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ABSTRACT

The D68 ringlet is the innermost narrow feature in Saturn's rings. Prior to 2014, the brightness of this ringlet did not vary much with longitude, but sometime in 2014
or 2015 a series of bright clumps appeared within D68. These clumps were up to four times brighter than the typical ringlet, occurred within a span of ~ 120° in
corotating longitude, and moved at an average rate of 1751.7°/day during the last year of the Cassini mission. The slow evolution and relative motions of these
clumps suggest that they are composed of particles with a narrow (sub-kilometer) spread in semi-major axis. The clumps therefore probably consist of fine material
released by collisions among larger (up to 20 m wide) objects orbiting close to D68. The event that triggered the formation of these bright clumps is still unclear, but it
could have some connection to the material observed when the Cassini spacecraft passed between the planet and the rings.

1. Introduction

The D ring is the innermost component of Saturn's ring system, and
it is a very complex region with structures on a broad range of scales.
One of the more perplexing features in this region is a narrow ringlet
found around 67,630 km from Saturn's center. This ringlet, designated
D68, was first observed in a small number of images obtained by the
Voyager spacecraft (Showalter, 1996), and more recently has been
imaged repeatedly by the cameras onboard the Cassini spacecraft, en-
abling several aspects of its structure and composition to be docu-
mented. These images show that the ringlet is very faint in back-scat-
tered light, and that its brightness increases dramatically at higher
phase angles (Hedman and Stark, 2015). This implies that the visible
material in this ringlet is very tenuous, and composed primarily of dust-
sized particles in the 1-100 micron size range. Meanwhile, high-re-
solution images show that D68 has a full-width at half-maximum of
only around 10km (Hedman et al., 2007a), while lower-resolution
images reveal that D68 has a substantial orbital eccentricity (ae =
25 km) and that its mean radial position appeared to oscillate = 10 km
around 67,627 km with a period of order 15years (Hedman et al.,
2014). Finally, these studies found that prior to 2014 the brightness of
the ringlet had broad and subtle (roughly = 25%) brightness variations
that revolved around the planet at around 1751.65°/day, consistent
with the expected rate for material orbiting at the ringlet's observed
mean radius (Hedman et al., 2014).

After 2014, the Cassini spacecraft continued to monitor D68 until
the end of its mission in 2017. This was not only because D68 is sci-
entifically interesting, but also because Cassini's final orbits around
Saturn took it between the planet and the D ring, causing the spacecraft
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to pass within a few thousand kilometers of D68. Hence it was im-
portant to know how this ringlet was behaving in case it could either
pose a hazard to the spacecraft or have any interesting effects on the in-
situ measurements during Cassini's close encounters with Saturn. These
images revealed unexpected and rather dramatic changes in the
brightness structure of this ringlet. Whereas the brightness variations in
D68 prior to 2014 could not be clearly discerned in individual images,
images taken after 2015 showed a series of bright “clumps” that were
several times brighter than the rest of the ringlet (see Fig. 1). These
clumps were observed multiple times over the last two years of the
Cassini mission, enabling their motion and slow evolution to be docu-
mented.

Localized brightness enhancements have previously been observed
in a number of other dusty rings. Some, like the arcs in Saturn's G ring
and Neptune's Adams ring, persist for decades and therefore probably
represent material actively confined by either mean-motion resonances
or co-orbiting moons (Hubbard et al., 1986; Sicardy et al., 1991; Porco,
1991; Namouni and Porco, 2002; Hedman et al., 2007b, 2009; Renner
et al., 2014; Showalter et al., 2017). Others, like the bright features seen
in the F ring and the dusty ringlets in the Encke Gap, are more transient
and therefore probably consist of material released by collisions and/or
concentrated by interparticle interactions (Showalter, 1998, 2004;
Barbara and Esposito, 2002; French et al., 2014; Murray and French,
2018; Ferrari and Brahic, 1997; Hedman et al., 2013). The relatively
sudden appearance of the clumps in D68, as well as their evolution over
the last two years of the Cassini mission, are more consistent with the
latter scenario. Hence this work will explore the possibility that these
clumps consist of material released by collisions among larger objects
within D68.
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Fig. 1. Example of a clump in the D68 ringlet. Both of the above images were
obtained on Day 33 of 2016 at phase angles around 126°, and are shown with a
common stretch. D68 is the narrow ring feature visible at the center of both
images. The lower image corresponds to the typical appearance of D68, while
the upper image shows a clear localized brightness enhancement near the ansa.
Note the faint diagonal bands in the upper left of both panels are stray-light
artifacts (West et al., 2010).

The relevant aspects of the observational data used here are pro-
vided in Section 2, while Section 3 describes the properties of the D68
clumps, including their motions and brightness evolution. Section 4
then discusses how these features might have been generated from re-
peated collisions among objects orbiting within or close to D68. Finally,
Section 5 provides estimates of where these clumps were located re-
lative to the Cassini spacecraft during its final orbits, and Section 6
summarizes the results of this analysis.

2. Cassini ISS observations

The data on the D68 ringlet considered here come from the
Imaging Science Subsystem (ISS) onboard the Cassini Spacecraft
(Porco et al., 2004; West et al., 2010). Table 1 summarizes the images
used in this analysis. All of these images were calibrated using the
standard CISSCAL routines that remove dark currents, apply flatfield
corrections, and convert the observed brightness data to I/F, a stan-
dardized measure of reflectance that is unity for a Lambertian surface
illuminated and viewed at normal incidence (Porco et al., 2004).
These calibrated images were geometrically navigated with the ap-
propriate SPICE kernels, and the pointing was refined as needed based
on the observed locations of stars in the field of view. Note that the
long exposure durations used for many images (typically 1-205s)
caused the images of stars to be smeared into streaks. The algorithms
for navigating images based on star streaks are described in Hedman
et al. (2014).

In previous analyses of D68 images, the brightness data from each
image would be averaged over longitude to produce a radial brightness
profile. This was sensible when the ringlet showed only weak long-
itudinal brightness variations, but is no longer appropriate now that the
ringlet possesses clumps that are smaller than the longitude range
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spanned by a single image (see Fig. 1). Hence, for this analysis the
image data were instead re-projected onto regular grids in radii r and
inertial longitudes A;'. Each column of the re-projected maps then
provides a radial profile of D68 at a single inertial longitude, which can
be co-added as needed to generate longitudinal profiles with sufficient
resolution to document the clumps. Since the ring material orbits the
planet, these profiles are constructed in a co-rotating longitude system
Ac = A; — ng(t — tp) where ng is the mean motion of the ring material, t
is the observation time, and t, is a reference time. This study uses a
reference time of 300,000,000 TDB (seconds past J2000 epoch) or
2009-185T17:18:54 UTC, which is the same value used in prior in-
vestigations of this ringlet's structure (Hedman et al., 2014). Also, the
mean motion is taken to be 1751.7°/day, a value that ensures the most
prominent clump remains at nearly the same co-rotating longitude in
the available data. This rate is also consistent with the expected mean
motion of particles orbiting within D68. Note that material moving at
this rate will smear over 0.02°-0.4° in longitude over the 1-20 second
exposure times of the relevant images. Fortunately, this longitudinal
smear is small compared to the scale of the clumps that form the focus
of this study.

Cassini images rarely have sufficient spatial resolution to discern
any of D68’s radial structure?, so for this study the ringlet's brightness is
quantified in terms of its equivalent width (EW), which is the radially
integrated I/F of the ringlet above the background:
EW = [ (I/F = I/Fyua)dr &)
In practice, this integral is performed over a limited range of the radii,
and the background signal is given by a linear fit to the signal on either
side of these regions. The exact ranges used for these calculations de-
pend on the resolution and the field of view of the relevant images.
Whenever possible, the integral was performed over the radius range of
67, 500-67,750 km, and the background was computed from the data
in regions 1000-km wide on either side of this range. These choices are
consistent with those used for many of the images examined by
Hedman and Stark (2015), and the central range does encapsulate the
entirety of D68 in all of the images used for this analysis. However, for
certain observations (see Table 1), D68 fell close to the edge of the
camera's field of view, and so using such extensive radial ranges was not
feasible (Note that all of the observations from around the time when
the clumps likely formed have this property, so completely excluding
these observations would be inappropriate). In these cases, the integral
was instead performed over the slightly restricted radius range of
67,550-67,750 km, and the background signal was determined from
regions only 50-km wide on either side of this central range. For all of
these sequences, D68 was fully inside the reduced range, and tests
showed that changing the ranges did not substantially affect the EW
estimates (typical changes being less than 10%).

Of course, the observed brightness of D68 not only depends on the
amount of material in the ringlet, but also on the viewing geometry,
which is parameterized by the incidence, emission and phase angles.
Fortunately, in this case the dependence on incidence and emission
angles are relatively simple because D68 has a very low optical depth.
While D68’s optical depth has not yet been directly measured because it
has so far eluded detection in occultations, the overall brightness of the
ringlet is consistent with the peak optical depth of the visible material
being of order 0.001. This means that any individual particle is unlikely
to either cast a shadow on or block the light from any other particle
(Hedman et al., 2007a; Hedman and Stark, 2015). In this limit, the
surface brightness is independent of the incidence angle and is

! Inertial longitude is measured relative to the ascending node of the rings in
the J2000 coordinate system.

2 Substructure within D68 is only seen in images with resolutions better than
3 km per pixel (Hedman et al., 2007a), while most of the useful images listed in
Table 1 have coarser resolution.
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Fig. 2. Longitudinal brightness profiles of D68 obtained in 2016-2017. Each panel uses data from one of the sequences listed in Table 1, with individual brightness
estimates averaged over co-rotating longitude bins 0.1° wide. The longitude system used here rotates at a speed of 1751.7°/day and has an epoch time of 300,000,000
TDB (UTC 2009-185T17:18:54). Note that narrow spikes and dips correspond to instrumental artifacts like hot pixels, cosmic rays or background stars. All these
profiles clearly show a series of peaks between — 75° and + 45° whose shape and position slowly evolve over time.

proportional to 1/|u|, where p is the cosine of the emission angle’
Hence the above estimates of the ringlet's equivalent width (EW) are
multiplied by |u| to obtain the so-called normal equivalent width
(NEW)™.

The variations in D68’s brightness with phase angle are more
complex, but fortunately Cassini observations obtained prior to the
clump's formation have yielded detailed measurements of D68’s phase
curve (Hedman and Stark, 2015). These observations show that D68 is
strongly forward-scattering, and that the NEW of D68 varies by over
two orders of magnitude across the range of phase angles listed in
Table 1. Hedman and Stark (2015) parameterized D68’s observed phase
function a number of ways, but for the sake of simplicity this analysis
will use the analytical approximation of D68’s phase curve consisting of
three Henyey-Greenstein functions:

23: w; 1-g?
PE) =YW l
Z 4 (1 + g2 — 2g,c0s0)*?

(2)

where 0 is the scattering angle (i.e. the supplement of the phase angle),
and the parameters are g; = 0.995, g» = 0.585 and gz = 0.005, with
weights w; = 0.754, w, = 0.151 and w3 = 0.095. Dividing the NEW
values by this phase function yields a parameter we call the Phase-
Corrected Normal Equivalent Width, or (PC-NEW), which is propor-
tional to the ringlet's integrated normal optical depth (also known as

3 Here emission angle is defined to be 0° when the ring is viewed from a point
directly north of the rings, and 180° when viewed from directly south of the
rings.

4 This notation is consistent with that used in previous photometric studies of
the D ring (Showalter, 1996; Hedman et al., 2007a). Note that occultation
studies of narrow rings designate this quantity as simply the Equivalent Width
(see, e.g. French et al., 1991).
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Equivalent Depth). Note that this procedure assumes that the bright
clumps have a same phase function from the previously quiescent ring.
Fortunately, this assumption appears to be justified since the above
correction yields reasonably consistent PC-NEW values for both the
clumps and the background ringlet. While there are some variations in
D68’s typical brightness after this correction, they are sufficiently small
that they do not significantly hinder the following analysis. Indeed, this
correction greatly facilitates comparisons among the observations.

The profiles of D68’s phase-corrected normal equivalent width
versus co-rotating longitude are shown in Figs. 2, 5 and 6 and are
provided in three supplemental tables to this work. Note that no error
bars are provided on these profiles because systematic uncertainties due
to phenomena like variations in the background level dominate over
statistical uncertainties, and such systematic uncertainties are difficult
to calculate a priori. Instead, rough estimates of these errors are com-
puted based on the rms variations in the profiles after applying a 3°-
wide high-pass filter to suppress features like the clumps (the numerical
values of these noise estimates do not depend strongly on the scale of
the filter). These noise estimates are provided in Table 1.

3. Observable properties of the D68 clumps

This section summarizes the observable properties of the D68
clumps derived from the above profiles of the ringlet's brightness.
Section 3.1 describes the distribution and evolution of the bright
clumps observed in the last 18 months of the Cassini mission.
Section 3.2 compares these clumps with the previously-observed
brightness variations in the ring and uses the sporadic observations in
2014 and 2015 to constrain when these bright clumps may have ori-
ginally formed. Finally, Section 3.3 documents the trends in the loca-
tions and brightnesses of these clumps.
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Fig. 3. A closer look at longitudinal brightness profiles of D68 obtained in 2016-2017. These are the same profiles shown in Fig. 2, but zoomed in on the clump-rich

region and with specific clumps labeled.

3.1. The clumps during the final 18 months of the Cassini Mission

Longitudinal brightness variations can be seen in every observation
of D68 obtained in 2016 and 2017. Fig. 2 shows profiles derived from a
sub-set of those observations that covered most of the clumps, were
obtained at phase angles above 140° and had ring opening angles above
5°. These seven profiles provide the clearest picture of D68’s structure
during this time. The estimated noise levels for all these profiles are less
than 3 m(see Table 1), which is consistent with their generally smooth
appearance outside of a few sharp excursions that can be attributed to
background stars and cosmic rays. Hence statistical noise and most
systematic variations associated with instrumental phenomena like
stray-light artifacts are less than 10% of the signal for all of these
profiles. Observations at lower phase and/or ring opening angles also
captured these brightness variations, but either had lower signal-to-
noise or did not provide such clean profiles due to the greatly degraded
radial resolution away from the ansa.

In all seven of these profiles the bright clumps are clearly restricted
to a range of longitudes between + 90°. Figs. 3 and 4 provide closer
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looks at these clumps and more clearly shows how they evolved over
the last two years of the Cassini mission. In early 2016, there are four
clear peaks in the ringlet's brightness. These four features are here de-
signated with the letters T (for “Trailing”), M (for “Middle”), L (for
“Leading”) and LL (for “Leading Leading”). The M clump is the
brightest of these features, being 4-5 times brighter than the back-
ground ring, while the T, L and LL clumps are more subtle features. All
four clumps appear to be superimposed on a broad brightness max-
imum that is centered between the M and L clumps.

Over the course of 2016, each of these clumps evolved significantly.
The L and LL clumps became progressively broader and less distinct. By
contrast, the M clump became somewhat brighter and slightly more
sharply peaked, while the T clump became much brighter and devel-
oped a strongly asymmetric shape with a very sharp leading edge. In
2017, the L and LL clumps continued to become less and less distinct,
with the LL clump becoming practically invisible by the latter half of
2017. The T and M clumps also started to become progressively broader
over the course of 2017. At the same time, two new features appear in
the profiles. First, a small bright feature, designated ML (for “Middle
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Fig. 4. Another look at the longitudinal brightness profiles of D68 obtained in
2016-2017. These are the same profiles shown in Figs. 2 and 3, but now are
overlaid on top of each other to highlight changes in the brightness and mor-
phology of the clumps.

Leading”) emerges from the leading edge of the M clump and drifts
ahead of the clump over the course of 2017. More dramatically, a new
brightness maximum appears behind the T clump. Designated TN (for
“Trailing New”), this feature is first seen on Day 123 of 2017, where it
appears as very faint peak on the trailing flank of the T clump. On Day
170, it appears as a narrow feature with a peak brightness intermediate
between the T and M clumps. Finally, on Day 229 this clump has
brightened and broadened dramatically, becoming the brightest feature
in the ringlet.

3.2. Connections to earlier brightness variations and the origins of the
clumps

The bright clumps described above are completely different from
the brightness variations seen in D68 prior to 2014. Fig. 5 shows pro-
files of the rings derived from six observations obtained prior to early

Assumed Pattern Speed =1751.700000"/day
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2014. Five of these are a subset of observations from Hedman et al.
(2014), but have been processed using the techniques described above
to ensure that any narrow structures would not be missed. Also note
that the brightness profiles presented in Hedman et al. (2014) used a
slightly different co-rotating longitude system with a rotation rate of
1751.65°/day, while here a rate of 1751.70°/day is used to facilitate
comparisons with the later data. Since there were no obvious sharp
features in these profiles, these profiles were made with larger long-
itudinal bins (1° instead of 0.1°) in order to improve signal-to-noise.

None of these early observations show any of the bright clumps seen
in 2016 and 2017. Instead, any real brightness variations are much
more subtle and can be comparable to variations associated with in-
strumental noise. Note that these profiles are more heterogeneous in
their noise properties than those illustrated in Fig. 2 because they were
obtained under a broader range of viewing geometries and employed a
larger range of exposure times.

The Rev 039 HIPHAMOVD, Rev 168 DRCLOSE and Rev 173
DRNGMOV profiles are comparable in quality to the 2016-2017 pro-
files, exhibiting random fine-scale variations of around 5 m. The Rev
037 AZDKMRHP profile shows somewhat higher scatter in its profile,
despite having a similar noise level in Table 1. This is because the
variations seen here are primarily at the few-degree scale due to in-
strumental background phenomena like stray light artifacts (West et al.,
2010). Still, all four of these early profiles show the broad, low peak
that was first identified in Hedman et al. (2014) and appears to be a real
ring structure. In 2007, the most visible aspect of this modulation is a
falling slope in brightness around +90° in the new co-rotating co-
ordinate system. Between 2007 and 2012, the shape and location of the
peak shifted, such that in 2012-2013 the most obvious brightness
variation is now a rising slope centered around — 45°, near the location
where the clumps would later appear. This same brightness maximum is
also present in the Rev 198 DRNGMOV profile, but it is somewhat
harder to discern because this profile shows a periodic modulation with
a wavelength of order 20°, which arises because there is a particularly
bright stray-light artifact running across part of these images that is not
entirely removed by the background-subtraction procedures.

The Rev 201 DRNGMOV profile is interesting because on fine scales
it appears to be of comparable quality to the Rev 039 HIPHAMOVD and
Rev 168 DRCLOSE profiles, but it also exhibits some novel brightness
structure. Specifically, in addition to the broad hump, this profile also
has brightness variations on scales of a few tens of degrees between —

Fig. 5. Longitudinal brightness profiles of
D68 obtained through early 2014. Each

panel uses data from one of the sequences
listed in Table 1, with individual brightness
estimates averaged over co-rotating long-

itude bins 1° wide. The longitude system
used here rotates at a speed of 1751.7°/day

and has an epoch time of 300,000,000 TDB
(UTC 2009-185T17:18:54). Note the

narrow spike in the Rev 039 HIPHAMOVD
profile is an image artifact, as are the reg-
ular ripples in the Rev 198 DRNGMOV

profile.
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Fig. 6. Longitudinal brightness profiles of D68 obtained between 2014 and 2016. Each panel uses data from one of the sequences listed in Table 1, with individual
brightness estimates averaged over co-rotating longitude bins 0.1° wide. The longitude system used here rotates at a speed of 1751.7°/day and has an epoch time of

300,000,000 TDB (UTC 2009-185T17:18:54).

45° and 0° longitude, where some of the brightest clumps would later be
found. Stray light artifacts are far less prominent in this dataset than in
Rev 198 DRNGMOV, so these could be real features in the ring.
Unfortunately, there are no other profiles of comparably good quality
from this time period that can be used to confirm the existence of these
weak peaks, and so all that can be said with confidence at this time is
that nothing like the bright clumps seen in 2016 were present in early
2014.°

Observations of D68 were very limited between early 2014 and
early 2016, in part because the spacecraft was close to Saturn's equa-
torial plane for part of that time. Table 1 includes a list of every ob-
servation of D68 with resolution better than 30 km/pixel during this

51t is also potentially interesting that the phase-corrected brightnesses of the
profiles obtained in 2012-2014 are roughly 30% higher than those of the two
profiles from 2007. Determining whether this is a real change in the ringlet or
an error in the assumed phase function will require a more detailed photometric
analysis that is beyond the scope of this work.

68

time period, and Fig. 6 shows longitudinal brightness profiles for those
image sequences which captured more than 10° of the region between
co-rotating longitudes of + 90°. These observations, which generally
have lower signal-to-noise or less longitudinal coverage than those
discussed above, still provide slightly improved constraints on when the
clumps might have formed.

Working backwards from when the clumps clearly existed, we can
first note that the T, M, L and probably LL clumps can all be seen in the
Rev 231 FNTHPMOV observation obtained in early 2016, albeit at
lower signal-to-noise. Portions of the M clump are also clearly visible in
the Rev 231 DRCLOSE and the Rev 228 HPLELR observations. The
latter was obtained at very low ring opening angles, and therefore only
provides limited snapshots of the ring's brightness. Also, these snap-
shots often show noticeable trends within the data derived from each
image (e.g. the slopes seen beyond + 45°), which likely arise because
the extreme foreshortening away from the ansa can lead to slight in-
accuracies when the observed brightness values are interpolated onto
maps of brightness versus radius and longitude. Despite these compli-
cations, there are hints of the T, L and LL clumps in these data. The T,
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Table 2

Icarus 323 (2019) 62-75

Locations of selected D68 clump features in a co-rotating reference frame with a mean motion of 1751.7°/day and an epoch time of 300000000 TDB.

Observation Date TN peak T peak T edge M peak a ML peak M/ML edge L peak LL peak
Rev 211 DRCLOSE 2015-009 - - - - - - - -3.5° -
Rev 212 DRCLOSE 2015-042 - -60.1° -56.5° - - - - - -
Rev 228 HPLELR 2015-355 - —55.7° - - - - - 0.8° 31.7°
Rev 231 FNTHPMOV 2016-033 - - - —28.2° - - —26.5° 1.9° 32.3°
Rev 233 FNTHPMOV 2016-071 - —55.4° —52.8° —29.0° - - —26.2° 2.3° 32.5°
Rev 245 HPCLOSE 2016-289 - —51.6° —50.3° —26.8° - - —22.7° 5.0° 33.3°
Rev 256 HPMONITOR 2017-011 - -51.9° —49.6° —25.3° - - -20.9° 6.1° 33.7°
Rev 263 HIPHASE 2017-060 - -51.2° —50.0° —26.0° - - - - -
Rev 272 HIPHASE 2017-123 -57.1° —52.0° —50.2° —25.9° —-22.4° —21.5° -21.1° 6.5° 34.1°
Rev 279 HPMONITOR 2017-170 —57.5° -53.1° -50.5° -26.2° -22.0° -21.3° —20.6° 6.8° -
Rev 289 HPMONITOR 2017-229 —57.6° -53.7° -50.8° —26.3° —-22.1° -21.2° —20.0° - -
? Location of the slope break that marks the trailing edge of the ML clump.

M, L and LL clumps therefore all probably existed by the end of 2015. Table 3

Unfortunately, there are no observations of the longitudes that
would contain the M clump between mid-2014 and late 2015. One
observation from mid-2015 is another low-ring-opening angle ob-
servation which just missed all four clumps. Prior to this, in early 2015,
there are two DRCLOSE observations. The Rev 211 DRCLOSE ob-
servation on Day 9 of 2015 shows a brightness maximum that could be
the L clump, while the Rev 212 DRCLOSE observation on Day 42 shows
a small brightness variation that could be the T clump.

Finally, in mid-2014 there was a low-phase DRLPMOV observation
in Rev 206. The signal-to-noise for this observation is quite low because
it was obtained at low phase angles where the ring is comparatively
faint (Hedman and Stark, 2015), and so it is hazardous to interpret any
of the brightness variations in this profile as evidence for any of the
later clumps, Still, it is worth noting that there are no features that are
as bright as the M clump. It is therefore reasonable to conclude that the
bright M clump most likely formed sometime after mid-2014 and before
late 2015, but that the fainter L and T clumps probably began to appear
sometime in 2014.

3.3. Evolution of the clumps' positions and brightnesses
To better quantify the temporal evolution of these clumps,
Tables 2-4 and Figs. 7-8 provide summaries of how their positions and

integrated brightnesses changed over the course of the Cassini mission.

Table 4

Drift rates and accelerations of clump relative to a co-rotating reference frame
with a mean motion of 1751.7°/day and an epoch time of 300,000,000 TDB.
Note error bars are based on scatter in the observations given in Table 2.

Feature Location® Drift rate® Acceleration

LL Peak 32.8 +0.1° 1.8 + 0.2°/year - 1.0 + 0.9°/year?
L Peak 3.3 +0.2° 4.2 + 0.2°/year - 1.1= 0.4"/year2
M/ML Edge - 244 +0.3° 6.1 = 0.7°/year - 4.3 *+ 1.5°/year”
M Peak - 27.4+0.3° 3.5 + 0.1°/year - 4.4 + 1.8°/year?
T Edge - 51.3+04° 2.4 + 0.3°/year — 2.7 +0.7°/year*
T Peak — 53.3+0.6° 2.9 *+ 0.4°/year - 4.1 + 1.2°/year”

2 Evaluated on 2016-157.

Table 2 provides the observed locations of several clump features. In
this table, “Peak” locations correspond to brightness maxima and
“Edge” locations correspond to minima found just ahead of the T and
M/ML clumps (other edges were too indistinct to reliably locate). The
highly variable morphology of the clumps made automatic algorithms
for locating these features impractical, so the locations given in Table 2
were instead determined by visual inspection of the profiles. Un-
certainties on such numbers cannot be reliably computed a priori, and
so no errors are provided in the table. However, position estimates
obtained at roughly the same time differ by only a few tenths of a de-
gree, which suggests that the uncertainties in these parameters are less

Phase-corrected normal equivalent areas for the clumps, along with the co-rotating longitude ranges used to compute these numbers (and background levels). Note
the Rev 263 HIPHASE observation is not included because of its limited longitudinal coverage and because its was observed at exceptionally high phase angles,

making the phase corrections more suspect.

Observation Date TN clump T clump M clump L clump LL clump

Rev 211 DRCLOSE 2015-009 - - - 23.8 km? -

Phase = 28° - - - [-11°,-10°1°,2°] -

Rev 212 DRCLOSE 2015-042 - 9.6 km? - - -

Phase = 140° - [—65°—64°,—55°,—54°] - - -

Rev 231 FNTHPMOV 2016-033 - - 367.4 km? - -

Phase = 127° - - [—50°,—49°,—24°, — 23°] - -

Rev 233 FNTHPMOV 2016-071 - 38.2 km? 397.8 km? 66.4 km? 12.2 km?

Phase = 146° - [-61°,—60°,—50°, — 49°] [—50°,—49°,—24°, — 23°] [-6°—5%6°7°] [27°,28°,36°,37°]
Rev 245 HPCLOSE 2016-289 - 114.3km? 720.3 km? 71.9 km? 12.8°

Phase = 156° - [-61°,—60°,—50°, — 49°] [-50°,—49°,—21°,—20°] [-3°,-2°,9°10°] [28°,29°,37°,38°]
Rev 256 HPMONITOR 2017-011 - 150.7 km? 648.6 km? 75.0 km? 8.5 km?

Phase = 158° - [-61°,—60°,—49°, — 48°] [—49°,—48°,—20°,—19°] [-2°,-1°11°127] [28°,29°,37°,38°]
Rev 272 HIPHASE 2017-123 0.5 km? 201.7 km? (201.2 km?)* 629.8 km? 42,8 km? 9.3km?

Phase = 168° [-59°,—58°,—56°,—55°] [-61°,—60°,—49°, — 48°] [—49°,—48°,—20°,—19°] [-3°,-2°,12°13"] [28°,29°,37°,38°]
Rev 279 HPMONITOR 2017-170 21.0 km? 231.5km? (220.0 km?)* - - -

Phase = 149° [-59°,—58°,—56°, —55°] [-61°,—60°,—49°, — 48°] - - -

Rev 289 HPMONITOR 2017-229 120.6 km? 331.1km? (210.5 km?)* 699.3 km? - -

Phase = 143° [-59°,—58°,—56°, — 55°] [—61°,—60°,—49°, — 48°] [—49°,—48°,—18°,—17°] - -

@ Corrected to remove contribution from Clump TN.
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Fig. 7. Variations in the locations of the clumps over time relative to the co-
rotating coordinate system. The bottom panel shows the locations of peaks and
edges of select clumps over time. The lines show quadratic fits to these data.
The top panel shows the drift rates of the clumps relative to the co-rotating
coordinate system moving at 1751.7°/day. Also shown are the range of semi-
major axes corresponding to these drift rates, computed using the gravitational
field harmonics provided in Durante (2017).

than half a degree. Fig. 7 plots these position estimates as functions of
time, along with quadratic model fits where the clump is allowed to
have a drift rate (relative to the reference rate of 1751.7°/day) that
varies linearly with time. The parameters derived from these fits (po-
sition and drift rate at epoch as well as the acceleration) are provided in
Table 3, along with uncertainties derived from the scatter in the data
points around the trend.

As shown in the top panel of Fig. 7, prior to 2017 all of the clumps
were drifting forwards at rates between 2°/year and 8°/year. However,
these drift rates gradually slowed down, with both the M and T clumps
beginning to drift backwards at a rate of around — 2°/year by the end
of the Cassini mission.

Both the average drift rates and the accelerations of these features
contain information about the clump's dynamics. For one, the small
dispersion in the drift rates associated with these clumps indicate that
the clump material is tightly confined in semi-major axis. The disper-
sion of clump drift rates at any given time is always of order 5°/year,
which corresponds to a fractional spread in mean motions dn/n ~
8 x 10~%, which in turn implies a fractional spread in semi-major axes
Sa/a = 2/3(6n/n) ~ 5 x 107°, or a §a ~ 0.4km (see also Fig. 7). We
can also note that the difference in mean motions between the peak of
the M clump and its leading edge is about 2°/year (see Table 3). If this
spreading is due to Keplerian shear, then it implies that the material in
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Fig. 8. Variations in the integrated brightness of the clumps over time. Each
panel shows the longitudinally-integrated brightness of the various clumps as
functions of time. Note that the estimated brightnesses of the T clump have the
signal from the TN clump removed.

this part of the brightest clump has a da ~ 0.2 km. The widths of the L
and LL clumps are harder to quantify, but we may note that between the
Rev 233 FNTHPMOV observation on Day 2016-071 and the Rev 256
HPMONITOR on Day 2017-011 the L clump increased from roughly 5°
wide to about 10° wide (see Fig. 2), which implies the two ends sheared
apart at a rate close to 5°/year, comparable to the dispersion of the
clumps as a whole and the spreading rate of the M clump. All these
findings suggest that the clumps consist of material with sub-kilometer
spreads in semi-major axis.

Turning to the slow accelerations of the clumps, these correspond to
relatively slow changes in the material's average semi-major axes. For
example, the drift rates for the M and T clump changed by roughly 4°/
year?. This corresponds to an outward radial migration rate of roughly
0.3 km/year (Fig. 7). The radial acceleration of the L and LL clumps are
smaller, more like 1°/year® (see Table 3), but also suggest slow out-
wards migration. Recall that the mean radius of D68 appears to oscillate
with an amplitude of ~10km over a period of roughly 15years
(Hedman et al., 2014), which would correspond to maximum radial
drift rates of order 3-4 km/year. Note that during this particular time
period the ringlet should be moving outward, which is consistent with
the observed accelerations of the clumps, but the magnitude of the
radial drift rates are roughly an order of magnitude slower than one
would expect for the ringlet as a whole. Hence the connections between
the acceleration of the clumps and the overall radial migration of D68
remain obscure.

Next, consider the integrated phase-corrected brightnesses of the
clumps, which provide information about the total amount of material
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within each clump. For each clump in each observation, the total
brightness of the clump is computed using the four co-rotating long-
itudes denoted [A;,A2,A3,A4] in Table 4. First, a linear background is
computed based on the average ringlet brightness in two regions on
either side of the clump (i.e. between A; and A, and between A3 and A4,
respectively). Then the observed PC-NEW above this background is
integrated over the region between A, and A3 to determine the phase-
corrected normal equivalent area (PC-NEA) of the clump:

PC-NEA = j; f (PC-NEW — PC-NEWj) Fpes dA @)
where rpeg = 67,625 km is the radius of the ringlet. In this case, the
uncertainties in these numbers are dominated by systematic errors as-
sociated with varying image quality and viewing geometry, which are
difficult to reliably estimate. Hence, in order to avoid providing a po-
tentially misleading error estimates, no explicit errors on these values
are provided here. However, given the scatter in the observed values
around mean trends these uncertainties are unlikely to exceed 30%.
Table 4 and Fig. 8 summarize the total brightness estimates for each
of the clumps. Note that for the T clump we also provide the values with
the contribution from the superimposed TN clump removed. The
clumps show a variety of brightness trends. The L and LL clumps show
roughly constant brightness in 2016. Thus these two clumps appear to
consist of roughly constant amounts of material that are gradually
spreading out over larger and larger longitude ranges, and therefore
becoming more indistinct. By contrast, the M, T and TN clumps clearly
show initial increases in their total brightness over time. The TN
clump's brightening actually accelerated over time, with its PC-NEA
going up by 20 km? in the 47 days between the first two observations,
and by another 100 km? in the following 59 days. Clump T's increase in
brightness could also have accelerated in 2016 if the feature seen in
2015 is really that same clump, but throughout 2016 its brightness
increased at a roughly steady rate of 150 km?/year, which is sub-
stantially slower than TN's brightening rate. Interestingly, T appears to
have stopped brightening around the time TN formed. Clump M's
brightening is probably the least well documented, but the early 2016
measurements are roughly one-half the brightness observed in late
2016 and 2017. Assuming a linear brightness increase between early
and mid 2016, this would imply a brightening rate of around 500 km?/
year, which is comparable to the brightening rate for the TN clump.

4. Discussion

Clearly, something happened to D68 in 2014 or 2015 to create the
clumps seen at the end of the Cassini Mission. The most obvious ex-
planation for such dramatic and localized increases in brightness is that
fine material was released by collisions into or among larger objects
located within or nearby D68, similar to the way bright features are
thought to form in the F ring (Showalter, 1998; Barbara and Esposito,
2002; French et al., 2012; French et al., 2014; Murray and French,
2018). This scenario will be examined in some detail below. Section 4.1
examines how much material is needed to produce the visible clumps,
and whether suitable source bodies for this material could be lurking in
or around D68. Next, Section 4.2 argues that the clumps in D68 are
primarily due to collisions among particles orbiting close to D68, rather
than impacts from interplanetary objects. These arguments are based on
comparisons between the properties of the clumps in D68 and those
found in the F ring. Finally, Section 4.3 examines the spatial and tem-
poral distribution of the clump forming events and what they may
imply about the distribution of source bodies within D68.

4.1. Required sizes of dust sources
If the D68 clump material is debris from collisions, then there needs

to be objects large enough to produce the observed dust in the vicinity
of this ring. How large these source objects would need to be can be
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constrained by estimating the total amount of material associated with
each clump from the PC-NEA values given in Table 4. Since the optical
depth of D68 is very low, it is reasonable to neglect multiple scattering
among ring particles. In this case, the equivalent width of the ringlet at
a given longitude can be expressed as the following integral over the
relevant particle size distribution at a given longitude A:

EWQ) = u% S N@, 9)Qua($)P (8, 5)7s%ds @
where p is the cosine of the emission angle, Nds is the total number of
particles per unit length along the ringlet between sizes s and s + ds,
Qscq is the particle's scattering coefficient and # is the particles' phase
function. Consistent with the phase function for the ring as a whole
given in Eq. (2), P is assumed to integrate to unity over all solid angles,
and so the prefactor of 7 is needed to ensure energy conservation. If this
expression is integrated over radius and longitude, and then multiplied
by |u| and divided by the average phase function P(6) of the ring from
Eq. (2), it yields the following expression for the Phase-Corrected
Normal Equivalent Area:

P8, s)
P(6)

7s%ds

PC-NEA = 70 [ N(5)Quea(s) -
where N(s) = [N (4, s)rdA is the particle size distribution for the entire
clump and r is the mean radius of the ringlet. The total mass of material
in this region is given by a similar integral expression over this size
distribution:

4
M=pV= N (s)—msds
oV=p [ NG ©
where p is the mass density of the particles, and V is the total volume of
all the particles in the region. These two expressions involve different
integrals over the particle size distribution. Still, there is a relationship
between the total mass and the PC-NEA, which can written as:

4
M= pg (PC-NEA)(S/Qsca )eff (7)

where (s/Qsca)eff is an effective average particle size/scattering effi-
ciency given by the following ratio of integrals.

S N(s)s’ds

(5/Qscadett = : .
S N©)Quua ()25 s%ds

(8)

While we still do not have complete knowledge of the particle size
distribution, the strongly forward-scattering phase function of the ring
suggests that the visible particles are primarily in the size range of
1-100 pm, and probably have an effective average size of order a few
microns (Hedman and Stark, 2015). We can therefore approximate the
total mass of material in the clumps as:

M = 40. 000 k P (PC - NEA) (5/Qsca eft
v 81 g/cm® J\ 100 km? lum 9)

This implies that if (s/Qsc)ett ~ 1um, then the LL, L, M, T, and TN
clumps would have peak masses of around 7000kg, 30,000kg,
300,000 kg, 100,000 kg and 50,000 kg, respectively, and that the total
mass of all the visible clumps would be around 500,000 kg. If gathered
into a single object with a density of 1 g/cm?, these objects would all
have radii between 1 and 4 m. ® By way of comparison, for the same
assumptions, the mass of the background D68 ringlet would be roughly
5,000,000 kg, or about 10 times larger than the total mass of all of the
clumps. Thus the visible clump material is just a small fraction of the
dust in the entire ringlet.

Of course, the above calculation is the minimum mass required to
produce the visible dust clumps, and does not include material released

®Even if we allowed (s/Qse )es to be as large as 10 um, the M clump would
still correspond to a solid object with a radius of around 9 m.
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in the form of vapor, particles much smaller than 1um in radius or
particles much larger than 10 um in radius. Still, the above calculations
imply that the observed clumps do not require kilometer-scale objects
to supply the observed material. Instead the source objects could be
comparable in size to the largest typical particles in the C ring (Zebker
et al., 1985; Cuzzi et al., 2009; Baillié et al., 2013).

The relatively small amount of material required to produce these
clumps is also generally compatible with the lack of any direct evidence
for any particles larger than the visible dust grains in the available
images of D68. Objects with radii between 1 mm and 1 km can be very
difficult to see because their surface-area-to-volume ratios are smaller
than small dust grains and because they are too small to be easily re-
solved as discrete objects in most images of D68.

Indirect evidence for such source bodies comes from two high-re-
solution observations of D68 obtained in 2005 that contained a sec-
ondary peak on the inner flank of this ringlet, displaced inwards by
10-20 km from the main D68 ringlet (see Fig. 10 of Hedman et al.,
2007a). Unfortunately, no later high-resolution D68 observations ob-
tained during the remainder of the mission covered the same co-ro-
tating longitude range, and no other images showed clear evidence for
additional ringlets near D68, so the connections between these sec-
ondary peaks and the clumps are rather obscure. However, the two
observations where the secondary peaks are clear do appear to have
occurred around 0° in the above co-rotating longitude system, and so
they could potentially represent material scattered out of D68 by larger
objects that later gave rise to the clump material. More detailed analysis
would be needed to ascertain whether similar-sized objects could pro-
duce both the clumps and the displaced ring material.

Further evidence for a population of larger particles in the vicinity of
D68 comes from the in-situ measurements made by the Cassini spacecraft
when it passed between the planet and its rings. During this time, the
Low Energy Magnetospheric Measurement System (LEMMS) component
of the Magnetosphere Imaging Instrument (MIMI) detected a clear re-
duction in the intensity of protons and electrons when the spacecraft
crossed magnetic field lines that passed near D68 (Krupp et al., 2018;
Kollmann et al., 2018; Roussos et al., 2018). This localized reduction in
charged particle flux implies that there is a concentration of material
capable of absorbing charged particles around D68. The total mass of this
material is still being investigated (Kollmann et al., 2018). However, it is
worth noting that D68 is the only feature in the D ring interior to D73
that significantly affects the measured plasma densities, despite the fact
that D68’s brightness relative to its surroundings is not exceptionally
high (Hedman et al., 2007a). Hence it is reasonable to conclude that the
reduction in the plasma density around D68 is due to a population of
larger particles orbiting in the vicinity of D68, which are invisible to the
cameras but efficient absorbers of charged particles.

4.2. Insights into how the clumps formed from comparisons between D68
and the F ring

If the clumps found in D68 are collisional debris, then their closest
analogs would be the bright clumps in the F ring, which have also been
interpreted as the results of collisions either into or among larger ob-
jects within that rings (Showalter, 1998; Barbara and Esposito, 2002;
Showalter, 2004; Charnoz et al., 2005; Charnoz, 2009; French et al.,
2014, 2012; Murray and French, 2018). Indeed, by comparing the
overall brightness, motions and evolution of these two different types of
clumps, we can gain some insights into what sorts of collisions could be
responsible for producing the clumps in D68.

First of all, the clumps in D68 appear to involve much less material
than the clumps in the F ring. French et al. (2014) provides the most
extensive survey of F-ring clumps to date, which include phase-nor-
malized integrated brightness values. However, some care is needed in
comparing the two sets of brightness estimates because French et al.
(2014) normalized the observed brightness by the ratio of the phase
function at the observed phase angle to the phase function at 0° phase.
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This differs from the normalization used here by a factor of the phase
function at 0° phase, which is 0.0095 for the phase function given by
Eq. (2). Hence the values of PC-NEA need to be multiplied by this factor
to obtain “Phase-Normalized Normal Equivalent Areas” (PN-NEA) that
can be compared with the values given in French et al. (2014). The
range of 10-700 km? in the PC-NEA values for the D68 clumps therefore
correspond to PN-NEA values in the range of 0.1 -7 km? By contrast,
the F-ring clumps have PN-NEA values ranging between 100 and
20,000 km?, and a few clumps are even brighter than this. Each of the F-
ring clumps therefore includes hundreds to thousands of times more
material than the D68 clumps.

The above comparisons imply that the collisions release more ma-
terial in the F ring than they do in D68. This suggests that the F ring has
more abundant and/or larger potential dust sources than D68. This is a
reasonable supposition, since there is abundant evidence from images,
occultations and charged-particle data for a population of kilometer-
scale moonlets within the F ring (Cuzzi and Burns, 1988; Porco et al.,
2005; Murray et al., 2008; Meinke et al., 2012; Attree et al., 2014;
Murray and French, 2018). By contrast, the generally homogeneous
structure of D68 prior to 2015 strongly suggests that such large objects
are not common in the vicinity of that ringlet.” The F ring probably
contains more large source bodies because it lies close to Saturn's Roche
limit for ice-rich objects, where larger objects can more easily survive
and grow, while D68 is located very close to the planet, where tidal
forces will inhibit any accumulation of material into larger objects.
Hence it is reasonable to expect that there is more source material for
clumps in the F ring than in D68.

Next, consider the range of drift rates and spreading timescales of the
clumps in D68 and the F-ring. The clumps in the F ring have drift rates
that vary by ~ 0.2°/day, or ~ 100°/year, and the lengths of individual
clumps change at comparable rates (Showalter, 2004; French et al.,
2014; Lam, 2014; Murray and French, 2018). These rates are over an
order of magnitude larger than the range of drift rates and spreading
rates observed in D68. This implies that the material in the F-ring clumps
has a much larger spread in semi-major axes than the material in the D68
clumps. Indeed, the spread of drift rates in the F-ring clumps implies that
this material spans a semi-major axis range of order ten kilometers,
compared to the sub-kilometer range spanned by D68’s clumps. These
differences in semi-major axis spreads are also probably responsible for
the differences in how long it takes these clumps to fade away. For ex-
ample, French et al. (2012) showed that an exceptionally bright F-ring
clump brightened at a roughly constant rate for about 5 months before
fading in a quasi-exponential manner with a half-life of roughly
100 days. The fading timescale for this clump is short compared to the
brightness evolution timescales of the D68 clumps, whose integrated
brightness could remain constant for over a year. This is consistent with
the F ring clumps having shorter spreading timescales than the D68
clumps due to the particles' broader semi-major axis range.

The above differences in the clumps' evolution rates strongly sug-
gests that the material in both these ringlets is primarily released by
collisions among objects within the ring, rather than collisions into those
objects by meteoroids on interplanetary trajectories. If the clumps were
created by interplanetary impactors, the velocity dispersion of the
debris would be similar for the two rings (in fact, it would probably be
higher for D68 because the planet's gravitational focusing would in-
crease the relevant impact speeds), which is clearly not the case.
However, if the collisions involve interactions among objects within the
ring, then the relative velocities would depend on the velocity disper-
sion of those objects. While we do not have direct measurements of the
orbit parameter dispersion for all the potential source bodies in either

7 As mentioned in Section 4.1, there are two high-resolution images that
contain evidence for substructure within D68 that could be due to embedded
objects. However, such structures are not seen in any of the more recent images,
which is consistent with such features being relatively rare in this ringlet.
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the F ring or D68, we may note that while D68 typically appears to be
about ten kilometers wide (Hedman et al., 2007a), the F ring has
multiple components that span hundreds of kilometers (see Murray and
French, 2018, and references therein). While the visible material is
mostly dust, it is reasonable to expect that the larger particles in the F
ring are also more dispersed than the ones in D68, in which case col-
lisions among objects in the F ring happen at higher relative speeds than
those within D68, which could more naturally explain the different
range of drift rates and spreading timescales for the two rings.

Finally, we should note that the extended time it takes for clumps in
both D68 and the F ring to reach their maximum brightness is more
easily explained if they are both created by collisions among multiple
objects within the same ring. A collision involving an interplanetary
meteoroid would release dust in a short period of time, which is not
what is observed either in D68 or in the F ring (French et al., 2012).
However, if the objects involved in the collision are on nearly the same
orbit, then the larger bits of debris from the collision would also be in
roughly the same region of phase space, increasing the possibility of
repeated collisions, and a gradual release of fine material.

4.3. Why did the clumps form where and when they did?

If the above arguments are correct, then the debris seen in the D68
clumps probably arose from collisions among larger objects orbiting
close to or within the ringlet. Of course, this immediately raises ques-
tions about both the timing of the clump formation and the distribution
of the source bodies that gave rise to the clumps. At the moment, there
are no clear answers to these questions, but we can at least examine
some aspects of these clumps that might be relevant to understanding
their origin.

First of all, it is reasonable to ask why clumps only appeared in D68
after 2014. If these clumps are due to collisions among larger objects
within the ring, then something must have happened at that time that
increased the probability of such collisions. There are two different
potential explanations for what could have happened at this time, one
involving the internal evolution of D68 itself, and the other involving
impacts by objects from outside the Saturn system.

If one wishes to attribute the timing of clump formation to processes
internal to D68, the aspect of this ringlet's structure that is most likely to
be relevant is the slow evolution of its mean radius. Prior observations of
D68 showed that its mean radius slowly declined by 20 km between 2006
and 2012. Later observations, combined with earlier Voyager images
suggest that the mean radius of this ringlet oscillates back and forth with a
period of order 15 years (Hedman et al., 2014). The visible ringlet's mean
radius was therefore moving outwards during 2014-2015. Since the
origin of this oscillation is still unclear, the visible dust and larger source
bodies could oscillate differently, and so perhaps 2014 corresponded to a
critical time where dust was more likely to collide with the source bodies
and thereby release additional material. The major problem with such an
idea is that in 2014 the visible ringlet was not near either its maximum or
its minimum mean radius, and was instead close to the same radius it was
in 2011, a time when no obvious clumps appeared.

If one wants to consider scenarios where something exterior to D68
initiated the clump formation process, then the most likely option
would be that one or more interplanetary objects collided with bodies
near D68, initiating the collisional cascades that generated the clumps.
A challenge for this sort of scenario is that the LL, L, M and T clumps all
appear to have formed around the same time, and did not move sub-
stantially further apart during the 18 months they were observed. This
either means that debris from the original event was able to spread
across a region 90° wide, or that multiple impacts struck different parts
of D68 around the same time. In practice, the former option appears
unlikely, since the observed clumps are well separated and do not ap-
pear to be parts of a continuum of debris. The idea that multiple objects
could have struck multiple source bodies at about the same time might
at first seem equally unlikely. However, there is evidence that Saturn's
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rings have not only been struck by discrete objects, but also by more
extensive debris clouds analogous to meteor storms. In particular,
corrugations found in the C and D rings appear to have been generated
by such debris fields, which probably represent material released from
an object that was torn apart by either tidal forces or a prior impact
with the main rings during a previous passage through the Saturn
system (Hedman et al., 2011, 2015; Showalter et al., 2011; Marouf
et al., 2011; Hedman and Showalter, 2016). One could therefore posit
that a similar debris cloud passed through D68 in 2014-2015, im-
pacting at least 4 source bodies and so initiating the formation of
clumps LL, L, M and T. In principle, such a debris cloud could have also
had affects on other parts of Saturn's ring system, but at the moment
there is no clear evidence for such a recent event elsewhere in the rings.
Hence we cannot yet place strong constraints on exactly what event
initiated the formation of D68’s clumps.

Turning to the spatial distribution of the dust sources, the first thing
worth noting is that objects large enough to generate the clump debris
must have orbits very close to that of D68. Since D68 is a uniquely
narrow, isolated ringlet in the otherwise rather broad and smooth inner
D ring, this strongly implies that some process is confining material
near this ringlet. In principle, the visible dust could become trapped by
a variety of non-gravitational processes, such as resonances with
asymmetries in Saturn's electromagnetic field. However, if each clump
is debris from collisions involving larger objects, then all those objects
would need to have very similar orbits to D68, which strongly suggests
that the relevant confining force is not size dependent. The forces re-
sponsible for confining D68 are therefore most likely gravitational.
Given D68’s narrowness, the confinement mechanism most likely in-
volves some sort of resonance with either one of Saturn's moons or some
asymmetry in the planet's gravitational field. However, at the moment
there is no known resonance with any of Saturn's moons that could
explain the observed properties of D68. More generally, the ringlet's
lack of strong azimuthal brightness variations prior to 2014, as well as
its simple eccentric shape, are not consistent with the orbital pertur-
bations associated with most resonances.

It is also worth noting that the clumps in D68 do not appear to be
randomly distributed. For one, the clumps are all confined to a region
roughly 120° across. Furthermore, the TN/T, M/ML, L and LL clumps
appear to maintain a suspiciously regular spacing of roughly 30° for the
entire time they are observed. Specifically, the separation between the
peaks of the T and M clumps was 26° + 1°, the separation between the
M and L clumps was 32° + 1°, and the separation between the L and LL
clumps was 29° = 1°. This suggests that the source bodies are not
randomly distributed around D68, but that there is something selecting
out particular locations for either the source bodies or the dust release.
The lack of strong azimuthal brightness variations in the dust prior to
2014 would be difficult to reconcile with any external force confining
dusty material in longitude. Hence it seems more likely that this spacing
reflects something about the distribution of the source bodies.
Interestingly, the stable solution for roughly 4 equal-mass bodies in the
same orbit also has the four objects spanning roughly 120° and being
spaced by between 30° and ~ 40° (Salo and Yoder, 1988; Renner and
Sicardy, 2004, I thank J. A’Hearn for pointing this out). We may
therefore posit that there is some outside force that is trapping material
at a particular semi-major axis, which includes both large source bodies
and dust. This trapping potential would need to be longitude-in-
dependent, allowing the few large bodies in this region have arranged
themselves into a stable co-orbital configuration. At the moment, [ am
not aware of any phenomenon that can satisfy all these requirements, so
more work needs to be done to develop a plausible dynamical ex-
planation for the confinement and structure of D68.

5. Potential connections to in-situ observations from Cassini's
Grand Finale

During its Grande Finale, the Cassini spacecraft passed between the
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Fig. 9. D68 brightness profile derived from the Rev 289 HPMONITOR on day 2017-229. The numbers below the profile mark the longitudes where Cassini passed
through the ringplane on each of the Grand Finale orbits. Each number is the designated “Rev” for each orbit.

planet and D68, enabling it to make in-situ measurements of the material
in this region. Some of these measurements revealed azimuthal variations
that might be correlated with the D68 clump locations (e.g. Waite et al.,
2018). While the visible material in D68 appears to be strongly confined
in semi-major axis, the clump-forming events could potentially release
smaller particles and molecules that could more easily reach the space-
craft. In addition, the event that triggered clump formation in D68 could
have had larger-scale effects on the planet and/or its rings that might
have influenced these measurements. Hence, for the sake of complete-
ness, Fig. 9 shows where the Cassini spacecraft passed relative to these
clumps on all of the relevant orbits. The spacecraft clearly sampled a wide
range of longitudes relative to the clumps during its final orbits, allowing
a variety of hypotheses to be tested regarding connections between D68’s
clumps and the in-situ measurements.

6. Summary and conclusions

The main results of the above analysis of D68’s longitudinal struc-
ture are the following:

e Sometime in 2014 or 2015 a series of four bright clumps (here de-
signated T, M, L and LL) appeared in D68.

e The material in two of these clumps (L and LL) slowly spread over
time, making the clumps less distinct.

® The two other clumps (T and M) became progressively brighter over
the course of 2016, and appeared to give rise to additional structures
in 2017.

o The spreading rates and dispersion in drift velocities suggest that the

material in all these clumps spans less than a kilometer in semi-

major axis.

The total amount of material visible in the clumps could come from

a few objects less than 10 m in radius.

o These clumps could have been produced by collisions among larger

objects orbiting within or very close to D68.

The spatial distribution of these clumps may provide new insights

into how material is confined around D68.
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