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ABSTRACT OF THE DISSERTATION

Properties of Irregular Satellites and Fragmenting Comets

by

Ariel Graykowski
Doctor of Philosophy in Geophysics and Space Physics
University of California, Los Angeles, 2022
Professor David C. Jewitt, Chair

In this thesis, I investigate the nature of two small body populations; the irregular satellite
populations of the giant planets and the properties of fragmented nuclei of comets. In both
cases the objective is to understand evolutionary processes acting on primitive solar system
objects. An optical color survey of 43 irregular satellites enabled color comparisons with other
small body populations that may reflect upon the origin of the irregular satellites. Ultrared
matter (color index B-R > 1.6), while abundant in the excited Kuiper belt and Centaur
populations, is depleted from the irregular satellites. Also, the color distributions of the
irregular satellites at each giant planet are statistically similar to each other, consistent with
a common source region and/or evolutionary mechanism. Separately, the current observed
supply of comets allows for estimates on the masses of their outer solar system source regions,
however, comet fragmentation may occur more often than previously thought, which will
lead to shorter estimates of comet lifetimes than predicted. As a case study, I analyzed
archival Hubble Space telescope images of comet 73P/Schwassmann-Wachmann 3 (73P).
The measured rotation period of the nucleus is much longer than the critical period for

rotational instability for any reasonable nucleus density and shape, even in the absence of
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tensile strength. The data also show hundreds of fragments within 73P-B and 73P-G on
which photometry was used to measure the brightness distribution of the fragments. I also
measure the motion of these fragments and find the relative speeds of the fragments within
73P-B are a few m/s, implying an impulsive breakup about 7 days prior to the observations.
Both the irregular satellites and comets are small bodies comprised of primitive material.
The origin and evolution of the small bodies describe the early formation and evolution of

the solar system itself.
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CHAPTER 1

Introduction

In the outer solar system, the Kuiper belt and Oort cloud are homes to primitive objects that
are thought of as artifacts from the formation phase of the planets. The Kuiper belt begins
beyond the orbit of Neptune around 30 AU and the Oort cloud begins near 2000 AU (Dones
et al. 2004). Towards the end of the planetary formation phase, icy planetesimals in the
planet region (~ 4 - 30 AU) were easily perturbed, with their perihelion remaining constant
and their semi-major axes pumped well into the Oort cloud (Dones et al. 2004). Some were
saved from ejection by forces from passing stars and the galactic tide, which are random,
causing nearly isotropic velocity distributions in the Oort cloud, and keeping the semi-major
axes of the comets between a ~ 10,000 and a ~ 100,000 AU (Heisler & Tremaine 1986,
Duncan et al. 1987, Tremaine 1993). These icy bodies are known as the long-period comets,
sublimating when they orbit close to the Sun at their perihelion. The short-period comets
did not experience such dramatic perturbations. Instead, icy planetesimals with Neptune
encountering orbits (~ 34 - 50 AU) were perturbed such that their semi-major axes reached
a ~ 32 to a ~ 48 AU, making up the scattered disk population in the Kuiper belt, which
is thought to be the sole source of the short-period comets (Levison &Duncan, 1997). It is
suggested that other small body populations observed within the planet region of the solar
system were sourced from the outer protoplanetary disk (OPD) as well, such as the irregular
satellites of the giant planets (Morbidelli et al. 2005; Nesvorny et al. 2013). While there is
no observational evidence that the irregular satellites dynamically originated from the outer
protoplanetary disk, their current physical features are indicative of their early evolution,

providing insight to their source region.



This thesis investigates the nature of two small body populations: the irregular satellite
populations of the giant planets and the fragmented nuclei of comets. Both are products of
accretion in the Sun’s planetesimal disk. The irregular satellites were captured, probably
during the time of giant planet growth, into weakly bound orbits around their parent planets.
Some comets were formed in the vicinity of the giant planets and scattered out to orbits in

the Oort cloud while others originated near the Kuiper belt reservoir beyond Neptune.

1.1 TIrregular Satellites

1.1.1 Defining Irregular Satellites

Irregular satellites are broadly distinguished from regular satellites by their orbital charac-
teristics. Regular satellites occupy nearly circular, low eccentricity orbits deep within the
Hill spheres of their respective planets. The Hill sphere is defined by the volume around a

planet where the gravity of the planet dominates over the gravity of the Sun, with radius

mp 1/3
rg ~ ap (3M > (11)
©

where ap is the semi-major axis of the host planet, mp is the mass of the host planet and
My, is the mass of the Sun. In contrast, the irregular satellites orbit at distances up to
0.5-0.6 Hill radii and are subject to significant torques from the Sun even while remaining
bound to the host planets. The irregulars also have large eccentricities, e = 0.1 to 0.7, and
inclinations, ¢, many with ¢ > 90° (Jewitt and Haghighipour 2007, Nicholson et al. 2008).
Only the giant planets possess irregular satellites. The current number of irregular satellites
observed at each giant planet, along with the mass, semi-major axis, and Hill radius of each
host planet are listed in Table [I.I} The difference in the orbits of the regular and irregular
satellites is clear in Figures and [I.2] The semi-major axes, inclinations, and eccentricities

of each irregular satellite are plotted in Figures[I.3] and [I.4]



Planet mp @ ap (AU)® ry (AU)®

N,

Jupiter 310 5) 0.35
Saturn 95 10 0.43
Uranus 15 20 0.47
Neptune 17 30 0.77

71
57
9

Table 1.1: Irregular Satellites at Each Giant Planet
@ Mass of the planet in Earth masses

b Semi-major axis of the planet in AU

¢ Hill radius of the planet in AU

4 Number of irregular satellites reported at each giant planet
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Top View Side View

//

Top View Side View

Figure 1.1: Satellite Orbits at Jupiter and Saturn - Orbits in pink represent the orbits of the regular
satellites, red represents retrograde irregular satellites, blue, light blue, yellow, and green represent prograde
irregular satellites. The left column images are top-down views, and the right column images are side-on
views. Adapted from Scott S. Sheppard’s website, https://sites.google.com/carnegiescience.edu/

sheppard/moons?authuser=0.


https://sites.google.com/carnegiescience.edu/sheppard/moons?authuser=0
https://sites.google.com/carnegiescience.edu/sheppard/moons?authuser=0

Top View Side View

Top View Side View

Figure 1.2: Satellite Orbits at Uranus and Neptune - Same as Figure except Uranus and Neptune
instead of Jupiter and Saturn. Adapted from Scott S. Sheppard’s website, https://sites.google.com/

carnegiescience.edu/sheppard/moons?authuser=0.


https://sites.google.com/carnegiescience.edu/sheppard/moons?authuser=0
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Figure 1.3: Semi-Major Axis, a vs. Inclination, ¢ of the irregular satellites of the giant plants known as of

May 10, 2022. The semi-major axis is normalized to the Hill radius, g, of the irregular satellites’ respective

host planet. Jovian irregular satellites are represented by blue circles, Saturnian satellites are red, Uranian

satellites are green, and Neptunian satellites are pink. The satellites with inclination ¢ > 90° are orbiting in

a retrograde motion and satellites with inclination ¢ < 90° are prograde. There is a clear clumping of Jovian

irregular satellites, and those groups represent the labelled collisional family.
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Figure 1.4: Semi-Major Axis, a, vs. Eccentricity, e of the irregular satellites of the giant plants known as of
May 10, 2022. The semi-major axis is normalized to the Hill radius, g, of the irregular satellites’ respective
host planet. Jovian irregular satellites are represented by blue circles, Saturnian satellites are red, Uranian
satellites are green, and Neptunian satellites are pink. A clumping similar to that seen in Figure [I.3] can be

seen here as well, though the clumping is less obvious.



From figures and [[.4] it can be seen that while the orbits of the irregular satellites
have a large spread of semi-major axes, there are none observed beyond distance of half their
host planet’s Hill radius. All satellites have normalized semi-major axes a/ry < 0.5. This
could indicate an observational bias, as the volume of space that the Hill sphere occupies
increases with the cube of the Hill radius, making it increasingly difficult to survey the area
for these faint bodies. It may also indicate that the outer part of the Hill sphere is largely
depleted of irregular satellites. With their exceptionally large eccentricities, we would expect
to see satellites with larger semi-major axes within the surveyed regions during portions of
their orbits. This may indicate that the irregular satellites with larger semi-major axes were
not stable. With the increased small body survey and observation power that is coming with
the Vera C. Rubin Observatory and the James Webb Space Telescope, this observational
bias vs. dynamical instability argument should be confirmed in the near future. Also,
there are more irregular satellites orbiting in retrograde than prograde as seen in Figure
[[.3] This may further imply that the mechanisms leading to the capture of the irregular
satellites are asymmetric. However, it could also imply that the long term stability of the
irregular satellites after capture is asymmetric. The latter is more supported as the potential
mechanisms explained below do not lend to asymmetric capture into pro- and retrograde
orbits. Additionally, the orbits of the irregular satellites avoid inclinations 55° < ¢ < 130°,
which is likely due to the Kozai resonance, which drives the inclinations down and the
eccentricities up (Carruba et al. 2002, Nesvorny et al. 2003). The high eccentricities

observed for the irregular satellites also support this.

1.1.2 The Origin and Evolution of the Irregular Satellites

The irregular satellites’ extreme orbits are a result of their early evolution. Regular satellites
were formed in the accretion disk of their host star (Lunine & Stevenson 1982; Canup & Ward
2002; Mosqueira & Estrada 2003), lending to their low semi-major axes, eccentricities, and

inclinations. This, therefore cannot explain the origin of the irregular satellites. The orbits



of the irregular satellites are more consistent with capture from initially heliocentric orbits.
Temporary capture is common, especially in the early solar system (Carusi & Valsecchi 1979).
Typically, in these cases, a body will temporally orbit a more massive body and then return
to a heliocentric orbit on timescales of ~10s of years (Benner & McKinnon 1995). In some
cases, temporarily captured bodies crash into their temporary host, as was the case with
comet Shoemaker-Levy 9, which famously split apart during its temporary orbit around
Jupiter, and eventually the fragments collided with Jupiter (Weaver et al. 1995). These
situations occur on timescales of ~1000 years (Kary & Dones 1996). Permanent capture
is less common, as energy needs to be lost from the system. There are several proposed
mechanisms to permanently capture the irregular satellites. When considering mechanisms,
it is important to keep in mind that the size distributions of the irregular satellites of each
giant planet are similarly shallow, roughly consistent with differential power laws having
index ¢ = 2 (Figure , suggesting capture from a common source region by a common

mechanism (Sheppard and Jewitt 2003, Jewitt and Sheppard 2005).

Three main classes of capture mechanism have been proposed. Pull-down capture relies
on the runaway accretion phase of planetary growth, when the Hill radius of the planet grew
rapidly (Heppenheimer and Porco, 1977). Nearby bodies might have been permanently cap-
tured if the Hill radius expanded on a timescale short compared to the residence time within
the Hill spheres. One argument against pull-down capture as a general mechanism is that
the ice giants Uranus and Neptune have relatively little H and He in their gaseous envelopes,
limiting the effects of runaway growth. In gas-drag, the extended gaseous envelopes of the
forming giant planets are supposed to frictionally dissipate the energy of passing bodies,
leading to permanent capture (Pollack et al. 1979). This model relies on fine-tuning of the
timing, because the collapse of the gaseous envelope is thought to have been rapid. Capture
by gas drag is again less attractive for Uranus and Neptune than for Jupiter and Saturn
because the ice giants contain a much smaller fraction of their total mass in gas (Jewitt

and Sheppard 2005; Jewitt and Haghighipour, 2007). Accordingly, most recent work has



AL e LU

J

T TTT1

J

|
T T 1T 11
L1 1111

T

1
T
1

10 10

Cumulative Number
Cumulative Number

A |
Ll

1

T
—

w

|

1
T
|
1

1 TN A T T T A T 1 1 T R T T I O

16 18 20 22 24 26 16 18 20 22 24 26

Figure 1.5: Irregular Satellite Size Distribution - (Left) Size distribution of the irregular satellites at each of
the giant planets. (Right) Size distributions normalized to Jupiter. Adapted from Jewitt & Sheppard (2005)

focused on capture by three-body interactions, considered first by Colombo and Franklin
(1971), since this mechanism is independent of the gas content and growth physics of the
host planet. In three body reactions, gravitational scattering between two bodies in the
circumplanetary environment can, statistically, lead to the ejection of one and the capture

of the other.

It has been proposed that the irregular satellites were captured from the OPD during
planetary migration (Morbidelli et al. 2005). Nesvorny et al. (2007) have shown that ob-
jects from the OPD could be captured by the giant planets through three-body interactions
during planetary migration efficiently within the frameworks of the Nice model. The result-
ing captured bodies appeared to match the orbital distributions of the irregular satellites
and estimated the size of the largest irregular satellites well (Nesvorny et al. 2007; 2013).
However, the observed shallow distribution of the irregular satellites was not reproduced. An

explanation to reconcile this is the subsequent collisional evolution of the irregular satellites
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after capture. Several Jovian irregular satellite families have been observed (Nesvorny, 2003).
The shallow SFDs of the irregular satellites are evidence of heavy collisional evolution, as
most of the larger bodies must have been completely destroyed (Bottke et al. 2010). Of the
71 known irregular Jovian satellites, 67 are members of a collisional family and are listed
in Table [1.2 Families are identified by the clustering of their orbital parameters, and the
Jovian irregular satellite families are visually clear in Figures and [1.4]

Family n% D (km)®

Prograde Himalia 7 160
Retrograde Ananke 22 28
Carme 22 46

Pasiphae 16 58

Table 1.2: Jovian Irregular Satellite Families
¢ Number of family members

b Diameter of the largest member of the family in km

Bottke et al. (2010) showed a stark contrast in the SED slopes of the irregular satellite
populations and the Jovian Trojans, which are also thought to originate from the OPD but
have experienced very little collisional evolution since (Fig. . This observation brings
the source region of the OPD for both the Trojans and the irregular satellites into question.
If both populations originated from the same reservoir, where in their evolutionary history
did they diverge to produce the different physical characteristics observed today? This stark
contrast in slopes may be a result of the size range within which each SFD was measured.
Bottke et al. (2010) display the SFD of the largest Jovian Trojans with radii r > ~ 10
km, whereas most of the Jovian irregular satellites have radii r < ~ 10km. The largest
Trojans follow a steep SFD with differential index q = 5.5 £ 0.9, while Jovian Trojans
within the size range 2 < r < 20 km have been measured to have a differential index of
q =3.0 £ 0.3 (Jewitt et al. 2000). This is much closer to the differential index found
for the irregular satellites of q = 2.0 (Sheppard & Jewitt 2003, Jewitt & Sheppard 2005).
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Observations of these small-sized Jovian Trojans, however are incomplete, which also makes
it difficult to estimate their collisional timescale, as small bodies dominate the collisional
rate of the Trojans. The collisional timescale amongst known irregular satellites is longer
than the age of the solar system for the retrograde satellites and on the order of the age of
the solar system for the prograde satellites, which shows that current collisional evolution
amongst the population is unlikely (Sheppard & Jewitt 2003). However, the flux of potential
impactors was greater by an order of 10° around the location of the Earth in the early
solar system based on lunar impacts. If this greater flux applies to the areas around the
giant planets, then it is possible that collisional evolution of the irregular satellites was more
efficient earlier in the solar system’s evolution. It is then interesting to note the collisional
probabilities of each population. Due to the small space taken up by the irregular satellites
and their relatively short orbital periods, their collisional probabilities have been found to
be several orders of magnitude greater than the Jovian Trojan populations in both the L,
and Lj regions (Marzari et al. 1996, Dell’Oro et al. 1998, Bottke et al. 2010). Collisional
probabilities along with impact velocities calculated from past works can be seen in Table[1.3]
This difference is consistent with the current observations that the irregular satellites appear
to be more collisionally evolved than the Jovian Trojans. However, it should again be noted
that the population of small Jovian Trojans is still incomplete, and continued observation of
both the Trojans and faint irregular satellites (especially those at the furthest heliocentric

distances) is needed to fully understand their early evolution.

Chapter [2| investigates the potential source region and early evolution of the irregular
satellites further by examining physical characteristics: color and shape. We use colors
as a proxy for surface composition, and compare our measurements to other solar system

populations, including Kuiper belt populations (Graykowski & Jewitt, 2018).
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Figure 1.6: Irregular Satellite vs. Jovian Trojan SFDs - SFDs of the Jovian irregular satellites (prograde in
red and retrograde in blue) and the Jovian Trojans (black). Adapted from Bottke et al. (2010)
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Population Collisional Probability Impact Velocity Source

(1071 yr~'km=2) (km s™1)
Jupiter Isats
Pro-Pro 6.5 3.1 Bottke et al. (2010)
Ret-Ret 3.8 3.1
Pro-Ret 11 6.7
Saturn Isats
Pro-Pro 5.3 1.4
Ret-Ret 5.4 1.4
Pro-Ret 16 4.0
Uranus Isats
Pro-Pro 5.4 1.0
Ret-Ret 4.6 1.0
Pro-Ret 11 2.1
(10718 yr~'km=2) (km s71)
Jovian Trojans
Ls-Ly 6.46 £+ 0.09 4.90 £+ 0.07 Marzari et al. (1996)
Ls-Ls 5.30 £ 0.10 4.89 + 0.10
Ls-Ly 7.79 £+ 0.67 4.66 Dell’Oro et al. (1998)
Ls-Ls 6.68 £ 0.18 4.51

Table 1.3: Collisional Probabilities of the Jovian Trojans and Irregular Satellites
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1.2 Fragmenting Comets

1.2.1 Defining and Classifying Comets

Comets are survivors from the formation phase of the solar system. The comets are broadly
divided into two categories somewhat arbitrarily based on their orbital periods. Short-period
comets (SPCs) are defined as having orbital periods P < 200 years, while long-period comets
(LPCs) have periods P > 200 years. This distinction well identifies the two different source
regions supplying the SPCs and LPCs: The Kuiper belt and the Oort cloud, respectively.
There are direct observations of the SPC reservoir, the Kuiper belt, beginning with the
discovery of the first Kuiper belt object (KBO) in 1992 (Jewitt & Lu, 1993). The Kuiper
belt begins at a distance beyond the orbit of Neptune, ~30 AU. Unlike the Kuiper belt
objects, there do not exist direct observations of Oort cloud objects. However, along with
their large semi-major axes that indicate they originate from much farther than the Kuiper
belt, the orbits of the LPCs have randomly distributed inclinations. The isotropic nature of
their inclinations shows that, prior to becoming a comet, the LPCs were not from a source
that was largely constrained to the ecliptic, like the Kuiper belt. The Oort cloud is predicted
to begin ~1000 AU and end ~100,000 AU. This structure of the Kuiper belt and Oort cloud
as described in Stern (2003) can be seen in Figure[1.7] These orbital observations of the LPCs
suggest the Oort cloud is a spherical structure of small-bodies beyond the Kuiper belt (e.g.
Marsden et al. 1978; Wiegert & Tremaine 1999; Krolikowska & Dybczyriski 2010). Comets
have been further categorized with the Tisserand parameter, Ty, which is an invariant value
based on the three-body problem involving the comet and the Sun with respect to Jupiter,
the most massive and therefore most gravitationally influential planet in the solar system

(Levison, 1996). The Tisserand Parameter is described as:

Ty =" 4 Zi(l — e?) cosi (1.2)
a Qg

where a, e, and i are the comet’s semi-major axis, eccentricity and inclination respectively,
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and ay is the semi-major axis of Jupiter. Comets with 2 < T; < 3 are known as Jupiter
family comets and are a subset of the ecliptic SPCs. The isotropically distributed LPCs,
on the other hand, have T; < 2 (Vaghi, 1973) and semi major axes a > 40 AU. Halley
type comets (HTCs) have also been identified as an intermediate group, which also have a

Tisserand parameter T'; < 2, but semi-major axes a < 40 AU. Additionally, their inclination

distribution is distinct from both the SPC and LPC populations.
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Figure 1.7: Schematic of the Kuiper belt and Oort cloud - The Kuiper belt begins just beyond the orbit
of Neptune, ~30 AU, and most of its mass is estimated to existed between ~30 and ~50 AU, as indicated
by the red shading in the diagram. It is difficult to predict the location and size of the Oort cloud, as the
distant, faint bodies have never been directly observed, but is estimated to begin around ~1000 AU and
end around ~100,000 AU. The Oort cloud disperses from the ecliptic with distance, eventually forming a
spherical cloud towards the edge. Figure from Stern (2003).
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1.2.2 Defining Fragmented Comets

Comets are widely recognized as the carriers of the most primitive, volatile-rich materials.
When in the terrestrial planet region, comets quickly lose their material by sublimation.
Observations suggest that fragmentation plays a central (possibly even leading) role in the
destruction of cometary nuclei. Fragmented comets possess at least two pieces, a primary and
a secondary. The primary contains the nucleus of the comet and therefore tends to remain
intact longer than the secondary (Sekanina, 1981). The secondary can have a variable
lifetime based on its size and composition. The primary is likely to experience multiple
fragmentation events in its lifetime (Chen and Jewitt, 1994). Examples of fragmented comets
(and one example of a fragmented asteroid) are displayed in Figure . It is possible that
these fragmentation events lead to the eventual destruction of the comet nucleus. Comet
fragmentation could be the main process of mass loss during the lifetime of the body with
multiple fragmentation events ultimately leading to the destruction of the comet nucleus
(Chen and Jewitt, 1994). Observation of a fragmented comet often occurs by chance due to
the unpredictable nature of fragmentation events. The secondary fragments tend to be much
fainter than the primary (nucleus) of the comet and are short-lived (Meech et al. 1995). For
these reasons, fragmented comets are not well observed and the fragmentation mechanisms

are therefore difficult to interpret and predict.

17



P/Shoemaker-Levy 9

Asteroid P/2013 R3 HST WFC3/UVIS

Oct 29, 2013

Nov 15, 2013

C/1999 S4 LINEAR

Dec 13, 2013

Jan 14, 2014

NASA and ESA STSCI-PRC14-15 332P/ Ikeya-Murakami

Figure 1.8: Examples of Fragmented Bodies - Top: Hubble Space Telescope (HST) image of comet
P /Shoemaker-Levy 9 taken on May 17, 1994 with the Wide Field Planetary Camera 2 (WFPC2) by H.
Weaver and E. Smith. Left: HST images of asteroid P/2013 R3 taken October 2013 through January 2014
with the Wide Field Camera 3 (WFC3) by D. Jewitt. Middle right: Adapted from (Weaver et al. 2001).
HST images of comet C/1999 S4 LINEAR taken in August 2000 with the WFPC2. Bottom right: HST
image of comet 332P /Ikeya-Murakami (P/2010 V1) taken in January 2016 with the WFC3 by D. Jewitt.
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1.2.3 Fragmentation Mechanisms

Potential fragmentation mechanisms include tidal, rotational, thermal, outgassing pressure,
and impact-induced fragmentation (Boehnhardt, 2004 and Sekanina, 1997). Tidal induced
fragmentation is caused by a comet passing by a large enough mass that the gravitational
gradient force exerted on the comet is greater than the cohesive strength of the comet mate-
rial (Boehnhardt, 2004). The buildup of stress to achieve breakup is simplified and illustrated
by Asphaug and Benz (1996) in Figure . Shoemaker-Levy 9 is one of the most spectacular
examples of a comet that split into many fragments due to tidal interactions with Jupiter
and eventually faced its demise by crashing into the planet (Weaver et al. 1995). Other
mechanisms are more difficult to identify and the final fragmentation of a comet could be
due to a combination of these mechanisms. For example, a comet could be weakened by its
own rotational instability, but ultimately fragment due to internal pressure from outgassing
as the comet’s volatiles are sublimated (Samarasinha, 2001). However, it is observationally
impossible to understand the sequence of events that occurred internally before fragmenta-
tion. The fragments provide some insight however, as they reveal the composition inside
the nucleus. C/1999 S4 LINEAR and 73P /Schwassmann-Wachmann 3 (73P hereafter) both
fragmented into many pieces allowing for this type of analysis. However, Weaver et al. (2001)
found that C/1999 S4 LINEAR lacked the volatiles required to have undergone a significant
outgassing process, and Dello Russo et al. (2007) found the same for 73P. This absence of
volatiles could also be a result of observing the nucleus after the volatiles had sublimated.

Therefore, the fragmentation mechanism still remained unclear.
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Figure 1.9: Tidal Fragmentation - A simplified illustration of tidal stress on a small body. Left: Illustration
of stress, or, on a sphere with radius, r, and density, p, due to the gravity of a larger body of mass M, and
radius R. G is the Gravitational constant. Top right: Graph of distance vs. stress. The stress drops each
time the small body breaks apart, and grows again as the body approaches the larger mass as illustrated in

the bottom right. Figure adapted from Asphaug and Benz (1996).
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Recent studies have showed that rotational instability is proving to be a potentially
dominating mass-loss mechanism for small bodies. For example, rotational instability has
most recently been speculated to cause the fragmentation, outbursts, or disintegration of
small bodies such as comets 332P /Ikeya-Murakami (Jewitt et al. 2016) and C/2019 Y4
(ATLAS) (Ye et al. 2021), interstellar comet 2I/Borisov (Jewitt et al. 2020), and active
asteroids 6478 Gault (Jewitt et al. 2019) and 331P/Gibbs (Jewitt et al. 2021). There are
several mechanisms that can cause spin-up to rotational instability. In general, outgassing
can cause non-gravitational forces that result changes in the motion of the orbit of active
small bodies, and can also affect their spin evolution (Whipple, 1950; Sekanina, 1981; Jewitt,
1997). As gas expands and is expelled from the body upon sublimation, a force is applied to
a the body. This non-gravitational force has been measured for many comets and asteroids
(for example: Szutowicz et al. 2008; Hui & Jewitt, 2017). Anisotropic outgassing then
contributes to changes in spin due to the application of a torque on the body. Jewitt (2021)

showed that these torques result in a spin-up timescale,

7o o1y /(fakr P) (1.3)

where 1, is the radius of a cometary nucleus, f4 is the active fraction on the surface of
the nucleus, kr is the dimensionless moment arm (k7 = 0 represents no applied torque and
kr = 1 would be representative of a tangential ejection jet), and P is rotational period of
the nucleus. This dependence implies that small nuclei (r, < 1 km) are quickly destroyed
due to spin-up (Jewitt, 2021). We can then expect spin-up to lead to rotational instability,
potentially resulting in the fragmentation of nuclei (Rafikov, 2018). This is supported by

the recent observations of disintegration and fragmentation listed above.

On bodies that lack ice, like expected for the case of active asteroid 6478 Gault, rotational
instability may be achieved through spin-up by the Yarkovsky-O’Keefe-Radzievskii-Paddack
(YORP) effect. The YORP effect describes the spin-up of a small body because of the force

due to the scattering of solar radiation and the emission of thermal radiation (Radzievskii,
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1954; Paddack, 1969; 1973; Paddack and Rhee 1975; O’Keefe, 1976; Komarov and Sazanov
1994). This spin-up is simply illustrated in Figure On an irregularly shaped, rotating

body, this force applies a torque and cause spin-up on a timescale,

v X 21} (1.4)

where r, is the distance to the Sun. It is worth noting that, in the case of the active asteroids,
it is possible that the activity seen is due to exposure of even a small amount of volatiles,

which could then be the dominating factor causing spin-up over YORP (Jewitt 2021).

Sunlight

Figure 1.10: YORP Effect - An illustration on the YORP effect on a small, irregularly shaped body. Adapted
from by Bottke et al. (2006).
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Additionally, we consider fragmentation mechanism caused by thermal effects with high
scrutiny, as most fragmentation events are concentrated at small heliocentric distances, when
the comets are near perihelion and thus experiencing the highest temperatures they will expe-
rience along their orbits (Sekanina, 1981; Boehnhardt, 2004). However, comets are observed
to fragment at large heliocentric distances as well, and there appears to be no preference
for fragmentation events to occur pre- versus post-perihelion passage. These observations
are exemplified in Figure [[.1I] Also, according to the Deep Impact and Rosetta missions,
it appears that the conductivity of a cometary nucleus is low relative to other solar system
bodies (Sunshine et al. 2007; Groussin et al. 2007; 2019). A low thermal conductivity
implies a small diurnal skin depth. Transporting heat is therefore thought to be very ineffec-
tive on cometary nuclei, and it seems unlikely for thermal stress to build enough to cause a
fragmentation event. This may also imply that there is still much mystery surrounding the
structure of a cometary nucleus, as perhaps this inefficiency could be overcome at localized

structures on the nuclei where heat is more efficiently transported (Fernandez, 2009).
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Figure 1.11: Comet Fragmentation Locations. Figure from Boehnhardt (2004).
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At large heliocentric distances, beyond the water ice line ~ 5 — 6 AU (Whipple, 1950;
Meech and Svoren, 2004), a process other than water ice sublimation must dominate activity.
One mechanism for this is the sublimation of supervolatile ices such as carbon monoxide or
carbon dioxide. This sublimation can lead to the build up of pressure until potential frag-
mentation. The flux of sublimation of various cometary volatiles can be estimated based on
heliocentric distance with the radiative thermal equilibrium equation. Ignoring the conduc-
tion of heat to the interior of the comet, the power absorbed from the Sun is set equivalent

to the power radiated into space and the power used to sublimate the ice as follows:

Lo
4,

(1= A) = xleo T" + L(T) f,(T)] (1.5)

where L is the luminosity of the Sun in W, rg is the heliocentric distance in m, A is the
Bond albedo, € is the emissivity of the comet, o is the Stefan-Boltzmann constant with units
W m2 K L(T) (J kg™!) is the latent heat of sublimation of the volatile in question at
temperature T in K, and f,(T) is the mass flux of the sublimated ice in kg m~2 s~!. The
value of x can range from y = 1, which would represent the highest temperatures found at
the subsolar point of a non-rotating nucleus, and xy = 4 represented the temperature on a
rotating, isothermal sphere. Figure displays the results for the hot (xy = 1) and cold
(x = 4) sublimation fluxes as they vary with heliocentric distance for HoO, CO,, and CO
using the latent heat of each volatile as reported by Brown & Ziegler (1980) and Washburn
(1962), and assuming an albedo A = 0.04 and an emissivity e = 0.9 (Jewitt et al. 2017).
This figure is useful, not only to estimate whether water ice could be the driver of activity in
a comet, but also to estimate the level of expected activity given a certain volatile present at
a given heliocentric distance. This can help determine whether gas build-up could potentially

build up enough stress on a comet to cause fragmentation.

Another thermally driven mechanism for distant activity is the runaway crystallization
of amorphous ice. At the low temperatures and pressures where comets form, Bar-Nun

et al. (1985; 1986) demonstrated that ice takes an amorphous state. In this state, gas is
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trapped and subsequently released when the ice is heated to the point of crystallization,
which is also an exothermic process (Prialnik & Bar-Nun 1990). To estimate the location
where the crystallization of water ice can begin on a body in the solar system, the timescale
of crystallization needs to be much lower than the free-fall timescale of the comet. Jewitt
(2017) found that this is satisfied at the hot temperature limit (xy = 1) at a heliocentric
distance ry < 12.5 AU, and satisfied at the cold limit (y = 4) at rg < 6.0 AU. This is
represented with yellow shading in Figure The deeper the yellow shading, the more
likely it is that crystallization of amorphous water ice can begin, according to the timescale

and radiative thermal equilibrium calculations described above.

It is important to note that there are no direct observations of the crystallization of
amorphous ice in comets. Despite the challenges presented by the effectiveness of these
thermal processes to lead to a fragmentation event, thermal processes dominate cometary
activity, so it is expected that outbursts and fragmentation events can be caused thermally
as well, as supported by fragmentation events largely occurring near perihelion (Boehnhardt,
2004). There are also observations of repeated outbursts occurring in a comet over several
apparitions such as 73P, which has repeatedly fragmented near perihelion (Crovisier et al.
1995; Fuse et al. 2007; Weaver et al. 2008). This does not confirm that thermal stress is
the cause of fragmentation events of 73P, however it shows that thermal processes are worth

considering along with non-thermal processes.

Chapters [3 and [] investigate the 2006 fragmentation events of Comet 73P. In particular

we examine the nucleus in Chapter [3] and two secondary fragments in Chapter [l
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CHAPTER 2

Colors and Shapes of the Irregular Planetary Satellites

This chapter is adapted from the peer-reviewed paper titled "Colors and Shapes of the Irregu-
lar Planetary Satellites", which has been published in the Astronomical Journal (Graykowski
& Jewitt 2018).

2.1 Introduction

It is widely recognized that the irregular satellites of the giant planets were captured from
initially heliocentric orbits. However, the mechanism of capture and the source region from
which they were captured both remain unknown. We present an optical color survey of 43
irregular satellites of the outer planets conducted using the LRIS camera on the 10-meter
telescope at the Keck Observatory in Hawaii. The measured colors are compared to other
planetary bodies in search for similarities and differences that may reflect upon the origin of
the satellites. We find that ultrared matter (with color index B-R > 1.6), while abundant in
the Kuiper belt and Centaur populations, is depleted from the irregular satellites. We also
use repeated determinations of the absolute magnitudes to make a statistical estimate of the
average shape of the irregular satellites. The data provide no evidence that the satellites and
the main-belt asteroids are differently shaped, consistent with collisions as the major agent
shaping both. In the present paper we present measurements of the magnitudes and colors
of 44 irregular satellites of the four giant planets taken using the Keck I 10 m telescope. The
number of irregular satellites observed at each giant planet in this survey are listed in Table

. The new data are compared with published measurements of smaller samples (Grav et
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al. 2003, 2004, Grav and Bauer 2007, Rettig et al. 2001)

Planet  #f iSats # iSats in this Survey

Jupiter 71 20
Saturn 53 14
Uranus 9

Neptune 7
Total 140 43

Table 2.1: Number of Irregular Satellites in This Survey

2.2 Observations

The data were collected over nine nights between 2008 March and 2015 December at the W.
M. Keck Observatory on Maunakea, Hawaii using the LRIS instrument on the 10 meter Keck
I telescope (Oke et al. 1995, Table . The data used were all taken under photometric
conditions with the telescope tracked at non-sidereal rates to follow the motion of each
satellite. Most satellites were observed on multiple nights in order to check for repeatability
of the measurements. We used the B, V, and R filters, for which the central wavelengths,
Ae, and full-widths at half maxima, FWHM, are B (4370A, 878A), V (5473 A, 948 A) and R
(6417 A, 1185 A). The images were flat-fielded using composites of images recorded from an
illuminated patch inside the Keck dome and photometrically calibrated using observations

of stars with Sun-like colors from Landolt (1992).

Using IRAF, the images were reduced and aperture photometry was obtained using the
APPHOT package. By trial and error, we used a photometry annulus with radius 1.35-2.03",
depending on the seeing, and obtained an estimate of the sky background from a contiguous

annulus 1.35” wide. For very faint satellites, we used two-aperture photometry.

With this method, we chose a small aperture based on the FWHM of the object, and

used it to measure the targeted satellite as well as brighter field stars. Then we chose a larger
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aperture in order to measure the total flux from the selected field stars. We calculated the
fraction of light that was left out of the measurement from the smaller aperture, and used
it to correct the magnitude of the satellite to obtain its apparent magnitude. We observed
satellites with apparent magnitude, R, as bright as ~17.5 and as faint as ~25.0 magnitude.
To show the visual difference of this magnitude range, Figure compares an image of a
faint (~23.6) and a bright (~17.5) satellite observed in this work.
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Bestla (Saturn)
R~23.6

Lysithea (Jupiter)
R~17.5

Figure 2.1: Bestla and Lysithea - Sample images of irregular satellites (top) Bestla, a faint irregular satellite

of Saturn (bottom) Lysithea, a bright irregular satellite of Jupiter.
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Satellite UT Date and Time® rg (AU)b A (AU« (0)? Re B-V V-R B-R
Jupiter

JIX Sinope 2008 Sep 30 05:43-05:48 5.00 4.80 11.50 18.42 £ 0.07 0.77 £ 0.08 0.48 + 0.10 1.25 £ 0.08
JX Lysithea 2008 Sep 30 05:20-05:30 5.04 4.04 1.36 1750 £0.01 0.72 £0.01 0.40 £0.01 1.12 +£0.01
JXI Carme 2008 Sep 30 05:35-05:43 5.04 4.85 11.41 1792 £0.07 0.76 = 0.08 0.48 &+ 0.08 1.24 + 0.05
JXIII Leda 2009 Aug 19 07:28-07:43 5.05 4.04 1.32 19.03 £0.01 0.69 £0.01 0.36 £0.01 1.05 £ 0.01
2009 Aug 21 13:37-13:44 5.05 4.05 1.89 18.84 £ 0.01 1.20 £ 0.02
JXVIII Themisto 2008 Sep 30 05:50-06:05 5.07 4.06 1.03 19.48 £0.01 0.79 £0.02 0.52 £0.02 1.32 £0.01
2008 Sep 30 06:25-06:36 5.06 4.06 1.54 19.78 £ 0.04 0.83 + 0.04
2009 Aug 19 07:43-07:49 5.06 4.06 1.57  19.45 £ 0.05 1.22 + 0.06
2009 Aug 21 07:14-70:28 5.06 4.06 1.60 19.58 £ 0.01 1.31 £ 0.01
JXIX Megaclite 2009 Aug 19 09:49-09:55 5.15 4.14 1.25 2155+ 0.01 0.81+£0.07 044 +0.07 1.26 £ 0.02
2009 Aug 21 07:28-07:32 5.15 4.15 177 21.52 £ 0.04 1.23 £ 0.07
2009 Aug 21 10:33-10:43 5.15 4.15 1.79  21.76 £ 0.01 0.92 £ 0.03
2009 Aug 21 11:09-11:19 5.15 4.15 1.81 21.76 £+ 0.02 1.38 £ 0.05
JXX Taygete 2009 Aug 19 07:57-08:06 5.08 4.07 0.86 21.88+0.02 0.77+0.03 0.48 £0.02 1.26 £+ 0.03
2009 Aug 21 13:26-13:37 5.08 4.08 1.41 21.95 £ 0.01 1.35 £ 0.03
JXXI Chaldene 2009 Aug 19 08:16-08:27 5.06 4.05 0.57 2219 +0.01 0.82+0.05 0.50 £ 0.05 1.32 £ 0.03
JXXII Harpalyke 2009 Aug 19 08:59-09:08 4.92 3.91 1.30 22.02+0.02 0.70£0.02 042 +£0.03 1.12 £ 0.02
JXXIIT Kalyke 2009 Aug 19 09:17-09:27 5.15 4.14 0.67 21.61 £0.02 0.69 £0.03 0.46 +0.03 1.15 4 0.03
JXXIV Iocaste 2009 Aug 19 09:36-09:42 4.93 3.92 095 21.72+0.03 0.86 +0.08 0.38£0.07 1.24 £0.05
JXXV Erinome 2009 Aug 21 12:06-12:13 4.89 3.89 1.45 2211 +£0.04 072+£001 043 £0.04 1.14£0.04
JXXVI Isonoe 2009 Aug 19 10:59-11:16 5.14 4.14 146 2263 +£0.04 0.78+£0.05 053 +£004 1.31=+0.06
JXXVII Praxidike 2009 Aug 19 11:16-11:36 4.93 3.92 1.10 21.48 £ 0.03 0.71 £0.05 0.32£0.05 1.03 £0.03
JXXVIII Autonoe 2009 Aug 19 11:36-11:58 4.97 3.96 132 21.74+0.02 081+£0.02 048 +£0.03 1.29 £ 0.03
2009 Aug 21 10:12-10:22 4.96 3.96 1.83 21.70 £+ 0.03 1.25 + 0.04
2009 Aug 21 11:26-11:39 4.96 3.96 1.84  21.76 £ 0.03 1.15 £ 0.06
2009 Aug 21 12:20-12:42 4.96 3.96 1.86  21.79 £ 0.02 0.73 £ 0.14 0.50 = 0.07 1.22 £ 0.12
JXXIX Thyone 2009 Aug 19 11:58-12:28 5.12 4.11 0.90 2210 £0.03 0.71 £0.06 0.46 +£0.04 1.16 & 0.05
JXXX Hermippe 2009 Aug 19 12:28-12:49 5.03 4.03 0.93 21.59 +£0.03 0.72+0.05 0.49 £0.04 1.22 + 0.06
JXVII Callirrhoe 2009 Aug 19 13:21-13:30 5.16 4.15 1.20 2090 £ 0.07 080 +£0.11 0.24+£0.12 1.04 £0.08
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JXLVII Eukelade 2009 Aug 21 12:52-13:20 4.94 3.94 1.25  21.79 £0.02 0.78 £ 0.07 0.50 &+ 0.07 1.29 £+ 0.02

JXLVIII Cyllene 2009 Aug 21 11:39-12:06 5.03 4.02 1.51 2235+ 0.01 0.73 4+ 0.07 047 +0.07 1.19 + 0.01
Saturn

SIX Phoebe 2008 Mar 10 09:19-09-27 9.28 8.33 1.89  15.88 £ 0.01 0.58 +£0.01 0.34 +0.01 0.91 + 0.01

SXXI Tarvos 2008 Mar 10 10:33-11:13 9.25 8.30 1.84 2228 £0.01 0.71 £0.04 0.42 4+ 0.03 1.13 £0.03

SXXII Ijiraq 2008 Mar 11 06:49-07:19 9.31 8.36 1.94 22.73 £0.01 1.40 £+ 0.03

SXXVI Albiorix 2008 Mar 10 08:26-09:19 9.25 8.25 0.34 20.43+0.01 0.754+0.02 0.48 +£0.01 1.23 4+ 0.02

2008 Mar 10 11:13-11:25 9.28 8.33 1.88  20.48 £+ 0.03 1.23 £+ 0.06

2008 Mar 11 06:07-06:28 9.28 8.33 1.96 20.46 £ 0.01 0.91 £0.02 0.50 &+ 0.02 1.41 £ 0.01

SXXVIII Erriapus 2008 Mar 10 08:11-08:26 9.33 8.34 0.33 22.72 +£0.02 0.77 £0.01 0.42 +0.02 1.19 4+ 0.02

SXXXI Narvi 2008 Mar 11 06:28-06:33 9.34 8.38 1.81  23.52 £ 0.05 1.29 4+ 0.08

SXXXVII Bebhionn 2008 Mar 10 09:40-10:05 9.30 8.34 1.77 23.78 £0.18 0.60 + 0.10 0.51 £0.20 1.12 + 0.18

2008 Mar 11 08:40-08:45 9.29 8.34 1.87  23.74 £ 0.02 1.14 + 0.05

SXXXVI Aegir 2008 Mar 11 07:19-07:24 9.26 8.14 2.03  24.49 4+ 0.06 1.30 £ 0.06

SXXXVIII Bergelmir 2008 Mar 11 12:33-12:38 9.40 8.45 1.93  24.28 + 0.04 1.10 + 0.15

SXXXIX Bestla 2008 Mar 11 10:15-10:20 9.18 8.24 2.06  23.55 + 0.03 1.32 £ 0.04

SXLII Fornjot 2008 Mar 11 08:05-08:10 9.37 8.42 2.02  24.34 + 0.09 1.40 4+ 0.09

SLII Tarqeq 2008 Mar 11 11:45-11:50 9.34 8.39 1.94  23.12 £ 0.02 1.23 + 0.07

S/2007 S02 2008 Mar 11:55-12:30 9.27 8.33 2.01  23.74 £ 0.05 1.37 + 0.06

S/2007 S02 2008 Mar 11:55-12:30 9.30 8.40 2.00 23.74 £ 0.05 1.37 £ 0.09
Uranus

UXVI Caliban 2008 Sep 05 10:25-11:29 20.15 19.15 0.32 21.98 £0.01 0.87 +0.03 0.51 +0.01 1.39 4+ 0.03

2015 Dec 08 10:01-10:17 19.95 19.44 2.45 22174+ 0.01 0.73 +£0.01 0.43 +0.01 1.16 & 0.01

UXVII Sycorax 2008 Sep 04 11:29-11:47 20.06 19.05 0.08 20.17+0.02 0.77 +£0.02 0.52 +£0.02 1.29 4+ 0.03

2008 Sep 05 09:21-10:08 20.06 19.05 0.28 20.24 £ 0.01 0.80 +0.01 0.56 £0.01 1.37 £+ 0.01

2015 Dec 08 08:16-08:33 20.01 19.48 2.44  20.50 = 0.01 0.85 +£0.02 0.53 +0.02 1.38 4+ 0.01

UXVIII Prospero 2008 Sep 04 11:55-12:11 20.21 19.21 0.32 23.18+£0.09 0.62 4+ 0.03 0.53 +£0.09 1.15+ 0.09

2008 Sep 30 11:13-11:59 20.21 19.26 0.90 2326 £0.04 0.96 £0.08 0.31 +£0.08 1.26 & 0.05

2015 Dec 09 8:08-8:50 20.02 19.53 248  23.20 £0.01 0.86 £0.06 0.67 4+ 0.06 1.54 4+ 0.02

UXIX Setebos 2008 Sep 05 11:29-12:06 20.16 19.15 0.31 2317+ 0.04 0.784+0.02 0.49 +£0.04 1.27 4+ 0.04

UXX Stephano 2008 Sep 04 12:31-13:24 20.15 19.15 0.26  24.03 £0.02 091 +£0.12 0.71 £0.05 1.62 £+ 0.11



2008 Sep 05 12:12-12:39 20.15 19.15 0.35 23.80 £ 0.05 1.03 £0.09 0.61 £0.09 1.63 £ 0.07
UXXI Trinculo 2008 Sep 05 13:53-14:22 20.04 19.04 0.34  25.20 £ 0.15
Neptune
NI Halimede 2008 Sep 04 09:39-10:22 30.06 29.13 0.73 2372+ 0.08 0.84 £0.18 0.72£0.19 1.57 + 0.09
2008 Sep 05 07:47-08:49 30.06 29.13 0.73 24.16 £0.08 0.92 +£0.10 0.38 £0.12 1.31 +0.09
NII Nereid 2008 Sep 04 06:36-06:57 30.02 29.07 0.66  18.94 + 0.01 0.65 +0.02 0.39 £0.01 1.04 + 0.02
2008 Sep 05 06:21-06:40 30.02 29.08 0.69 19.04 £0.01 0.69 £ 0.01 0.37 £0.02 1.06 £ 0.01
NIV Neso 2008 Sep 05 06:45-07:47 30.01 29.07 0.66  24.66 + 0.04 0.84 4+ 0.12
2008 Sep 30 08:54-10:12 30.01 29.31 1.38  25.34 £ 0.31 0.31 4+ 0.42

Table 2.2: Irregular Satellite Geometry and Photometry.

@UT date and range of start times of the integrations

bHeliocentric Distance in AU

¢Geocentric Distance in AU

dPhase Angle in degrees

¢ Apparent magnitude in the R filter
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2.3 Results

The results of the photometry are listed in Table with £10 standard errors. Not all
satellites were observed in all three filters (B, V, and R) and therefore not all have equal
numbers of color measurements. In total, we measured 20 Jovian, 14 Saturnian, 6 Uranian,

and 4 Neptunian satellites.

The apparent magnitudes were converted to absolute magnitudes, Hy, defined as the
magnitude corrected to unit heliocentric and geocentric distance (ry and A, respectively)

and to phase angle @ = Oo. For the apparent V magnitude, this correction is

Hy =V —5logy(regl) — pa (2.1)

where [ is the phase function representing the angular dependence of the scattered sunlight

1 consistent with values

on «. For simplicity, we assumed § = 0.04 magnitudes degree™
measured in low albedo solar system objects (Tedesco and Baker 1981, Jewitt et al. 1998,
Rettig et al. 2001). Equivalent relations were also used to compute the absolute B and R

filter magnitudes.

Figure compares Hy magnitudes from this work with Hy magnitudes from previous
surveys by Grav et al. (2003), Grav et al. (2004) and Grav and Bauer (2007). Measurements
in perfect agreement should plot on the diagonal line in the figure. Some scatter about the line
is expected because of measurement errors, and because each satellite possesses a rotational
lightcurve, presenting a variable brightness to the observer. In fact, most satellites fall slightly
below the diagonal line, indicating systematic differences between our measurements and
those in the literature. Possible reasons for these systematic offsets include slight differences
in the filters employed, as well as differences in the way the phase function (Equation

was treated.
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Figure 2.2: Hy values from this survey plotted against Hy values from Grav et al. 2003, 2004 and Grav
and Bauer 2007. Only satellites measured in both surveys are plotted. The Hy from other surveys are

systematically brighter than the present work.
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The major uncertainty in the phase function correction lies in the treatment of the pos-
sible opposition surge. For example, Grav et al. (2004) assumed = 0.38 magnitudes
degree™! for the satellites of Uranus and Neptune in order to account for small-angle bright-
ening. Grav et al. (2003, 2007) and Rettig et al. (2001) instead used the Bowell et al. (1989)
phase function with parameter G = 0.15, which provides for a more modest surge. Bauer
et al. (2006) found that the magnitude of the opposition surge varies widely from satellite
to satellite, meaning that we cannot adopt any universal value. To assess the impact of the
various assumed phase functions, we recomputed the Hy magnitudes from the photometry
of Grav et al. (2003, 2007) and Rettig et al. (2001) assuming 3 = 0.04 magnitudes degree™*
for all objects, consistent with the value used in the analysis of the current data. Figure
(2.3) shows that the systematic differences of Figure largely disappear, showing that

the offsets result from phase and are not intrinsic to the data.
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Figure 2.3: Same as Figure |i except the values from Grav et al. 2003, 2004 and Grav and Bauer 2007 now
reflect Hy values calculated with 8 = 0.04 rather than 8 = 0.38 or the Bowell et al. (1989) phase function
where G = 0.15 as used in the original work. The data no longer consistently fall below the line as in Figure

l} showing that this systematic difference in Hy values is a result of the choice of phase function.
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The measured colors, as opposed to the absolute brightnesses, should be independent of
assumptions made about the phase functions (provided the latter are achromatic). The six
panels in Figure compare B-R values from this work and from previous surveys, with two
panels included for the Jovian and Uranian satellites to compare colors from different authors.
Considered as a whole, the panels show that the colors are scattered on both sides of the
diagonal line, as expected from random errors of measurement and/or rotational lightcurve
variations. There is a hint of a systematic error of unknown origin between the Rettig et
al. (2001) measurements of Jovian satellites and those from the present work. However,
amounting to 0.05 to 0.10 magnitudes in B-R, we consider this unimportant (and perhaps
not even statistically significant) compared to the much larger random errors indicated by
the wide scatter of points about the diagonal line. This scatter largely reflects the difficulty
of photometric measurements on faint satellites observed against the complex scattered light
field from the nearby parent planet. For example, the colors of bright object Lysithea (which
has V ~ 18) agree with the data from both Rettig et al. (2001) as well as Grav and Bauer
(2007) to within ~ £ 0.01 magnitudes. The much fainter Stephano (V ~ 25.4) shows color
differences between this work and Grav et al. (2004) of ~ 0.70 magnitudes in B-V. Figure
compares the color determined in this work with colors from published surveys. The

final absolute magnitudes and colors are listed in Table [2.3]
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Figure 2.4: The horizontal axis on each graph shows our B-R data and the vertical axis shows B-R data

from previous surveys. The diagonal line shows where the measurements are equal.
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Figure 2.5: Color vs. color plots of the irregular satellites at each of the giant planets compared to previous
studies. In the cases where multiple colors were reported across several nights for a single object, the colors
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used

44



Satellite Hp B-V V-R B-R
Jupiter
JIX Sinope 11.06 + 0.04 0.77 £0.07 0.48 + 0.08 1.25 £ 0.05
JX Lysithea 10.97 + 0.01 0.72 £0.01 041 +0.01 1.13 £0.01
JXI Carme 10.51 = 0.04 0.76 £ 0.08 0.48 + 0.08 1.24 £ 0.05
JXIIT Leda 12.36 + 0.01 0.66 £ 0.01 0.43 + 0.01 1.09 £+ 0.01
JXVIII Themisto 12.86 + 0.04 0.80 £ 0.07 0.48 + 0.08 1.28 £+ 0.04
JXIX Megaclite 14.85 £ 0.01 0.82 £ 0.07 0.44 + 0.07 1.26 4+ 0.03
JXX Taygete 15.28 £ 0.01 0.84 £0.02 0.47 + 0.02 1.31 4+ 0.02
JXXI Chaldene 15.61 £0.01 0.82+0.05 0.50 4+ 0.05 1.32 + 0.03
JXXII Harpalyke 15.54 £ 0.02 0.70 £0.02 0.42 + 0.03 1.12 4+ 0.02
JXXIIT Kalyke 1493 £0.02 0.69 £0.03 0.46 &£ 0.03 1.15 + 0.03
JXXIV Tocaste 15.26 £ 0.03 0.86 £ 0.08 0.38 & 0.07 1.24 + 0.05
JXXV Erinome 15.66 £ 0.02 0.72 £ 0.06 0.42 + 0.04 1.14 4+ 0.06
JXXVI Isonoe 1593 £ 0.04 0.78 £0.05 0.53 £0.04 1.31 + 0.06
JXXVII Praxidike  15.01 £ 0.03 0.71 & 0.05 0.32 £ 0.05 1.03 4+ 0.03
JXXVIIT Autonoe  15.21 £0.01 0.72 £ 0.03 0.51 + 0.02 1.23 £+ 0.04
JXXIX Thyone 15.46 + 0.03 0.71 £0.06 0.45 4+ 0.04 1.16 £ 0.05
JXXX Hermippe 15.02 + 0.03 0.73 £0.05 0.49 4+ 0.04 1.22 £ 0.06
JXVII Callirrhoe 14.20 £ 0.07 0.81 £0.11 0.23 +£0.12 1.04 4+ 0.08
JXLVII Eukelade 15.30 £ 0.02 0.794 0.07  0.50 4+ 0.07 1.29 + 0.02
JXLVIII Cyllene 15.76 £ 0.01 0.73 £0.07 0.46 + 0.07 1.19 + 0.01
Saturn
SIX Phoebe 6.37 £ 0.01 0.57 £0.01 0.34 +0.01 0.91 £0.01
SXXI Tarvos 12.78 + 0.01 0.71 £0.04 042 4+ 0.03 1.13 £ 0.03
SXXII Ijiraq 13.19 + 0.01 o o 1.40 £ 0.02
SXXVT Albiorix 10.97 + 0.01 0.80 £0.02 0.50 + 0.01 1.29 + 0.02
SXXVIII Erriapus  13.26 £ 0.02 0.78 & 0.10 0.41 + 0.10 1.19 £+ 0.02
SXXXI Narvi 13.98 £+ 0.05 e e 1.29 £+ 0.08
SXXXVII Bebhionn  14.26 + 0.09 0.61 + 0.10 0.51 £0.13 1.12 + 0.09
SXXXVI Aegir 15.02 4+ 0.06 1.30 + 0.06
SXXXVIII Bergelmir 14.70 + 0.04 1.10 £ 0.15
SXXXIX Bestla 14.07 + 0.03 1.32 £ 0.04
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SXLIT Fornjot 14.77 = 0.09 1.40 £ 0.09
SXLIV Hyrrokkin 13.57 + 0.01 1.23 £ 0.07
SLIT Tarqeq 14.22 + 0.05 1.37 £ 0.06
S/2007 S02 14.19 4+ 0.05 1.37 £ 0.09
Uranus
UXVT Caliban 9.09 £ 0.01 0.81 £0.02 047 4+ 0.02 1.28 £ 0.02
UXVII Sycorax 734+ 001 081 +£001 054+0.01 1.35+0.01
UXVIII Prospero 10.21 = 0.03 0.81 £0.04 0.51 &+ 0.05 1.32 £ 0.04
UXIX Setebos 10.18 + 0.03 00.78 £ 0.02 0.49 4+ 0.04 1.27 £ 0.04
UXX Stephano 10.97 £ 0.02 097 £0.07 0.66 = 0.05 1.63 £+ 0.06
UXXI Trinculo 12.28 +£ 0.15
Neptune
NI Halimede 9.20 £ 0.06 0.89 £0.10 0.56 = 0.11 1.44 4+ 0.06
NII Nereid 4.26 £0.01 0.67 £0.02 0.38 £ 0.01 1.05 £ 0.01
NIV Neso 10.25 4+ 0.10 0.58 + 0.13

Table 2.3: Adopted Absolute Magnitudes and Colors
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2.4 Discussion

2.4.1 Colors

The irregular satellite colors were averaged at each planet and are plotted in Figure
together with the mean colors of other small body populations from Jewitt (2015). The
“reddening line” that spans Figure (and is also present in the plots from Figure )
from bottom left to upper right shows the locus of colors of objects having linear normalized
reflectivity gradients, S’(\) (measured in %/1000 A), defined by S'(\) = (dS(\)/d)\)/S =
constant, where S(\) is the ratio of the flux density at wavelength A to the flux density of
the Sun and S is the average value of S (Jewitt and Meech 1988). The reddening line is
not a fit to the data and has no free parameters, other than being forced to pass through
the B-V, V-R colors of the Sun. The figure shows that the satellite data all fall on the
reddening line within the £1o error bars, indicating that they collectively possess linear
reflectivity spectra as, indeed, do most objects in the outer solar system (Jewitt 2015). The
mean optical colors of the irregular satellite populations (B-V, V-R = 0.75 4+ 0.01, 0.44 +
0.02 at Jupiter, 0.69 + 0.04, 0.44 + 0.03 at Saturn, 0.84 £+ 0.03, 0.53 £ 0.03 at Uranus,
and 0.7740.11, 0.50£0.09 at Neptune) are less red than either the hot (B-V, V-R = 0.89 +
0.05, 0.54 4 0.04) or cold (1.06 4 0.02, 0.6 6=+ 0.02) components of the Kuiper belt, redder
than the C-type asteroids (~0.70, ~0.38; Dandy et al. 2003) but most similar to the D-type
asteroids (~0.73, ~0.46), as shown in Figure (2.6). The D-types are especially abundant in

the Jovian Trojan population but have a minor presence also in the main belt.

Figure shows that the irregular satellites of Jupiter, Saturn, Neptune and Uranus
are clustered near each other in color-color space, and are red-grey in color implying that
the color of the irregular satellites does not depend on distance from the Sun. The color of
each individual satellite is independent of its magnitude, as shown in Figure (2.7). This lack

of dependency of magnitude and similarity in color further signifies a common origin.

47



0.70

[ T 1T 1 T 1T 1 T T T 1 I T T 1 I I [ |

- Cold CKBO~_ ]

0.65 [ Uranian o 4

C Irrequlars ~ Average KBO ]

0.60 — Damocloids ]

B T Plutinos 7

B Active JFC / ]

0.55 :—Neptunian il Inactive —:

- lrregulars Centaurs

o B Active y Hot CKBO ]
iv -

! 0.50 | Centaurs ] SKBO —

[ Trojans JFC nuclei ]

045 [ Active LPC B

0.40 | -’

0.35 — Saturnian ]

Irregulars g

0.30 TR IR N A N N N S N R AN R R A B B A

0.6 0.7 0.8 0.9 1.0 1.1

B-V

Figure 2.6: Color vs. color plot of small body populations in the solar system. Yellow data points represent
Kuiper belt objects and blue data points represent comet, or comet-like objects. The circles labeled "C" and
"D" represent the average color of the C-class and D-class asteroid populations respectively. The red data
points are the average colors of the irregular satellites for each of the four giant planets. The color of the

Sun is represented by the large yellow circle (Holmberg et al. 2006).
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We used the Kolmogorov-Smirnov test as well as the Anderson-Darling (1954) test to
assess the likelihood that the B-R colors of the different satellite populations could be drawn
by chance from a common parent population. The Anderson-Darling test is more sensi-
tive to the differences of the tails of the compared populations resulting mostly in lower
probabilities than produced by the Kolmogorov-Smirnov test. The most discrepant colors,
as suggested visually from Figure , occurs between the Jupiter and Uranus satellite
color distributions, which have a probability of sharing a common parent ~1.0% according
to the Kolmogorov-Smirnov test (Table [2.4)), and 0.5% according to the Anderson-Darling
test (Table 2.5)). Even the more stringent of these still does not meet the nominal 99.7%
probability associated with a 30 detection in a Gaussian distribution. Given this, and the
very small Uranus satellite sample size we do not regard the difference as significant. We
also compared the irregular satellite colors with the Jovian Trojan color distribution (from

Peixinho et al. 2015), finding no evidence for a significant difference.
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Group Jsat  Ssat Usat Nsat JTro
Jsat 1.000 0.300 0.010 0.585 0.848

Ssat 1.000 0.395 0.605 0.100
Usat 1.00 0.705 0.007
Nsat 1.000 0.657
Jtro 1.000

Table 2.4: Kolmogorov-Smirnov Probabilities - probability that any two given color distributions
could be drawn from the same parent population. The lower half of the diagonally symmetric

matrix is not shown.

Group Jsat  Ssat Usat Nsat JTro
Jsat 1.000 0.130 0.005 0.008 0.704

Ssat 1.000 0.310 0.087 0.261
Usat 1.00 0.319 0.389
Nsat 1.000 0.142
Jtro 1.000

Table 2.5: Anderson Darling Probabilities - Probability that any two given color distributions
could be drawn from the same parent population. The lower half of the diagonally symmetric

matrix is not shown.
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Figure 2.8: Histograms of B-R magnitudes of the irregular satellites observed in this survey at each of the

giant planets. Error bars on the colors are mostly comparable to, or smaller than, the bin size.
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Jarvis et al. (2000) suggested that asteroids ejected from the Kirkwood gaps in the main
belt might have been captured by Jupiter. Vilas et al. (2006) reported spectral similarities
between the irregular satellites and main belt asteroids (specifically the C- and D-class
asteroids in the classification system of Tholen 1989) and, on this basis, also suggested that
the main-belt is the source region for the Jovian irregular satellites. However, a main-belt
source seems hard to support for two reasons. First, the number of Jovian Trojans larger
than 5 km in size are similar (Shoemaker et al. 1989). However, while most Trojans are
D- or P-types, such spectral classifications are rare in the main-belt asteroids. Second, the
asteroid belt at ~2 to 3 AU hardly seems a good source for the irregular satellites of Saturn

(10 AU), Uranus (20 AU) or Neptune (30 AU).

A currently popular suggested source region for the irregular satellites is the Kuiper belt,
with the suggestion being that the irregular satellites could have been scattered from the
Kuiper belt during planetary migration (Morbidelli et al. 2005). However, it is clear from
Figure that the average colors of the irregular satellites at each planet are all bluer
than any of the Kuiper belt sub-populations, as are the Jovian Trojans. If the irregular
satellites were captured from a trans-Neptunian source, then their optical colors must have
been modified after capture. The specific difference is that the Kuiper belt population
contains ultrared matter (B-R > 1.6, Jewitt 2002) while only one irregular satellite (UXX
Stephano, with B-R = 1.634-0.06, see Table is marginally consistent with ultrared color.
Some evidence in seeming support of color modification is provided by observations of the
Centaurs, which show a broad distribution of colors for large perihelion distances, ¢ = 8 to 10
AU, but which lack ultrared members at smaller perihelion distances. Similarly, the nuclei of
Jupiter family comets also lack ultrared matter, even though they were extracted from the
Kuiper belt via the Centaurs. A plausible mechanism is resurfacing, caused by the ejection
of particles at sub-orbital velocities in response to sublimation (Jewitt 2002). Also, the
dynamical families of irregular satellites are likely collisionally produced (Nesvorny, 2003).

Bottke et al. (2013) explored the possibility that collisions between the irregular satellites
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cause dark material to be distributed onto the surfaces of the inner regular satellites. Though
some of the dust from collisions can be lost, a portion could fall back and cover the surface,
similar to the slow, sublimated particles of the Centaurs and comets. Another possibility
is a chemical change caused by volatilization of trace species as objects approach the Sun
(Wong and Brown 2017). However, the critical distances for resurfacing (8 to 10 AU in
the resurfacing hypothesis, where outgassing activity is first triggered by crystallization of
amorphous ice; Jewitt 2002, 2009, 2015; and ~17 AU in the H,S model of Wong and Brown;
2017) are too small for the satellites of Uranus (at 20 AU) and Neptune (30 AU) to be affected.
If Centaur-like color modification were the operative process, then we should expect to find
ultrared matter in the satellites of Uranus and Neptune and, possibly even Saturn with an

abundance ~1/3, as in the dynamically hot populations of the Kuiper belt.

2.4.2 Shapes

Our data also offer statistical information about the average shapes of the irregular satellites.
Figure shows the difference in the absolute magnitudes of satellites that were observed
on two different days. According to the Anderson-Darling test, the measured distribution of
differences (blue histogram in the figure) is consistent with derivation from a Gaussian parent
population (the probability that a larger Anderson-Darling statistic could be obtained by
chance is 0.032). The least-squares fit of a Gaussian is also shown in the Figure. The fit has

mean -0.00140.003 magnitudes, consistent with zero, and FWHM = 0.32+0.01 magnitudes.
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Figure 2.9: The distribution of differences in absolute magnitude of the irregular satellites measured on
different days (blue histogram) compared with a least-squares fitted Gaussian (black line). The width of the
distribution indicates that the irregular satellites have a sky-plane axis ratio b/a = 1.16, similar to the mean
projected shape of the main-belt asteroids. Collisional control is likely responsible for the shapes of objects

of both types.
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The shape can be estimated from the lightcurve range, Ampg, using

Amp = 2.5log(b/a) (2.2)

where the body is taken to be elongated in shape with long and short axes b and a, re-
spectively, both projected into the sky-plane. We assume that the pair-wise observations of
each satellite are uncorrelated with the rotational phase. Then, our estimate of the aver-
age photometric range is Amg = FWHM /2 = 0.16+0.01 magnitudes and substitution into
Equation gives a sky-plane axis ratio b/a = 1.16+0.01. Szabo and Kiss (2008) made a
statistical analysis of 11,735 asteroids and found that b/a peaks at 1.2, with 80% of the data
falling in the range of b/a = 1.1-1.2, which we regard as consistent with the average irregular
satellite value. The normalized cumulative distributions of the brightness differences of the
irregular satellites (red circles) are compared with those of asteroids (black line) from Szabo
and Kiss (2008) in Figure (2.10). We conclude that there is no observational evidence for
a difference between the average shapes of the irregular satellites and the asteroids. Given
that the shapes of the asteroids are collisionally determined, we likewise conclude that ir-
regular satellites are also shaped by collisions, and this is consistent both with the existence
of dynamical families in the Jovian satellite population, and with the inference by Bottke et

al. (2013) that irregular satellites are, as a group, highly collisionally processed.

o6



Cumulative Distribution

0.0

| | I | ]
0.0 0.2 0.4 0.6 0.8

AmR

Figure 2.10: Comparison of the normalized cumulative distribution of brightness differences of the irregular
satellites from this work (red circles) with the same distribution for main-belt asteroids (black line) reported

by Szabé and Kiss (2008). The distributions match well, consistent with a common origin by collisions.
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2.5 Conclusion

We present the absolute magnitudes and colors of the irregular planetary satellites at each
of the giant planets and used their average population colors to compare them to other

populations in the solar system in search for a common origin.

e The optical colors of the irregular satellites of the four giant planets are statistically

similar to each other and independent of heliocentric distance.

e The satellites lack the ultrared matter that colors the surfaces of many Kuiper belt
objects. About 80% of the cold-classical and 30% to 40% of the hot classical Kuiper
belt objects have B-R > 1.60, whereas only one of the measured irregular satellites

(UXX Stephano, with B-R = 1.63+0.06) might fall in the same range.

e If the irregular satellites were captured from the Kuiper belt, then their surface colors
must have been modified. The lack of ultrared surfaces even on the (cold) irregular
satellites of Uranus and Neptune suggests that such modification cannot have been by

any plausible thermal process.

e The means and the distributions of the shapes of the irregular satellites (average pro-
jected axis ratio b/a = 1.16+0.01) and main-belt asteroids (b/a = 1.1-1.2, Szabo and
Kiss 2008) are similar. Collisional shattering likely determines the shapes in both types

of object.
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CHAPTER 3

Fragmented Comet 73P /Schwassmann-Wachmann 3

This chapter is adapted from the peer-reviewed paper titled "Fragmented Comet 73P /Schwassmann-
Wachmann 3", which has been published in the Astronomical Journal (Graykowski & Jewitt
2019).

3.1 Introduction

73P is a Jupiter family comet with a semimajor axis a = 3.063 AU, orbital inclination i =
11.4°, and eccentricity e = 0.692. The comet was first reported to have fragmented into at
least four pieces on September 12, 1995 (Crovisier et al. 1995), shortly before its perihelion
passage at 0.94 AU on September 22. While fragments A and D were not seen during its
following apparition, fragments B and C are long-lived, continuing to appear in subsequent
apparitions every 5.36 years. Fragment 73P-C is the brightest of the fragments and is also the
leading fragment in the orbit. These characteristics generally describe the primary fragment
of a split comet according to Boehnhardt (2004), so 73P-C is therefore considered the primary
nucleus. While its 2001 apparition provided a less than ideal observing geometry, the comet
approached to within 0.08 AU of the Earth in 2006, providing an excellent opportunity for
high resolution observations with the Hubble Space Telescope (HST). 73P fragmented again
during this apparition, releasing fragments G, H, J, L, M and N, with fragments B and G
famously shedding dozens of smaller pieces (Weaver et al. 2008 and Fuse et al. 2007).

Potential causes of cometary fragmentation include tidal disruption (Asphaug and Benz
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1994), rotational instability (Jewitt 1997), internal build-up of thermal gas pressure (Sama-
rasinha 2001), and impact induced fragmentation (Sekanina 1997 and Boehnhardt 2004). In
the case of 7T3P-C, tidal disruption can be discounted since the orbit of the comet does not
pass within the Roche spheres of any of the major planets or the Sun. Impacts are intrinsi-
cally unlikely and offer an even less credible explanation given that the comet has exhibited
multiple breakup episodes in different orbits. Estimates of the rotational period of 73P-C
(c.f. Table are widely spread over the range from 3.019 hours (Drahus et al. 2010) to
27.2 hours (Storm et al. 2006). The lower end of this range is suggestive of fragmentation
due to rotational instability (Marzari et al. 2011). However, the upper end of the range is

completely inconsistent with this possibility.

In this paper, our motivation is to obtain a deeper understanding of how 73P fragmented.
We focus on 73P-C and examine HST images from April, 2006 and measure the rotation

period of 73P-C in order to reduce the ambiguity behind the cause of its fragmentation.

3.2 Observations

The images were taken under HST program GO 10625, with P. Lamy as the principal
investigator using the Advanced Camera for Surveys (ACS) in the High Resolution Channel
(HRC). The field of view of the HRC is 29” x 26” with a pixel scale of 0.028” x 0.025” /pixel
(Ford et al. 1998 and Ryon et al. 2019). A total of 84 images were analyzed in four filters:
F475, F555, F606, F625 (Table . The observations started on 2006 April 10, 21:35
UT and ended 2006 April 11, 19:06 UT, providing a span of ~21.5 hours. The observing
geometry is listed in Table for the two days on which the comet was observed.
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Rotation Period (Hours)

Author(s) Method

3.019 + 0.001,

3.349 =+ 0.002,
3.392 & 0.002
3.2 4+ 0.2
3.5-4.0

8.8 + 0.3,
13.2 + 0.3,
27.2 + 0.3
>10.0

> 15

Drahus et al. (2010) HCN production rate. The method
produces many possible periods, in-

cluding solutions in the range of 10.174
to 13.567 hours, but is insensitive to
periods >14 hours.

Toth et al. (2006) Photometry

Toth et al. (2008) Photometry

Storm et al. (2006) Dust morphology

Nolan et al. (2006) Radar
Dykhuis et al. (2012) Dust morphology

Table 3.1: Reported Period of 73P-C
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Filter ~A\* FWHM? N¢ 4
F475 4760 1458 12 10-20
F555 5346 1193 12 20
F606 5907 2342 36 180
F625 6318 1442 24 20

Table 3.2: HST Image Information

@The central wavelength of the filter in A

The full-width-half-maximum of the filter in A according to the Space Telescope Science Institutes
instrument handbook

“Number of images

dIntegration time, seconds

UT Date* AT? v° rd, Ac ol 90, o, 5L
2006 Apr 10 -60 29 1.240 0.292 31.2 222.1 290.6 -30.8
2006 Apr 11 -59 29 1.231 0.283 31.8 221.0 2904 -31.5

Table 3.3: Observing Geometry

2date of observations at 22:00 UTC

®Number of days from perihelion (UT 2006-Jun-09) Negative numbers indicate pre-perihelion
observations

“True anomaly, in degrees

4Heliocentric distance, in AU

¢Geocentric distance, in AU

fPhase angle, in degrees

9Position angle of the projected anti-Solar direction, in degrees

hPosition angle of the projected negative heliocentric velocity vector, in degrees

i Angle between Earth and target orbital plane, in degrees

3.2.1 Nucleus Measurements

The morphology of the parent body, 73P-C, can be seen in Figure (3.1). It displays an

obvious coma elongated towards the southwest direction, approximately aligned with the
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antisolar direction (marked -®). We used aperture photometry to measure the apparent
magnitude in the 84 images and accounted for the zeropoint of each filter given by http://
www.stsci.edu/hst/acs/analysis/zeropoints/old_page/localZeropoints. We chose
an aperture radius of ~0.13” (~FWHM of the PSF), which corresponds to a distance of 27
km at the comet. We then subtracted the background flux caused by the sky and coma
through an annulus immediately outside the aperture, extending out another ~0.26”. In
order to analyze the data from each filter all together, we calculated the average colors with
respect to filter F555 (equivalent to the Johnson V filter) and used the colors to shift the
magnitudes in each filter such that they are equivalent to the F555 filter (Table . The

nucleus aperture magnitudes are plotted as a function of time in Figure [3.2]

Color Nucleus (0 - 27 km) Coma (27 km - 136 km) Coma (136 - 245 km)
F475-F555 0.43+0.04 0.4240.18 0.4240.26
F555-F606 0.25+0.04 0.26+0.05 0.26+0.06
F555-F625 0.47£0.04 0.49+0.04 0.49+0.06

Table 3.4: Nucleus and Coma Colors
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http://www.stsci.edu/hst/acs/analysis/zeropoints/old_page/localZeropoints
http://www.stsci.edu/hst/acs/analysis/zeropoints/old_page/localZeropoints

Figure 3.1: Sample single image of 73P taken with HST’s ACS HRC instrument in the F555 filter with a
20 second exposure on April 10, 2006. The pixel scale is 0.028” x 0.025” / pixel. At a distance of 0.288

AU from the Earth, 1” corresponds to 208.9 km. The projected antisolar direction and negative velocity are

represented by the vectors labeled -® and —V respectively.
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Figure 3.2: 73P-C apparent magnitude versus time plotted as red circles with 1o error bars. The solid
line shows a best-fit sinusoidal lightcurve with a period P = 10.38 + 0.04 hours and a rotation period
2P = 20.76 £+ 0.08 hours.
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3.2.2 Coma Measurements

Next, we compared the lightcurve of the central aperture (containing the nucleus and near-
nucleus dust) to lightcurves of the coma annuli (containing only dust). We used the same
aperture radius to obtain the lightcurve for the nucleus. We then measured the flux within the
coma within two annuli extending from ~0.13"” to ~0.65"” and from ~0.65” to ~1.17". Instead
of subtracting the background flux from an annulus immediately outside these regions, we
only subtracted the flux from the sky background. For this purpose, we chose an annulus
with inner and outer radii of ~5.7” and ~6.5" respectively, and subtracted this flux from
all measurements. The aperture and annuli are drawn on an image of the comet in Figure
. Colors were again calculated in the coma regions with respect to filter F555 as seen
in Table with error estimates representative of the signal-to-noise ratio (S/N). The
S/N decreased further out in the coma, where the sky background had a larger effect. The

resulting apparent magnitudes are plotted in Figure (3.4)).
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Figure 3.3: Same as Figure (3.1) but with blue circles to show photometric apertures with radii 27, 136, and

245 km and green circles to represent the inner and outer edges of the background annulus corresponding to

radii ~1190 and 1360 km.
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Figure 3.4: Phase folded lightcurves of the nucleus (top), the coma with inner and outer annulus radius of
27 and 136 km (middle), and the coma with an inner and outer annulus radius of 136 and 245 km (bottom).
The magenta, vertical line is placed at the peak of the nucleus lightcurve, and is unmoved in the subsequent

coma lightcurves. The magenta circle marks the fitted peak of each lightcurve. A phase shift is clearly visible
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3.3 Results

3.3.1 Rotational Period of the Nucleus

We measured the rotation period of the nucleus by fitting a lightcurve to the time-varying
magnitudes. For convenience of presentation, the time plotted in Figures (3.2) and ({3.4)) was

calculated from

T = (JD — 2453836.399) x 24 (3.1)

where 7" is time in hours and JD is the Julian date obtained from the image header. We used
IRAF’s phase dispersion minimization (PDM) program to search for likely periods in the
data, and used these values as a guide to create the best fit sinusoid curves by least squares.
Figure shows our best fit for the lightcurve of the nucleus. This sinusoidal least-squares
fitted curve has a single-peaked period P = 10.38 = 0.04 hours. The lightcurves of most
solar system small bodies are dominated by variation in the cross-section due to aspherical
shape, rather than by surface albedo variations (Burns and Tedesco, 1979). In these cases the
lightcurves are doubly periodic (two maxima and minima per rotation) owing to rotational
symmetry. For 73P-C, this would imply a rotational period 2P = 20.76 + 0.08 hours.
This relatively long period is consistent with a lower limit P > 10 hours set using radar
observations by Nolan et al. (2006), but disagrees with shorter periods obtained using less
direct methods (Table . Incomplete sampling of the lightcurve leads to aliasing in the
period determination and, therefore, we cannot exclude the possibility that other periods
might fit the data. The shortest plausible period from our PDM analysis is P = 5.01 hours
and thus we can rule out shorter periods proposed by Drahus et al. (2010), Toth et al. (2006,
2008) listed in Table (3.1]).
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3.3.2 Dust Outflow Speed

We next repeated the analysis for the lightcurves of the nucleus and coma regions mea-
sured from the sky-subtraction technique. Specifically, we aim to detect a phase lag in the
lightcurves from the three apertures caused by the finite speed of outflow of the dust. Keep-
ing the same period found in our best fit of the nucleus lightcurve in the previous section,
we fit curves with the lightcurve period P = 10.38+0.04 hours to the phase-folded data in
Figure . The figure shows that there is a phase lag from the nucleus to the dust regions
of the coma. The phase lags fit are listed in Table (3.5). From the central aperture to the
inner coma annulus there is a AT = 0.21 4+ 0.05 hour lag while from the center to the outer
coma annulus the lag is AT = 0.46 + 0.08 hour. Figure shows the phase lag versus the
effective radius of each photometry annulus, computed by determining the center of light of
the photons hitting the CCD in each aperture or annulus according to the surface bright-
ness profile plotted in Figure . With a surface brightness o< =1 (where r is the radial
distance from the center), the effective radius, r., is given simply by r. = (r; +1,)/2, where
r; and r, are the inner and outer radii of each annulus. The speed of the dust is given by
the gradient of a straight line fitted to the data in Figure . We find v, = 107 & 9 m/s.
At this speed, dust released from the nucleus would escape from the central photometry
aperture of projected radius r, = 27 km (Table in a time ¢t ~ r,/V, ~ 250 s. This time
is very short compared to the nucleus rotational period and, therefore, we can neglect the

effects of averaging in the interpretation of the lightcurve data.
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Aperture ¢ r® r¢ | A Phase |
1 0 27 13 0

2 27 136 82 0.21 £ 0.05
3 136 245 190 0.46 &+ 0.08

Table 3.5: 73P-C Nucleus and Coma Lightcurve Phase and Phase Shift
%Inner radius of annulus in km, 1” ~ 208.9 km

bOuter radius of annulus in km

¢Effective radius of annulus in km

dPhase lag relative to the lightcurve of the nucleus (hours)
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Figure 3.5: The relative phase shift plotted against the distance from the center of the nucleus, where the
reference phase measured from the lightcurve of the nucleus is set to zero. From left to right, the red points
then represent the relative phase at the nucleus, 82 km from the nucleus into the coma, and 190 km from
the nucleus into the coma. The error bars represent the one sigma error on the phase obtained from each

fit. From this, we obtain a dust speed v, = 107 & 9 m s~ 1.
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Figure 3.6: The surface brightness profile of 73P-C. The red line represents a surface brightness profile oc 1,

where r is the radial distance from the center of the nucleus. The surface brightness profile follows this line
closely except r < 0.15” where the PSF has an effect, and » 2 1.5”, where the background subtraction

systematics are important.
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3.3.3 Size of the Nucleus

We converted from apparent to absolute magnitude, Hy, defined as the magnitude corrected
to unit heliocentric and geocentric distance (ry and A, respectively) and to phase angle «

= 0°. For the apparent magnitude, my, the correction is

HV =my — 510g10(7’HA) - f(Oé) (32)

where f(a) is the phase function representing the angular dependence of the scattered sun-

light at phase angle o in degrees. We assume a linear phase function

f(a) = (0.046 £+ 0.017)«x (3.3)
based on measurements of 37 Jupiter family comets reported by Kokotanekova (2017). We
find the absolute magnitude of 73P-C to be Hy = 17.3 £+ 0.1.

We estimated the size of the nucleus using

2.25 x 1016
Ce — 7T( p;( )10—0.4[[‘,{\/—‘/@} (34)

where py is the geometric albedo, which we assume to be 0.04 (Hartmann et al. 1987, Lamy
et al. 2004, Fernandez et al. 2013), Hy is the absolute magnitude and V; ~ -26.77 is the
apparent magnitude of the Sun. The effective nucleus radius is then r, = \/m and we
find r,, = 1.2+£0.1 km. This is consistent with the pre-breakup radius r,, ~ 1 km as reported
by Sekanina (1989) and 7, ~ 1.1 km as reported by Boehnhardt et al. (1999). In both of
these studies, as well as our calculation of the radius, coma contamination was not accounted

for, and therefore these values all represent an upper limit on the size of the nucleus.

Toth et al. (2005) accounted for coma contamination by modeling the expected brightness

profile of the coma and nucleus, and calculating the residual flux associated with just the

nucleus. From this, Toth et al. (2005) find that as of 2001 November 26, 73P-C had decreased
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in radius to r, = 0.68 £+ 0.04 km (i.e. to only 25% of the original volume). However, the
smaller size is likely a result of accounting for dust contamination rather than the nucleus
physically shrinking over time. We then conducted a similar analysis by extrapolating the
surface brightness profile in the coma to the center aperture. We subtracted the estimated
flux of the coma within the center aperture from the flux value we measured using aperture
photometry. The residual flux represents that of the isolated nucleus. In the measured
region of the coma, Figure shows the surface brightness profile oc 7=!, where r is the
radial distance from the center of the nucleus. This implies that the integrated flux within
an annulus is simply proportional to the width of the annulus, i.e. flux o< r, — ;. Therefore,
if there is no nucleus present, we expect to find flux ratios in the different apertures A1/A2
= 27/(136-27) = 0.25 and A1/A3 = 27/(245 - 136) = 0.25 (c.f. Table [3.5)). Instead, the
average flux measured through the center aperture is ~ 29% 4 2.5% of the average flux
in the indicated coma annuli. The residual flux corresponds to an apparent magnitude
my ~ 18.7 + 0.7, absolute magnitude Hy ~ 19.7 £+ 0.7, and radius r, ~ 0.4 & 0.1 km. This
estimate (diameter 0.840.2 km) is comparable, within the uncertainties, to Arecibo (12.6
cm) and Goldstone (3.5 cm) radar data reported to show that fragment C is at least 1 km
in diameter (Nolan et al. 2006).

3.4 Discussion

3.4.1 Stability of the Nucleus Rotation

Is rotational instability a plausible mechanism of fragmentation for 73P7? We compare the

minimum period we derived with the critical rotational period of the body given by

1
il

z (3.5)

where G is the gravitational constant, p is the density, £ is a dimensionless constant that
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depends on the shape of the body. For a sphere, k reduces to 1. We assume that a prolate
shaped nucleus generates the lightcurve, so k = a/b where a > b. We also assume a density
p = 600 kg/m3, as representative for comets (Britt et al. 2006). With photometric variations
of ~ 0.31 4+ 0.01 magnitudes in the nucleus, we infer £k = 1.33 £ 0.01, and a critical period
Pe = 5.67 4+ 0.04 hours for a prolate spheroid of this density, which is far shorter than our
10.38 hour best-fit single-peaked lightcurve period. Therefore, we can confidently rule out

the possibility of break up due to rotational instability.

3.4.2 Coma Dust Speed and Particle Size

From the measured speed of the dust in the coma, we can estimate the average dust grain size
and mass loss rate from the nucleus. We assume the inverse relationship between ejection

velocity and grain size

v = o2 (3.6)

where 3 is the ratio of the acceleration due to solar radiation pressure to the acceleration
due to solar gravity and v, is the reference velocity for a particle 1 pm in radius (Lisse et
al. 1998; Reach et al. 2000; Ishiguro et al. 2007) and 5 ~ 1/a where a is the grain radius in
pm. We then can evaluate the average velocity of particles by weighting the velocity by the
size distribution and the cross-section of the particles. The average velocity is then

[eme yorazn(a)da

Amin

[4me ra?n(a)da

Amin

(3.7)

v =

where n(a)da is the size distribution of dust. This power law distribution is defined as

n(a)da =Ta"da (3.8)

where ' is a constant that does not affect the resulting velocity, and we take v = 3.5, as
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found in other active bodies (e.g. Jewitt et al. 2014). Then, assuming a,qez > Gmin, the

resulting average velocity is

Vo
2 vV Amin

Equation (3.9) shows that, with these assumptions, the average velocity only depends on

(3.9)

v =

the minimum particle size. The smallest particles that can be seen in the visible spectrum are
limited by diffraction. The scattering efficiency of a particle depends on the size parameter,
x = 2ma/\, where )\ is the wavelength of observation. The scattering efficiency approaches 0
as x — 0, and oscillates around and approaches unity as  — 1 (Van de Hulst 1957). In the
visible spectrum (A ~0.5 pm), z = 1 corresponds to a ~ 0.1 um. These tiny particles are
likely to be dynamically well coupled to the gas and ejected with a velocity that is comparable
to the average thermal velocity, given by integrating the Maxwell Boltzman distribution of

particle speeds;

8kpT
U = ] —2— (3.10)
mwm

Here the blackbody temperature at ~1.23 AU from the Sun is T' ~ 257 K, kp is the Stefan-
Boltzmann constant, and m is the mass of an HyO molecule. Equation gives vy ~
550 m s~!, which is our best estimate of the outflow speed in gas. If we assume that the
smallest particles, a ~ 0.1 um, are dynamically well coupled to the gas and traveling at vy,
then the mean speed © ~107 £ 9 m s~! corresponds to effective particle radius a ~ 3 um,
by Equation (3.9)).

This particle size estimate is clearly approximate, given that we do not know the ac-
tual gas flux from the nucleus and that v, is only an approximation to the outflow speed.
However, the sunward extent of the coma provides an independent estimate of the parti-
cle ejection speed (Jewitt 1991). A particle launched towards the Sun and experiencing a

constant anti-solar acceleration of magnitude fgs will reach a turn-around distance given
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,UQ

a 2890
Substituting v = vo3'/2, Equation (3.11)) simplifies to L = v2/(2¢s), where go = 4 x 1073 m
s~2 is the solar gravity at ry = 1.23 AU. We see from Figure (3.1]) that the sunward angular

(3.11)

extent of the coma is ~ 10” corresponding to 2x10°% m at the comet, neglecting the effects
of projection. We infer vy ~ (29 L)"/? ~ 125 m s~!, corresponding to the speed of a 1 ym
particle. This is close enough, given the many approximations involved, that we consider

this independent estimate to be in strong support of the result from aperture photometry.

3.4.3 Mass Loss Rate

A simple mass loss rate estimate can be obtained from

dM  4paC.u
dt  3d

(3.12)

where p is the dust grain density, which we assume again to be 600 kg m~3, @ is the average
particle radius, C. is the total cross section of all the particles in the measured portion of
the coma as given by Equation , v is the average velocity of particles in the coma, and d
is the distance traveled. For d, we use the distance from the nucleus to the midpoint of the
outer defined region of the coma, d ~190 km. Substituting into Equation gives the
order of magnitude average mass loss rate dM/dt ~ 50 4 17 kg s~ where the error is largely
dominated by the error on particle size. Finally, we solved the energy balance equation for
a patch of perfectly absorbing ice exposed at the subsolar point on the nucleus of 73P. The
equilibrium mass loss rate at ry = 1.23 AU is f, = 2.9 x 107* kg m™2 s (ice temperature

202 K). The measured sublimation rate can thus be supplied by a circular patch of area
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,_ LdM
CSf, dt

r

(3.13)

where ¢ is the dust-to-ice mass ratio. If § is equal to unity, then mr? ~ 0.17 £ 0.05 km?
and r ~ 0.2 km, which sets a strong lower limit to the radius of 73P-C. Published estimates
of ¢ vary considerably, but there is now a consensus that § > 1. For example, Reach et.
al (2000) found § ~ 10-30 in 2P/Encke, while Fulle et al. (2017) find § = 7.5 for Comet
67P /Churyumov-Gerasimenko. These larger values would imply an active patch of radius

r ~0.04-0.08 km on 73P-C. Evidently, very localized activity on 73P can drive the coma.

3.5 Conclusion

We analyzed 84 images of comet 73P/Schwassmann-Wachmann 3 taken with HST on 2006
April 10 and 11 to find

e The best-fit lightcurve period is P = 10.38 + 0.04 hours (2P = 20.76 4 0.08 hours for a
double-peaked lightcurve expected for an irregularly shaped body). This eliminates the
possibility of rotational instability as a fragmentation mechanism, because the rotation

period is above the critical period for breakup due to rotational instability.

e Accounting for dust contamination, our best estimate of the absolute magnitude is
Hy ~ 19.7 £ 0.7 corresponding to a nucleus radius r, ~ 0.4 £ 0.1 km, assuming an

albedo of 0.04.

e Phase-lagged brightness variations in the coma show that the dust outflow speed is
v, = 107+ 9 m s7!, corresponding to average dust particle radius @ ~ 3 = 1 um. The
mass loss rate, dM/dt ~ 50 kgs™!, is consistent with sublimation of an exposed, ice

patch of radius only ~0.2 km.
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CHAPTER 4

Hubble Space Telescope Investigation of Fragmenting
Comet 73P /Schwassmann-Wachmann 3: 73P-B and -G

This chapter is adapted from the paper titled "Hubble Space Telescope Investigation of Frag-
menting Comet 73P /Schwassmann-Wachmann 3: 73P-B and -G", which is in preparation

to be submitted to the Astronomical Journal (Graykowski & Jewitt, In Prep.).

4.1 Introduction

Comet 73P/Schwassmann-Wachmann 3 (73P) has been observed to fragment on several
occasions. 73P is a Jupiter family comet with a period P = 5.36 years, a semimajor axis
a =3.091 AU, inclination ¢=11.4, and eccentricity e = 0.686. The perihelion distance is
q = 0.972 AU. The first reported breakup was observed on UT 1995 September 12, only
10 days before the comet reached perihelion on UT 1995 September 22 (Crovisier et al.
1995). The comet went unobserved during its 2001 perihelion passage, however during its
2006 apparition, it broke into 4 large fragments named 73P-A, -B, -C, and -D. Of these, only
fragments 73P-B and 73P-C were long-lived, appearing again at the comet’s 2006 apparition.
Fragment 73P-C was identified with the primary nucleus of the comet, as it was both the
brightest fragment and leading the others in heliocentric orbit (Boehnhardt 2004). During
this apparition, while approaching its perihelion (which occurred UT 2006 June 9), the comet
disintegrated further into fragments 73-G, -H, -J, -L, -M, and -N. Fragments 73P-B and -G
shed hundreds of sub-fragments themselves (Fuse et al. 2007 and Weaver et al. 2008).
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Several mechanisms have been proposed to cause comet fragmentation, including tidal
disruption (Asphaug and Benz 1994), rotational instability (Jewitt 1997, 2021), the build
up of gas pressure in sub-surface pockets (Samarasinha 2001), thermal stress and impact
induced fragmentation (Sekanina 1997, Boehnhardt 2004). Tidal disruption is not a viable
mechanism for the breakup of 73P, since the comet does not pass within the Roche spheres
of any major planet or the Sun. Impacts are statistically improbable and, considering that
73P has fragmented on multiple occasions, the likelihood of multiple impacts is even lower.
The rotation period of the primary nucleus, 73P-C, at 20.76 4+ 0.08 hr (Graykowski and
Jewitt 2019) is too long for rotational instability to be viable. These considerations point to
a thermal fragmentation mechanism as the likely mechanism causing 73P’s fragmentation.
Understanding the fragmentation mechanism of 73P and fragmenting comets in general aids
in the understanding of their mass loss and lifetime. Also, for 73P, fragmentation seems to
affect the ejection speed of the debris in the dust tail. Due to it’s history of fragmenting,
Vaubaillon & Reach (2010) showed that the debris of 73P had ejection speeds of up to 2
times higher than predicted by sublimation of water ice. Ye et al. (2022) found that if the
ejection speeds of sub-millimeter particles in the dust tail following 73P’s 1995 fragmentation
event are just 40% higher than predicted, the associated meteor shower in 2022 May could
be visible. The magnitude of the meteor showers produced by the tail of 73P can then reveal

a lot about the history of the comet, and the effect of fragmentation on mass loss.

In this chapter, we use high angular resolution imaging data from the Hubble Space
Telescope in 2006 April to identify hundreds of sub-fragments surrounding fragments 73P-B
and G. We measure physical properties including the speed and ejection time of the sub-
fragments in order to shed light on the fragmentation mechanism that acted on B and G,
and compare our findings to previous work. The HST observations were taken under General
Observer program GO 10992 with Harold Weaver as principal investigator and obtained from
the MAST archive. These observations have been published only in abstract form (Weaver

et al. 2008).
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4.2 Observations

The images were taken with the Wide Field Channel (WFC) of the Advanced Camera for
Surveys (ACS). The ACS has a field of view of 202" x 202" and a pixel scale 0.05” pixel™
(Ryon et al. 2022), corresponding to about 167 km pixel ™! at the distance of the comet. All
observations were taken using the F606W filter, centered at wavelength 5922 A with a full
width at half maximum (FWHM) of 2323 A. In total, 15 images were obtained of 73P-B over
three consecutive days: 2006 April 18, 19, and 20 (hereafter referred to as day 1, 2 and 3),
with five images taken each day. The first image on each day was exposed for 20 s and the
subsequent four images had exposure times of 425 s, all with the telescope tracked to follow
the non-sidereal motion of the comet. An additional 5 images of 73P-G were recorded on
2006 April 18, the first again with 20 s exposure time and the subsequent four with 400 s. We
used images geometrically-corrected, dither-combined and calibrated in units of electrons/s,

created by AstroDrizzle.

Table lists the observing geometry for the three days of HST observations of 73P-B
and one day of HST observations of 73P-G. Figure 4.1 shows combined images of 73P-B on
each day, while 73P-G is shown in Figure [4.2]
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UT Date # Images t* AT} v° rd A° of 90, o, oL

73P-B

2006 Apr 18 1 20 -49 300.0 1.180 0.227 25.1 208.5 287.0 -35.2
4 425

2006 Apr 19 1 20 -48 300.8 1.174 0.220 25.3 2079 286.8 -35.8
4 425

2006 Apr 20 1 20 47 301.7 1.166 0.211 25.6 207.3 286.5 -36.8
4 425

73P-G

2006 Apr 18 1 20 -49 2995 1.185 0.231 249 207.5 286.8 -34.7
4 400

Table 4.1: 73P-B and -G Observing Geometry

“Image integration time, in seconds

®Number of days from perihelion (UT 2006-Jun-09). Negative numbers indicate pre-perihelion

observations

“True anomaly, in degrees

4Heliocentric distance, in AU

€Geocentric distance, in AU

/Phase angle, in degrees

9Position angle of the projected anti-Solar direction, in degrees

hPosition angle of the projected negative heliocentric velocity vector, in degrees

‘ Angle between Earth and target orbital plane, in degrees

88



2006 Apr 18 2006 Apr 19 2006 Apr 20

Figure 4.1: 73P-B on 2006 April 18, 19, and 20 - The motion of the fragments in 73P-B is visually evident.
Each image is the combination of five images taken with HST’s ACS WFC instrument in the F606 filter. The
pixel scale is 0.05 x 0.05 square arcseconds. At a distance of 0.23 AU from the Earth, 1 arcsecond corresponds
to 167 km. The projected anti-solar direction and negative velocity are represented by the vectors labeled

-® and -V respectively.
4.2.1 Fragment Measurements

We identified a total of 461 fragments in addition to the primary fragment (B) near 73P-B
and 50 fragments in addition to the primary fragment (G) near 73P-G. Figure shows
the identified fragments of 73P-B in Days 1, 2 and 3 separately, as well as overlaid on each
other. We conducted aperture photometry on each of these fragments. We measured the
flux through an aperture of radius 0.15, which corresponds to ~24 km at the distance of
the comet. We chose this aperture size based on the simulated point spread function (PSF)
generated using Tiny Tim (Krist et al. 2011), which produced a model PSF with a full-
width-half-maximum (FWHM) of about this size. This aperture size allowed us to measure
most of the flux (80%), while also avoiding the flux from nearby fragments, and is larger than
the measured FWHM (~ 0.09) of a PSF on the ACS/WFC CCD at the time (Hartig et al.
2002). We subtracted the flux of the sky background and the immediately surrounding coma

using a contiguous annulus, which extended another 0.08. It was crucial to use an annulus
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2006 Apr 18

Figure 4.2: 73P-G on 2006 April 18 - Telescope, instrument, and image details are the same as in Figure

as small as possible, since the fragments were so close together, and embedded in different
locations in the coma. Also, some fragments appear to be active themselves, displaying their
own coma and tail. For these reasons, it was important to measure the local flux of the
surrounding coma of each fragment very carefully. Choosing larger annulus sizes caused the
median value of the flux through the annulus to change significantly, especially for fragments

closely clustered.

Most fragments appeared faint and shrouded in dust. The faintest have the largest
photometric errors and have the highest chance of being confused with incorrectly identified
noise in the coma. In order to reconcile this, we identified the number of fragments that are
more likely to be noise. The fragments that are most likely to be real are those than can

be followed between multiple days of observations. The overlaid data in Figure [4.3] aided
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73PB Fragment Positions
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Figure 4.3: 73P-B Fragments - The three images on the right are the same as Figure overlaid with a
scatter plot of circles representing the pixel location of identified fragments within 73P-B on the CCD. Some
fragments persist between all three days while others persist for only one or two days. The scatter plots from
each day are overlayed in the image on the left. Orange circles represent fragments identified in the image
taken on 2006 April 18 (Day 1), red represents those in the image taken on 2006 April 19 (day 2), and blue
represents 2006 April 20 (Day 3). It is visually clear that some fragments persist and relatively move away

from the primary fragment from days 1 to 2 to 3, while other fragments appear more ephemeral.

in identifying fragments that appear in multiple days. The faintest fragment that can be
observed in at least two days of data has a magnitude of my, = 24.71. Additionally, this
fragment was identified in images taken on all three days. We then emphasize that fragments
observed on a single day, and fainter than my = 24.71 are less likely to be real than those

brighter. Table [£.2]lists the number of fragments brighter than this minimum.
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UT Date® # Fragments® # my < 27.41 £0.39° Parent Fragment m¢,
73P-B

2006 Apr 18 (Day 1) 125 120 18.34 £ 0.06
2006 Apr 19 (Day 2) 160 154 18.32 £ 0.03
2006 Apr 20 (Day 3) 256 231 18.28 £ 0.03
Days 1, 2, and 3 30 - -
Days 1 and 2 35 - -
Days 2 and 3 41 - -
Days 1 and 3 33 - -
73P-G

2006 Apr 18 (Day 1) 50 46 22.24 +0.09

Table 4.2: 73P-B and -G Fragment Statistics

“Date of observations

*Number of fragments observed

“Number of fragments brighter than the faintest fragment within 73P-B that was observed all
three days

4 Apparent magnitude of the parent fragment (B or G), which is always the brightest fragment

4.3 Results

4.3.1 Dynamics

For Fragment 73P-B, we have time-resolved data, with images taken on 3 consecutive days.
This allowed us to measure the velocity of the secondary fragments with relation to primary
fragment, B. First we measured the position of each fragment. For each day’s worth of images,
we measured the positions using a median-combined image. We identified the location of
the peak in flux of the fragments based on their radial profiles, as well as their vertical and
horizontal linear cross-sections. Using these positions, we measured the distances between

the primary and secondary fragments between days 1-2, days 2-3, and days 1-3. The relative
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velocities of each are shown in Figure[d.4] The larger the distance from the primary fragment,
the higher velocity of the secondary fragments, indicating the higher ejection velocity of these

1

fragments. The range of relative velocities measured are ~0.95 - 6.58 ms™", not including

the closest fragment to parent fragment, B, which measured a low velocity of ~0.09 4+ 0.01
ms—!. These fragments are all assumed to be secondaries, though it is possible that some
are tertiary. The best-fit line calculated for each set of data was forced through the origin
(representative of the parent fragment, B). The slope of the line then represents the time of
fragment ejection. The data are very close to their respective best-fit lines, indicating that
the fragmentation mechanism of this event was impulsive and occurred 7.4 + 0.2 days prior
to the observations (prior to 2006 April 20). Also, Figure shows histograms of the range
of ejection times of the fragments as measured from days 1-2, 2-3, 1-3, and 1-2-3. We find
that the histograms, on average, peak at the same ejection time of 7.4 4+ 0.2 days prior to
2006 April 20. Between fragments that were observed all three days, we checked for a change

in velocity from days 1 and 2 to days 2 and 3. There is no indication of acceleration of the

fragments.
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73P-B Fragment Speed
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Figure 4.4: Distance of the identified fragments within 73P-B to the primary fragment (B) versus the relative
speed of the fragment. Red circles represent the distance and speed of fragments identified in both days 1
and 2. Orange circles represent the fragments identified in both days 2 and 3. Blue represents fragments
identified in both days 1 and 3. Purple represents fragments identified in all days 1, 2 and 3. A line was fit
to each set of data. The slope of the line then represents the time since ejection of fragments that lie on this
line. The data are grouped closely to their corresponding best fit line indicating that the fragments were all

released around the same time.
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Figure 4.5: Histogram of ejection times of the identified fragments within 73P-B calculated using the speeds
and distances from Figure [£.4] Red represents the distance and speed of fragments identified in both days 1
and 2. Orange represents the fragments identified in both days 2 and 3. Blue represents fragments identified
in both days 1 and 3. Purple represents fragments identified in all days 1, 2, and 3. The mean ejection times
are 6.8 + 0.2, 7.2 £ 0.2, 7.4 + 0.2, and 7.4 £+ 0.2 days prior to the observations for the red, orange, blue,

and purple histograms respectively. This indicates that the fragmentation event occurred ~UT 2006 April

12-13.
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4.3.2 Size Frequency Distribution of Fragments

The calculation of absolute magnitude from apparent magnitude depends on the heliocentric
distance, g, the geocentric distance, A (both in AU) and the phase angle at the observer’s
location, « (degree). We obtained this information from the JPL Horizons Ephemeris System
(https://ssd.jpl.nasa.gov/horizons.cgi) to calculate the absolute magnitude of each

fragment in every set of observations. The absolute magnitude Hy is calculated as follows:

Hy = my — 5logy(rul) — f(«) (4.1)

where f(a) is the phase function, which represents the angular dependence of the scattered

sunlight on . We assume a linear phase function

fa) = (0.046 £ 0.017)x (4.2)

based on a survey of Jupiter family comets reported by Kokotanekova et al. (2017). We

then estimate the cross section of the fragments using

2.25 x 10'6
Cezﬂ'( 5]9:/( 0 )1070.4[1{‘,4/@} (4.3)

where py is the geometric albedo, which we assume to be 0.04 (Hartmann et al. 1987, Lamy
et al. 2004, Fernandez et al. 2013) and V ~ -26.77 is the apparent magnitude of the Sun.
The effective radii of the fragments are then r = \/m For parent fragments 73P-B and
73P-G, we find rg = 353.8 £ 9.7 m and rg = 58.2 + 2.4 m respectively. We also measure
the effective radius of each fragment and display the results as size frequency distributions
(SFDs) in Figures , , , , and . Note that, because of the presence of dust
surrounding each object, the calculated radii are strictly upper limits to the true radii of

the individual fragments. The differential and cumulative size distributions of the cometary
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fragments can be described by simple power laws within a certain size range. We describe

the differential distribution as

n(r)dr oc r~%dr (4.4)

where ¢ is the differential index, a constant we aim to calculate. It is then expected that the

cumulative size distribution can be described as

n(r) oc r'=1 (4.5)

We fit power law regressions to the differential SFDs plotted in Figures [4.6] [4.7 4.8} [4.9]
and to obtain the differential index, ¢. We also plot the cumulative SFDs, and overlay
variously sloped lines (in log-log space) to guide the eye. We find that the slopes of cumulative
SFDs tend to follow ~1-q as expected from Equation [4.5] There is a stochastic issue with
the smaller fragments and an issue with large uncertainties associated with larger fragments,

so we limit the power law fits to the differential SFD between sizes r~10-60 m.
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73P-B Differential SFD Day 1
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Figure 4.6: 73P-B SFD Day 1 - Top: differential SFD of 73P-B’s identified fragments in day 1. A regression
power law is fitted to the differential distribution of fragments between radii ~10-60 meters. We found a
differential index of -3.1 £ 0.1 for day 1. Bottom: the cumulative SFD of 73P-B’s identified fragments in
day 1. The cumulative SFD appear to follow a slope around -2.0, which agrees with the fitted differential

indices.
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73P-B Differential SFD Day 2
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Figure 4.7: 73P-B SFD Day 2 - Top: differential SFD of 73P-B’s identified fragments in day 2. A regression
power law is fitted to the differential distribution of fragments between radii ~10-60 meters. We found a
differential index of -3.2 £+ 0.4 for day 2. Bottom: the cumulative SFD of 73P-B’s identified fragments in

day 2. The cumulative SFD appear to follow a slope around -2.0, which agrees with the fitted differential

indices.
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73P-B Differential SFD Day 3
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Figure 4.8: 73P-B SFD Day 3 - Top: differential SFD of 73P-B’s identified fragments in day 3. A regression
power law is fitted to the differential distribution of fragments between radii ~10-60 meters. We found a
differential index of -3.1 £ 0.2 for day 3. Bottom: the cumulative SFD of 73P-B’s identified fragments in
day 3. The cumulative SFD appear to follow a slope around -2.0, which agrees with the fitted differential

indices.
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73P-G Differential SFD
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Figure 4.9: 73P-G SFD - Top: the differential SFD of 73P-G’s identified fragments. Bottom: same as left
except the cumulative SFD instead of differential SFDs. A regression power law was fitted to the differential
SED of fragments between radii ~6-50 meters. We found a differential index of -2.3 4+ 0.3. Bottom: the

cumulative SFD appear to follow a slope between -1 and -2, which agrees with the fitted differential index.
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73P-G Differential SFD
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Figure 4.10: 73P-G SFD Assuming a Cusp - Same as Figur except the ranges of radii within which the
power laws were fit are different since both the differential and cumulative SFDs appear to have a possible
cusp where the slope changes. This cusp occurs at a radius r~20 m. Top: the differential SFDs fitted to the
distribution of fragments before the cusp in green (smaller fragments) and to the right of the cusp in purple
(larger fragments). Bottom: Same as the bottom panel of Figure but only slopes of -1.0 (green) and
-2.0 (purple) are overlayed on the data, intersecting at the supposed cusp r~20 m. The fitted differential
index of small fragments (green) is -1.8 & 0.6, which differs significantly from the fitted differential index of
large fragments (purple) of -3.0 &= 1.0. The respective cumulative SFDs on either side of the cusp appear to
follow slop of -1.0 and -2.0, which agrees with the fitted differential indices.
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For 73P-B, the sorted cumulative SFD is plotted for fragments observed on days 1, 2 and
3, displayed on the bottom panels of Figures [4.6] [4.7, and [£.8] Each data point represents
the number of fragments with a radius equal or larger than the radius value of that data
point. Similarly, the top panels of Figures [4.6] [£.7, and [4.§] display the differential SFDs for
the fragments observed on days 1, 2, and 3. The bin sizes were determined by B.gge = N By
where N is a constant which we chose by trial and error, B4, defines the edge of each bin,
and By is the number of that bin. We started with Begee = 1 and By = 0, and we chose
N = 1.5. We plotted each data point using the geometric mean of the corresponding bin. We
then determined the incremental count within each bin and divided by the bin size, giving
the Y-axis units of count/m. The number of fragments with radii between r and r + dr is
given by Equation [£.4. We obtain the differential power law index, ¢, by fitting a power law
to the data. We applied a least squares fit of the data within the radius range » = 9 — 47
m and found differential indices of ¢ = -3.1 £ 0.1, -3.2 + 0.4, and -3.1 £ 0.2 for fragments
identified in days 1, 2 and 3 respectively. These fits are in good agreement with each other,

and are consistent with the cumulative SFDs, which have indices ¢ + 1 ~ -2 in each case, as

shown in Figures [4.6] [1.7] and [4.§|

We follow the same methodology for 73P-G, omitting fragments with radii » < 7 m where
under-counting is significant. For fragments with effective radii in the range r ~ 7 — 47 m
we obtain a less steep differential index, ¢ = —2.3 4+ 0.3. This value is consistent with the
cumulative SFD as seen in Figure [£.9] Additionally, both the differential and cumulative
SFDs for 73P-G appear to have a cusp, where the slope changes. This cusp occurs at a
radius r~20 m. To investigate this, we fit two power laws to the differential data: one to
the smaller fragments to the left of the cusp (radii r ~ 6 — 20 m), and one to the larger
fragments to the right of the cusp (radii 7 ~ 20 — 47 m). The fitted differential index of
small fragments is q = -1.8 £ 0.6, and the differential index of large fragments is q = -3.0
+ 1.0. Although the errors are large, especially for the fit to the small number of larger

fragments, the respective cumulative SFDs on either side of the cusp appear to follow power
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law indices of -1.0 and -2.0, which agrees with the fitted differential indices. The power laws
fitted to the SFDs, assuming the cusp is real, are shown in Figure [£.10] Figure [£.11] shows
the positions of identified fragments within 73P-G, and distinguishes between the smaller
fragments (radii 7 ~ 6 — 20 m) and larger fragments (radii r ~ 20 — 47 m) with green and
purple circles respectively. It is clear that the small fragments are dominated by fragments
that are less shrouded in dust than the larger fragments, and constitute the fragments that
are furthest from the parent fragment, 73P-G. The larger fragments are concentrated close
to the parent fragment, where the coma is the brightest. Thus this cusp may be a result
of observational bias. We emphasize caution in interpreting this potential cusp. The low
number of fragments leads to low statistics, and therefore large errors on the differential
SED. In Section [4.4] we compare differential indices to other fragmenting comets and small
body populations, and find that there is no trend of index with fragment size. We therefore
do not expect to see a cusp, and consider that the cusp may solely be due to observational

bias.
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Figure 4.11: The positions of the fragments within 73P-G. The fragments to the right of the cusp (brighter
fragments) in the differential SFD from Figure are shown in purple, and the positions of the fragments
to the left of the cusp (fainter fragments) are shown in green. It is clear that the green data are dominated
by fragments that are less shrouded in dust than the purple fragments, which are concentrated close to the

parent fragment, G.
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4.4 Discussion

The impulsive fragmentation of 73P-B implied by the relative fragment speeds is unlike
characteristics observed for fragmentation due to rotational instability. For example, rota-
tional instability is thought to have led to the fragmentation of Comet 332P /Ikeya-Murakami
(332P), whose fragments follow an entirely different ejection time distribution than those of
73P-B. Jewitt et al. (2016) showed that the fragments of 332P were ejected over a longer
span of time (~ 40 days) in observations taken in 2016 January and April. This indicates
that the fragmentation mechanism for 332P was not impulsive, which supports its potential
for rotational instability. It is important to note, however, that multiple fragmentation mech-
anisms could ultimately lead to the breakup of a comet, and untangling these mechanisms
from the aftermath of a single fragmentation event is difficult. From 73P’s breakup event in
1995, Wesolowski (2021) showed that an outburst event can lead to a ~3 times increase in
sublimation rate. This increased sublimation can then lead to the continued destruction of

the comet, regardless of the mechanism that originally led to the outburst event.

Next, we compare the differential indices from this work with indices reported from
past works on 73P-B, fragmented comets and active asteroids, boulder distributions on the

surfaces of asteroids and comets, comet dust tails, and other populations in Table [£.3]

The differential index we calculated for 73P-G, ¢ = 2.2 4+ 0.5, is shallow compared to
the differential index we calculated for 73P-B, ¢ = 3.1 = 0.5. This could be due to the
low statistics at 73P-G. Our calculated index for 73P-B agrees with past measurement by
Ishiguro et al. (2009), who measured a differential index ¢ = 3.34 4+ 0.05 by first fitting
the cumulative SFD to find the best-fit cumulative index. The cumulative SFD plotted
in Figure 10 of Ishiguro et al. (2009) appears to closely match the cumulative SFDs we
plotted in Figures [4.0] [4.7, and [£.8] We therefore have confidence in our results. When
comparing the small fragments within 73P-B and -G, to larger fragments of 73P from the
2006 apparition as measured by Reach et al. (2009), we find that the values of q for 73P-B
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and -G are consistent or are steeper. Reach et al. (2009) found differential indices ¢ = 1.84

< 225 m. We also compare our

~Y

for fragments r < 225 m and ¢ = 2.56 for fragments r
results to the differential index calculated for recently fragmented comet C/2019 Y4. Ye et
al. (2021) found that the differential index varied when measuring the size distribution of
different groups of fragments, and appeared to change over time in one case. They found
indices ¢ = 2.5 £ 0.5, 4.4 + 1.4, and 2.0 + 0.4. This finding highlights the fast changing,
ephemeral nature of a comet fragments following a fragmentation event. The fragments of
comet 332P /Tkeya-Murakami have a differential index ¢ = 3.6 £ 0.6 (Jewitt et al. 2016),
which is steeper than our value for 73P-G, but agrees within the errors on the value for

73P-B.

The differential index for 73P-B is also consistent with ¢ = 3.5, the differential index
describing a self-similar collisional cascade as described by Dohnanyi (1969). We also find
agreement with the differential index of the Kreutz family comets ¢ = 3.2 (Knight et al.
2010). However, we find the measurements of boulders on cometary and asteroidal surfaces
tend to be steeper with differential indices of ¢ = 3.7 £+ 0.2 for boulders on 103P /Hartley 2
(Pajola et al. 2016) and ¢ = 4.6 £ 0.3 for boulders on 67P /Churyumov—Gerasimenko (Pajola
et al. 2015). Comet dust tails seem to produce a range of differential indices, some of which
agree with our value for 73P-B and some that are both steeper and more shallow. Values
range from ¢ ~ 1.9 to ¢ ~ 3.7 as can be seen in Table [£.3] SPC population surveys have
produced differential indices that are in close agreement with our value for the fragments of

73P-B. SPC differential indices range from ¢ ~ 2.59 to ¢ ~ 2.92.

Most surveys of KBOs consist of objects » 2 30 km and have size distribution with
q ~ 4 (e.g. Trujillo et al. 2001; Bernstein et al. 2004; Fuentes & Holman 2008; Fraser &
Kavelaars 2008). For sizes r < 30 km, models are used to estimate the size distribution
based on coagulation models of initial planetesimal size and collisional cascade models of
debris in circumstellar debris disks and find estimates of differential indices that vary with

size in the Kuiper belt (Pan & Sari 2005; Pan & Schlichting 2012; Schlichting et al. 2013).
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Some values for Kuiper belt populations become quite steep in Table [4.3] as Fraser et al.
(2014) implemented a different luminosity function than was used previously to measure
the distributions of the Kuiper belt objects based on their absolute magnitudes. The steep
differential index of large KBOs may be indicative primordial objects, leftover from planetary
accretion. The described models find that while the slopes of the KBO size distribution varies
with KBO radius, the smaller KBOs begin to approach shallower slopes, more representative
of production by collisional evolution (Pan & Sari, 2005; Pan & Schlichting, 2012; Schlichting
et al. 2013).

More differential index comparisons can be seen in Table .3 We point out that Table
is not necessarily a comprehensive list indices for each category, however we find that the
lists are sufficiently representative of each category. While comparing the SFDs aids in our
understanding of how the small bodies evolved, it is important to note that there seems to
be no trend of slope with particle size as seen in Figure [£.12] From this, it appears that for
any given size range and population (perhaps except for the KBOs), it is possible to measure

a differential index anywhere between ~2 and ~4.

Distributions with ¢ < 4 are dominated by the largest particles. Therefore, we can
estimate the total mass of the fragments that made up 73P-B and 73P-G. However, the
fragments with 73P-B and -G are shrouded in dust, and significant fragments may therefore
have gone undetected. So, our mass estimate is a lower limit. Assuming density, p = 500 kg
m~—? (Jorda et al. 2016), primary fragment 73P-B with a radius r < 35447 m has a mass of
~ 9.28 x 10'° kg. The total mass of all fragments observed on average across the three days
of observations, including the primary 73P-B, is ~ 9.55 x 10'° kg. The secondary fragments
then make up a mass fraction of fj; ~ 3.0% of the total mass. Primary fragment 73P-G
with a radius r < 58.242.4 m has a mass of ~ 4.11 x 10® kg. The total mass of all fragments
observed on average across the three days of observations, including the primary 73P-G, is
~ 1.04 x 10° kg. The secondary fragments then make up a mass fraction of fy; ~ 40.0%

of the total mass within the vicinity of 73P-G, indicating a much more destructive event.
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Fragments 73P-B and -G have not been observed on subsequent apparitions, supporting
the observation of their rapid destruction. During 73P’s perihelion passage in 2011, 73P
went unobserved. During perihelion passage in 2017, 73P was observed with its primary
fragment 73P-C, and a new fragment that has been labeled "73P-Bt". Thus, every time 73P
is observed near perihelion passages, new fragmentation events occur. 73P always fragments
in the range of it’s orbit where temperatures are the highest, further implying that a thermal

breakup mechanism is driving the repeated fragmentation.
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Body and Aspect Target Source Radius Range (m) q
Fragmented Comets 73P-B This Work 9-47 3.1 £0.5
73P-B Ishiguro et al. 2008 10-37 3.34 + 0.05
73P-G This Work 6-47 2.3 £ 0.3
73P-G This Work 6-20 1.8 £ 0.1
73P-G This Work 20-47 3.1 +£ 0.2
73P Reach et al. 2009 < 225 1.84
2 225 2.56
332P Jewitt et al. 2016 20-30 3.6 £ 0.6
C/2019 Y4 (A) Ye et al. 2021 100-400 m 2.5 +£0.5
&44+14
C/2019 Y4 (B) Ye et al. 2021 100-400 m 2.0+ 04
Fragmented Active Asteroids  331P Jewitt et al. 2021 40-110 4-45
Boulders on Comet Surfaces 67P Pajola et al. 2015 3.5-25 4.6 + 0.3
103P /Hartley 2 Pajola et al. 2016 5-33 3.7+ 0.2
Boulders on Asteroid Surfaces Bennu Dellagiustina et al. 2019 4-29 3.9+03
Ryugu Michikami et al. 2019 2.5-70 3.65 + 0.05
Itokawa Michikami et al. 2008 2.5-15 414+ 0.1
[tokawa Mazrouei et al. 2014 3-20 4.4 4+ 0.1
Kreutz Family Comets Survey Knight et al. 2010 5-35m 3.2
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Comet Dust Tails 67P Marschall et al. 2020 1x1077—=3x107° 3.7155T
67P Fulle et al. 2016 <1x1073 3.6 -4.3
67P >1x 1073 3.6
67P Rinaldi et al. 2017 1x107%—1x1073 3.1,
67P Fulle 2004 1x107%—1x1072 3.5-4.0
2P /Enke Ishiguro et al. 2007 I1x102—-1x107t 3.0 - 3.5
4P /Faye (tail) Sarugaku et al. 2007 <1x 1072 3.5+0.1
4P /Faye (trail) <1x107? 1.9 £0.2
22P /Kopft Ishiguro et al. 2007 1x1073 —1x1072 3.25-35
65P /Gunn I1x107t=1x1073 3.25-3.5
Main Belt Asteroids Survey Kuiper et al. 1958 5x 103 - 5 x 10* ~2.8 +0.04
collisional model Dohnanyi 1969 5x 10% -5 x 106 ~3.5
Survey (SDSS) Yoshida & Nakamura 2007 200 - 2.5 x 103 ~2.3
Survey (SMBAS-IT) 300 - 500 ~2.3
Survey(inner belt)  Jedicke & Metcalfe 1998  4.25 x 10® - ~ 1 x 10* 2.615
2.25 x 10 - 4.25 x 103 3.790
450 - 2.25 x 103 2.240
Survey(middle belt) 5.5 x 103 - ~ 1.5 x 10* 3.68
700 - 5.5 x 103 2.435
Survey (outer belt) 1.25 x 10* - ~ 6 x 10* 2.225
5x 103 - 1.25 x 10* 2.750
1.15 x 103 - 5 x 10® 2.250
Jovian Trojans Survey Jewitt & Trujillo 2000 2.2 x 10% - 2.0 x 10* 3.0+ 0.3

111



Irregular satellites Survey Sheppard & Jewitt 2003; 1 x 103 - 8.5 x 10* ~2.0
Jewitt & Sheppard 2005

Short Period Comets Survey Meech et al. 2004 1x10%—1x10* 2.45 + 0.05
Survey 2 x 10 — 5 x 103 2.91 + 0.06
Survey Fernandez et al. 2013 1.4 x 10 — 9 x 10? 2.92 + 0.23
Survey Weissman and Lowry 2003 1.4 x 103 — 9 x 10? 2.59 + 0.03

KBOs Survey Trujillo et al. 2001 5x10* — 1 x 10° 4.0708
Model Pan and Sari 2005 <4 x 104 2.88 - 3.14
Survey (hot) Fraser et al. 2014 7x 10" =5 x 10° 531098
Survey (cold) 7 x 10" — 5 x 10° 85123
Cratering SFD Morbidelli et al. 2021 10 - 1 x 10? 20-2.2

extrapolation

Table 4.3: Differential Indices of Small Bodies - Note: this is not a comprehensive list.
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Figure 4.12: Comparison of Differential Indices of Small Bodies - The differential indices, ¢, are plotted with
object radii (m) from Table The horizontal bars represent the range of sizes within which the associated
index was calculated. The vertical bars represent the reported errors on ¢. Except for the hot and cold
KBO population indices measured by Fraser et al. (2014), all of the indices fall somewhere between g ~2

and g ~4, with no apparent dependence on object size.
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4.5 Summary

From a high resolution study of fragmenting comet 73P /Schwassmann-Wachmann 3 we find

e the secondary fragments within 73P-B have a range of velocities, v~0.95 - 6.58 ms™*,

relative to the motion of primary fragment 73P-B. The distribution of fragment ve-
locities indicate an impulsive ejection time that occurred 7.4 + 0.2 days prior to the
observations (prior to 2006 April 20). The implication on the fragmenting mechanism,
is that the mechanism must have been impulsive. This implication is not consistent with
rotational instability, but is more consistent with thermally induce fracture or pressure
build up. The repeated nature of the fragmentation of 73P each perihelion passage
further implies a thermally induced mechanism. These findings are also consistent with
the finding that 73P-C (the nucleus) is rotating too slowly to be rotationally unstable
as of 2006 (Graykowski & Jewitt, 2017). While these observations do not prove or
disprove a fragmentation mechanism for certain, they do all consistently point towards

thermally induced mechanisms.

e a differential index ¢ = 3.1 &£ 0.5 for the distribution of the secondary fragments shed
from 73P-B and a differential index ¢ = 2.2 £ 0.5 for the distribution of the secondary
fragments shed from 73P-G.

e the mass of 73P-B is ~ 9.28 x 10'% kg (r < 354.0 + 7.0 m) and the lower limit on the
total mass including all the secondary fragments is ~ 9.55 x 10! kg. We also find the
mass of 73P-G is r < 58.2 + 2.4 kg (r < 58.2 + 2.4 m) and the lower limit on the total

mass including all the secondary fragments is ~ 1.04 x 10° kg.
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CHAPTER 5

Conclusion and Future Prospects

5.1 Irregular Satellites

5.1.1 Color and Shape Survey Summary

The color survey covered in Chapter |2 is the most comprehensive irregular satellite color
survey across all of the giant planets (Graykowski & Jewitt, 2018). We found that the
colors of the irregular satellites of the giant planets are similar to each other, independent of
heliocentric distance, and lack the ultrared matter that colors the surfaces of many Kuiper
belt objects. If the irregular satellites were captured from the Kuiper belt, then their surface
colors must have been modified, and the modification process must have been non-thermal.
We find that collisional shattering likely determines the shapes in both types of object,
implying that collisional resurfacing is a possible mechanism to evolve the surface colors of
the irregular satellites. These findings have been further supported. Pena & Fuentes (2022)
measure the optical colors of 21 Saturnian irregular satellites, expanding on the amount of
irregular satellite colors measured at Saturn, and they find that the colors are consistent
with the colors reported by Graykowski & Jewitt (2018) and also ultimately lack ultrared

martter.

5.1.2 Future Prospects of Irregular Satellite studies

While the color survey we conducted is the most comprehensive color survey of the irregular

satellites across the giant planets, the color data of the populations at Uranus and Neptune
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are lacking. Only 5 of 9 known irregular satellites of Uranus and 2 of 7 known irregular
satellites at Neptune are represented (Graykowski & Jewitt, 2018). With large telescopes like
Keck, it is possible to obtain the colors of all 9 Neptunian and 7 Uranian irregular satellites, as
they are all predicted to have apparent magnitudes h < 25.0, the faintest magnitude observed
in Graykowski & Jewitt (2018). Additionally, with the upcoming opening of the Vera C.
Rubin Observatory and the recent launch of the James Webb Space Telescope (JWST),
small body astronomy will expand greatly. The Vera C. Rubin observatory will increase the
discovery rate of small bodies, and this will include moons of the giant planets. I expect the
population sizes of irregular satellites of Uranus and Neptune to begin approaching that of
Jupiter and Saturn. JWST will allow astronomers to gather greater details on the physical
parameters of the surface of small bodies than before. For example, in cycle 1 of JWST’s
General Observer Program, observing time was awarded to measure IR spectra of 5 Jovian
Trojans of the Lucy Mission targets under principal investigator Michael Brown (proposal
ID: GO 2574). To complement this, it would then be extremely beneficial to conduct a
similar study on a comparable sample of Jovian irregular satellites, as both populations have
been proposed to originate from the OPD (Morbidelli et al. 2005; Nesvorny et al. 2013). As
pointed out in Chapters[I]and [2] with current observations, the irregular satellites appear to
be collisionally evolved, whereas the Jovian Trojan population appears much less collisionally
evolved, indicating differences in early evolution of the populations. The colors of the Jovian
Trojans and the irregular satellites, however, appear to be very similar as seen from Figure
2.6l Comparing detailed near-infrared spectra of these two small body populations will help
us better understand the origin and evolutionary similarities and differences between the
two. This can also be applied to other small body populations as well. As we discover
more and expand our understanding of the irregular satellites in context of other small body

populations, we will be able to define the origin and evolution of our solar system.

120



5.1.3 Past and Future Spacecraft Missions to Irregular Satellites

Some irregular satellites have been visited by spacecraft as secondary goals to their primary
mission. For example, the Cassini spacecraft, launched October 1997 to study Saturn, flew
by and imaged a Jovian and some Saturnian irregular satellites en route. In December 2000,
Cassini imaged Jovian irregular satellite Himalia, the largest Jovian irregular and primary
member of the Himalia collisional family. Cassini images of Himalia can be seen in Figure
5.1 Dimensions measured from these images were 150 £ 20 km by 120 4+ 20 km (Porco et al.
2003). the phase angle at which the images were taken suggest that these measurements were
lower limits on the size. This agreed with ground based measurements, which estimated the
diameter of Himalia to be ~170 km (Cruikshank et al. 1982). The measurements from the
spacecraft and the ground-based flux measurements allowed for a new estimation of albedo
(0.05 + 0.01), which is consistent with a carbonaceous asteroidal surface (Porco et al. 2003).

in February 2007, the New Horizons spacecraft also took distant images of Himalia as well

as Elara.

Figure 5.1: Himalia Imaged by Cassini - Himalia over 4.5 hours as viewed by the Cassini Imaging Science
Subsystem at a phase angle of 70°. The images begin on 18 December 2000 and end on 19 December 2000.
Figure adapted from Porco et al. (2003).

Cassini also imaged 25 Saturnian irregular satellites. The spacecraft also took high
resolutions images of Saturn’s largest irregular satellite, Phoebe, which can be seen in Figure
(.2l The images revealed a heavily cratered body, reaching a resolution of a few tens of

meters. Many large craters were observed (130 craters with diameter D > 10 km), but none
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large enough to represent an impactor that would deliver enough energy to disrupt the body
(Jewitt & Haghighipour, 2007). Phoebe does not appear to be part of a collisional family, and
these Cassini crater observations enhance that conclusion. The other 24 irregular satellites
observed by Cassini were much farther way, and appear as point sources in the images.

Lightcurves were obtained for these bodies, and the measured rotation periods ranged from

~5.5 - ~76 h (Denk & Mottola 2019). None are near rotational instability.

Figure 5.2: Phoebe Imaged by Cassini - Left: 5 different global views (A-E) of Phoebe images at a phase
angle of 84°. Right: details of Phoebe’s morphology. A: bright, down-slope streamers in Jason crater; B:
bright markings surrounding small craters; C: crater with bright rays; D: crater with banding; E: ejecta

blocks at the bottom of a crater; F: Elongate depression. Adapted from Porco et al. (2005).

The Voyager 2 spacecraft also observed Phoebe, aiding in gravitational measurements.
Voyager 2 also observed Triton and Nereid of Neptune in 1989, helping to accurately measure
their sizes and albedos. Triton is the largest irregular satellite with a diameter of 2706 +
2 km, and appears icy and crater free as seen in Figure 5.3 Its strikingly young surface

makes Triton an interesting target for future space missions, and understanding its origin
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as an irregular satellite is therefore crucial in order to understand the origin and evolution
of Triton and of the irregular satellites in general. Because of its large size, the potential
capture mechanisms are difficult to implement as summarized by Jewitt and Haghighipour

(2007). As described in Chapter[l] three-body interactions seem to be the most likely capture

mechanism for this large irregular satellite (e.g. Goldreich et al. 1989; Agnor & Hamilton

2006).

Figure 5.3: Triton Imaged by Voyager 2 - This mosaic of images from the Voyager 2 spacecraft showing the
young, largely crater-free, icy surface. Image courtesy of NASA /JPL/USGS

Despite these spacecraft data, composition of irregular satellite surfaces is still a mys-

tery. For example, ground-based optical reflectance spectra and near-infrared spectra have
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been taken for Himalia, but are largely featureless and noisy leading to claims of both a
missing spectral feature that would be indicative of water as well as the weak detection
of another feature also indicative of water (e.g. Luu 1991; Jarvis et al. 2000; Vilas et al.
2006; Chamberlain & Brown 2004). These ambiguous results call for high resolution spectral
studies of the irregular satellites, especially as a complement to the upcoming Lucy mission
as suggested above, in Section [5.1.2] Upcoming spacecraft have the ability to image some
of the irregular satellites as well. The European Space Agency’s (ESA) spacecraft Jupiter
Icy Moons Explorer (JUICE) is set to launch in 2023 with the aim of observing Ganymede,
Callisto, and Europa (Grasset et al. 2013). JUICE also aims observe some of the Jovian
irregular satellites, though much less spatially resolved than these three main targets. Simi-
larly, NASA’s Europa Clipper mission is planned to launch in 2024 with the aim of orbiting
and studying Europa (Lam et al. 2018). While its primary target is Europa, observing the
Jovian irregular satellites is suggested as a secondary science goal for the craft, with the
aim to take spectral observations in order to understand the potential source regions of the
bodies based on their surface composition (Sayanagi et al. 2021). These data along with the
Vera C. Rubin Observatory, and JWST, will provide the next big step in our understanding

of the origin and evolution of the irregular satellites.

5.2 Fragmenting Comets

5.2.1 Fragmentation of 73P Summary

We aim to understand the physical processes that cause comets to fragment as well as the
dynamical processes of the fragments, aiding in the understanding of their evolution through-
out their lifetime in the solar system. Fragmentation could be the primary cause of a comet’s
mass loss and eventual destruction, and could therefore be the most important process of
comet evolution in our solar system. Many dynamical studies of comet lifetime estimations

do not include fragmentation in the model. Nesvorny et al. (2017) use the heliocentric
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distance of the comet at perihelion, the time spent close to the sun, and the number of per-
ihelion passages in order to determine the lifetime of short period comets. This model then
will estimate lifetimes based on the mass loss due solely to the sublimation of the comet.
Di Sisto (2009) shows that if various split rates are assumed, the estimated lifetimes of the
short period comets would be reduced. This is important because, in a steady state, the
rate of comets supplied by the Kuiper Belt and Oort Cloud should be equivalent to the rate
of destruction. If the lifetimes of the comets are short, the supply would need to be large
enough to compensate. Therefore, measuring the effect of fragmentation on the lifetime of a
comet is crucial in order to estimate the supply rate and understand the population of the
cometary source regions in our solar system. The ability to differentiate the various frag-
mentation mechanisms (tidal, rotational, thermal, outgassing pressure, and impact-induced)
through observations of a comet’s physical characteristics aids in the prediction of cometary
fragmentation. Understanding these effects can further aid in the calculation of mass loss,

and therefore the estimation of cometary lifetime.

We looked at a specific comet, 73P /Schwassmann-Wachmann 3, as a case-study of frag-
mentation. We first analyzed 84 images of the nucleus 73P-C taken with HST on 2006 April
10 and 11 (Graykowski & Jewitt 2019). We found that the best-fit lightcurve period is P =
10.38 £ 0.04 hours (2P = 20.76 + 0.08 hours for a double-peaked lightcurve expected for an
irregularly shaped body). This rotation period is well above the critical period for breakup
due to rotational instability. Accounting for dust contamination,our best estimate of the
absolute magnitude leads to a nucleus radius r, ~ 0.4 & 0.1 km. Finally, we found phase-
lagged brightness variations in the coma that indicate a dust outflow speed of v, = 107 £ 9
m s~ !, corresponding to average dust particle radius @ ~ 3 = 1 pum. The mass loss rate,
dM/dt ~ 50 kgs™!, is consistent with sublimation of an exposed, ice patch of radius only
~0.2 km. We also analyzed fragments 73P-B and 73P-G, which shed 10s to 100s of ter-
tiary fragments themselves (Graykowski & Jewitt In Prep). From a high resolution study

of fragmenting comet 73P/Schwassmann-Wachmann 3 we find the mini fragments within

125



73P-B have a range of velocities, v .~ 0.95 - 6.58 ms~!

, relative to the motion of parent
fragment 73P-B. These velocities indicate an impulsive ejection time that occurred 7.4 0.2
days prior to the observations (prior to 2006 April 20). We also found a differential index
q = 3.1 £ 0.5 for the distribution of the mini fragments shed from 73P-B and a differential
index ¢ = 2.2 £ 0.5 for the distribution of the mini fragments shed from 73P-G. Finally, we
found the mass of 73P-B is ~ 9.28 x 10'° kg (r < 354.0 &+ 7.0 m) and the lower limit on the
total mass including all the tertiary fragments is ~ 9.55 x 10° kg. The mass of 73P-G is
r <582+ 24 kg (r <582+ 24 m) and the lower limit on the total mass including all the

secondary fragments is ~ 1.04 x 10° kg.

5.2.2 Future Prospects for Fragmented Comet Surveys

While understanding the fragmentation of a single comet has aided greatly the understanding
of its evolution and our ability to predict future fragmentation events, it is important to
understand how the fragmentation 73P fits in context with comet populations as a whole.
Additionally, the dominant fragmentation mechanism(s) may differ amongst the SPC and
LPC populations. When observing long period comets (period > 200 years), Levison et
al. (2002) found there were fewer dormant comets than predicted by models by a factor of
100. Belton (2015) made a similar observation for short period comets (period < 200 years).
In both cases, more comets than expected had completely disappeared. In each study, the
dynamical models did not account for fragmentation. This implies that comet fragmentation
could have played a role in the disappearance of these comets. The fact that this is the case
for both long and short period comets suggests that, regardless of their distance to the
sun, comets are fragmenting, and eventually disrupting. It then is important to develop
fragmentation models in order to understand whether there is a difference in fragmentation
mechanisms between short and long period comets, or if the mechanisms are independent of

long versus short period comets.

Also, obtaining a fragmentation rate will aid in measuring the effect of fragmentation
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on the lifetime of a comet. In a previous survey, Chen and Jewitt (1994) estimated an
average rate of 0.01 fragmentation events per comet per year, but could not determine
whether this rate applies equally to all comets or if some comets are especially prone to
breakup while others are essentially immune to fragmentation. Also, due to poor statistics,
a fragmentation rate could not be determined separately for long and short period comets.
Obtaining a fragmentation rate for long and short period comets separately will illuminate
whether different fragmentation mechanism dominate in each population. Also, improving
the statistics on the overall cometary fragmentation rate will also help identify whether or

not fragmentation is the main mechanism of comet destruction in general.

In general, we expect the comets to split when they are the most active, which is when
the body reaches perihelion because sublimation rates increase with temperature. Each
year, ~70 short period comets pass through perihelion. Observations should not be limited
to comets reaching perihelion, because not all splitting mechanisms rely on outgassing of
materials and have the potential to split at any distance from the sun. Long period comets
are much less well observed because comets spend the majority of their time near apogee
rather than near perihelion. With periods as small as 200 years, reaching up to 1000s of
years, long period comets are usually far from the sun, inactive, and therefore unable to be
observed. Only ~15-20 long period comets come to perihelion each year, and most often
are not discovered until 1 or 2 years ahead of this date when their magnitude has finally
increased enough to be observed. This means there is likely an observable reservoir of ~30-
40 long period comets a year. An archival search for missed fragmentation events would be
beneficial as well. T expect the split rate to be higher for LPCs than SPCs. LPCs tend to be
smaller in size than the average SPC with diameters < 1 km, while SPCs reach larger sizes
on the order of 10km in diameter (Nesvorny 2017). Smaller bodies will experience greater
thermal stress, than the larger bodies, and therefore disrupt more easily (Whitman et al.
2006, Belton et al. 2015). This indicates that the most common fragmentation mechanism is

thermal. However this could be due to observational bias as comets near the sun, disrupting
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from thermal effects will be very bright. However a comet that splits further from the sun
due to rotational instability, for example, can be much less bright. A complete observational

survey would allow for an accurate estimate of fragmentation rate.
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