Dynamical and Photometric

modeling of
Saturn’s Rings:




. Why are Saturn’s rings interesiingiRuiy

— Cassini Orbiting Tour

Close range images during SOI (July 2004)
Solar Equinox (August 2009)

— Rings = Orbital Laboratory

Coolest disk in the universe? (v/o ~ 10°)
Many old ideas of disc galaxy dynamics manifest best in Saturn’s rings

e Specific topic of this talk: LOcCal Rlng Thickness

relates to Self-Gravity wakes, Local Stability properties, Opposition Effect ...

Collaborators:
* Dynamics of dense rings/embedded moonlets: J.Schmidt, F. Spahn, M.Seiss (Potsdam), M.Sremcevic, M. Albers (Boulder)
* Modeling Voyager, HST, Arecibo, Cassini data: R. French (Wellesley), P. Nicholson (Cornell), R. Morishima,(JPL) K. Ohtsuki (Kobe)



THREE 'OLD’ OBSERVATIONAL PUZZLES CLOSELY RELATED TO
LOCAL RING THICKNESS:

1. Opposition brightening

2. Azimuthal Brightness asymmetry

3. Wealth of unexplained radial structure



1. PRE-PRE-VOYAGER: RING OPPOSITION BRIGHTENING

Saturn and the "Seeliger Opposition Effect®
imaged by Geoff Chester, Alexandria, Wa, LISA

2006 JAN 13, 0352 UT 2006 JAN 28, 0315 UT
Fhasze Angle =1.7 degrees Fhaze angle = 0.1 degrees

von Seeliger 1887: due to dissappearence of mutual shadows
(Maxwell’s Adams Prize Essay (1856): ring must compose of discrete particles)




2. PRE-VOYAGER: AZIMUTHAL BRIGHTNESS ASYMMETRY

MIN 69

ROTATION
F555W B= 102102 OL—-'|0 1.0

HST-profiles

(French et al. 2007)
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3. PRE-CASSINI:
RADIAL DENSITY VARIATIONS (VOYAGER FLY-BY 1981)

OUTER B RING (6000 km) OUTER A RING (3000 km)

INTRINSIC T 5 R 2 CONNECTED

PROCESSES? TO
SATELLITE

RESONANCES




Satellite Pan orbiting at
Encke gap:

- sinusoidal gap inner edge
- kinematic wake of satellite
- Weak density waves at resona




CASSINI ISS IMAGES: (Porco 2006)

- structures in km-scales
- bimodal jumps

CASSINI RSS OCCULTATION:

- Axisymmetric structures
=> act like “diffraction grating” for
radiowaves emitted through rings

150 meter fine-structure (Thomsen 2007)



QUINOX IMAGES AUGUST 20

angle brought surprises:

by Daphnis cast shadows
ped regions several kilometers

Unexplained thicken
inner edge of Cassi




OVERVIEW OF SATURN’S RINGS

e ~ 10'® METER-SIZED ICY PARTICLES

Keplerian differential rotation Q oc a™'°

Power-law size distribution: dIN/dr «c r™%, 1lem < r < 10m

e FREQUENT IMPACTS > 10 /per orbit
Local vertical thickness < 100 m (Ring diameter 270 000 km)

= Impact speeds ~ 1cm /sec (orbital speed V,,.;, ~ 20km /s)

e DISSIPATIVE IMPACTS + CONSERVATION OF I,
Rapid local vertical flattening: timescale a few days at most

Slow radial spreading: whole ring: timescale > 10° years




VERTICAL THICKNESS H:

- Ring plane crossing —> upper global limit H < 2.4 km (Dolifus, 1966)
(HOWEVER: includes inclined F-ring, vertically extended ring edges etc.)

- Sharpness of radial edges (Voyager) =- local thickness H < 100 m

- UVIS occultation profiles —- at least some edges sharper than few meters
(Albers et al. 2011 DPS)

- Opposition effect =- volume density D ~ 0.02 (Lumme, Irvine, Esposito 1983),
corresponds to H = 50 m assuming » = 1m particles

- Dissipative impacts = flatteningto5 < H < 50 m
- Presence of selfgravity wakes = H ~ 10 m
- Similarly: axisymmetric oscillations suggest overstability (and thus flat ring)



DOES IT MATTER WHETHER H = 10 or 100 m?

frostyice = H ~ 10m
smoothice = H ~ 100 m

~ 10 m = gravity wakes, overstable oscillations

H
H ~ 100 m => viscous instability

10m = timescale 10 YI'S (viscous spreading of 10000 km wie zone)

H ~
H ~ 100 m = timescale 10° yrs




impacts + selfgravity + differential rotation
external satellites, embedded moonlets and “icebergs”

kinetic theory: Goldreich-Tremaine-Borderies, Araki, Stewart, Himeen-Anttila, Latter & Ogilve

hydrodynamics schmit & Tscharnuter, Schmidt & Salo & Spahn

N-body: Trulsen, Brahic, Lukkari, Salo, Richardson, Mosqueira, Lewis, Daisaka, Ohtsuki; Charnoz
=> Local simulation method (Wisdom & Tremaine ; Toomre & Kalnajs)
—> combination with photometric simulations (salo & French ; Porco & Richardson)

LOCAL SIMULATION METHOD:




Co-moving coordinate system

Linearized Hill-equations

Periodic boundary conditions:
—> replicate particles

Instantaneous impacts: ¢€,,, €, v
or Force-model for impacs (salo 1995)
=> modeling of gravity aggregates, adhesion

(Note: compared to galaxy dynamics, need to be ’collisional’)

Nearby particles: PP forces (A < 0.5)\.;.) (Salo 1992)
Intermed. range: 3D FFT in shearing coordinates (salo 1995)
Distant gravity: F. from infinite sheet

PLANET |

Position+velocity+spin snapshots
Pressure tensor components P;;
Fourier components, autocorrelation etc



Salo and Karjalainen
(2003, Icarus):

\ .
. ; : . . AR
- Particle field from dynamical simulations SHE y\/\\/

illuminated with large number of photons (sun/Saturn)

- Scattering: choose single photon, new direction from phase function with MC sampling,
search new particle along the new direction
- Add contribution of each scattering to brightness in viewing direction

- Main interest to obtain I /F as a function of | Bops, @obss Bsuns @Psun

for assumed particle phase-function, single-scattering albedo

- Can also make ’images’ (next page)



Toy-model illustration of the vertical corrugation pattern found by Hedman et al. (2011)




COLLISIONAL DISSIPATION = VISCOUS GAIN | w.(1 — €2)c? = v(8Q/87r)?

e momentum transfer via radial excursions (local viscosity; WT87 relates to < cxcy >)
e transfer at physical impacts (nonlocal viscosity; WT87 < Ax cy >, pacts /(INAE)
e transfer via grav. forces (gravitational viscosity; Daisaka et al. 2001 < | azFy > /(NA®))

= TIME-SCALE OF LOCAL BALANCE: 10-100 impacts/particle

e elasticity of impacts, friction
e optical depth

e particle size distribution

[

particles’ internal density (+distance via r, o« p'/®

a) SrEA?

= | VISCOSITY vs DENSITY RELATION

determines linear stability properties S
long-timescale radial evolution SHEAR



VISCOSITY vs. DENSITY RELATION
RADIAL MASS FLUX: Tu, ~ —8n/87

STABLE RING: dn/ot >0

radial direction

VISCOUS INSTABILITY: dn/dt <0

"THICK’ RING

radial direction

FLAT RING + VISCOUS OVERSTABILITY: an/dt >> 0
SELF GRAVITY

time




STABILITY SENSITIVE TO PARTICLE ELASTICITY

COEFFICIENT OF RESTITUTION g

LABORATORY MEASUREMENTS OF ICE

1.0
"THICK’ RING:
0 HATZES 1988 (smooth) - => | VISCOSITY MAY DECREASE WITH DENSITY
06/
o i FLATTENED RING:
VISCOSITY INCREASES WITH DENSITY
.ol BRIDGES 1984 (frosty) i -
T SELF-GRAVITY ENHANCES THIS TENDENCY
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— steady-state velocity dispersion determined via energy balance

between collisional dissipation & viscous gain from differential rotation

— crucial role of particles’ poorly known elasticity:

Frost-covered particles ( Bridges et al. 1984 laboratory measurements)

—> flattened ring: H ~ 10 meters, susceptible to gravitational instability

Smooth particles

(also viscous overstability)

(Hatzes et al. 1988 laboratory measurements)

= “thick” multilayer ring H ~ 100 meter, gravitationally unresponsive

(may lead to viscous instability)




SELFGRAVITY WAKES/ASYMMETRY



=> Self-regulation = minimum Q,,,..c ~ 1 — 2 (corresponds to h ~ 10 — 20m)

(Salo 1992 (Nature 359, 612));

Julian and Toomre 1966, Toomre 1981

radial scale: )., = 4m°GX /0 ~ 10 — 100m

pitch-angle: ~ 20° (in Keplerian velocity field)
100 040 km 124 00 km 140 000 km




MIN: 249°

1.6
14
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0.0

HOW DO SG-WAKES MANIFEST IN SATURN RING
OBERVATIONS: AZIMUTHAL ASYMMETRY

MAX: 159°

MAX: 339°

OBSERVER

0=249°, B=12° 0=339°, B=12°

2% Intensity

95— B=45°

0 100 200 300

ring longitude (degrees, from sub-observer point)

Wakes unresolved, but have
systematic ~ 20° pitch angle =-

Ring photometric properties should
depend on ring longitude and elevation

(Salo et al. 2004)

Confirmed by HST comparisons:
(French, Salo,gtal. 20072 ——— :

[ e - — o MODEL:IDE, 1=0.5, VC/VB=2
HST
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INDICATIONS OF SELF-GRAVITY WAKES

Azimuthal brightness asymmetry
Ring’s Arecibo radar echo:
Saturn microwave radiation VNS rmileron Eefl Geculiation:
Cassini occultation experiments
UVIS:
VIMS:
RSS:
Cassini CIRS: ring filling factor

Damping of satellite density waves consistent with

gravitational viscosity

Strong peaking of asymmetry in the mid A-ring is a problem
(wakes perhaps hidden by debris = free-floating regolith released in fast impacts? Salo et al. 2007 DPS)

Encke

Cassini
Division

A-Ring

\

23



If impacts are able to maintain thickness which corresponds to Q > 2
—> wake structure would be absent

SMOOTH ICE:

BRIDGES-ELASTICITY MODEL HATZES-ELASTICITY MODEL
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100

-100

-50

. 100

-100

0.26 < s <0.71

0 50

100 150

Size distribution =
Hsmall > Hla'rge

SG-wakes weaker
among small particles

(Salo, French 2004)



SIMULATED SG-WAKES vs DISTANCE AND OPTICAL DEPTH

A/ R graininess, R ;;;/ R pairwise sticking in tidal environment =

1.80

1.40

0.90

0.50

0.25

identical particles, p = 900 kg/m®, € = 0.5 4X., X 4X., N o a®T

r 0.49 0.57 0.66 0.74 0.82 0.90 0.98 1.07 1.15 1.23
a 60 70 80 90 100 110 120 130 140 150

ek,

0 OVERSTABILITY

AGGREGATES

i 05| IMPACTS
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APPROACHING ROCHE DISTANCE = ACCRETION

details depend on

€n, friction

a = 135 000 |

size distribution

n, = 1.108

a = 140 000 [}

= 1,149

Karjalainen and Salo 2007

e Charnoz et al. 2010: viscous spreading spills rings over the Roche distance
—> formation of small moons outside the main rings

27



VISCOUS INSTABILITY
AND OVERSTABILITY



"THICK’ RING

FLAT RING +
SELF GRAVITY

RADIAL MASS FLUX: Tu,, ~ —09n /0T

STABLE RING: dn/dt>0

radial direction

VISCOUS INSTABILITY: dn/dt <0

radial direction

VISCOUS OVERSTABILITY: dn/dt >> 0

time
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instability, ORBIT=500

e Particle flux directed toward density maxima

- Dense/cool ringlets

- Hot/rarefied region } = BIMODAL

= Original explanation for “ringlet structure”

discovered by Voyager, but later discarded 100 -

L I LLJ‘JJJA

Hameen-Anttila, Lukkari, Ward, Lin &Bodenheimer

Requires smooth elastic particles, 505 E
i : : i -100 - | _. | £
inconsistent with gravity wakes. AD0D 500 0 500 1000

radial coordinate x

Salo & Schmidt (Icarus, 2010)

N . - ¥ = w — z z =
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T

OSCILLATORY INSTABILITY (VISCOUS OVERSTABILITY)

r, 0.49
a 60

1.8

1.40 |

0.90 |
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14
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Upper left corner:

10{

0.8

0.4

0.2
0.01

weak gravity, high impact frequency =
axisymmetric oscillations superposed on

AGGREGATES

ENCOUNTERS

60 80 100 120 140 160
a

inclined selfgravity wakes

Ring overshoots in smoothing density variations
due to steep rise of viscosity with density.

Salo et al. 2001, Schmidt et al. 2001
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OVERSTABILITY II

OVERSTABLE OSCILLATIONS

{r=1.4, p=300, r=1m, e—Bridges, a=100 0U0km)

Oscillations with epicyclic frequency
Time-evolution over 1/2 periods =

Hydrodynamical stability analysis
Schmit & Tscharnuter 1995, 1995

predicted too easy onset of overstability

Disagreement with N-body simulations
(Salo et al. 2001)

=> improved hydrodynamic models
Schmidt et al. 2001, Schmidt & and Salo 2003)

proper kinetic treatment
Latter & Ogilve 2006, 2007

32



e Cause of the 150m oscillations in RSS occultations? (thomsen et al 2007)
e UVIS occultations: axisymmetric structures (cowel et al. 2007)
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VERTICAL SPLASHING - SHADOWS

Dense rings nearly imcompressible
—> overstable oscillations associated
with vertical 'splashing’

0
radial coordinate (meters)

B.,,=5"

Effect strong enough
to cause shadows (middle frame)

radial coordinate (meters)

vertical cut

-200 -100 0 100 200
radial coordinate (meters)
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OBSERVABLE EFFECTS OF NON-RESOLVED SHADOWS?

TOY-model (true shadows non-resolved!)

Mean brightess as function of azimuth:
Even 10% systematic variations predicted

B=25° =135

0.15: S0
o.10f Bun = 5° ]
= B, = 1°
0.05F -
0.00E

0 100 200 300

I/mean(l)

0.6L L . .
0 100 200 300
ring longitude (degrees) 35




OPPOSITION BRIGHTENING



B_(g) and B ()

RING FILLING FACTOR/PHOTOMETRY

OPPOSITION BRIGHTENING

Coherent backscatterinf;
at particle surface regolith

or

disappearence of mutual
shadow between particles ?

(Debated for over 50 years!)
Lumme et al. 1983: due mutual shadowi
= filling factor 0.02

How to reconcile with dense

1 —— ————————
0.8 F \ Hapke 2002 i
AN ]
0.6 F ]
0 | S SH ]
I N B(9): z = (1/h)tan(g/2) |
0.2 [ CB ~~~_T ]
[ B(9): z = 0.36(1/)tan(g/2) T~ ~ ~ ]
0 i 1 P 1 | I P | P R S | | | [

0 1 2 3 4 5



MECHANISMS FOR OPPOSITION BRIGHTENING

(Hapke, Irvine, Bobrov, Lumme, Esposito, Muinonen, Mischenko, Nelson ...)

Only illuminated surfaces visible « — 0°
HWHM « R/L o D volume filling factor

(R typical particle size, L separation)

0.4 25

0.3F E| 20

05
200 [ 50 100 150

/home/heikki/MC2009/RESULTS/hst2010_oppo_image d300 heikki@canopus.oulu.fi Fri Oct 28 11:32:31 2011

- Shadow-hiding at particles’ surface regolith (SH)
Basically same mechanism as interparticle shadowing

- Coherent backscattering (CB)
Constructive inteference of incoming and outgoing photon in a
medium made of wavelength sized grains

HWHM o A\ / Lt'r (L, transport mean free path, depends on wavelength and grain size)
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SATURN RING’S OPPOSITION EFFECT:
INTRINSIC OR INTER-PARTICLE EFFECT?

- Lumme et al. 1983: D = 0.02 =- observed narrow peak

for identical particles this corresponds to /R ~ 50

- Elasticity measurements of frost-covered ice (Bridges et al. 1984)
—> Dynamical models favor flattened rings (D > 0.1)

- Laboratory measurements of intrinsic opposition peak

e Personal view: both effects MUST be present:

- Simulations with size distribution =
narrow inter-particle shadowing opposition peak unavoidable

- Low optical depth C ring has strong opposition effect =
particles must have a large intrinsic component
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INTRINSIC AND INTRA-PARTICLE EFFECT DIFFICULT TO SEPARATE

e Theoretical formulae of CB and SH have nearly similar forms:

1

0.8 F \ Hapke 2002 1
AN _
= AN :
o® 0.6 1
-D I -
® i -
m i -1
B 04| X SH ]
a” . < )
- ~ 2 B.(9): z = (1/h)tan(g/2)
[ N ‘
0.2 | CB S~ N 1
: B(g): z = 0.88(1/mtan(@/2) T~~~ _ _ _]
0 I T S R S

0 1 2 3 4 5
z

Polarization measurements would be helpful

7Y Dolfus 1970-1988
§‘;’ 00;43\ + schematjc model following Rosenbush et al. 1997 /_
2ol % . |
§ 025 %ﬁ]‘# # ; b %% #]@ CB: peak in linear and circular
%-oagq] 4; - ﬁa ﬁ]q} polarization ratios
LI A
_05§

0 1 2 3 4 5 G
Phase angle {degrees)



width oc effective volume density D

e Large B =
dense central layer
wide OE
L
O
e Small B =
0O 1 2 3 4 5 6 ’ ’
a (degrees) IOW D envelOpe

narrow OE

e Effect depends on
* optical depth
* elasticity
* size distribution

L
W, . oot .‘

1=1.0, Bridges-elasticity, 0,20m < r < 5m



EXTENSIVE HST DATA SET

e French et al. since 1996: covers full Saturn Seasons
Poulet, Cuzzi, French, Dones 2002 analysed phase curves, but only for for B = 10°
Cycle 13: “Saturn’s Rings at True Opposition” French et al. 2007
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IIFCOI‘T

HST PROFILES AT TWO ELEVATIONS:

e Phase curve indeed steeper for smaller elevation!

(from Salo & French, Icarus in press)

B=4.5° F555W B=23.5° F555W
TTTTTTTTT \HH\H\‘H\HH\\‘\HHHH‘\HHHH‘\HH\H\ TTTTTTTTT H\HHH‘\HHHH‘\HHHH‘HHHH\‘HHH\\H‘\HHHH TTTTTTTTT
| 1L o i
0.8 - - -
L — 0=0.46 Il a=059 |
L 0=1.93 1 =199 i
0.6; __ 0=5.67 7 7  4=6.09 7
0.4 - -
0.2 - -
0.0HHH‘H\HHH‘H\\HH\‘\HHHH‘H\HHH‘\HHHH‘H\HH | L
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90

100 110
Radius (1000 km)
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HST PROFILES AT TWO ELEVATIONS: NORMALIZED TO o =

B=4.5° F555W

B=23.5° F555W

2.0

I/F ratio

1.4

1.8

1.2

1.0

16 10.46)/1(5.67) | -

1(1.93)/1(5.67)
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MODELING HST OBSERVATIONS

e Grid of dynamical/photometric simulations

e Comparison to extensive HST observations

e Match the elevation dependence of OFE = best size distribution model
= extract simulated inter-particle contribution from observations
= what is left is intrinsic part

single scattering enhancement due

inter-particle shadowing:

optical depth - = 0.1 — 2.0
elevation B = 4° — 26°
elevation R,,../ R..i, varied

&5 a > EE :
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interparticle
shadowing

CB
SH

Dick French

“E;dejr:s) = Intrinsic and mutual shadowing
— can be separated!
(Salo and French, Icarus 2010)

o (degrees)
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C-ring

C Ring 78-83 kkm B=23°
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I(@)/1(6°)

I(@)/1(6°)

SUMMARY: B-ring

B Ring 100-107 kkm B=23°

r interparticle 1
25+ LI shadowing
B cs
N sH

0.01 0.10 1.00 10.00
o (degrees)

B Ring 100-107 kkm B=4.5°

0.01 0.10 1.00 10.00
o (degrees)

I(a)/1(6°)

I(a)/1(6°)

2.5

B=23°
interparticle
L] shadowing -
EN cB
N sH

o (degrees)

B=4.5°
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A-ring and inner B ring asymmetry in HST observations
Radar asymmetry

Longitude and elevation angle dependent optical depth

High density/weak gravity regime
= 150 m oscillations, modulations(?)

internal density ~ 300 — 450 kg/m*®
elasticity close to Bridges et al. 1984 ’frosty ice’

e STILL A PROBLEM: B-RING IRREGULAR VARIATIONS:

Role of selective intabilities?, particle adhesion?

Rt gt B A T e e
s R T

-100 -50 o 50 100




- Dense ring with vertical structure and size distribution
can have narrow opposition peak

- Inter-particle and intraparticle effect separated
by the elevation angle dependence
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Yksityisetsiva Mikki on
seurannut varastettua )
autoa, kunnes yhtakkua.

/ Aah! Voro huomasi,
etta olen jaljilla. Han
hyppasi autosta ja
pakeni - kaiketi
tuohon observa-
torioon.

T

J Valitettavasti minulla ei
ole aikaa rupatella, herra

| Hiiri. Arvioin parhaillaan
Saturnuksen renkaiden

o paksuutta.
En ole hoksannut P .

{

hamaraveikkoja, mutta ‘
toisaalta olenkin tutkinut

tauotta supernovaa. ,4

Harmin paikka!
Olisiko varas
kuitenkin luikkinut
jonnekin muualle?

Ei jalkedkaan pitkdkynnesta!
Han takuulla naamioitui ja koettaa nyt
sulautua tiedemiesten joukkoon.

Paivaa! Onko
tanne hiljakkoin
ilmaantunut minun
lisdkseni vieraita?

Tutkijoita lappaa
sisaan kaiken aikaa.
Haluatte kai tietaa,
olenko nahnyt ketaan
epdilyttavaa tyyppia.

/ Voron? En, mutta olen
nahnyt kaksipyrstoisen
komeetan ja paljon
\  muuta jannittavaa.

En tieda varkaasta
mitdan, hiirulainen! Olen
tuijottanut tuntitolkulla
uutta mustaa aukkoa.

mistad

Mutta kuka, 12 ne\ee"

Ei mutta - hetkinen! M\kk‘ niin paad

Hakemani henkild oli
tietysti yksi asken
tapaamistani.
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this seminar might have been
unsuitable for children!

Mickey The Detective is following
a thief to an observatory, and
interviews the ° astronomers
anyone has seen anything unusual
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- “Not seen anything, have followed a supernova without a pause”
- “Too busy, estimating the thickness of Saturn’s rings”

- “No idea, have been staring a new black hole for hours”

- “No sign of thief, but have seen a two-tailed comet”



Ei mutta - hetkinen!

Hakemani henkilo oli

tietysti yksi asken
tapaamistani.
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