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ABSTRACT

Comets are commonly defined to be planetesimals visibly losing mass through
volatile sublimation. In the solar system, such behavior characterizes but a brief
stage in the overall evolution of these objects, as limited by their supply of accessible
volatile materials and the often short dynamical lifetimes of orbits sufficiently near
the Sun for said volatiles to actually volatilize. In this thesis, I explore the charac-
teristics of several different types of “cometoids”—planetesimals visibly exhibiting
comet-like mass loss sometime in their recent past, present, or near future—in both
the outer and inner solar system at different stages in their physical and dynamical
evolution. I first use stellar occultations—or rather, the lack thereof detected—to
constrain their abundance of kilometer-scale objects in the Kuiper Belt, from which
many comets are sourced. I then evaluate how the optical brightness, color, and
polarization of dust ejected by a classical, currently active comet changes when
exposed to the space environment in order to probe the material properties of its
nucleus. Finally, I investigate an otherwise ordinary but active asteroid to explore
how intense solar heating as it passes very near the Sun can volatilize its rocky
surface to produce bright sodium emission explaining its comet-like behavior.
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1

C h a p t e r 1

INTRODUCTION

1.1 An Evolving View of Comets

Comets can be among the brightest and most visually conspicuous celestial phenom-

ena visible from Earth (e.g., Figure 1.1), sometimes appearing for days to months

as luminescent �gures in the sky casting shadows and even outshining the Moon,

while featuring expansive tails extending for tens of degrees, if not fully across the

sky (Kronk 1999, 2003). Unsurprisingly, they have drawn attention from cultures

around the world, whether out of fear, superstition, or�more recently�scienti�c

intrigue, with written records of their passage extending well into antiquity.

Their observational accessibility�rivaled only by that of the Sun, Moon, and the

�ve brightest celestial planets�helped jumpstart scienti�c understanding of Earth's

place in the universe during the scienti�c revolution. Two of the most signi�cant

events during this period involve the Great Comets of 1577 and 1680�1681. Tycho

Figure 1.1: An example of a classical comet, C/2020 F3 (NEOWISE)�the brightest
seen by the author over the course of producing this thesis�displaying a dust tail
several degrees in length, rising over the San Gabriel Mountains on 2020 July 7.



2

Brahe's meticulous records of the former comet demonstrated through its absence

of discernible parallax that comets were in fact celestial bodies moving amongst

the planets, a �nding referenced by Johannes Kepler as key evidence refuting the

then-popular crystalline sphere model of planetary motion (Seargent 2009). Isaac

Newton, meanwhile, observed and followed the latter comet personally, later making

extensive use of its unusual orbit�which approached the Sun almost directly, then

took a hairpin turn to recede the way from which it approached�to support his

theories of gravitation (Newton & Chittenden 1850). Edmond Halley likewise

famously made use of the extensive historical records by showing in Halley (1705)

the comets of 1456, 1531, 1607, and 1682 were the same comet returning every

� 76 yr�now named 1P/Halley�demonstrating that comets can persist as recurrent

visitors to the inner solar system.

Further observational insight into the true physical nature of comets came with ad-

vancements in astronomical instrumentation over the following centuries. François

Arago used a polarimeter to �nd that the light from both the Great Comet of 1819

and 1P/Halley in 1835 were substantially polarized, suggesting that comets were

not self-luminous and instead derived their brightness at least in part from sun-

light scattered by dust (Kiselev & Rosenbush 2004). The advent of spectroscopy

later in the 19th century led quickly to the detection of emission bands (Huggins

1882a) later identi�ed to be produced by the �uorescence of various carbon-bearing

molecules in sunlight (Swings 1942). Two comets passing extremely near the Sun in

1882�Comet Wells and the Great September Comet�provided the �rst detections

of more refractory metallic vapors, including sodium (Huggins 1882b), iron, and

nickel (Copeland & Lohse 1882), volatilized by intense heating from these partic-

ular comets' proximity to the Sun. Photographic imaging also became widespread

after those taken by Gill (1882) of the latter comet demonstrated the technology had

advanced beyond the sensitivity achieved by visual observers (Seargent 2009).

The comets of the 19th century also provided several examples of their rapid physical

evolution. The �rst was Biela's Comet, a periodic comet discovered in 1772 observed

to split in two in 1846 (Kronk 2003). The comet then disappeared after 1852,

replaced with an unusually strong series of later in the 19th century seemingly

supplied by meteoroids�fragments of the former comet�following the same orbit

as the comet (Schimp� 1885).

Another demonstration began with the Great Comet of 1843, which appeared to share

a sungrazing orbit�passing within one solar radius above the solar photosphere�
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with the Great Comet of 1106. The two were widely presumed identical until

the appearance of a comet in 1880 and then the much brighter Great September

Comet of 1882, both of which also appeared to share this orbit yet clearly could

not be the same comet (Marsden 1967). Following the appearance of the 1880

comet, Kirkwood (1880) suggested that the 1106, 1843, and 1880 comets instead

represented a fragmentation family of comet torn apart from tidal stress near the Sun,

a hypothesis quickly validated by the widely-observed disruption of the 1882 comet

into a string of nuclei rapidly separating to become independent comets (Gill 1883).

This event led Kreutz (1888) to develop a detailed model relating the dynamical

history of these fragments of the now-named Kreutz sungrazing family.

Whipple (1950) proposed a physical model of a cometary nucleus as a solid con-

glomerate of rock and ices. Upon being heated by the Sun in the inner solar system,

the ices�predominantly water ice�sublimate, lifting dust o� the nucleus (Whipple

1951), and perturbing the nucleus ever so slightly from its gravitational trajectory.

Subsequent observations have validated this general model, including the direct

infrared detection of water vapor sublimated from 1P/Halley's nucleus (Mumma

et al. 1986). The Giotto spacecraft's visit to this comet provided the �rst direct

view of a comet nucleus beneath its enshrouding dust, �nding the nucleus to be

covered in an unexpectedly dark surface re�ecting only a few percent of incident

light, with sublimation activity con�ned to only a small fraction of the total surface

(Keller et al. 1986). Later visits to other comets by the Deep Space 1 (Buratti

et al. 2004), Stardust (Brownlee et al. 2004), Deep Impact/EPOXI (A'Hearn et al.

2005; A'Hearn et al. 2011), and Rosetta (El-Maarry et al. 2015) missions have since

rea�rmed�with incremental revisions�this modern view of the physical nature

of a comet.

1.2 Cometary Reservoirs

Between the �ndings of comets disrupting and disappearing over even human

timescales, and contemporaneous dynamical analyses demonstrating their orbital

instability to gravitational perturbations by the giant planets, it had become clear

by the early 20th century that individual comets were not long-lived �xtures in the

solar system, and that they must be supplied by one or more unseen reservoir for

any to still be observable (Bobrovniko� 1929). Oort (1950) evaluated a selection

of non-periodic comets with near-parabolic trajectories, carefully integrating back

their motion to determine their original, pre-perturbed orbits, and showed an un-

expectedly high concentration of comets arriving from a spherical shell extending
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� 50,000�150,000 au from the Sun that could comprise such a reservoir�a structure

now called the Oort Cloud.

Numerical modeling suggests an e�cient pathway exists for objects within the

planetary region of the outer solar system to be scattered outward by the giant

planets (Fernandez 1980) into a large disk that is subsequently sphericized into

this Oort Cloud by the action of the galactic tide (Hills 1981). A fraction of the

objects within the Oort Cloud, however, could also have been captured from the

protoplanetary disks of other stars within the star cluster in which the Sun formed

(Levison et al. 2010). Oort Cloud objects could be driven toward the inner solar

system to become active comets by perturbations from passing stars (Öpik 1932),

although subsequent analyses suggest Milky Way galactic tides to be a more e�cient

perturbation mechanism (Heisler & Tremaine 1986; Morris & Muller 1986).

Many comets, however, also follow smaller orbits with periods on the order of a

few years, often extending only slightly past or remaining entirely within the orbit

of Jupiter (Levison & Duncan 1997). These Jupiter-family comets tend to orbit

near the same plane as do the planets, so are unlikely to have arrived from a distant,

spherical Oort Cloud. Edgeworth (1943) and Kuiper (1951) theorized the possibility

of a disk of icy planetesimals orbiting just beyond Neptune, now commonly called

the Kuiper Belt (or alternatively, Edgeworth�Kuiper Belt), from which objects can

be perturbed inward by planets to become comets. While some of these Kuiper

Belt objects (KBOs) formed in place within the Kuiper Belt and continue to follow

relatively stable orbits (Batygin et al. 2011), others were�much like Oort Cloud

objects�scattered into the Kuiper Belt after forming amongst the planets, and this

latter, scattered population appears to possess orbits that permit them to be e�ciently

scattered inward by the outer planets to �rst become the centaurs of the outer solar

system, then later the Jupiter-family comets of the inner solar system (Duncan &

Levison 1997).

Large KBOs have been directly observed. In fact, the 1930 discovery of Pluto

(Tombaugh 1946), the �rst and still volumetrically largest known KBO, predates

the concept of the Kuiper Belt, although this planetoid's status as a KBO would

not become clear until much later when additional, planetary-sized objects in the

Kuiper Belt were discovered (Brown et al. 2005). Numerous sub-planetary KBOs

have similarly been found, starting with the� 200 km (15760) Albion (1992 QB1;

Jewitt & Luu 1993), with more recent surveys now sensitive to objects down to a

few tens of kilometers in diameter (Bannister et al. 2016)�comparable in size to
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Figure 1.2: Left: Numerically simulated di�raction shadow of a 103P/Hartley-
shaped comet nucleus (traced from an EPOXI spacecraft image of 103P/Hartley)
in the geometric limit (upper left), and with di�raction at 20, 40, and 80 au away
simulated for light of 770 nm (red), 620 nm (green), and 475 nm (blue) wavelengths.
Right: Cross section through the center of the 40 au shadow moving at 25 km s� 1 with
respect to the observer (i.e., typical Kuiper Belt occultation parameters), representing
the theoretical wavelength-dependent light curve pro�le seen by an Earth-based
observer along the occultation centerline.

the largest known nuclei of active comets (Lamy et al. 2004).

However, kilometer-scale KBOs comparable in size to typical cometary nuclei

remain too faint to be directly surveyed due to the steep, inverse-fourth fading of

re�ected light with distance from the Sun/Earth (one factor of inverse-square with

distance from the Sun for total intercepted sunlight, followed by another factor

of inverse-square with distance from the Earth for the fraction of re�ected light

collected by an Earth-based telescope). One alternative approach is to, instead,

monitor for dips in the light curves of background stars when kilometer-scale KBOs

pass in front these stars�events called occultations (Bailey 1976). At their distance

(� 40 au), the shadows of these KBOs�and thus the light curve signatures of

their occultations�become substantially altered by di�raction (Roques et al. 1987),

which creates wavelength- and distance-dependent fringes (see Figure 1.2).

Several surveys have been conducted to search for these occultations in order char-

acterize the size and�in the case of positive detections�distance distributions of

kilometer-scale KBOs (e.g., Roques et al. 2006; Zhang et al. 2013). Detections of

such occultations have been claimed by several groups (e.g., Arimatsu et al. 2019;

Liu et al. 2015; Schlichting et al. 2012), although the small number of claimed

detections available without robust control samples to bound the rate of systematic,
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occultation-like artifacts in light curves have raised skepticism as to the veracity of

the claimed occultations (e.g., Nir et al. 2023). More sensitive occultations surveys

that more robustly constrain the abundance of kilometer-scale KBOs will be required

to validate or reject these claims. Chapter 2 presents an attempt at such a survey us-

ing the Caltech HIgh-speed Multi-color camERA (CHIMERA, Harding et al. 2016),

an instrument on the Palomar Hale Telescope designed to monitor for occultations

of stars by capturing the wavelength-dependent signatures of such occultations in

high-speed, stellar photometry simultaneously in two di�erent bandpasses.

1.3 Cometary Fading

One curiosity in Oort (1950)'s original results was that there appeared to be too

many comets fresh from the Oort Cloud. Planetary perturbations will nearly always

either decelerate these dynamically new comets to return again from an orbit clearly

detached from the Oort Cloud or accelerate them out of the solar system permanently,

with dynamical modeling predicting a far greater fraction of returning comets than

actually observed. Later analyses working with larger samples of comets have

validated the existence of this discrepancy, �nding that a fading parameter is needed

to dim or entirely remove a fraction of the comets after every passage around the

Sun in order to accurately reproduce the observed distributions of associated comet

characteristics (Wiegert & Tremaine 1999).

Comets have been indeed been known to fade/disappear since at least the 19th cen-

tury, as discussed previously. Bortle (1991) noted that among Oort Cloud comets

(both dynamically new or old), intrinsically fainter comets�i.e., fainter after cor-

recting for di�erences in comet activity/brightness caused by di�erences in distance

from the Sun and Earth�that approach more closely to the Sun (i.e., with low

perihelion distances) appear to exhibit a greater propensity for total disintegra-

tion. Observationally debiased orbital statistics of known comets likewise show

a de�ciency of comets with low perihelion distances relative to dynamical model

expectations (Boe et al. 2019). The principal mechanism for this low perihelion

fading appears to be rotational instability, whereby torques from asymmetries in

sublimation gradually spin up smaller nuclei until centrifugal forces overcome co-

hesive forces, splitting those nuclei apart into smaller fragments that further spin up

and split until no single fragment is su�ciently large to be observed (Jewitt 2022).

However, the fading problem appears to still be present for both large and distant

comets with rotation spin-up timescales well in excess of that capable of fully
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explaining the observed fading rate (Kaib 2022). In fact, dynamically new comets

have been extensively observed to fade over even a single apparition, tending to

appear intrinsically much brighter while approaching (i.e., before perihelion) than

while subsequently receding from the Sun (i.e., after perihelion, Whipple 1978).

These �rst-time visitors to the inner solar system are, in fact, often already visibly

active on approach while still well into the outer solar system (Meech et al. 2017),

driven by the sublimation of ices volatile at lower temperatures than water ice, such as

carbon monoxide (Yang et al. 2021). Moreover, these comets are sometimes visibly

ejecting dust well before before sublimative pressure from even the most volatile of

ices should be capable of overcoming typical electrostatic cohesion forces binding

the dust grains to each other and the surface (Jewitt et al. 2019). The fresh surfaces

of at least some of these inbound, dynamically new comets evidently have properties

quite di�erent from that of more thermally evolved cometary surfaces.

Chapter 3 investigates one such dynamically new comet, C/2017 K2 (PANSTARRS),

using the Hubble Space Telescope to measure the optical color and polarization of

the comet's dust following ejection from the nucleus in search of unusual dust

properties or behavior that might be characteristic of the comet's newness. Optical

color and polarization are two observable characteristics sensitive to the dust size

distribution, structure, and composition (Kolokolova et al. 2004). While they often

cannot unambiguously constrain all of these physical properties, they nonetheless

serve as useful proxies in isolating spatial variations in these properties and thus

probing the evolution of grain properties in the space environment as the dust moves

away from the nucleus.

1.4 Hidden in Broad Daylight

Although the Kreutz sungrazing family had been identi�ed by the end of 19th

century, several additional prominent members appeared in the latter half of the

20th century (Marsden 1967). These comets included the particularly well-observed

Comet Ikeya�Seki of 1965 whose spectra within a few solar radii of the Sun showed

iron and nickel vapor for the �rst time since the 1882 Kreutz comet, as well as a

host of other metal vapors including calcium, manganese, copper, vanadium, and

titanium (Preston 1967) never detected from any other active comet prior or since,

despite the advancements in spectroscopic capabilities in the intervening decades.

This lack of follow up is due in large part to the operational challenge of observing

fainter comets adjacent to the much brighter Sun in the daytime sky, especially with
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the danger that stray, focused sunlight poses to instruments not designed for such

observations. However, one instrument designed speci�cally to observe the sky near

the Sun is the Lyot (1933) coronagraph, intended to replicate the e�ect of a total

solar eclipse by the Moon in order to study the faint solar corona directly adjacent

to the brilliant disk of the solar photosphere.

Coronagraphs on Earth are ultimately limited by the luminance of the daytime

sky�greatly ampli�ed by the extreme forward scattering of sunlight by any �ne

particulates in the atmosphere near the line of the sight to the Sun�which could

only be overcome by moving the coronagraphs above the atmosphere. The advent

of long-lived space-borne coronagraphs on the Solwind (�Solar Wind�) spacecraft,

the SolarMax Mission (SMM), and later, the Solar and Heliospheric Observatory

(SOHO) ushered in not only a new scienti�c era for heliophysics and space weather

forecasting�the actual intent for these instruments�but also one for the study of

near-Sun comets these instruments were coincidentally well-suited to image (Jones

et al. 2018).

Beginning with the �rst Solwind discovery of a Kreutz comet Michels et al. (1982),

these space-borne coronagraphs quickly revealed the Kreutz sungrazing family to be

far more extensive than its few ground-observed members, and instead comprised a

dense, nearly continuous stream of smaller fragments, each behaving as an indepen-

dent comet, brightening on approach to the Sun before disintegrating hours before

perihelion. Participants of the Sungrazer citizen science project have identi�ed

several thousands of these Kreutz comets in images from the SOHO's Large Angle

Spectrometric Coronagraph (LASCO) cameras alone (Battams & Knight 2017).

Figure 1.3 shows an example of a coronagraphic image by the LASCO C3 camera.

SOHO has also observed many near-Sun comets that do not appear to belong to

the Kreutz sungrazing family or to any other known cometary fragmentation family.

Several of these objects have short orbital periods of just a few years, and have been

observed by SOHO multiple times, including two�322P/SOHO and 323P/SOHO�

with perihelion distances of� 0.04�0.05 au that have been since recovered away from

the Sun with ordinary, nighttime astronomical telescopes (Hui et al. 2022; Knight

et al. 2016). Both of these SOHO comets appear to possess 200�300 m diameter

nuclei that exhibit no discernible activity while� 1 au from the Sun, a location where

solar heating of water ice on classical comets typically drives obvious dust loss.

These objects are therefore likely depleted of water ice, either due to having lost ice

after repeated close encounters with the Sun, or because they had little ice to begin
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Figure 1.3: Example of imagery from SOHO's LASCO C3 coronagraph on
2021 January 17, showing the instrument's occulter blocking the Sun (size and
position indicated by the labeled circle) to reveal the presence of two comets, one a
member of the Kreutz family (SOHO-4119) and one not (SOHO-4120).

with if they originated in the inner solar system as ordinary asteroids rather than from

the classical cometary reservoirs. Furthermore, both objects appear glow orange in

SOHO color imagery from the �uorescence of sodium vapor (Lamy et al. 2013),

activity that does not require the sublimation of water ice to produce. Both objects

likewise appear to be rotating faster than any known classical cometary nuclei and

may already be at their rotational breakup limits (Hui et al. 2022; Knight et al. 2016),

providing a mechanism to refresh their surfaces�which would otherwise rapidly

become sodium-depleted�for continued activity.

Even initially inactive objects can rotationally accelerate to their breakup limits

by torques arising from asymmetries in their absorption of sunlight and in rera-

diation of thermal energy through the Yarkovsky�O'Keefe�Radzievskii-�Paddack

(YORP) e�ect (Rubincam 2000), which is particularly e�cient for such small ob-

jects approaching so closely to the Sun. Indeed, debiased orbital statistics show

a pronounced de�cit in the abundance of asteroids with low perihelion distances

relative to dynamical models (Granvik et al. 2016) while simultaneously showing an

overabundance of meteoroid streams�potential products of disrupted asteroids�on
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such orbits (Ye & Granvik 2019).

Such a disruption mechanism could also be acting on the much larger,� 5 km

diameter asteroid (3200) Phaethon, whose current orbit suggests it originated from

the asteroid main belt rather than the Oort Cloud or Kuiper Belt (Bottke Jr et al.

2002). It nonetheless appears associated with the Geminids meteoroid stream�the

trail of dust presently responsible for the strongest annually recurring meteor shower

on Earth�with which the asteroid approximately shares an orbit (Whipple 1983),

yet does not appear to exhibit ongoing dust release that could sustain this stream

(Ye et al. 2021). The stream itself is likely several thousands of years old (Ryabova

1999), perhaps created in one or a few impulsive events as might be expected for an

asteroid spun up past its breakup limit, which Phaethon may still be presently near

(Nakano & Hirabayashi 2020).

Phaethon, however, is now known to be not entirely inactive thanks to the twin

Solar Terrestrial Relations Observatory (STEREO) spacecraft, whose coronagraph-

like Heliospheric Imager 1 (HI1) instruments have repeatedly caught the asteroid

sharply brightening and developing a short tail near its 0.14 au perihelion (Hui &

Li 2017; Jewitt & Li 2010; Li & Jewitt 2013). These phenomena were previously

attributed to Phaethon impulsively ejecting a small amount of comet-like dust each

perihelion, but this interpretation overlooked a shift in the HI1 �lter bandpass from

the published transmission pro�le following the launch of STEREO that vastly

increased the sensitivity to sodium �uorescence emission (Halain 2012). Chapter 4

revisits the nature of Phaethon's perihelion brightening and tail, making use of both

new and archival SOHO and STEREO data to show that these phenomena do, in

fact, re�ect the �uorescence of sodium vapor released by Phaethon, like the activity

of 322P, 323P, and many other comets seen by SOHO.

Taxonomically, it remains unclear if objects like Phaethon and 322P/323P with

activity not driven by the ice sublimation should appropriately be classi�ed as

comets due to a lack of consensus as to whether �comet� should refer to any object

showing visible activity (the operational de�nition adopted by the Minor Planet

Center for designating new discoveries), or only to objects physically similar to

the classical, icy comets that populate the historical record. The title of this thesis

uses �cometoid� as a catch-all term inclusive of both classes of comet-like objects

to include the classical comets, active asteroids like Phaethon, as well as the icy

planetesimals in Oort Cloud and Kuiper Belt that may become the classical comets

in the future, with all of these small bodies populating the solar system connected
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through their collective origin in the early solar system.
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C h a p t e r 2

CHIMERA OCCULTATION CONSTRAINTS ON THE
ABUNDANCE OF KILOMETER-SCALE KUIPER BELT

OBJECTS

Zhang, Q., Hallinan, G. W., Saini, N. S., et al. 2023, AJ, 166, 242, doi: 10.3847/1538-
3881/ad03e3

2.1 Introduction

Kuiper Belt objects (KBOs) populate the outer solar system beyond the orbit of

Neptune (Jewitt 1999; Jewitt & Luu 1993). These objects provide a record of

the evolution of the early solar system (e.g., Kenyon & Bromley 2004; Morbidelli

et al. 2003; Schlichting et al. 2013) and supply the transient population of Jupiter-

family comets (JFCs) in the inner solar system (e.g., Duncan & Levison 1997).

However, while objects larger than several kilometers in diameter can be directly

found and observed by their re�ected sunlight (e.g., Bernardinelli et al. 2020; Fraser

& Kavelaars 2008; Fuentes & Holman 2008; Millis et al. 2002), the presumably

more abundant kilometer-scale and smaller KBOs are too faint to be observed in

this way with modern survey instrumentation.

The population of these small KBOs can thus currently only be probed indirectly,

such as by monitoring for serendipitous occultations of background stars by such

objects (Bailey 1976)�events generally lasting less than a second thus requiring

high-cadence photometry to reliably detect�and several occultation surveys have

been conducted to constrain the number density of small KBOs. Roques et al.

(2006) used simultaneous high-speed imaging in60and80�thus obtaining two sets

of simultaneous and only partially correlated light curves for each star�through

the 4.2 m William Herschel Telescope. They reported three candidate events, but

with properties inconsistent with those expected for true KBO occultations. Bianco

et al. (2009) used single-channel,A0 imaging from the 6.5 m MMT Observatory's

Megacam and likewise reported no likely KBO occultations. The much deeper

Taiwanese�American Occultation Survey (TAOS; Alcock et al. 2003) used a set of

four separate 0.5 m telescopes simultaneously observing the same star �eld, and

similarly set only an upper limit on the small KBO abundance (Zhang et al. 2008,

2013).
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Another search by Schlichting et al. (2009) and Schlichting et al. (2012) of archival

data from the 2.4 m Hubble Space Telescope (HST)'s Fine Guidance Sensors

(FGS)�observing from above the atmosphere, thus providing photometry free of

atmospheric scintillation e�ects�found two claimed occultations, while a search

through Convection, Rotation and planetary Transits (CoRoT) spacecraft imagery

by Liu et al. (2015) yielded another dozen claimed occultations. Additionally, Ari-

matsu et al. (2019) claimed an occultation detection by their ground-based Organized

Autotelescopes for Serendipitous Event Survey (OASES) system of two co-aligned

0.3 m telescopes, although Nir et al. (2023) more recently report a nondetection

from a survey with their 0.55 m Weizmann Fast Astronomical Survey Telescope

(W-FAST; Nir et al. 2023) in tension with the OASES detection claim.

Curiously, crater counting with New Horizons imagery (Singer et al. 2019) and

extrapolations of direct telescopic surveys (Kavelaars et al. 2021) have suggested

kilometer-scale KBOs may be depleted to orders of magnitude below the abundances

implied by the claimed occultations. The di�erence suggests that either these studies

are sampling a di�erent population within the Kuiper Belt with signi�cantly fewer

kilometer-sized objects than that sampled by occultations, they made erroneous

assumptions in converting their respective data into KBO number densities, or

the claimed occultation detections are actually artifacts missed by the respective

statistical analyses. This discrepancy motivates further, more sensitive occultation

surveys to validate or reject the earlier claims.

In this paper, we present results from a survey carried out with the Caltech HI-

speed Multicolor camERA (CHIMERA; Harding et al. 2016) on the 5.1 m Palomar

Hale Telescope over 2015�2017. CHIMERA was speci�cally designed for this

survey, and uses a dichroic and two EMCCD cameras to provide high-speed imaging

simultaneously in both a blue channel with a60�lter and a red channel with an80�lter,

producing data of a similar nature to, but far more sensitive than, that previously

collected by Roques et al. (2006). We discuss the nature of our observations, the

photometric reduction process, and the use of occultation templates toward further

constraining the rate of occultations by kilometer-scale KBOs and thus their overall

abundance.

2.2 Observations

The design of a serendipitous occultation survey generally aims to monitor as many

stars for as long as possible within available resource limits to maximize sensitivity.
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KBOs are additionally concentrated around a mean plane tilted� 1�.7 from the

ecliptic plane (Brown & Pan 2004), so the KBO occultation rate will be higher

for stars near this plane. Additionally, KBOs are at a distance (� 40 au) where

e�ects from both di�raction and the apparent diameters of occulted stars become

pronounced for kilometer-scale occulters (Roques et al. 1987, 2006), requiring the

use of bright stars with high signal-to-noise (S/N) ratios and angularly small disks,

in order to detect occultations by such small and distant objects. In exchange, both

size (largely from occultation depth) and distance (largely from occultation duration)

can be simultaneously extracted from a single light curve with su�ciently high S/N,

whereas nearly geometric occultations by nearer objects constrain only the size.

Balancing these factors, we selected a dense star �eld centered on the M22 globular

cluster at a distant� 3 kpc (Gaia Collaboration et al. 2023) away just0�.7 south of

the ecliptic and0�.3 south of the Kuiper Belt mean plane measured by Matheson

& Malhotra (2023). While the predominantly old stars tend to be cooler and thus

angularly large for their brightness, only a few dozen of the largest stars are angularly

larger (Gaia Collaboration et al. 2023) than the optical Fresnel scale (Roques &

Moncuquet 2000) of� 1 km � 0•05 mas at� 40 au away. The smearing e�ect of

nonzero stellar diameter on the occultation is therefore dwarfed by the di�raction

e�ects for the overwhelming majority of stars in the cluster.

CHIMERA's 50� 50�eld-of-view covers only the core of the cluster but already cap-

tures several thousand distinguishable stars in single 30.39 ms exposures through

both the blue/60 and red/80 channels, as demonstrated in Figure 2.1. We ran

CHIMERA with 2 � 2 binning at a plate scale of000.6 px� 1, which enabled a frame

rate of� 33 Hz (30.39 ms exposure time + 0.67 ms overhead between frames), and

successfully observed the M22 �eld for a total of 63.1 hr spread over 24 nights, as

summarized in Table 2.1.

Observations were conducted similarly across all nights, with the telescope pointed

at M22 at the start of the sequence and left to sidereally track without closed loop

guiding for the duration of the observation period, over which the pointing typically

drifts by on the order of� 10. Also, most observations were collected at an airmass

of � 2 as limited by the southern declination of M22 and the northern latitude of

Palomar Observatory.
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Figure 2.1: Example of nearly simultaneous 30.39 ms exposure frames of M22 through the blue (60; left) and red (80; right) channels after
bias and �at calibration. The60/80 images in this and subsequent �gures are tinted blue/red for clarity.
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Table 2.1: Summary of Observations

Date M22 Data Seeing

(UT) (hr)a (arcsec)b

2015 Jul 12 3.4 1.0

2015 Jul 13 3.5 1.1

2015 Jul 14 3.3 1.2

2015 Jul 15 3.5 1.1

2015 Jul 16 4.1 1.0

2015 Aug 14 3.0 1.1

2015 Aug 15 1.7c 1.4

2015 Aug 16 3.1 1.4

2015 Aug 17 2.4 1.2

2016 Jul 4 3.3 1.5

2016 Jul 28 0.6c 1.3

2016 Jul 29 2.8 1.4

2016 Jul 30 2.7 1.1

2016 Jul 31 2.2 1.0

2016 Aug 1 3.3 1.3

2016 Aug 2 2.8 0.8

2016 Aug 4 1.0c 1.2

2017 Jun 23 3.3 1.8

2017 Jun 24 1.2c 1.8

2017 Jun 25 2.7 1.8

2017 Jun 26 1.2 1.7

2017 Jul 21 2.3 1.2

2017 Jul 22 3.0 1.5

2017 Jul 23 2.5 1.1

Total 63.1 �

aHours of integration on M22 per

night in each of80 and60.
bNightly average zenith seeing

FWHM reported by seeing monitor.
cPartially disrupted by clouds.
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2.3 Data Reduction

The process of transforming the image cubes of M22 into KBO occultation con-

straints is divided into two major steps: (1) extracting the light curves of the stars

from each frame with a technique speci�cally adapted to the extremely dense star

�eld of M22's core, and (2) a general approach of matching the processed light

curves against templates of light curve patterns expected for true occultations by

KBOs to place limits on the occultation rate, and subsequently the KBO number

density. These steps are detailed in sections 2.3.1 and 2.3.2, respectively. For our

present analysis, we used only the more sensitive red/80 channel data to set occulta-

tion rate and thus KBO number density constraints, and reserved the blue/60data to

subsequently evaluate the consistency of the limiting events with the wavelength-

dependent light curve patterns expected for true occultations.

2.3.1 Photometry

The survey data set presents a couple of unique challenges to be overcome for

accurate photometry:

1. The M22 star �eld packs many thousands of stars into a single50 � 50

CHIMERA �eld of view. While most are indistinguishable from being

blended with brighter, adjacent stars or otherwise too faint for CHIMERA

to detect KBO occultations of, their collective presence precludes the use of

classical aperture photometry methods as any circular aperture or annulus will

be contaminated by a numerous neighboring stars.

2. The full data set contains several million individual frames, each of which

requires the photometric extraction of several thousand stars. Traditional

dense-�eld photometry methods involving the direct �tting of point spread

functions (PSFs) are computationally intensive and cannot be practically ap-

plied to the full data set with our available computing resources.

We developed a custom photometry method that combines both the classical aperture

photometry and PSF �tting techniques to reliably and e�ciently extract dense-�eld

photometry from a �xed �eld-of-view.

Our data were written in cubes of 1000 frames (� 30 s; much longer than theŸ1 s

duration of targeted occultations) each, which we processed largely separately. How-

ever, we �rst selected one of these image cubes from the middle of the observation
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sequence of each night to serve as the reference cube for that night. We applied

standard bias frame and �at �eld corrections to all frames of this reference cube,

corrected for the slight (� 1%) gain instability in recorded frames by normalizing

to the median of all pixels in each frame, then used cross correlation minimization

to align and shift all frames to correct telescope tracking and atmospheric tip-tilt

e�ects. We then repeated the process for all image cubes from that night, aligning

and shifting them to the pointing of the reference �eld such that all frames collected

on each night are co-aligned.

Next, we astrometrically solved for the center and orientation of the reference �eld

using a third-order polynomial distortion model previously derived by Harding

et al. (2016). We then used the astrometric solution to select the 15 brightest stars

contained in each �eld that are isolated¡ 5 px (300) horizontally and vertically from

any other stars less than 2 mag fainter in order to generate an11� 11px e�ective point

spread function (ePSF, Anderson & King 2000) from the mean stack of each image

cube, as well as from each frame individually. From the mean ePSF, we generated

a simulated frame with astrometry matching the mean, containing all stars from the

catalog within the observed �eld-of-view, and scaled the simulated star frame jointly

with a �at sky background plus a 2D Gaussian distribution representing unresolved

stars excluded from the catalog to photometrically �t the mean observed frame.

For astrometry, photometry, the generation of simulated frames, as well as star

identi�cation numbering, we used the M22 star catalog by Liu et al. (2015), which

provides� 12,000 total stars within our �eld-of-view�several times more than the

Gaia DR3 catalog, which has poor completeness due to the high star density in

the cluster (Gaia Collaboration et al. 2023). This catalog provides Johnson+

magnitudes and Strömgren1 � Hcolors, which we converted to SDSS60 and80

magnitudes using the transformations described in Cousins (1987) and Jordi et al.

(2006). These transformed magnitudes, however, can have sizable errors due to

a combination of stellar properties not captured in the simplistic transformation

functions and actual, long-term physical variability in the stars themselves.

Therefore, for each night, we performed a �rst iteration of light curve extraction on

the reference cube alone to measure the mean stellar �uxes through our actual �lter

bandpasses. For each star in the catalog within the �eld, we performed the following

steps:

1. We determined an optimal aperture for the star using the initial simulated
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frame and the signal contribution of the star by starting the nearest pixel to the

position of the star and its eight surrounding pixels, then iteratively testing the

expected S/N of all adjacent pixels, adding only those pixels that increase the

expected S/N into the aperture and repeating until no additional pixels can be

added to the aperture to increase the expected S/N.

2. We used the initial simulated frame to estimate the total background �ux from

sky brightness plus all other resolved and unresolved stars contained within

the aperture, taking the �ux of the star to be the �ux contained within the

aperture minus the estimated total background �ux.

This procedure produces a set of optimal apertures and mean �uxes for all catalogued

stars on the frame. We then considered only the subset of stars whose light curves

have S/N¡ 5 (as measured by the mean �ux divided by the standard deviation),

corrected the transformed catalog magnitudes of these stars to match their measured

mean �uxes, then repeated the photometry process for each of these stars in all

image cubes with a new set of simulated frames using the ePSFs of every individual

frame. Figure 2.2 illustrates the closeness of the match between an observed frame

and its corresponding simulated frame.

The match, however, is still not perfect with clear systematic errors that vary on a

frame-to-frame basis, including variations in the true PSF across the frame, as well

as temporal variation in the image distortion from atmospheric e�ects. These errors

then translate into artifacts in the measured light curve, which can sometimes appear

similar to patterns expected from true occultations. Such events, however, can often

be distinguished from occultations by their tendency to simultaneously a�ect many

stars at once, e.g., when a particularly turbulent patch of atmosphere crosses the

�eld, so can in principle be identi�ed by searching for times when a large fraction

of light curves all signi�cantly stray from their mean values.

To quantify this source of uncertainty, we took all the light curves from each image

cube and �rst normalized them to a mean of zero and a standard deviation of one, i.e.,

into a times series ofI -scores. Next, we compared these light curveI -scores across

all stars at every individual frame/time. When a patch of turbulence (or a similar

e�ect) a�ects at least a portion of the frame, the ensemble of light curveI -scores

from the corresponding frames/times exhibits a much larger spread than the standard

normal distribution (since theseI -scores of focus are ones normalized to the standard

deviations of the individual light curves, and not to that of the ensemble of values
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Figure 2.2: Demonstration of simulated frame matching, showing the red channel (80) frame in Figure 2.1 (left), the simulated model
frame (center), and the observed minus simulated residual frame (right), with the residuals (on the order of only� 0.1% of the peak �ux)
ampli�ed by 100� for visibility. Note that the observed frame has been shifted into alignment with the simulated frame centered on the
�eld of the nightly reference frame, from which the true camera pointing slightly drifts over the course of each night.
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across light curves). We originally used the standard deviation of theseI -scores

directly as the standard error at each frame/time in the normalized light curves.

However, we found that in practice, the light curveI -score ensembles often deviate

substantially from normal distribution during periods of high turbulence/similar

events, and the ordinary standard deviation fails to adequately capture the much

larger excursions exhibited a small number of stars/light curves than expected by

the normal distribution. These photometrically poor time periods appear to cover

only a small fraction of the total observing time, so we chose to simply minimize

the contributions of these periods of all light curves at each frame/time to re�ect the

spread of all normalized light curves at that frame/time.

More speci�cally, we used the stars with the second highest and lowestI -scores

across the ensemble of all light curves at each frame/time. We chose to consider the

second highest/lowest values, so the procedure does not downweight a light curve

with a deep, real occultation, if one is responsible for the highest/lowestI -score.

It would be unlikely for multiple such occultations to occur simultaneously, and

consider the second highest/lowestI -scores to re�ect only noise. These raw values,

however, would not be appropriate to use as the standard errors, because the second

highest/lowest values of a large sample drawn from even a normal distribution will

be severalf from the mean, e.g., the second highest/lowest values of a normally

distributed sample of 1000 items will fall near� 3f . We then considered the normal

distributions whose quantile functions match the second highest/lowestI -scores

stars at their respective quantiles (i.e.,1� 1•5• #¢ and1•5• #¢ for the second highest

and lowest values out of#¢ light curves, respectively), and used the mean of the

standard deviations of these two matched normal distributions as the standard error

for the frame/time. Finally, we applied a shift to the nominal �ux at each frame/time

to set the meanI -score of all light curves at each frame/time to zero, as a �nal step

to reduce the degree of artifacts correlated between multiple light curves.

The resulting, processed light curves still exhibit a great degree of correlated noise,

which we have quanti�ed by �tting an exponential decay model to the autocorrelation

of every light curve. Across our full data set, light curves exhibit an average, e�ective

correlation length of� 4 frames (� 0.1 s), corresponding to a factor of� 2 loss in S/N

in time-binned light curves compared to a similar light curve with fully independent

(e.g., readout or shot noise limited) points. Figure 2.3 illustrates the distribution

of both the raw light curve S/N and the equivalent, correlation-corrected per-frame

S/N within our M22 data set, showing that the number of stars in each frame with a
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Figure 2.3: Cumulative distribution of stars by e�ective S/N measured per correlated
length of light curve (light blue) and per 30.39 ms exposure frame (dark blue). The
distributions roughly follow a truncated power law, with the mean number of stars
per frame above a given S/N scaling approximately with¹S/Nº� 1•6 at between 100
and 1000 stars.

light curve above a particular S/N roughly follows a power law/ ¹ S/Nº� 1•6 in the

range of 100�1000 stars.

2.3.2 Occultation Search

2.3.2.1 Occultation Templates

Due to their size and distance, occultations by kilometer-scale KBOs are signi�cantly

altered by di�raction e�ects, so are poorly represented by a near-instantaneous

total disappearance and re-emergence of the occulted star (Roques et al. 1987).

Instead, di�raction e�ectively sets a minimum radius for the KBOs' shadows that

is approximately the Fresnel scale of� 1 km (Roques & Moncuquet 2000), with

the physical sizes of smaller KBOs a�ecting only the depth rather than the size

of the shadow, and also produces a ringing pattern of both positive and negative

brightness excursions extending well beyond the shadow core. We used the analytic

model of Roques & Moncuquet (2000) for the occultation shadow of KBOs modeled

as circular disks, and accounted for smearing of the shadow from nonzero stellar

diameters by convolving the analytic model with stellar disks approximated as
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circular and uniformly bright.

The light curve of an occultation is a 1D cross section through this 2D di�raction

shadow, scaled for the relative speed between the occulter and observer. To gen-

erate this cross section of the wavelength-dependent shadow, we performed Monte

Carlo sampling of wavelengths over 695�844 nm for80 and 401�550 nm for60, ap-

proximated with uniform weighting over those intervals, i.e., neglecting the higher

order impact of star color. Our observations of M22 were predominantly made

near opposition, where the relative speed of KBOs is predominantly set by Earth's

30 km s� 1 orbital speed around the Sun, which dwarfs the� 5 km s� 1 circular orbital

speed of KBOs atA� 40 au from the Sun. Nonetheless, given the simplicity of the

correction, we modeled the relative speed for the actual viewing geometry at each

epoch, with KBOs treated as moving parallel to the ecliptic in circular, heliocentric

orbits.

From this model, we can simulate the light curve signature of occultations with

any given KBO heliocentric distanceA, diameters� , occultation impact parameter

(minimum linear distance of the observer from the shadow center)1, and stellar

angular diameterX. TheXis �xed for each star, which we computed by estimating

its e�ective temperature from its60 � 80 color using Fukugita et al. (2011), then

crudely approximating its emission as blackbody and treating all stars as being at

common distance of 3 kpc, with the understanding that errors inXof several tens of

percent, or even a factor of a few, only minimally a�ect the actual di�raction shadow

as the stellar disk is dwarfed by the angular Fresnel scale for the vast majority of

observed stars. The other three parameters�A, � , and1�can take on a wide range

of values that will vary between events.

For our survey of occultations by kilometer-scale KBOs, we targeted a cube of

parameter space encompassing at least35 au Ÿ A Ÿ50 au (covering most classical

KBOs, e.g., Bannister et al. 2018),0•5 km Ÿ � Ÿ 2 km, and1 Ÿ 1•5 km, and set up

a grid of occultation templates covering the region against which the observed light

curves can be compared. We experimented with various grid densities, evaluating

each choice comparing the root-mean-squared (RMS) di�erences of all adjacent

templates on the grid�calculated by subtracting one template from another, squar-

ing the resulting points, and taking the square root of the mean of the result (i.e.,

the RMS residuals of using templates to �t adjacent templates acting as simulated

occultations)�and that of the template with an occultation-free �at line. We settled

on the following grid points:
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1. A= 35 au, 40 au, 45 au, 50 au

2. � = 0.5 km, 0.6 km, 0.7 km, 0.8 km, 1.0 km, 1.2 km, 1.4 km, 1.7 km, 2.0 km

3. 1 = 0 km, 0.5 km, 1.0 km, 1.5 km

With this grid,¡ 90% of all pairs of adjacent templates have RMS di�erencesŸ10%

that of the RMS di�erence of either compared with the occultation-free �at line, in

80. An exact match of an occultation with a template of its actual properties provides

the maximum S/N, and corresponds to a template compared to itself, with zero RMS

di�erence. Matching any occultation with a �at line yields a zero S/N match. Both

signal (and thus S/N) and RMS di�erence scale linearly with occultation/template

amplitude, so this set of templates generally providesŸ10% loss of S/N �tting

an occultation on a grid point with the neighboring template. We treat each of

these templates as representing the centers of their respective bins fully covering the

entire spanned region of parameter space, with each bin separated from the next at

the midpoint of the respective templates' parameters and endpoint bins treated as

symmetric about their central value (e.g., the� = 2•0 km bins cover 1.85�2.15 km),

aside from1 = 0 km which is treated as covering 0�0.25 km since1 � 0 by

de�nition. We computed all occultation templates out to a radius of3� the largest

Fresnel scale of occultations on the grid, set by theA = 50 au templates, which

typically corresponds to an occultation duration of 18 frames� 0•5 s in80.

2.3.2.2 Template Fitting

Demonstrating that an occultation-like signature in an observed light curve actually

arises from an occultation rather than atmospheric turbulence artifacts ampli�ed

by dense-�eld photometric errors is a di�cult challenge requiring a detailed model

accurately capturing not only how those e�ects typically behave, but also their

extreme, low probability tail behavior at the frequency of the targeted occultation

rate. Such a model could be obtained, for example, with a dedicated, comparably-

sized control data set targeting stars angularly too large to be occulted by kilometer-

sized KBOs, or near the ecliptic poles where few KBOs are present. The results of

such an undertaking, however, only become useful if the main survey has identi�ed

plausible candidate occultations that cannot be ruled out as occultations by other

means.

In fact, demonstrating that a light curve doesnot contain a particular occultation

signature is a far simpler task that requires only a straightforward statistical test
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comparing the observed light curve with a template of that occultation signature,

with the null hypothesis that the observed light curve arises from that template plus

noise. The corresponding?-value is the conditional probability for that section of

light curve to be at least as di�erent from the template as it is given the assumption

that an occultation matching the template did actually occur there. Any given real

occultation is unlikely to be disrupted by occasional, high-amplitude �uctuations

arising from atmospheric or related systematic e�ects, so we can perform this test

using only the typical noise characteristics of the light curve, quantifying the dis-

tance between the light curve and template by the Mahalanobis distance (d� 1Cd for

residuals vectord and covariance matrixC) using the �ux uncertainties and autocor-

relation measurements previously described in section 2.3.1. We then estimate the

expected distribution of this template�light curve distance for real occultations by

injecting the template everywhere along the light curve and measuring the resulting

distribution of distances.

Figure 4.5 illustrates the full process, starting with the raw light curve of a star from

an image cube with uncertainties derived from the light curves of other stars, then

passing it through a high-pass �lter to remove features longer than the occultation

template, and �nally sliding the template along the processed curve to compute

the template�light curve distance at each point along the light curve. This process

quanti�es the similarity of the light curve to a template, identifying locations where

that similarity (i.e., the template�light curve distance) is comparable to values

expected if there were a real occultation with the template's parameters at that

position. Real occultations will likewise not match the template exactly due to the

presence of noise, so will have a nonzero template�light curve distance distributed

by a j 2-like probability distribution. We quantify this expected distribution by

adding (�injecting�) the template at each point along the light curve to represent the

appearance of a true occultation. We then take the resulting collection of template�

light curve (with injected occultation) distances as the probability distribution for

the value of the template�light curve distance a real occultation with the parameters

of the template would take, if such an occultation were actually present on the

light curve. Under this formalism, light curves farther from/more dissimilar to the

template than all except a false negative fractionV of injected occultations can be

ruled out as containing a real occultation to a con�dence level of1 � V.
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Figure 2.4:Example of an80 light curve being �t with a template.Top: The raw light curve for star 2636 compared with the envelope of light curves of other stars in the �eld
normalized to the same brightness and S/N.Middle: The same light curve passed through a high-pass �lter, corrected with the mean o�set of the other normalized light curves with
error bars set by the spread of those light curves.Bottom: The goodness of �t of an occultation template sliding along the light curve, as measured by the Mahalanobis distance
between the observed light curve and template at each point based on the autocorrelation measured from the light curve. The1f and2f ranges of the template distance expected
from simulated, injected occultation events are indicated here. An inset of the labeled occultation-like signature in this light curve alongside the associated template is shown in the
upper row of Figure 2.7.
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2.3.2.3 Constraining the Occultation Rate

We use the template�light curve distance to de�ne another S/N: that of the light curve

with respect to each template. Here, we consider the �signal� to be the di�erence in

the mean template�light curve distance of the actual light curve (i.e., the expected

value of the template�light curve distance in the absence of an occultation) and that

with an occultation injected (i.e., the expected value of the template�light curve

distance if an occultation matching the template were present). Meanwhile, we

consider the �noise� of this template S/N to be the quadrature sum of the standard

deviation of the template�light curve distance along the actual light curve (i.e., the

data curve in the bottom panel of Figure 4.5), and that of the light curve with injected

occultations (i.e., the spread of the probability distribution of the template�light

curve distance of a real occultation, corresponding to the indicated range expected

for actual occultations in the bottom panel of Figure 4.5). Then, for each template

or set of templates spanning the range of occultation parameters of interest, we

constrain the overall occultation rate by sorting all the light curves by their template

S/N, counting the number of star hours of light curves from which occultations

can be rejected starting from highest to lowest S/N until reaching a light curve our

selected threshold is unable to reject as containing an occultation, and assuming the

occultations follow Poisson statistics, with the �nal rate corrected for the permitted

V.

Under this method, the choice of aV threshold signi�cantly a�ects the overall sur-

vey sensitivity. Enforcing a very lowV ensures with high con�dence that light

curves with no template�light curve distances meeting the threshold do not contain

any occultations with the template's parameters, but is only capable of ruling out

occultations from high S/N light curves, limiting search depth. In contrast, permit-

ting a higherV will expand the number of usefully searchable light curves at the

cost of allowing that fraction of real occultations to slip through, which requires a

larger correction factor¹1 � Vº� 1 to the occultation rate limit that likewise harms

sensitivity.

Figure 2.5 illustrates the balance between these two factors in selecting a threshold

that allows a large number of stars/light curves to be used without losing too many

of the true occultations present within those light-curves. In other words, we aim

to maximize the e�ective number of stars of usable stars hours of light curve�the

number of star hours of light curves with a high S/N beyond the threshold contribut-

ing to the constraint, corrected for the chosenV. Assuming the number of stars
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Figure 2.5: Comparison of the estimated number of included stars vs. fraction of
included occultations for a range of false negative fraction thresholdsV, showing an
optimum in relative sensitivity (the product of the two quantities) near the chosen
� 15.9% (i.e.,1f level of the normal distribution).

above a given S/N scales as¹S/Nº� 1•6, as previously estimated in section 2.3.1, we

estimate an optimal sensitivity nearV � 5�20%, with only a few percent di�erence

over this range. We opted for a value of� 15.9% at thȩ 1f limit of template�light

curve distance for true occultations. With this selection, any light curve in which an

occultation cannot be rejected by this relative weak threshold should qualitatively

appear to be well-�t to the template, and the limiting light curves setting the occul-

tation rate limits conveniently become the well-�t occultation candidates with the

highest S/N for further evaluation in section 2.4.

2.3.2.4 Occultation Rate to KBO Sky Density

In order to convert the constraint on occultation rate into one on the actual sky

density of KBOs, we consider the scanned area of sky corresponding to the high

S/N light curves in which occultations can be rejected, which is computed from

the relative speedE8 of a KBO at geocentric distance38 (approximately equal to
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heliocentric distanceA8), a template impact parameter bin width� 18, and duration

� C8 of the light curve segment with the8th highest template S/N satisfying theV

threshold as


 =
Õ

8

E8 � � 18 � � C8
38

(2.1)

where we have treated scans of the same star/light curve by templates of di�erent

1 equivalently to separate stars, since each additional range of1 for which an

occultation can be rejected also rules out the presence of a corresponding KBO in

an additional parallel, band of sky.

If the limiting event�the highest template S/N light curve segment in which an

occultation cannot be rejected�is considered a true occultation, then the sky density

� of KBOs with the parameters of the searched templates is nominallyh� i = 
 � 1,

since the area of sky searched before encountering the �rst occultation follows a

probability distribution� exp¹� �
 º under this Poisson process. Likewise, the�

that places
 � 1 at the95th percentile of this probability distribution, equal to the

95% con�dence upper limit on the true� , is � 95 � 3
 � 1, which we adopt as a

robust constraint irrespective of whether the corresponding limiting event is a true

occultation.

2.4 Survey Results

2.4.1 Constraints on KBO Sky Density

We computed the cumulative 95% con�dence upper limits on sky density for all

KBOs larger than various� within variousA, and plotted the resulting set of upper

limit curves in Figure 2.6. Note that we have little sensitivity to occultations by

KBOs larger than the� � 1•8�2.2 km covered by the 2 km template bin, the

contribution of these larger KBOs to the cumulative sky densities is negligible if the

size distribution follows a power law# ¹¡� º / � � B � � 1� @(i.e., cumulative power

indexBand di�erential index@) extending to the sky density of KBOs observed by

direct telescopic surveys. We corrected our limits assuming a break at� = 90 km

with � ¹¡ 90kmº = 5•4 deg� 2 as measured by Fraser & Kavelaars (2008), but found

that any� ¹¡ 90 kmº . 106 km� 2 negligibly a�ects the results, so our upper limits

remain e�ectively independent of any realistic size distribution model.

Our derived 95% con�dence upper limit of� ¹¡ 1 kmº Ÿ � 95¹¡ 1 kmº � 107 deg� 2

is comparable to the corresponding upper limits set by TAOS (Zhang et al. 2013) and
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Figure 2.6: The 95% con�dence upper limits for the ecliptic sky density of kilometer-
scale KBOs larger than the plotted diameters, compared with earlier limits set by
TAOS (Zhang et al. 2013) and W-FAST (Nir et al. 2023), as well as the claimed
detections from HST/FGS (Schlichting et al. 2012), CoRoT (Liu et al. 2015), and
OASES (Arimatsu et al. 2019). The labeled distances indicate the approximate
range of KBO distances covered by each survey/upper limit curve.

W-FAST (Nir et al. 2023), as well as the density implied by the claimed detections by

CoRoT (Liu et al. 2015). We did not search for occultations as large as the claimed

detection by OASES (Arimatsu et al. 2019), although our power law extension to

� ¹¡ 90 kmº = 5•4 deg� 2 of Fraser & Kavelaars (2008) yields a 95% upper limit

on the di�erential index of@� B¸ 1 Ÿ 4•3 for the full range ofA = 33�52 au

spanned by our template bins. The claimed detections by HST/FGS (Schlichting

et al. 2012) primarily constrain the sky density of KBOs around� = 0•5 km which

create occultations with insu�cient S/N to be detected for most of our light curves,

so we do not have a comparable constraint at that size.

We caution, however, that although we have placed all of these constraints together

on the same plot for reference, the precise numbers may not be directly comparable.

In addition to being derived through di�erent methods with di�erent standards for
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interpretation of results, the various surveys also di�er in the de�nition of sky density

being measured, with most targeting KBOs aroundA= 40au or 43 au, often without

specifying the actual sensitivity range. Occultations appear fairly similar over the

relatively narrow range of consideredA, although our results do show slightly weaker

constraints when searching for occultations over a wider range out to largerAfrom

a couple of e�ects:

1. Searching a larger region of parameter space provides more opportunity for

noise to create occultation-like signatures. For example, a noisy light curve

might coincidentally match anA = 45 au template su�ciently well for the

corresponding occultation to not be rejected while di�ering su�ciently from

all other templates for those occultations to be rejected, which weakens the

33�47 au and 33�52 au upper limits without a�ecting the 33�37 au and

33�42 au limits.

2. More distant KBOs create shallower, longer duration occultations that more

easily blend in with the strongly correlated, atmospheric noise, so they require

light curves to have higher S/N to reject than do occultations by nearer KBOs.

The surveys also target stars over di�erent ranges of ecliptic/Kuiper Belt mean plane

latitude, where the actual sky density of KBOs may vary. Our M22 dataset contains

only light curves from stars only0�.3 from the Kuiper Belt mean plane. OASES

(Arimatsu et al. 2019) similarly monitored a single �eld of stars within2� of the

ecliptic. TAOS (Zhang et al. 2013) used a sample of stars 90% within6� of the

ecliptic, while W-FAST (Nir et al. 2023) derived their limit from a sample of stars

with 95% within 4� of the ecliptic. The CoRoT (Liu et al. 2015) and HST/FGS

(Schlichting et al. 2012) surveys used stars spread as far as several tens of degrees

from the ecliptic, and corrected their constraints to ecliptic sky densities based on

modeled inclination distributions of kilometer-scale KBOs. Given the uncertain

model-dependence of such corrections and di�erences in methodology across the

studies, we have not attempted to correct any of these other reported constraints to

match our results, which we instead simply consider to provide a related but separate

upper limit.

2.4.2 Limiting Events

We now look more closely at a few of the occultation-like signatures that set the

upper limits on occultation rate in order to investigate their viability as occultations
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Figure 2.7: Two examples of limiting events showing occultation-like signatures in
80 light curves, setting the upper limits on the total 33�52 au KBO sky density for
� ¡ 0•9km (upper row) and� ¡ 0•65km (lower row) shown in Figure 2.6. The left
column shows the searched80 and simultaneously observed60 light curves for each
star with the corresponding templates in black, while the bolded points indicate the
corresponding80 and60 inset frames centered on the respective stars shown to the
right (1 px =000.6). Templates are well-matched to the actually �tted80light curves as
expected, but are not as well-matched to the simultaneous60 light curves, while the
star-centered insets do not obviously show changes in the brightness of those stars
(although we caution even real �uctuations with similar� 10�20% amplitude may
be only marginally discernible visually), suggesting these events in the80 light curve
likely represent artifacts of dense-�eld photometry rather than true occultations.

and the potential for future improvement of these limits. Figure 2.7 presents two

examples of such events setting the� ¡ 0•9 km and� ¡ 0•65 km upper limits,

showing both their �tted red/80 and simultaneous blue/60 light curves, along with

the corresponding templates they matched to, and insets centered on the respective

stars for a few key frames around each event.

For all of these examples, the red/80 light curve signatures closely resemble the

corresponding templates, thus validating the e�cacy of our template matching
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approach which identi�ed these as red/80 light curves sections with the highest S/N

for which these particular occultations cannot be rejected. Note, however, that these

templates are not actually the best �t templates to these light curves; lower amplitude

occultations actually match these light curves with lower residuals, but give lower

template S/N, so they do not provide as limiting a constraint as these worse-�tting

but higher S/N templates representing occultations that would still produce a light

curve with a comparable or worse �t to the templateV � 15•9%of the time.

Additionally, the simultaneous blue/60 light curves, which were not template-

matched in our current analysis (thus serving as a partially independent source

of validation), do not appear as well-matched as the red/80 light curves to their corre-

sponding templates. The star-centered insets also do not reveal any clear dimming

corresponding to the dips in the light curves, and instead show slight changes in the

PSF around those times. These factors suggest that the occultation-like signatures in

the light curves are likely artifacts arising from dense-�eld photometry errors rather

than true variations in the brightness of those stars, so we conclude our limiting

events are highly unlikely to be true occultations.

From this qualitative analysis, one potential future improvement to sensitivity could

come from jointly �tting occultation templates against both the red/80and the blue/60

light curves (instead of just red/80, as in our current analysis) to generate a combined

template�light curve distance using all of the data. However, the red color of most

stars in M22 along with the worse atmospheric turbulence and instrumental image

quality in the blue/60channel led most of the blue/60 light curves to be signi�cantly

lower in S/N than the red/80 counterparts. Given also the noticeable correlation

between the light curves from the two channels, this e�ort may only minimally

improve our limits with the existing M22 dataset.

The quality of the photometry leaves more clear room for improvement, with the

light curves of most stars having S/N well below both the shot noise and atmospheric

scintillation limit. About 5,000 stars in the M22 �eld should have shot noise-limited

S/N ¡ 10�far above the typical � 800 light curves with S/N (per correlated length)

¡ 10 indicated in Figure 2.5. Meanwhile, atmospheric scintillation alone should

a�ect stars of all brightness similarly, indicating it contributes noise only at 1�2% of

the total �ux, given the S/N of the brightest stars. Improving the photometry to these

theoretical limits would vastly improve our sensitivity, especially to the smallest,

� Ÿ 1 km KBOs whose occultations can only be distinguished in very high S/N

light curves.
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The extremely high star density in our M22 �eld, however, presents a serious chal-

lenge for any signi�cant photometry improvements, which will also likely be very

computationally expensive. Some improvement to our upper limit may be feasible

by reprocessing only the light curves with limiting events and other occultation-like

signatures of similar S/N using proper PSF �tting methods, where the improved

photometry could potentially reject those features as being from occultations. Due

to the spatial variation in PSF across the �eld, such methods aiming to improve upon

our existing photometry must be able to derive a PSF entirely from a dense �eld

without any isolated stars much brighter than surrounding stars, as the few such stars

present in this �eld (used in our method to compute our per-frame ePSFs) are largely

distributed toward the outer edge where the PSF may signi�cantly di�er from that

in the dense core of the cluster. Any future, follow up survey following our strategy

may bene�t from a lower density �eld, which circumvents such complications by

allowing large photometric apertures insensitive to small changes in the PSF, which

we anticipate can more than o�set the reduced star count.

2.5 Conclusions

In summary, we used the CHIMERA instrument on the Palomar Hale Telescope to

observe stars near the core of the M22 globular cluster for a cumulative� 63 hr over

24 nights to monitor for serendipitous occultations by kilometer-scale KBOs of those

stars. We developed and used a modi�ed aperture photometry technique to e�ciently

extract light curves from the dense star �eld, then compared the processed light

curves against templates of light curve signatures from occultations by kilometer-

scale KBOs to set upper limits on the sky density of such KBOs. Finally, we

presented a couple of examples of limiting events�the highest S/N light curves

from which we cannot exclude an occultation�which appear to likely represent

artifacts arising from our imperfect dense-�eld photometry procedure rather than

actual occultations.

The 95% con�dence upper limits on kilometer-scale KBO abundance set by our

nondetections are comparable in magnitude to those set by several other recent oc-

cultation surveys, at. 107 deg� 2 of KBOs ¡ 1 km in diameter. This limit, however,

remains insu�ciently constraining for comparison with several of the claimed oc-

cultations, which will require at least another order-of-magnitude improvement in

sensitivity to robustly validate or reject. Future surveys following a similar strategy

may �nd such an improvement in observing e�ciency by targeting lower density

star �elds with well-separated stars that permit high quality aperture photometry,
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avoiding the dense-�eld photometry artifacts that limited the S/N of our light curves

to well below theoretical scintillation and shot noise limits. Such improvements,

together with the addition of a high latitude control data set constraining the baseline

noise, may eventually permit constraints on not only the number density but also

orbital distribution of these kilometer-sized KBOs once a sample of true occultations

can be de�nitively isolated.
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C h a p t e r 3

DUST EVOLUTION IN THE COMA OF DISTANT, INBOUND
COMET C/2017 K2 (PANSTARRS)

Zhang, Q., Kolokolova, L., Ye, Q., & Vissapragada, S. 2022, PSJ, 3, 135,
doi: 10.3847/PSJ/ac6d58

3.1 Introduction

C/2017 K2 (PANSTARRS) is an Oort cloud comet discovered by the Pan-STARRS

survey (Kaiser et al. 2002) in 2017 May while inbound at a heliocentric distance

A = 16•1 au from the Sun, over �ve years before its upcoming perihelion in the

inner solar system atA = 1•8 au in 2022 December (Williams 2017). The comet

was later identi�ed in archival imagery that traced its activity back to 2013 May at a

then-unprecedentedA= 23•8 au (Hui et al. 2017), while modeling of its continued

coma evolution has since traced its production of large, millimeter-sized dust grains

to A � 35 au (Jewitt et al. 2021). Such activity well into the outer solar system is

too distant for sunlight to e�ectively drive water ice sublimation on the nucleus�

the principal mechanism behind most observed cometary activity in the inner solar

system (Whipple 1951)�and suggests the presence of a more volatile substance like

carbon monoxide (CO) ice that can sublimate e�ciently at much lower temperatures

(Meech et al. 2017). Submillimeter observations later con�rmed the presence of

CO in the coma (Yang et al. 2021).

C/2017 K2 may furthermore be considered dynamically new. Królikowska & Dy-

bczy«ski (2018) performed dynamical simulations showing that C/2017 K2 has

likely never previously entered the inner solar system (A . 5 au) where substantial

water ice activity on the nucleus can take place, as it will on its current apparition.

Photometric analyses have suggested that dynamically new comets tend to behave

di�erently from returning comets and often exhibit more asymmetric light curves

that are substantially brighter before than after perihelion (e.g., A'Hearn et al. 1995;

Meech 1989). Such di�erences in photometric behavior may arise from underlying

changes in nucleus and coma properties e�ected by thermal processing in the inner

solar system. C/2017 K2's high brightness while still in the outer solar system

makes it a particularly compelling target to evaluate the e�ects of solar heating on

the properties of a relatively fresh comet.
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Observations of the color and polarization of scattered sunlight probe spatial hetero-

geneity of dust within the coma. Both characteristics are sensitive to grain size and

absorbance, while polarization is also sensitive to shape and structure (e.g., Hoban

et al. 1989; Kolokolova et al. 2004). Previous color imaging of distant comets have

revealed the presence of a wide range of structures including reddened jets as well

as both red and blue halos (e.g., Ivanova et al. 2019; Korsun et al. 2010; Li et al.

2013).

Polarization varies strongly as a function of phase angleU. Distant comets like

C/2017 K2 well beyond the orbit of Earth are geometrically constrained to low

U . 20� , where light backscattered by dust grains with a typical aggregate structure

can undergo multiple scatterings within the grain. While singly scattered light is

polarized perpendicular to the scattering plane�conventionally de�ned as positive

polarization�low order multiple scattered light is polarized in the direction parallel

to the scattering plane�de�ned as negative polarization (Clarke 1974). Negative

polarization is typically strongest nearU � 10� for cometary aggregates, and po-

larimetry at theseU have previously revealed strongly polarized jets and halos.

Such structures represent variations in grain structure and absorbance that a�ect the

degree of multiple scattering within those grains (Levasseur-Regourd et al. 2015).

In the following sections, we present high spatial resolution color imagery and

polarimetry by the Hubble Space Telescope (HST) of the inner coma of C/2017 K2

to probe spatial variations in dust properties, and subsequently the evolution of dust

grains after ejection into the coma space environment. We also discuss follow up

near-infrared imaging results by the Palomar Hale Telescope in the context of our

model.

3.2 Observations

We observed C/2017 K2 at two epochs, the �rst with HST on 2021 March 19�20

to collect optical photometry and polarimetry, and the second from Palomar on

2021 May 18 to collect near-infrared photometry. These observations are summa-

rized in Table 3.1.

3.2.1 Hubble Space Telescope (HST)

We used HST's Advanced Camera for Surveys/Wide Field Channel (ACS/WFC) to

obtain color and polarization maps of C/2017 K2 over two consecutive spacecraft

orbits on 2021 March 19�20 while the comet was at a heliocentric distanceA =

6•82 au and geocentric distance� = 6•85 au under the HST observing program
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Table 3.1: Observations of C/2017 K2

Date/Time A � U Instrument Filter(s) Exposures

(UT) (au)a (au)b (� )c

2021 Mar 19 21:44�Mar 20 00:01 6.82 6.85 8.35 HST ACS/WFC F475W + CLEAR2L 204 s + 203 s

F775W + CLEAR2L 2 � 160s

F775W + POL0V 2 � 500s

F775W + POL60V 2 � 500s

F775W + POL120V 2 � 500s

2021 May 18 10:50�12:03 6.34 5.95 8.70 Palomar/WIRC � 19� 60s

� 44� 20s

 B 25� 5 s

aHeliocentric distance.
bGeocentric distance.
cPhase angle.
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GO 16214. TheU = 8�.35 at this epoch is near theU � 10� at which negative

polarization is typically strongest.

Across the two orbits, we collected a total of ten frames: two unpolarized frames

through each of the F475W (comparable to SDSS60) and F775W (SDSS80) �lters

(i.e., paired with CLEAR2L in the second �lter wheel), and two frames through

F775W paired with each of the POL0V, POL60V, and POL120V linear polarizers.

We arranged exposures symmetrically, with F775W/POL0V! F775W/POL60V!

F775W/POL120V! F775W/CLEAR2L! F475W/CLEAR2L for the �rst orbit,

and in the reverse order for the second orbit.

We processed the raw frames through a non-standard approach adapted to mitigate

artifacts in our data that is detailed in Appendix 3.5.1. This procedure produced

�ve combined frames, one for each �lter combination, cleaned of bad pixels and

reprojected onto a common, distortion-free, rectilinear pixel grid covering the coma

centered on the observed position of the nucleus.

As discussed in the appendix, we found this observed nucleus position to be o�set

in the sunward direction by a large� 000.6 from the JPL ephemeris position. This

o�set is far beyond the stated error ellipse, indicating that formal uncertainties for

orbital parameters greatly underestimate the true uncertainties, most likely due to

uncorrected tailward bias in the ground-based astrometry. The o�set is readily

corrected and has little impact on our present analysis, but has implications for

future dynamical analyses of this comet which may be highly unreliable if such

systematic o�sets in the astrometry are not considered.

Next, we computed the F475W�F775W color over the coma in the form of the

spectral re�ectance slope

( =
�F775W•� F775W � �F475W•� F475W

�F775W•� F775W ¸ �F475W•� F475W

�
2

_F775W � _F475W

(3.1)

where �F475W and �F775W are the absolute �uxes from the standard photometric

calibration of the combined F475W/CLEAR2L and F775W/CLEAR2L frames,

_F475W � 475nm and_F775W � 769nm are the corresponding pivot wavelengths

associated with that calibration, and� F475Wand� F775Ware the corresponding solar

�uxes derived from Willmer (2018).
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Similarly, we computed Stokes� , &, and* and subsequently the polarization degree

%and orientation\ % by combining the frames following the standard procedure

outlined in the ACS Data Handbook1, which corrects for instrumental polarization

and imperfect rejection of cross-polarized light by the polarizers (Biretta 2004).

Uncertainties arising the presently unmeasured HST roll dependence of the absolute

polarimetric calibration are stated to� 1% in %and� 10� in \ %, but do not impact

the relative spatial variations in polarization measured in images.

The plane of polarization for light scattered by randomly oriented particles must

remain invariant under re�ection across the scattering plane, which constrains the

polarization to be perpendicular or parallel to the scattering plane. That plane

for scattered sunlight projects to a line that is aligned with the sunward direction

\ � = 94�.9, so the observed orientation of such light will be perpendicular or parallel

to this direction. As introduced earlier, comet dust grains can be polarized at either

angle, with polarization in the perpendicular direction conventionally regarded as

positive and polarization in the parallel direction as negative. We de�ne a single,

signed parameter� %cos¹2¹\ % � \ � ºº that is the polarization referenced to the

perpendicular direction (i.e., equal to¸ % when \ % � \ � = 90� and � % when

\ %� \ � = 0� ) which we refer to in this text simply as the polarization, as distinguished

from %which we refer to as the polarization degree.

3.2.2 Palomar Hale Telescope

We obtained near-infrared� , � , and B photometry of C/2017 K2 with the Wide-

�eld Infrared Camera (WIRC) at Palomar on 2021 May 18, 60 d after the HST

epoch. Imaging was concentrated in� and� , with cumulative usable integration

times of 1140 and 880 s, respectively, but we also collected an additional usable

125 s of exposures in B. All science frames were dark and �at-�eld corrected

with matching dark frames and dome �ats taken at the end of the night. Exposures

through each �lter were dithered in �ve-point pattern comprised of a north-aligned

square of four dither positions80on each side, with a �fth position in the center. We

astrometrically and photometrically solved each frame with �eld stars from the Gaia

EDR3 (Gaia Collaboration et al. 2021, 2016) and 2MASS (Skrutskie et al. 2006)

catalogs, respectively, before aligning all frames on the position of the comet.

To mitigate the impacts of background star trails in the �nal stacked frames, we

measured the PSF FWHM from the reference stars and mask all pixels within 1
1https://hst-docs.stsci.edu/acsdhb
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FWHM of all 2MASS stars within each frame. We iteratively clipped pixels of

¡ 3f within each set of aligned frames to capture the remaining stars, and masked

these pixels plus all other pixels within 1 FWHM. Finally, we took the mean of the

unmasked pixels for each of the� , � , and  B frames to produce the three �nal,

combined frames from which we measured the associated� � � , � �  B, and� �  B

colors.

3.3 Results

3.3.1 Optical Color and Polarization

Figure 3.1 shows the color and polarization in the coma of C/2017 K2 measured

by our 2021 March 19�20 HST observations. The dust appears redder than solar

color with negative polarization present, indicating substantial optical contributions

throughout the coma by micron-sized or larger (i.e., non-Rayleigh scattering) grains

bearing optically red materials and with aggregate structures, although other grains

may also be present. No features larger than� 1,000 km with&2% per 100 nm

color and&3% polarization contrast from the surrounding coma appear within

d � 10–000km of the nucleus. Smaller features can be attributed to artifacts from

the expected slight misalignment errors and di�erences in PSF between frames

(Hines et al. 2013). A jet-like fan of dust relatively brighter than the surrounding

coma is apparent extending south of the nucleus, similar to features previously

reported in HST imagery (Jewitt et al. 2021). Its color and polarization, however,

are not distinguishable from those of its surroundings.

At larger scales of several 10,000 km, the nucleus of C/2017 K2 appears to be

surrounded by a nearly symmetric region of dust that is both bluer and less negatively

polarized compared to dust farther out, as evident in the radial pro�les of color and

polarization in Figure 3.2. The F475W�F775W slope reddens from� 4.5% per

100 nm withind � 10–000km to � 7% per 100 nm byd � 50–000km, where the

latter is near the middle of the¹8•3 � 3•5º% per 100 nm2f range of comet dust

(Solontoi et al. 2012). Polarization, meanwhile, strengthens from about� 2% to

� 3•5% over the samed � 10–000�50,000 km. These lengths scales correspond to

dust agesg � 15�75 d for the predominant millimeter-sized grains leaving nucleus

at E3 � 8 m s� 1, and tog � 1�4 d for any micron-sized grains moving with the gas

out�ow at E3 � 100m s� 1 (Jewitt et al. 2021).

The concurrent reddening and strengthening in negative polarization indicates a

temporal evolution of grain properties following ejection from the nucleus. These
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Figure 3.1: HST ACS/WFC color imaging and polarimetry of C/2017 K2.Upper
left: Composite of non-polarized F475W (60) and F775W (80) frames, overlaid with
a selection of isophots. The compasses indicate north (N), east (E), as well as
the sunward (̧� ) and heliocentric velocity (¸ E) directions.Upper right: F475W�
F775W color map of the same region, with values labeled as re�ectance slopes
relative to solar color, median smoothed to000.5 � 2–500km resolution for display
clarity. The color map shows a relatively bluer region surrounding the nucleus.
Lower left: F775W intensity divided by a1• d model, overlaid with markers in-
dicating the direction and degree of polarization. The scale bar to the upper left
indicates the length of a marker representing 3% polarization degree.Lower right:
F775W polarization map, smoothed to100� 5–000km resolution, showing a region
of relatively weaker negative polarization surrounding the nucleus. All panels are
displayed at the same scale and orientation.
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Figure 3.2: Radial pro�les of F475W�F775W re�ectance slope (top) and F775W
polarization (bottom), showing a trend of reddening and strengthened negative
polarization outward from the nucleus. The solid black curves with error bars
indicate values measured from full,360� annuli, while the dotted red (labeled¸� )
and dashed blue (�� ) curves show values measured from90� annular segments
centered on the sunward and antisunward directions, respectively.
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trends could arise from changes in grain composition and structure, such a loss of an

ice layer from a redder, more absorbing underlying grain. Alternatively, they could

arise from changes in the size distribution, such as the destruction of short-lived,

micron-sized grains which generally exhibit both a bluer color and more positive

polarization at lowU (Kolokolova et al. 2004).

3.3.2 Radial Intensity Pro�les

In addition to their e�ects on color and polarization, changes to grain composition,

structure, and size distribution can also a�ect the scattering cross section. In

particular, we would like to quantify changes in the cross section of dust after

ejection from the nucleus. We can extract this information from the radial intensity

pro�le, as grains are radially sorted from the nucleus by age, albeit with a size

dependence.

Stable dust grains ejected from the nucleus at a steady rate in the absence of external

forces will form a coma with a1• d radial intensity pro�le (Gehrz & Ney 1992).

To evaluate deviations from steady-state, we divided the observed pro�les by the

1• d pro�le and normalized the result to match the equivalent� 5 d (A'Hearn et al.

1984) for a1• d intensity pro�le tangent to eachd. These annular� 5 d values are

proportional to the scattering cross section per unit interval ofd. Deviations from

a �at annular � 5 d (i.e., a1• d pro�le) can arise when (1) the dust production rate

has changed since the grains in the coma were ejected from the nucleus, (2) solar

radiation pressure drives grains from the coma into the tail, and (3) the individual

grains break down or otherwise change scattering cross section as they drift away

from the nucleus. To isolate (3), we modeled the pro�le expected from (1) and (2)

alone with a Monte Carlo simulation following the approach described in Ye et al.

(2016, Ÿ 2.2).

For this simulation, we used a nucleus radius of6 km, a di�erential dust size

distribution / 0� 3•5
3 for millimeter-sized grains of03 = 0•1�10 mm, a dust bulk

density ofd3 = 500 kg m� 3, and a dust production rate/ A� 2 starting atA= 35 au.

These parameters are consistent with those estimated by Jewitt et al. (2019, 2021)

from the morphology of the outer coma and tail. We then computed the sky-plane

brightness of the coma at the epoch of the HST observation, and convolved it with

the ACS/WFC F775W PSF produced by Tiny Tim (Krist et al. 2011) for comparison

with the observed pro�les. Finally, we repeated the simulation for a coma of only

micron-sized (03 = 1 ` m) grains for comparison.
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Figure 3.3 shows that the radial intensity pro�le modeled for a coma containing

only the stable, millimeter-sized dust grains found by Jewitt et al. (2021) is much

steeper than1• d as a result of the slowness of those grains: the dust at several

times 10,000 km from the nucleus were ejected several months prior to the ob-

servation, since when the dust production rate has substantially risen. Moreover,

this pro�le steepens toward the nucleus, as the rate at which the dust production

rises is itself rising as the comet approaches the Sun. Stable millimeter-sized grains

therefore appear inconsistent with the nearly1• d pro�le actually observed within

d � 10–000km that steepens away from the nucleus. Removal of an ice layer from

otherwise stable millimeter-sized grains can likewise only darken the grains and

thus steepen the intensity pro�le, so appears inconsistent with the observed pro�le.

Additionally, Jewitt et al. (2019, 2021) found that the innermost portion of the coma

has maintained a consistent1• d pro�le in HST WFC3/UVIS F350LP imagery since

2017, indicating that the shallowness of the pro�le is unlikely a result of short-term

dust production �uctuations.

One possible explanation for the unusual pro�le of the inner coma is the frag-

mentation of millimeter-sized grains atd Ÿ 10–000km, which would increase the

scattering cross section of the dust outward from the nucleus to produce a shallower-

than-modeled intensity pro�le over those distances. Such a pro�le, however, would

not necessarily match the observed1• d except by sheer coincidence. Moreover,

fragmentation tends to distort the coma isophots into teardrop shapes by concentrat-

ing dust into an antisunward beam due to the increased susceptibility of the smaller,

fragmented grains to radiation pressure (Combi 1994). No such features are appar-

ent in Figure 3.1, with the sunward side of the coma instead appearing similar to or

slightly brighter than the antisunward side at the several 10,000 km scale.

On the other hand, an inner coma optically dominated by micron-sized grains

would naturally produce a nearly steady-state1• d pro�le there: in contrast to the

millimeter-sized grains atd � 10–000km ejected weeks earlier when the comet was

substantially farther from the Sun and thus dust production rate was substantially

lower, the much faster-moving micron-sized grains at the samed were only about

a day old, ejected when the dust production rate was little di�erent from that at the

observation time. Destruction of those micron-sized grains pastd � 10–000km is

necessary to then steepen the pro�le beyond1• d and eventually beyond the stable

millimeter-sized dust pro�le into the outer coma, as observed. As this process is

also consistent with the concurrent color and polarization trends, we consider the



50

Figure 3.3: The1• d-equivalent� 5 d of annuli (top)�proportional to the intensity
divided by a1• d pro�le�and their radial gradient (bottom). Both observed pro�les
(red and blue curves) are nearly1• d (� 0%/1000 km gradient) withind � 10–000km,
which is shallower than expected by Monte Carlo simulations (black curves; arbi-
trarily scaled) of only stable, millimeter-sized grains (solid), as found in the outer
coma and tail. Faster, micron-sized grains (dashed) produce a shallower pro�le
consistent with the observed pro�les withind � 10–000km.
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presence and destruction of micron-sized grains in the inner coma to be the most

likely explanation for the observed intensity pro�le.

3.3.3 Tail Morphology

Refractory remnants of the short-lived, micron-sized grains can theoretically be

constrained in the tail by their motion under solar radiation pressure. While similarly

distant comets have previously been seen producing such stable micron-sized dust

grains (Hui et al. 2019), monitoring of C/2017 K2 has not found any evidence for

03 � 0•1 mm grains in the tail (Hui et al. 2017; Jewitt et al. 2019, 2021).

A tail morphology analysis of our wide �eld Palomar/WIRC� and � composite

image in Figure 3.4 shows a continued lack of micron-sized grains surviving into

the tail. Under the model of Finson & Probstein (1968), dust grains ejected from the

nucleus at rest distribute into a grid of two properties: (1) the time since the grain

was released,g, and (2) a parameterV, de�ned as the ratio of force of solar radiation

pressure acting on the grain to that of solar gravitation, which is related to the size

of the grain. For typical low albedo grains ofd3 � 500kg m� 3, the e�ective grain

radius03 is roughly related toVby 03 � 1 ` m• V for 03 & 1 um with a maximum

V � 1 for 03 � 0•1�1 ` m (Kimura 2017).

We overlaid the composite image with curves indicating the positions of such zero

velocity grains of several representativeV (syndynes) andg (synchrones), where

dust released during the HST observations haveg = 60 d. The actual nonzero

ejection velocity spreads the dust over a wide area surrounding the labeled curves,

and requires a numerical model to properly invert. Even visual inspection, however,

shows the brightness along theV = 1 syndyne beyond the coma to be indistinguish-

able from that of the background, with only the previously characterizedV . 0•01

grains evident in the tail. We place a bound of&24 mag arcsec� 2 in � on the surface

brightness ofV � 1 dust atg � 60 d, equivalent to. 20% of the dust cross section

production actually observed by HST. Evidently, little of the scattering cross section

from the micron-sized grains remains into the tail.

3.3.4 Water Ice Sublimation

Water ice serves as an appealing candidate to comprise the observed short-lived

grains, being an abundant cometary volatile that leaves no optical remnant after

sublimation. Pure water ice grains are highly re�ective and can survive for thousands

of years atA ¡ 5 au, so such ice grains must necessarily be darkened by a highly

absorbing contaminant to explain the observations. In fact, light scattering models
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Figure 3.4: Composite of� and� frames by Palomar/WIRC. Representative syndynes and synchrones are drawn over the same image
and a selection of isophots in the middle and right panels, respectively, and show the prominent northward tail to be predominantly
comprised of largeV . 0•01 (03 & 0•1 mm) grains produced years earlier.
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