it cannot be ignored either, and it formed

part of the basis for our argument that Phaethon’s origin was not as well understood

as others had proposed.

1.3 Reflected Light and Reflectance Spectroscopy

The vast majority of observations in this thesis are characterizations of how an

object reflects sunlight. In fact, it is challenging to observe Small Bodies in the Solar

System without observing reflected light from the Sun at visible and near-infrared

wavelengths. In the case of a rather hot object, direct thermal emission from the

body would be superimposed upon the reflected light continuum, and in the gas of

an active and gaseous object, the fluorescence emission would also be superimposed
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on the continuum. These two cases are addressed in Chapters 2 and 4 respectively,

but here I address the basic mechanics of how these objects reflect light, how one

measures their reflective properties, and how to interpret what those reflectivities

mean for the material properties and compositions of these objects.

1.3.1 Theory, Photometry, and Overall Brightness

The brightness of an object seen exclusively in reflected light is controlled by the

R2 law: the intensity of sunlight decreases as R�2
H with increasing distance from the

Sun, and the intensity of the reflected light from the object decreases in the same

way towards the observer. The fraction of light that is reflected and not absorbed is

called the albedo. There are many formal descriptions for various albedos normalized

in various ways, but the most relevant two for our purposes are the Bond Albedo

(A) and the Geometric Albedo (p). The Bond Albedo is the fraction of light that is

reflected accounting for all wavelengths. The Geometric Albedo is usually defined at

a single wavelength or over a range of wavelengths corresponding to an instrument’s

sensitivity or a filter bandpass, and it is defined as the fractional light reflected from

the object compared to that of an ideal reflector of the same cross-sectional area.

The Bond Albedo is a measure of how well the object can absorb incoming Solar

Radiation and thus sets the object’s overall temperature and thermal state, while

the Geometric Albedo(s) is more related to how well the object reflects light at one

wavelength or another. The final factor to introduce here is the phase angle, meaning

the angle between the Observer-Target and Target-Sun lines. An object with a phase

angle of 0� is at opposition, meaning that it is directly “behind” the Earth as seen

by the Sun, while an object at 180� is directly in-between the Earth and the Sun.

A 100% full Moon is at opposition, for example. Objects at higher phase angle are

in general dimmer, as a smaller fraction of their illuminated surface is visible to the

observer. Before I move on, let’s synthesize all of these individual components into
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two general purpose equations used frequently in the literature (Harris and Lagerros,

2002):

D =
1329km
p
pV

⇥ 10�0.2⇥HV

HV (↵) = mV � 5⇥ log(RH ⇥ �)

In these equations, the subscript V is for the V filter of the Johnson-Cousins

photometric system. D is the apparent diameter of the solid object in question,

pV is the geometric albedo evaluated over the V filter’s wavelength range, and HV

is the “absolute magnitude” of that object, again evaluated at the V-band. The

absolute magnitude itself is calculable given an estimate of the objects brightness

at one particular time (mV , the objects measured apparent magnitude at V-band),

which can be corrected by accounting for the heliocentric (RH) and geocentric (�)

distances as shown in that second equation. The absolute magnitude HV is shown

as a function of ↵, the phase (Sun-target-observer) angle.

Two immediate questions to be asked are, what is the significance of observing

with a V-filter (e.g. can I observe with other set ups?) and what is the relationship

betweenHV andHV (↵)? The answer to the first is essentially historical, as the Harris

V filter was the most commonly used for Solar System observations for many decades.

The numerical constant in the first equation (1329km) is the specific calibration

for the V filter itself – observations in other filters simply require swapping out

the numerical constant and the subscripts. The answer to the second question is

to introduce the concept of a phase curve, the curve of an object’s brightness as

it moves to higher and higher phase angles. HV is HV (↵) evaluated at ↵ = 0�,

meaning opposition, and RH = � = 1.0, which cannot happen simultaneously with

the first condition in real life. The absolute magnitude H of an object is thus its

apparent magnitude if it were observed at zero phase angle and heliocentric and
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geocentric distances of 1 AU. All-in-all, this framework allows one to convert an

object’s apparent brightness into an estimate of its actual size given some additional

reasonably acquired information.

The question of accounting for the phase angle dependence of the object’s bright-

ness is ideally handled by simply observing the object over a variety of phase angles

and then fitting to a relevant model. The “standard” model is that of Muinonen et al.

(2010) which has been adopted by the IAU. This model is called a three parameter

model, but one of the input parameters isH(↵ = 0) so we only need concern ourselves

with the other two, G1 and G2, the so-called slope parameters. To continue further,

the two parameters appear to be highly covariant such that they can be combined

down into just one parameter, G12. This slope parameter is what sets the shape of

the curve by which an object dims as it moves through increasing phase angles. This

model has been updated by the same and other authors, and is in turn based on the

late-80s-era IAU-approved HG system. To justify all of this complexity is the fact

that objects of di↵erent taxonomic types and composition have very di↵erent and

distinguishable slope parameters. To reiterate the point here: a proper accounting

for and understanding of an object’s phase-dependent brightness gives information

as to the objects composition and surface texture in a physically useful way.

There is actually rather little photometry in this dissertation for which these

details are critical, so two more points before moving on: first, objects in the outer

Solar System are always at very low phase angles, so even extremely di↵erent models

will likely result in comparatively similar results due to the small corrections involved;

second, while there are increasingly complex models with increasingly physically

motivated fitting parameters, it is only under rare circumstances that a dataset

warranting this complex analysis can be acquired. Most of the time, observers will

acquire photometric measurements for an object at a single phase angle and then

apply an assumed correction in accordance with previously known information about
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the target as usually other uncertainties (e.g. that of an albedo estimate) dominate

over the phase function applied in estimating an object’s diameter.

1.3.2 Colors vs. Spectroscopy & General Observational Techniques

The subject of a small body’s “color” has come up many times throughout this

introduction, for instance, that comet nuclei are generally quite red. Words like

“red” or “blue” connote di↵erent definitions here than in common usage, even if

they overlap in certain cases. In reflectance spectroscopy, red means that an object is

increasingly reflective with increasing wavelength over some range, with the opposite

being true for blue. (Red objects thus have positive slopes while blue objects have

negative ones.) An object which is neither ‘red’ nor ‘blue’ over some wavelength range

can be called descriptors like “neutral” or “grey.” The definition here is intrinsic –

how the object itself reflects light generally – but the light observed from a target

is the convolution of its reflectance spectrum with the spectrum of the Sun as well.

The Sun is intrinsically brightest at about V-band (0.55µm), so objects that are

neutral or even somewhat red beyond the Sun’s peak wavelength may still appear

intrinsically dimmer at longer wavelengths. A spectroscopist would still call them

“red,” despite there being less light to actually reflect. The older and clearer version

of the same sentiment is “redder (bluer) than the Sun,” giving the reader the intrinsic

understanding that a reflectance spectrum or color measurement is with respect to

some standard. Most surveys designed to discover and follow-up on new small bodies

utilize filters with similar peak wavelengths to those of the Johnson V filter (the Sloan

r’ filter is probably the most commonly used at present) or filters with an even wider

wavelength range covering large parts of the visible spectrum, often called “clear”

filters.

A “color” of an object is a di↵erential measurement of its brightness in two

separate filters, and as such is a di↵erential measurement most commonly obtained
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with imaging. Colors are reported as magnitude di↵erences between the two filters in

some calibration system and are then compared to those of the Sun. A “reflectance

spectrum” is the spectrum of an object divided by a spectrum of the Sun or a Sun-

like star (a “solar analog.”) Converting between color-space (which is essentially a

flux ratio between two wavelength ranges) and reflectance-space requires factoring in

the colors of the Sun itself in those filters.17 These two separate ways of measuring

an object’s reflective properties both use the same terminology (e.g. reporting a

color/spectrum and saying the object is blue) but it is important to keep in mind

that these two kinds of descriptors mean rather di↵erent things.

While the observational techniques necessary to acquire high-quality and repro-

ducible reflectance measurements of an object within the Solar System are similar

across photometry and spectroscopy, here I will focus on the methodology I have ap-

plied for spectroscopic measurements as they are often more technical. In principle,

the question of designing an observing scheme is an optimization problem: the ob-

server wants to maximize the amount of time that they are on target (e.g. collecting

photons from their scientific target) while also still acquiring a su�cient amount of

observations of other targets to properly calibrate and reduce the dataset. In general,

this means balancing time on target with regular observations of a “standard star”

nearby on the sky to minimize the time spent moving the telescope. The question

of how many times or how frequently one should observe the standard star is set

primarily by what wavelength range is being observed, and thus how variable the

sky is. Visible wavelength spectroscopy of comets and asteroids can be accomplished

meaningfully with a single set of observations of a standard star before a lengthy set

of exposures on the target, while the sky in the near-infrared can vary so significantly

on the minutes-to-hours scale that observations of a standard star might need to be

17While one might assume that we know the spectrum of the Sun quite well, and we do, the

actual brightness of the Sun in a particular filter is usually only known to a ⇠ 0.01 magnitude

accuracy, see for example Willmer 2018.
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done once an hour or even more frequently. At still even longer wavelengths where

direct thermal emission from the sky, telescope, and optics completely drown out

any thermal signal from the target, the frequency of necessary calibrations increases

to the point where this observational scheme begins to break down and other meth-

ods (e.g. “chopping” between the sky and a set-temperature target for calibration,

complex sky modeling, etc) begin to be necessary.

Once a particular science target has been picked for a particular night of observ-

ing, the first two tasks at hand are to find a star nearby to the science target on the

sky which is at least somewhat Sun-like for regular calibration observations and to

find out which of the better-studied proper Solar Analogs are available during the

observations. The Sun-like “local standard” need not necessarily be a type G2V like

the Sun, but a G-type is preferred. The proper Solar Analog might not itself be a

proper G2V either, but is almost certainly quite close. The goal is to observe a star

that is the most Sun-like possible given the constraints imposed by the location of

the observatory and the time allotted, and many G-type stars might look extremely

Sun-like while actually being a subtlely di↵erent spectral type. The observations that

I utilize in this thesis usually are normalized to SAO 93936 (a G2V) or SAO 120107

(a G5III) as Solar Analogs, which both are excellent mimics of the Sun’s visible and

especially near-infrared spectra. The ideal observing procedure would be to observe

the local standard, observe the science target, and then go back to the local standard

for the vast majority of the time allotted. Throughout the thesis, this is referred to

as “bookending” observations of the target. Considering that one’s aim is to divide

an observation (or stack of observations) of the target by that of the standard Sun-

like star, this means that dividing close-in-time and close-on-sky observations of the

target by the local standard minimize variations that might introduce non-physical

features in the final ratio spectrum.

After the observations of the actual science target have been divided by their
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appropriate bookended standards, these reflectance spectra are likely close to the

final reflectance spectrum that could be reported in a paper. The final step is to

correct these reflectance spectra by the ratio of the the actual Solar Analog to the

local standard used. This is primarily a correction to the object’s overall spectral

slope, and it should not introduce or remove any additional features if both stars were

chosen wisely. Prior to large-scale spectral surveys of stars, the choice of what stars

could be used as standards for Solar System observations was much more challenging,

a natural explanation for the large variations in di↵erent spectra of the same objects

taken throughout the 1970s-1990s. A description of such a case of early, suboptimal

data clouding later interpretations of better-calibrated data is described throughout

the introduction to Chapter 2.

As mentioned previously, observations at wavelengths where the atmosphere is

more variable or more attenuating make for more challenging calibration of astro-

nomical observations generally. While di↵erent techniques and programs are utilized

to correct these issues at di↵erent telescopes and with di↵erent instruments, Chap-

ters 2, 3, 5, and 6 all utilize the ‘spextool’ program (Cushing et al., 2004) to correct

observations taken with the SpeX instrument (Rayner et al., 2003) at the NASA

Infrared Telescope Facility (IRTF). The NASA IRTF’s high altitude at the summit

of Maunakea (⇠ 4200m, 13700 ft) limits some of the impact of atmospheric atten-

uation compared to lower-altitude observatories, but correction is still critical. The

near-infrared has “telluric” (pertaining to the atmosphere) absorption bands through

which flux from any target is greatly lowered. If the atmosphere were stable, then

dividing an observation of a science target by a calibration star would cancel these

features out, but unfortunately this is not the case except during quite good or ex-

cellent observing conditions. What ‘spextool’ does is to use models of the Earth’s

atmosphere’s transmission to facilitate the division process between target and local

standard. The program seeks to minimize both the wavelength di↵erence between
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the two spectra (from instrumental flexure or other small factors) while also scal-

ing the inferred strength/depth of each spectrum’s telluric absorption to match the

other, providing for a more ideal division. This same part of the program (referred

to as “xtellcor basic”) can be used to generate a tellurically corrected ratio of the

Solar Analog and local standard to provide for the slope correction step described

above.

1.3.3 Connecting Surfaces to Spectra

The reflectance spectrum of an object is a product of the properties of the object’s

surface, including but not limited to the composition of the surface materials, the

distribution of the grain sizes that make up those materials, and the general texture

and structure of the surface. Di↵erent materials can reflect light quite di↵erently,

and di↵erent combinations of grain size and surface texture might act to amplify

or dampen the spectral signal of those materials. The problem is that while some

materials, like water ice (H2O) or olivine ((Mg,Fe)2SiO4) have clear diagnostic

“absorption features” or “bands” making positive identification of their presence

much easier, others do not have clear and unique fingerpints – an example of this that

is discussed further in Chapter 6 is that of amorphous carbon. Amorphous carbon is a

dark and featureless (meaning having no diagnostic absorption bands) red substance

that becomes slightly less red with increasing wavelength. This and other similar

substances could very well be a large fraction of some particular Small Body’s surface

regolith, but proving that it was one dark and featureless substance over another

might be out of reach. The two primary ways that reflectance spectroscopy are thus

used in the literature to more meaningfully understand the surface are to either

compare the spectra to spectra previously taken of other objects, either through

direct comparison or taxonomic classification, or to actually search for absorption

features when available.
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The majority of objects which have their reflectance spectra presented in this

thesis (in fact, all but one) show no clearly discernable absorption features. This

is largely a “feature” of the kinds of objects investigated: darker, carbonaceous

objects, including the B, C, D, and P-type asteroids, as well as comet nuclei and

centaurs are almost always low-albedo and spectrally featureless at the wavelengths

considered here. As a result, a vast majority of the materials that are thought to

make up the near surfaces of these objects are also dark and spectrally featureless –

materials like the aforementioned amorphous carbon, various phyllosilicates, and so

on. However, some of the materials that are thought to make up these surfaces aren’t

featureless, like the aforementioned olivine but also components like magnetite. The

final combination of materials at various grain sizes lack of features can thus be used

to constrain the abundance and mixing of these materials that would otherwise stand

out.

The two kinds of ‘mixing’ that are commonly modeled are ‘linear mixing’ and

‘intimate mixing’. A surface with a ‘linear mix’ of two or more substances, or one

that is modeled as such, has the di↵erent components physically separated, such that

the observer is viewing the light that comes from each substance separately. If such

a surface were viewed resolved (e.g. in-situ with a spacecraft), one might be able to

point to various topographic features that could explain the full-disk spectra seen

remotely. ‘Intimate mixing’ is when two or more substances are combined into the

same grains or structure, meaning that one is viewing how the two or more compo-

nents interact with incoming light in tandem. A 50-50 mixture of two substances

linearly mixed might look extremely di↵erent from those same two substances in-

timately mixed. In many cases, mixing dark substances intimately with brighter

ones can make the brighter ones very challenging to see, even if the two substances

linearly mixed would have had the bright material drown out the darker one because

it reflects so much more light on its own.
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In the absence of features, the primary way in which spectra are classified and

organized is by their (spectral) slope and curvature. Taking as an example the

spectrum of (3200) Phaethon that is presented in Chapter 2, Phaethon’s spectrum

is linear and blue from 0.4 � 0.74µm, then becomes much bluer until ⇠ 1.2µm at

which point it begins to become less blue (concave-upwards curvature) until at least

⇠ 2.5µm. Phaethon’s lack of absorption features do not mean that this spectrum

cannot be classified and compared! The slope, curvature, and locations where either

change are still themselves diagnostic of the underlying materials, just not as clearly

or unambiguously as actual absorption features would be. Even for low-quality and

noisy spectra, a measurement of spectral slope alone can rule out certain compositions

and can immediately suggest which kinds of objects are possibly similar. One cannot

forget, however, that not seeing an absorption feature on an object given some dataset

does not mean it would not be there with a higher resolution or quality dataset. Just

because an object appears moderately red at visible wavelengths based on two-color

photometry doesn’t mean that there isn’t an absorption from magnetite near 0.5µm

making the object ‘look’ redder than it is – spectroscopy over the widest possible

wavelength range is always preferable to photometry.

In the case where one is able to positively identify a diagnostic feature, one can

more directly make statements about the surface’s composition, grain size ranges,

and structure. This Dissertation has one object for which I was able to detect a

feature, P/2019 LD2 (ATLAS), the specifics of which are described in Chapter 6.

LD2’s near-infared spectrum shows a red continuum on top of which the absorption

features of water ice at 1.5µm and 2.0µm are super-imposed. Even prior to modeling,

the red continuum suggests that the ice fraction cannot be large, especially so if only

linearly mixed. The go-to method by which one can produce a synthetic reflectance

spectrum of a planetary surface given the properties of the individual components is

that of Hapke (1993, 2012). Hapke models take the optical constants of each individ-
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ual material and a common grain size and produces a modeled reflectance spectrum.

Hapke models are based on a variety of assumptions about the reflecting medium

and have a variety of caveats that one must be aware of (a more thorough discussion

of these is included in Chapter 6), but in general allows for a straightforward, repro-

ducible, and reasonably accurate method by which one can estimate the approximate

abundances and grain sizes of a variety of components in a planetary surface.

The existence or non-existence of a band is by no means the end of the actual

characterization of that substance’s properties. The natural example for this thesis is

that of water ice: the shapes, depths, and centers of both of its primary absorption

features in the near-infrared change with the temperature of the ice and whether

the ice is crystalline or amorphous. Crystalline water ice also has an additional and

weaker band at 1.65µm. The signal-to-noise required to detect water ice at all is

usually not much less than what would be needed to characterize its crystallinity

and temperature, but the edge case where there is not much water ice and the data

are of a rather dim target is exactly the case in Chapter 6. There, I applied multiple

di↵erent models with di↵erent physical motivation and checked them against the

data statistically without making a declarative statement either way. While not

discussed to the same depth in this thesis by any means, the role that temperature

and crystallinity play here with water are not completely dissimilar from the role of

varying Iron and Magnesium content in olivine’s spectral signature. The appearance

of absorption features within an objects reflectance spectrum thus open the door

to a variety of highly specialized and physical inquiries into the object’s properties

dependent on which materials are being detected.

1.4 Objects of Study in this Thesis and Organization Thereof

The small bodies studied as part of this thesis work range from near-Sun NEOs

with perihelia inside the orbit of the planet Mercury to the unbound-from-the-Solar-
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System 2I/Borisov. Thus each are in a di↵erent state of dynamical, chemical, ther-

mal, and physical evolution along di↵ering paths. The Chapters are presented in

chronological order in which their source peer-reviewed manuscripts were published

in academic journals, or if not yet accepted, submitted. Within each chapter, I have

made minor edits to the original peer reviewed article (in addition to those needed

to make them comply with this Dissertation’s formatting) to clarify how each ob-

ject fits into the overall series of inquiries presented in this thesis. Namely, what

evolutionary state is this object in and what are its likely sources? Are there other

objects in the thesis that present a natural comparison point?18 Part of the benefit

in displaying the contents of this Dissertation chronologically is to also showcase the

development of my own thought process and writing style as I progressed through

my graduate education. The same central series of questions were posed in my first

paper as much as my sixth, but they had progressed in clarity and confidence as I

learned more and began to accept that I had, indeed, learned more.19 After the six

body chapters, I present a discussion of them as a coherent body of work and some

emergent questions and future lines of inquiry inspired by them in Chapter 8.

18As an example, in my study of the active near-Sun NEO (3200) Phaethon (see Chapter 2), I

mentioned that the nearly-dormant 249P/LINEAR – possibly derived from the Main Belt – could

be a useful counterpoint to understanding what Phaethon was like. The subsequent study of

249P/LINEAR that I and co-authors undertook is presented in Chapter 5.
19For those of you who have now actually read the entirety of this Introductory Chapter, I will

admit freely that I also fixed a typo in my first paper that has haunted me since 2018.
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CHAPTER 2

“Rotationally Resolved Spectroscopic Characterization of Near-Earth Object

(3200) Phaethon”

Originally published as, “Rotationally Resolved Spectroscopic Characterization of

Near-Earth Object (3200) Phaethon” by Theodore Kareta, Vishnu Reddy, Carl Her-

genrother, Dante S. Lauretta, Tomoko Arai, Driss Takir, Juan Sanchez, and Josef

Hanuš in The Astronomical Journal, Volume 156, Issue 6, article 287, (2018.)

2.1 Introduction

2.1.1 Known Properties of (3200) Phaethon

(3200) Phaethon is an Apollo-type Near Earth Asteroid (NEA) that was noted

quickly after discovery to be associated dynamically with the Geminid meteoroid

stream (Whipple, 1983). With a semimajor axis of 1.271 AU, an eccentricity of

0.889, its perihelion distance (q = 0.14 AU) is one of the smallest known, setting

aside the sungrazing comets seen in coronagraphic images (e.g., Marsden 2005). Af-

ter decades of searching, possible activity was first observed on Phaethon by the

sun-observing STEREO spacecraft (Jewitt and Li, 2010; Li and Jewitt, 2013). The

comet-like orbit, when combined with its asteroidal appearance and somewhat enig-

matic ‘out-dusting’ at perihelion, has led to it being called a ‘rock comet’ (Jewitt

and Li, 2010). Before the most recent apparition, estimates from lightcurve inversion

and thermal modeling have estimated the diameter of the object to be ⇠ 5.1 ± 0.2

km, and the rotational period to be 3.6 hours (Hanuš et al. 2016, and references

therein.)
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Phaethon is also associated with two other NEAs: (155140) 2005 UD and (225416)

1999 YC. Taxonomically, Phaethon and 2005 UD (Kinoshita et al., 2007) are both

classified as B-types, while 1999 YC showed redder colors more indicative of a C-type

(Kasuga and Jewitt, 2008). B-types, like other primitive asteroid types, are often

associated with carbonaceous chondrite meteorites based on their near-infrared (NIR)

reflectance spectra (see Clark et al. 2010, and references therein) – though exact

curve matching of meteorite to asteroid spectra can be more challenging than with

C-types. In particular, B-types are often best described as heated or “anomalous”

carbonaceous chondrites. A relevant recent example is that of Clark et al. (2011)’s

study of the target of the OSIRIS-REx mission, the B-type asteroid Bennu (101955).

They found that the spectrum of Bennu was best fit by a sample of the CI Chondrite

Ivuna, which had been heated to over 1000 K (Clark et al., 2011), which is not very

di↵erent from Phaethon’s current thermal environment near perihelion.

Phaethon is also the target of the Japanese Aerospace Exploration Agency’s

(JAXA) DESTINY+ mission that plans a high-speed fly-by following its launch

in 2022 (Arai et al., 2018). The mission would study the dust environment around

Phaethon and 2005 UD. As a result, ground-and space-based characterization of

Phaethon ahead of the flyby is critical for planning the high-resolution imaging se-

quences and understanding the hazard environment around the object.

2.1.2 Proposed Origin Scenarios and Other Recent Relevant Work

Phaethon’s high eccentricity and associated meteoroid stream initially implied a

cometary origin (Whipple, 1983), but recent work mainly points towards an origin in

the Main Belt. In their study of NEO orbits and source regions, Bottke et al. (2002)

note that Phaethon has an 80% chance of coming from the inner belt and a 20%

change of originating in the middle parts of the main belt. However, their model

cannot reproduce the orbits of objects like the Jupiter Family Comet 2P/Encke,
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which has a low perihelion distance ( 0.33 AU) and a semimajor axis in the main

belt. (Thus, the possibility of it being a dead comet perturbed by the terrestrial

planets is possible but unlikely.) In their study of the orbit of Comet Encke, Levison

et al. (2006) show that a plausible pathway exists for Jupiter Family Comets (JFCs)

to become decoupled from Jupiter, spend time as an inactive comet in the main belt,

and eventually reactivate when its perihelion distance lowers su�ciently. However,

they note that objects with Tisserand Parameters above 3 (Phaethon has 4.51) are

still far more likely to be from the main belt than JFCs, which have become decoupled

from Jupiter (Levison et al., 2006).

Licandro et al. (2007) and Clark et al. (2010) both obtained VNIR observations

(0.4-2.45 µm) of Phaethon and compared their data to meteorites, laboratory samples

of minerals and artificial substances, as well as spectral mixture models. Licandro

et al. (2007) find their spectrum is best fit by either heated carbonaceous chondrites

(a RELAB heated sample of Ivuna or the anomalous CI/CM chondrite Y86720) or

a modeled synthetic mixture of lampblack and a hydrated silicate (Montmorillonite

or Antigorite). Clark et al. (2010) best fit their spectrum with a CK4 chondrite or

a combination of a hydrated silicate (chlorite) and lampblack. de León et al. (2012)

also found that a CK chondrite is the best fit for Phaethon. More recent work by

Takir et al. (2018) has shown that Phaethon lacks a 3-µm feature suggesting a surface

regolith that is devoid of any hydrated silicates.

Vernazza et al. (2015) proposed that the best analog for C-complex asteroids was

not meteorites, but interplanetary dust particles (IDPs) instead. A visible and near-

infrared reflectance spectrum of Phaethon was fit quite well using IDPs as the basis

of a radiative transfer model. Broadly speaking, the asteroid/comet classification

issue for Phaethon becomes less important within this framework, as they propose

(Vernazza et al., 2015) that both C-complex asteroids and comets should both be

made out of anhydrous IDPs, which agrees Phaethon’s lack of hydrated surface
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minerals (Taylor et al., 2018). We also note that the ample⇠1-µm sized dust particles

needed to explain the perihelion brightening of Phaethon (Jewitt and Li, 2010) is

similar in size to some IDPs.

de León et al. (2010) claim that the most likely parent body for asteroid Phaethon

is the large main-belt B-type asteroid (2) Pallas. This association is based on the

spectral similarity between Pallas and Phaethon in the NIR and between Pallas

Collisional Family (PCF) members and Phaethon in the visible wavelengths. This

pairing also helps to explain the reported high visible albedos of Phaethon (pV ⇠ 0.12,

Hanuš et al. 2016) and Pallas (pV ⇠ 0.16 for Pallas, Tedesco et al. 2002) compared

to typical B-types. Additionally, dynamical analysis shows a pathway for Phaethon

to evolve from a Pallas-like orbit to highly eccentric and moderately inclined orbits

in near-Earth space. Recently, Todorović (2018) did more rigorous dynamical work

showing that the pathway from PCF-like orbits to Phaethon-like orbits was even

more e�cient than previously thought.

Several recent studies have analyzed the ensemble properties of the PCF and

B-types in the main asteroid belt (Aĺı-Lagoa et al., 2013, 2016). The PCF has, on

average, a higher visible albedo (pV = 0.14 ± 0.05) than other B-types of similar

size (0.07 ± 0.02) (Aĺı-Lagoa et al., 2013, 2016). The same work, when comparing

asteroids of similar sizes, found that PCF members had lower thermal-beaming pa-

rameters than other B-types, indicating a di↵erence in surface properties assuming

that asteroids of the same size have similar regolith thickness. Phaethon’s previ-

ously reported albedos of 0.10-0.13 (Tedesco et al., 2002; Hanuš et al., 2016) is thus

slightly higher for an average main belt B-type and somewhat low for an average

PCF member of similar size. Harris (1998) found a best-fit beaming parameter of

1.6 for Phaethon, which is higher than any PCF member (maximum ⌘: 1.5, average

⌘: 1) whose beaming parameter fit was considered in Aĺı-Lagoa et al. (2016), with

the discrepancy becoming larger when comparing like-sized objects. Furthermore,
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in a broad spectroscopic study of B-types including Themis and Pallas Collisional

Family members, de León et al. (2012) showed that B-type spectra largely fall on

a continuum of red-to-blue NIR slopes, where Phaethon is the bluest end-member.

Thus, the di↵erence between the Pallas and Themis family spectra becomes less dis-

tinct. While Phaethon’s spectral similarity to Pallas and members of the PCF is

clear, it is unclear that this correlation is as diagnostic as previously perceived (de

León et al., 2010) given the observed continuum of NIR slopes. Furthermore, the

recent revelation that Phaethon’s surface is spectroscopically featureless at 3.0 µm

(Takir et al., 2018), unlike Pallas, is another discrepancy between the two objects

that needs to be better understood.

Much recent work focuses on understanding the current activity of Phaethon.

The original reporting on the activity on the object (Jewitt and Li, 2010; Li and

Jewitt, 2013) was a 2 magnitude brightening as it approached perihelion in the

STEREO images, consistent with forward-scattering of solar light by 1-micron size

dust particles. Jewitt et al. (2013) report that the mass loss through a single perihe-

lion passage (⇠ 3⇥105 kg) is dwarfed by the mass of the Geminid stream (⇠ 1012 kg,

Jenniskens 1994), indicating that the current activity of Phaethon must be weaker

(and perhaps di↵erent). Recent literature has started to coalesce around the idea

that thermal decomposition of minerals (namely phyllosilicates) and thermal fatigue

(Jewitt and Li, 2010) produced the dust in Phaethon’s perihelion dust tail. The dust

can then be removed from the surface by some combination of radiation pressure,

electrostatic levitation, and rotational e↵ects.

2.1.3 The December 2017 Close Approach and Observational Campaign of (3200)

Phaethon

We observed Phaethon as part of a global campaign during a close approach to the

Earth, centered around December 16th, 2017, when the asteroid was 0.069 AU away.
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Radar observations of Phaethon were conducted at the Arecibo Observatory (Taylor

et al., 2018), which revealed the body to be somewhat larger (D 5.7 km) than

previously estimated from thermal studies (e.g. D = 5.1± 0.2 km from Hanuš et al.

2016, 4.2 ± 0.13 km from Usui et al. 2011). Radar observations are known to be

highly reliable in reproducing asteroid sizes and shapes. However, Wooden et al.

(2018) have reported a diameter of D ⇠ 4.1 km derived from new speckle imaging,

which is somewhat lower. Further detailed work will be needed to understand the

(possibly growing) discrepancy between size estimates for Phaethon. (A small update

to this is detailed in Chapter 7.)

Furthermore, polarimetric measurements made during the 2017 apparition re-

vealed Phaethon to have extremely strong linear polarization at high phase angles,

either indicating a lower albedo than previously reported (Ito et al., 2018; Devogèle

et al., 2018; Borisov et al., 2018) or a surface with rare polarimetric properties (e.g.,

a lack of small grains) or some combination of the two. In short, Phaethon deviates

strongly from Umow’s Law, which relates the geometric albedo of an object to the

maximum level of linear polarization. The new radar-derived diameter implies the

albedo must be lower than previously reported, but any other new constraints on the

albedo would also thus allow constraints on physical properties of the surface that

create such a robust polarimetric response. Additionally, while Phaethon’s polar-

ization response is very strong, it seems to be similar in behavior to other B-types,

including Pallas, as opposed to F-types (Devogèle et al., 2018).

Our primary motivation for observing the asteroid was to provide the best un-

derstanding of this enigmatic object until DESTINY+ visits it in the 2020s. In

this paper, we present results of our rotationally resolved near-IR reflectance spec-

troscopy study of (3200) Phaethon from the December 2017 close approach. We also

used archival rotationally resolved visible wavelength spectral data (0.4-0.74 µm)

from November 2007 apparition to complement our NIR dataset. We discuss the
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implications of our observations on the surface properties and history of Phaethon.

2.2 Observations

We conducted visible wavelength observations from 0.4 to 0.74 µm on November

5th, 2007 (UTC) from the Tillinghast 1.5-meter telescope on Mount Hopkins, Ari-

zona using the high-throughput FAST spectrograph (Fabricant et al., 1998), which

provides a spectral resolution of R ⇠ 1360 at the center of this wavelengthr range.

As all observations of the asteroid were within 0.22 airmass of each other, we ob-

served three nearby standard stars at a range of airmass values. The sub-observer

location was ⇠117 degrees from the rotational pole derived by Hanuš et al. (2016), so

part of the northern hemisphere was not visible. After standard wavelength and flat-

field calibration, we divided our asteroid spectra by the spectra of the standard star.

The standard is the same for both our visible and NIR observations and provides a

consistent dataset.

We conducted infrared observations from 0.7 to 2.5 µm on December 12th, 2017

(UTC) with the SpeX instrument (Rayner et al., 2003) at the NASA Infrared Tele-

scope Facility (IRTF) on Mauna Kea, Hawaii (See Table 2.2 for observing circum-

stances). The sub-observer location was ⇠122 degrees from the rotational pole,

similar to our visible observations. Observations of the asteroid were ‘bookended’

by observations of a G-type standard star close to the asteroid on the sky at similar

airmass. Later, a primary solar-analog star was observed to account for di↵erences

between the standard star spectrum and the solar analog. We collected data with

the slit oriented to the parallactic angle to prevent wavelength dependent di↵erential

refraction. The data were reduced with ‘spextool’ (Cushing et al., 2004), a set of

interactive IDL scripts and GUIs written for users of the instrument. A detailed

description of our data reduction protocol is presented in Reddy et al. (2009)).
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Table 2.1. Observations of Phaethon

Object Name UTC Date, Timea Telescope, Inst. Airmass Rotations P.A.

(YYYY-mm-dd) Range Covered (deg.)

SAO 93936 2017-12-12 IRTF/SpeX 1.12

SAO 39829 ” ” 1.22-1.00

(3200) Phaethon ” ” 1.793-1.101 0.94 40.8

SAO 93936 2007-11-05 FLWO 1.5m, FAST 1.006

(3200) Phaethon ” ” 1.576-1.109 1.09 21.8

aAt exposure start.

Log of observations described in this Chapter, including both the 2017 near-infrared observations (first

three rows) and the 2007 visible-wavelength observations (last two rows).
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2.3 Results

2.3.1 Retrieved Reflectance Spectra

The combined average visible and near-IR (0.4-2.55 µm) spectrum of Phaethon is

shown in Figure 2.1 normalized such that R(0.55µm = 1.0. The following trends are

evident. The visible (0.37-0.7 micron) spectrum is featureless but has a nearly uni-

form blue spectral slope. There is a further decrease (bluer) in slope around 0.7-0.75

µm, which is near the short-wavelength end of the NIR data and the long-wavelength

end of the VIS data. The spectrum is generally concave upwards through the NIR

after ⇠1.2-1.3 µm, with an incredibly blue slope at 1.0µm slowly increasing to a

gentle blue slope by ⇠1.8 µm. The thermal tail (exponential-like upturn) is visible

beyond ⇠2.0 µm. Previous observations of Phaethon taken at further heliocentric

distances do not show this thermal tail.

The rotationally resolved visible wavelength spectra are compared in Figure 2.2,

and the best-fit slopes for our visible observations are shown in Figure 2.3. The

visible and infrared datasets were captured to record the spectral features of the

asteroid across a full rotation. As the radar-derived shape information has only

been published in a conference abstract (Taylor et al., 2018), we use the rotational

information presented in Hanuš et al. (2016) to calculate the rotational phases of

our observations.The radar shape model, still in progress as of late 2021, should be

indexed to the Hanuš et al. (2016) results, so these numbers should still be more

or less accurate. The visible observations start at 0.499 rotational phase and end

slightly less than one full rotation later at 1.432, for a total of 0.937 rotations. Our

NIR observations start at 0.547 rotational phase and end more than one full rotation

later at 1.639, for a total of approximately 1.09 rotations.

In the absence of diagnostic absorption features in the reflectance spectrum, spec-

tral slope could be used as a non-diagnostic parameter when searching for rotational
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variations on an asteroid. Our slope fitting was primarily accomplished through the

SciPy ‘curve fit’ routine (Virtanen et al., 2020), a chi-squared minimization algo-

rithm, utilizing a linear fit to model the data between two input bounds in wave-

length. For our visible wavelength data, we fit our entire spectrum with one line, as

well as our data shortwards and longwards of 0.55 µm to search for any possible sub-

tle changes in slope despite the highly linear appearance of the spectrum (Figure 2.2,

this chapter). For our NIR data, we fit 0.75-1.1, 1.1-1.45, and 1.45-1.8 µm for similar

reasons. The data longwards of that are dominated by the 1.9-µm telluric band fol-

lowed by the thermal tail, and we treat them separately. Generally speaking, there

are slight variations in the overall slope throughout the visible wavelengths, with

larger variations in the smaller wavelength bins. The spectrum of Phaethon appears

to get slightly less blue near ⇠0.4-0.6 phase. We see no evidence for a decrease in

reflectance at shorter wavelengths, as well as no evidence for transient or persistent

absorption features. A single red-sloped spectrum near 0 phase dominates that red-

der slope region, though we also note that this particular spectrum is much noisier

than our other data and thus suggest it is likely not representative of a real change

in slope. In general, the data are consistently blue and only vary in intensity with

the possible exception of a noisy spectral bin near phase ⇠0.0 and another spectral

bin near phase ⇠0.4 for the shortest wavelengths considered.

We compare the rotationally resolved NIR observations in Figures 2.4 and 2.5.

Similarly, the rotational variation in spectral slope is significant and much larger

in magnitude at shorter wavelengths. The ‘curved’ nature of the NIR spectrum of

Phaethon, where the shortest wavelengths are bluest, is evident in both the spectral

comparison and slope comparison plots. We note here that around ⇠0.5 phase there

is a more significant variation in slopes which is contemporaneous with changes in

humidity at the observing site, so it should be interpreted cautiously.
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2.3.2 Thermal Modeling

Many near-Earth objects, especially those with low albedo, have appreciable thermal

emission beyond 2.0 µm when observed at small heliocentric distances, which need

to be corrected away to inspect the underlying reflectance spectra. This correction,

usually concerning the application of a thermal model, also allows for estimation of

the thermal properties of the asteroid. A thermal upturn occurs in all of our NIR data

(see Figure 2.4), which is unsurprising considering Phaethon is a low-albedo asteroid

which we observed at ⇠1.08 AU. In Figure 2.6, we display one of our thermal models

fitted to our data, and we show our best-fit thermal albedos as a function of the

rotation phase in Figure 2.7. Due to increased scatter at long wavelengths during

changing humidity conditions, we only fit our data, which were taken during stable

observing conditions.

We utilized the Near-Earth Asteroid Thermal Model (”NEATM,” Harris 1998),

which is, in turn, a modification of the Standard Thermal Model (”STM,” Lebofsky

et al. 1986). For our purposes, the model has two open parameters: the albedo in the

visible band (pV ) and the infrared beaming parameter (⌘), both of which adjust the

amount of the observed thermal emission. We note here that we were unable to fit the

data satisfactorily with beaming parameters lower than 1.5, which is incompatible

with the STM. We largely follow the implementation of the NEATM described in

Rivkin et al. (2005) and Reddy et al. (2009) whereby we fit the “thermal excess” Y

as a function of the thermal emission T and the reflected light R:

Y (�) =
T (�) +R(�)

R(�)
� 1

This ratio allows us to essentially fit the ‘shape’ of the thermal emission, instead

of absolute fluxes. The lack of flux-calibrated data reduces our ability to constrain

diameter and albedo independently, and as a result, the thermal excess was originally

constructed to be independent of diameter, as it is a part of both the reflected and
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emitted light.

The reflected light is modeled as:

Rmodel = D2FSun(�)R
�2
H ��2�(G)p�

p� = Rmodel�uncalibratedpV fkv

where D is in kilometers, RH in AU, � is in kilometers, and � and p� are unitless.

We have followed the convention that we model the underlying reflectance of the

asteroid (Rmodel�uncalibrated) as a straight line fit to a shorter-wavelength segment

of the reflectance spectrum (e.g.,Rivkin et al. 2005; Reddy et al. 2009). However,

this approach can allow misinterpretation of the thermal excess if the underlying

reflectance is not changing linearly or the range over which the continuum is fit is

unrepresentative of the underlying reflectance. Phaethon has been noted previously

(e.g., Licandro et al. 2007) to have a spectrum that is slightly curved, with wave-

lengths further into the infrared generally displaying a less blue slope (though never

genuinely becoming red). The non-linear nature of Phaethon’s spectrum in the NIR

makes estimating the underlying reflectance continua more challenging than with

other objects.

Our model reflectance continua were chosen to minimize the chi-squared value

of the final fit while also correctly predicting thermal excess values close to zero in

the non-thermal regime. The spectral slopes inferred for each continuum fit ranged

between �0.04 and +0.01 per µm, which is consistent with slopes measured from

previous observations of Phaethon made at larger heliocentric distances, such as in

the SMASS database. We were also able to obtain similar, but noisier fits using

SMASS spectra as our underlying reflectance assumption, but have not included

those here. (Our data are generally of higher SNR due to the excellent observational

circumstances.) While the range used to fit the underlying reflectance continuum
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varied to allow for quality fits, we only used data between 1.92 and 2.5 µms in fitting

the thermal parameters.

pV is the visible wavelength (0.55 µm) albedo, and fkv is the ratio of pK , the

k-band albedo, to pV , which we estimate using our combined VIS-NIR dataset and

our best-fit underlying reflectance (see above) in the thermal region. Among our

thermal fits that converged, fkv was between 0.71-0.72. �, the phase integral, we

calculate assuming the G value (Bowell et al., 1989) of 0.06 measured by Ansdell

et al. (2014), a common value for darker objects. As an aside, Hanuš et al. (2016)

derived that G = 0.15 ± 0.03, which we discuss in our Discussion further. As both

our modeled thermal emission and reflectance are a function of the diameter squared

(and the geocentric distance � squared as well), it disappears from our modeled

thermal excess coe�cient. The NEATM model also assumes that thermal emission

(and reflected light, in the Reddy et al., 2009 implementation) only comes from the

illuminated fraction of the object. We observed Phaethon in the NIR at a phase

angle of ⇠22 degrees, which results in a relatively small correction and (presumably)

little contamination from any actually-extant night-side emission.

Among the nine thermal fits considered the average visible albedo is pV = 0.08±
0.01, with individual fit values ranging from 0.052 to 0.11. The average beaming

parameter is ⌘ = 1.70 ± 0.05, with individual values ranging from 1.52 to 1.97.

(These reported average values assume implicitly that the dominating errors are

statistical and not systematic.) Generally, the noise for each fit is high enough to

make discerning trends throughout the rotation of Phaethon challenging, especially

when combined with the lack of fits during the period of poor observing conditions.

As mentioned previously, beaming parameters close to 1.0 (or lower, in case of the

original STM) produced extremely poor fits with implausibly high albedo estimates

(pV > 0.25).
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2.4 Discussion

2.4.1 Albedo and Thermal Properties

The radar-derived diameter of 5.7 km (Taylor et al., 2018) is the largest estimate

for Phaethon’s size yet, and thus requires a revision of other known properties of

Phaethon. In particular, the previously derived diameters were primarily radiomet-

ric, where the visible albedo (as a proxy for the geometric albedo) and the diameter

are related as (Harris and Lagerros, 2002):

pV =
1329.0

D2
km

⇥ (10�HV /5))2

As the new diameter is larger than assumed previously, one possibility is that the

visible albedo, therefore, is lower. Our average best-fit albedo (pV = 0.08± 0.01) is

fully consistent with what one would estimate from the diameter-absolute magnitude

equation using the radar-derived diameter, and the dimmer of the two reported

absolute magnitudes (14.6, from JPL HORIZONS), which results in an estimate of

pV = 0.078. Using H=14.3 (e.g., Hanuš et al. 2016), we retrieve pV = 0.104, which

is 2 sigma higher than our reported average albedo. Generally speaking, we prefer

an absolute magnitude value on the dimmer end of the published values.

Unlike HV , the slope parameter G is an input to our model and thus has a weak

e↵ect on our final output albedo estimate. Hanuš et al. (2016) estimate a higher

value of G = 0.15± 0.03, which if utilized in our model would retrieve an even lower

average albedo of pV = 0.068 ± 0.009. However, the currently publically available

Minor Planet Center photometric dataset generally supports a value of G closer to

Ansdell et al. (2014)’s G = 0.06 rather than Hanuš et al. (2016)’s higher value (C.W.

Hergenrother, personal communication).

In fitting our data, we noticed a definite trend that only specific small ranges of

modeled underlying reflectance slopes (almost always slightly blue, which is consis-
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tent with many previous observations) allowed for high-quality fits to the data. In

other words, the underlying reflectance could change slightly, and a high-quality fit

with very similar thermal fit parameters could be retrieved. However, this possible

variation is dwarfed by the spread in retrieved albedos for our nine fits. Even con-

sidering all these caveats, we consider our results to be a strong indication that the

actual albedo of Phaethon is lower than previously reported.

Our average best-fit albedo is significantly lower than the original IRAS-derived

albedo (0.11± 0.01, Tedesco et al. 2002) and the more recent Spitzer-derived albedo

(0.122± 0.008, Hanuš et al. 2016). The IRAS result utilized the Standard Thermal

Model, which has been shown to not work very well on smaller or near-Earth ob-

jects. Furthermore, both the IRAS and Hanuš et al. (2016) results would be a↵ected

significantly if the reported absolute magnitude were too bright, which is typical

for dark NEOs or asteroids with incomplete phase angle coverage, both of which are

true for Phaethon. Our data is thus an independent suggestion that the real absolute

magnitude of Phaethon is the dimmer of the two reported magnitudes (14.6, JPL

Horizons), or perhaps even slightly dimmer.

The albedo of a featureless asteroid is useful in identifying its taxonomic type.

B-type asteroids outside of the Pallas Collisional Family have albedos in the range

of 0.07±0.02 (Aĺı-Lagoa et al., 2016), our average best-fit of the albedo of Phaethon

(0.08 ± 0.01) clearly fits within this range. The large albedo discrepancy between

Phaethon and Pallas (0.16/pm0.01, Tedesco et al. 2002) complicates the hypothesis

that Phaethon is a collisional fragment from the PCF.

The recent polarimetric observations of Phaethon (Ito et al., 2018; Devogèle et al.,

2018; Borisov et al., 2018) reveal it to deviate strongly from the relationship between

albedo and the maximum degree of linear polarization (”Umow’s Law”) if we use

one of the previously published albedos. This deviation can be explained by a lower

albedo, a surface with rare polarimetric properties, or some combination of both. Our
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data generally support the first hypothesis, namely that Phaethon’s albedo is lower

than previously reported values . Our best thermal fits to the Phaethon data result

in an average beaming parameter of ⌘ = 1.70 + / � 0.05, which could be indicative

of a surface not in radiative equilibrium – perhaps due to rotational state, partial

regolith coverage, or non-negligible thermal inertia (see below). Harris (1998) applied

NEATM to Phaethon and noted that it had an above-average best-fitting value for

beaming parameter (⌘ = 1.6), which is very similar to ours. They suspected that

Phaethon might have significant thermal emission from the night side or unusual

thermal properties. Hanuš et al. (2016) inferred the thermal inertia of Phaethon

(� = 600 + / � 200 in SI units) from a detailed thermophysical model and found it

slightly higher than average for the near-Earth asteroids, possibly implying a coarser

regolith with a rougher surface.

2.4.2 Limitations of Our Modeling

Our application of the Near-Earth Asteroid Thermal model has several key limi-

tations, which are worth mentioning in brief. First, the beaming parameter (⌘)

and visible-band albedo (pV ) are known to be highly covariant. There could be

a counterpart to our low albedo (pV = 0.08 ± 0.01) and large beaming parameter

(⌘ = 1.70±0.05) with a higher albedo and lower beaming parameter, though we were

not able to retrieve a fit like this and did not see it in any of our chi-squared maps

(not shown). The model is also fundamentally limited by its non-physical assumption

that the thermal inertia of the asteroid is zero. Our NIR observations were taken

at a relatively low phase angle (⇠22 degrees), so this issue is perhaps less important

to our dataset as compared to other NEO observations, but should still be taken

seriously. The model also implicitly assumes a spherical asteroid (or at least circular

in projection). Lastly, as our data is only of the short-wavelength tail of the thermal

blackbody curve, our estimate of the relative contribution of the reflected light can
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have large e↵ects on the resulting thermal fit if estimated incorrectly. As mentioned

above, we were only able to retrieve plausible thermal fits for a relatively small range

of reflectance slopes, so we find it unlikely that we chose incorrectly given the lack of

other options. In general, a more detailed and physical thermal model will be able

to determine the thermal properties of Phaethon to a much greater precision, which

the new radar shape model of Phaethon (Taylor et al., 2018) should be very useful

for. However, such a detailed thermal model is beyond the scope of this paper and

the amount of thermal observations we have obtained for it.

2.4.3 Spectral Variations

Phaethon was initially classified as an F-type in the Tholen (1984) taxonomy, as it

originally showed no evident UV absorption and more recently has been merged into

the modern B-type (DeMeo et al., 2009). Our visible data shows Phaethon to have

a linear, uncurved spectrum with a consistently negative (blue) slope and no UV

absorption. We see some evidence for a slight reddening near 0.6 rotational phase,

but no area which is ‘red’ or even neutral in slope. In other words, our data would

classify Phaethon as a classical F-type and a modern B-type over its entire surface.

Clark et al. (2011) note that UV absorption on fine-grained material from Murchi-

son samples from the RELAB database shows variations with phase angle. Our

visible wavelength data is blue-sloped at a phase angle of 41 degrees, which is

inconsistent with Phaethon’s surface regolith having optical properties similar to

the Murchison matrix material, as the sample shown in that work has a red slope

throughout the visible and is only blue at small phase angles.

Licandro et al. (2007) note that ground-based spectral observations of Phaethon

have detected a UV absorption feature shortward of 0.55 µm with changing band

depth. They hypothesize that the band-depth change might be due to a heteroge-

neous surface with grain size variation. In order for our dataset to be consistent
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with the previously reported observations, our visible observations must have been

conducted nearly pole-on, such that the portion of the surface seen did not change

significantly throughout the observations – but this is not the case. Based on the

best available shape and rotation information from Hanuš et al. (2016), our observa-

tions spanned almost the entire surface of the asteroid. The large reported near-UV

absorption variation thus cannot be explained by spatial variation – unless the north-

ern rotational pole of Phaethon is significantly di↵erent from the rest of the asteroid

spectroscopically. Interestingly, Borisov et al. (2018) also recently inferred that the

northern pole may have di↵erent polarimetric properties. Furthermore, Taylor et al.

(2018) note a radar-dark spot near one of the rotational poles as well. Further work is

merited to understand how these lines of evidence are or are not related, and whether

or not the north pole has di↵erent spectroscopic properties at blue wavelengths.

However, the Hanuš et al. (2016) shape model does not suggest that any side

of the asteroid is preferentially heated over another at successive perihelia. Any

processes that are acting today to change the surface – be it thermal cycling of

the rocks, equilibration of minerals, dust ejection by radiation pressure sweeping or

another process – would act over the whole surface over a su�ciently long timescale

of several orbital periods. Furthermore, we could interpret the subtle slope variations

in our NIR data as evidence for a grain-size related e↵ect. However, these grain-size

variations would also change thermal properties in a way that might be observable

with a more accurate characterization of the thermal emission from the asteroid than

was possible with our data, as described above.

As mentioned previously, our near-infrared observations only show minimal varia-

tions in slope over a full rotation. A close inspection of the data presented in Figures

2.4 and 2.5 together will show that much of the variation comes from variation in

the ‘curve’ of the spectrum itself. Phaethon was classified as nearly spectroscopically

unique in de León et al. (2012) due in part to the intensity of this curve. All other
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B-type asteroids considered in that study had less ‘blue’ (negative) NIR slopes over

the wavelength ranges considered, with many having neutral, more linear slopes and

some being even red sloped (positive) over the wavelengths considered. de León et al.

(2012) contextualizes their B-type census in terms of meteorite analogs, suggesting

that this feature is perhaps related to thermal processing, with Phaethon being the

extremely heated end-member. Another set of possible origins of the di↵erent C-

complex asteroid behaviors in the 1.0-1.3-µm range is a variation in the existence

of amorphous olivine (Vernazza et al., 2015, 2017; Marsset et al., 2016) or other

materials, like sulfides.

2.4.4 Source Region

In order for Phaethon to be a member of the Pallas Collisional Family (PCF), we

should be able to explain deviations in its albedo and thermal inertia properties

from the other PCF members in terms of its subsequent evolution. As mentioned

previously, Pallas and the PCF members have characteristic spectra (e.g., de León

et al. 2010, and references therein), albedos, and thermal beaming parameters (e.g.,

Aĺı-Lagoa et al. 2016, and references therein) that can aid in distinguishing possible

ejected family members from other B-types. The dynamical work (de León et al.,

2010; Todorović, 2018) suggests that there are almost certainly PFC members in the

NEO population with Phaethon like orbits. While the spectra of Phaethon, Pallas,

and the PCF are strikingly similar, our measured albedo (pV = 0.08± 0.01) is lower

than any measured value for a PCF member or Pallas (average pV ⇠ 0.12�0.14 (Aĺı-

Lagoa et al., 2016), 0.16 ± 0.1 (Tedesco et al., 2002), respectively.). Similarly, our

inferred value of the infrared beaming parameter (⌘ = 1.70±0.05) is also higher than

any observed beaming parameter for a PCF member (maximum ⌘ = 1.5, average ⇠
1, Aĺı-Lagoa et al. 2016).

One can interpret these di↵erences in albedo and thermal inertia between
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Phaethon and PCF/Pallas in two ways. The first is that PCF/Pallas may not

be the source of Phaethon, even if NEAs derived from the PCF are likely to be

in Phaethon-like orbits. The second is that its surface properties have been modi-

fied since its arrival in near-Earth space and that di↵erences between Phaethon and

Pallas can be explained along these lines. Previous compositional modeling sug-

gested that Phaethon was covered in hydrated minerals (Licandro et al., 2007), but

recent work has shown the surface to be dehydrated (Takir et al., 2018), indicat-

ing surface alteration where the regolith is devolatilized compared to its main belt

family and Pallas itself, which is hydrated. However, when studying the heating of

water-bearing minerals, Hiroi and Zolensky (1999) found that there were significant

spectral changes – from a general reddening trend to a loss of absorption features at

0.7 and 3.0 µm, among others. These results are a strong function of which hydrated

silicate was studied and the grain sizes utilized. In light of this result, one would

expect the thermally altered surface of Phaethon to have di↵erent spectral signature

compared to PCF/Pallas. Hiroi and Zolensky (1999) also observed albedo changes

where it decreased to 500-600 Celsius and increased as heating continued. This phe-

nomenon may explain some of the deviations of Phaethon’s measured albedo from

the mean PCF albedo. As an additional note, some CI and CM chondrites begin to

show a blue slope when heated – notably the CI Ivuna (Hiroi and Zolensky, 1999)).

More detailed lab work to understand how Pallas/PCF-like materials respond to

Phaethon-like heating will help to unravel this mystery.

The question of the origin of Phaethon is fundamentally a question about the

nature of its activity now and in the past. There is evidence suggesting it to be more

active in the past (e.g., Jewitt and Li 2010) and any near-surface volatiles, should

they have existed, are almost certainly gone by now. Our new average best-fit albedo

for Phaethon (pV = 0.08 ± 0.01) is in line with traditional B-type values (0.07 ±
0.02 on average, Aĺı-Lagoa et al. 2016) and slightly larger than for cometary nuclei
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(0.02-0.06 on average, Lamy et al. 2004). For comparison, Comet 67P/Churyumov-

Gerasimenko’s visible albedo is similar but slightly lower at pV = 0.065 ± 0.002

(Fornasier et al., 2015). Phaethon is, regardless of its relation to Pallas, most likely

a primitive Main Belt Asteroid which was much more active on its current orbit at

some point in the past, probably coinciding with the creation of the Geminids. The

nature of its previous activity, while probably closer to traditionally cometary, is still

unclear and merits more theoretical work.

Phaethon also shares specific characteristics with Jupiter Family Comets (JFC)

such as 249P/Linear. 249P is a near-earth JFC that Fernández et al. (2017) have

shown is both spectroscopically a B-type and dynamically linked to the Main Belt.

Most relevant to Phaethon is that its activity is only observable within about three

weeks around perihelion and is on an orbit stable for ⇠ 104 years in Near-Earth

space. We propose that further study of objects like 249P is necessary to understand

Phaethon as it might have been near the end of its activity. In particular, work

studying the current volatile content – such as by studying any possible emission

from gases – would help to quantify what kind of volatile content Phaethon once

had (or might still have) and understand the nature of its activity while the Geminid

Meteoroid Stream was produced. Ideally, with further work, we could identify bodies

throughout the entire evolutionary process that Phaethon has gone – from a likely

source population (Pallas or otherwise) of volatile-rich main belt asteroids to a near-

Earth comet with diminishing activity due its low perihelion distance like 249P to a

mostly inactive object like Phaethon.1 Later in this thesis in Chapter 5, we present

the first-ever reflectance spectrum of the nucleus of Comet 249P/Linear and make

comparisons to this chapter’s work.

1This is a rather good summary of about half of my thesis!
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2.5 Summary

(3200) Phaethon is an enigmatic near-Earth object that has primarily asteroidal

properties but transient near-perihelion activity and an associated meteor shower.

In this work, we present and describe rotationally-resolved spectroscopic observa-

tions of Phaethon between 0.4 and 2.5 µm taken in 2007 and 2017. The surface

spectrum is blue sloped throughout the visible wavelengths with subtle slope vari-

ations, which are more prominent at shorter wavelengths. In the NIR, the shortest

wavelengths are seen to vary more than the longer wavelengths and to generally be

much bluer. We see no absorption features at the ⇠ 7% level at visible wavelengths

and at the ⇠ 1% or lower in the near infrared, including no UV absorption feature

that has seen intermittently by other observers, and comment on the implications

of this for Phaethon’s composition and for spatial variation across its surface. We

also analyze thermal emission seen at our longest wavelengths and find the visible

wavelength albedo of the object to be on average pV = 0.08± 0.01, which is signifi-

cantly lower than measured by previous workers but plausible in light of recent radar

observations. The infrared beaming parameter is on average ⌘ = 1.70± 0.05, which

is consistent with previous studies. We argue against (2) Pallas as a likely source

body for Phaethon, as spectral changes would accompany the albedo di↵erences,

and we comment on laboratory studies that would be helpful in understanding the

relationship between the two bodies. Lastly, we note that Jupiter Family Comet

249P/Linear has many features analogous to what Phaethon might have been like

in the recent past, making it a highly appealing target for future studies.

DESTINY+’s direct observations of the surface of Phaethon will allow resolution

of this ambiguity. A spacecraft-derived shape model and a precise determination

of the geometric albedo will result in more detailed thermophysical models to un-

derstand the processing of materials on the surface and in the interior, which will

facilitate a better understanding Phaethon’s thermal history and how that history
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has shaped its modern properties. A more precise determination of albedo will also

allow a better quantification on the deviation of Phaethon’s surface materials from

Umow’s Law, which will allow for a deeper understanding of the scattering and

reflectance properties of the regolith on Phaethon.
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Figure 2.1 Rotationally-averaged Visible-NIR data (0.4-2.55 µm) of (3200) Phaethon
showing a mostly blue and featureless spectrum. The upturn in reflectance values
past 2.0 µm is due to the shorter wavelength end of the Planck curve that is shifted
to NIR wavelengths due to the asteroids low heliocentric distance (higher surface
temperature) at the time of the observations. The visible observations are binned to
a comparable NIR spectrum (black) resolution, and the grey data are the unbinned
visible data. The visible data are of higher resolution and were obtained when
Phaethon was fainter (V. Mag. 16.37).
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Figure 2.2 Visible wavelength spectra of Phaethon obtained at di↵erent rotational
phases (shown to the right of each spectrum) showing the mostly blue spectral slope.
The spectra are o↵set in reflectance for clarity. The weakly red spectrum near ⇠0.03
phase is likely di↵erent due to changing atmospheric conditions, and should be in-
terpreted carefully.
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Figure 2.3 A plot showing the visible spectral slope defined between three possible
wavelength ranges as a function of rotation phase. The green circles are a fit of all
visible data, the blue squares are the data short of 0.55 µm, and the yellow Xs are for
wavelengths longer than 0.55 µm. The vertical error bars show the 1-� uncertainty.
The mean slope values are (0.4-0.55): �0.27±0.02, (0.55-0.74): �0.243±0.008, (0.4-
0.74): �0.235 ± 0.004. We see no evidence for a UV absorption feature but we do
see significant slope changes across the surface for all wavelength ranges considered.
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Figure 2.4 Near-IR spectra of Phaethon obtained using the NASA IRTF at di↵erent
rotational phases (shown to the right of each spectrum) showing mostly blue spectral
slope and a sharp rise in reflectance beyond 2.0 µm due to thermal emission. The
spectra are o↵set vertically in reflectance for clarity.
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Figure 2.5 A plot showing the NIR spectral slope defined between three possible
wavelength ranges as a function of rotation phase. The blue squares are the fit be-
tween 0.75 and 1.1 µm, the yellow Xs between 1.1 and 1.45 µm, and the green circles
are the fits between 1.45 and 1.8 µm. The vertical error bars show the 1-� uncer-
tainty. The curvature of the spectrum is clear in that the shorter wavelengths are
much bluer than those at longer wavelengths. Additionally, the shorter wavelength
slopes are observed to vary more significantly than the longer wavelength slopes.
The average slopes for each wavelength segment are: (0.75, 1.1): �0.496 ± 0.002,
(1.1, 1.45): �0.238 ± 0.002, (1.45, 1.8): �0.103 ± 0.001. The start and end of our
observations correspond to 0.5-0.6 phase, such that the di↵erence between those two
data points should be interpreted at least partially as an e↵ect of changing airmass
and observing conditions. There are variations seen within the dataset, but no clear
trends are observed.
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Figure 2.6 This plot shows a continuum removed the thermal tail of the NIR spectrum
along with the model. The red shaded area represents the 1-� variation in albedo
in the model. The modeled reflectance slope throughout the k-band is 0.015/µm,
the ratio of k-band to v-band albedos is pK/pV = 0.716, and the best-fit albedo
pV = 0.09 ± 0.03 and beaming parameter ⌘ = 1.65 ± 0.14. This is slightly higher
than our average values of pV = 0.08 ± 0.01 and ⌘ = 1.70 ± 0.05. The reflectance
continuum was chosen as the best-fit slope of the data between 1.95 and 2.1 µm.
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Figure 2.7 A plot showing the change in albedo as a function of rotation phase for
Phaethon. The black circles are the albedos we estimated for Phaethon by modeling
the thermal emission as described in the text. The error bars show 1-� uncertainties.
The blue and yellow horizontal bars correspond to the visible albedos one would
expect for the two reported absolute magnitudes (HV ) given the recently derived
radar diameter (⇠ 5.7 km, Taylor et al. (2018)). The green horizontal line is the
average of our nine best-fit visible albedos (assuming G=0.06, Ansdell et al. (2014)),
pV = 0.08± 0.01, with the green zone representing a 1-� variation from that mean.
The individual albedos vary from 0.052 to 0.011. Almost all previous radiometric
measurements of Phaethon’s albedo (and diameter) would plot at the blue (HV =
14.3) line or above.
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CHAPTER 3

“Physical Characterization of the 2017 December Outburst of the Centaur

174P/Echeclus”

Originally published as, “Physical Characterization of the 2017 December Outburst

of the Centaur 174P/Echeclus” by Theodore Kareta, Benjamin Sharkey, John Noo-

nan, Kathryn Volk, Vishnu Reddy, Walter Harris, and Richard Miles, in The Astro-

nomical Journal, Volume 158, Issue 6, article 255, (2019.)

3.1 Introduction

The Centaurs are a group of small solar system objects on giant planet-crossing

orbits that are sourced from the trans-Neptunian populations and, in turn, are the

source of the Jupiter Family Comets (JFCs) in the inner solar system (see a recent

review by Dones et al. 2015). Centaurs have dynamical lifetimes in the giant planet

region of 106 – 107 years, and approximately one third actually end up as comets

in the inner solar system (Sarid et al. 2019a, see also Tiscareno and Malhotra 2003;

Horner et al. 2004; Di Sisto and Brunini 2007). A primary aim of Centaur research

is to understand how Centaurs evolve during this time period such that observations

of the JFCs can be more directly related back to their outer solar system origins.

(60558) 174P/Echeclus (provisional designation 2000 EC98, hereafter Echeclus)

is a Centaur discovered by Spacewatch in 2000 that is among Centaurs display-

ing comet-like activity. Estimates vary for the fraction of Centaurs that are ac-

tive, from ⇠ 13% of the observed population (Jewitt, 2009a) to even lower (Cabral

et al., 2019). Echeclus’s ⇠ 60 km diameter (Bauer et al., 2013) is comparable to

29P/Schwassmann-Wachmann (⇠ 54km, Stansberry et al. 2004) but smaller than
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the largest Centaurs like (10199) Chariklo (⇠ 250 km, Braga-Ribas et al. 2014) or

95P/Chiron (⇠ 140 km, Groussin et al. 2004).The orbital parameters and physical

properties of Echeclus are listed in Table 3.1. Echeclus’s activity is not like tradi-

tional insolation driven cometary activity (whereby increased temperatures closer to

perihelion drive ices to sublimate more vigorously and drive o↵ more dust). Echeclus

has instead been characterized by four very large outbursts of activity in 2005, 2011,

2016, and 2017, each of which increased its visual brightness by several magnitudes

with little activity in between. A summary of these four outbursts with sources for

further reading is listed in Table 3.2.

Echeclus is best known for the 2005 outburst, in which its visual brightness in-

creased from mV ⇠ 21 to mV ⇠ 14 and a small condensation in the coma was

observed to move away from and then back towards the nucleus. This has been in-

terpreted by many to be a fragment or semi-coherent mass of material ejected from

the nucleus at the onset of outburst which may have remained active post-ejection

(Bauer et al., 2008; Fink, 2009). The measured dust production rate (170-400 kg/s)

in 2005 was approximately ⇠ 30 times higher than that for other Centaurs seen at

comparable distances, and the dust particle size frequency distribution was domi-

nated by large particles and similar to “normal” cometary activity as opposed to an

impact-related process (Bauer et al., 2008). In later images (March, 2006), no indi-

vidual fragment was seen, suggesting that it was either small or had disintegrated by

then (Rousselot, 2008; Fink, 2009). This lack of any identifiable point source in later

images has been viewed as both consistent (Fink, 2009) and inconsistent (Rousselot,

2008; Rousselot et al., 2016) with a fragmentation scenario. If the secondary source

can be attributed to a fragment, the fragment was likely active on its own, small,

and perhaps itself falling apart. A non-fragmentary source would require a unique

coma process that has not been seen in other comets.
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Table 3.1. Orbital Parameters and Physical Properties of Echeclus.

a (AU) e i (deg.) Period (yr.) Diameter (km) Albedo

10.69 0.456 4.34 34.96 59± 4 0.077± 0.015

Orbital data from JPL Horizons for the epoch April 28.0, 2019 (JPL Orbit Solution 90). Physical Size

and albedo from Bauer et al., 2013.
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Table 3.2. List and Properties of Echeclus’s Outbursts

Outburst Date mV brightening Noted Features Relevant Sources

2005 (December) ⇠ 7 ‘Normal’ Comet Activity Choi et al. (2006)

– 2006 (Late Spring) 21� > 14 Moving ‘fragment’. Weissman et al. (2006)

Bauer et al. (2008)

2011 (May) ⇠ 2� 3 A ‘jet-like’ feature? Jaeger et al. (2011)

2016 (August) ⇠ 2.5� 3.0 None reported. Miles et al. (2016a)

2017 (December) ⇠ 4.0� 4.5 None reported. James (2018)
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The work of Rousselot et al. (2016) did some morphological modeling of the 2005

outburst, but matched their model to images where the condensation was radically

less prominent than those seen in Bauer et al. (2008). No further behavior of this

type has been observed from Echeclus during any of its subsequent outbursts, nor

has it been observed in any other Centaur.

The processes by which Centaurs become active is an area of active study. Most

active Centaurs seem to have recently had orbital changes (Fernández et al., 2018)

which would induce changes to their thermal state. While the Centaurs are at

heliocentric distances too large for water-ice sublimation to be a primary driver

of activity, the orbital distribution of active Centaurs is broadly consistent with

activity driven by the exothermic crystallization of amorphous water ice (Jewitt,

2009a; Guilbert-Lepoutre, 2012). Another possible driver of Centaur activity is the

exothermic dissolution of trapped gases in the interior (Miles, 2016a). Information

on recent orbital changes obtained from high temporal resolution orbital integrations

can be critical to constraining why a particular Centaur is or is not active, and what

substances or processes might be driving it.

Carbon Monoxide (CO) has also been detected in three active Centaurs,

29P/Schwassmann-Wachmann (hereafter 29P, Senay and Jewitt 1994a; Crovisier

et al. 1995; Womack et al. 2017a), 95P/Chiron (Womack and Stern, 1997), and

174P/Echeclus (Wierzchos et al., 2017a). The detections of CO emission towards

both Chiron and Echeclus were weak and should be weighed carefully until con-

firmed. The detection of CO emission in Echeclus (as well as 29P) was found to

be slightly blue-shifted compared to the nucleus, suggesting emission from material

moving towards the observer from the sunlit side and thus CO ice in thermal con-

tact with the surface. Similar to Echeclus, 29P’s activity is dominated by explosive

large outbursts, except that at 29P they are periodic in time (Trigo-Rodŕıguez et al.,

2010; Miles, 2016b), a property unique to 29P among known active comets and Cen-
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taurs. However, 29P, unlike Echeclus, is also active in between its periodic outbursts

(Womack et al., 2017a).

The surface properties of Centaurs fall into two groups (see, e.g. Peixinho et al.

2003; Tegler et al. 2008 and also Tegler and Romanishin 1998) based on their re-

flectance spectra: the ‘more red’ group and the ‘less red’ group, a dichotomy also

shared by objects in their trans-Neptunian source populations (Peixinho et al., 2012;

Jewitt, 2018; Marsset et al., 2019). The ‘less red’ objects are spectrally neutral or

slightly red, while the ‘more red’ objects have large positive slopes. The active Cen-

taurs, including Echeclus (Guilbert et al., 2009), are primarily in the ‘less red’ group,

suggesting an evolutionary trend whereby the very red surfaces of some Kuiper Belt

Objects are apparently systematically removed as Centaurs evolve both in activity

and heliocentric distance. The surface of Echeclus has no ice absorption features

(Guilbert et al., 2009; Seccull et al., 2019) and is more steeply ‘red’ at visible wave-

lengths than near-infrared ones, as is typical for the less red group. In terms of

reflective properties and albedo, Echeclus is representative of a ‘typical’ active Cen-

taur. Sample sizes, while growing, remain smaller than needed to tease out and

understand di↵erences between the active and inactive Centaurs not based on their

reflective properties (Cabral et al., 2019; Bauer et al., 2013). This small population’s

low albedos and large heliocentric distances likely bias the currently known Centaurs

in other ways not yet recognized as well..

The December 2017 outburst of Echeclus was the strongest since the 2005 event

and is the subject of this paper. We present visible-wavelength imaging (Sloan r’

filter) and near-infrared spectroscopy (0.7� 2.5µm) taken in the first week after the

onset of Echeclus’s outburst. In Section 2, we outline our observations. In Section 3,

we describe our data and make preliminary comparisons to previous observations. In

Section 4, we present the results of a high-resolution orbital integration of Echeclus’s

recent orbital history. In Section 5, we present an integrated discussion of the prop-
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erties of Echeclus’s dust and the evidence for a new condensation in the coma of

Echeclus related to this outburst, and how Echeclus compares to other Centaurs.

3.2 Observations and Data Reduction

Below we describe visible wavelength imaging in the Sloan r’ filter taken on December

9th, 12th, and 13th of December, 2017 followed by near-infrared spectroscopy from

0.7� 2.5µm taken on the 13th of December, 2017.

3.2.1 Visible-Wavelength Imaging

The December 2017 outburst was first reported online by Brian Ski↵ (Lowell Obser-

vatory)1 on December 7th, UTC. In response, a series of visible-wavelength images in

the Sloan r’ filter were obtained with the Faulkes North (2 meter aperture, Haleakala,

Hawai’i) and South (2 meter aperture, Siding Spring, Australia) telescopes remotely

in the hours and days following the report of the outburst. Observational details are

listed in Table 3.3. The images were reduced in the way typical for CCDs whereby

bias and dark-count frames were subtracted from the science image followed by a

flat-field correction. Sky subtraction was completed later during the analysis pro-

cess. Seeing was ⇠ 1.100–1.300 on all nights.

3.2.2 Near-Infrared Spectroscopy

Near-infrared spectral observations were undertaken during an already-in-progress

observing run at the NASA IRTF (3 meter aperture, Mauna Kea). The SpeX (Rayner

et al., 2003) instrument was utilized in the low-resolution (R ⇠ 200) ‘Prism’ mode

with a 0.800 wide slit. Observations of the science targets were ‘bookended’ by ob-

servations of a local G-type star before and after for full telluric correction, and a

1https://groups.yahoo.com/neo/groups/mpml/conversations/messages/33519



119

proper well-studied Solar Analog star SAO 93936 was observed for further correction

related to the di↵erences between the local G-type and the solar spectrum as approx-

imated by the Solar Analog star. All observations were conducted at low airmass

(AM ¡ 2.0) and at or within several degrees of the parallactic angle, the position angle

on the sky at which atmospheric di↵raction has the smallest e↵ect on the retrieved

spectrum. Reduction was completed primarily within the ‘spextool’ (Cushing et al.,

2004) set of codes written in IDL as well as custom-written scripts in Python. While

seeing was quite good (⇠ 0.5 � 0.700), guiding on target was challenging due to the

very low surface brightness of Echeclus in the NIR as described further in Section

3. A more aggressive guiding routine (longer exposures on the guider camera as

well as sky-subtraction) was adopted in the second block of observations resulting

in much higher SNR (⇠ 2 � 3 times higher depending on wavelength) and tighter

PSFs. No observations showed evidence for persistence on the detector, and only

data where Echeclus was fully in the slit throughout the entire exposure were used

in any analysis.

Spatial cuts along the second block of NIR spectra (e.g., profiles along the spatial

axis of the extracted 2D spectra) are shown compared with line-cuts across the

visible-wavelength images at the same position angle in Figure 3.1. The NIR spatial

profile shows two peaks which are seen to track together at the same non-sidereal

rate for all used second block spectra. The visible linecuts show the asymmetry seen

in the images (Section 3), but a slight bump can be seen in the December 13th data.

More conclusively, when the H-band profile is blurred down to the resolution of the

visible data, the two appear quite similar. The secondary peak is 2.4500–2.6000 away

from the primary peak. This secondary peak, seen directly in our NIR data and

suggested strongly by our visible data, is discussed in Section 5.



120

Table 3.3. Log of Observations

Telescope Target Date UTC Range �range/Filter Airmass Notes

Faulkes N. Echeclus Dec. 10 5:26-5:33 Sloan r’ 1.221-1.223 6⇥60s

” ” Dec. 12 5:26-5:33 Sloan r’ 1.892-1.190 6⇥60s

Faulkes S. ” Dec. 13 11:00-11:07 Sloan r’ 1.362-1.363 6⇥60s

IRTF Echeclus Dec. 13 5:31-6:26 0.7� 2.5µm 1.16-1.06 4⇥200s,

PA=289�

” ” ” 9:29 - 10:08 0.7� 2.5µm 1.25 – 1.05 6⇥200s,

PA=66�

” SAO 93936 ” 8:49 0.7� 2.5µm 1.01 Solar Analog

” SAO 93028 ” 5:12-10:15 0.7� 2.5µm 1.272-1.045 Local Standard

Note: the observations of SAO 93028 on Dec. 13 were ‘bookending’ observations of Echeclus, and do not

span the entire range listed.
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Figure 3.1 Left: The normalized along-slit spatial profiles extracted from a single
200s observation of Echeclus from wavelengths corresponding to the J, H, and K
near-infrared filters. Two peaks are seen which are observed to track non-sidereally
at the same rates and are 2.4500–2.6000 apart at the time of observations. Each profile
was divided by its peak value for cross-comparison of the shapes of the profiles, so
the reader should not interpret that the J-Band data is the same brightness as the
K-band data. Right: normalized spatial profiles along the same position angle as
the near-infrared spectra shown at left extracted via a linecut technique from the
visible images in the r’ filter on the 10th, 12th, and 13th of December. The linecut
technique uses a nearest-neighbor interpolation, so individual pixel-to-pixel changes
are more susceptible to possible artifacts while overall trends are intact. A blurred
version of the H-band profile is shown for comparison accounting for di↵erent seeing
resolutions. The horizontal scale and limits of both plots are the same, and x-axis
values increase along the direction of the position angle from the center of the coma.
The asymmetry seen in the VIS data is seen to be compatible with the two-peaked
structure in the NIR data when seeing is taken into account.
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3.3 Results and Analyses

3.3.1 Imaging

The reduced images are shown cropped and centered on Echeclus in the top row of

Figure 3.2. The bottom row of Figure 3.2 shows the same images in the same order

after the subtraction of an average radial profile to enhance the visibility of asym-

metries in the coma. All images are normalized and centered on Echeclus’s brightest

pixel (“optocenter”) and are shown with a log-scale color map, where brighter colors

correspond to higher intensities. In the right-most image, the orientation of the NIR

slit in the second block of observations (where the secondary peak was seen in the

along-slit spatial profile) is added to the legend at top right. The coma is seen to be

clearly asymmetric along the North-South direction even prior to image processing,

and the di↵erence becomes even more stark after radial profile subtraction. The

north-south asymmetry is apparent in all of the images, though there are variations

therein perhaps brought on by the continued release of new material, degradation

of larger grains or macroscopic chunks, or other processes. Later imaging taken on

Dec. 26th still shows the asymmetry clearly. This morphology, and the specifics

of the asymmetry, bear great similarity to some outbursts of 29P detailed in Miles

et al. (2016a). Of note, in the Dec. 13 image closest in time to when our NIR

spectroscopic observations are taken, the area of the coma brightest compared to the

average radial profile is several degrees lower in position angle (e.g. further clockwise

towards north) than the orientation of the slit was aligned to.

We also measured the diameter of the coma (left to right in the above images

to avoid a bias due to the asymmetric coma) as a function of time to calculate its

expansion rate and thus calculate an approximate time of outburst onset. Using a

linecut technique, we find that on Dec. 10th at 10.23 UT, the coma is 15.000 ± 0.700

in diameter, while on Dec. 12th at 10.23 UT, we find the coma to be 21.900 ± 1.000 in
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Figure 3.2 Top Row: Normalized and logarithmically scaled images centered on
Echeclus’s brightest pixel (“optocenter”) between December 10th and December 13th
UTC. Note the slight rotation on the Dec. 13th image, as noted by the rotated legend.
The slit orientation of the second block of NIR spectral observations, in which a
second peak was seen in the coma, is also noted on that legend. Bottom Row: The
same images as the top row after the subtraction of an azimuthally averaged radial
profile to enhance the visibility of asymmetric features in the coma, displayed on a
logarithmic scale for both positive and negative values (‘symlog’). For ease of cross
comparison, all images are shown at the same spatial scale and normalized such that
their brightest pixels are all white in the color maps utilized. We note that the star
labeled in the December 13th is too far from the optocenter to a↵ect our linecut
analyses or spectra. Note that the color maps are not identical between the top and
bottom row.

diameter, or an expansion rate of 3.5± 0.600/day. If instead of using a left-right cut,

we analyzed the distance from the brightest pixel to where the coma reaches the sky

background, we could retrieve an expansion rate of 3.3±0.700/day. (This allows us to

probe the size of the coma Northwards in a way that does not simultaneously measure
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the dimmer Southern part of the coma.) Uncertainties quoted are from doing the

same linecut or radial-distance technique at slightly di↵erent angles. Richard Miles,

in a separate examination of the same images, found a similar expansion rate and an

approximate time of onset as Dec. 7.05± 0.20 (R. Miles, personal communication).

James (2018) analyzed images of Echeclus submitted to the Comet Section of the

British Astronomical Association (of which some of our images are included) and

found an expansion rate of the coma diameter of 3.400/day (⇠ 95m/s at Echeclus’s

then geocentric distance), which our results agree with. They also found a relatively

slow dimming of Echeclus’s total brightness with time (⇠ 0.01 mag/day) after the

outburst, which they suggest would be well explained by an essentially constant

initial supply of dust so that as the coma expands the total area of dust reflecting

sunlight remains the same. If this interpretation is correct, then the majority of the

dust in the coma may have been released su�ciently early in the outburst to make

continued ejection of material from the surface later on an unlikely culprit for the

subtle variations in the coma morphology seen in our images.

The sparse in time images without obvious rotational features preclude creating

a light curve or directly measuring the rotation period. However, in a similar set

of observations of an outburst at 29P, Schambeau et al. (2017) used a Monte Carlo

model of coma formation to conclude that the outburst duration was much shorter

than the rotation period. However, more morphological structures were apparent

after image processing in their data set than in ours, limiting both the applicability

of their result to Echeclus and of a similar model to our data. In other words, the

same kind of model applied to our data would have fewer constraints on the overall

period, even if there are subtle features in our data set driven by Echeclus’s rotation.
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3.3.2 Spectroscopy

The two reflectance spectra obtained with di↵erent extraction apertures are shown

in Figure 3.3. The two spectra are red-sloped, gently curving, and lack absorption

bands. The wider aperture spectrum is slightly bluer at shorter wavelengths.

Figure 3.3 Reflectance spectra extracted using 1.000 and 2.200 apertures are shown
with 1 � � error bars, normalized at 1.5 µm and o↵set for clarity. Areas of low
atmospheric transmission are shown as high-opacity gray horizontal lines behind the
two spectra. The spectra are shown to both be red-sloped at wavelengths below 1.5
µm and nearly flat but still slightly red-sloped beyond that, which is consistent with
previous observations of Echeclus (Guilbert et al., 2009; Seccull et al., 2019). The
wider aperture 2.200 spectrum is somewhat bluer (less red) than the narrower 1.000

spectrum. Quantitative measurements of the spectral slope are described in the text.

The two spectra presented in Figure 3.3 are qualitatively very similar to previous

spectroscopic observations of the nucleus of Echeclus (i.e. without known dust to
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pollute the spectrum), whereby a steeply red-sloped spectrum becomes more neutral

(but still red) at longer wavelengths with a transition near ⇠ 1.0 � 1.2µm (see

below for quantification). There are no obvious absorption features above the noise

in the spectra, though weak features could very easily be hidden. In general, our

analysis is guided by healthy skepticism as our retrieved spectrum looks very much

like previous observations of Echeclus’s nucleus that had much longer integration

times. This is discussed further in Section 5. The upper limits we could put on the

strength of absorption features vary due to changing signal-to-noise as a function of

wavelength, but are approximately a few percent at wavelengths shorter than the

prominent atmospheric band (⇠ 1.3µm) and could be as high as ⇠ 15% in K-band

depending on location and where the continuum was calculated. The small up-and-

down features observed in the data (see, for instance, the dip near ⇠ 1.67µm) are

highly sensitive to binning, and all such features were discounted. At the location of

the water ice feature at 1.5 µm (not seen in our data), a feature would need to be

6%� 10% less reflective than the surrounding continuum to be seen, while a feature

at 2.0 µm (like the other band of water ice or CO2) would need to be 10 � 15%

deep compared to the local continuum even without considering skepticism from the

atmospheric band at the same wavelength range. At wavelengths shorter than the

slope break near 1.0�1.2µm, the 2.200 aperture spectrum, which should include more

light reflected from dust in the coma, appears notably bluer (i.e. closer to neutral,

but again, still red-sloped).

To compare our spectra to previous measurements, we calculated the spectral

gradient using the same procedure as Seccull et al. (2019), whereby a line is fit to

normalized data avoiding atmospheric bands and the slope is reported in %/(0.1µm).

We note a slight di↵erence between our technique and theirs: their data were fitted

using a bootstrapping technique due to the spectral binning necessary to see the

target, while we analyzed our unbinned data. The results of the following calcula-
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tions are listed in Table 3.4. In the near-infrared, we normalized our two versions of

Echeclus’s spectrum at 1.6 µm and then used data between 1.25 and 1.7 µm, exclud-

ing that in the atmospheric band between 1.3 and 1.5 µm. This is listed as “NIR” in

Table 3.4. In the visible (essentially the R and I photometric bands), Seccull et al.

(2019) normalized their spectra at 0.658 µm, which is outside of our wavelength

range by just 0.04 µm, so we adopt two methods to calculate our spectral gradients

in this wavelength range. The first attempts to replicate their normalization by ex-

trapolating an initial fit to the data down to 0.658 µm to normalize it there and then

fitting all of our data shortwards of 0.8 µm using that normalization. This is listed

as “VIS” (Method 1) in Table 3.4. However, this method uses only ⇠0.105 µm of

our spectrum and thus could fail to capture the di↵erence between our two derived

spectra. The second method is to fit the spectral gradients with a normalization at

1.6 µm (the same as our NIR gradients) and fit all data shortward of 0.9 µm. This

is listed as “VIS” (Method 2) in Table 3.4.
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Table 3.4. Calculated Spectral Slopes

1.000 aperture 2.200 aperture Secull et al.

”NIR” S 0 = 1.34± 0.11 S 0 = 1.32± 0.10 S 0 = 1.26� 1.29

”VIS” (Method 1) S 0 = 10.96± 0.50 S 0 = 8.18± 0.39 S 0 = 11.39� 12.12

”VIS” (Method 2) S 0 = 10.76± 0.16 S 0 = 6.57± 0.13 N/A

tab:ech4
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In general, both our 1.000 and 2.200 aperture spectra are fully consistent with

previous observations of the reflectance spectrum of Echeclus’s nucleus in the absence

of (known) dust beyond ⇠1.0 µm. However, at wavelengths shorter than ⇠1.0µm,

the two spectra we retrieved with di↵erent apertures are statistically very di↵erent

using either of the fitting methods described above. The 1.000 aperture spectrum is

statistically consistent with previous observations of the bare nucleus in the optical,

while the 2.200 aperture spectrum is significantly bluer than both its 1.000 counterpart

and previous observations of Echeclus’s surface regardless of fitting method employed.

The wider aperture should include more reflected light from dust in the coma, which

has previously been observed to be blue (Bauer et al., 2008; Seccull et al., 2019),

which we discuss further in Section 5. We note here, and in Section 5, that the

decreasing importance of dust at longer wavelengths helps to explain the increasing

sharpness of both peaks seen in the NIR along-slit spatial profile and the lack of

secondary peak seen in the visible data along the most-enhanced part of the coma.

3.4 Echeclus’s Recent Orbital History

Echeclus’s strange activity patterns – medium to very large outbursts throughout

its orbit with little notable activity in between, fragmentation or debris ejection

event(s?) – must be related in some way to its recent history and evolution. While

Echeclus’s orbital history has been studied in the past (Gladman et al., 2008), the

focus was on dynamically classifying the object as opposed to identifying any recent

trends in the evolution of its orbit that might put its modern activity in context. To

help frame our discussion of Echeclus’s behavior and determine if it is representative

of the Centaur population at large, we integrated Echeclus’s orbital motion and

that of 100 orbital ‘clones’ backwards in time using the IAS15 integrator within the

orbital integration code Rebound (Rein and Spiegel, 2015). The nominal orbit was

taken from JPL Horizons, with the clone orbits spanning the orbital uncertainty
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by drawing from the covariance matrix for that orbit available on the JPL Small

Body Database Browser. We integrated the nominal and clone orbits forward 1,000

years and backwards 10,000 years as massless test particles to both gain quantitative

inferences about Echeclus’s thermal environment, as well as identify any notable

close encounters with the giant planets. We included the e↵ects of the Sun and the

planets Mercury through Neptune with a timestep of 0.001 years, or approximately

8.75 hours. We note that the IAS15 integrator uses an adaptive timestep to properly

resolve close gravitational encounters between objects, which is critical for the (by

definition) often gravitationally perturbed Centaur population. The evolution of

Echeclus’s semimajor axis (‘a’) and perihelion distance (‘q’) from these simulations

between 1000 BCE and 3000 CE are shown in Figure 3.4.

The nominal orbit and the orbits of the clones remain very similar between ap-

proximately ⇠1144 CE (a close approach with Jupiter at 0.90 AU) and ⇠2970 CE

(a further approach with Jupiter at 1.98 AU), and beyond that are only statistically

known. Echeclus’s perihelion distance of 5.6-5.9 AU has remained fairly stable for

the past millennium, while the semimajor axis varies between 10.1 and 12.0 AU.

Within the time frame where the orbit is well-determined, there are many gravita-

tional encounters with Jupiter and Saturn but none are strong enough to change

the orbit drastically. The closest encounter with Jupiter is 1.559 AU (⇠4.5 Jupiter

Hill Radii) in the year 1416, while with Saturn it was 1.02 AU (⇠2.5 Saturn Hill

Radii) in the year 1513. Within the well-determined period, there have been small

trends towards increasing perihelion distance and decreasing semimajor axis - e.g.

increasing eccentricity with time.

Fernández et al. (2018) show that for many currently active Centaurs, there has

been a significant decrease in perihelion distance in the recent few hundred to a

few thousand years, which they interpret as evidence for increased temperatures on

the surface and in the sub-surface, allowing for more devolatilization and advancing
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Figure 3.4 The evolution of Echeclus’s orbital parameters (semimajor axis ‘a’ and
perihelion distance ‘q’) compared against 100 “clones” of its orbit within several
thousand years of the present day. The clones are plotted with a lower opacity in
the same color as the nominal orbit. The orbits of Jupiter and Saturn are shown as
shaded boxes for context. The orbits of the clones diverge from the nominal orbit
around the year 1144, before which the orbit can only be described statistically.
Echeclus’s orbit since then has had a stable but slightly varying perihelion distance
near 5.6-5.9 AU and a semimajor axis varying between 10.3 and 12.0 AU. Unlike
many active Centaurs (Fernández et al., 2018) Echeclus’s orbit shows no evidence
for a recent drop in perihelion distance, which could indicate a change in thermal
environment.

crystallization of water ice to drive the activity (should the amorphous water ice

actually be present). This was also noted and discussed for 29P in Sarid et al. (2019a).

This explanation certainly is certainly plausible with our limited understanding of

Centaur / comet properties, but it fails to explain activity of objects in orbits that
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have not undergone recent changes, such as 95P/Chiron (Fernández et al., 2018) or

Echeclus. Considering that the temperature at the subsolar point of a planetary

body at any point in its orbit should be proportional to the inverse of the square

root of the heliocentric distance, these small changes in the orbit of Echeclus do

not drastically change the thermal environment it is in. (The peak temperature

changes approximately ⇠ 3% between a perihelion at 5.6 AU and 5.9 AU, and the

average temperature changes ⇠ 8% between semimajor axes of 10.1 AU and 12

AU for reference.) Echeclus, like Chiron, cannot have its activity explained simply

through large orbital changes inducing higher temperatures, as those changes have

not occurred in the recent past. However, any small change in orbit should change the

thermal state of the nucleus, if only slightly. A di↵erent distribution of temperatures

combined with a changing topography and/or changing rotational pole orientation

due to comet-like outgassing and mass-wasting could open up new parts of the nucleus

to continued sublimation until all of the volatiles within several thermal skin depths

of the surface have been released. In this picture, a nucleus re-equilibrating would

be expected to have higher levels of activity at perihelion when temperatures are

overall the highest (seasonality notwithstanding). However, we know that Echeclus’s

modern activity is both episodically spread along its entire orbit observed thus far

and has very intense outbursts, which does not easily fit into a picture of a perturbed

nucleus moving towards thermal equilibrium inside its orbit.

3.5 Discussion

In this section, we detail our interpretation on the properties of the dust in the coma

of Echeclus and the properties of the secondary source we see inside of it. We close

with a brief discussion of how Echeclus’s activity and properties reflect on its place

within the Centaur population.
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3.5.1 Dust Properties

The similarity in coma morphology between our visible wavelength images and near-

infrared 2D spectra (see Figure 3.1) when seeing is accounted for suggests that they’re

“seeing” the same dust. While a narrow aperture extraction retrieved a reflectance

spectrum consistent with Echeclus’s nucleus, the reflectance spectrum became bluer

upon extraction with a wider aperture, suggesting that the dust was likely bluer

than the nucleus. Echeclus’s dust has previously been observed to be blue spectrally

in Seccull et al. (2019), which our measurements are consistent with. A spectrally

blue coma is a somewhat rare property among comets but was also seen in the larger

Centaur 95P/Chiron (West, 1991). The two common explanations for this behavior

is that the dust is simply blue in color or that the coma is dominated by smaller

grains that are less e�cient at scattering longer wavelengths of light. Seccull et al.

(2019) argued for blue grains, as opposed to small ones, for two primary reasons.

First, and perhaps most importantly, Jewitt (2015) argues that cometary comae are

usually dominated in e↵ective cross section by the largest grains. As Echeclus in

its larger 2005 outburst appeared to have “normal” cometary activity (Bauer et al.,

2008), this should likely apply to Echeclus’s coma as well. Second, the smaller grains

should be accelerated to higher speeds than the larger ones, and Seccull et al. (2019)

performed their observations several weeks after the 2016 outburst of Echeclus. If the

smallest grains are moving the fastest, then our measurements of the coma expansion

(⇠ 3 � 400/day) rate place them far from the spectral extraction aperture, and thus

unlikely to contribute greatly. Grains still inside our 0.800 ⇥ 1.000 (2.200) aperture ⇠ 6

days after the presumed onset of outburst should only be moving ⇠ 5m/s or less,

compared to the ⇠ 95m/s overall coma expansion speed. If we assume that the

velocity of an individual dust grain is proportional to its radius raised to the �1/2

power (energy conservation), then the particles still inside our aperture are likely

more than 300 times larger in radius than the smallest grains available. Additionally,
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there are many processes by which cometary or comet-like materials can be made to

appear blue visually, from the inclusion of carbon-bearing materials that sometimes

appear blue (Cloutis et al., 1994; Clark et al., 2010) to size sorting (Clark et al., 2010;

Hiroi et al., 2010; Cloutis et al., 2013) or phase angle (Cloutis et al., 2011) e↵ects.

The break-down and dehydrogenation of complex carbon-chain molecules can also

make them bluer (Fomenkova et al., 1994; Cloutis et al., 1994).

Thermal infrared observations presented in Bauer et al. (2008) showed that not

only was Echeclus’s coma dominated by large dust grains, but also that the morphol-

ogy was quite similar at visible and thermal infrared wavelengths. The similarities in

strength (> 4 visual magnitude increase in brightness), the existence of a secondary

condensation, and the similarity of morphologies in our 2017 visible and near-infrared

observations suggest at the very least qualitative similarities between the 2005 out-

burst and the 2017 outburst described in this paper, and perhaps similarities between

their causes as well. In light of that, we argue that the presence of large dust grains

that are blue in color is the simplest explanation for our observations as well. The

origin of the blue color of these primarily large grains remains open, however. Future

time-domain near-infrared imaging could look for color gradients within the coma as

it evolves, which might better diagnose whether or not the grains are expelled from

the surface already ‘blue’ or become blue as they are size-sorted and degrade in the

coma.

As mentioned in Section 4, previous observations of Echeclus’s nucleus (Guilbert

et al., 2009; Seccull et al., 2019) noted no obvious ice absorption features on the

surface. Our data also has no obvious ice features, but it is plausible that whatever

material was excavated and ejected from the surface to form the dust coma might

either contain some new ices or leave ices newly exposed on the nucleus. As previous

observations (especially those of Seccull et al. 2019) had longer e↵ective exposure

times, and our observations in the near-infrared appear to be consistent with reflected
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light from the nucleus, we interpret this that the nucleus did not have any massive

changes in surface composition and the dust is not incredibly icy, neither of which

are surprising.

3.5.2 The Secondary Source

As mentioned initially in Section 2 and shown in Figure 3.1, the spatial profiles of our

near-infrared spectra from the second block of observations show two separate peaks

in the coma. The secondary peak is consistently placed 2.4500–2.6000 from the primary

peak throughout multiple consecutive exposures, suggesting that it is moving at the

same non-sidereal tracking rate as Echeclus itself. The secondary peak is in the

brighter part of Echeclus’s coma and is hinted at very strongly in the line cut profiles

extracted along the same position angle as the second block’s slit orientation.

The most tantalizing explanation is that Echeclus has again released a large

fragment or condensed mass of material, most likely corresponding to the start of

the outburst, analogous to the 2005 event most commonly interpreted as a large-

scale fragmentation event. If we assume that the cause of the second peak was

ejected from the surface of Echeclus at our nominal time of outburst onset, the

2.4500–2.6000 separation at a geocentric distance of 6.53 AU results in estimated speeds

of 21–23m/s, which suggests it is moving hyperbolically relative to the primary

nucleus, another feature shared with the 2005 event (Weissman et al., 2006). James

(2018) estimated the overall coma expansion rate (essentially the dust shell expansion

rate) to be ⇠ 95m/s, much faster than our estimated speed above. If we assume the

smallest dust grains are accelerated to the fastest speeds, then we might then assume

the material that makes up our second peak is then larger and decoupled from the

gas quicker.

The theoretical prospect of ejecting a large macroscopic fragment at such a speed

was and remains fundamentally unsolved. However, ejecting a large amount of debris



136

even up to several meters in size is more than possible if activity is highly localized.

In the absence of unambiguous evidence for a large 2005-like macroscopic fragment,

the latter scenario seems like the best explanation for our observations. In that

framework, the secondary peak is likely a collection of material up to a few meters in

size ejected in approximately the same direction from the surface of Echeclus. While

there are only weak constraints on the size of the 2005 fragment, Echeclus seems

to be able to eject material to and above its own escape velocity from dust a few

microns in size through boulders up to even larger full fragments. More modeling

work is critical to understanding these processes and to understanding the Centaurs

in general.

3.5.3 Echeclus among the Centaurs

Is Echeclus ‘typical’ among the Centaurs? It has a reflectance spectrum typical of

many active Centaurs (Peixinho et al., 2003), but its recent orbit has changed far

less than many other active Centaurs (Fernández et al., 2018). It experiences large

outbursts like many of the best-studied Centaurs (29P, Chiron) and long period

comets at similar distances, but is apparently dormant or only minimally active in

between, unlike 29P. As we have only studied a handful of Centaurs to any great

depth, the Copernican interpretation would be that Echeclus is at least somewhat

typical, as are the other best-known Centaurs, in the absence of other information.

If that is the case, then there is reason to think that many other active Centaurs

are also releasing fragments and large clumps of debris as well. If Echeclus has had

two of these explosive debris ejections in ⇠ 12 years, and the behavior is shared

by some fraction of the active population, then it is possible that several of these

fragmentation/debris ejections are being missed each year on other Centaurs. The

active Centaurs are an incredibly diverse group, from barely active to the most

active objects in the solar system, from constantly active to intermittent at most,
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and they display many behaviors not seen in the inner solar system comets and

not yet well understood. More observational resources could be instrumental in

both understanding these behaviors better as well as finding new processes not yet

observed.

3.6 Summary

Understanding the Jupiter-Family-Comet/Centaur/Kuiper-Belt-Object relationship

is critical to understanding the history of any of the three groups. Among the

Centaurs, some fraction show cometary activity, some of which is unlike the kind

of activity seen among inner solar system comets. Jupiter Family Comets likely

“turn on” for the first time as Centaurs and understanding how and why is an area

of much ongoing research. We present new visible-wavelength imaging and near-

infrared spectroscopy of the active Centaur 174P/Echeclus in the first week after

its December, 2017 outburst. The coma is observed to be highly asymmetric in the

North-South direction, expanding 3.3–3.500/day, and a likely time of onset of Dec.

7.05±0.20. The near-infrared 2D spectra show two peaks, a shape hinted at strongly

in the visible images obtained with worse seeing. The separation between the peaks

suggests an approximate speed of ⇠ 21–23m/s, significantly slower than the overall

coma expansion speed but higher than the escape velocity of the nucleus. The

retrieved NIR reflectance spectrum of Echeclus is consistent with the bare nucleus

if a small (1.000) extraction aperture is used but becomes significantly bluer if a

larger (2.200) extraction aperture is used. The similarity of morphologies between

the NIR and VIS data, as well as the color of the dust (bluer than the nucleus),

is broadly consistent with the ideas of Bauer et al. (2008) and Seccull et al. (2019)

that Echeclus has a large-grained and blue coma. We perform a high-resolution

orbital integration, which reveals that unlike most of the active Centaurs it has

had a relatively stable orbit for the past ⇠ 900 years (Fernández et al., 2018); this
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rules out a recent thermal change due to orbital evolution as the explanation for

Echeclus’s outbursts. We argue that the second peak seen in our data is composed

of large debris (bigger than dust, smaller than the 2005 fragment) ejected at the onset

of the outburst. More theoretical work is critical in understanding these processes,

and more observational resources could help to determine how common they are

among the active Centaurs. If Echeclus is typical, then there may be many kinds of

behaviors and activity patterns among the Centaurs that have not been noted yet.
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CHAPTER 4

“Carbon Chain Depletion of 2I/Borisov”

Originally published as, “Carbon Chain Depletion of 2I/Borisov” by Theodore

Kareta, Jennifer Andrews, John W. Noonan, Walter M. Harris, Nathan Smith,

Patrick O’Brien, Benjamin N. L. Sharkey, Vishnu Reddy, Alessondra Springmann,

Cassandra Lejoly, Kathryn Volk, Albert Conrad, and Christian Veillet in The As-

trophysical Journal Letters, Volume 889, Issue 2, article 38, (2020.)

4.1 Introduction

The modern composition and structure of Solar System comets retains information

about conditions of the early protosolar disk from which they formed (Duncan et al.,

1987; Bar-Nun and Kleinfeld, 1989; A’Hearn et al., 2012). Telescopic surveys of comet

molecular abundances (A’Hearn et al., 1995; Fink, 2009; Cochran et al., 2012) have

revealed there to be multiple taxonomic classes of Solar System comets whose di↵er-

ences are likely tied to di↵erences in disk chemistry. Dynamical work also suggests

multiple formation regions inside the disk (Bockelée-Morvan and Biver, 2017; Dones

et al., 2015; Meech et al., 2017) related to the modern dynamical classes of comets

(Jupiter Family, Halley-type, Long Period, etc.). Connections between dynamical

class and composition (“normal”, carbon-chain depleted, carbon-chain and NH2 de-

pleted, etc.) have also been identified (A’Hearn et al., 1995; Fink, 2009; Cochran

et al., 2012) using spectroscopy of cometary comae. Spectroscopic observations of an

active cometary coma, whether the object is from our Solar System or interstellar,

thus investigates the link between disk properties and produced planetesimals, and

provides constraints on models of planetesimal and planet formation.
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The discovery of the second-ever interstellar object comet 2I/Borisov on 2019 Au-

gust 30, (MPEC 2019-R1061) presents a unique opportunity to contrast planetesimal

formation in our Solar System with formation processes in other stellar systems—in

a way not possible with the first interstellar object found, 1I/’Oumuamua. Oumua-

mua is red with a pronounced elongation (Meech et al., 2017; Knight et al., 2017;

Fitzsimmons et al., 2018; Ye et al., 2017; Trilling et al., 2018) with an assumed low,

but undetermined, visible (< 0.15) and infrared (< 0.2) albedo (Fitzsimmons et al.,

2018; Trilling et al., 2018) in a non-principal axis (“tumbling”) rotational state (De-

vogèle et al., 2018; Fitzsimmons et al., 2018; Belton et al., 2018). There is strong

evidence for non-gravitational acceleration (Micheli et al., 2018). No gas emissions

were detected from ‘Oumuamua: chemical analyses were limited to observing its

surface reflectivity (Fitzsimmons et al., 2018) and are consistent with an outer So-

lar System body with appreciable organic content. All of these properties contrast

with 2I/Borisov; the object’s substantial outgassing provides more data about its

formation, thermal history, and chemistry.

We summarize the currently known (late November 2019, see end of this Chapter

for updates) properties of 2I/Borisov. Its eccentricity and inclination are 3.31 and

44.1�, respectively (JPL Orbit Solution 11, queried for 2019 October 1.0). Due to

its low solar elongation angle it is visible only in the early morning, presenting a

brief observing window. Guzik et al. (2020) obtained g’- and r’-band images with

Gemini North, finding 2I/Borisov’s color to be indistinguishable from Solar System

comets. de León et al. (2019) reported a red slope between 0.55–0.90 µm similar

to D-type asteroids and cometary nuclei. Fitzsimmons et al. (2019) detected CN

emission from 2I/Borisov (Q ⇠ 4⇥1024 molecules/s) at a level appearing typical for

comets at similar heliocentric distances. Fitzsimmons et al. (2019) also constrained

the C2 production (Q  4 ⇥ 1024 molecules/s) and estimated water production by

1https://www.minorplanetcenter.net/mpec/K19/K19RA6.html
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proxy (Q ⇠ 1.7 ⇥ 1027 molecules/s). McKay et al. (2020) derived from the 6300Å

[OI] line a water production rate of ⇠ 6.3 ⇥ 1026 molecules/s, which could be high

or typical compared to solar system comets depending on size estimated (Jewitt and

Luu, 2019).

Carbon “typical” comets have production rate ratios of C2/CN of 0.66–3.0

(A’Hearn et al., 1995; Cochran et al., 2012)), while comets with less C2 are called

‘depleted’. Fitzsimmons et al. (2019) cannot discriminate 2I/Borisov between ‘typ-

ical’ and ‘depleted’ for 2I/Borisov, though the detection of CN does e↵ectively rule

out an uncommon composition like that of Comet Yanaka (1988r; Fink et al. 1992)

or 96P/Machholz (Schleicher, 2008). Opitom et al. (2019) found no evidence of C2

in their spectroscopic observations, suggesting moderate-to-strong (C2/CN  0.3)

carbon-chain depletion. Spectroscopic observations can place chemical constraints

on 2I/Borisov, allowing insight into another Solar System’s disk chemistry and for-

mation history by examination of the interstellar comet’s C2 and CN abundance in

ways that 1I/’Oumuamua could not.

4.2 Observations & Data Reduction

We observed interstellar comet 2I/Borisov on 2019 September 20 with the Boller

Chivens spectrograph at the 2.3-m Bok telescope (Kitt Peak National Observatory,

Arizona), on 2019 October 1 and 9 with the Blue Channel spectrograph at the 6.5-m

MMT telescope (Mount Hopkins, Arizona) (Hastie and Williams, 2010), and on 2019

October 10 with MODS on the Large Binocular Telescope (LBT, Pogge et al. 2006)

to search for and measure the abundance of molecular species as well as to measure

the reflective properties of dust in the object’s coma. We also imaged Borisov in

the Hale-Bopp CN (Farnham et al., 2000) and Sloan r’ filters on 2019 October 26

with the 90Prime imager (Williams et al., 2004) on the Bok telescope. Observational

details, including heliocentric and geocentric distances, spectral resolution, and ex-
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posure times among other information, are listed in Table 4.1. For context, our Bok

observations took place approximately 7 hours after Fitzsimmons et al. (2019).

These spectra and images were reduced using standard techniques, including bias

subtraction, flat fielding, cosmic ray rejection, local sky subtraction and extraction

of one-dimensional spectra. The spectra had wavelength solutions derived using

comparison with Helium-Neon-Argon lamps, had a standard extinction correction

applied, and were flux-calibrated by comparison with nearby flux standard stars

observed just beforehand. For the spectroscopic observations extracted apertures

were chosen to maximize comet signal for each instrument and slit. For the data

from the 20th, this was an 18.3300 (spatial) by 1.500 (slit width) box, the 1st had

15.57500 by 1.000, the 9th had 26.0” by 1.500, and the 10th had 1800 by 2.400. The

imaging data were extracted using circular aperture photometry with a radius of 00

and largely followed the reduction procedure outlined in Farnham et al. (2000) using

the dust reflectance slope measured from our Oct. 10th spectrum. The standard star

used (HD 81809) is noted in that work to be less than ideal for blue/UV observations,

so we have overestimated errors when possible. We note that for the Sep. 20 and

Oct. 1 datasets, insu�cient data were collected to allow a median combination of

spectra, making the two datasets “look” even noisier than their later counterparts

even though cosmic rays were cleaned from them.
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Table 4.1. Log of Observations of 2I/Borisov.

Telescope Date RH � UTC Start Airmass Texp R/Filter Conditions

Bok Sep. 20 2.67 3.25 12:07-12:17 1.89 1⇥ 600 1045 Photometric

MMT Oct. 1 2.50 3.00 11:47-11:53 1.87-1.93 2⇥ 600 740 Cirrus?

MMT Oct. 9 2.41 2.84 11:46-12:06 1.75-1.82 4⇥ 600 740 Cirrus?

LBT Oct. 10 2.39 2.82 12:00-12:16 1.57-1.64 2(2)⇥ 600 ⇠ 2000 Photometric

Bok Oct. 26 2.23 2.52 12:19-12:29 1.46 1⇥ 1200 HB CN Photometric
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4.3 Analysis, Modeling, and Results

In order to search for molecular emission features, it is necessary to produce a flux-

calibrated solar spectrum fit to subtract from the flux-calibrated data. This process

creates a dust-reflectance spectrum for the comet, which can be used to look for

a spectral slope. The solar spectrum was taken from Chance and Kurucz (2010)

and binned to the resolution of each dataset. The original flux calibrated spectra,

best-fit reflectance, and dust-subtracted comet spectra are shown in Figure 4.1. The

noisiness of the Bok data prevents a high-quality solar reflectance subtraction, while

the data obtained later becomes very linear after subtraction indicating a relatively

good fit of the solar spectrum to the continuum points.

We consider the spectral slope between the blue, green, and red continuum regions

defined for the Hale-Bopp filter set Farnham et al. (2000) to compare reflectance

slopes with other workers. These filters are centered at 4450, 5260, and 7128 Ås

respectively. If we normalize our highest-quality data from October 10th at the green

continuum point, then we find the slope from blue-to-green to be S 0 = 22± 4%/µm,

and the green-to-red slope to be S 0 = 11 ± 3%/µm. Fitzsimmons et al. (2019)

suggested that the dust might be ‘redder’ at shorter wavelengths, and our best data

supports that conclusion.

After the reflected sunlight from dust was subtracted, we searched for emission

from molecules in the coma of 2I/Borisov (Table 4.2). For each possible feature we

subtracted a linear estimate of the background as determined by a fit to data on

either side of the feature and then integrated using a trapezoidal method all flux

above it. That retrieved flux is compared against an upper limit found through the

method described in Cochran et al. (2012), whereby a fraction of the local spectral

noise is multiplied over the width of the bandpass that the feature was integrated

over to determine blindly if the feature is ‘real’. All retrieved fluxes and upper limits

are in Table 4.2.
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Figure 4.1 The flux-calibrated and dust-subtracted spectra of all three nights of
spectroscopy from October. The heliocentric and geocentric distances are listed
underneath the telescope names and dates on the figure. The same background and
background subtraction process was applied to all datasets. The CN B-X (0-0) band
centered at 388.3 nm can be seen clearly in the MMT and LBT data.

The CN B-X (0-0) band near 3883 Å is a relatively narrow two-peaked feature

which we integrated from 3861 Å to 3884 Å based on the extent of the feature as

calculated in Schleicher (2010). We detect CN strongly on Oct. 1, 9, and 10, but

the detection on Sep. 20 is marginal, as background subtraction was challenging so

close to the edge of the detector. We thus list it in Table 4.2 as an both an upper

limit and a detection.

The C2 Swan band (�⌫ = 0), with a bandhead at 5167.0 Å, is a much broader

feature stretching over 200 Å in wavelength. The overall shape of the band has a

sharp peak near the primary 0-0 bandhead and a secondary peak near 5129 Å at

the 1-1 bandhead. We integrate from 5067 Å to the 0-0 bandhead at 5167 Å and to
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match the procedures of Fitzsimmons et al. (2019) and Opitom et al. (2019). There

is no C2 seen above the noise in any of the data. Detailed sections of the October 1st,

9th, and 10th spectra of 2I/Borisov show the CN detections and C2 non-detections

on those dates (Figure

To convert the integrated fluxes to production rates, we used a standard Haser

model (Haser, 1957a) with scale lengths and lifetimes from A’Hearn et al. (1995) and

outflow velocity from Cochran and Schleicher (1993). We note that the A’Hearn et

al. scale lengths and lifetimes assume a di↵erent outflow velocity, though this does

not change inferred production rate ratios. The g-factor (formally the fluorescence

e�ciency) for C2 was taken from A’Hearn et al. (1995) and the g-factor for CN was

taken from Schleicher (2010) for the appropriate heliocentric distance and velocity

on each date. The lifetimes increased proportional to heliocentric distance squared

and the g-factors were scaled down by the same factor. We have verified the output

of our Haser model implementation by comparison of its output with a recent paper

on the topic, Hyland et al. (2019). The input fluxes and output production rates

for all nights are presented in Table 4.2. The production rate ratio upper limit,

Q(C2)/Q(CN), is measured as  0.1, which indicates that 2I/Borisov is clearly in

the ‘depleted’ group of the A’Hearn et al. (1995) taxonomy if there is any C2 at all.

A comparison of our inferred Q(C2)/Q(CN) ratio with those of the A’Hearn et al.

(1995) sample as submitted to the Planetary Data System in 20032 as well as that

of Opitom et al. (2019) is presented in Figure 4.2.

2Note that the submitting author for this was Osip et al., as opposed to A’Hern et al.)
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Table 4.2. 2I/Borisov molecular fluxes and derived production rates.

Telescope (Date) CN Flux C2 Flux Q(CN) Q(C2) Q(C2)/Q(CN)

Bok (Sep. 20)  1.6⇥ 10�14  1.8⇥ 10�14  5.0⇥ 1024  8.0⇥ 1024

MMT (Oct. 1) (2.9± 0.4)⇥ 10�15  4.4⇥ 10�15 (1.1± 0.2)⇥ 1024  2.5⇥ 1024  2.3

MMT (Oct. 9) (9.9± 0.5)⇥ 10�15  1.8⇥ 10�15 (1.74± 0.09)⇥ 1024  4.4⇥ 1023  0.3

LBT (Oct. 10) (1.22± 0.03)⇥ 10�14  8.0⇥ 10�16 (1.73± 0.04)⇥ 1024  1.6⇥ 1023  0.1

Bok (Oct. 26) (3.8± 0.7)⇥ 10�13 (1.9± 0.3)⇥ 1024

tab:bo2 Fluxes are in ergscm�2s�1, and production rates are in molecules/s. Production rate ratios are

rounded to the nearest tenth and are based on the 100-Å upper limit.
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Figure 4.2 The CN (left) and C2 (right) spectral profiles from the spectra obtained
between October 1st and October 10th. Dotted horizontal lines are added to each
plot to indicate the extraction spectral range, which we chose based on the extent of
the line in the Oct. 10 spectrum.

4.4 Discussion

4.4.1 2I/Borisov as a Depleted Comet

Our further confirmation of CN emission, continuing non-detection of C2 emission,

and lowest so far calculation of the Q(C2)/Q(CN) ratio provide a better frame-

work than previously available to analyze 2I/Borisov in the context of Solar System

comets. Our reported Q(C2)/Q(CN) upper limit ( 0.1) is very low for Solar Sys-

tem comets, with only three in the A’Hearn et al. (1995) sample being comparably

depleted (43P/Wolf-Harrington: ⇠ 0.063, 98P/Takamizawa: ⇠ 0.081, and 87P/Bus:

⇠ 0.087). Only ⇠ 34% of the total comets with measured Q(C2)/Q(CN) ratios in
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Figure 4.3 The ratio of production rates between C2 and CN determined for
2I/Borisov (red line, red arrow) and the comets in the A’Hearn et al. (1995) sur-
vey which had their ratios determined. The upper limit from Opitom et al. (2019) is
presented similarly in blue. A black dash-dotted line and text is present to di↵eren-
tiate between ‘Depleted’ comets (ratio < 0.66) and ‘Typical’ comets (ratio > 0.66) in
the A’Hearn et al. (1995) taxonomy. ‘Enhanced’ comets fall on the right and outside
of the figure.

that sample are depleted. We note that these detections are rather noisy and com-

paratively old. Q(C2)/Q(CN) has also been observed to vary in 43P (Fink, 2009)

from very to mildly depleted. 19P/Borelly also has a variable ratio (Fink, 2009) that

on one occasion was as low as ⇠ 0.06. All of these lowest-ever detections are compa-

rable to our upper limit. These ratios were all obtained at lower distances than the

current measurements. The survey datasets also do not report every possible upper

limit when a later detection could be reported, so the comparison is not without



150

limitations. It is also unknown whether or not this ratio might change – it is possible

that 2I/Borisov either has very little or no C2 or that C2 production might start at

some later date.

In our Solar System, Jupiter Family Comets are the most likely to be depleted

(⇠ 37% vs. ⇠ 18% for long period comets, Cochran et al. 2012; ⇠ 50% vs. ⇠ 6%

in A’Hearn et al. 1995) depending on definition of depleted and choice of dynamical

classifications. Within this context, we might expect 2I/Borisov to have formed in

a location more similar to many of the extremely depleted Jupiter Family Comets,

derived from the trans-Neptunian region, than the Long Period Comets, which likely

formed near Uranus and Neptune. Inferences like this rest upon the assumption that

the existing classification schemes are describing some underlying set of processes in

the protosolar disk that created the modern properties and compositions of comets.

More work is needed to understand if 2I/Borisov being carbon-depleted has the same

implications as it does in Solar System comets. A reliable detection of the molecule

C2 in the spectrum of 2I/Borisov would help address this. C2 and C3 are often but not

always seen to be depleted, typical, or enriched in a similar manner (A’Hearn et al.,

1995), suggesting strongly that their abundance is controlled by the same or similar

processes. If C3 is detected and is found to be correlated in production rate with C2,

this would likely argue further that the taxonomies reflect some information about the

chemical conditions in the disks where these objects formed. In other words, we would

like the taxonomies based on Solar System comets to be predictive for 2I/Borisov,

instead of descriptive. Further spectroscopic monitoring of 2I/Borisov is needed for

another reason; while production rate ratios (e.g. Q(C2)/Q(CN)) are not observed

to vary much with time or distance in Solar System comets, we do not know if this is

the case for 2I/Borisov as of yet. Again, it is worth emphasizing that C2 production

might truly be low or simply be low currently. While production rate ratios typically

do not vary much in Solar System comets, the surveys that found this were largely
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making observations when the comets in question were at lower heliocentric distance

than those considered here. Continued monitoring will be critical to making the

fullest comparison to Solar System comets. If these diagnostic ratios are found to

vary in 2I/Borisov, then our understanding of what our measurement of its strong

depletion means would have to be revised greatly, if not thrown out altogether.

4.4.2 Comparison with Other Measurements

Our September 20th measurements took place approximately 7 hours after those of

Fitzsimmons et al. (2019) and our Q(CN) (pseudo-) upper limit is slightly above

their detection (Q(CN) = 3.7 ± 0.4 ⇥ 1024, Fitzsimmons et al. 2019, Q(CN) <

5.0 ⇥ 1024, this work.) Our later observations produce increasing CN production

rates ((1.2� 1.9)⇥ 1024 throughout October), which are wholly consistent with the

results recently reported by Opitom et al. (2019). Considering the di↵erences in

instruments, reduction strategies, and modeling approaches, we view this as good

agreement with contemporary work that bolsters the validity of our approaches.

Understanding how production rates vary with heliocentric distance is a critical goal

for the upcoming observational campaign, as any deviations from normal cometary

behavior might indicate some di↵erent mechanisms that regulate the release of gases

from the interior of the object. While Opitom et al. (2019) argue based on their

data that the trend in Q(CN) is essentially flat, we again note that ours supports

an increasing production rate over the same time period. We argue that the current

data supports the idea that 2I/Borisov is acting much like a normal Solar System

comet in this regard.

Both Fitzsimmons et al. (2019) and Opitom et al. (2019) placed upper limits on

the Q(C2)/Q(CN) ratio ( 1.0 and 0.3, respectively). Our upper limit is significantly

below both, but our derived Q(CN) production rates are statistically consistent. We

view this as strong evidence that our derived upper limit is accurate.
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Our dust reflectance slope measurements (S 0 = 22%/µm and 11%/µm below and

above the green continuum filter point at 5260 Å from the Hale Bopp filter set, Farn-

ham et al. 2000) support the idea of Fitzsimmons et al. (2019) that the dust might

be redder at shorter wavelengths. However, we note that small di↵erences between

measured reflectance slopes can be caused by a number of things, from di↵erent

calibration methods to unknown instrumental artifacts, so more measurements are

needed. A recent report (Yang et al., 2019, CBET 4672) has a somewhat shallower

slope (⇠ 5%), for instance. This is a typical Solar System value (Guzik et al., 2020)

and indicates dust with relatively similar reflective properties as that of Solar System

comets at these wavelengths. The dust properties and general behavior of 2I/Borisov

seem similar to many Solar System comets, but its gas abundances might be very

di↵erent.

4.5 Conclusions

We report on spectroscopic and imaging observations of 2I/Borisov between 2019

September 20th and 2019 October 26th using the Bok, MMT, and LBT telescopes

to characterize and measure the gas production rates and dust reflectance proper-

ties to compare with Solar System comets. We find the dust reflectance to be red

(S 0 = 22(11)%/µm below (above) the Hale-Bopp green continuum filter) and likely

shallower at larger wavelengths. We identify CN emission on all October dates and

convert the integrated fluxes to production rates using a standard Haser model with

a rectangular (for spectra) or circular (for imaging) aperture. From October 1st to

26th, the production rate ranged from Q(CN) = 1.1–1.9⇥ 1024mols/s after our ini-

tial upper limit on September 20th (Q(CN) < 5.0⇥ 1024molecules/s). These values

and dust reflectance properties are all consistent with contemporaneous observations

by Fitzsimmons et al. (2019) and Opitom et al. (2019). We do not detect emis-

sion from C2 on any date and set upper limits in the standard method of Cochran
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et al. (2012). For our most sensitive observations from the LBT on October 10th,

we find Q(C2) < 1.6 ⇥ 1023 using a 100-Å wide integration area. The ratio of C2

to CN production rates was found on that date to be Q(C2)/Q(CN) < 0.1, which

is extremely depleted if any C2 is even being produced at the current time. This

ratio is used as a diagnostic measure of composition (e.g. ‘typical’ or ‘depleted’, see

A’Hearn et al. 1995; Fink 2009; Cochran et al. 2012), and only three Solar System

comets have been detected to be more depleted than our upper limit. However, the

comparability of our upper limit to detections in surveys with di↵erent goals is not

ideal. It is unclear whether or not 2I/Borisov has little C2 if any, or the C2 it might

have is simply not being released yet. More work is needed before we can truly ap-

ply a Solar System classification onto 2I/Borisov and know that the statement has a

physical meaning. More work is very much needed to further constrain this ratio and

identify if 2I/Borisov has any long-chain hydrocarbons at all. The recent discovery

of the interstellar comet 2I/Borisov presents an unparalleled opportunity to compare

its composition to Solar System comets and test the applicability of planetesimal

formation models to other stellar systems.

4.6 Later Developments

Unlike other objects in this thesis, the contemporary understanding of this object

– 2I/Borisov – has evolved very considerably since the submission of the version

of this chapter that was accepted in early December 2019. In particular, it was

during December when the object went through perihelion and went from being an

exclusively northern hemisphere object to an exclusively southern hemisphere object,

meaning that more telescopes and techniques were possible to use than ever due to

its changing orbital geometry and brightness.

Lin et al. (2020) detected C2 emission in a combination of data acquired on

October 31st and November 4 from the 2.4m MDM telescope at Kitt Peak, indicating
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a ratio of Q(C2)/Q(CN) = 0.2 ± 0.1. Further, Bannister et al. (2020) measured an

even higher ratio of Q(C2)/Q(CN) < 0.6 with data from just late November! This

value is ostensibly at the boundary between ‘depleted’ and ‘not depleted’. Those

authors also found ample emission from NH2, indicating that the production rate of

NH2 is ⇠ 2.7⇥ the production rate of CN. An evolving Q(C2)/Q(CN) ratio had never

been observed (noticed?) in a comet before and indicates that these carbon-bearing

molecules are stored in a way di↵erent from Solar System comets; an enrichment

in nitrogen bearing species was extremely rare. Later, Bodewits et al. (2020) and

Cordiner et al. (2020) found evidence that 2I/Borisov was extremely CO-rich as well,

with a CO production rate eclipsing that of water just after perihelion.

At the time of acceptance of the manuscript that forms the basis for this chapter,

2I/Borisov was beginning to look anomalous as the Q(C2)/Q(CN) ratio crept lower

(with the lowest-ever value being reported in our work), but it turns out that the

C2 production rate changed and made the object look anomalous in a completely

di↵erent way. The chemical rarity of the comet along other axes – carbon and ni-

trogen enrichment – has since come to dominate much of the modern work on the

topic. How are such carbon-and-nitrogen rich objects formed? Could they form

around Sun-like stars, or only under rarer conditions? Bodewits et al. (2020) sug-

gested that their extreme CO-to-H2O ratio was best explained by 2I/Borisov forming

around a dimmer-and-redder star than the Sun. Mousis et al. (2021) and Price et al.

(2021) both found that comets forming out of materials that condensed near ice lines

(N2, for instance) can have much higher abundances of these materials than other

comets. The specific scenario that produced 2I/Borisov – type of star, location of

formation within the disk, etc. – is still debated. However, it is clear that 2I/Borisov

is chemically unlike essentially any Solar System comet, though some of its indi-

vidual properties could be similar to a handful of local objects. As a closing note

(as 2I/Borisov does get more discussion in the last Chapter) that could be obvious
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here is that despite strong evidence that this interstellar comet had a composition

unheard of in Solar System comets and stored its ices unlike them as well, it still

‘behaved’ like a comet in a variety of very basic ways. It released dust grains that

looked ‘typical’, it brightened and dimmed as it moved towards and away from the

Sun in a way that looked ‘typical’, and it still had day-to-day variations in bright-

ness and outbursts that seemed ‘typical.’ This rare composition and volatile storage

scheme did not change those basic facts of cometary activity, or at least not in a

way that our limited datasets could ascertain or be noticed in. Comets, built out

of cometary materials in completely di↵erent proportions and organized chemically

di↵erently, still act like comets.
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CHAPTER 5

“Surfaces of (Nearly) Dormant Comets and the Recent History of the Quadrantid

Meteor Shower”

Originally published as, “Surfaces of (Nearly) Dormant Comets and the Recent His-

tory of the Quadrantid Meteor Shower” by Theodore Kareta, Carl W. Hergenrother,

Vishnu Reddy, and Walter M. Harris in the Planetary Science Journal, Volume 2,

Issue 1, article 31 (2021.)

5.1 Introduction

5.1.1 2003 EH1 and the Quadrantids

(196256) 2003 EH1 (hereafter ‘EH1’) is the long searched for parent body of the

Quadrantid meteor shower (Jenniskens, 2004) - an inactive near-Earth object (NEO)

in a highly inclined Jupiter Family Comet (JFC) like orbit. EH1 is possibly related to

C/1490 Y1, a previous suggested parent of the Quadrantid meteor shower (Hasegawa,

1979). Another object, 96P/Machholz (hereafter ‘96P’), has been been dynamically

associated to the Quadrantids based on its orbital evolution (e.g. McIntosh 1990).

Using the absolute magnitude of 16.1 listed on JPL’s Small Body Database and a

cometary albedo (pv ⇡ 0.03� 0.06), the diameter of EH1 should be between 3.3 and

4.6 kilometers (Kasuga and Jewitt 2015 estimate 4.0 ± 0.4 kilometers), around the

same size estimated for 96P (e.g. Eisner et al. (2019)), making both objects larger

than typical JFCs (D ⇠ 1.3 km, Meech et al. 2004, Bauer et al. 2017). Both objects

have broadband colors more neutral (less red) than typical cometary nuclei (Kasuga

and Jewitt, 2015; Eisner et al., 2019), a commonly interpreted as a possible signature
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of thermal e↵ects on their surfaces. While 96P’s orbit currently has q ⇠ 0.1237 AU,

the perihelion distance of EH1 was similarly low (q ⇠ 0.1 AU) within the past

two thousand years (Jenniskens, 2004; Wiegert and Brown, 2005) making thermal

changes to their surface seem plausible.

The Quadrantids appear to have a young (minimally dispersed) component (⇡
200�600 years old) and an older (more dispersed) component (⇡ 1000s of years old)

(Jenniskens et al., 1997; Jenniskens, 2004; Wiegert and Brown, 2005; Babadzhanov

et al., 2017). Jenniskens (2004) used these lines of evidence to argue that the younger

component is the result of a breakup of a cometary precursor at some point in the

past few hundred years. This is bolstered by 96P’s modern-day disintegration and

parenthood to the Marsden and Kracht sungrazing comet groups (see Marsden 2005;

Battams and Knight 2017; Jones et al. 2017 for excellent reviews of the topic). Abedin

et al. 2015 argued that the younger component can be well explained by traditional

cometary activity that started on EH1 in the 1790s. The Quadrantid Complex of

small bodies is thus something of a laboratory to study the ongoing processes of

cometary activity, dormancy, thermal alteration, nuclear fragmentation and meteor

shower creation.

5.1.2 Dormant Comets

The processes by which classical comets ‘turn o↵’ and become dormant or inactive

are of great interest, as a better understanding would shed light on the processes of

resurfacing and physical evolution of devolatilized regolith, which have implications

for the extent, depth, and evolutionary state of interior volatiles and may indicate

any relationship to low-albedo NEOs. There are few direct spectroscopic observations

of cometary nuclei in the literature for comparison with candidate dormant comets,

as active comets may only have their surfaces seen directly when their activity is

minimal (e.g. near aphelion), making these observations of low-albedo kilometer-
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sized objects even more challenging. Luu (1993) obtained spectra of several comet

nuclei and dormant comet candidates at large heliocentric distances and found a

wide variety of spectral behaviors from weakly blue (95P/Chiron) to strongly red

(10P/Tempel) among the proper comets, but a wider range of behaviors in the can-

didates from strongly blue ((3200) Phaethon) to ‘ultra-red’ ((5154) Pholus). While

(3200) Phaethon is indeed the parent of the Geminid meteor shower (Whipple, 1983),

its status as a likely dormant comet has come under serious scrutiny over the past

decade (de León et al. 2010; Jewitt and Li 2010, see also Kareta et al. 2018). The

‘ultra-red’ surface of (5154) Pholus (see, e.g. Fink et al. 1992; Cruikshank et al. 1998)

and other Kuiper Belt Objects (KBOs) and Centaurs does not appear to occur on

‘normal’ cometary nuclei (Jewitt, 2002), either. Many likely comparison points for

cometary nuclei may be at radically di↵erent stages of cometary evolution, from yet-

to-activate Centaurs (e.g. Pholus) to long-since heated-and-devolatilized comets or

carbonaceous asteroids (e.g. Phaethon, 107P/Wilson-Harrington, Fernández et al.

1997), making meaningful comparisons much more challenging. Nearly dormant or

low activity comets allow for a longer observational window when activity is mini-

mized, and so far individual studies of the nuclei thereof (Abell et al., 2003; Licandro

et al., 2003; Campins et al., 2006; Hicks and Bauer, 2007) all show very red D-type-

like spectra with little variation. Insights from Rosetta at comet 67P/Churyumov-

Gerasimenko (Capaccioni et al., 2015; Oklay et al., 2016; Filacchione et al., 2019)

suggest that reflectance spectra less red than the typical D-type slope on active

comets could be caused by increasing ice content in the upper regolith, perhaps most

relevant for Chiron of all the bodies mentioned so far, considering it is well beyond

the where water would sublimate easily. That being said, Chiron’s coma is bluer

than the Sun (West, 1991), so measurements of its nuclear properties that find it to

be blue as well might be contaminated by a low surface brightness coma that was not

noticed or fully subtracted, which seems like a plausible worry considering the in-
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herent dimness of the object. With observations of all cometary surfaces, identifying

whether or not the object is so active that determination of the nuclear properties is

reasonable is critical.

A secondary issue is that the dynamical chaos of the inner Solar System can

make the modern orbital state of the object in question non-diagnostic in predict-

ing its original reservoir (e.g. Main Belt vs. Kuiper Belt). 2P/Encke might have

spent time in Main Belt (Levison et al., 2006) despite a likely Kuiper Belt origin,

while the recent work by Hsieh et al. (2020) shows that even active objects in JFCs

orbits may potentially be active asteroid interlopers. The long-term dynamical and

thermal evolution of these groups of bodies likely di↵er greatly, so diagnosing how

their surfaces and interiors are responding to devolatilization is complicated without

auxiliary information to constrain the possible options for investigation.

EH1 is what one would “expect” a dormant comet to look like – it was likely quite

active in the recent past (as recently as 100-200 years ago according to Abedin et al.

2015), it is associated with a meteor shower (the Quadrantids), and is genetically

linked to other comets (96P, possibly C/1490 Y1). The goal of this paper is to lever-

age the ample auxiliary understanding we have of the Quadrantid complex to better

understand how and when EH1 became dormant, and thus better interpret observa-

tions of dormant and low-activty comets in general. For comparison with EH1, we

present new spectroscopic observations of three nearly-dormant comets whose prop-

erties we describe here and in Table 5.1. 364P/PANSTARRS is a nearly dormant

near-Earth JFC whose surface properties have not been reported, but had a ‘maybe

asteroidal’ dynamical history according to Fernández and Sosa (2015). Notably, it

was discovered without detectable activity only a few months prior to its 2013 per-

ihelion (Buzzi et al., 2013). 249P/LINEAR is also a nearly dormant near-Earth

JFC, which was reported by Fernández et al. (2017) to have a weakly blue (B-Type)

surface based on spectra taken between 0.5 µm and 0.85 µm and a likely dynam-
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ical origin in the Main Belt, not the outer Solar System. Those authors reported

that 249P is active for ⇠ 20 days around perihelion and not elsewhere during its

orbit. Lastly, P/2006 HR30 (Siding Spring) is a nearly dormant Halley-Type Comet

(HTC) that was characterized spectrally in Hicks and Bauer (2007) and DeMeo and

Binzel (2008) and found to have a typical cometary D-type-like reflectance spectrum

between ⇠ 0.3µm and ⇠ 2.5µm.

In Section 2, we detail our observations of EH1 and these three low-activity

comets. In Section 3, we preliminarily compare our measurements to each other and

previous observations of these targets (where applicable). In Section 4, we present

a series of short-term high-resolution orbital integrations and comment on the likely

modern thermal state of these four objects. In Section 5, we discuss the origin of the

spectral variation within our sample of cometary nuclei and make constraints on the

recent history of the Quadrantid meteor shower and complex.
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Table 5.1. Observational targets for this Chapter.

Object Name a (AU) e i (deg.) TJ Notes

(196256) 2003 EH1 3.123 0.619 70.84 2.065 Inactive JFC

364P/PANSTARRS 2.877 0.723 12.16 2.814 Weak Activity JFC

249P/LINEAR 2.776 0.816 8.43 2.709 Weak Activity JFC

P/2006 HR30 (Siding Spring) 7.818 0.843 31.88 1.785 Weak Activity HTC

Note. — All orbital elements taken from JPL Horizons as queried 2020 May 15.

tab:teh1
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5.2 Observations and Data Reduction

We obtained these new observations of EH1 and three nearly dormant comets were

taken at a variety of telescopes between 2006 and 2019, the details of which are

summarized in Table 5.2. Spectroscopic observations of (196256) 2003 EH1 were

obtained at Gemini South with the GMOS-S instrument (Hook et al., 2004; Gimeno

et al., 2016) on 2019 December 2nd using the R-150 (low resolution) grating and

the blue-blocking G455 filter, resulting in a wavelength coverage of ⇠ 0.50µm to

⇠ 1.02µm. BVRI photometric observations were obtained of EH1 on 2014 February

20 at the 1.8-m Vatican Advanced Technology Telescope (VATT) on Mount Graham

with the Vatt4k imager. A total of 61 images were taken in four filters (10 B, 10

V, 23 R, 8 I), all with an exposure time of 60s. The Vatt4k is a back illuminated

STA0500A CCD with 4096⇥4096 15⇥15 micron pixels, which was then binned 2⇥2

to yield a plate scale of 0.38 arcsec/pixel. 364P/PANSTARRS was observed on 2018

September 19th with SpeX (Rayner et al., 2003) with the MORIS instrument (Gulbis

et al., 2011) used for guiding on the NASA Infrared Telescope Facility (IRTF). Visible

spectroscopic observations of P/2006 HR30 (Siding Spring) and 249P/LINEAR were

obtained on 2006 November 25th with the FAST instrument (Fabricant et al., 1998)

on the Fred Lawrence Whipple Observatory (FLWO) 1.5m telescope. The 364P

observations span ⇠ 0.8µm to ⇠ 2.3µm, the 249P observations from ⇠ 0.45µm to ⇠
0.74µm, and HR30 from ⇠ 0.43µm to ⇠ 1.0µm. All spectroscopic observations were

obtained at or near the parallactic angle to minimize any wavelength-dependent slit

losses (e.g. Filippenko 1982). None of the objects were detectably active (extended

or brighter than expected) during the observations, though that does not preclude

low-level dust contamination as discussed in the Introduction.
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Table 5.2. Log of observations described in this Chapter.

Object Name UTC Date, Timea Telescope, Inst. Exp. Time RH ,� P.A.

(YYYY-mm-dd) (s) (AU) (deg.)

(196256) 2003 EH1 2019-12-02, 6:12 Gemini S., GMOS-S 4⇥900 1.491, 1.496 39.9

” 2014-2-20, ⇠3:00 VATT, VATT4k 51⇥60 1.22, 1.15 52.3

364P/PANSTARRS 2018-09-19, 11:46 IRTF, SpeX, MORIS 18⇥200 1.505, 0.540 17.8

249P/LINEAR 2006-11-25, 7:04 FLWO 1.5m, FAST 2⇥900 1.609, 0.626 5.1

P/2006 HR30 (Siding Spring) 2006-11-25, 2:16 FLWO 1.5m, FAST 2⇥900 1.339, 0.927 47.4

aAt exposure start.

The ⇠ symbol for the photometric observations of 2003 EH1 is due our only having access to the reduced

and combined photometric data, as opposed to the raw files, and thus is an estimate of the approximate start

time.
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The data were reduced using standard procedures. All frames were debiased and

flatfielded, and a dark current correction was applied when applicable. The spectro-

scopic observations of 364P, 249P, and P/2006 HR 30, as well as the photometric

observations of EH1, were processed into reflectance by direct comparison with a

Sun-like star observed at very similar airmass. The SpeX observations of 364P also

included a further correction to a true solar analog (SAO 93936, type G2V) after

preliminary correction with a closer by telluric star (SAO 166215, type G5V). The

GMOS-S observations were designed di↵erently to better accommodate Gemini’s

queue-based scheduling system at the suggestion of the support astronomers, and

were first flux-calibrated using an observation a flux-calibrated standard star (CD-32

9927) observed using an identical instrument configuration earlier in the semester,

further calibrated using observations of other stars observed the same night (pri-

marily to fix red-wavelength telluric absorptions), and then finally divided by the

high-quality spectrum of the Sun in Chance and Kurucz (2010). This procedure was

viewed as an acceptable risk (as opposed to a direct observation of a Sun-like star)

due the pre-existence of photometry both presented in this paper and in Kasuga and

Jewitt (2015). The observations of 364P with SpeX were reduced using ‘spextool’

(Cushing et al., 2004), the photometric observations of EH1 and the spectroscopic

observations of 249P and P/2006 HR30 were reduced in the IRAF environment, and

the reductions of the GMOS-S EH1 observations were done in Python using the

AstroPy (Astropy Collaboration et al., 2013, 2018) package.

The spectra are all shown to be distinct and the photometry of EH1 is seen to

agree well with the spectrum retrieved.
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Figure 5.1 Left: The reflectance spectrum of (196256) 2003 EH1 is shown (black
unfilled circles, errors shown as shaded area) and new BVRI colors from a di↵er-
ent apparition (2014) converted into reflectance using the Solar colors of Willmer
(2018) (black filled circles, errors shown as vertical errorbars). The spectrum and
photometry were normalized at V-band (5510 Å). The space between CCDs presents
a ⇠ 150Å gap in wavelength coverage. The photometry and spectrum agree at the
1 � � level or better. The reflectance spectrum of EH1 is shown to be mildly red
below ⇠8000 Å and blue at longer wavelengths. Right: The same spectrum of EH1

plotted against the D, S, C, and B asteroid taxonomic classes of DeMeo et al. 2009.
The slope of the object is intermediate in “redness” between the C and D types below
⇠ 8000 Å as previously reported by Kasuga and Jewitt (2015), and the downturn at
longer wavelengths is discussed at length in the text.

5.3 Observational Results

5.3.1 The Surface of (196256) 2003 EH1

The left-hand panel of Figure 5.1 shows the first-ever reflectance spectrum of Quad-

rantid parent (196256) 2003 EH1 along with photometry from a previous apparition.

The spectrum presented is a median combination of the four individual spectra com-

bined together in 100Å bins. The spectrum is seen to be red-sloped and linear below

approximately ⇠ 8000 Å and blue sloped beyond out to 1.02µm. The measured

colors from our 2014 imaging, B � V = 0.65 ± 0.04, V � R = 0.33 ± 0.03, and
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Figure 5.2 The reflectance spectra of P/2006 HR30 (Siding Spring),
364P/PANSTARRS, 249P/LINEAR and (196256) 2003 EH1 are shown nor-
malized at 7300 Åand o↵set from each other vertically for clarity. The left-hand
panel is a zoom in to the ‘visible’ range of wavelengths, while the right-hand panel
shows both visible and near-infrared wavelengths. In the right-hand panel, our
spectrum of HR30 is combined with that of DeMeo and Binzel 2008 for better
comparison with 364P. The Bus-Demeo C and D type spectra are plotted similarly
for context. All four cometary nuclei are shown to be red at visible wavelengths,
with HR30 becoming slightly more neutral near 8000 Å, EH1 becoming blue, and no
slope change being seen in the region for 364P. 249P is essentially linear throughout
the entire wavelength range considered.

R � I = 0.45 ± 0.03, are very similar to the colors of the Sun (Willmer, 2018) and

the colors of Kasuga and Jewitt (2015). The retrieved reflectance spectrum and

photometry agree at the 1 � � level or better, though the photometry is generally

noisier than the spectrum. The right-hand panel of Figure 5.1 compares EH1’s spec-

trum to the D, S, C, and B asteroid taxonomic classes of DeMeo et al. (2009). At

wavelengths shorter than ⇠ 8000Å (approximately the ‘I’ filter), the spectrum is

shown to be featureless and intermediate in ‘redness’ between the C and D types as

inferred from the photometry of Kasuga and Jewitt (2015). The bluer slope beyond

that ⇠ 8000Å is dissimilar from the silicate absorption feature common on rocky



167

asteroids like S-types, as the band center near 9000Å would be well captured in the

data if it were there.

EH1’s spatial full-width half-max (FWHM) is 0.6” (averaged over wavelength), iden-

tical to other stars in the slit, and no signatures of gas emission (e.g. C2’s bandhead

at ⇠ 5167Å) are seen above the noise level. In general, we have strong confidence that

the object was not detectably active and our retrieved reflectance spectrum reflects

the actual properties of this dormant comet nucleus. In order to properly compare

EH1 and our other targets to previous observations of comet nuclei, we adopt the

S 0 framework (”normalized reflectivity gradient”, Luu and Jewitt 1990) whereby we

report slopes as:

S 0
�(�1,�2) = (dS/d�)/S�

Where �1,�2 are the starting and ending wavelengths, (dS/d�) is the best-fit linear

slope over the region, and S� is the reflectivity measured at the central wavelength

of the range. This normalized slope is commonly reported in %/0.1µm. We attempt

to capture the curvature of these cometary spectra by fitting the slope over several

ranges: 0.5µm � 0.7µm, 0.7µm � 0.85µm, 0.85µm � 1.0µm, 1.0µm � 1.5µm, and

1.5µm � 2.0µm. We report the fit S 0 values in Table 5.3 for all targets, as well

as the same procedure applied to the Bus-Demeo (DeMeo et al., 2009) ‘C’ and ‘D’

taxonomic classes for reference.
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Table 5.3. Spectral Slopes

Object Name 0.5-0.7a 0.7-0.85a 0.85-1.0a 1.0-1.5a 1.5-2.0a

(196256) 2003 EH1 3.9± 0.5 2.2± 0.8 �7.0± 2.0

364P/PANSTARRS 1.0± 1.0 3.8± 0.5 1.4± 0.3 1.2± 0.9

249P/LINEAR 1.1± 0.3

P/2006 HR30 (Siding Spring) 13.9± 0.2 5.9± 0.4 5.0± 1.0 3.5± 0.1 2.8± 0.2

Bus-Demeo C-typeb 1.5± 0.3 �0.3± 0.1 �0.4± 0.2 0.8± 0.1 1.8± 0.1

Bus-Demeo D-typeb 8.4± 0.2 5.9± 0.3 7.2± 0.2 4.6± 0.1 2.5± 0.1

aWavelength range in µm, slope in %/0.1µm

bThese are the standard taxonomic C and D classes from DeMeo et al. 2009, and thus

represent an average of the reflectivities of several input objects.
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While the interpretation of EH1’s spectrum is the Discussion section, two points

may be made here. First, as we did not a priori expect EH1’s spectrum to have

any deviations from linear and red-sloped based on our and other’s photometry, we

thoroughly inspected all aspects of our data reduction pipeline to look for any part

that could have introduced such a feature. We were not able to find any plausible

cause, which when combined with the fact that the Python pipeline can successfully

reproduce the results of the Gemini-specific IRAF packages greatly increases our

confidence in it. (Furthermore, there are other comet-adjacent objects that actually

look similar, see the Discussion.) Secondarily, the decrease in flux below 5000Å

is possibly calibration related, as the choice of grating (R150) and spectroscopic

blocking filter (G455) makes the flux plummet between 4600Å and 4900Å. As a

result, we cut all data below 5000Å as we could not verify that its relative calibration

was accurate. The remaining data agrees well with our photometric measurements.

5.3.2 Other Cometary Surfaces

The spectral slopes fit over the same ranges of wavelength for our other comets,

364P/PANSTARRS, 249P/LINEAR, and P/2006 HR30 (Siding Spring) are also

listed in Table 5.3. The spectra of all four cometary nuclei, including EH1 are plotted

in Figure ??. Our retrieved spectrum for HR30 is without question much redder than

the other objects in our sample, and while Hicks and Bauer (2007) do not quote a

value for S 0, our spectrum seems consistent with their spectrum and photometry.

(They report it as being slightly redder than a typical D-type, which is consistent

with our data.) The spectrum retrieved for 364P, for which no reflectivity has been

reported before, is weakly red throughout the entire wavelength range considered,

and is consistent with either linear from 7500Å onwards or perhaps being slightly

redder at longer wavelengths (> 20000Å = 2.0µm). The heliocentric distance at

the time of observation, RH = 1.505AU makes the longer wavelength upturn (again,
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at the limit of the data) unlikely to be from thermal emission from 364P’s nucleus

(Rivkin et al., 2005; Reddy et al., 2009, 2012; Kareta et al., 2018), as the subsolar

temperature would be ⇠ 320 Kelvin (assuming a Bond Albedo of A ⇠ 0.03), which

is likely too low to a↵ect the spectrum. The spectrum of 249P is weakly red and

linear throughout the entire observed range (⇠ 0.45µm to ⇠ 0.74µm). Observations

when the object was more active by Fernández et al. 2017 showed a linear and gently

blue-sloped (S 0 ⇠ �2.0) reflectance spectrum.

To facilitate better comparison with the literature, we also performed a direct

�2-test directly comparing the Bus-Demeo (DeMeo et al., 2009) taxonomic classes to

each of our spectra. The results agree with the preliminary assessment given through

the slope analyses in Table 5.3: 249P and 364P are both equally well fit as C or Cgh

class objects, the best fit to HR30 is a D-type but the template spectrum is noticibly

not red enough at visible wavelengths, and EH1 is best fit as a C-type, but none of

the spectral classes make a great match.

5.4 Recent Orbital Evolution

5.4.1 Orbital Integration

As discussed in the Introduction, one key piece of information that is critical to

interpreting the modern state of a cometary nucleus is understanding how its orbit

has changed recently. Was the comet in question a sungrazer at some point in the

recent past, or was it only recently injected from a Centaur-like orbit? Has it had

a particularly close encounter with a planet that might have resurfaced it (Binzel

et al., 2010)? A short-term orbital integration can answer these questions (within

the uncertainties of the orbit solution) and is an invaluable tool to placing these

small body observations within the proper context.

While EH1’s (Jenniskens, 2004; Wiegert and Brown, 2005; Babadzhanov et al.,

2017) and 249P’s (Fernández et al., 2017) recent orbital evolution have been studied,
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364P and HR30 lack the same characterization. For completeness, we numerically

integrate all four of our observed bodies identically using the following methodology.

Using the REBOUND (Rein and Liu, 2012) package in Python with the IAS15

integrator(Rein and Spiegel, 2015), the planets Mercury through Neptune, and a

nominal timestep of 0.0001 years (approximately 52.6 minutes), we integrated the

nominal orbits of of four targets as well as 100 clones each drawn from the orbital

uncertainty covariance matrices on the JPL Small Body Database back in time 2000

years. As all objects have either weak or no activity, no non-gravitational e↵ects

were included, and the 2000 year time frame was chosen to reflect the fact that their

activity patterns were certainly di↵erent in the past. (For EH1 in particular, this is

an especially large unknown.) The results of these orbital integrations are shown in

Figure 5.3. We used the most recent orbital solutions and associated error matrices

from JPL Horizons as available in the Summer of 2020. In order, they were number

33 for EH1, number 48 for 364P, number 32 for 249P, and 87 for HR30. If a reader

wanted to duplicate or expand upon this work, they should verify that the orbital

solution they use is the same as what we have used here, or ideally a newer and more

precise solution than we had available. For context and comparison with EH1, we

also integrated the recent motion of 96P/Machholz using the same methodology and

the JPL orbit solution K173/5.

5.4.2 Results of Integrations

While all four objects are currently dormant or nearly dormant comets in near-Earth

space, they have, as expected, undergone very di↵erent orbital evolutions over the

past two thousand years. The ‘bumpiness’ in Figure 5.3 is due to moderately distant

(d � 1.0RHill) or further encounters with Jupiter, and no significant encounters

with the Earth were noted. (See the Appendix for a Figure showing these distances

as a function of time.) EH1’s behavior here is largely identical to previous studies
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Figure 5.3 The evolution of perihelion distances (q) for (196256) 2003 EH1,
364P/PANSTARRS, 249P/LINEAR, and P/2006 HR30 (Siding Spring) (top to bot-
tom) over the past 2000 years. The nominal orbit and the orbits of 100 clones each
are shown, with the clones plotted in the same black color but partially transparent.
The comet 96P/Machholz is included for comparison with EH1 considering the sim-
ilarities of its orbit with that of EH1. The details of the integrations are described
in the text.
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(Jenniskens, 2004; Wiegert and Brown, 2005; Babadzhanov et al., 2017) where it

is retreating outwards from a sungrazing orbit. Of the 100 clones considered, the

minimum perihelion distance ranged from q = 0.082AU to q = 0.109AU with a

median (as in, the median of all 100 minimum q values) of q = 0.0981AU . EH1’s orbit

and 96P’s orbital evolution are strikingly similar as previously studied, with both

objects oscillating between moderate ane extreme eccentricities through the Kozai

mechanism. (The reader is referred to previous studies for a more in-depth discussion

of their orbital configuration and relationship, e.g. Sekanina and Chodas 2005.)

364P and 249P are both currently decreasing their perihelion distances. 364P’s

current value(q = 0.798AU) is only marginally larger than its median minimum of

q = 0.775AU . 364P’s orbital clones begin to spread more noticeably than the other

object studied, with one clone reaching a minimum q of 0.647AU . 249P’s current

q = 0.509AU is only barely larger than its historical minimum of q = 0.503AU in

1997. HR30’s evolution is perhaps the least interesting, as its perihelion distance

has been slowly increasing over the entire time frame considered from its minimum

q = 1.082AU to its modern q = 1.226AU . (Even this modest change in q results in a

22% decrease in input solar energy.) In general, EH1 is retreating from a sungrazing

orbit, 364P and 249P are slowly warming as their perihelion distances continue to

decrease, and HR30 is somewhat colder than it was 2000 years ago.

To understand their modern thermal states more quantitatively, we now compute

the change in surface temperatures for each of the four objects under the following

assumptions. We calculate the subsurface temperature at perihelion, TSS,q, as a proxy

for the maximum temperature sustained on the object and thus the most extreme

thermal conditions where thermal metamorphosis of surface materials and volatile

sublimation would be most preferred. Following the formulation from the near-Earth

asteroid thermal model (NEATM, Harris 1998):
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TSS,q =

"
(1� A)S�

(⌘✏�SB)⇥ q2AU

#1/4

(5.1)

where A is the bond albedo (taken to be 0.02), S� is the Solar constant (1361Wm�2),

⌘ the ‘infrared beaming parameter’ (technically unknown, taken to be 1.1), ✏ is the

infrared emissivity of the object (taken to be 0.9), �SB is the Stefan-Boltzmann

constant, and qAU is the perihelion distance of the object in AU. Plugging in all

of these numbers, the equation simplifies to TSS,q = 373K ⇥ q�1/2. EH1’s modern

perihelion is at ⇠ 1.19 AU, making TSS,q = 341K, while at its historic low of ⇠
0.098 AU some 1500 years ago, it was radically hotter at TSS,q = 1192K. The other

objects in this study do not come close at all to comparing. 249P and 364P are

both at or near their hottest temperatures within the last few thousand years, with

values of TSS,q = 524K (249P) and TSS,q = 422K (364P). In both of these cases,

this is likely an overestimate of their actual perihelion maximum temperatures, as

they clearly still undergo some mass loss that would cool the surface under the safe

assumption it is driven by ice sublimation. HR30’s historically hottest temperature

within the studied timeframe is TSS,q = 359K, only barely hotter than EH1’s modern

values. While these values are imprecise to be certain (comets do not have uniform

albedos for one, and the worry that intense solar heating might have changed the

thermal properties of EH1’s surface seems like a reasonable concern, among other

caveats), EH1’s thermal history is really not similar to these other objects, despite

their similar evolutionary states from the perspective of how recently they were active

and at what level. 249P and 364P today have similar temperatures to what EH1

would have had in the past few hundred years, but it is worth clarifying that EH1

got there by cooling down while 249P and 364P are still warming up, and thus it

may not be an apples-to-apples comparison.
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5.5 Discussion

5.5.1 The Surface of 2003 EH1

The reflectance spectrum of EH1, red below ⇠ 8000Å and blue at longer wave-

lengths, is surprising, but not unprecedented. Setting aside that BVRI photometry

alone leaves observers blind to such spectral behavior, the study of Tubiana et al.

(2015) showed clearly that there were a variety of shapes that reflectance spectra of

possibly-dormant-comet-NEOs can present in the 0.7� 1.0µm range. In particular,

the qualitative similarity between EH1 and their spectra of 2P/Encke (and associated

inactive NEOs 1998 QS52, 1999 RK45, 2003 QC10,and 2003 UL3) is interesting. In

Figure 5.4, we show a comparison of our data on EH1 with that of 2P/Encke, 1998

QS52 and 1999 RK45 from Tubiana et al. 2015 as produced from the raw data of their

observations available on the ESO archive. A red-sloped visible spectrum is seen to

become neutral or even partially blue around the same wavelengths considered. If

EH1 and 2P/Encke look similar, it seems likely that many low-perihelion cometary

objects might have nuclear spectra that look like these objects. This is bolstered

by measurements of 96P’s nuclear colors Eisner et al. (2019), which suggest that

it too has a less-red-than-a-D-type surface similar to EH1 and Encke. While both

the pyroxene band at ⇠ 0.9µm and the hydration feature at ⇠ 0.7µm would be

well resolved by our dataset, both olivine and magnetite have absorptions centered

near ⇠ 1.0µm that could plausibly be the origin of the spectral downturn (see, e.g.,

the study of Yang and Jewitt 2010 on the origin of B-type slopes) that may not

be resolved by the current dataset. Many carbonaceous chondrites, especially the

heat-processed CI and CM chondrites, show absorption features in this region with

band centers that are near ⇠ 1.0µm (see discussion of curve matching of meteorites

to cometary nuclei in Abell et al. 2005; Filacchione et al. 2019), often attributed to

magnetite. Recently magnetite was found in samples of 81P/Wild 2 by Hicks et al.
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2017. The taxonomic classification of EH1 with our spectrum (a C-type) would gen-

erally support this line of thinking (even the C-type spectrum template has a wide

weak dip near ⇠ 1.0µm), but we note again that EH1 is still too red at visible wave-

lengths and the dip near ⇠ 1.0µm too strong to really fit a C-type spectrum well.

The spectra of Encke-related NEOs in Tubiana et al. 2015 are generally redder than

EH1 with slope changes/absorption features much weaker that shown here, and thus

could fit to S/Sq/Q types more easily than the more neutrally colored Quadrantid

parent. We have reason to believe the surfaces our similar, without question, but

they do di↵er in the details. That said, without longer wavelength characterization

and confirmation of this feature, it is challenging to ascertain its origin. de León

et al. 2012 found that many B-type asteroids have slope changes in this region that

are not clearly observed as “bands” on the objects in question. In summary, the de-

crease of EH1’s reflectivity at longer wavelengths could plausibly be related to olivine

or magnetite but without longer wavelength data it is not possible to rule out other

options.

In addition to confirmation of the reflectance decrease found here on EH1, better

and longer-wavelength spectroscopic characterization of the surfaces of other near-

Sun bodies could be quite useful in characterizing the changes undergone as they heat

and change. Nuclear spectra of 96P, while undoubtedly challenging observationally,

would be incredibly useful. Another future path to explore would be to obtain near-

infrared observations of EH1 and the Encke-associated bodies. It appears that such

data was taken for Encke (Abell et al., 2009) but remains thus far unpublished. We

had planned near-infrared observations of EH1 also to be taken at Gemini South, but

unplanned instrumental maintenance removed FLAMINGOS-2 (Eikenberry et al.,

2006) from active use throughout most of our observational window. Regardless, the

fact that the two best-studied low-perihelion comets, 96P/Machholz and 2P/Encke

as well as many of their associated NEOs including 2003 EH1 have more neutral
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Figure 5.4 The reflectance spectra of 2003 EH1 (black, from this work) and of three
members of the Taurid Complex from Tubiana et al. 2015. While EH1 is more neu-
trally colored than these handful of Taurids-related objects, the qualitative similarity
of these multiple comet/meteor shower-related/low-perihelion objects showing simi-
lar objects is clear. While all objects conisdered are red until 0.75 � 0.8µm, all are
neutral or blue at longer wavelengths, errors considered.
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reflectance spectra than typical cometary nuclei is certainly compelling, and could

prove quite useful in identifying other dormant comet NEOs.

5.5.2 Spectral Properties of Dormant and Low Activity Comets

The variety of spectra seen in our barely-active comet sample is similar to what other

authors (Luu, 1993, see, e.g.) have measured. The spectra are red-sloped to varying

degrees without obvious features. HR30 shows slight curvature near 8000Å, also

seen on other comets like 67P (Capaccioni et al., 2015; Filacchione et al., 2019) and

C/2001 OG108 (LONEOS) (Abell et al., 2005) as well as D-type asteroids. 364P’s

more neutral but still largely linear spectrum is within the range of slopes expected

for cometary nuclei from Luu (1993), but there are very few cometary nuclei which

have been studied spectroscopically at similar near-infrared wavelengths, so direct

comparisons are few. C/2001 OG108 (LONEOS) (Abell et al., 2005) and 124P/Mrkos

(Licandro et al., 2003) both have similar D-type-like slopes in the near-infrared, but it

is hard to directly compare those as well without complementary visible observations.

Abell et al. (2005) does present visible colors of OG108, which shows it to be on the

less-red end of the observed population of comet nuclei, while the colors of Hicks

and Bauer (2007) show HR30 to be on the redder end. In other words, OG108 and

364P are both primarily linear over the near-infrared range and both appear to be

less red than HR30. 249P’s largely featurelss and red-sloped spectrum would not

be particularly notable if it wasn’t for the previous observation of it by Fernández

et al. (2017) which showed it to be featureless and slightly blue. While such a

small di↵erence in slope (�S 0 ⇠ 3� 5) could in principle be due to something like

improper or inconsistent calibration of either or both datasets, another option is that

their retrieved spectrum is simply more contaminated by dust than assumed. 249P

is often seen with a distinct tail but little noticable coma, so contamination might be

more challenging to detect, even if it is minimal. The similar reflectance spectra of
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249P and 364P, when combined with their very similar recent orbital evolutions and

possibly similar origins in the Main Belt (Fernández et al., 2017; Fernández and Sosa,

2015), suggest strongly that these objects have similar surface properties developed

through similar processes.

5.5.3 The Recent History of 2003 EH1 and the Quadrantid Meteor Shower

The dichotomy of finding an inactive body as the parent to a young meteor shower

is a puzzling issue, but common to two of the best-studied and largest showers: the

Geminids and (3200) Phaethon and the Quadrantids and EH1. EH1 is thought to

have produced the Quadrantids within the past 200-300 years (Wiegert and Brown,

2005) and is not detectably active today. The dynamics of this situation make the

story more confusing still: if EH1’s perihelion distance was ⇠ 0.1AU 1500 years

ago, why are the Quadrantids from a thousand years after when it was significantly

colder? If it was active just 200-300 years ago, was its modern surface not ‘reset’ by

that activity? Why did EH1’s precursor object disintegrate and leave EH1 inactive

while 96P, at a similar size and presumably released even earlier, continues to be

strongly active?

One line of evidence comes from the distribution of meteor masses (and thus

sizes) in the Quadrantids stream which was noted by Blaauw et al. (2011) to have a

lower mass index, along with the Geminids, than the other major showers studied.

While having a lower mass index is both an indicator of formation age and formation

process, the fact that the two best-studied meteor showers with (currently) inactive

parent bodies have similarly distinct mass distributions compared to other showers is

curious. In their numerical model of the formation of the Geminids, Ryabova (2016)

suggests that certain aspects of the duration and timing of the meteor shower can only

be explained if the orbit of the parent body – (3200) Phaethon – changed significantly

during stream formation, perhaps as a result of intense and sudden outgassing. This
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hypothesis was first raised by Lebedinets (1985). If the similarity in properties of

the Geminids and Quadrantids reflects something about their formation conditions

(as opposed to coincidental subsequent e↵ects), then perhaps both streams formed

from the violent breakup of a volatile-rich precursor. The break-up would cause

the volatile-rich insides of the objects to start outgassing rapidly, leaving behind

volatile-depleted bodies on slightly di↵erent orbits. This scenario seems highly likely

for EH1, considering that it was likely active just 200 years ago (Abedin et al.,

2015) and that Wiegert and Brown (2005) found that EH1’s orbital elements di↵er

slightly from those of C/1490 Y1, suggesting at least a moderate orbital change

during stream formation seems likely if the two objects are indeed related. Direct

comparison of models of the formation of the Phaethon-Geminid Complex with the

Machholz/Quadrantid Complex seems like a promising avenue for future research into

understanding the physical properties of their constituent bodies (see the comparison

of the two complexes in Kasuga and Jewitt 2019) – especially prior to the arrival of

DESTINY+ Arai et al. (2018) at Phaethon in the late 2020s.

EH1’s orbit over the past two hundred years has it with a similar perihelion dis-

tance to other objects in this study which it does not appear spectrally similar to

(especially in terms of spectral curvature), suggesting that the ongoing processes on

these other nearly dormant comets cannot likely produce an EH1 spectrum at its

current distance in the time elapsed assuming that they are made from similar mate-

rials. (For example, if 249P or 364P is indeed from the Main Belt, then it has likely

experienced a totally di↵erent set of processes before even entering near-Earth space,

and thus wouldn’t be expected to have very similar composition at the near-surface.)

If similar objects in ‘colder’ orbits cannot reproduce EH1’s spectrum, one explana-

tion is that EH1’s surface, somehow, still records some evidence of the intense solar

heating it received a thousand years ago. EH1’s rare-by-comet-standards reflectance

spectrum is thus a combination of the processes that heated it intensely and then
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the processes that lead to its precursor object breaking up. If the Quadrantids were

formed through normal cometary activity on EH1 as recently argued by Abedin et al.

2015, then either the activity barely modified the remnant surface processes or only

a↵ected some fraction of the surface. This seems somewhat challenging to reconcile

with the large mass of the stream, which is comparable to the mass of the object

itself (Kasuga and Jewitt, 2015). If this hypothesis could be tested or backed up

through other means (e.g. more complicated models of stream formation incorporat-

ing break-ups or only localized activity, laboratory work to see if EH1-like spectra can

be produced through the heating of cometary analogs, etc), then our understanding

of the actual process that created the Quadrantids could be greatly improved. EH1

5.6 Summary

The parent of the Quadrantid meteor shower, (196256) 2003 EH1, is a currently-

inactive near-Earth object that was likely active within the past ⇠ 200 years (Abe-

din et al., 2015). It is possibly a fragment of or genetically related to C/1490 Y1,

dynamically associated with the active sungrazing comet 96P/Machholz, and pre-

viously was a sungrazer itself. EH1 is thus not just a great opportunity to study

a comet that has only recently “shut o↵” to better understand cometary dormancy

(and the NEO population), but also the competing e↵ects of intense thermal heating,

fragmentation, and meteor shower production. However, compared to the other well

known inactive meteor shower parent body (3200) Phaethon, EH1’s surface properties

have only been studied through broadband color measurements (Kasuga and Jewitt,

2015). In this work, we present the first reflectance spectrum of EH1 taken at Gemini

South in December 2019 as well as new reflectance spectra of three nearly-dormant

comets: 249P/LINEAR, 364P/PANSTARRS, and P/2006 HR30 (Siding Spring) for

comparison. EH1’s surface is featureless, red, and intermediate in slope between the

C and D taxonomic types until ⇠ 0.8µm as previously reported, but is blue (decreas-
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ing reflectivity as a function of wavelength) beyond up to at least ⇠ 1.02µm. The

nearly-dormant Halley-type comet HR30 has a classic cometary nucleus spectrum

similar to a D-type asteroid, while the nearly-dormant Jupiter family comets 249P

and 364P both have more weakly red spectra similar to a C-type asteroid. This is

more spectral diversity than expected for these objects considering their similarly low

activity levels. We also performed short-duration high-resolution orbital integrations

for each object to infer how their thermal state has changed in the past 2000 years.

While EH1 is retreating from a sungrazing orbit as expected, HR30 has remained

relatively stable with a perihelion near ⇠ 1 AU. 249P and 364P have very simi-

lar orbital histories in terms of perihelion distance evolution, which combined with

their similar surfaces suggests that similar processes have acted on both. A previous

study of 249P suggested that it had a dynamical origin the main belt (Fernández

et al., 2017), so a study similar for 364P could be critical in seeing how far their

similarity goes. If EH1’s reflectance downturn is an absorption feature instead of a

slope-break, then magnetite or olivine (but not pyroxene or the ⇠ 0.7µm hydration

feature) could be responsible. Future studies of EH1 at near-infrared wavelengths

could both confirm the feature and shed light on its origin. Through comparison with

the other objects in this study, we interpret the feature as a likely signature of relic

thermal alteration on its surface, which is puzzling considering that the object likely

fragmented and remained active between when it was in such a hot orbit and the

present day. Understanding the origin of EH1’s surface properties should be useful in

establishing a better understanding of how the Quadrantids were actually produced.

5.7 Appendix

In this appendix, we present one additional figure showing the recent distances be-

tween Jupiter and the four observational targets in this study to expand on a brief

point made in Section four.
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Figure 5.5 The evolution of each of our objects distances from Jupiter as output at
each written time-step of the simulation with each of the four objects plotted in the
same colors as they are in Figure 2. (EH1 is black, 249P is blue, 364P is red, and
HR30 is orange.) The ‘bumps’ in the orbital evolution shown in Figure 3 for the
non-HR30 objects all correspond with their orbital alignments with Jupiter shown
in this plot. Of the four objects, 249P and 364P are much more likely to encounter
Jupiter at a distance comparable to its Hill Radius due to their low inclinations.
EH1’s high inclination and HR30’s orbital classification as a Halley-type object make
strong encounters less likely. A similar plot made with the Earth shows even fewer
more distant encounters, though it is worth noting to future observers that 249P will
approach the Earth quite closely at ⇠0.056 AU in 2029.
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CHAPTER 6

“Contemporaneous Multiwavelength and Precovery Observations of the Active

Centaur P/2019 LD2 (ATLAS)”

Originally published as, “Contemporaneous Multiwavelength and Precovery Obser-

vations of the Active Centaur P/2019 LD2 (ATLAS)” by Theodore Kareta, Laura

M. Woodney, Charles Schambeau, Yanga Fernandez, Olga Harrington Pinto, Kacper

Wierzchos, M. Womack, S. J. Bus, Jordan Stecklo↵, Gal Sarid, Kathryn Volk, Walter

M. Harris and Vishnu Reddy in the Planetary Science Journal, Volume 2, Issue 2,

article 48 (2021.)

6.1 Introduction

The active outer Solar System body P/2019 LD2 (ATLAS) was discovered by the

ATLAS project on June 10, 2019, with already published precovery observations

taken at least as early as May 21, 2018 with Pan-STARRS 1 and December 01, 2017

with Zwicky Transient Facility (CBET 4780, MPEC 2020-K134). Although LD2 was

first classified as member of the Jupiter Trojan asteroid population due to it having

a semimajor axis very near that of Jupiter, detailed dynamical studies (Kareta et al.,

2020; Hsieh et al., 2020a; Stecklo↵ et al., 2020) revealed that LD2’s current orbit has

a di↵erent origin. LD2 is actually a persistently active member of the Centaurs, a

dynamically unstable population in transition from the trans-Neptunian region into

the Jupiter Family of Comets (JFCs) in the inner Solar System; only in 2017 was

LD2 scattered by Jupiter into its current orbit, which has a perihelion distance of

q = 4.57AU , a Tisserand parameter with respect to Jupiter of TJ = 2.941, and is

co-orbital with Jupiter. This contrasts with the Jupiter Trojan asteroids which were
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emplaced during the era of Giant Planet migration ⇠ 4 Gyr ago. LD2 is currently

near the “Dynamical Gateway” orbital region (Stecklo↵ et al., 2020), which facilitates

most of the dynamical transitions between the Centaur and JFC populations (see

Sarid et al., 2019b). These dynamical studies also found that LD2 is unlikely to have

spent significant time in the inner Solar System where water ice sublimes vigorously

and drives activity. This strongly suggests that LD2 is a pristine object that has only

been a↵ected by the thermal environment present in the Centaur region (Stecklo↵

et al., 2020) and thus is in a thermal state immediately prior to that of the JFCs

evolutionarily.

Perhaps most exciting is the discovery that LD2 is very likely (> 98%) to become

a JFC after a close encounter with Jupiter in 2063 (Kareta et al., 2020; Hsieh et al.,

2020a). This is the first opportunity to observe how a pristine Centaur responds to

the changing thermal environment as it completes its dynamical evolution (Stecklo↵

et al., 2020). Thus far, all JFCs have been observed after this transition has already

happened, such as 81P/Wild 2 (see Brownlee et al., 2004, 2006; Brownlee, 2014),

which was found shortly after it entered the inner Solar System in the 1970s. The

orbital transition from middle Solar System Centaurs to the more extreme thermal

environment of the inner Solar System JFCs results in a large change in a comet’s

thermophysical state, facilitating changing and increasing outgassing patterns from

a variety of volatiles and greatly changing the evolution of the solid body. Gaseous

emission has been observed in some Centaurs and is dominated by CO and CO2

(Bus et al., 1991b; Cochran and Cochran, 1991; Senay and Jewitt, 1994b; Womack

and Stern, 1999; Wierzchos et al., 2017b). Inwards of ⇠ 3 AU, carbon monoxide

(CO) and/or carbon dioxide (CO2) sublimation is typically no longer the dominant

driver of cometary activity, but rather is dominated by crystalline water ice subli-

mation (Womack et al., 2017b). There are exceptions, such as hyperactive comet

103P/Hartley 2, whose activity is dominated by CO2 sublimation (A’Hearn et al.,



186

2011), likely due to a recent mass-wasting event that exposed this supervolatile ice

(Stecklo↵ et al., 2016). These orbital transitions thus mark not only where an object

becomes a JFC from a dynamical standpoint, but also where the character of its

activity changes and it starts acting like one. LD2’s place in the Gateway and immi-

nent inwards transition to the Jupiter Family is thus a critical opportunity to study

these processes in detail to improve our understanding of the evolution of JFCs in

general.

It is therefore critical to establish baseline measurements of LD2’s activity to

facilitate future comparisons of LD2’s activity as it responds to the changing thermal

environment characteristic of this Centaur-to-JFC transition early in the process

of this orbital change. This includes but is not limited to characterizing its dust

coma in size, brightness, morphology and composition as well as searches for volatile

outgassing or transient behaviors. While we know at the current moment that LD2

has been active for at least a few years (its most recent perihelion date was April 11,

2020), it is unclear whether this activity level has varied considerably or has remained

steady. If LD2’s activity had modulated greatly between individual attempts to

characterize it, inferences from one epoch might lead to misunderstandings about

the general activity level of the object. However, high-quality characterization in

the short term without a proper understanding of its long-baseline activity is equally

prone to misunderstandings.

In this paper, we present a series of observations and archival data searches to

address these obstacles and properly characterize this compelling object. In Section

2, we present and analyze serendipitous observations taken prior to the o�cial re-

port of activity to better constrain its general activity state and nuclear size. We

then present simultaneous observations taken at visible, near-infrared, and millime-

ter wavelengths with the Gemini North telescope, NASA Infrared Telescope Facility

(IRTF), and Arizona Radio Observatory 10-m Submillimeter Telescope (SMT) in
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early July 2020 to characterize LD2. In Section 3, we apply models to estimate the

size of the nucleus of LD2, the general activity level and dust properties, as well as

the water ice content in the inner coma. Lastly, in Section 4 we analyze and compare

all of our results to put LD2 into context as an active Centaur and future JFC.

6.2 Observations and Data Reduction

In this section, we detail the UT July 2020 multi-wavelength observations of ac-

tive Centaur LD2, precovery imaging data obtained from the Dark Energy Survey

and Catalina Sky Survey archives, and methods by which each dataset was reduced.

Planning for these observations began in late May and early June 2020 when the im-

portance of LD2 became clear. Proposals for Directors Discretionary Time (DDT)

were sent in June to Gemini North, the NASA IRTF, and the Arizona Radio Obser-

vatory SMT to coincide on the July 2-4 observing time frame. The DECam archive

was searched in the late Summer of 2020, and the CSS archive was queried and

analyzed in October and November 2020.

6.2.1 Optical Observations

Multi-epoch visible imaging data of LD2 was analyzed from the telescopes listed in

Table 6.1 in order to monitor its dust coma activity. All imaging data from Gemini

North and DECam underwent photometric calibration using reported Pan-STARRS

magnitudes of image field stars (Magnier et al., 2013), while the reduction of the

Catalina dataset is described in section 2.1.2.
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Table 6.1. Optical Imaging Observing Geometry

UT Date UTCa RH � ↵ Seeing Tel./Inst./Filter ⌧exp Airmassb Active

(Y-M-D) (h:m:s) (au) (au) (�) (arcsec) (seconds) (Y/N/?)

2017-03-06 07:32:44 5.52 4.69 6.18 ⇠ 100.0 Blanco/DECam/r0 43 1.09 ?

2018-08-10 00:00:22 4.90 4.78 11.92 ⇠ 000.8 Blanco/DECam/g0 68 1.18 Y

2020-07-03 13:33:26 4.58 3.76 8.24 ⇠ 000.5 Gemini-N/GMOS/r0 450 1.11 Y

2020-07-03 13:45:31 4.58 3.76 8.24 ⇠ 000.5 Gemini-N/GMOS/g0 300 1.13 Y

2020-07-03 13:53:33 4.58 3.76 8.24 ⇠ 000.5 Gemini-N/GMOS/i0 300 1.14 Y

a UTC at start of sequence or image exposure. See text for magnitudes and upper limits.

bMean airmass of LD2 during exposure.
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Table 6.2. CSS Optical observations

UT Date UTCa RH � ↵ Tel.b ⌧exp Airmass Mag.c

(Y-M-D) (h:m:s) (au) (au) (�) (s)

2016-01-31 11:02:24 5.65 4.85 6.31 0.7m 120 1.23 >20.1

2016-02-15 08:24:00 5.64 4.71 3.94 0.7m 120 1.21 >20.5

2016-03-03 07:55:12 5.63 4.64 1.29 0.7m 120 1.19 >20.7

2017-04-05 07:55:12 5.47 4.48 0.94 1.5m 120 1.25 >21.5

2017-04-18 06:28:48 5.45 4.47 1.99 1.5m 120 1.24 >21.7

2018-03-21 11:45:36 5.05 4.44 9.54 1.5m 120 1.37 >21.1

2018-05-14 06:57:35 4.99 3.99 2.27 1.5m 120 1.31 �21.9

2018-06-18 05:45:37 4.95 4.13 7.57 1.5m 120 1.32 �21.5

2020-04-19 11:16:48 4.57 4.77 12.07 1.5m 120 2.13 18.57± 0.08

2020-04-21 11:31:12 4.57 4.75 12.18 0.7m 120 1.89 18.54± 0.36

2020-04-27 11:16:51 4.57 4.66 12.64 0.7m 120 1.83 18.48± 0.26

2020-05-22 09:07:12 4.57 4.54 12.68 0.7m 120 2.23 18.71± 0.15

2020-05-24 10:33:36 4.57 4.26 12.50 1.5m 120 1.47 18.74± 0.05

2020-07-18 08:09:33 4.58 3.65 5.58 0.7m 120 1.28 17.69± 0.04

2020-07-30 06:57:36 4.58 3.60 3.30 0.7m 120 1.31 17.62± 0.40

2020-08-19 06:00:03 4.59 3.60 3.19 1.5m 120 1.30 17.73± 0.05

2020-08-26 06:28:29 4.59 3.63 4.47 0.7m 90 1.31 17.77± 0.15

2020-09-07 05:16:48 4.59 3.71 6.77 0.7m 120 1.31 18.05± 0.05

2020-09-11 02:38:24 4.60 3.75 7.49 1.5m 120 1.61 17.79± 0.05

2020-09-24 02:52:53 4.60 3.89 9.55 1.5m 120 1.39 17.85± 0.09
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Table 6.2 (cont’d)

UT Date UTCa RH � ↵ Tel.b ⌧exp Airmass Mag.c

(Y-M-D) (h:m:s) (au) (au) (�) (s)

2020-10-06 02:38:21 4.60 4.04 10.98 0.7m 120 1.36 18.16± 0.25

2020-10-19 02:52:45 4.61 4.23 11.96 1.5m 120 1.36 18.24± 0.04

2020-10-21 23:16:50 4.61 4.26 12.06 0.7m 120 1.97 18.32± 0.19

2020-10-29 03:36:00 4.61 4.38 12.32 1.5m 120 1.55 18.53± 0.12

2020-11-05 01:40:47 4.62 4.51 12.38 0.7m 120 1.37 18.05± 0.16

aUTC at the middle of sequence or image exposure.

bThe telescopes are the 1.5m telescope on Mount Lemmon and the 0.7m Schmidt

on Mount Bigelow.
cAll images taken with a clear filter, and the details of the photometric calibration

are described in the text.

Precovery DECam Imaging Data

We used the Canadian Astronomy Data Centre’s Solar System Object Image Search

(Gwyn et al., 2012) to search the Dark Energy Survey (DES; Abbott et al. 2018)

archive for serendipitous observations of LD2 from the Dark Energy Camera (DE-

Cam; Flaugher et al. 2015) installed on the Cerro Tololo Inter-American Observa-

tory’s Blanco 4-meter telescope. The DECam instrument consists of 62 individual

2k⇥4k CCDs for imaging in a hexagonal arrangement on the focal plane. This re-

sults in a 2.2 degree diameter field of view and 000.263 per pixel plate scale. The

combination of a relatively large field of view and the deep imaging a↵orded by the

Blanco telescope results in a treasure trove of serendipitously imaged Solar System
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small bodies using DECam.

In total, our DES search revealed six epochs of precovery LD2 imaging data rang-

ing from UT 2014-12-30 to 2018-08-10. DECam’s archived multi-extension FITS im-

ages have undergone basic reductions including bias subtraction, flat field correction,

and fitting of a World Coordinate System as described in Morganson et al. (2018).

We also applied our Python-based DECam image processing pipeline to individual

images to: (1) identify the FITS extension containing coverage of LD2 based on its

JPL Horizons ephemeris coordinates, (2) save the identified individual CCD data

and header metadata as a new FITS image file, (3) perform cosmic ray removal uti-

lizing the LACosmic technique (van Dokkum, 2001) as implemented in ccdpro (Craig

et al., 2017), and (4) perform photometric calibration based on Pan-STARRS field

stars.

LD2 was not detected in the DECam images prior to UT 2017-05-15 within 1000

of its ephemeris position (1-sigma ephemeris uncertainty ± 000.2) as generated by the

orbit in MPEC 2020-O07. LD2 was detected in a VR image on UT 2018-05-09 and

g0 image on UT 2018-08-10 where predicted by the ephemeris within errors. These

data were used to assess when LD2’s coma activity began and for estimates of its

nucleus size.

Precovery Data from the Catalina Sky Survey

Precovery observations of LD2 were found in data from the 0.7m Schmidt and the

1.5m reflector of the Catalina Sky Survey (CSS). Both telescopes are located in the

Santa Catalina Mountains in southern Arizona. The 0.7m Schmidt (MPC code 703)

is located on Mt. Bigelow, and the 1.5m (MPC code G96) is located on Mt. Lemmon.

The same 10k⇥10k CCD camera is used in both telescopes, where it is mounted on

prime focus. The fields of view and platescales at the 0.7m Schmidt and 1.5m are

19.4 deg.2 with 300/pixel, and 5 deg.2 with 1.4400/pixel respectively. During survey
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operations, both telescopes use a nominal exposure time of 30s with 4 visits per field.

All exposures were unfiltered and a photometric calibration was applied with respect

to GAIA DR2 (Gaia Collaboration et al., 2018). This results in a limiting unfiltered

Gaia G-magnitude of ⇠ 19.5 at the 0.7m Schmidt and ⇠ 21.8 at the 1.5m, depending

on atmospheric conditions. A search for precovery observations in the CSS image

archive was carried out using a proprietary CSS pipeline. This search resulted in the

positive identification of LD2 in 10 epochs between UT 2020-04-21 and UT 2020-11-

05 in data from the 0.7m Schmidt and in 9 epochs between UT 2018-05-14 and UT

2020-10-29 in data from the 1.5m (see Table 6.2). LD2 was not detected in 0.7m

Schmidt images obtained between UT 2016-01-31 and UT 2018-05-14 within 60’of its

ephemeris position calculated from the available 920-day arc astrometry contained

in the MPC Orbits/Observations database. Two positive but marginal detections of

LD2 were found in data from the 1.5m telescope on UT 2018-05-14 and UT 2018-06-

18. In those detections, the object was near or at the nominal limiting magnitude of

the 1.5m telescope and hence it is not possible to ascertain whether the object was

active or not on those epochs based on the two images.

Gemini-N Observations

Observations of LD2 were acquired from the Gemini North observatory (Program

ID: GN-2020A-DD-202; PI C. Schambeau) using the Gemini Multi-Object Spec-

trograph (GMOS) in imaging mode on UT 2020-07-03. No detector binning was

used, maintaining the ⇠ 000.08/pixel spatial sampling. Images were acquired in the

GMOS g0 (475nm), r0 (620nm) and i0 (720nm) filters using individual exposures of

150 seconds. Figure 6.1 displays examples of the GMOS images centred and cropped

around LD2. Table 6.1 provides details of the observing circumstances and photo-

metric measurements. Sky conditions during UT 2020-07-03 image acquisition were

stable and photometric with an average seeing of 000.5.
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All Gemini GMOS data were reduced, including bias subtraction, flat field appli-

cation, and mosaicking, using the Gemini IRAF software (Gemini Observatory and

AURA, 2016). Additionally, cosmic ray removal and Pan-STARRS based calibration

were applied to individual image frames following a similar procedure as described

for the DECam data.

During the observations a malfunction of the OIWFS guide camera resulted in

the images being acquired while the telescope tracked at the sidereal rates. Due

to LD2’s slow apparent motion on the projected skyplane (< 1200/hour) and the

requested 150 second individual exposures, there is minimal blurring of the central

peak in each individual image.

Figure 6.1 Panels display the July 3, 2020 GMOS observations using an inverted gray
logarithmic scale. Images are the result of stacking individual 150 second exposure to
increase the detection of low-level surface brightness of the dust coma. Total exposure
times respectively are: g0 (300 seconds), r0 (450 seconds), and i0 (300 seconds). The
orientations and scales of the panels are the same for each, having equatorial north
up and east to the left. Arrows indicate the position angles of the skyplane projected
LD2-Sun vector and negative heliocentric velocity vector. We note that due to the
very low phase angle of these images, most of LD2’s dust tail is directly away from
the observer (e.g. into the page) and thus not clearly discerned.
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6.2.2 Near-Infrared Observations

Observations of P/2019 LD2 (ATLAS) were obtained from the NASA IRTF on 2020

July 2 and 3 (PI: L. Woodney) via DDT. We used the SpeX instrument (Rayner

et al., 2003) in the low-resolution ‘prism’ mode (R ⇠ 100), providing an e↵ective

wavelength range of ⇠ 0.7µm to ⇠ 2.5µm. As LD2 was expected to be a dim

(mV ⇠ 18.6) and extended target, we used the MORIS camera (Gulbis et al., 2011)

for guiding as well as broadband imaging. SpeX’s slit was chosen to be 0.800 wide and

1500 long, and MORIS’s LPR600 filter was used to maximize signal to noise in short

exposures for optimum guiding; both choices were based on experience observing

similar targets with the same instruments. The dichroic filter which split the light

between the two instruments was set to 0.8µm, resulting in slightly lower signal at

shorter wavelengths in the science data. The instrument rotator was set to be North-

South (as opposed to the parallactic angle) to conserve observing time, but we note

that atmospheric dispersion is minimal at low airmass, in the near-infrared, and for

extended targets. Under typical conditions at the IRTF, Rayner et al. (2009) found

a ⇠ 0.300 dispersion between 0.8µm and 2.4µm at our largest airmass (1.25), which

is significantly smaller than the slit width, seeing, and most importantly the size of

LD2’s coma. As a result, we do not believe atmospheric di↵raction to be an issue

for these observations, certainly so beyond 1.0µm.

On 2020 July 2 and 3, the total observational window subtended from 00:30 to

6:10 Hawaii time (10:30 to 16:10 UT), with LD2 transiting near the midpoint of

the allotted time. Spectroscopic observations of the target were ‘book-ended’ by

observations of both local stars with Sun-like colors and a local A0 star to provide

multiple ways to correct for telluric absorption in the observations of the target. This

resulted in three sets of standard star observations before, in between, and after two

blocks of observations of LD2. Each block was 20 exposures of 200 seconds each (in

an ABBA nodding pattern), resulting in 8000 seconds (⇠2 hours and 12 minutes) of



195

Table 6.3. Summary of Infrared Observational Data

UT Datea UTCa RH � ↵ Seeing Inst./Settingb Total Time

(Y-M-D) (h:m:s) (au) (au) (�) (arcsec) seconds

2020-07-02 10:30 4.58 3.77 8.44 ⇠ 0.7400 SpeX/Prism 8000.0

2020-07-03 10:30 4.58 3.76 8.27 ⇠ 0.4100 SpeX/Prism 8400.0

2020-07-04 14:25 4.58 3.75 8.10 ⇠ 0.500 SpeX/Imaging 1600.0

a UTC at start of sequence or image exposure.

bAll observations taken simultaneous to imaging with the MORIS camera, though

the primary use of those observations were for guiding.

integration time on each night (July 3rd allowed for one more AB pair resulting in

8400 seconds total). Conditions were good on both nights, with average humidity of

15% and 20% and seeing of 0.7400 and 0.4100 on each night respectively, though we

note that due to the fixed slit width and large size of LD2’s coma this does not e↵ect

the retrieved resolution.

An additional shorter block of time on 2020 July 4 (PI: V. Reddy, Hawaii time 4:25

- 6:10) was used to acquire J-band photometry of LD2 using the SpeX instrument

in imaging mode. A total of 8 exposures of 200 seconds each (⇠ 27 minutes of

integration time) on LD2 was acquired, again book-ended by observations of a star

with Sun-like colors nearby in the sky. These data were obtained both to directly

compare with visible-wavelength imaging from Gemini, DECam, and CSS as well as

an additional way to verify the calibration of the short wavelength end of the IRTF

spectra that might have been a↵ected by the dichroic cut-o↵.

The spectral observations were reduced independently using both the ‘spextool’
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package (Cushing et al., 2004) as well as an independently written pipeline in IDL and

the results were found to be identical. All science spectra were inspected individually

for quality assurance (e.g., guiding issues, artifacts, etc) and were extracted with

multiple apertures (1.000, 2.000) to both maximize the signal-to-noise ratio and to look

for spatial dependence of the reflectance spectrum retrieved as previously noted in

similar observations of the active Centaur 174P/Echeclus (Kareta et al., 2019) (see

also Chapter 6.) The spectra of LD2 were then divided by spectra of the Sun-like

stars (including a telluric correction) and averaged together. The MORIS (July 2,

3) and SpeX images (July 4) were reduced, stacked, and calibrated using standard

methods for CCDs and near-infrared detectors in IDL and Python, respectively.

6.2.3 Millimeter-wavelength Spectroscopy

We used the Arizona Radio Observatory (ARO) 10-m Submillimeter Telescope

(SMT) at Mt. Graham, Arizona to observe the CO J=2-1 transition at 230.537

GHz. We observed the comet during 2020 Jul 2 and 3 UT with heliocentric dis-

tances of r = 4.58 au with geocentric distances of � = 3.78 au. Pointing and focus

was updated every six 6-minute long scans on a planet or a bright radio-source. The

accuracy of the pointing and tracking was ⇠ 2 arcsec RMS. We used beam-switching

mode with a throw of 2 arcminutes for sky measurement. Due to the long, ⇠ 3x107

s, lifetime of CO at 4.6 au, we estimate that ⇠ 10% of CO emission was subtracted

with this procedure, which we take into account with our final CO production rate

calculation.

We used the 1.3mm ALMA Band 6 dual polarization receiver where the chop-

per wheel method was used for setting the temperature scale T⇤
A, with TR=T⇤

A/⌘b.

System temperatures were an average of Tsys ⇠ 980 K throughout the observing

period with no interruptions from monsoon storms typical of that time of year. Two

spectral resolutions were available with the following filterbanks: 250 kHz/channel
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(500 channels in parallel) and 1000 kHz/channel (2048 channels in parallel). The

bandwidth was 128 and 512 MHz respectively. Only the 250 kHz/channel filterbank

was used as it provided a significantly better spectral resolution of 0.33 km s�1. We

used the beam e�ciency of ⌘b = 0.74 provided by the observatory.

6.3 Results

6.3.1 Nucleus Size Estimates and General Activity State

Nucleus size estimates for LD2 place it in context with both the Centaur and JFCs

nuclei size frequency distributions. LD2’s discovery imaging by the ATLAS survey

occurred during a period of ongoing coma activity. Since discovery, LD2 has main-

tained coma activity, confusing attempts to directly image its bare nucleus for robust

size estimates. For this reason, we searched the DECam archive for serendipitous

precovery imaging data for epochs with no detectable coma.

Figure 6.2 Panels displaying the UT 2018 August DECam radial profile analysis.
Left: LD2’s radial profile width was compared to four field stars and found to be
wider than the ⇠ 000.8 seeing limited stellar profiles. Middle: Cropped image of
DECam detection of LD2. An asymmetric extended emission is faintly detected
when compared to stars in the same DECam frame (Right image).

Figure 6.2 shows DECam g0 imaging from UT 2018-08-10 and reveals LD2 as a
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condensed object with size 100.0 (FWHM; compared to 000.8 for nearby stars) located

within 000.1 of an ephemeris generated by the orbit in MPEC 2020-O07. Photometry

of this source yields apparent magnitude g0 = 21.44 ± 0.05 and is consistent with

Pan-STARRS1 reported photometry included in MPEC 2002-K134. Based on this

photometry, an ersatz estimate for the nucleus’s radius is 5.1 ± 0.1 km assuming

a 5% geometric albedo, or 3.4 ± 0.1 km assuming an 11.2% albedo (the average

red-Centaur albedo reported by Romanishin and Tegler 2018). However, this size

is inconsistent with earlier DECam imaging data from 2017-03-06, where no source

was detected within 1000 of the comet’s expected ephemeris position (1-� ephemeris

uncertainty ± 000.2) as generated by the orbit in MPEC 2020-O07. Three-� upper-

limit photometry on the March 6 r0 ( 23.8) imaging data indicate that the upper

limits on the nucleus’s radius are 1.2 km assuming a 5% albedo or 0.8 km assuming

an 11.2% albedo. This inconsistency may be the result of a compact coma present

at the time of the 2018 Aug. 10 g0 imaging, thus confusing the nucleus-size estimate

and/or the comet having an elongated nucleus. We consider these non-detections as

useful constraints, and are consistent with observations of the most common sizes of

JFC nuclei (Meech et al., 2004; Bauer et al., 2017b; Snodgrass et al., 2011; Fernández

et al., 2013).

While the sparse photometry presented here from DECam and CSS is inadequate

to constrain hour-to-hour or day-to-day variations in brightness, they serve as a

highly useful first-order look at how variable the overall state of the object is and

as important context for the July 2020 observations. In the Catalina dataset, the

variation in brightness visit-to-visit was almost always below ⇠ 0.2�0.3 magnitudes,

with the exception of between May and July 2020 where LD2 brightened by ⇠
1.0 magnitude. LD2’s brightness was stable then from 18 July 2020 through 28

August 2020. While it is possible that there are small or quickly dissipating outbursts

occuring at LD2, we do not see them in our sparse dataset. Even with the data
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Table 6.4. Summary of UT Jul. 3 Gemini GMOS Photometry

Filter m(000.5) m(500) m(1000) m(2000)

g0 20.16 ± 0.05 18.35 ± 0.05 18.08 ± 0.06 17.8 ± 0.1

r0 19.47 ± 0.05 17.65 ± 0.05 17.34 ± 0.05 17.10 ± 0.07

i0 19.15 ± 0.05 17.39 ± 0.05 17.06 ± 0.05 16.84 ± 0.08

presented here, LD2 is obviously not like that of 29P/Schwassman-Wachmann 1,

which has a radically more variable integrated brightness on these timescales (see

Trigo-Rodŕıguez et al., 2010).

6.3.2 Dust Coma Characterization

The visible images of LD2’s dust coma allow characterization of its coma color,

dust-production rates, and estimates of the dust outflow velocity. In this section we

describe the methods used to estimate each property for LD2. Aperture photometry

was used to measure the total apparent magnitude of LD2 based on the 2020 Jul.

3 Gemini GMOS images. Table 6.4 presents these measurements for photometric

aperture radii of: 000.5, 500, 1000, and 2000.

Coma Color

Photometric measurements of LD2’s coma were used to investigate the dust coma’s

color. We used the 500 radius aperture photometry measurements for the color calcu-

lations for our cometary coma color measurements. LD2’s coma on the date of Jul.

3 were typical of JFCs and other distantly active Centaurs : g0 � r0 = 0.70 ± 0.07

and r0 � i0 = 0.26± 0.07.
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Coma Morphology

Figure 6.3 Radial profiles of LD2 derived from the stacked GMOS r0 image. Coma
profile fitted power law indices highlight the a↵ects of solar radiation pressure. The
projected cometocentric distance of 000.5 for the leading profile was used as an esti-
mated proxy for the coma dust grains’ turn-back distance.

LD2’s coma morphology was investigated to estimate the dust coma’s expansion

velocity based on the turn-back distance detected in the Gemini imaging data. Due

to the deeper coma surface brightness detection a↵orded by the stacked r0 image’s

equivalent 450 second exposure, we used this image for the estimation of the dust

grain’s outflow velocity. Figure 6.3 shows plots of the coma’s radial profiles in the
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projected skyplane heliocentric velocity vector (velocity “leading” coma direction)

and negative of the heliocentric velocity vector (e.g., projected tail direction). For

an isotropic emission of dust grains from the sunward facing side of LD2’s nucleus,

the coma’s leading profile would have a power index ⇠ -1 until the e↵ects of solar

radiation pressure turn-back the dust grains. Mueller et al. (2013) derives an equation

for the turn-back distance due to solar radiation pressure, which we have inverted

in order to estimate the dust coma’s expansion velocity. The radial profile shown in

Figure 6.3 for the leading direction becomes significantly steeper than a power index

of -1 at an ⇠ 000.5 projected distance away from the nucleus’s position. We use this

distance as an estimate to the coma’s projected turn-back distance: dtb = 2727 km.

Using the equation for turn-back distance (Mueller et al., 2013), we solve for the

initial dust grain velocity’s magnitude:

v =

"
2dtb�g sin↵

(cos �)2

#1/2

, (6.1)

where dtb is the projected skyplane turn back distance of the dust grains, � is the

angle between the initial direction of the dust grains and the skyplane, � is the ratio

of the radiation pressure acceleration to the acceleration due to solar gravity, ↵ is the

solar phase angle of the observations, and g = GM�/R2
H is the solar gravitational

acceleration on the dust grains (G is the gravitational constant, M� is the Sun’s

mass and RH is the heliocentric distance of the dust grains). For LD2’s ⇠ 150 µm

sized dust grains, as constrained by the contemporaneously acquired NIR spectral

modeling (see Section 6.3.5 for further details and caveats), we use the equation

from Finson and Probstein (1968) and Burns et al. (1979b) that is applicable for

dust grains larger than ⇠ 1 micron to estimate a � value for LD2:

� ⇡ 4⇥ 10�7 m

d
(6.2)

resulting in a estimated value of � = 0.003. The exact value for � of the dust grains

most dominantly contributing to the detected coma profile’s slope is unknown. Most
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probably it is the result of dust grains emitted over a continuum of angles. For this

reason we calculate the outflow velocity for a range of plausible skyplane projected

dust grain angles: � = 0� (v = 0.6 m/s), � = 45.0� (v = 0.8 m/s) and � = 80.0�

(v = 3.3 m/s).

Dust Production Rate Estimates

The Af⇢ parameter is a proxy for cometary activity first derived in A’Hearn et al.

(1984)

Af⇢(cm) = 10�0.4(mc�m�) ⇥ 4�2

⇢

✓
RH

1 au

◆2

(6.3)

where: � is the geocentric distance of the comet in units of cm, RH is the heliocentric

distance of the comet in units of au, mc is the measured magnitude of the comet

within a circular aperture of projected radius ⇢ (in units of cm), and m� is the solar

magnitude of the Sun as measured in the same filter as mc. For the Gemini GMOS

r0 broadband image used for our Af⇢ calculations we use a value of m� = -27.04

from Willmer (2018). The derivation of the Af⇢ parameter has many assumptions

including: an isotropic emission of dust grains, a steady state dust production rate,

no fragmentation of grains in the coma, and ignoring radiation pressure e↵ects on

dust grains. This ideal canonical coma will have a profile shape following a 1/⇢

vs. cometocentric distance behavior. In practice the assumptions used to derive

Af⇢ break down for real comae, but the calculation of Af⇢ provides a first order

estimation of a nucleus’s dust production rate if inspection of the coma’s morphology

is considered when choosing the photometric aperture radius used in Equation 6.3.

Choosing a photometric aperture where the enclosed coma’s profile more closely

resembles a 1/⇢ behavior provides a situation where the coma’s morphology mimics

the resulting behavior as the ideal coma used in the derivation of Af⇢. For the Jul.

3, 2020 Gemini r0 LD2 observations this photometric aperture radius was determined
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to be 000.5 (see Figure 6.3). Using the r0(000.5) apparent magnitude measurement in

Equation 6.3 provides a value of Af⇢ = 484 ± 20 cm.

The derivation of Af⇢ provides an expression relating it to the coma’s dust pro-

duction rate Ṁdust if one makes some highly-simplifying assumptions:

Ṁdust =
8a⇢dvd(Af⇢)

3A
(6.4)

where a is the e↵ective radius of the assumed-spherical typical dust grain, ⇢d is the

dust grain density, vd is the dust grain expansion velocity, and A is the albedo of the

dust grains. We note that while the conversion of Af⇢ to a true dust mass loss rate

is fraught (Fink and Rubin, 2012), we aim here to only calculate a rough estimate.

We used the calculated Af⇢(000.5) value to estimate the dust production rate with

Equation 6.4. A value of a = 75 µm was used based on the NIR spectral modeling.

For the dust expansion velocity we used a value of vd = 0.8 m/s based on the �

= 45.0� initial velocity direction. We chose limiting values of A = 0.04-0.112 and

calculated dust production rate estimates for assumed grains with bulk densities ⇢d

= 500 kg/m3 and 1000 kg/m3 found to be reflective of the range of values as observed

by the Rosetta mission at 67P/Churyumov-Gerasimenko (Fulle et al., 2016). Using

these assumptions we estimate dust production rates respectively of: 9.7 ± 0.4 kg/s

and 19.4 ± 0.8 kg/s for a value of A = 0.04 and 3.5 ± 0.1 kg/s and 6.9 ± 0.3 kg/s

for a value of A = 0.112.

In Lowry et al. (1999), Af⇢ values are provided for several Jupiter Family comets

beyond 3 AU, which range from 7.4 cm to 228.8 cm. By comparison, LD2 shows

a much higher Af⇢ of 484 cm, which is supported by the well defined dust tail in

6.1. In terms of Af⇢, LD2 thus appears more active than a JFC at a comparable

distance.
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6.3.3 Upper Limit to CO Production and source of activity

LD2 has sustained a dust coma for many months beyond ⇠ 4 au, which is too far from

the Sun for water-ice sublimation, the most common trigger of activity for comets

close to the Sun, to proceed e�ciently. Carbon monoxide emission is observed in

5 - 20 % of the gas comae of comets and it readily outgases and sublimates well

beyond 4 au. Thus, it was a prime suspect for searching in LD2. We did not detect

a CO line in the SMT data and correspondingly we derive a 3-� upper limit to

the line area of 0.04 K kms�1 from 3 rms
⌘b

p
�vc�vline, where rms = 0.012 K, beam

e�ciency, ⌘b, = 0.74, �vc is the velocity width of the channel of the CO 2-1 line, 0.33

km s�1, and an line integration width of �vline = 2.0 km s�1, consistent with the

assumed expansion velocity of vexp = 0.5 km s�1 (see Mangum and Shirley, 2015).

Using 0.5 km s�1 for the expansion velocity is at the upper end of the expected

range upper end for an object at such a large heliocentric distance and leads to the

strictest upper limit for CO (Gunnarsson, 2003; Wierzchos and Womack, 2018). We

modeled the gas emission using this line area upper limit, assuming an optically

thin gas, a kinetic temperature of 20K (Biver et al., 2002), and using non-LTE

molecular excitation calculations, including contributions from collisions with H2O,

fluorescence, and cosmic background radiation (see Wierzchos and Womack, 2018),

to derive a 3-� upper limit of Q(CO) < 4.4⇥1027 mol s�1 (< 205 kg s�1). This model

also assumes isotropic outgassing of the CO from the nucleus and a photodissociation

decay model (Haser, 1957b) with photodissociation rate of 1.33 x 106 s at 1 au for

a quiet Sun (Huebner et al., 1992). Radiative decay from the J=2 level occurs with

increasing distance from the nucleus and thus the production rate upper limit may

be slightly underestimated (Garcia-Berrios et al., 2020).

These calculations represent an upper limit to the amount of CO arising from a

nuclear source. CO emission could also arise from photodissociation of other volatiles

in the coma, such as H2CO, CH3OH, or CO2 (Pierce and A’Hearn, 2010). CO



205

emission may also arise from icy grains in comets (Gunnarsson et al., 2008; Womack

et al., 2017b). The ratio of native to distributed CO production rates in a sample

of several comets was determined to be approximately 80% to 20%, respectively

(DiSanti et al., 2003). Given the lack of detection of CO or any other molecule,

it is beyond the scope of this paper to speculate further on native vs. distributed

contributions to CO.

Our CO upper limit of Q(CO) < 4.4 ⇥ 1027 mol s�1 is substantially lower

than what is typically observed for the always active centaur 29P/Schwassmann-

Wachmann 1 at ⇠ 6 au, (Q(CO) ⇠ 1 � 3 ⇥ 1028mol s�1, and the great long-period

comet C/1995 O1 (Hale-Bopp) at 4.6 au (Q(CO) ⇠ 2 ⇥ 1028mol s�1. However,

we urge caution about making such direct comparisons of production rates without

considering distance from the Sun, or size, chemical composition or physical con-

struction of the nucleus. For example, Hale-Bopp and 29P have nuclei D ⇠ 60 km

in diameter, much larger than that of LD2. In lieu of a detailed model of energy

balance and chemical composition of the nucleus, we can still tell a great deal by

comparing the gas production rates scaled for nucleus surface area, which we call

“specific production rates,” Q(CO)/D2. If we assume that LD2’s diameter is D ⇠
2 km (consistent with this paper’s upper limit), then we would get a specific pro-

duction rate of Q(CO)/D2 < 1027 mol s�1 km�1. This is much higher than the CO

specific production rates for Hale-Bopp of ⇠ 6 x 1024 mol s�1 km�1 at 4.6 au (the

same distance as LD2) or 29P of ⇠ 8 x 1024 mol s�1 km�1 at 6 au. Our upper limit

to LD2’s specific production rate places it well above the line dividing CO-depleted

from CO-rich gas comae for 29P, Hale-Bopp, Echeclus, Chiron and other Centaurs,

and thus our value does not distinguish it from either case (see Figure 3 in Wierzchos

et al. (2017b).) If LD2’s diameter is D ⇠ 2 km, then its production rate would be

Q(CO) ⇠ 3⇥ 1025 mol s�1 if it had a similar specific production rate to Hale-Bopp

or 29P. An upper limit comparable to this value or lower would be needed to test
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models, with correspondingly lower values needed if the nucleus were smaller. Fu-

ture work to directly measure or better constrain LD2’s CO production rate to values

closer will be critical in making comparisons to 29P, Echeclus, Hale-Bopp, or other

distantly active objects, and thus understanding which volatiles might be driving its

activity more definitively.

Thus, our observations cannot put constraints on whether CO is present in large

enough amounts to be involved in producing the observed dust coma.1. For reasons

described above, water-ice sublimation is not likely to play a large role in LD2’s

activity over the last year or two, although it will become important as it moves

inward (assuming it is present in the nucleus). CO emission is still possible, as are

other candidate volatiles, such as CO2, CH4, O2, and even N2, which are much. more

di�cult to measure with current telescopes and instrumentation (Womack et al.,

2017b).

6.3.4 Dust and (Possible) Ice

The retrieved infrared reflectance spectra are shown in Figure 6.4. The spectra

from July 2 and 3 are consistent in spectral slope, showing a gentle overall red

(increasing reflectivity as a function of wavelength) slope. Using the S 0 framework

(Luu and Jewitt, 1990), the average slope of the two is S 0 = 2.0 ± 0.2 (in units of

% per 0.1µm) over the wavelength range 0.8 � 1.25µm. The extracted spectrum

was not statistically di↵erent using smaller or larger apertures, which is di↵erent

from the spectral behavior of 174P/Echeclus as observed with the same instrument

while active (Kareta et al., 2019). The spectra were combined at an R ⇠ 100 to

properly boot-strap the errors from the data, as spextool (Cushing et al., 2004)

1Spitzer measurements of LD2 were used to derive a comparable 3-� upper limit of 4.8x1027 mol

s�1 for CO, assuming that all gaseous emission in the 4.5 µm band was from CO (both CO and

CO2 emit in that bandpass) (Bolin et al., 2020)
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can underestimate errors in certain circumstances. The reflectivity near ⇠ 1.5µm

appears slightly curved or depressed, there is a less obvious drop in reflectivity near ⇠
1.95�2.0µm, and the flux appears to drop precipitously beyond⇠ 2.3µm. The former

two features appear plausibly real with apparent absorption depths near ⇠ 5%, while

the latter likely results from decreasing signal-to-noise at the longest wavelengths due

to rapidly increasing atmospheric absorption. We further note for clarity that the

proximity of the proposed ⇠ 1.95� 2.0µm drop in reflectivity to the strong telluric

absorption band complicates any quantitative analysis of the feature (depth, center)

as the shorter-wavelength continuum is challenging to discern without higher quality

data. A similar decrease in flux near ⇠ 1.5µm and ⇠ 2.0µm, caveats accepted,

could be related to the presence of water ice (either pure or incorporated into mixed

grains) in the coma of LD2. The origin of the spectral continuum and features

superimposed on it are modeled using a variety of techniques in Section 6.3.5 to

constrain the composition of ejected material in the coma of LD2.

6.3.5 Near-Infrared Spectral Modeling

Modeling the reflected light from the solid coma of an active object requires a choice

about what is the correct physical model to apply – if the grains are large, then a

Hapke-like model can be applied (Hapke 1993, see also Sunshine et al. 2007; Yang

et al. 2009; Protopapa et al. 2014), while if the grains are similar in size or smaller

than the wavelength, then a model based on Mie scattering should be applied (Yang

et al., 2014; Protopapa et al., 2018). In the absence of additional information to

constrain the problem (e.g. longer wavelength observations of thermal emission,

measurements over a range of heliocentric distances), we blindly employ each kind of

model with a subset of optical parameters and constituent species to constrain what

the coma might contain to guide later analysis. The constituent species of this com-

positional modeling are carbon (the optical constants of amorphous “glassy” carbon
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Figure 6.4 The reflectance spectra of the inner coma (extraction aperture radius of
2.000) of P/2019 LD2 on July 2 (red), July 3 (blue), and the combination of both
dates (black). All spectra were normalized at 1.5 microns, o↵set for clarity, and
combined at a spectral resolution of R ⇠ 100. The grey shaded regions are areas of
higher telluric absorption, and thus lower signal to noise ratios.

of Edoh 1983 and the amorphous carbon of Rouleau and Martin 1991) and water ice

(both amorphous and crystalline at various temperatures from Mastrapa et al. 2008).

In general, the carbon acts as a featureless, dark, and red-sloped absorbing material

which counterbalances the bright steeply blue-sloped spectrum of water ice. The two

samples of amorphous carbon are redder and bluer than the overall continuum of our

spectrum of LD2 (though both still are red), providing end-members over which to

impose the water ice spectral features should they be found to be significant in the

modeling. For both the large grain (Hapke) and small grain (Mie) cases, we consider
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a situation where the icy grains and dust grains are distinct (“linear mixing”), and

for the large grains we also consider a case where a single dust grain can contain

both ice and dust (“intimate mixing”). We thus have three “classes” of models with

several combination of optical constants to test against the data. As an additional

test, we also employ a large grain (Hapke) case where the two constituent inputs

are the two kinds of carbon employed. In general, a “good fit” should both have a

reasonable reduced �2 value near ⇠ 1.0 without over-fitting or over-interpreting the

data.

The two Hapke models (linear and intimate mixing), the single Hapke/Mie model,

and the no-ice all carbon model are presented in Figure 6.5. The carbon and ice

components were forced to have the same grain size in the linear cases, and in

all cases the grain size and mixing ratio (either by area or mass) were the two fit

parameters. Reported values are for crystalline ice at 130 K, the amorphous carbon

of Edoh 1983, and all �2 values are reduced . The two ice-and-carbon Hapke models

as shown have similar reduced chi-square values of �2 = 1.07 (linear) and �2 = 1.16

(intimate). In general, the intimate mixing model contains more ice (9±2 weight %),

while the linear mixing model contains much less ice (2± 0.6 areal %). Notably, the

linear mixing model converges on a grain size that is at the limit of what the Hapke

formalism technically allows (⇠ 2.28µm), but the model shown is for a compliant

grain size (⇠ 2.5µm) with an identical reduced �2 value. The intimate mixing model

weakly prefers a large grain size around ⇠ 150µm. The no-ice model is a worse fit to

the data (�2 = 1.57), as it can match the overall slope well (as expected), it performs

much worse after ⇠ 1.5µm by attempting to go through the area of lower reflectance.

The Mie-scattering model (which assumes fine grained pure ice and larger-grained

dust) has �2 = 1.10, an areal ice fraction of 1.2± 0.1 areal %, and an e↵ective dust

size near 6 � 7µm. Somewhat notably, the �2 value drops slightly for the Linear

mixing and Mie models if amorphous ice is used, while similar qualities of fits were
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retrieved with all temperatures and phases of ice for the Hapke models. Amorphous

ice, if present, is not stable for long time periods even at LD2’s perihelion distance,

suggesting it would have been released recently from the nucleus. While this small

change is not adequate to provide strong evidence for amorphous over crystalline ice,

it does better fit the shape and center of dip in reflectance near ⇠ 2.0µm. Thus, if

the ice were amorphous, it might be a better estimate of the overall ice content of

the upper regolith of the Centaur, while crystalline ice is stable indefinitely and thus

could “build up” in the coma as activity persisted. Further observations can thus

constrain the ice content of the outermost layers of the nucleus, given higher signal to

noise. We note that these results did not statistically change with di↵erent binning

resolutions or normalization wavelengths, and while the quoted fit parameters are

from fits where areas of high telluric absorption were not included, the retrieved fit

parameters did not change significantly (the �2 values are simply higher). The quality

of the fits for all models considered is poorer at long wavelengths, suggesting that

most of the constraining power is in the region surrounding the ⇠ 1.5µm feature, but

not including this region makes the continuum fit beyond ⇠ 2.0µm much worse. The

di↵erence between the ice and no-ice models is most stark when the wavelength range

is constrained to be immediately surrounding the 1.5µm feature (often producing a

multiple-sigma di↵erence between the data and model in that region) and becomes

less prominent as more data is added in allowing the all-continuum no-ice model to

slowly improve its reduced �2 value. To be clear, for all normalization values and

wavelength ranges tested, the ice-containing models outperformed the no-ice model

(indeed, the linear mixing ice-and-carbon model could choose to converge on the

no-ice model exactly) but the specific ratio of qualities of fits varied with di↵erent

ice or carbon choices as expected. In summary, all three models that allowed for

it are significantly improved with the addition of water ice at the ⇠ few % level,

but the quality of the data prevents a reliable determination of its crystallinity or
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total abundance. While an all-dust no-ice model is not truly ruled out by the data

presented, we believe the detection of ice at the ⇠ few % level as the fits were both

quantitatively better and qualitatively better matched the observed feature(s) in the

data. Higher SNR or higher resolution observations in the future will be critical to

better understanding the properties and abundance of ice in the solid coma of LD2

and how it evolves in time.

Figure 6.5 The reflectance spectra of P/2019 LD2 on July 2 and July 3 (black)
compared with the best-fit large grain linear mixing model (red), intimate mixing
model (blue), and Hapke (dust) and Mie (ice) model (orange) of crystalline water
ice at 130 K and di↵erent kinds of amorphous carbon, as well as model that employs
both amorphous carbons and no ice (grey), all normalized at 1.5µm. Refer to the
text for details of the models.
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6.4 Discussion and Conclusions

6.4.1 LD2 as a Future JFC

Is P/2019 LD2 (ATLAS) what we expect a soon-to-be JFC to be like? The compara-

tive importance of the object is tied to whether it can be directly related to its inner

Solar System relatives. LD2’s current properties need to be understood within the

context of other active Centaurs (especially Gateway objects; Stecklo↵ et al. 2020)

and conventional JFCs if we are to properly use it to understand the Centaur-JFC

transition. Is it ‘typical’ or is it anomalous somehow? When it enters the inner Solar

System in 2063, will the scientific community be watching a normal Centaur become

a normal JFC, or will di↵erent processes be in play? In this work, we have made

some of the first quantitative measurements of the properties of LD2 and laid some

groundwork for future observations.

Based on LD2’s brightness in the most conclusive March 2017 DECam precovery

images, we estimate that LD2’s nucleus is less than ⇠ 1.2 km in radius, which is

far less than the other best-studied Centaurs like 29P (⇠ 30 km, Schambeau et al.

2015), Chiron (⇠ 70 - 109 km, Groussin et al. 2004; Fornasier et al. 2013), or Chariklo

(⇠ 125 km, Braga-Ribas et al. 2014). This is, however, within the range of common

sizes for JFCs (Meech et al., 2004; Bauer et al., 2017a). While this size di↵erence is

not a surprise on a number frequency basis, small Centaurs of this size are still rare

and challenging to find. No outbursts were detected in our archival Catalina Sky

Survey data, and the brightness of the object only changed gradually with time. The

brightness of LD2 during the Gemini, IRTF, and SMT observations was stable on

days-long timescales. In general, this is unlike the extremely outburst prone Centaur

29P/S-W 1 (Whipple, 1980b; Trigo-Rodŕıguez et al., 2010; Miles et al., 2016b).

LD2’s activity similarly is plausibly typical. We used our millimeter-wavelength

observations of the J=2-1 rotational transition of carbon monoxide (CO) emission to
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calculate a production upper limit of Q(CO) < 4.4⇥ 1027 mol s�1 when it was rH =

4.58 au from the Sun. CO emission has not been detected in many comets beyond

4 au, but for comparison, CO emission was detected in the great, long-period comet

C/1995 O1 (Hale-Bopp) with Q(CO) ⇠ 2 ⇥ 1028 mol s�1 at 4.6 au (Biver et al.,

2002; Womack et al., 2017b), repeatedly seen in the Centaur 29P/Schwassmann-

Wachmann 1 at ⇠ 6 au with Q(CO) ⇠ 3⇥ 1028 mol s�1 and marginally detected in

the Centaur 60558 (Echeclus) at 6.1 au with Q(CO) ⇠ 8⇥ 1026 mol s�1 (Wierzchos

et al., 2017b). However, as discussed in Sec. 6.3.3, nucleus size cannot be ignored

when comparing production rates: these objects are much larger. If LD2’s nucleus

was su�ciently radically larger (r ⇠ 20km), then our CO upper limit might make

it appear CO-depleted compared to a Hale-Bopp or 29P/S-W 1 (Wierzchos et al.,

2017b), but for a ⇠ km-scale nucleus this is a highly plausible upper limit. In other

words, the small (typical) size of LD2 combined with a lack of any detectable outburst

makes our non-detection of CO unsurprising.

The spatial profiles from visible and near-infrared observations support ongoing

activity since at least 2018. LD2 stands in stark contrast to the more explosive and

stochastic outburst-centric activity of centaurs like Echeclus (Kareta et al., 2019)

or 29P. The strong but ongoing activity of LD2 is well within the expectation of a

JFC-like object that has yet to spend significant time within the inner Solar System.

Its activity pattern is not quite like that of the ultra-active 29P/S-W 1 or the large

outbursts of Echeclus with little activity in between, but it is also not so depleted

in substances volatile at ⇠ 5 AU that its activity in that region is minimal. LD2’s

Af⇢ presented here is higher than that of a typical JFC at comparable distance

from the Sun, which corresponds to a typical JFC’s aphelion. For example Lowry

and Fitzsimmons (2005), Snodgrass et al. (2008), and Mazzotta Epifani et al. (2009)

report observations of numerous distant JFCs, most of which are consistent with

Af⇢ of either zero or only tens of cm. A comparison of LD2’s dust coma activity
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with other JFCs also having a large perihelion is poorly understood at this time.

LD2’s dust activity is higher when compared to JFCs that have perihelion less than

⇠4 au, but we do not know at this time how it compares to other JFCs with q >

⇠ 4.5 au. While there have been many recent discoveries over the past decade of

JFCs with perihelion near Jupiter, this population’s long-term dust comae activity

behaviors and ensemble properties have been poorly studied or at least as reported

in the literature. Several groups have reported snapshot dust coma characterization

for several active Centaurs (Jewitt 2009b; Wong et al. 2019; Mazzotta Epifani et al.

2017) and high perihelion JFCs (e.g., JFCs with q > 4.5 au; Schambeau et al.

2018). The many recent and ongoing surveys have discovered ⇠ 40 such JFCs with

large perihelia. As a community we should also focus attention on understanding this

populations ensemble properties and placing LD2’s activity behaviors as it transitions

from Centaur to JFC in context with the wider population.

The very probable detection of water ice at the ⇠ few % level in the inner coma

of LD2 also bolsters the claim that the object is both ‘typical’ and has yet to spend

much time in the inner Solar System. While a typical JFC rarely has water ice

detected within its coma, the lifetimes of icy grains is dramatically shorter at smaller

heliocentric distances (see, e.g., Protopapa et al. 2018). The most hyper active comets

in the inner Solar System become detectably icy when their comae ice fractions

approach the ⇠ 10s of % level (Yang et al., 2014; Protopapa et al., 2014, 2018),

more than detected here. However, the detection of water ice within 9P/Tempel 1

(Sunshine et al., 2007) strongly suggests that small icy grains are a component of

even non-hyperactive nuclei interiors near the surface. Thus, LD2’s barely icy coma

would be extremely challenging to detect in the inner Solar System, but consistent

with that of a typical nucleus that has such grains available. If icy grains were

detected during an outburst but not during transient activity, that might imply that

the icy grains are buried at some depth and are not available for traditional mass loss
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in the upper regolith. The detection of ice in the case of ongoing activity suggests

that icy grains are at least mixed into the uppermost regolith at some level, which

would not expected if the surface had been heated beyond where water ice had been

stable. It is unclear whether this fractional icy component of the solid coma would

have been detected if observations occurred when the object first activated, but the

current observational understanding provides evidence that at least the few topmost

layers of the regolith now have not been heated to the point of desiccation. Comet

103P/Hartley 2 was observed in situ to have significant amounts of water ice detected

in its coma (Protopapa et al., 2014), likely driven o↵ the surface by a more volatile

species. Indeed, this behavior is indicative of exposures of ice more volatile than

crystalline water (Stecklo↵ et al., 2016; Stecklo↵ and Samarasinha, 2018), consistent

with the dynamical interpretation that LD2 has spent little time in the inner solar

system (Stecklo↵ et al., 2020).

The observations and derived conclusions that we present in this paper are con-

sistent with the hypothesis that LD2 is very likely as a typical small Centaur on its

way to becoming a typical JFC. However, the uniqueness and importance of study-

ing LD2 stem from it being an object that has likely never entered the inner Solar

System for any significant period of time. It may be one of the best examples of a

transient object caught in the act of transition, both dynamically and physically.

Following this conjecture, ongoing studies of LD2 at the present date and over

the next few decades could greatly advance our understanding of the life cycle of

Jupiter Family Comets, as well as the properties of the smallest and most numerous

Centaurs, as well as enhance our understanding of recent entrants to the Jupiter

Family.
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6.4.2 Future Observational Priorities

The present study leaves open several key questions which could guide the next steps

of observations to help characterize this intriguing object. The primary goal over the

next few decades should be to simply observe the object frequently to monitor its

activity and thereby look for changes. At mv ⇠ 18� 19, the object is observable by

many non-professional astronomers and will likely be detected by the major asteroid

surveys (ATLAS, Catalina Sky Survey, PanSTARRS, etc) which regularly survey to

two magnitudes deeper. This will also be invaluable to scheduling and planning more

detailed follow up work with larger telescopes, especially after the object moves into a

more distant (and thus fainter observationally) orbit in 2028. (Its perihelion distance

will be beyond 5 AU from the Sun, which is further than activity has been detected

in its current orbit, suggesting that the object will be both intrinsically fainter and

further.) As the object moves away from perihelion in the coming years, it will likely

move beyond the reach of amateurs and surveys (with the exception of the Rubin

Observatory’s LSST) prior to that date. We are particularly interested in continued

monitoring of the ice content and outgassing patterns (including searches for gas

species), but all techniques and observations will be useful. Systematic programs to

monitor the activity of JFCs with perihelia at similar heliocentric distances will also

be key to contextualizing LD2’s activity and properties (Schambeau et al., 2018).

To facilitate and encourage further observations of P/2019 LD2 (ATLAS), sev-

eral of the authors of this manuscript have organized an observing campaign website

to plan and coordinate observations of all kinds (https://observe-ld2.blogspot.

com/). Interested observers can submit information about their ongoing and planned

observations and see contact information for the campaign organizers and other ob-

servers.

https://observe-ld2.blogspot.com/
https://observe-ld2.blogspot.com/
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6.5 Summary

In this paper, we have detailed contemporaneous observations at visible, near-

infrared, and millimeter wavelengths as well as visible-wavelength precovery obser-

vations of the active Centaur P/2019 LD2 (ATLAS). LD2 is currently in a Gateway

orbit (Sarid et al., 2019b) and will very likely become a Jupiter Family of Comet

(JFC) in 2063 (Kareta et al., 2020; Hsieh et al., 2020a). This is very likely the first

time that LD2 has made this transition (Stecklo↵ et al., 2020), meaning that this

is the first recognized time that the community can observe an object move from

one population to the other. This transition is marked by changes in sublimating

volatiles and activity character and is in general quite poorly understood (see Wom-

ack et al., 2017b). If put into the proper observational context, LD2 could thus be an

extremely useful case study to understand how this transition a↵ects these objects

and thus better understand the evolutionary history of the Centaurs and JFCs in

general.

Precovery observations from the Dark Energy Survey’s (Abbott et al., 2018)

DECam instrument (Flaugher et al., 2015) from 6 March 2017 find no detectable

object in the vicinity of where LD2 should be down to r0 ⇠ 23.8, which suggests the

radius of LD2 to be ⇠ 1.2 km or smaller given a 5% visible albedo. Observations by

DECam in August 2018 show the object to be somewhat extended and intrinsically

brighter, suggesting that activity had started in earnest by that point. Archival

detections by the Catalina Sky Survey are marginal in May and June 2018 (it is

not possible to tell if the object was active or not), but since April 2020 the object

has been sampled and detected well by the survey. The sparse photometry shows

only gradual changes in brightness with no obvious signs of any abrupt brightening

(outburst events.) During the July 2020 observations detailed below and in Section

2, the activity of LD2 appeared stable.

Observations in visible broadband colors at Gemini North on 3 July 2020 show
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spatial profiles consistent with ongoing and stable activity and consistent colors at

multiple aperture sizes. The measured coma colors are g0 � r0 = 0.70 ± 0.07 and

r0 � i0 = 0.26 ± 0.07 and the inferred dust production rate based on the measured

Af⇢ is⇠ 10�20 kg/s (assuming various grain properties). The Af⇢ itself is far higher

than that of typical JFCs at this heliocentric distance, which corresponds to a JFC’s

typical aphelion. We used LD2’s coma morphology as seen in the r0 filter to estimate

the dust coma’s outflow velocity between v ⇠ 0.6� 3.3 m/s. The reflectance spectra

obtained of LD2’s inner coma in the NIR from the NASA Infrared Telescope Facility

(IRTF) on 2-3 July 2020 are red and show evidence for weak absorption features

at 1.5 and 2.0µm, which we interpret as a small amount of water ice in the coma

of LD2. Depending on spectral modeling parameters, we find values ranging from

approximately 1% (for linear mixing) to 11% (for intimate mixing), significantly less

than for hyperactive JFCs (tens of %). Models with large grains (Hapke) and small

grains (Mie scattering) appear to fit the data similarly well, but higher quality data

would likely be able to distinguish the ice properties (crystallinity, mixing method,

etc.) in the future.

Two nights (2020 July 2-3) of integration towards LD2 at the Arizona Radio

Observatory Sub-Millimeter Telescope (SMT) did not yield a CO detection, and

we used the measurements to derive CO production rate upper limit of Q(CO) <

4.4⇥ 1027 mol s�1 (3-�). By comparing specific production rates of LD2 with other

Centaurs and the great comet Hale-Bopp we conclude that this is not a significant

upper limit and that CO may still play a large role in the activity. If LD2’s behavior

is similar to that of the distantly active 29P and Hale-Bopp, then we predict its CO

production rate will be approximately Q(CO) < 3⇥ 1025mols�1.

The size of LD2, the character of its activity, the colors of its coma, its lack of

tremendous CO production, and the small amount of water ice in its inner coma are

all consistent with the idea that LD2 is a typical Centaur (though still smaller than
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the best-studied Centaurs) that will become a typical Jupiter Family Comet. Un-

derstanding LD2’s modern properties and how they evolve over the next few decades

will be critical to understanding the physical di↵erences between the Centaurs and

the JFCs and how the transition between populations a↵ects the individual small

bodies. In Section 4, we describe our proposal for a long baseline observational cam-

paign of LD2 to attempt to learn as much as we can about this important object

and thus better understand the modern properties and evolutionary history of the

Centaurs and the JFCs.



220

CHAPTER 7

“Investigating the Relationship between (3200) Phaethon and (155140) 2005 UD

through Telescopic and Laboratory Studies”

Originally accepted as, “Investigating the Relationship between (3200) Phaethon

and (155140) 2005 UD through Telescopic and Laboratory Studies” by Theodore

Kareta, Vishnu Reddy, Neil Pearson, Juan A. Sanchez, and Walter M. Harris in the

Planetary Science Journal on August 5th, 2021.

7.1 Introduction

7.1.1 Overview

The Geminid Meteor Shower is one of the best-studied and easily observed meteor

showers, but until 1983 no parent comet had been identified. Furthermore, the

orbit of the Geminids is not that of a Long-Period or Jupiter-Family comet, with

a period of only 1.4 years and a perihelion distance inside the orbit of Mercury at

q = 0.140 AU. Near-Earth object (NEO) 1983 TB, later named (3200) Phaethon,

was discovered in a Geminid-like orbit and was quickly deemed a plausible parent

for the meteor shower (Whipple, 1983). While Phaethon was originally presumed to

be a dead comet (see, e.g., Belton and A’Hearn 1999), with the Geminids thought

to have been produced through conventional cometary activity in the past, the story

has become much less clear over the past two decades. While studies of the Geminids

themselves have mostly concluded that they are fundamentally cometary in nature,

studies of Phaethon have been converging on the idea that it is an (active) asteroid

from the Main Belt as opposed to stochastically captured from the outer Solar System
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(a review of both of these topics is presented in the next subsection). Phaethon is

thus a key object to understand on the now-recognized continuum between comets

and asteroids. The NEO (155140) 2005 UD (Kasuga et al., 2005; Jewitt and Hsieh,

2006) is compelling for the same reasons, as it is the inactive parent of the Daytime

Sextantids – as well as proposed fragment of Phaethon itself. Investigations into

the modern properties and relationship between members of the ‘Phaethon Geminid

Complex’ (PGC) are thus investigations into how meteor showers form as well as the

properties of low-albedo NEOs.

7.1.2 (3200) Phaethon

Phaethon’s properties are much better studied than 2005 UD’s due to its earlier

discovery date and larger size and thus sets the framework for which these related

bodies are compared and understood. The surface of Phaethon is strongly blue at

visible and near-infrared wavelengths (⇠ 0.35�2.5 µm, see, e.g. Tholen 1984; Lican-

dro et al. 2007), unlike the typical strongly red reflectance spectrum of traditional

cometary nuclei and D-type asteroids. Phaethon’s orbit, while highly eccentric to

the point where its perihelion is lower than Mercury’s at q = 0.14AU , is generally

accepted to be hard to produce from a typical Jupiter Family Comet orbit (Bottke

et al., 2002) and probably more likely to come from the Main Belt of asteroids (de

León et al., 2010), possibly from (2) Pallas’s collisonal family. However, there are

serious issues with producing Phaethon’s reflectance spectrum and albedo from an

originally Pallas-like composition (see the discussion of Kareta et al. 2018, repro-

duced in Chapter 2). Furthermore, the radar-derived size of Phaethon of more than

6km across at the equator (Taylor et al., 2019) is inconsistent with much previous

thermal modeling of the object, supporting a lower albedo nearer to ⇠ 8% like that

of Kareta et al. 2018 as opposed to the higher ⇠ 12 � 16% values of studies like

that of Hanuš et al. 2016 or Masiero et al. 2019 for reasons not yet well understood,
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though many of these authors have speculated that Phaethon may have odd thermal

properties in light of the discrepancy. While Phaethon’s visible-wavelength albedo

might be typical for B-type asteroids (Aĺı-Lagoa et al., 2013), its radar albedo might

be more consistent with comets than B-types (Taylor et al., 2019). Previous models

of Phaethon’s surface largely involved hydrated materials (Licandro et al., 2007),

but the surface of Phaethon appears to be totally dehydrated (Takir et al., 2020).

All of these non-converging lines of inquiry about Phaethon’s surface are further

complicated by the revelation that Phaethon is not totally inactive, but actually

develops a small dust tail near perihelion (Jewitt and Li, 2010; Jewitt et al., 2013).

This dust tail is most likely caused by intense solar radiation pressure sweeping small

(⇠ 1µm) dust grains o↵ the surface, not sublimation of volatiles or another process,

though Phaethon’s short rotation period (⇠ 3.604 hours, Hanuš et al. 2016) may

assist the process (Nakano and Hirabayashi, 2020). This is assumed to be a process

that could happen on any su�ciently sungrazing object, though it has yet to be

observed conclusively on other objects (see a discussion in Knight et al. 2016).

7.1.3 The Geminids

As opposed to the strange properties of their mostly-inactive parent body, the study

of the orbital distribution and physical properties of the Geminids themselves has

been a cleaner story. The age of the Geminids appears to be among the youngest of

the large meteor showers, with a maximum age of a few thousand years (Ryabova,

1999, 2016). The spatial distribution of meteoroids, especially its asymmetry about

the peak, probably requires a large change in parent body orbit during stream ejec-

tion, such as by non-gravitational forces (Lebedinets, 1985; Ryabova, 2016). The me-

teors themselves appear to be denser than typical cometary meteors (Halliday, 1988).

They have a wide variety of sodium abundances (Kasuga et al., 2005; Borovička, 2010;

Abe et al., 2020), probably due to intense solar heating (Kasuga, 2009), but have an
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overall composition consistent with cometary material (Borovička, 2010; Abe et al.,

2020). The higher-than-cometary densities could also be explained as a heating-

related e↵ect, with the weaker grains being preferentially removed from the stream

with time by thermal stresses (Čapek and Vokrouhlický, 2012). Abe et al. 2020 found

that smaller meteoroids were more depleted in sodium, consistent with this idea.

7.1.4 The Phaethon-Geminid-Complex and Paper Overview

A comprehensive explanation of the ‘Phaethon-Geminid-Complex’ (PGC) needs to

explain the modern asteroid-like properties of Phaethon (surface reflectivity, orbit) as

well as the comet-like properties of the Geminid meteors themselves (composition,

orbital distribution) as described in the previous section. One avenue for further

study is characterizing other small bodies thought to be dynamically associated with

Phaethon and the Geminids. (155140) 2005 UD is a ⇠ 1.6 km NEO with a blue

reflectance spectrum (Jewitt and Hsieh, 2006; Devogèle et al., 2020) thought to be

dynamically linked to Phaethon and the Daytime Sextantids, as well as the Geminids

less directly (Kasuga et al., 2005). This is a second NEO with similar (visible)

reflectance properties, a very low perihelion (q = 0.16AU), and associated with its

own meteor shower, and thus is expected to be a highly valuable target for comparison

with Phaethon.

The specifics of the relationship between the two bodies are debated. For example,

Ryabova et al. 2019 makes dynamical arguments that the two objects could not have

been in close contact in the recent past given our understanding of their orbits despite

their similar-and-rare surface properties. It is unclear whether or not 2005 UD (the

so-called ‘mini-Phaethon’) is a fragment of its larger cousin and thus genetically

related, introduced to near-Earth space through some common process, or that the

two objects just coincidentally have similar orbits, surfaces, and associated meteor

showers. It is imperative to understand the relationship between these objects not
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just to better understand the origin of their modern properties and meteor showers,

but also to make preparations and predictions for the arrival of JAXA’sDESTINY +

spacecraft at Phaethon in the mid-2020s (Arai et al., 2018), which may be able to fly-

by 2005 UD at a later date. There is another object proposed to be in the ‘Phaethon-

Geminid-Complex’, 225416 (1999 YC) (Ohtsuka et al., 2008a), but its orbit and

physical properties are even more di↵erent from Phaethon than UD’s (Kasuga and

Jewitt, 2008), and has received comparatively little characterization as a result.

In this paper, we present the first near-infrared reflectance spectra of (155140)

2005 UD in Section 2 to better understand its modern properties and compare it to its

better studied cousin (3200) Phaethon. We also present new laboratory reflectance

measurements of the CI chondrite Orgueil heated to Phaethon and 2005 UD relevant

temperatures in Section 3 to better constrain the thermal histories of and relationship

between these bodies. In Section 4, we discuss how these interrelated lines of evidence

and inquiry change our perception of their respective properties and histories.

7.2 Near-Infrared Observations of 2005 UD
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Table 7.1. Observations of 2005 UD

UT Datea UTC Timea RH � ↵ mV Airmass Humidity Total Time

(YYYY-mm-dd) (d) (au) (au) (�) seconds

2018-09-19 14:39 0.98 0.27 86.6 17.5 ⇠1.26 ⇠26% 800.0

2018-10-02 12:27 1.18 0.23 34.2 16.0 1.03-1.06 9-14% 2800.0

2018-10-03 09:12 1.20 0.23 30.5 16.0 1.20-1.60 5-6% 5600.0

aAt observing slot start, see text for specific details.
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We obtained the first near-infrared reflectance spectra of 2005 UD at the NASA

IRTF using the SpeX instrument (Rayner et al., 2003) on three dates in September

and October 2018, the details of which are presented in Table 7.1. Guiding was

accomplished with the MORIS camera (Gulbis et al., 2011) due to the high apparent

motion and faintness of the target. The observations followed the procedure of Kareta

et al. 2018, whereby observations of the target were ‘bookended’ by observations

of a local G-type star for immediate telluric correction and later slope-corrected

further using a well-characterized solar analog G2V star (SAO 93936) observed near-

zenith. This method has been used to e↵ectively and reproducibly characterize faint

Solar System small bodies on many occasions (see, e.g., Sharkey et al. 2019.) The

reduction was performed partially within the ‘spextool’ environment (Cushing et al.,

2004) and partially within custom-written scripts in Python (see ‘Software’ after the

Acknowledgements section).

The reflectance spectra obtained on October 2 and 3 2018 dates of 2005 UD are

presented and compared with the reflectance spectrum of Phaethon from Kareta et al.

2018 in Figure 7.1. The September 19 data is much noisier compared to the other

two spectra, so it is only described here and omitted from Figure 7.1. The reflectance

spectrum of 2005 UD weakly red throughout the near-infrared (⇠ 0.7 � 2.5µm on

all three dates, though we note that the use of MORIS as a guider with SpeX can

decrease the signal in shortest wavelength region (< 0.85µm) due to low throughput

near the visible/near-infrared dichroic mirror (Personal Communication, S.J. Bus.)

We also note that while the slit was aligned to the parallactic angle, the object’s non-

sidereal tracking rates were so large that moderate short-wavelength slit losses may

be possible. Both of these issues would result in lost flux, and thus artificially lower

reflectance values in the < 0.85µm region if relevant. The lack of any large change

in slope at the shortest wavelengths indicates that neither process had a significant

e↵ect on the data.
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Figure 7.1 Left: The observed near-infrared reflectance spectra of (155140) 2005 UD
as observed on October 2 and 3 2018. All spectra are shown to be primarily linear
and weakly red-sloped. Right: The combined spectrum of 2005 UD from October
2 and 3 is compared against the average near-infrared reflectance spectrum of its
proposed parent body, (3200) Phaethon, from (Kareta et al., 2018). Dates or object
names are listed underneath each spectrum, and all spectra were normalized such
that R(1.5µm) = 1.0 and o↵set vertically for clarity. The spectrum of Phaethon has
had a long-wavelength thermal emission component removed analytically. Phaethon
and UD, despite their widely reported similar visible surfaces, are shown to be highly
di↵erent at near-infrared wavelengths. A third spectrum taken September 19th of
the same year is of much worse quality and is described in the text.

To check for consistency in spectral slopes between our three nights of obser-

vations, we consider the region 0.85 � 2.4µm and calculate values for S 0, where

S 0
�(�1,�2) = (dS/d�)/S�, of 1.5±0.2, 0.7±0.2, and 0.5±0.1%/(0.1µm) for September

19th, October 2nd and 3rd respectively. The uncertainties are those from the formal

linear curve-fitting. The combined October 2 and 3 spectrum has 0.6±0.1%/(0.1µm).

For context, the Bus-Demeo average C-type has S 0 = 1.16±0.07 over the same range,

so we find that 2005 UD is less red than a C-type but still red in the near-infrared. We
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note that Marsset et al. (2020) analyzed decades of similar observations and found

a systematic 4.2%/µm uncertainty over this whole wavelength range (0.8� 2.4µm),

larger than our uncertainties derived from our linear fits. However, those same

authors note that regular observations of standard stars (thus requiring regular re-

acquisition of the target on the slit) do mitigate much of this systematic uncertainty.

We also utilized standard star observations close in airmass (�X < 0.1) which is

the other dominant factor in this systematic error. The rotation period of 2005

UD is 5.235 hours (Devogèle et al., 2020), so our October 2 and 3 observations are

separated by almost exactly ⇠ 4.0 rotation periods, and the September 19th and

October 2nd observations are separated by slightly more than ⇠ 59 rotation periods.

These three separate nights of observations do not show evidence for the previously

reported possible heterogeneous surface of 2005 UD (Kinoshita et al., 2007), but

that is perhaps unsurprising as the three sets of observations span the same ⇠ 1
4

of the surface. The observing geometry did change significantly, so some di↵erence

might have been expected. The redder slope of the September 19th observations is

statistically di↵erent, but given that the spectrum is likely phase-reddened (Sanchez

et al., 2012), was taken at a low enough heliocentric distance that the object likely

has thermal emission contaminating the longer wavelengths (see, e.g. Reddy et al.

2009; Delbó et al. 2003; Kareta et al. 2018), and is much noisier due to the lower total

integration time on a dimmer target, we suspect the di↵erence is not resulting from

heterogeneous surface properties. We again note that measuring slope-di↵erences at

the level of subtlety discussed here is at or near the limit of what can be provided by

traditional observing schemes with this instrument, so our actual knowledge of slope

variations on 2005 UD is driven by systematic uncertainties which are challenging to

quantify in more detail than we have described in this section.
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7.3 Phaethon vs. 2005 UD

The revelation that (3200) Phaethon and (155140) 2005 UD might have very di↵er-

ent near-infrared reflectance spectra is very surprising given the ample similarities

of the two objects (very similar and uncommon visible reflectivities, similar and un-

common orbits, both are meteor shower parent bodies, etc), so two questions must

be addressed: is the di↵erence real and if it is, what are plausible mechanisms to

explain it?

As for whether or not the di↵erence is real, there are multiple reasons that we be-

lieve the results. First, both sets of observations (of UD and of Phaethon) compared

in Figure 7.1 were taken by the same instrument, by the same observers, and reduced

using the same packages and methods. Second, due to the large non-sidereal rates

which 2005 UD moved at during the portion of its 2018 apparition in which we ob-

served it, we had to use di↵erent local telluric stars each night (but the same master

solar analog), which when combined with the almost identical retrieved reflectance

spectra on each night makes flukes of calibration due to poor choice of calibration

stars seem unlikely. Third, though perhaps most important, the retrieved spectrum

of Phaethon shown from Kareta et al. 2018 is very consistent with many previous

observations of the object, and thus the pipeline by which both datasets has been

reduced is validated. The di↵erence between the objects seems very real, though

we again remind the reader of the possible calibration issues in the 2005 UD data

at shorter wavelengths due to the dichroic and parallactic angle issues mentioned

previously.

There are then two kinds of scenarios to be considered when attempting to explain

these objects discrepant physical properties: either they are genetically/dynamically

related somehow, and some process has made their surfaces appear di↵erent, or they

are not related and their similarities are either coincidental or simply by-products of

some larger process in the inner and middle Solar System.
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If the two objects really are only coincidentally similar, then there should be

multiple pathways into Phaethon / Geminid - like orbits. While there are serious

issues to be resolved in understanding whether or not Phaethon is a heated and

devolatilized member of the Pallas Collisional Family (de León et al., 2010; Kareta

et al., 2018; MacLennan et al., 2020), 2005 UD’s spectrum is a very poor match for

Pallas or any member of the Pallas Collisional Family (they are all strongly blue

in the near-infared, many with Phaethon-like concave up spectra), suggesting that

those problems would be even more challenging to resolve for it. Furthermore, the

surface of the less studied candidate member of the Phaethon-Geminid-Compolex

1999 YC (Ohtsuka et al., 2008a) is an even worse fit (Kasuga and Jewitt, 2008), so

the problems continue in that arena. Dynamical studies of how to implant objects

into Phaethon-like orbits from source populations beyond the Pallas family (e.g.

other volatile-rich asteroid families, the Outer Main Belt, Hildas, JFCs, etc.) could

be extremely useful in answering the plausibility of this scenario. The significant

inclination (⇠ 22�) of Phaethon and 2005 UD (⇠ 29�) limits the number of areas to

search

If the two objects actually do share some sort of meaningful relationship, then

some divergent process should be able to create both kinds of surfaces. We consider

the five following processes:

• Parent Body Heterogeneity: If the precursor object that disrupted into

Phaethon and 2005 UD had variable composition over its surface and through-

out its interior (such as if it had been fully or partially di↵erentiated, as has

been argued for (24) Themis in Castillo-Rogez and Schmidt 2010), then the

daughter fragments could inherit some of these di↵erences and appear di↵erent

from each other. Considering that Phaethon itself appears to have a largely

homogeneous surface (Kareta et al., 2018) and dominates the mass of the two
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objects combined1, it seems unlikely that UD would somehow inherit di↵erent

properties by chance. Furthermore, if the Geminids are a by-product or re-

lated to the breakup event, then they too should be heterogeneous, which they

do not appear to be outside of variable Sodium depletion (Borovička, 2010)

often-but-not-exclusively attributed to their low perihelion distance.(In prin-

ciple, we cannot rule out some stranger scenario where the progenitor object

was obviously di↵erentiated or heterogenous, but neither daughter object nor

the Geminids inherited any unambiguous heterogeneities by chance.)

• Di↵erential Space Weathering: Space weathering is a collection of processes

(energetic particle impact, UV irradiation) that acts to change the spectral

slope of an object. While in general the process is said to make the reflec-

tivity of a planetary surface redder and darker (Pieters et al., 1993) (true for

rocky surfaces like the Moon or S-type asteroids), there is evidence that some

volatile rich surfaces like those of CI or CM chondrites might become bluer

(Lantz et al., 2017). Furthermore, recent laboratory (Thompson et al., 2020)

and in-situ measurements at (101955) Bennu (DellaGiustina et al., 2020) sug-

gest that for carbonaceous surfaces, surfaces might initially become bluer only

to brighten and redden afterwards. It is important to note that traditional

space weathering products such as nano-phase iron seen in lunar regolith have

not been detected in abundance on CI or CM chondrites and it is expected

the same stimuli are resulting in fundamentally di↵erent processes on carbona-

ceous objects, even though all of these e↵ects are labelled ‘space weathering’.

In general, space weathering apparently has a much larger e↵ect at visible

wavelengths that tapers o↵ into the near-infrared, so the very similar visible

1If Phaethon has an average diameter of 5.7 km (Taylor et al., 2019) and 2005 UD has an

average diameter of ⇠1.3 km (Jewitt and Hsieh, 2006), then Phaethon has ⇠ 99% of the mass of

the combined system if their densities are similar.
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reflectance spectra of Phaethon and 2005 UD (Jewitt and Hsieh, 2006) makes

this scenario seem unlikely. Space weathering, thought to decrease strongly

in importance with increasing distance from the Sun, must play some role in

modifying the surfaces of these two objects. If Phaethon and 2005 UD have

di↵erent surface e↵ective surface ages, this would allow them to be at di↵erent

parts of the blue-ing-then-reddening trends found in works like Thompson et al.

(2020) and DellaGiustina et al. (2020). However, the magnitude of changes es-

timated from those and other works are not enough to account for the observed

di↵erence between the two objects.1

• Grain Size E↵ects: The distribution of grain sizes on a planetary surface can

change the way that light reflects o↵ of it significantly (see, e.g., Clark and

Roush 1984). Moreover, more massive bodies should be able to retain even

smaller grains on their surfaces due to their stronger gravity – and Phaethon is

much more massive than 2005 UD. However, Phaethon also seems to be losing

the finest (⇠ 1µm) grains o↵ of its surface due to solar radiation pressure

(Jewitt and Li, 2010), so it is challenging to make an a-priori estimate of

how the two objects might have di↵erent grain size distributions. A finer

point is that the texture of the larger grains can mimic the appearance of

smaller grains should it be of the right scale. That being said, while grain

size e↵ects can be complex, there is no reason to expect that these e↵ects

have little e↵ect at visible wavelengths and a large e↵ect in the near-infrared.

Furthermore, Devogèle et al. 2020 estimated that both objects have grain sizes

in the ⇠ 1 � 10mm range, well outside of any transition in scattering regime

1One issue complicating an estimation of the role of Space Weathering on these objects is whether

or not they are active enough to outpace any potential weathering, e.g. if the weathered material

is quickly lost due to radiation pressure or the Solar Wind or any of the other processes proposed

for Phaethon.
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for the wavelengths considered. Again, in principle, this may play some role in

the overall di↵erence of the two surface reflectance spectra, especially if these

similarly-sized larger grains have significantly di↵erent textures, but it cannot

be the dominant cause of the di↵erence.

• Phase Angle E↵ects / Phase Reddening: Observations of small bodies at higher

phase angles (> 30�) can appear artificially redder, and this e↵ect is most

prominent at near-infrared wavelengths (Sanchez et al., 2012), making it ini-

tially seem to be a better explanation than the other processes discussed so

far. The two highest quality observations of 2005 UD presented here were at

30.5 and 34.2 � phase, while the comparison observations of Phaethon were at

⇠ 22�. This di↵erence of 8 � 14� is enough for only a very slight increase in

slope, if any, and thus not enough to explain the di↵erence between the two

objects. Sanchez et al. 2012 found that observations at ⇠ 30� phase had a

negligible slope change from those at lower phase angles, from which we infer

that any uncertainty in the slope of our combined 2005 UD spectrum is likely

dominated by factors other than phase angle e↵ects.

• Di↵erential Thermal Alteration: The individual materials that make up a plan-

etary surface can be altered by high temperatures, including physical changes

like the break down or exfoliation of boulders (recently studied up close by

OSIRIS-REx at the near-Earth asteroid (101955) Bennu, see Molaro et al.

2020) and chemical changes brought on in individual minerals (Hiroi et al.,

1993, 1996b). The latter is thought to be one of the most important pro-

cesses that drives spectral diversity among carbonaceous asteroids, particularly

among near-Earth objects (Marchi et al., 2009). Phaethon and 2005 UD are

both in highly eccentric orbits with very high but distinct perihelion temper-

atures. If some material could be identified that can produce a Phaethon-like

spectrum when heated to a Phaethon-like temperature as well as a UD-like
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spectrum at a UD-like temperature then their di↵erent spectral behaviors could

have a natural explanation that could then be studied on other objects.

To assess the plausibility of this last scenario, we performed a blind search for high-

quality spectral match throughout all of the RELAB database (Pieters, 1983; Pieters

and Hiroi, 2004) after making an initial cut to only include spectra whose visible

albedos were less than 15% at 0.55µm to restrict the candidates to those with low

albedo while still being agnostic to the discrepant estimates of Phaethon’s albedo

(Hanuš et al., 2016; Kareta et al., 2018; Masiero et al., 2019). As with previous

studies of Phaethon’s surface (e.g. Licandro et al. 2007), the best matches of both

objects were heated CI and CM chondrites – both those heated in the laboratory

and those found already showing evidence of thermal metamorphism. The in-air

spectra of the CI chondrite Ivuna after heating to 873 K and 973 K were among

the best fits for Phaethon and 2005 UD respectively, with and without forcing the

visible spectrum to be blue-sloped. Both in-air laboratory spectra have linear blue

slopes at visible wavelengths, while the 873 K spectrum becomes linear and red near

⇠ 0.9�1µm and the 973 K spectrum continues as blue and linear in the near-infrared

without any very obvious slope break.2 This trend with heating, whereby the visible

reflectance remains blue but the near-infrared reflectance goes from linear and red

to blue-sloped is the right kind of trend to explain these objects. The matches were

imperfect in key ways, however, the 873 K spectrum was slightly too red for 2005 UD

and the 973 K spectrum was not su�ciently blue to match that of Phaethon, and

it did not have the same slight convex-upwards curvature seen throughout the same

wavelength range. Assuming an albedo like that of Kareta et al. 2018’s for Phaethon

for both objects (pv = 0.08 ± 0.01) and a standard emissivity value (✏ = 0.9),

2We note for any readers interested in utilizing or inspecting these Ivuna spectra that they are

labelled in RELAB in degrees Celsius, not Kelvin, e.g. 600 �C and 700 �C, and seem to be from

Hiroi et al. 1996a.
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we would expect their surfaces to be heated to approximately these temperatures.

Phaethon’s surface-averaged temperature Tave ⇠ 969K and sub-solar temperature

TSS ⇠ 1085K at perihelion are similar and slightly higher than the 973 K laboratory

data respectively, while 2005 UD’s temperatures (Tave ⇠ 895K, TSS ⇠ 1002K)

at its perihelion are similar and higher than the 873 K laboratory data as well.

The explanation that 2005 UD is simply a less thermally metamorphosed Phaethon

is an exciting prospect, but the hypothesis is largely based on a limited number

of laboratory measurements that were conducted in-air and not under a space-like

vacuum. We deemed it necessary to collect more laboratory data of heated CI

chondrites to confirm the spectral trends seen and try to better understand how well

they could constrain the thermal histories – and thus relationship – between these

two objects.

7.4 Laboratory Reflectance Spectroscopy

7.4.1 Methodology

In order to test the hypothesis that Phaethon and 2005 UD are made of the same

material but heated to di↵erent degrees, new laboratory measurements of the re-

flectance of CI Chondrites at higher temperatures than available in the literature

from RELAB had to be obtained, and ideally in a vacuum as opposed to in-air. In

particular, the heating experiments should be designed in such a way to both mimic

the grain sizes thought to be relevant for Phaethon and UD (⇠ 1 � 30mm, see De-

vogèle et al. 2020) and the vacuum of space. To achieve this goal, we constructed

a vacuum heating chamber (a↵ectionately referred to as the “Bar-B-Cube”) in the

Reddy Spectroscopy Lab at the University of Arizona. After initial sample prepa-

ration, which might vary based on the sample and topic being investigated (e.g.,

grinding and size sorting with a mortar and pestle), the sample is placed inside an

No. 200 Nickel sample cup (chosen based on Nickel’s high melting point and ease



236

with which it can be machined) and lowered into the chamber from above. The

sample cup is placed on the center of the heating element and the sapphire win-

dow on the top of the chamber is tightened. The vacuum pump is then turned on

and the chamber is slowly lowered to ⇠ 10�6 Torr or lower. The vacuum chamber

was able to reach pressures as low as ⇠ 10�8 Torr if untouched for several hours.

Highly volatile rich samples, such as CI or CM chondrites, require this process to be

quite slow as to avoid sudden outgassing disrupting the surface of the sample once

the pressure inside approaches the triple point of water at room temperature (⇠ 7

Torr). Reflectance spectra of the sample within the chamber are obtained by first

calibrating on a nearby spectral standard through an identical sapphire window and

then moving the optical fibers to observe the sample. The optical fibers are held in

a standard orientation for both the calibrations and the science observations using

a 3D printed part which keeps the two fibers 30� apart. The fibers are held in a

near-vertical orientation otherwise in both configurations to avoid di↵erential flexure

which might introduce subtle artifacts. This procedure was successfully tested on

a variety of meteoritical and artificial samples to verify that the retrieved spectra

were consistent with those measured through standard in-air procedures, though the

spectra are often somewhat noisier. We note that we used a lamp optimized for

the near-infrared, so the reported spectra are only shown beyond 0.5µm. While the

retrieved spectra are consistent in spectral behavior with their in-air counterparts

after calibrations, the absolute albedo (vertical scale) is likely not after heating for

volatile-rich samples. As volatiles leave the samples, the surface subsides somewhat

in a way that cannot be measured well enough to correct for the change. As a re-

sult, the reflecting surface is further away from the optical fibers and thus appears

artificially darker to the spectrometer.

The heating of a particular sample is done in increments of 50 � 150K to both

attain a fine temperature resolution to record spectral changes over and also not
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to cause the sample to lose too many volatiles at once and risk exploding out of

the cup into the vacuum. The general procedure is to raise the temperature of

the heating element to a desired temperature, wait until the temperature stabilizes

at the set value ( 5 � 15 minutes depending on how high the temperature is set),

and then keep the temperature at that level for 1 hour or until outgassing of the

sample has been decreasing steadily for 15 minutes, whichever is longer. For the

volatile-rich samples tested, this was almost always 1 hour with the exception of

temperatures near ⇠ 950 � 1000 Kelvin, where outgassing from the sample was

much more significant. (This is also the highest temperature range reached for the

previous study of Ivuna; Hiroi et al. 1996a.) Once this time limit is reached, the

sample is allowed to cool radiatively back to near-ambient temperatures (⇠ 300 K),

which could take up to 2 hours from the highest temperatures the samples were

heated to. Blackbody emission clearly contaminated the retrieved spectra at any

higher temperature than room temperature, and all reflectance spectra suspected of

having a blackbody component were discarded when possible. A full heating, cooling,

and observation cycle took approximately ⇠ 3 hours on average. The maximum

temperature reliably maintained by the heating element with a filled sample cup was

⇠ 1350 K, or approximately ⇠ 375 K higher than the samples of Ivuna we compared

our data to from RELAB.

7.4.2 Heating CI Orgueil

This study largely focuses around our heating of a sample of the CI Chondrite

Orgueil, specifically the sample 1070B from the Vatican Observatory’s Meteorite

Collection. The previous CI chondrite that was heated (Ivuna, heated up to 973 K

in Hiroi et al. 1996a) has somewhat di↵erent reflective properties than Orgeuil, and

our sample preparation routine was not identical to theirs, so di↵erences are to be

expected. In particular, Ivuna is somewhat bluer at near-infared wavelengths than
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Orgueil (at least before heating) and Hiroi et al. (1996a) heated their samples as

unground chips and then ground them down into a semi-fine powder (< 125µm.)

Their spectra were also obtained in-air, as opposed to a near-vacuum more analo-

gous to the conditions on planetary surfaces. Cloutis et al. 2011 found that even

slight changes in particular mineral abundances, particularly magnetite, can cause

comparatively large slope changes in CI chondrites. For comparison with that study

and to meet our goal of matching the estimated grain size for these bodies as best as

possible considering the limited amount of sample of Orgueil provided (⇠ 0.5 grams),

we divided our sample roughly in two into an unground ⇠ 1mm subsample and a

< 45µm subsample, which largely stuck together in larger clumps after being sorted

into the sample cup. While the orbital history of the CI Ivuna parent meteoroid

is not known, the orbital history of the Orgueil strongly suggests that the parent

was on a Jupiter Family Comet or Halley Type Comet orbit (Gounelle et al., 2006).

The nature of the CI chondrites in the context of their parent bodies is discussed

further later. In order for a particular laboratory spectrum of Orgueil to be con-

sidered good evidence that a CI-like meteorite could fit the spectrum of the small

body in question, the deviation from the fit should therefore be within the range of

variability expected from changes in grain size or mineral content (within reason).

The reflectance spectra of large mm-sized pieces of the CI Chondrite Orgueil heated

from room temperature up to ⇠ 1350 K are shown in Figure 7.2.

The spectrum of the large grains (⇠ mm-sized) of CI chondrite Orgueil is shown

to change significantly as it is heated to successively higher temperatures, but the

trends observed are not identical to those demonstrated for the CI chondrite Ivuna

in (Hiroi et al., 1996a). At visible wavelengths, the slope of the reflectance spectra

become increasingly linear with increasing heating (a decrease in near-UV absorption

strength, as previously noted for Ivuna as well) and has variations in absolute slope

while still being blue (negative) until 1123-1173 K, where the slope becomes red
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Figure 7.2 The retrieved reflectance spectra of the CI Chondrite Orgeuil after heating
to successively higher temperatures are shown, with room temperature to 923 K on
the left side and 973 to 1350 K on the right side. Temperatures are listed underneath
each spectrum at 0.6µm, and all spectra were normalized such that R(0.6µm) = 1.0
and o↵set vertically for clarity.

and linear. At near-infrared wavelengths, the slope is always overall blue (negative)

though curvature (concave-up) is apparent at a handful of temperatures, most promi-

nently between 973 - 1173 K, or approximately the range of temperatures expected for

Phaethon’s surface at the present day and in the recent past near perihelion. Figure

7.3 shows a comparison of our Orgueil and Hiroi et al. (1996a)’s Ivuna both heated to

973 Kelvin compared with the reflectance spectrum of Phaethon. Figure 7.4 shows a

comparison of the derived spectral slopes for the whole dataset as a function of tem-

perature at a variety of wavelength ranges again compared with Phaethon and 2005

UD. The relationship between the visible and near-infrared slopes, and specifically

how they change in the 0.8� 1.0µm region and the curvature at longer wavelengths

could indeed be a useful way to identify thermal metamorphism in Orgueil-like bod-

ies, similar to that shown in the in-air Ivuna data of Hiroi et al. 1996a and suggested
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in other contexts by Vernazza et al. 2017; Marsset et al. 2016. The reflectance max-

imum seen near ⇠ 0.6µm decreases in prominence with increasing heating, but does

not appear to totally disappear as reported for the Ivuna samples in Hiroi et al.

1996a. We see no evidence for any curvature in the ⇠ 1.3µm region as was seen in

Ivuna, and in fact the slope changes due to heating appear less obvious there. We

note that the higher SNR in the room-temperature in-vacuum spectrum appears to

be primarily due to the fact that the sample shrunk in size afterwards due to loss

of volatiles. In other words, the room-temperature spectrum shown had the sample

surface be physically closer to the fiber that was going to the spectrometer, resulting

in higher throughput.

Part of the di↵erence between our work on Orgueil and previous work on Ivuna

is almost certainly the usage of finer grain sized powders in (Hiroi et al., 1996a),

which generally would result in redder spectra, but the overall trends are di↵erent

in a way that hints at more processes in play. This is perhaps to be expected, as

carbonaceous chondrites are often highly heterogenous in composition at small scales

(Bischo↵ et al., 2006). Another critical di↵erence is that our data were obtained in-

vacuum, and thus in an environment more similar to that of Phaethon and UD, as

opposed to the in-air spectra presented of Ivuna.

While the spectra of Orgueil heated to Phaethon-like temperatures show many

similarities with Phaethon’s reflectance spectrum (with some key di↵erences dis-

cussed later), the fact that none of the retrieved spectra show red or neutral slopes

in the near-infrared seem to conflict with any positive match with 2005 UD. Even

if the standard is broadened to ‘a near-infrared slope that is redder than the visi-

ble slope of the same sample’, there seem to be no retrieved spectra that meet the

criterion.
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7.5 Further Discussion

7.5.1 Spectral Comparisons

In this study, we have obtained the first near-infrared reflectance spectra of the

proposed fragment body of (3200) Phaethon (155140) 2005 UD and found the two

objects to be strikingly di↵erent. Phaethon’s reflectance spectrum is concave-up and

overall blue-sloped throughout the near-infrared, while UD’s is approximately linear

and very weakly red-sloped. One process that we hypothesized could explain their

discrepant spectral slopes and curvatures would be thermal metamorphism due to

their highly eccentric but distinct near-Sun orbits, meaning that they were made

from the same material originally but had subsequently been altered to di↵erent

extents. A comparison of our newly obtained data of an increasingly heated sample

of CI Orgueil and similar data from Hiroi et al. (1996a) of CI Ivuna data to (3200)

Phaethon’s properties is shown in Figure 7.3.

Through visual inspection alone of Figures 7.2 and 7.3, it can be seen that none

of the heated samples appear similar to 2005 UD at near-infrared wavelengths, while

those in the temperature range expected for Phaethon (roughly 1000� 1200 K) are

indeed approximately linear and blue-sloped at visible wavelengths while also being

blue and concave-up at near-infrared wavelengths in good qualitative agreement.

Phaethon shows no near-UV decrease in reflectance above 0.35� 0.4µm, unlike the

data for Orgueil shown here. If the near-UV drop-o↵ in our data is real (and not

driven by, perhaps, very low light levels and a light source optimized for the near-IR),

then we conclude that Phaethon’s spectrum is better described as Ivuna-like a short

wavelengths and Orgueil-like at longer wavelengths. One other key aspect to note is

where the VIS/NIR slope change occurs. In our data on Orgueil, the slope change

occurs somewhere between 0.8 � 1.0µm but can’t be discerned more clearly due

to its proximity to a changeover in detector usage in our spectrometer near those
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Figure 7.3 The reflectance spectrum of (3200) Phaethon (black) compared with our
sample of the CI Orgueil heated to 973 Kelvin (left, maroon) and Hiroi et al. 1996a’s
CI Ivuna heated to the same temperature (right, orange), all normalized such that
R(1.5µm) = 1.0. Neither are perfect fits to the overall spectrum, but both show
qualitative similarities that might indicate some material similarity given the lack of
known samples of CI chondrites on the ground.

wavelengths. In the Ivuna dataset of Hiroi et al. 1996a, the slope change occurs

nearer to 0.6� 0.7µm. In Phaethon and 2005 UD, the location of this spectral slope

change is near to ⇠ 0.8µm but, again, is often the area where to separate datasets

(one from a visible-wavelength instrument and one from a near-infrared instrument)

are stitched together. Again, the Orgueil dataset seems ‘closer’ than Ivuna does to

matching Phaethon, but the location of the spectral slope change needs to be tied

down more tightly with future work. Neither Orgueil nor Ivuna fits 2005 UD well,

but a combination thereof seems to share many similarities with Phaethon. The

rarity of CI Chondrites is likely a contributing factor to the existence of a more

“perfect” match at this date.

In Figure 7.4, we show a comparison of the derived slopes S’ (Luu and Jewitt,
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1990) of the laboratory data at three wavelength ranges (0.60�0.74µm, 1.1�1.60µm,

and 1.8� 2.2µm) compared against the slopes of Phaethon and 2005 UD calculated

over the same wavelengths. These ranges were chosen to try to encapsulate the

changing curvature of the spectrum while avoiding the noisier parts of the laboratory

data where there was a change in detectors. Where the laboratory data intersects the

colored areas corresponding to each NEO is where their slopes agree (within errors)

at those wavelengths. In agreement with visual inspection, Phaethon’s spectrum

appears most similar to the Orgueil samples heated to 973 � 1073 Kelvin. 2005

UD’s apparent argreement in slope at longer wavelengths is not indicative of an

actual spectral match, but instead due to the increasing curvature of the sample

of Orgueil throughout the near-infrared. The 1.1 � 1.60µm slope shows much less

variability than the other two regions, with slopes near S 0 ⇠ �1.25 to �1.50 for most

temperatures. The 0.6 � 0.74µm region generally blues from ⇠ 623K to ⇠ 1073K

before sharply becoming more red, and a similar trend is shown for the 1.8� 2.2µm,

though the bluest slope is achieved at ⇠ 973K. The fact that these changes are

centered around the 973� 1073K region is unsurprising, as many materials common

in CI chondrites (namely phyllosilicates) begin to break down at these temperatures

into other substances. Despite the fact that the laboratory data appears to intersect

the spectral slopes of Phaethon for all three spectral regions within the range of

temperatures expected for this body, we argue that this is indicative of a similarity

between the sample and the NEO as opposed to a direct spectral match considering

the imperfections in the comparison detailed in the previous paragraph as well as

Figure 7.4.

In other words, our new laboratory data and pre-existing laboratory data support

the hypothesis that Phaethon’s surface resembles that of a CI Chondrite-like material

that has been heated significantly due to its orbit. However, the same cannot be said

for 2005 UD. While a red slope in the NIR and a blue-slope in the visible can be
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Figure 7.4 The derived spectral slopes (black, in the S 0 notation of Luu and Jewitt
(1990)) at visible (0.60� 0.74µm) and near-infrared (1.1� 1.60µm and 1.8� 2.2µm)
of our sample of CI/Orgueil as a function of maximum temperature reached. The
spectral slopes are compared with those of Phaethon (in blue, using the spectrum
from Kareta et al. (2018)) and 2005 UD (in orange-red).
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Figure 7.5 A comparison of the new laboratory data of CI/Orgueil from this study
(left) with the RELAB samples of CI/Ivuna (right, Hiroi et al. 1996a). The spectra
shown are subsets of both datasets centered around the temperatures most relevant
for the study of 2005 UD and Phaethon. The spectra were all normalized at 0.6µm
and subsequently o↵set vertically to facilitate comparison with Figure 7.2. The
process by which each of these sets of spectra were produced and reduced into their
current forms is not identical, see the text for details.

achieved with the Ivuna data of Hiroi et al. 1996a, the change in slope is at altogether

the wrong location, and no red-sloped spectrum is ever seen in our Orgueil dataset. In

summary, we conclude that a heated CI Chondrite origin for Phaethon is compatible

with the laboratory data, while the same does not appear to be true for 2005 UD

given the currently available spectra.

7.5.2 The Relationship Between Phaethon and 2005 UD

In Section 2, we argued that parent body heterogeneity, di↵erential space weathering,

grain size e↵ects, and phase reddening are each unlikely to be able to explain the

di↵erent spectra of Phaethon and 2005 UD. If the objects were related, then we
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argued that their spectra could be resultant from di↵erential heating of their surfaces

due to their di↵erent orbits, but our laboratory data does not appear to support that

hypothesis.

While it is possible there may be some carbonaceous material (either not yet

recognized or not available among terrestrial sample collections) for which this hy-

pothetical scenario could have more traction, the fact that CI Chondrites like Orgueil

and Ivuna can reproduce all the key features of Phaethon’s visible and near-infrared

spectrum while not reproducing 2005 UD’s spectrum suggests that the di↵erence

might be more than evolutionary and instead related to di↵erent origins for the two

bodies.

While the orbital relationship between the two bodies is indeed debated (see,

e.g., Ryabova et al. 2019), the objects are similar in so many ways that a shared

origin is often assumed in spite of contrary orbital evidence. Blue-colored objects

are fundamentally rare in the inner Solar System (perhaps ⇠ 1 in 23 objects, see

Bus and Binzel 2002), and inactive meteor shower parent bodies even more so. The

other best-studied inactive parent body, (196256) 2003 EH1, has a more common

organic-rich red surface and a typical cometary orbit (Kasuga and Jewitt, 2015;

Kareta et al., 2021), both of which lend themselves to more easy explanations than

the situation of Phaethon, 2005 UD, and the Geminids. In the absence of other

unknown processes operating on these bodies now or in the recent past, we conclude

that the least complicated interpretation of the data is simply that the objects are

only similar by chance. Should they choose to do so, the DESTINY + team (Arai

et al., 2018) could thus visit two meteor shower parent bodies that have undergone

similar processes yet discrepant origins, thus facilitating a greater understanding of

near-Sun objects and meteor shower creation in general, as opposed to studying one

interconnected system in great detail. Of course, DESTINY + could also find more

compelling evidence for the relationship between the two bodies than we have found
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here! Future characterization of both bodies is an incredibly compelling task, both

before and after they are characterized in-situ.

7.5.3 The Origin of the Geminids?

While an unexpected by-product of trying to explain the di↵erence in spectral prop-

erties between Phaethon and 2005 UD, we have also provided more evidence in this

study that Phaethon’s surface is consistent with that of a heated CI chondrite from

the near-UV through to at least 2.5µm. This is consistent with the composition of

the Geminid meteors themselves (Kasuga et al., 2005; Borovička, 2010; Abe et al.,

2020). Considering that the CI chondrites have been suggested as derived from

comets, could the story just be as simple as “Phaethon really is a dormant comet,

and the Geminids are just a normal meteor shower”? As appealing as that prospect

might be, the problem of Phaethon’s modern non-cometary orbit remains, even if its

other properties could likely be squared with an outer Solar System origin. (There

is also still the question of how best to interpret the origins of the CI chondrites,

as while many of their properties are consistent with comets, the existence of hy-

drothermally altered minerals is outside of the expected material properties of comets

significantly.) We consider two scenarios to explain the given telescopic, meteoric,

dynamical, and laboratory data.

The first scenario is that Phaethon’s progenitor region or parent in the Main

Belt was also made out of CI Chondrite like material, but instead of being recently

scattered in from the outer Solar System had been emplaced there through a ‘Grand

Tack’-like scenario (Walsh et al., 2011) billions of years ago. Considering the fact that

outer Solar System material has to be in the Main Belt, and a large fraction of the

NEOs have to come from there (see, e.g. Bottke et al. 2002; Morbidelli et al. 2002),

there almost certainly have to be members of the NEO population which do have CI-

like properties. However, given Phaethon’s non-zero inclination and high eccentricity,
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the number of plausible parent bodies or families is not extremely numerous. The

recent work by MacLennan et al. 2020 shows that the high-inclination inner Main

Belt Svea family might be a better match than previous candidates like the family of

(2) Pallas (de León et al., 2010), so further characterization of objects in that family

is of interest.

Another scenario is motivated by dynamical studies of the Geminid meteor them-

selves. First raised in Lebedinets 1985 and recently discussed further in Ryabova

2016 is the idea that the Geminid forming event changed the orbit of the parent

body significantly. This particular aspect of the stream forming event is thought to

be necessary to explain particular aspects of its duration and spatial extent in the

modern day given its young age. If Phaethon’s orbit did change significantly around

the time of Geminid formation, then all previous backwards orbital integrations of

the body likely aren’t capturing what really happened, and as a result di↵erent past

dynamical scenarios are possible. In addition to possibly opening up new possible

source regions (other parts of the Main Belt, the Jupiter Family Comets, etc.), it

could also change how we interpret the ‘similar’ orbits of 2005 UD and Phaethon in

the modern day. If even a rough estimate of how much the Geminid parent orbit

would need to change were available, then a suite of dynamical integrations could

be investigated to see how much of our current understanding of Phaethon’s orbital

history is valid. Given the chaotic nature of the inner Solar System and fairly small

Minimum Orbital Intersection Distance (MOID) with the Earth (< 0.02AU , JPL

Horizons), we suspect even a small change in Phaethon’s orbit could result in a large

change in its modeled dynamical history, and thus a large change in our understand-

ing of the history of the object.
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7.6 Summary

The relationship between (3200) Phaethon, the (semi-)inactive parent of the Gem-

inids meteor shower, and (155140) 2005 UD, the inactive parent of the Daytime

Quadrantids, is of great interest for several reasons. The bodies appear to have

similar visible reflectivities and orbits, neither object is either active in a cometary

way or looks obviously like a dormant comet, and they are the primary and possi-

ble secondary targets of the upcoming JAXA DESTINY+ mission scheduled for the

late 2020s. In this work, we have synthesized new telescopic observations and new

laboratory data to attempt to better understand the relationship between these two

objects and their individual properties.

• We obtained the first near-infrared reflectance spectrum of 2005 UD utiliz-

ing three nights of observations in September and October of 2018, each time

finding a primarily linear red-sloped spectrum. Phaethon’s spectrum is blue

and concave-upwards throughout the same wavelength range (even utilizing

the same instrument and reduction scripts), indicating that the di↵erence be-

tween the two objects is real despite their very similar properties at shorter

wavelengths.

• Either the two objects have similar properties by chance or some process or

e↵ect has altered them from some common starting point. We make arguments

against parent body heterogeneity, di↵erential space weathering, grain size ef-

fects, and phase phase reddening as likely origins of the di↵erent spectra in

Section 2.2, but argue that di↵erential thermal alteration could be a plausible

method. The two objects are in highly eccentric near-Sun orbits with surface

temperatures where many likely surface materials begin to thermally alter and

decompose drastically, and Phaethon’s surface (and the Geminids!) has been

previously been interpreted as showing signs of previous or ongoing intense
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heating. CI Chondrites that have been heated to Phaethon/UD-like temper-

atures seemed promising, but the existing laboratory data did not extend to

high enough temperatures to assess the likelihood of this scenario.

• We heated a sample of the CI Chondrite Orgueil from the Vatican Meteorite

Collection to incrementally higher temperatures up to 1350 Kelvin with a novel

laboratory apparatus described in detail in Section 4. We measured the re-

flectance spectra from ⇠ 0.5µm to ⇠ 2.3µm at each stage after the sample had

cooled back to ambient temperatures to see if our hypothesis that a heated

CI chondrite could match the features of both Phaethon’s and UD’s spectrum.

Our heating sequence of the CI Orgueil is similar in some ways and di↵erent in

others from the heating sequence of the CI Ivuna of Hiroi et al. 1996a, again

described in more detail in the text. The spectrum of Phaethon shares many

characteristics with both CI chondrites (though neither are a perfect match),

but UD is not a high quality match to either object, which argues against the

di↵erential thermal alteration hypothesis.

• We thus propose that the two objects only have similar spectra by chance,

though similar processes likely have acted upon them both. Excitingly, DES-

TINY+ might be able to visit two unrelated-but-similar meteor shower parents,

or it might find evidence for their relationship that isn’t easily attainable from

remote sensing. We also highlight several areas of future inquiry to better un-

derstand Phaethon’s modern properties motivated by its apparent similarity to

multiple CI Chondrites and recent studies of the Geminid meteors themselves.

7.7 Appendix: Photos of the Vacuum Heating Chamber and Samples

This appendix provides labelled images and descriptions of our laboratory apparatus

such that the reader can better understand its usage, both for a more thorough
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understanding of this work and in case they one day pursue a similar experimental

program.

Figure 7.6 The vacuum heating chamber set up (”the Bar-B-Cube”) on a laboratory
bench at the University of Arizona with individual components labelled. A: the
vacuum pressure gauge, which shows the current pressure inside the chamber as well
as a graphical summary of recent pressure changes. B: the vacuum pump. C: the
light source (a common heating bulb) shining into the input of an optical fiber which
is connected to E. D: a residual gas analyzer mass spectrometer, attached to diagnose
leaks during the initial testing phase. E: the output of the light emitting fiber as well
as the input of the fiber that leads to the VISNIR spectrometer held in a constant
orientation with a 3-D printed black ABS plastic holder.

??
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Figure 7.7 A: A close-up view from above the chamber looking through the sapphire
viewing window into the interior, showing a filled sample cup (D ⇠ 0.5” for scale)
on top of the circular heating element. “Below” the picture is an identical sapphire
window mounted at the same height inside of which a spectral standard is mounted.
The 3D printed fiber holder fits on top of the window blocking stray external light,
and reducing internal reflections. B: Similar to the A, but showing the thermal
glow of the Nickel sample cup that was obviously visible at the highest temperatures
reached. The bright white-yellow crescent is the edge of the underlying heating unit
which is slightly larger in area than the footprint of the sample cup.

??



253

CHAPTER 8

Conclusions

8.1 The Problem And The Approach

One of the largest problems, if not the largest, in using the modern Solar System’s

Small Bodies to infer the original or earlier properties of the same set of objects is

that almost all of them have changed, evolved, and been modified from their original

orbit, composition, appearance, size, and so on. While some objects retain more of

their properties than others – the cold classical trans-Neptunian objects are the best

example of pristine in-situ objects (McKinnon et al., 2020) – innumerably more have

more tenuous relationships to their formation region and properties.

This issue is compounded further by the realization that there are more active

(mass losing) objects in the Solar System than previously realized, and many are

active in ways that are outside the paradigm of traditional cometary activity. The

objects that source many of the inner Solar System’s traditional Jupiter Family

Comets (JFCs), the Centaurs, are sometimes active and sometimes not, and some-

times in a way that mimics ice sublimation and other times in ways that are unseen

in the JFC population. Within the Main Belt of Asteroids, thought to be filled with

inactive bodies of various compositions and origins, there are at least hundreds of ob-

jects that are losing material in the present day – again, some are likely sublimating

water ice, but others are rotating too fast, being excavated by impacts, or undergoing

other processes not yet recognized. The end-states of these objects, dormant comets

from the Main Belt or beyond Neptune but within the inner Solar System, must be

numerous and yet are challenging to recognize definitively. In summary, clear knowl-

edge gaps in modern planetary science surround the questions of how activity starts
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on the Centaurs and how dormancy and extremely weak activity works among the

Near Earth Objects. Advances in this area would allow for a broader understanding

of the evolution of comets and carbonaceous asteroids, a better understanding of

the material and mechanical properties of many Near-Earth Objects, and a better

understanding of the limits of what can be inferred about the distant past.

In this Dissertation, I have detailed specific telescopic, dynamical, and laboratory

investigations into the modern properties and recent history of nine separate small

bodies with the aim of addressing this line of inquiry directly. These objects include

six NEOs which are barely active today or have recently become dormant, including

three objects which today or recently could be classified as “near-Sun” objects with

perihelion distances inside the orbit of Mercury. Also included are two Centaurs,

one of which is much larger than a typical comet with an uncertain and intermittent

activity mechanism, and one of which is approximately JFC-sized, will become a JFC

in several decades, and has very new stable activity that could very well be driven

by the sublimation of a simple ice. Finally, this Dissertation includes observations of

the first-ever Interstellar Comet 2I/Borisov, which exists outside of the traditional

evolutionary pathways experienced by active Solar System bodies and thus provides

a very interesting and useful comparison point for the Solar System’s Small Bodies

along many axes.

The primary goal for studying each of these bodies has been to identify its mod-

ern properties (e.g. surface reflectivity, albedo) and activity state (if active, what

methods are involved and how is it changing; if inactive, when did it become so and

how has it been changed since), contextualize this information within their recent

orbital evolution (has the object undergone a recent orbital change that might have

moved it into a warmer thermal environment?), and bring in additional information

when available (new laboratory experiments, previous information about the meteor

showers the bodies have created) to complete the circle. The secondary goal for each
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object but the primary goal of this Dissertation is to synthesize the lessons learned

from these individual and multiple object studies into a broader understanding of

their evolutionary states and pathways to address the above questions.

This Conclusions section is broken up into two sections and a set of closing notes.

The first section deals with specific areas where progress has been made centered

around a particular set of objects, theme of inquiry, or ongoing process. The second

is a combination of a discussion of unsolved questions coupled with possible paths

forward and future research that might address them. The closing notes o↵er a

brief synthesis and summary of what progress has been made on the set of pressing

scientific questions that motivated this motivated the work in this Dissertation.

8.2 Advances and Synthesis

8.2.1 The Phaethon-Geminid Complex

The first and seventh Chapters included in this thesis are focused on my studies of

the properties and likely histories of members of the “Phaethon-Geminid Complex”

– (3200) Phaethon, (154140) 2005 UD, and the Geminids themselves. Phaethon is

perhaps the best-known of the objects in the inner Solar System which flout easy

convention and land on the dividing line between comets and asteroids. One of

the primary questions regarding these “Transition” objects on the Comet-Asteroid

Continuum is what sets them apart from other objects with seemingly similar orbits

and reflective properties: what causes them to be active and others not to be? For

Phaethon and 2005 UD, this question breaks down: there are very few objects in

orbits resembling that of these two, and their reflective properties are similarly rare.

As such, even though the literal relationship between the two bodies is unclear,

much of the literature assumes an implicit connection between the two. The work

presented in this Dissertation in the first and seventh of the body Chapters presents

clear and meaningful advances to our understanding of these two objects at present,
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and perhaps more importantly their relationship with possible parent bodies or source

regions that might help tie these enigmatic outliers back in.

On the basis of newly acquired rotationally-resolved spectroscopy of Phaethon’s

surface at visible and near-infrared wavelengths (the latter being the first and only

rotationally resolved near-infrared dataset for this object), a new and lower estimate

of its albedo, and a deeper dive into other parts of the literature on Phaethon and

the Geminids which had gone overlooked, I argued that the ‘accepted’ origin story

of Phaethon – as an escapee from the Pallas Collisional Family, and thus derived

from the volatile-rich Main Belt Asteroid (2) Pallas – had many serious flaws that

either meant the scenario was implausible or required serious revision. At the time,

there were no other papers questioning the Phaethon-Pallas link, but as of the time of

writing this Dissertation, various other lines of evidence have opened to also question

this story. Radar observations (Taylor et al., 2019) provide support for our new

lower albedo estimate, and at least one new dynamical study (MacLennan et al.,

2020) find little evidence to suggest that Phaethon and Pallas could be connected.

This evidence is in addition to the lines of evidence already discussed at length in

Chapter 2 regarding the object’s polarization curve, likely heating, and comparisons

with other B-types. When combined with some of the Phaethon-specific conclusions

of Chapter 7, it seems quite obvious that Phaethon’s origin is a much more open

question with more possible avenues than it was prior to our study in 2018. In this

specific case, a more thorough characterization of the object’s modern properties

made its recent history less clear, as opposed to the other way around.

Phaethon’s outlier status among the inner Solar System’s Small Bodies could limit

the applicability of lessons learned from it unless progress can be made to understand

how it fits into the broader picture of low-albedo carbonaceous bodies. Thankfully,

our telescope-to-laboratory investigation of the relationship between (3200) Phaethon

and (154140) 2005 UD made significant progress in this area. On the basis of new
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laboratory measurements of heated CI Chondrite samples (the CI Orgueil, to be

specific) motivated by our acquiring of the first-ever reflectance spectrum of 2005

UD, I concluded that a direct parent-fragment relationship between the two bodies

was challenging to support at best. No obvious process could reproduce both spectra

given a similar compositional/reflective starting point, so unless the parent of both

objects was highly heterogenous or space weathering processes work very di↵erently

on these kinds of surfaces, these objects are likely not genetically related. This

new scenario requires that there must be some source for Phaethon/UD-like objects

which could supply a population of these bodies as opposed to these objects being

results of the same or one-o↵ or extremely rare event. The question of the source or

sources of these objects is a challenging but well-constrained one, as the source(s)

would have to have at least moderate inclination to supply these objects into their

current high-e moderate-i orbits (the eccentricities could be pumped up on their own

by resonances en-route). Mousis et al. (2021) suggests that the (349) Svea or (142)

Polana families in particular can produce Phaethon-like orbits. The former collisional

family is not yet well surveyed, but the latter is one of the primary candidates for the

source of the NEAs (101955) Bennu and (162173) Ryugu, targets of the OSIRIS-REx

and Hayabusa-2 missions, respectively. The spectral similarities between Phaethon

and Bennu were actually part of the original pitch for the OSIRIS(-REx) mission

(Personal Communication, C.W. Hergenrother). If Phaethon is derived from the

same family as Bennu or Ryugu, then the upcoming sample returns from both objects

should really constrain Phaethon’s composition, thus allowing a direct test of the CI

Chondrite similarity I proposed here. Constraints on these object’s near-surface

composition would also allow more theoretical and laboratory work to understand

how thermal fracturing might work on these objects and how e�ciently.
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8.2.2 Preserving Remnant Surfaces on Barely-Active Bodies

8.2.3 Activity on the Centaurs

When an object is scattered inwards from the region beyond Neptune, how is it

changed as it slowly moves inwards? What properties of the Jupiter Family Comets

can be traced back billions of years, and which ones are only decades to centuries old?

The answer to these questions is in a deeper understanding of when and how Centaurs

become active. In this Dissertation, I presented observations of two active Centaurs,

174P/Echeclus and P/2019 LD2 (ATLAS). Aside from the fact that they are active,

these Centaurs are quite di↵erent from each other, reflecting di↵erent aspects of

the Centaur population. Echeclus is large, on the order of D ⇠ 60km across (Bauer

et al., 2013), while LD2 is likely only a ⇠km in size (Chapter 6). Echeclus’s activity is

unsustained, sporadic, and highly energetic, while LD2’s activity appears to be only

slowly changing in time and relatively stable. Our observations of Echeclus took place

within several days of the onset of its second-largest (observed) outburst, brightening

by a factor of more than 60 ⇥ (4.5 magnitudes) over just a handful of hours, while

our observations of LD2 were when its activity was stable and had been for at least

several months. Finally, while Echeclus’s activity does not appear related to any

recent orbital change, LD2’s recent injection into a co-orbital state with Jupiter is

plausibly simultaneous to its activation. Neither object has spent much if any time

in the inner Solar System before (Chapters 3 and 6, Stecklo↵ et al. 2020), but LD2

will almost certainly be entering it in 2063. In broad strokes, our observations of

LD2 characterize the best example of a proto-JFC as is known to exist, while our

observations of Echeclus probe a kind of event which is very infrequent among the

JFCs or simply doesn’t happen on them. To put it bluntly, A 2005-style outburst

of Echeclus had debris that was the size of LD2! While the sample sizes of active

Centaurs whose properties have been ascertained in detail is currently quite low,

these two objects probe both ends of the distributions of size and activity and thus
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are quite useful in framing what the population’s broader properties and evolution

might be.

One of the most exciting results of our study of 174P/Echeclus in Chapter 3

was the discovery of a “secondary source” in the object’s outburst coma – a sec-

ond condensed object a few arcseconds away from Echeclus’s primary optocenter.

The object’s suggestion by visible-wavelength imaging, extremely clear detection in

near-infrared spatial profiles, and spatial separation from the primary nucleus al-

lowed us to conclude that the most likely explanation for this feature that it was an

over-density of larger debris (as in, significantly larger than the typical dust in the

coma) in the coma moving at an apparent velocity of ⇠ 21 � 23m/s or so, slightly

above a reasonable estimate for Echeclus’s escape velocity. This phenomenon, which

I described as a ‘debris ejection event,’ seems to be in many ways a smaller version of

Echeclus’s 2005 outburst where a large apparently coherent kilometer-scale fragment

was ejected from the object. That fragment (though Rousselot 2008 might charac-

terize it as a temporary overdensity of coma material based on their later images)

appeared to itself be active, with most of the ongoing activity seeming to emananate

not from the nucleus but instead this larger second object. Echeclus’s other known

outbursts, including the one I observed in 2017, were not sustained activity events,

but instead a very rapid lofting of material over a short time span of hours or less.

These two separate events where larger-than-dust material was detected to be ejected

from a single active Centaur suggests that if Echeclus is representative of at least

some of the active Centaurs, then there must be at a significant amount of similar

events happening elsewhere that have not been noticed. Coincidentally while the ma-

terial that makes up Chapter 3 was in review at the Astronomical Journal, such an

event was observed towards 29P/Schwassmann-Wachmann 1 in October 2019 (Kelley

et al., 2019), which those authors describing the phenomenon as a “apparent frag-

ment or swarm of fragments” moving away from the primary nucleus. This kind of
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outburst generally fades within a few weeks at most from its start, and thus actually

detecting these inner-coma brightness features requires both detecting the outburst

early and having the right conditions (longer wavelength observations, better seeing,

time series data, etc) to positively detect the feature.

The picture of Echeclus as an object which has outbursts or is otherwise inactive,

already complicated by the ongoing activity seen in its 2005 outburst, is compli-

cated further still by the detection of carbon monoxide emission in Wierzchos et al.

(2017a) during a period where no dust coma or visible-wavelength signs of activity

were seen. That study required several nights of integration on Echeclus without

pre-existing expectation for whether or not such an object should be quiescently

releasing CO – these kinds of exploratory studies are challenging to get approved

by telescope time allocation committees. CO has also been detected repeatedly on

29P/S-W 1 and from 95P/Chiron as well. We thus have evidence to suggest that

these large outburst events with fragments and/or debris being ejected as well as

carbon monoxide production without accompanying dust production (see Wierzchos

and Womack 2020 for a discussion of this at S-W 1) are both happening on multi-

ple of these largest Centaurs. Furthermore, many of these events (and all of those

requiring spectroscopy!) will not be detected in the large-scale imaging surveys in

which these objects regularly are observed, and thus will still require diligent atten-

tion by planetary astronomers throughout the community. As of the time of writing,

95P/Chiron is currently very close to its aphelion, so it will be interesting to see over

the next decade or two how new techniques and telescopes are able to investigate

this object to better understand which of the behaviors seen on these other objects

occur.

There is one way in which these three best-studied active Centaurs are definite

outliers: they are large, with diameters of ⇠ 50km or more. Most Centaurs must be

much smaller like the JFCs (a friendly reminder that detecting inactive or weakly
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active JFC-sized Centaurs beyond Jupiter is beyond the capabilities of the modern

surveys due to their inherent faintness); these larger objects, which very well may

share compositional similarities with their smaller and more numerous counter-parts,

must also have attributes that cannot be shared as well. The most obvious ‘di↵er-

ence’ between the large and small Centaurs discussed in this Dissertation is that an

outburst like that observed from Echeclus (either the 2005 event or the 2017 event

discussed in Chapter 3) would be radically more destructive to a smaller body. A

kilometer-scale fragment being released from an Echeclus-sized body is a large out-

burst, but the same event on Centaur the size of a typical JFC is a disintegration

event.

The active Centaur P/2019 LD2 (ATLAS) is one of the few Centaurs that is JFC-

sized that has been characterized much at all. In our study of LD2 that forms the

basis of Chapter 6, I found it to be ⇠ 2 kilometers or less in diameter and its activity

state to be entirely stable and ongoing to the limit of our data. No large outbursts

were seen in our search of archival data, as well, suggesting that on a timescale of a

few years, no SW1-like or Echeclus-like outbursts occurred. The discrepancy in size is

one factor to be considered, but so are the very di↵erent orbits of these three objects

in question. SW1 is in a low-eccentricity nearly-circular orbit with a perihelion at

q = 5.71 AU, Echeclus is in a moderately eccentric orbit with a perihelion at q = 5.81

AU, and LD2 is co-orbital with Jupiter with a perihelion of q = 4.57 AU. LD2 is

currently at the bleeding edge between a low-perihelion active Centaur and a high-

perihelion JFC, but it will bounce back outwards in 2029 before finally becoming

a Jupiter Family Comet in 2063 or so. Considering that LD2 is moving through

the Gateway transition from Centaur to JFC (Sarid et al., 2019a; Stecklo↵ et al.,

2020), it still seems appropriate to characterize it as an active Centaur, but its

current environment is clearly very di↵erent. The upper limit to CO production I

retrieved from our observations of LD2 (QCO < 4.4 ⇥ 1027molss�1) is high enough
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that the mass loss observed towards it could be completely CO-driven, but I note

(again) that this upper limit really only rules out extremely high CO-production

with specific production rates (normalized by the object’s surface area) much higher

than that of SW1 in most circumstances. In essence, one lesson from our study

of LD2 is that actual measurements of JFC-sized active Centaurs with millimeter-

wavelength telescopes likely requires a huge investment of time on ALMA, and is

thus somewhat prohibitive at the moment. One key piece of information is that LD2

does appear more active using Af⇢ as a proxy than JFCs at similar distances (Lowry

et al., 1999). The statement ‘LD2 is more active at its perihelion than objects for

which that distance is their aphelion’ is unsurprising, but it is additional evidence in

support of the suggestion of Stecklo↵ et al. (2020) that LD2 (like the other Centaurs

mentioned here) hasn’t ventured into the inner Solar System yet.

One final Centaur-specific topic is the actual material properties of the solid co-

mae of these two active Centaurs 174P/Echeclus and P/2019 LD2 (ATLAS). Com-

paring the near-infrared spectra obtained for this thesis alone (no visible-wavelength

color or spectral information was available for Echeclus’s outburst), the two re-

flectance spectra are only superficially similar. Echeclus’s solid coma, likely released

all at once from the nucleus at the onset of outburst, is red but increasingly neutral at

longer wavelengths (concave downwards) with no discernible spectral features. LD2’s

coma, in apparent continuous and stable production, was approximately linearly red

with wavelength but with a clear absorption band near 1.5µm, but the increasing

noisiness of the spectrum at longer wavelengths prevented clear positive identifica-

tion of the 2.0µm-band of water. Echeclus’s spectrum was less red with increasing

distance from the nucleus, while LD2’s spectrum showed no obvious changes with

distance from the optocenter of the coma. There are systematic di↵erences between

the two observations – LD2 was ⇠ 1 magnitudes dimmer at near-infrared wave-

lengths than Echeclus was (see Chapter 3 for a discussion of its observability), but
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was also observed for a longer period of time on two consecutive nights. Echeclus’s

nucleus is likely a significant contributor to the light retrieved from it in the nar-

rowest aperture, while LD2’s nucleus can essentially be neglected. In general, the

material doing the reflecting in our spectrum of Echeclus looks highly ‘typical’ for

cometary dust and cometary surfaces: the dust being ejected appears slightly less

red than the nucleus, and the nucleus itself has a decrease in slope near 1.0� 1.2µm.

LD2’s spectrum, aided by the lack of uncertainty introduced by a significant nuclear

component, appears very much like a ‘typical’ cometary dust population but with

the addition of an icy component at the 1� 10% level depending on model applied.

This is in many ways what a proto-JFC ”should” look like in its near surface – a

traditional comet but with the addition of material that would be unstable in the

warmer inner Solar System. Why then does Echeclus’s outburst coma appear to not

be icy, if it too hasn’t visited the inner Solar System and is apparently made out

of the same materials? Two possibilities become clear, both of which receive more

treatment in the ‘Future Directions’ section below. First, it could be icy, but the

large nuclear contribution to the retrieved reflectance spectrum simply drowned out

faint signals in the coma. Considering that Echeclus’s nucleus is not icy (Guilbert

et al., 2009) and should be increasingly flux-dominant at longer wavelengths, this

factor seems inevitable. Second, it could be that these more violent outbursts simply

sample di↵erent materials for lofting than quiescent or weaker activity does. Un-

derstanding this second point, how di↵erent activity methods leave finger prints on

the properties of the coma, would also be critical to more e↵ectively utilizing our

understanding of larger Centaurs to extrapolate down to the smaller ones.
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8.3 Future Directions

8.3.1 Interstellar and Out of Context

One of the more peculiar aspects of the community-wide e↵ort to characterize the

first-ever interstellar comet 2I/Borisov was the realization that its bulk coma compo-

sition seemed to change unexpectedly with time. While the ratio of carbon monox-

ide to water production inferred from combined ultraviolet, visible, and millimeter-

wavelength observations has captured much of the discussion on this topic – and

rightfully so, considering its more direct relationship to formation conditions and lo-

cation – the changing ratio of dicarbon to cyanogen (Q(C2)/Q(CN)) is equally com-

pelling and in some ways more poorly understood. Within the decades-long sample

of comets observed by the Lowell Observatory / University of Maryland group, none

of them showed an evolution in Q(C2)/Q(CN) with heliocentric distance (Bair et al.,

2020). This is on top of the object’s other unusual (if such a word can apply here)

properties, like its large nitrogen abundance.

The primary points of comparison were Solar System comets that seemed anoma-

lous in their own chemical makeups, with C/2016 R2 (PanSTARRS) getting men-

tioned the most frequently due to its similar overabundance of CO with respect to

water. The existence of comparison comets is useful, but it is hampered by their

small number and often the limited set of circumstances over which they were ob-

served. There are various contributing factors to these issues: the objects in question

appear to be intrinsically rare, the large-scale surveys of cometary abundances are

generally less active than they used to be, and the challenges with making observa-

tions of extended targets often in challenging observing geometries. The first and last

of these issues are inherent to the problem – observing comets is challenging – but

a broader program (likely community wide) to make compositional classifications of

more comets more frequently would allow us to better interpret our always sparse set
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of observations of interstellar objects. The Vera Rubin Observatory’s LSST program

will increase the amount of comets which are discovered and discover them earlier

(hopefully before perihelion!), which will certainly be incredibly useful, but the ac-

tual techniques currently used to classify comets will not be as useful on many of

these targets. This is for the simple reason that more of them will be discovered at

larger heliocentric distances and thus outside of the water sublimation zone. Ratios

with respect to water production will be less meaningfully constrained, and as some

molecules seem to have their production rate trend with water (e.g. CN), there may

just be fewer ways to monitor and characterize these objects if one wants to directly

compare them to historic observations. There are exceptions – such as the emission

of CN from 95P/Chiron at great heliocentric distances (Bus et al., 1991a) – that

could be caught through traditional approaches, however.

Thus, in addition to the somewhat obvious task to ‘characterize more comets to

see if any of them behave similarly or appear compositionally similar to 2I/Borisov’,

it seems prudent to attempt to characterize more comets in more ways. For the pur-

poses of 2I/Borisov comparison, we clearly need more UV and millimeter-wave obser-

vations of comets to understand the true variation in CO/H2O ratio seen throughout

the population and throughout their orbits. Polarization studies and near-infrared

observations are both sensitive to grain size distributions and dust properties in a way

that would allow a better characterization of active interstellar objects which might

not show easily detected gas emission. The taxonomies based on higher-resolution

near-infrared datasets (Mumma and Charnley, 2011) could also be useful in gaining

an even deeper knowledge of these objects, but the brightness required for these

observations is generally brighter than other optical methods.

As for the specific results of our studies of 2I/Borisov (again, in Chapter 4),

these can be directly contextualized through observations of CN and C2 production

throughout the full orbits of many inner Solar System comets. The general consen-
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sus prior to 2I/Borisov was that this ratio did not change significantly throughout

an objects apparition. The significant caveat to this paradigm, which goes unmen-

tioned in much of the literature, is that the comet abundance surveys of A’Hearn

et al. (1995); Fink (2009) and Cochran et al. (2012) sometimes did not report ratio

estimates when one of the molecules was not detected (in this case, C2). In particu-

lar, those surveys might have neglected to scrutinize earlier observations when later

higher-quality observations were obtained. This does not mean that the literature’s

assertion of the meaning of this ratio is incorrect, but more that it appears to be

correct within the range where the comets are well detected. Considering when the

bulk of these datasets were collected and the molecules being measured, this means

that the assertion is likely true when an object is well within the water sublimation

region. Making meaningful characterizations of this and other compositional ratios

for objects beyond the snow line and as they cross in would better contextualize

how strange Borisov’s evolving ratios are, and thus hopefully begin to distinguish

how these hydrocarbon-derived daughter molecules are stored in local and visiting

comets.

8.3.2 Better Centaur Observations Now For The Future

Spectroscopic characterization of the Centaurs is functionally always brightness lim-

ited, meaning that while observing windows might be much longer than those for

NEOs of interest (see below), it will always be the largest, most active, and closest

objects which can be observed. The two paths forward to expanding the dataset

of characterized active Centaurs and building upon or refuting the hypotheses put

forward in this Dissertation are to monitor the those that are routinely available and

to make observations of the few objects that are at the absolute brightness limit of

current facilities.

A successful monitoring campaign would require two things: an object which is
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bright enough to be characterized even when relatively inactive or at its furthest point

and an object for which changes in activity state are expected. Two objects which fit

this criteria are 95P/Chiron and 29P/Schwassmann-Wachmann 1, as they both reach

a minimum of brightness when barely active near aphelion aroundmV ⇠ 18�20. The

motivations for both targets are somewhat distinct even if the methods – regularly

obtain visible and near-infrared spectroscopy of these targets – are largely similar.

Chiron’s previous detection of CN production (Bus et al., 1991b) at large heliocentric

distance is of particular interest here, as understanding how it varies with distance

might clarify how the material (or rather, its parent molecule) is being stored. In

inner Solar System comets, CN generally varies with water production and thus

is strongly a↵ected by changes in heliocentric distance. If CN’s release at Chiron

is facilitated by amorphous ice crystallization or CO sublimation, then the trend

may be weak or non-existent with respect to heliocentric distance. However, other

substances which do only become ready to rapidly sublimate within the orbits of the

Giant Planets might leave a more clear trend to be detected. The case for monitoring

observations at 29P/S-W 1 is based on more recent papers and unpublished results

suggesting that the material released by SW1 during a quiescent activity (the object

is likely never truly ‘inactive’) and during outburst might be significantly di↵erent

(Schambeau et al. 2021, also Personal Communications C. Schambeau). To test

this hypothesis, visible-wavelength spectroscopy (to search for molecular emissions

and their time-variability) and near-infrared spectroscopy (to assess the overall dust

coma properties and search for water ice) are critical. A clearer understanding of

SW1’s activity would also assist in interpreting the role of size (next paragraph) in

what kinds of activity patterns are available to Centaurs. Finally, one avenue that

has yet to be explored but is only really available to these brightest Centaurs is

the possibility of moving out of the visible and near-infrared and into the 3.0� µm

region, which would allow a much deeper probe of what water ice is in the object’s
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coma and what its properties are in addition to being sensitive to other features

like organics. As of writing, it looks as if there are not any published observations

of Centaurs in this region, but given a large outburst from SW1 it is well within

the limit of current groundbased telescopes and could prove to be a new frontier in

actually understanding the volatile content of these objects.

Many more Centaurs are accessible through broadband photometric measure-

ments than spectroscopy, and the Rubin Observatory’s LSST will capture these other

objects on a cadence su�cient to assess when they are active and where – as well as

finding outbursts which could be used to activate ToO observations. However, there

are a handful of active Centaurs which are now just barely bright enough to be ob-

served without requiring a prohibitive amount of telescope time. These are primarily

the Gateway Centaurs (Sarid et al., 2019a; Stecklo↵ et al., 2020) like P/2008 CL94 or

the newly discovered 2020 MK4. These objects are in a range of visual magnitudes

of mV ⇠ 18 � 20 and thus are available for spectroscopic characterization in the

near-infrared by telescopes larger than the NASA IRTF (Deff ⇠ 3.0m) and in the

visible by telescopes larger than D ⇠ 2.0m. (One could also attempt near-infrared

photometric/imaging of these objects with smaller telescopes, which could be highly

useful as a case study.) In addition to simply being among the ‘closest’ active Cen-

taurs, their similar orbit but smaller size than SW1 would allow for a direct test

of the e↵ects of size on Centaur activity hard to assess otherwise. The di↵erences

in character between SW1’s activity and that of P/2019 LD2 (ATLAS) has already

been discussed in this Dissertation (Chapter 6) and thus provides a baseline of what

could be expected from future observations.

8.3.3 Dormant Comets Getting Ignored

One of the primary advances of this Dissertation was to spectroscopically charac-

terize so many dormant and low-activity comets, but the problem of small number
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statistics remains. While our sample of six objects (two definite ‘traditional’ comets,

two of uncertain origin, and two likely of Main Belt Origin) showed much larger vari-

ation than average; extrapolating out to the broader population of post-cometary

objects can only be done on a preliminary basis. However, the population of low-

activity, dormant, and suspected dormant comets among the inner Solar System is

far from well-explored, and many are well within the limits of modern telescopes and

techniques. Two topics seem particularly pressing based on the work completed in

this Dissertation: an investigation of the Taurid Complex NEOs, most importantly

parent body of the Northern Taurids 2004 TG10, and a deeper lookk at 107P/Wilson-

Harrington, the other famous F-type formerly active NEO.

2004 TG10, a low-albedo (2±4%!, see Nugent et al. 2015) suggested by Porubčan

et al. (2006) to be the most likely parent of the Northern Taurids meteor shower, is

one of the last inactive parent bodies that hasn’t been characterized. In fact, not

even visible-wavelength colors have been reported – the only physical parameters

we know about it are its albedo and approximate size. The Southern Taurids were

probably produced by 2P/Encke, which might have itself bear a genetic parent-

fragment relationship with TG10 (Porubčan et al., 2006). While many of the objects

within the ‘Taurids Complex’ of NEOs appear to be unlike 2P/Encke spectrally

(Tubiana et al., 2015) and thus assumed to be asteroidal interlopers, 2004 TG10 is

a priori the one that would be assumed to be the most Encke-like – maybe even

a fragment or daughter object. Characterizing TG10 would thus be characterizing

an important and understudied meteor shower parent body, but would also be a

critical piece of information to unraveling the relationship between the Northern

and Southern Taurids, the various NEOs of the Taurid Complex, and 2P/Encke

itself. Encke’s own dynamical origin (discussed in the Introduction to Chapter 2) is

challenging to pin down exactly, but if it did spend time ‘hidden’ among the outer

Main Belt for a time, the processes that drove it inward would naturally have driven
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objects in similar orbits inward as well – regardless of whether or not they were

proper comets. Our understanding of most asteroids in the outer Main Belt is that

they too should be volatile rich, and could maintain significant supplies of ice over

the age of the Solar System, so if they could be driven inwards they could very well

become active and create and sustain meteoroid streams.

(4015) 107P/Wilson-Harrington, which received a significant amount of discus-

sion in the Introduction’s Activity section, is surprisingly under-characterized for

an comet-asteroid transition object of its size and discovery date. Outside of a low

albedo (5�6%, see Crovisier et al. 1995; Licandro et al. 2009) and an F-type (modern

B-type) surface (Tholen, 1984), there has been little characterization of this object.

In fact, a search of the literature reveals zero published spectra of any kind, but there

is a near-infrared spectrum of the object is available on the Small Bodies Node of the

Planetary Data System (PI: V. Reddy) that apparently has not yet been published.

If that particular spectrum is accurate and can be reproduced, it could be a critical

link bridging the Phaethon-Geminid Complex objects studied here (Chapters 2 and

6) with the traditional dormant comets (Chapter 5). This is because that uploaded

spectrum also shows a deeply blue concave-upwards near-infrared spectrum like that

of Phaethon. Even if such a result is not reproducible, it is still an F-type formerly

active object in a JFC-like orbit. It next comes to perihelion in August of 2022 at

an apparent visual magnitude of ⇠ 16.9 � 17.4, which should provide an excellent

opportunity for visible and near-infrared spectroscopy to characterize the surface of

this object.

8.4 Closing Notes

The work presented in this Dissertation, while comprised of detailed observations,

laboratory studies, and orbital dynamics characterizations of a handful of compelling

objects, very clearly improves our understandings of those individual objects and
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their immediate comparison points. However, there are a few points that are down-

stream from the points made above that felt stating more explicitly, even if a reader

might have already reached them and found them somewhat self-evident.

The studies presented of (3200) Phaethon, (154140) 2005 UD, 2003 EH1, and

the three low-activity comets 249P/LINEAR, 364P/PanSTARRS, and P/2006 HR30

(Siding Spring) clearly show that barely-active and dormant objects in near-Earth

space show a wide variety of spectral behaviors. While the selection process itself by

its very nature selected for ‘strange’ objects in a highly transitory evolutionary state,

the objects that spent more time in hot environments (low perihelion orbits) were

less likely to be very similar to the traditional cometary D-type-or-redder reflectance

spectrum. There are complications to this apparent trend – small sample size is

the obvious one, but the question of which objects were from the Main Belt and

which ones were not is another – but the large variation of non-cometary spectra

on objects that might be a priori expected to have cometary surfaces is surprising.

The ‘obvious’ conclusion is that there very well could be many objects in the inner

Solar System that we would not consider dormant comet candidates that actually

are. 2003 EH1 would likely have not been characterized in the first place (and even

that was 12 years after its discovery) had it not been noted that its orbit aligned

well with the Quadrantids. There might be more objects which preserve volatiles

and material from the early Outer Solar System among the NEOs than previously

believed, but they might be challenging to identify definitively. The fact that 2003

EH1 looks the way it does – with a possible absorption feature! – is a testament to

our lack of understanding of what makes up cometary surfaces, and even more so to

how these surfaces a↵ected by thermal alteration or a slow loss of activity resulting

in dormancy. In other words, we as a community ought to keep investigating these

objects at the edges of the traditional boundaries between comets and asteroids: the

most interesting and useful objects may not have even been recognized yet, even if
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they were found decades ago.

Our studies of the Centaurs highlight the diversity of activity strengths and char-

acteristics that occur on the fraction of the population that is losing mass. An

Echeclus-like object, experiencing large violent mass-loss events every few years,

could leave the Giant Planet region with a very changed topography and overall

shape compared to when it entered by shedding macroscopic, up to kilometer-scale,

fragments. However, an object like P/2019 LD2 (ATLAS) clearly hasn’t su↵ered the

same kind of fate considering that it still appears to be intact and quietly active.

That is not to say that LD2 could not have been much more active in other circum-

stances prior to discovery, but Echeclus/SW1-style outbursts seem safely out of the

realm of possibility. While knowing exactly how many objects are in either camp or

where one kind of activity begins to dominate over another in heliocentric distance

space or in diameter space is beyond the current understanding of the topic, it does

seem possible that some objects are simply much more changed between the trans-

Neptunian region and the inner Solar System than others. This might not necessarily

translate into a chemical compositional di↵erence – amorphous ice or CO would not

be stable on any Centaur at RH = 5.2 AU except at their core – but our ability

to reconcile their active areas and physical shapes might be greatly complicated by

these two kinds of activity. The target of the Stardust mission, 81P/Wild 2, is the

best-studied recent entrant to the JFCs by far, so a re-examination of some of what

we know about that object might be of good use to the community that studies

Centaurs, and vice-versa.

Lastly, we very clearly do not know enough about Solar System comets to really

begin an apples-to-apples comparison of them with Interstellar comets. Some of the

tried and true methods, like visible-wavelength compositional classification, might

initially make that object look ‘normal’ or ‘strange’ or otherwise, but then later

we find out that such a classification was inherently at odds with how the object
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actually behaved! The discovery and characterization of the first interstellar comet

2I/Borisov presents both an opportunity to probe a planetesimal that might have

formed in a very di↵erent kind of environment to what was described about the

early Solar System in the very start of this Dissertation, but also an opportunity to

assess whether or not we asked the right questions of the object and whether or not

we knew enough to understand the answers. Borisov’s oddness is cemented by its

apparent great similarity to local comets in other respects: it still formed a coma

and a tail and sublimated detectable volatiles that generally grew in number as the

object got warmer. The quote from Kuiper referenced in that Introductory section

about needing to know more about the modern Solar System in order to roll back

the clock and understand the early Solar System is apt here: we still do not know

enough about the modern Solar System to really roll back the clock on our own – or

others.

The game is afoot!
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A. S. Hales, R. E. Hills, S. Corder, E. B. Fomalont, C. Vlahakis, Y. Asaki,
D. Barkats, A. Hirota, J. A. Hodge, C. M. V. Impellizzeri, R. Kneissl, E. Li-
uzzo, R. Lucas, N. Marcelino, S. Matsushita, K. Nakanishi, N. Phillips, A. M. S.
Richards, I. Toledo, R. Aladro, D. Broguiere, J. R. Cortes, P. C. Cortes, D. Es-
pada, F. Galarza, D. Garcia-Appadoo, L. Guzman-Ramirez, E. M. Humphreys,
T. Jung, S. Kameno, R. A. Laing, S. Leon, G. Marconi, A. Mignano, B. Nikolic,
L. A. Nyman, M. Radiszcz, A. Remijan, J. A. Rodón, T. Sawada, S. Takahashi,
R. P. J. Tilanus, B. Vila Vilaro, L. C. Watson, T. Wiklind, E. Akiyama, E. Chapil-
lon, I. de Gregorio-Monsalvo, J. Di Francesco, F. Gueth, A. Kawamura, C. F. Lee,



278

Q. Nguyen Luong, J. Mangum, V. Pietu, P. Sanhueza, K. Saigo, S. Takakuwa,
C. Ubach, T. van Kempen, A. Wootten, A. Castro-Carrizo, H. Francke, J. Gal-
lardo, J. Garcia, S. Gonzalez, T. Hill, T. Kaminski, Y. Kurono, H. Y. Liu, C. Lopez,
F. Morales, K. Plarre, G. Schieven, L. Testi, L. Videla, E. Villard, P. Andreani,
J. E. Hibbard, and K. Tatematsu (2015). The 2014 ALMA Long Baseline Cam-
paign: First Results from High Angular Resolution Observations toward the HL
Tau Region. ApJL, 808(1), L3. doi:10.1088/2041-8205/808/1/L3.

Ansdell, M., K. J. Meech, O. Hainaut, M. W. Buie, H. Kaluna, J. Bauer, and L. Dun-
don (2014). Refined Rotational Period, Pole Solution, and Shape Model for (3200)
Phaethon. ApJ, 793(1), 50. doi:10.1088/0004-637X/793/1/50.

Arai, T., M. Kobayashi, K. Ishibashi, F. Yoshida, H. Kimura, K. Wada, H. Senshu,
M. Yamada, O. Okudaira, T. Okamoto, S. Kameda, R. Srama, H. Kruger, M. Ishig-
uro, H. Yabuta, T. Nakamura, J. Watanabe, T. Ito, K. Ohtsuka, S. Tachibana,
T. Mikouchi, M. Komatsu, K. Nakamura-Messenger, S. Sasaki, T. Hiroi, S. Abe,
S. Urakawa, N. Hirata, H. Demura, G. Komatsu, T. Noguchi, T. Sekiguchi, T. In-
amori, H. Yano, M. Yoshikawa, T. Ohtsubo, T. Okada, T. Iwata, K. Nishiyama,
T. Toyota, Y. Kawakatsu, and T. Takashima (2018). DESTINY+ Mission: Flyby
of Geminids Parent Asteroid (3200) Phaethon and In-Situ Analyses of Dust Ac-
creting on the Earth. In Lunar and Planetary Science Conference, Lunar and
Planetary Science Conference, p. 2570.

Arai, T., M. Kobayashi, K. Ishibashi, F. Yoshida, H. Kimura, K. Wada, H. Senshu,
M. Yamada, O. Okudaira, T. Okamoto, S. Kameda, R. Srama, H. Kruger, M. Ishig-
uro, H. Yabuta, T. Nakamura, J. Watanabe, T. Ito, K. Ohtsuka, S. Tachibana,
T. Mikouchi, M. Komatsu, K. Nakamura-Messenger, S. Sasaki, T. Hiroi, S. Abe,
S. Urakawa, N. Hirata, H. Demura, G. Komatsu, T. Noguchi, T. Sekiguchi, T. In-
amori, H. Yano, M. Yoshikawa, T. Ohtsubo, T. Okada, T. Iwata, K. Nishiyama,
T. Toyota, Y. Kawakatsu, and T. Takashima (2018). DESTINY+ Mission: Flyby
of Geminids Parent Asteroid (3200) Phaethon and In-Situ Analyses of Dust Ac-
creting on the Earth. volume 49, p. 2570.

Armitage, P. J. (2007). Lecture notes on the formation and early evolution of plan-
etary systems. arXiv e-prints, astro-ph/0701485.

Astropy Collaboration, A. M. Price-Whelan, B. M. Sipőcz, H. M. Günther, P. L.
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G. Calderone, J. L. Cano Rodŕıguez, M. Cara, J. V. M. Cardoso, S. Cheedella,
Y. Copin, L. Corrales, D. Crichton, D. D’Avella, C. Deil, Depagne, J. P. Diet-
rich, A. Donath, M. Droettboom, N. Earl, T. Erben, S. Fabbro, L. A. Ferreira,
T. Finethy, R. T. Fox, L. H. Garrison, S. L. J. Gibbons, D. A. Goldstein, R. Gom-
mers, J. P. Greco, P. Greenfield, A. M. Groener, F. Grollier, A. Hagen, P. Hirst,
D. Homeier, A. J. Horton, G. Hosseinzadeh, L. Hu, J. S. Hunkeler, Ivezić, A. Jain,
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Mróz, J. D. Neill, R. Riddle, H. Rodriguez, R. M. Smith, M. T. Soumagnac,
R. Walters, L. Yan, and J. Zolkower (2020). Initial Characterization of Active
Transitioning Centaur, P/2019 LD2 (ATLAS), using Hubble, Spitzer, ZTF, Keck,
APO and GROWTH Visible & Infrared Imaging and Spectroscopy. arXiv e-prints,
arXiv:2011.03782.
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Delbó, M., A. W. Harris, R. P. Binzel, P. Pravec, and J. K. Davies (2003). Keck
observations of near-Earth asteroids in the thermal infrared. Icarus, 166(1), pp.
116–130. doi:10.1016/j.icarus.2003.07.002.

DellaGiustina, D. N., K. N. Burke, K. J. Walsh, P. H. Smith, D. R. Golish, E. B. Bier-
haus, R. L. Ballouz, T. L. Becker, H. Campins, E. Tatsumi, K. Yumoto, S. Sugita,
J. D. P. Deshapriya, E. A. Cloutis, B. E. Clark, A. R. Hendrix, A. Sen, M. M. Al
Asad, M. G. Daly, D. M. Applin, C. Avdellidou, M. A. Barucci, K. J. Becker, C. A.
Bennett, W. F. Bottke, J. I. Brodbeck, H. C. Connolly, M. Delbo, J. de Leon, C. Y.
Drouet d’Aubigny, K. L. Edmundson, S. Fornasier, V. E. Hamilton, P. H. Hassel-
mann, C. W. Hergenrother, E. S. Howell, E. R. Jawin, H. H. Kaplan, L. Le Corre,
L. F. Lim, J. Y. Li, P. Michel, J. L. Molaro, M. C. Nolan, J. Nolau, M. Pajola,



290

A. Parkinson, M. Popescu, N. A. Porter, B. Rizk, J. L. Rizos, A. J. Ryan, B. Rozi-
tis, N. K. Shultz, A. A. Simon, D. Trang, R. B. Van Auken, C. W. V. Wolner, and
D. S. Lauretta (2020). Variations in color and reflectance on the surface of asteroid
(101955) Bennu. Science, 370(6517), eabc3660. doi:10.1126/science.abc3660.

DeMeo, F. and R. P. Binzel (2008). Comets in the near-Earth object population.
Icarus, 194(2), pp. 436–449. ISSN 0019-1035. doi:10.1016/j.icarus.2007.10.011.

DeMeo, F. E., R. P. Binzel, S. M. Slivan, and S. J. Bus (2009). An extension of
the Bus asteroid taxonomy into the near-infrared. Icarus, 202(1), pp. 160–180.
doi:10.1016/j.icarus.2009.02.005.

DeMeo, F. E., R. P. Binzel, S. M. Slivan, and S. J. Bus (2009). An extension of
the Bus asteroid taxonomy into the near-infrared. Icarus, 202, pp. 160–180. doi:
10.1016/j.icarus.2009.02.005.

DeMeo, F. E. and B. Carry (2014). Solar System evolution from compositional
mapping of the asteroid belt. Nature, 505(7485), pp. 629–634. doi:10.1038/
nature12908.
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Kavelaars, P. Lacerda, D. Nesvorný, K. Volk, A. Delsanti, S. Benecchi, M. J.
Lehner, K. Noll, B. Gladman, J.-M. Petit, S. Gwyn, Y.-T. Chen, S.-Y. Wang,
M. Alexandersen, T. Burdullis, S. Sheppard, and C. Trujillo (2017). All planetes-
imals born near the Kuiper belt formed as binaries. Nature Astronomy, 1, 0088.
doi:10.1038/s41550-017-0088.

Fraser, W. C., P. Pravec, A. Fitzsimmons, P. Lacerda, M. T. Bannister, C. Snodgrass,
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Earth asteroid (3200) Phaethon: Characterization of its orbit, spin state, and
thermophysical parameters. A&A, 592, A34. doi:10.1051/0004-6361/201628666.

Hapke, B. (1993). Theory of reflectance and emittance spectroscopy. Topics in
Remote Sensing, Cambridge, UK: Cambridge University Press, |c1993.

Hapke, B. (1993). Theory of reflectance and emittance spectroscopy.

Hapke, B. (2012). Theory of Reflectance and Emittance Spectroscopy. Cambridge
University Press. ISBN 978-0-521-88349-8. Google-Books-ID: 3FNzaFuoXY0C.

Harris, A. W. (1998). A Thermal Model for Near-Earth Asteroids. Icarus, 131(2),
pp. 291–301. doi:10.1006/icar.1997.5865.

Harris, A. W. (1998). A Thermal Model for Near-Earth Asteroids. Icarus, 131, pp.
291–301. ISSN 0019-1035. doi:10.1006/icar.1997.5865.

Harris, A. W. and J. S. V. Lagerros (2002). Asteroids in the Thermal Infrared, pp.
205–218.

Harris, C. R., K. J. Millman, S. J. van der Walt, R. Gommers, P. Virtanen, D. Cour-
napeau, E. Wieser, J. Taylor, S. Berg, N. J. Smith, R. Kern, M. Picus, S. Hoyer,
M. H. van Kerkwijk, M. Brett, A. Haldane, J. F. del Ŕıo, M. Wiebe, P. Peterson,
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D. P. Hamilton, D. Nesvorný, O. M. Umurhan, T. R. Lauer, K. N. Singer, S. A.
Stern, H. A. Weaver, J. R. Spencer, M. W. Buie, J. M. Moore, J. J. Kavelaars,
C. M. Lisse, X. Mao, A. H. Parker, S. B. Porter, M. R. Showalter, C. B. Olkin,
D. P. Cruikshank, H. A. Elliott, G. R. Gladstone, J. W. Parker, A. J. Verbiscer,
L. A. Young, and New Horizons Science Team (2020). The solar nebula origin
of (486958) Arrokoth, a primordial contact binary in the Kuiper Belt. Science,
367(6481), aay6620. doi:10.1126/science.aay6620.

Meech, K. J. and M. J. S. Belton (1990). The Atmosphere of 2060 Chiron. AJ, 100,
p. 1323. doi:10.1086/115600.

Meech, K. J., O. R. Hainaut, and B. G. Marsden (2004). Comet nucleus size dis-
tributions from HST and Keck telescopes. Icarus, 170(2), pp. 463–491. ISSN
0019-1035. doi:10.1016/j.icarus.2004.03.014.

Meech, K. J., O. R. Hainaut, and B. G. Marsden (2004). Comet nucleus size dis-
tributions from HST and Keck telescopes. Icarus, 170(2), pp. 463–491. doi:
10.1016/j.icarus.2004.03.014.

Meech, K. J., R. Weryk, M. Micheli, J. T. Kleyna, O. R. Hainaut, R. Jedicke, R. J.
Wainscoat, K. C. Chambers, J. V. Keane, A. Petric, L. Denneau, E. Magnier,
T. Berger, M. E. Huber, H. Flewelling, C. Waters, E. Schunova-Lilly, and S. Chas-
tel (2017). A brief visit from a red and extremely elongated interstellar asteroid.
Nature, 552(7685), pp. 378–381. doi:10.1038/nature25020.



312

Meech, K. J., R. Weryk, M. Micheli, J. T. Kleyna, O. R. Hainaut, R. Jedicke, R. J.
Wainscoat, K. C. Chambers, J. V. Keane, A. Petric, L. Denneau, E. Magnier,
T. Berger, M. E. Huber, H. Flewelling, C. Waters, E. Schunova-Lilly, and S. Chas-
tel (2017). A brief visit from a red and extremely elongated interstellar asteroid.
Nature, 552(7685), p. 378. doi:10.1038/nature25020.

Micheli, M., D. Farnocchia, K. J. Meech, M. W. Buie, O. R. Hainaut, D. Prialnik,
N. Schörghofer, H. A. Weaver, P. W. Chodas, J. T. Kleyna, R. Weryk, R. J.
Wainscoat, H. Ebeling, J. V. Keane, K. C. Chambers, D. Koschny, and A. E.
Petropoulos (2018). Non-gravitational acceleration in the trajectory of 1I/2017
U1 (’Oumuamua). Nature, 559, pp. 223–226. doi:10.1038/s41586-018-0254-4.

Miles, R. (2016a). Discrete sources of cryovolcanism on the nucleus of Comet
29P/Schwassmann-Wachmann and their origin. Icarus, 272, pp. 387–413. doi:
10.1016/j.icarus.2015.11.011.

Miles, R. (2016b). Heat of solution: A new source of thermal energy in the subsurface
of cometary nuclei and the gas-exsolution mechanism driving outbursts of Comet
29P/Schwassmann–Wachmann and other comets. Icarus, 272, pp. 356–386. doi:
10.1016/j.icarus.2015.12.053.

Miles, R., G. A. Faillace, S. Mottola, H. Raab, P. Roche, J.-F. Soulier, and
A. Watkins (2016a). Anatomy of outbursts and quiescent activity of Comet
29P/Schwassmann-Wachmann. Icarus, 272, pp. 327–355. doi:10.1016/j.icarus.
2015.11.019.

Miles, R., G. A. Faillace, S. Mottola, H. Raab, P. Roche, J.-F. Soulier, and
A. Watkins (2016b). Anatomy of outbursts and quiescent activity of Comet
29P/Schwassmann-Wachmann. Icarus, 272, pp. 327–355. doi:10.1016/j.icarus.
2015.11.019.

Molaro, J. L., K. J. Walsh, E. R. Jawin, R. L. Ballouz, C. A. Bennett, D. N.
DellaGiustina, D. R. Golish, C. Drouet d’Aubigny, B. Rizk, S. R. Schwartz,
R. D. Hanna, S. J. Martel, M. Pajola, H. Campins, A. J. Ryan, W. F. Bottke,
and D. S. Lauretta (2020). In situ evidence of thermally induced rock break-
down widespread on Bennu’s surface. Nature Communications, 11, 2913. doi:
10.1038/s41467-020-16528-7.

Morbidelli, A., J. Bottke, W. F., C. Froeschlé, and P. Michel (2002). Origin and
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