THE ASTRONOMICAL JOURNAL, 135:1083-1091, 2008 March
© 2008. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

doi:10.1088/0004-6256/135/3/1083

THE POPULATION OF PROPELLERS IN SATURN’S A RING

MATTHEW S. TISCARENO', JosEPH A. BURNs'2, MATTHEW M. HEDMAN

I AND CAROLYN C. Porco?

1 Department of Astronomy, Cornell University, Ithaca, NY 14853, USA; matthewt@astro.cornell.edu
2 Department of Theoretical and Applied Mechanics, Cornell University, Ithaca, NY 14853, USA
3 CICLOPS, Space Science Institute, 4750 Walnut Street, Boulder, CO 80301, USA
Received 2007 September 28; accepted 2007 December 12; published 2008 February 14

ABSTRACT

We present an extensive data set of ~150 localized features from Cassini images of Saturn’s A ring, a third of
which are demonstrated to be persistent by their appearance in multiple images, and half of which are resolved
well enough to reveal a characteristic “propeller” shape. We interpret these features as the signatures of small
moonlets embedded within the ring, with diameters between 40 and 500 m. The lack of significant brightening
at high phase angle indicates that they are likely composed primarily of macroscopic particles, rather than dust.
With the exception of two features found exterior to the Encke Gap, these objects are concentrated entirely within
three narrow (~1000 km) bands in the mid-A ring that happen to be free from local disturbances from strong
density waves. However, other nearby regions are similarly free of major disturbances but contain no propellers. It
is unclear whether these bands are due to specific events in which a parent body or bodies broke up into the current
moonlets, or whether a larger initial moonlet population has been sculpted into bands by other ring processes.
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1. INTRODUCTION

Saturn’s main rings (particularly ring A) were determined
by the Voyager Radio Science experiment (Zebker et al. 1985)
to be primarily composed of a distribution of icy particles of
diameter D 2> 1 cm. A steep cutoff in the size distribution
was discerned at D ~ 20 m, but particles larger than that
value could not be probed due to limitations imposed by the
radio experiment’s carrier wavelength. At the large end of the
particle-size distribution are the two known moonlets embedded
in gaps in the outer-A ring, Pan and Daphnis, of diameters
~28 km and ~8 km, respectively (Porco et al. 2007). Nothing
was known about the distribution of intermediate-size ring
particles, between 20 m and 8 km in diameter, until the
first evidence of “missing-link” particles was found in very-
high-resolution images taken by the Cassini spacecraft during
its insertion into Saturn orbit (Tiscareno et al. 2006). These
intermediate-size moonlets are not directly seen, but rather the
propeller-shaped disturbances they create in the ring continuum.
This morphology had previously been predicted by numerical
simulations (Spahn & Sremcevi¢ 2000; Sremcevié et al. 2002;
Seif et al. 2005). The sizes of the perturbing moonlets, subject
to some ambiguities in interpretation, were given as D ~ 100 m.
Their surface densities are quite low relative to smaller particles,
corroborating the steep cutoff reported by Zebker et al. (1985).

We here present and analyze a data set of 158 localized
features in the A ring, many of which are well-enough resolved
to reveal the characteristic propeller shape. Four of these objects
are those reported by Tiscareno et al. (2006), and another eight
were first noted by Sremcevic et al. (2007). Recently, Esposito
et al. (2008) have found evidence for similarly-sized moonlets
in the narrow and highly disturbed F ring; however, this is not
directly applicable to our analysis because there is no particular
reason to expect the particle-size distribution of the F ring to be
simply related to that of the A ring.

Section 2 gives further background on the nature and in-
terpretation of propellers. Section 3 summarizes the imaging
sequences we used in compiling our data set, and Section 4
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describes the process by which features were identified and char-
acterized with one of two models (“resolved” or “unresolved”).
Our results are summarized in Section 5. Section 6 contains
further discussion of the interpretation of propeller features.

2. PROPELLER-SHAPED FEATURES

The general morphology of propeller-shaped features, here-
after “propellers,” can be understood from the classical Hill
problem, in which massless test particles orbiting a large central
body are deflected in the vicinity of a perturbing mass, here-
after the “moonlet” (see Figure 1). It should be noted that this
is a simple model for conceptual purposes only, as perturbing
effects such as inter-particle collisions and self-gravity wakes
(see below) complicate the actual picture considerably.

Due to Keplerian shear, the chaotic zone in which test particles
are cleared out by the moonlet is carried forward on the inward
side, while that on the outward side trails behind. The clearing of
particles from these chaotic zones results in two gaps, oriented
primarily along the orbital direction, symmetric about the origin
in the shape of a propeller (Figure 1). The separation between
these gaps in the radial direction is approximately four times the
Hill radius.* Hereafter, we will refer to this aspect of amoonlet’s
disturbance, which is a local decrease in the total surface density,
as propeller-shaped gaps.

Regions of enhanced surface density can also be created by the
perturbing moonlet. The genesis of these density enhancements,
as is easily seen in the non-self-gravitating case shown in
Figure 1, is essentially the same as the “moonlet wakes” that
are seen elsewhere in the rings on a larger scale—for example,
in the vicinity of Pan (Showalter et al. 1986). Hereafter, we
will refer to this aspect of a moonlet’s disturbance as moonlet
wakes. These are farther from the moonlet, in terms of radial
displacement, than are the gaps. They also differ from the gaps

4 The Hill radius, a measure of the sphere of a body’s gravitational
dominance, is given by rg = a(m/3Ms)'/3, where m and a are the moonlet’s
mass and distance from Saturn, and Mg is Saturn’s mass.
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Figure 1. Particle trajectories under Hill’s equations (see, e.g., Murray &
Dermott 1999, ch. 3.13), showing the propeller-shaped chaotic zones as well
as associated moonlet wakes. Radial (r) and azimuthal (£) coordinates are each
shown in units of Hill radii; the perturbing mass is located at the origin, and
the L and L, Lagrange points are at £ = 0, r = =£1. The direction toward
Saturn is down, and the orbital direction is to the right. Scattered trajectories
deflected by >5Ry are not shown. This simple model, which neglects inter-
particle collisions as well as self-gravity, is presented for conceptual purposes
only.

in their general morphology, being less consistently oriented in
the azimuthal direction, though this distinction could possibly
be less important in more realistic cases that account for self-
gravity wakes.

In reality, the motion of particles in Saturn’s rings is far
from the laminar flow portrayed in the Hill problem. Inter-
particle collisions play a significant role, especially at locations
where streamlines cross, but even more important are “self-
gravity wakes™ (Julian & Toomre 1966; Salo 1995), a constant
clumping together and shearing apart of ring particles as
their mutual gravity is balanced against Saturn’s tides. Self-
gravity wakes pervade the A ring and significantly affect its
photometry (Colwell et al. 2007; Hedman et al. 2007; Porco
et al. 2008). In numerical simulations (Lewis & Stewart 2007,
2008; Sremcevié et al. 2007), the wakes produced by considering
particle self-gravity cause a propeller’s morphology to be altered
significantly. As one changes the particle-size regime as well as
the perturbing moonlet size, the strength (i.e., deviation from
the continuum background) and the azimuthal length of the
propeller feature can vary, and the region of moonlet wakes can
change in shape or even disappear. However, the existence of
a propeller-shaped gap and the radial separation between the
two lobes have so far appeared in every model in which the
perturbing moonlet is large enough to produce any signature at
all.

The morphology of observed propellers fits best with the
gaps (regions of diminished surface density) seen in models,
with two unitary offset lobes that are oriented precisely in
the azimuthal direction (Tiscareno et al. 2006). However, the
fact that propellers are observed as bright features relative
to background requires us to consider the possibility that the
observed features are caused by moonlet wakes, rather than
gaps. We will refer to this ambiguity in Section 5, and discuss
it explicitly in Section 6.

5 It is unfortunate that the word “wake” is applied to two very different ring
processes, moonlet wakes and self-gravity wakes, both of which are important
to the phenomena discussed in this paper.

Vol. 135
3. OBSERVATIONS

The images in which our propellers have been found were
taken by the Imaging Science Subsystem (Porco et al. 2004)
on board the Cassini spacecraft, on several occasions during its
tour of the Saturn system. The viewing geometry is described in
Table 1, in which images taken during the same observing
sequence are grouped together. The two discovery images
(Tiscareno et al. 2006), taken during Cassini’s Saturn orbit
Insertion (SOI) maneuver upon its arrival at Saturn on 2004
July 1 (day-of-year 183), remain the highest-resolution images
ever obtained of the rings. Propellers were next found in a suite
of images taken in orbit 13 during an occultation by the rings
of the star « Scorpii, an event planned by Cassini’s UVIS and
VIMS spectrometers (Hedman et al. 2005; Colwell et al. 2006,
2007; Sremcevié et al. 2007; Esposito et al. 2008). Also in
orbit 13, a propeller was captured in one of a series of 105
images of the Encke Gap. In each of these cases, the propellers
were seen in diffuse transmission, with the camera on the unlit
side of the rings. More recently, propellers have been captured
during four complete, high-resolution radial scans of the sunlit
side of the rings at high resolution during orbits 28, 31, 32,
and 46.

Other images were taken during the SOI maneuver in which
propellers might have been detected but were not. A second pair
of ultra-high-resolution (~0.05 km/pixel) images, similar to the
discovery images, was taken of the mid-A ring with similar
emission and phase angles (16.5° and 130.6°, respectively).
These are probably significant non-detections; the footprint of
one (N1467347504) lies at 132,580 km, just beyond the outer
edge of the propeller belt (see Section 5.1), while that of the other
(N1467347445) falls within the moderate-strength Prometheus
12:11 spiral density wave (see Section 5.1). The primary SOI
data set was a series of 39 high-resolution images, incompletely
covering the rings at resolutions of 0.16-0.28 km/pixel (Porco
et al. 2005; Tiscareno et al. 2007); these images have somewhat
higher emission and lower phase angles than the ultra-high-
resolution images, but may lack propellers primarily because of
the low signal-to-noise that was necessary to prevent smear due
to high spacecraft velocity.

4. DATA ANALYSIS

The images were calibrated using standard procedures (Porco
et al. 2004), resulting in pixel values in units of I/F (re-
flected or transmitted brightness normalized by the incident
solar flux). Candidate propellers were then identified by eye;
the typical morphology is a localized feature that is significantly
larger in size than any background azimuthal structure (e.g., see
Figure 7) and not obviously an image artifact or cosmic ray.
Identified candidates were all bright relative to image back-
ground and were typically oriented in the azimuthal direction,
though neither of these was a criterion for initial selection.

Subject to image-exposure conditions, some candidate pro-
pellers are quite faint—those from SOI and orbit 13, in particu-
lar, are only a few photodetector counts (data numbers) above the
background—requiring the image brightness to be “stretched”
significantly for them to be clearly visible. The remnants of
imperfect removal of the faint 2 Hz horizontal banding struc-
ture characteristic of the ISS camera (Porco et al. 2004) are
sometimes visible alongside these fainter propellers.

Each candidate was reprojected onto a radius—azimuth grid
(see Figures 2 and 3). The data were then subjected to a two-
dimensional Levenberg—Marquardt least-squares fit (Press et al.
1992) to one of two models.
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Table 1
Observing Information for Images Used in this Paper
Image Orbit Num®  Date/time (UT) Incidence Emission Phase Radial Azimuthal
angle® angle®  angle resolution® resolution®
N1467347210 SOI 41 2004-183 04:02:35 114.5° 5.3 119.0° 0.05 0.05
N1467347249 SOI 42 2004-183 04:03:14  114.5° 5.4°  119.0° 0.05 0.05
N1503229987 013 08  2005-232 11:25:00 110.7° 57.9°  127.8° 0.97 0.59
N1503230047 013 09  2005-232 11:26:00  110.7° 57.9°  127.8° 0.98 0.60
N1503230107 013 10 2005-232 11:27:00  110.7° 57.9°  127.8° 0.99 0.60
N1503230167 013 11 2005-232 11:28:00  110.7° 57.9°  127.8° 1.00 0.60
N1503230227 013 12 2005-232 11:29:00  110.7° 57.9°  127.8° 1.01 0.61
N1503230287 013 13 2005-232 11:30:00 110.7° 57.9° 127.8° 1.02 0.61
N1503230347 013 14 2005-23211:31:00  110.7° 57.9°  127.8° 1.03 0.61
N1503230407 013 15 2005-23211:32:00 110.7° 57.9°  127.8° 1.04 0.61
N1503230467 013 16 2005-23211:33:00  110.7° 57.9°  127.8° 1.05 0.62
N1503243458 013-AZ9 20  2005-23215:09:30  110.7° 52.1°  162.3° 1.32 1.10
N1536497993 028 30  2006-252 12:28:12  105.9° 120.1° 49.9° 1.43 2.33
N1536498176 028 32 2006-252 12:31:15  105.9° 120.1° 49.9° 1.43 2.33
N1536498268 028 33 2006-252 12:32:47  105.9° 120.0° 49.9° 1.43 2.33
N1536498361 028 34 2006-252 12:34:20  105.9° 120.0° 49.9° 1.43 2.33
N1536498453 028 35 2006-252 12:35:52  105.9° 120.0° 49.9° 1.43 233
N1540681073 031 47 2006-300 22:25:46  105.3° 153.9° 48.7° 1.36 1.22
N1541716008 032 44 2006-312 21:54:34  105.1° 155.9° 51.0° 1.40 1.28
N1541716180 032 45 2006-312 21:57:26  105.1° 155.8° 50.9° 1.39 1.27
N1541716352 032 46 2006-31222:00:18  105.1° 155.7° 50.8° 1.38 1.26
N1560310219 046 07  2007-163 02:56:07  102.1° 129.2° 46.5° 0.67 0.73
N1560310460 046 09  2007-163 03:00:08  102.1° 128.4° 46.0° 0.69 0.76
N1560310609 046 10 2007-163 03:02:37  102.1° 127.9° 45.6° 0.71 0.77
N1560310728 046 11 2007-163 03:04:36  102.1° 127.5° 45.4° 0.72 0.79
N1560310846 046 12 2007-163 03:06:34  102.1° 127.0° 45.1° 0.74 0.80

Notes.

2 An internal number identifying each image within its observing sequence; used for naming features in Table 2.
b Measured from the direction of Saturn’s north pole (ring-plane normal). Note that images from SOI and orbit

13 view the unlit face of the rings, the others the lit face.

¢ In km/pixel.

4 This designation is used to identify a second observing sequence in orbit 13 that found a propeller; this one is
an azimuthal scan rather than a radial one. See Sections 3 and 5.2.

The primary model,
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consists of two Gaussian peaks of width a in the azimuthal
direction and b in the radial direction, with the two identical
peaks whose centers are separated by a distance Af in the
azimuthal direction and Ar in the radial direction (see also
Sremcevié et al. 2007). A well-resolved propeller should have
Ar > 0 (the leading arm is closer to Saturn than the trailing arm)
and (A€ — a) > 0 (the two arms do not overlap azimuthally).
The background brightness is Ay, the brightness amplitude is
Ay, and the center of the model is located at [£, ro]. Figure 4
illustrates this model.

For cases in which the feature is not well-enough re-
solved to provide a robust fit to Equation (1), a secondary
model consists of a single-Gaussian peak, of width a in the
azimuthal direction and b in the radial direction, centered

at [£g, rol:
1 I:K—Z()jr |:r—r0j|2
2 aj2 b/2
2

Figure 2 shows a representative sample of the features in our
data set and the results of the model fits; the full data set is
shown in Figure 3.

The Levenberg—Marquardt algorithm yields an eight-
parameter fit for the primary model (or a six-parameter fit for the
secondary model), with error estimates for each parameter and
a x? value characterizing the goodness of the fit. A histogram
of reduced x? values is shown in Figure 5; they are consistently
less than unity, with a median value of 0.78. Fitted parameters
are listed in Table 2.

In order to keep track of the larger number of features in
our data set, we use a more specific nomenclature system than
previous work (see Table 2 for details). For propellers that

f(,r)= Ay + Ajexp
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Figure 2. Selected examples of features in our data set, shown both with and without the model fit overplotted. The direction toward Saturn is down, and the orbital
direction is to the right. Six of the features shown here are fit with the primary propeller model (Equation (1)), while 028-34-J and 046-12-A are fit with the secondary
model (Equation (2)). Each of these eight features is also shown in Figure 3, and fit parameters are listed in Table 2.
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Figure 3. Reprojected images centered on each of the features reported in our data set. The direction toward Saturn is down, and the orbital direction is to the right.
The name of the feature (see Table 2) is given over each image. If a feature’s co-rotating location appears in a second image, the name of the matching feature is given

in parenthesis.
(An extended version of this figure is available in the online journal)

Al

Figure 4. The propeller model described by Equation (1). The coordinate
system is a radius-azimuth grid, in which the direction toward Saturn is down
(—r) and the orbital direction is to the right (+£).

appear in multiple images, each apparition is given its own
name, though the correlation is noted in Figure 3 and Table 2.
Features noted in previous work are related to our nomenclature
in Table 3.

5. RESULTS

Of the initial 267 candidate propellers identified by eye,
111 (42%) were at a co-orbiting location that also appeared
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Figure 5. Goodness-of-fit statistics for model fits given in Table 2.

in an adjacent image (for all numbers given in this section, we
do not double-count features that appear in multiple images).
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Table 2

Locations and Fitted Parameters for Reported Features
Name? Image [line, sample] Radius (km)®  Longitude (°)° a (km) b (km) Al (km)© Ar (km)© Matchd
SOI-41-A  NI1467347210 [182.6,168.4]  129498.39 324.78855 1.582 4 0.054 0239 +0.008  3.249 4+0.053  0.372 & 0.008
SOI-42-A  N1467347249  [82.8, 658.3] 130099.86 325.11124  1.118 + 0.056 0.168 + 0.008 2315 + 0.056 0.285 + 0.008
SOI-42-B ” [503.1,500.11  130119.47 325.10610 0.742+£0.123 0240 +£0.040  1.888+0.123  0.303 % 0.040
SOI-42-C ” [664.2,470.4]  130127.26 325.10481 0.797 £0.060  0.179 £0.014  1.595+0.060  0.261 +0.013
013-08-A  N1503229987 [175.9,291.2]  131941.89 280.83982 3730+ 0315 177740158  6.170 4+ 0312 0315+ 0.166
013-08-B ” [447.0,238.11  131655.92 280.80526 447940241  2265+0.133 746240238  0.845 £ 0.132
013-08-C ” [528.3, 8.6] 131505.34 280.84144 252540226 251740252  4.892+0.238  0.556 £ 0.251
013-08-D ” [536.2, 41.5) 131507.37 280.83289 1.937+£0.184  1.4954+0.155 4.5344+0.191  0.520 +0.151
013-08-E ” [703.7,752.9]  131555.40 280.64876 2,144 40233 1.6874+0.194 4.7134+0.247  0.108 £ 0.201  013-09-A
013-08-F ” [711.4,225.4]  131387.49 280.76265 7.530 + 0.656  2.296 & 0.201 013-09-B
013-08-G ” [757.3,824.8]  131523.67 280.62376 501740250 1.82540.102  9.046 4+ 0.256  0.603 £ 0.100  013-09-C
013-09-A  N1503230047  [97.1,909.3] 131554.98 281.09351 3367+0249 1.58240.122 552740241  0.064 +£0.129  013-08-E
013-09-B ” [106.6,380.7]  131387.34 281.20796 5.884 £ 0.603  1.494 +0.186 013-08-F
013-09-C ” [150.6,981.3]  131523.23 281.06864 4.465+0.183  1.9454+0.090 8.475+0.189  0.875+0.087 013-08-G
Notes.

2 Format is orbit-Num-Letter, where orbit and Num identify the image (see Table 1), and Letter identifies the feature within the image. In the case of more than 26

features appearing in one image, lowercase letters are used beginning with “a” for the 27th feature.

b Radius is measured from Saturn’s center. Longitude is measured in an inertial coordinate system with the z-axis defined by Saturn’s rotational pole at epoch 2004

January 1 (Jacobson et al. 2006) and the x-axis defined by the ascending node of Saturn’s equatorial plan on the J2000 equatorial plane.

¢ Al and Ar are present if the fit to a propeller model (Equation (1)) was successful (see Figure 4). When they are absent, the propeller structure is unresolved and the

model fit is to a simple Gaussian peak (Equation (2)).

4 If the co-rotating location appears in more than one image, the corresponding location is noted here.
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content)

Table 3
Correspondence Among Feature Designations in this Paper and Previous Work

Tiscareno et al. (2006) Sremcevic et al. (2007) This work
Feature 1 SOI1 SOI-41-A
Feature 2 SOI12 SOI-42-A
Feature 3 SOI13 SOI-42-B
Feature 4 SOI4 SOI-42-C

A 013-08-G/013-09-C

B 013-08-F/013-09-B

C 013-08-D

D 013-08-B

E 013-12-0/013-13-F

F 013-12-N/013-13-E

G 013-12-P/013-13-G

Thirty-one of these matching locations (28%) were indepen-
dently identified by eye as candidates before the correlations
among images were noted. Upon completion of the full analysis
of all candidates (including all matching locations in adjacent
images, whether or not those matching locations were indepen-
dently identified as candidates), 158 features are presented in
Table 2, 51 of which (33%) appear in multiple images. The latter
occur entirely in the data from orbit 13 (27) and orbit 28 (19),
which are the only observing sequences included here in which
adjacent images overlap in co-orbiting longitude.

Of the 158 reported features, 78 of them (49%) can be fit
to the primary model (Section 4), indicating that they are well
resolved as propellers. This includes 20 propellers that appear in
two adjacent images and are well resolved in each, and another
7 that are well resolved in only one of the images in which they
appear, for a total of 27 resolved features (52%) among the 52
appearing in multiple images. The ability to resolve the detailed
shape of an object is, of course, highly dependent on image
resolution and other observational parameters (see Table 1) as
well as the object’s size. The high-resolution data from orbit 13

and orbit 46 allow 84% and 64% (respectively) of features to
be fit with the primary model, while only 2% of features in the
lower-quality orbit 28 data are resolved.

5.1. Location

The observed features lie primarily in three belts within
the mid-A ring, between 126,750 km and 132,000 km from
Saturn’s center (Figures 6(a) and (b)). We note that this is
the same region of the mid-A ring in which self-gravity
wakes (Hedman et al. 2007) and the azimuthal brightness
asymmetry (Dones et al. 1993; French et al. 2007) are at
their peaks, though the nature of these effects’ connection
(if any) with propeller abundance is unknown at present. The
two exceptions are feature 013-20-A, a resolved propeller just
outside the Encke Gap at 134,082 km; and feature 028-30-A,
an unresolved feature in the outer-A ring (134,715 km) that is
morphologically similar to other features seen in the orbit 28
data. The belts are divided by propeller-poor regions between
128,000 km and 128,500 km, and between 130,200 km and
131,300 km. Although the propeller-rich regions are relatively
quiescent (i.e., unperturbed by strong density waves driven at
satellite resonances) compared to the inner-A and outer-A ring
regions, other mid-A ring regions are just as quiescent but
lack propellers (Figure 7) . Many propeller-rich regions also
contain smaller-scale clumpy texture that is also oriented in the
azimuthal direction.

The outer of the two gaps between propeller-rich belts is
centered on the strongest spiral density wave (see Tiscareno
et al. 2007, and references therein) in this part of the A ring—
the Janus/Epimetheus 5:4, which propagates outward from
130,702 km—but the propeller-poor region extends far beyond
the wave both inward and outward. The lack of propellers in
this wider “halo” centered on a strong density wave may be
related to other changes reported in such “halos,” including
smaller regolith-grain sizes and areduction in self-gravity wakes
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two panels are features 013-20-A (134,082 km) and 028-30-A (134,715 km). (c) Total azimuthal length, a + A¢ for resolved features, a for unresolved features.
(d) Total radial width, b + Ar for resolved features, b for unresolved features. The quantities in these two panels are useful for comparing resolved and unresolved
features on the same scale. (¢) Azimuthal separation between lobe centers for resolved propellers, A¢. (f) Radial separation between lobe centers for resolved
propellers, Ar; in this panel the scatter (including a few features with Ar < 0) is dominated by measurement error. The quantities in the latter two panels are ideally

independent of image resolution.

(Hedman et al. 2007; Nicholson et al. 2008). Similarly, the inner
edge of the propeller-rich region may be governed by the “halo”
of the Janus/Epimetheus 4:3 density wave (125,268 km), and the
outer edge by that of the Mimas 5:3 density wave (132,298 km).
On the other hand, the Mimas 5:3 bending wave, propagating
inward from 131,900 km, appears to have little influence.

The smaller inner gap between propeller-rich belts contains
three moderate-strength spiral density waves—Pandora 7:6,
Mimas 7:4, and Janus/Epimetheus 9:7. Although these are
not significantly stronger than several other waves due to
Prometheus and Pandora that punctuate the propeller-rich re-
gions (see below), it is possible that the combination of the three
waves together strengthens their impact on the local propeller
population.

Tiscareno et al. (2006) suggested that moderate-strength spi-
ral density waves locally disrupt the propeller population by
increasing collision velocities and/or disrupting the develop-
ment of self-gravity wakes, but our results suggest that such
an effect occurs at most in the main part of the wave only (an
annulus ~50 km in width). Several propellers in the current
data set are seen both radially inward and outward of moderate-
strength spiral density waves—032-44-A and 046-10-P are very

close to the Prometheus 9:8 resonance location (radially inward
of the main part of the wave), while 013-12-K/013-13-B and
028-34-X/028-35-L and 046-10-O are ~100 km outward of the
same resonance; similarly, 046-11-D is ~100 km outward of
the Janus/Epimetheus 9:7 resonance location, and 013-08-B is
only 65 km outward of the Prometheus 12:11 resonance loca-
tion (see also Sremcevié et al. 2007). In any case, propellers are
more difficult to observe in the main part of a wave, due to the
strong fluctuations in brightness.

5.2. Abundance

Seeking a minimally biased population with which to estimate
the intrinsic abundance of propellers, we here consider only
resolved propellers with Ar > 0.8 km. For smaller values of
Ar, the rollover seen in Figure 6(f) indicates that detectability
becomes an important effect. The only observing sequences that
contain more than one such large object are orbit 13 and orbit 46,
with nine apiece. Both are complete radial scans of the rings 0.4°
and 0.5° wide in longitude, respectively, leading us to estimate
that 7000-8000 propellers with Ar > 0.8 km exist in the A
ring. This yields a surface number density for large propellers
of 2 x 107% km~2 averaged over the annulus from 126,000 to
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Figure 7. Top: portion of Cassini image N1560310609 (from orbit 46), showing
a region centered at 129,250 km from Saturn’s center. An azimuthally-aligned
clumpy background texture is apparent, along with propellers 046-10-A through
046-10-N as identified in Table 2. Also seen are three weak spiral density waves
(from bottom to top: Pan 20:19, Atlas 11:10, and Pan 21:20). Bottom: portion of
Cassini image N1560311199, from the same observation sequence but centered
at 125,000 km from Saturn’s center. Neither azimuthally-aligned texture nor
propellers are seen. The regular horizontal banding is a camera artifact (Porco
et al. 2004).

132,000 km from Saturn’s center, though some regions within
that annulus are an order of magnitude more propeller-rich than
others (Figure 6(a), Section 5.1).

Feature 013-20-A is the only propeller seen in a complete
azimuthal scan, in this case of the region surrounding the Encke
Gap (this appears in a different observing sequence than the
orbit 13 radial scan). Therefore, it is likely the only propeller
of that size existing in the annulus of the rings covered by that
scan (133,000-134,200 km), yielding a surface number density
at that location of 10™° km~2. Although Cassini has carried out
other complete azimuthal scans at various locations in the rings,
none of them to date equal the high resolution of the orbit 13
scan, and thus we cannot draw further conclusions from them
about propeller abundances elsewhere.

The surface number density of smaller propellers can be
estimated from the four examples seen in SOI images, in which
they are quite well resolved, yielding a value of 7 x 10~* km™>
for propellers with Ar > 0.25 km (Tiscareno et al. 2006). Given
that the SOI images were not even looking at the most propeller-
rich regions, the surface number density at some locations could
be several times higher than this number. On the other hand, in
Figure 6(a), the SOI propellers fall into bins that have ~60%
more propellers than the average over all of the propeller-rich
belt. Although Tiscareno et al. estimated a total of 107 propellers
of this size by assuming they were homogeneously distributed
through the A ring (a number that may yet describe an original
population that has perhaps been since eroded in most locations),
we now know that the radial distribution of propellers is highly
non-uniform. Still, we can state that ~60,000 propellers with
Ar > 0.25 km exist merely in the 100 km wide annulus defined
by the two SOI images.

Comparing this small-propeller surface number density with
the large-propeller surface number density derived above (and
assuming that the size of the perturbing moonlet scales linearly
with Ar) yields a steep particle-size distribution® of Q ~ 5.4

6 We refer to an integral size distribution, of the form N(R) o« R~2, where
N is the number of particles per unit area with radius greater than R.
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Figure 8. Particle-size distribution for Saturn’s A ring. The solid line and
open square denote the Voyager RSS size distribution for the ring continuum
(Zebker et al. 1985), converted to integral format. The open circle and the filled
circle denote values for the propeller-rich belt, from Tiscareno et al. (2006)
and this work, respectively. The error bars reflect the systematic error due to
model dependency in the conversion from Ar to moonlet size (see Sections 5.5
and 6); it is important to note that data points will slide along the error bars in
concert, preserving their relative positions and thus the inferred power law. The
filled diamond is obtained from detection of one propeller near the Encke Gap
with complete coverage of that annulus (Sremcevic et al. 2007; this work). The
open diamond is obtained from two known moons (Pan and Daphnis) of radius
24 km in the entire A ring.

(Figure 8). Scaling the small-propeller density down by 60%,
to approximate the broader radial average of the large-propeller
density, gives a slope only slightly gentler at O ~ 4.9. Note
that we do not include the Encke Gap data point in our fit,
as its low value is attributable to the large radial variation in
propeller abundance. Our result is much shallower than the
Q ~ 8-10 quoted by Sremcevi¢ et al. (2007), but is closer
to the power law inferred by Tiscareno et al. (2006) to connect
the Voyager small-particle-size distribution to Pan and Daphnis.
In connecting different particle populations to one another, it is
worth noting that considerable evolution in particle sizes may
have occurred (Porco et al. 2007).

5.3. Dimensions

The total lengths and widths of observed features are
shown in Figures 6(c) and (d). For the single-Gaussian model
(Equation (2)) these are simply a and b, respectively. For the
primary model (Equation (1)), however, the total length is a + A¢
and the total width is b + Ar (Figure 4). These measured quan-
tities depend partly on the image resolution, but still provide a
measure of relative sizes and/or brightnesses. Most features in
our data set are between 4 and 12 km in length, and between
1.4 and 3.4 km in width. However, the SOI features (shown in
black) are much smaller, only ~3 km long and ~0.5 km wide,
an effect probably attributable to the superior resolution of the
SOI images (see below). Furthermore, although one might ex-
pect unresolved features to be propellers that are too small to
be resolved in the current images, their characteristic sizes in
each observing sequence are only slightly smaller than resolved
features in the same sequence. This may indicate that apparent
sizes are primarily determined by observational factors other
than actual propeller sizes, or alternatively that many of the
unresolved features are not propellers at all.

For resolved propellers, Figures 6(e) and (f) show the az-
imuthal and radial separations between the two lobe centers,
AL and Ar, respectively. Unlike the measurements discussed in
the previous paragraph, these are ideally independent of image
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Figure 9. Radial separation plotted versus azimuthal separation. Three
propellers—013-20-A, 028-36-B, and 031-47-A—are not shown due to their
large values of AL.

resolution. Azimuthal separations are narrowly confined be-
tween 3 and 6 km, and radial separations are 1 km or less
with a mean value of 0.5 km (note that a few Ar values are < 0,
which would imply a reversed Keplerian shear, but most of these
have error bars that overlap zero). Radial separation is the only
measurement for which the very well-resolved SOI propellers
are not the smallest propellers in our data set; it is also the mea-
surement most closely related to moonlet size, leading to the
conclusion that the SOI propellers’ anomaly in other dimen-
sional measurements merely reflects the improved resolution of
the SOI images.

We note that the sharp drop with increasing size in the number
of large objects seen in Figure 6, for all four of the dimensions
shown, is consistent with a very steep particle-size distribution
(Section 5.2). The lower-size cutoff, of course, is governed by
detectability.

We checked for variation of the various size parameters with
location in the ring, as well as for variation in the frequency of
resolved versus unresolved features. We found no clear evidence
that any parameter other than the number of propellers varies
with distance from Saturn.

Figure 9 plots the azimuthal and radial separations against
each other, with error estimates fully shown. Although
Sremcevié et al. (2007) claimed to note a linear relationship
between A¢ and Ar, we find little evidence of such a linear
relationship in our larger sample size. The Pearson correlation
coefficient between A and Ar is only 0.24.

Analytical theory indicates that the length of propeller-shaped
gaps should scale as (Ar)’/v (Sremdevié et al. 2002), where
v is the local dynamical viscosity, as random non-Keplerian
velocities cause ring particles to fill in the propeller’s gaps
through diffusion. This relation was confirmed in the numerical
models of Seifl et al. (2005). Sremcevi¢ et al. (2007) claim
their failure to fit their data with a curve of the form Al «
(Ar)? is evidence that observed propeller-shaped features are
due to moonlet wakes rather than propeller-shaped gaps (see
Section 2 for definitions, and Section 6 for further discussion).
However, these analyses neglect the effects of mutual gravity
among ring particles, particularly the self-gravity wakes that are
ubiquitous in this region of the A ring (Julian & Toomre 1966;
Salo 1995; Colwell et al. 2006; Hedman et al. 2007). More
detailed simulations of propellers in the A ring’s environment
are ongoing (e.g., Lewis & Stewart 2007, 2008; Sremcevié
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Figure 10. Integrated brightness from propeller model fits. Not shown is 028-
33-C, with a value of 0.35.

et al. 2007), but have yet to put significant constraints on
length scaling. Furthermore, the local dynamical viscosity (v)
in the propeller-rich region was recently shown to fluctuate
significantly, as well as generally increasing by nearly an order
of magnitude from 126,750 to 132,000 km from Saturn’s center,
as indicated by modeling of spiral density waves (Tiscareno
et al. 2007). Thus, drawing robust conclusions from the length
of propellers will be a complex task.

5.4. Brightness

The integrated brightness above the background for modeled
propellers is w Ajab for the primary model (Equation (1)) and
wAjab/2 for the secondary model (Equation (2)). This quan-
tity is plotted in Figure 10. All features in our data set are
brighter than their background (i.e., A; > 0), though dark
features should be just as easily detectable. Similar bright-
nesses are obtained for the two highest-resolution observing
sequences: orbits 13 and 46. Though these two sequences are
similar in resolution (Table 1), areal coverage, and number of
large propellers detected (Section 5.2), they differ in that orbit
13 is at high phase angle while orbit 46 is at low phase angle
(Table 1). We also note that orbit 13 views the unlit side of the
rings, orbit 46 the lit side. (A higher median brightness is ob-
tained for the low-phase orbit 28 data, but this is likely a result of
dimmer objects being undetectable in the lower-resolution data,
rather than a phase effect.) The lack of significant brightening
with increasing phase angle (comparing orbit 13 to orbit 46) in-
dicates that the observed features are likely composed primarily
of macroscopic particles, rather than dust.

5.5. Moonlet Mass and Size

Analytical theory indicates that the radial separation between
the two lobes of a propeller-shaped gap (Ar) should be four times
the Hill radius of the central moonlet (Section 2). Unfortunately,
detailed numerical simulations that take particle self-gravity into
account have not directly addressed this issue, but preliminary
indications are that the result Ar ~ 4ry holds (D. C. Richardson,
2006, private communication). On the other hand, the average
separation between moonlet wakes (see Figure 1) is larger, from
6ry to 10ry; it is also more difficult to quantify (as moonlet
wakes do not generally lie along the azimuthal direction) and
varies with the parameters of a given simulation.

We can thus infer properties of the embedded moonlet, if
we assume we are observing propeller gaps (see Section 6);
in this case, Figure 6(f) indicates that the largest embedded
moonlets (Ar < 1.4 km) have masses <3 x 103 g and diameters
D < 500 m if their density is equal to the Roche critical
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density” of 0.5 g cm™> (Porco et al. 2007). A lower limit on
propeller size can be drawn from the conclusion of Lewis &
Stewart (2008) that propellers do not form if the embedded
moonlet is not significantly larger than the largest particles that
are abundant in the ring continuum. Thus, a propeller-causing
moonlet must have D 2 50 m, which, using the assumptions
given in this paragraph, would result in Ar 2 140 m. In our data
set, only 3 of the 78 resolved propellers (4%) have error bars
that are entirely below this value; the discovery of a significant
population of resolved propellers with Ar < 140 m would be
evidence against interpreting observed propellers as gaps.

6. INTERPRETATION OF PROPELLER-SHAPED
FEATURES

For images of the unlit side of the rings (including the
original SOI detections), some ambiguity exists in principle
as to whether locally bright features are due to an increase
or a decrease in local optical depth (Tiscareno et al. 2006).
For propellers, this ambiguity is largely resolved by the further
data reported here, including many images of the lit side of the
rings, that indicate that propellers are generally local increases
in the effective optical depth—which is to say that the observed
structures contain more material interacting with light than does
the background. From this one might conclude that what is
being seen are the density enhancements (wakes) around the
propeller, rather than the propeller-shaped gaps themselves (see
Section 2).

However, this inference confronts two major problems.
Firstly, the morphology of observed propellers strongly fa-
vors gaps over moonlet wakes: the bright bands in Figure 2
appear like the open regions in Figure 1. Secondly, because
a smaller central moonlet is required to produce a given ob-
served value of Ar, if it refers to the separation between moonlet
wakes, this interpretation results in more inferred central moon-
lets (12%, rather than the 4% reported above) that would not
be significantly larger than the largest particles that are abun-
dant in the ring continuum, a condition under which simulated
propellers do not form according to some models (Lewis &
Stewart 2008). Furthermore, in simulations presented by Lewis
& Stewart (2007), propeller gaps appear under certain conditions
without any significant associated moonlet wakes. However, the
converse is not true, and the question then arises: if it is wakes
that are being observed, where are the gaps?

One possible resolution of this conundrum has been pro-
posed by Sremcevic et al. (2007): that ring-particle regolith is
temporarily liberated by the effects of the embedded moonlet,
locally increasing the optical depth (but not the mass density)
within the propeller until the material is re-accreted onto con-
tinuum ring particles.

A role may also be played by a moonlet’s varying effects on
ring particles of various sizes. Due to gravitational scattering by
larger ring particles, smaller particles (with sizes between 1 and
10 cm) may already have eccentricities as large as that imparted
by an encounter with the moonlet, and thus may be less affected
by the moonlet. These small particles interact more effectively
with light than a large particle of the same total mass, but are
too numerous to include in present numerical simulations; they
may be at least partly responsible for propeller gaps that are

7 The Roche critical density, pr ~ 1.88 M5 /a3 for Saturn’s mass Mg and the
moonlet’s orbital radius a, is the density of an object whose physical size is the
same as the size of its region of gravitational dominance.
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brighter than simulations predict.® A similar effect may have
been seen in the Keeler Gap, where brightness is enhanced in
the wavy gap edges surrounding the moon Daphnis, even though
numerical simulations indicate a decrease in particle density at
such locations (Lewis & Stewart 2006).

We suggest, only briefly in this paper, a different way in
which the effective optical depth need not correlate exactly
with the total amount of material present. The A ring is not
a homogeneous sheet of material, but rather consists of a matrix
of self-gravity wakes that are nearly opaque, while only the
low-t spaces between the wakes are able to transmit light to an
observer on the unlit side of the rings (see Colwell et al. 2006;
Hedman et al. 2007). A moonlet embedded in the ring may
locally disrupt the self-gravity wakes, releasing more material
into the optically active component even as the total amount of
material is lessened in the propeller gap. We hope to further
develop this idea in a future paper.

We thank M. Sremcevié, J. Schmidt, and P. Nicholson for
helpful discussions, and an anonymous reviewer for improve-
ments to the manuscript. We acknowledge funding by Cassini
and by NASA PG&G. This paper is dedicated to FCT.
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