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Regular satellites: (ZIXFIWE, (ZIZHREI
Irregular satellites: BEDEDIEHITRE <, WuEfARHA S 7 5 L
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Planet /
Dwarf Planet

Mercury

Venus

Earth

Mars

Jupiter

Saturn

Uranus

Neptune

Dwarf Planets

Pluto

Eris

Haumea

Makemake

Ceres

Totals

*Moons of planets and dwarf planets.

Confirmed Provisional
Moons Moons

O O

O O




VNSRS & i DAL

— Rubble-pile structure (!?
— Top-shaped figure

— Equatorial bulge/ridge
— Satellite(s) (mass: ~0.01

©NASA/Goddard/University of Arizona

66391 Moshup ‘ Mass of ~0.01M.

Squannit

2001 SN.

(spherical/oblate shape?)

Dimorphos

©NASA(original)

- Mass of ~0.03M.
©ESA (original) ©S. Ostro (original)
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Canup 2004; Nakajima+2014; Hyodo+2017

Y B

Canup 2010; Hyodo+2016

Hiuds O

Walsh+2008; Sugiura+2021

NELTTE
Epimetheus

Encke C.assini Saturn Oltbit Insertion
Division Ring Plane Crossing

(Pan)

Cassini
Division

Thompson and Stevenson, 1988
Ida+1997; Kokubo+2000; Hyodo+2015

Cradokk+1994;
Rosenblatt+2016; Hyodo+2018

0 () ° °
Mimas Enceladus Tethys Dione Rhea
dge: Atlas)
Gring Titan
F ring Hyperion
(Prometheus, 4 $ lapetus
Pandora) Ering (to Titan) Phoebe

Charnoz+2010; Crida&Charnoz2010; Hyodo&Ohtsuki 2015

~81.5 m
4.92x10%kg

~390 m
5.32x10! kg

Didymos-Dimorphos

Hyodo & Sugiura 2022
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Impact velocity~ 10 km/s
Impact angle ~ 45deg
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Saturn system

Roche limit:
—1/3

- 9 456 Psatellite

pplanet
|

VI L X ?

Movie credit: Hyodo

Saturn system

Roche limit:
—1/3

-— 1 456 Psatellite

-1x108

P planet
|

-1x108
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Hyodo et al. 2017

Saturn system

Time|[TK]=0.5

Roche m@

Time[TK]=0.5
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strophysical Disks

7 Disks (rings) spread
- Inside rotates faster (Kepler’s law)
- Friction accelerates the outside and slow down the 1nside

7 Outside the Roche limit, particles accumulate

- Outside the Roche limit, the self-gravity dominates over tides
- Outside the Roche limit, satellites can form

Roche limit



strophysical Disks

7 Orbits of the satellites can be expanded over time due to..

- Ring torque
- Planetary tides (when the synchronous orbit is smaller than satellites)

e
pushed outward

Roche limit



ushed Outward

7 Ring torque (below 2:1 mean motion resonance with rroche):

2
3 M Satellite

 Qe—
27 M Saturn

7 2 -3
ZRingr RocheQ (}" ROChE:)A

Proportional to Msaenite? and 2\-3, where /\ = (r-rroche)/TRoche (Lin & Papaloizou 1979 )

The bigger you are, migrate outward faster.
The further you are, migrate more slowly.
— ~]108 years ago, Janus was in the rings!?

7 Planetary tides (beyond 2:1 mean motion resonance with rroche):

/ 5
dr 3 k2pM satellite GRS aturn - _ 112
E— r
dt QS aturn\/M Saturn

Kop: planet’s tidal love number, Qp: planet’s dissipation factor
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https://www.youtube.com/watch?v=8n7S402fgt0
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T[s]=375000

INZXEDAARNEL EFHERRICS
InATE5h ! ?

Hyodo & Sugiura 2022 ApJL




Previous studies This study

Hyodo & Sugiura 2022, ApJL (also Sugiura+2021, Icarus)

Walsh et al. 2008, 2012: Smoothed Particle Hydrodynamics (SPH) method:
— Hard-Sphere DEM (HSDEM) — Initially rubble-pile sphere (inc. self-gravity)
— Cohesionless; initially rubble-pile sphere (inc. seltf-gravity) — Number of particles up to ~103
— No direct modeling of friction forces — Drucker-Prager yield criterion with zero cohesion (Jutzi, 2015)
— Satellite formation from discretely ejected particles — Pressure-dependent shear strength (Jutzi, 2015)
(Our study 1s via the particle disk evolution) — Effective friction angle 1s used (mimic/inc. cohesion effect)
— Basaltic Tillotson EOS (Benz & Asphaug 1999)
Complex dependencies exist on: — First SPH attempt at the rotational deformation

e.g., initial shape, internal structure, spin, particle properties — Shape deformation processes are similar
Sanchez and Scheeres, 2012; Zhang et al., 2018; Ferrari and Tanga, 2020; Hirabayashi et al., 2020 btW SPH and SSDEM (bllt not Wlth H SDEM)

From today’s shape of Bennu:

. . . kn :
— Mass shedding to form a satellite 1s unlikely Weaknesses .
Zhang et al., 2021 — Perfect spheres of particles

— Same-sized particles
— Uniform internal structure
— A direct effect of cohesion (tensile forces) 1s 1gnored

Top-shape (and ridge) formation:

— Through a fast spin-up process
Holsapple, 2001, 2004, 2010; Sharma et al., 2009, 2013, 2018; Fahnestock et al. 2009
Hirabayashi, 2015; Walsh et al., 2008, 2012; Sanchez and Scheeres, 2016, 2018;

Zhang et al., 2017, 2018; Scheeres 2006; Leisner et al., 2020, Ikeya & Hirata 2021, etc C Omp ani on p ap TIPS (M, Cheiam, Shicdo, leams silified)

—Re-accretion after catastrophic disruption of a parent body — Dynamical origin of Dimorphos from fast spinning Didymos
Michel et al. 2020 — Including the tidal evolution of Dimorphos




1. Avalanche: Surface Landslide

— Spin period of ~3h

Conditions

— Effective friction angle of >70 deg (inc. effect cohesion)
— A spin-up timescale of <a few days (from 3.5 hr to 3.0 hr)

Timescale of ejection:
~3 hours

Ejected mass:
~10-20wt.% of the primary



=00 ) - [18k Formation and Evolution

Disk 1s gravitationally unstable L, Roche limit
and spiral-arms form. B

Disk spreads beyond the primary’s
Roche limit.
(Disk evolution timescale: ~100h)



na-ee 33, Formation of' Rubble-pile Moons
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Outside the Roche limit, ¢
particles gravitationally actumulate. |
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X The final mass of t.he moon:
. ~0.04M. after ~300 hours



3a. Equatorial Ridge 1s Naturally Formed

Disk particles re-accrete selectively :
on the equatorial region of the primary,
forming an equatorial ridge.

. - » -
- o P
“ . .

-
-
»
pu However, the ridge 1s foo prominent
c@npared to the observation.
-

— limitation of the numerical technics
and/or post-formation evolution?




Long-Term Evolution of the Satellite(s)

BYORP (binary YORP) may remove the satellite(s).
Or, a balance btw BYORP and tides may stabilize the satellite.

— Ori1gin of diverse systems with/without a satellite(s)?
(Cuk & Burns 2005; Cuk & Nesvorny 2010; McMahon & Scheeres 2010; Jacobson & Scheeres 2011)

(a) Spin-up (c) Disk formation and evolution _
(e) Satellite lost

(b) Surface landslide (d) Formation of satellite and equatorial bulge (f) Satellite remains
(global avalanche)

© Hyodo & Sugiura 2022, ApJL



Schematic Summary

(a) Spin-up (¢) Disk formation and evolution

(e) Satellite lost}y;

(b) Surface landslide (d) Formation of satellite and equatorial bulge (f) Satellite remains
(global avalanche)

© Hyodo & Sugiura 2022, ApJL

~3 hours

~300 hours

Minimum ~10° years to potentially remove satellite via BYORP
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View from the top

Elongated
4 Consists of rubble piles!?
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Accretion via disk spreading 1s a stochastic process.

Result: binary system case Result: triplet system case

Dimorphos

ONASA (original) t=25.0x10°s - t=25.0x10"s Mass of ~0.01M,

2001 SN,

(spherical/oblate shape?)

Mass of ~0.03 M.

Didymos

©ESA (original)

Note that, the total mass of the satellites would not significantly change,
because it 1s regulated by the initial disk mass.



Effective friction angle

| 2B EIC oW

More internal deformation
— Smaller ejected mass
— Lemon—shaped ﬁglll'@ | =0.00 | ¢ £ =1.50x105 s [ (¢) {=2.00x105 s

Disk mass:
~3 wt.% for ¢pg=40°

~3 wt.% for ¢g= 60°
~20 wt.% for ¢q= 80°

t=9.50x10%s
P = 4.06 h

A\ Do
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Effective friction angle

More surface landslide
— Larger ejected mass
— Top-shaped figure

Sugiura et al. 2021; Hyodo & Sugiura 2022
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Hyodo+2015
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Launch 2028, Arrival 2039

(20284F-HuERFT 1 0F, 20294F-HuBR, 20304F-4 42, 20314F-HuBk, 20344F-HuER, 20394F- 1 2% )
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Huygens Gap

Relative velocity: ~35km/s

T B B & 13, Distance to Saturn: ~2000-5000km
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. .
Solar System History

Primordial Heavy Bombardment
Migration of the giant planets
Differentiation of the primordial planetesimals
Dispersal of the nebular gas

The formation and evolution of the Solar Solar Nebula
System, chronologically divided into three ages: =i

Giant impacts between planetary embryos
Tilting of Uranus' spin axis
Final assembly of terrestrial planets
Dynamical clearing of the inner regions of the systems
Differentiation of planets and satellites

Delayed orbital rearrangement of the giant planets

| Late Heavy Bombardment

1) The Solar Nebula (first <10 Myr)
. ﬂ Primordial Solar Modern Solar
dust — planetemmas | System System

2) The Primordial Solar System (before ~4 Ga)

. >1000km
planetesimals — planets

Secular geophysical evolution of planets and satellites Present
Secular collisional evolution and contamination of planetary bodies

3) The Modern Solar System (after ~4 Ga) Sfed from Tussini et al. (2014)
modiftied rrom lurrini et al.

©Ryuki Hyodo



Classical Idea — In-situ

Formation of the giant planets and their satellites
Primordial Heavy Bombardment
Migration of the giant planets
Differentiation of the primordial planetesimals
Dispersal of the nebular gas

Giant impacts between planetary embryos
Tilting of Uranus' spin axis
Final assembly of terrestrial planets
Dynamical clearing of the inner regions of the systems
Differentiation of planets and satellites

%8 %095°0% %% 9% % 90005 2 0% % %0 05’ %0 0000 00000 e :

Mz K

Solar Nebula
(AT = 10 Ma)

Delayved orbital rearrangement of the giant planets

I Late Heavy Bombardment

T
Primordial Solar Modern Solar ‘
System System

IKRIRERE

Secular geophysical evolution of planets and satellites
Secular collisional evolution and contamination of planetary bodies

MFRRE 0 AEESE | AIERSE
© HIRMESR



10

Composition from e.g, Grimm & McSween 1993

Accretion
disk

%ﬁne.ﬂarp*;e%w.b Radial
° Weo o mixing

| A Famous Cataclysm

Formation of the giant planets and their satellites
Primordial Heavy Bombardment
Migration of the giant planets
Differentiation of the primordial planetesimals
Dispersal of the nebular gas

Giant impacts between planetary embryos
Tilting of Uranus' spin axis
Final assembly of terrestrial planets
Dynamical clearing of the inner regions of the systems
Differentiation of planets and satellites

removal

Solar Nebula
(AT = 10 Ma)

Delayved orbital rearrangement of the giant planets

I Late Heavy Bombardment Second Mass

removal

Late Heavy
Bombardment

Primordial Solar Modern Solar
System System

Time since the beginning of the Solar System (Myr)

Secular geophysical evolution of planets and satellites
Secular collisional evolution and contamination of planetary bodies

10
Semi-major axis (Au)

*Just note that this is famous but not certain. Walsh et al. 2011
DeMeo & Carry 2014




' Many Ideas

A famous model I Early Instability

Walsh et al. 2011; Gomes et al. 2005; Boehnke & Harrison 2016; Zellner 2017; Morbidelli et al. 2018;
Morbidelli et al. 2005; Tsiganis et al. 2005 Nesvorny et al. 2018; Clement et al. 2018,2019

G~

I Migrating Giants

Pirani et al. 2019;

QQDQ 6.“ ’o: ":3

Time
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Asteroid belt .

ooy 2 08¢ 4op

Asteroid belt N Asteroid belt

Y KBLA A=] X WY EBLA =

Heliocentric distance Heliocentric distance Heliocentric distance
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IA famous model I Early Instability I Migrating Giants

Walsh et al. 2011; Gomes et al. 2005;

CERD~

O%Q éo(‘ ’o: 0.‘.3
odbo LN

s 0@ 409 > 0@ S0y s 0@ Oo9

Asteroid belt N Asteroid belt A Asteroid belt

» 2@ ¢ N T > D@ ¢ 0% _( > D@ ¢ ¥

Heliocentric distance Heliocentric distance Heliocentric distance

Image Credit: R. Hyodo
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Planet /
Dwarf Planet

Mercury

Venus

Earth

Mars

Jupiter

Saturn

Uranus

Neptune

Dwarf Planets

Pluto

Eris

Haumea

Makemake

Ceres

Totals

*Moons of planets and dwarf planets.

Confirmed
Moons

O

O

Provisional
Moons

O

O

V KBERDZ R i %

7 Regular satellites: IZIZE, (ZIFARER

Irregular satellites: HEDRDIERITKE < WEBRH

NEER
XE

BEXH R
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' Rings around Giant Planets

Saturn

Dusty ]) ‘/7\ Jupiter 950/07‘[\(}]\(?\?\% 7%'. ]) ‘/7\

Uranus



' Rings and Moons around Saturn

Janus
Epimetheus
Cassini Saturn Orbit Insertion
Cassini Spoxe Ring Plane Crossing
Division  “!VIsion
(x=11))
[ By 3 ' ; ; . ’ .
~ Aring Mimas Enceladus Tethys Dione gea
(outeredge: Atlas)  5.19x105km @a~2.4 x 105 km a~2.9 x 105 km a~3.8 x 105 km a~5.3 x 105 km
A G ring Titan
F ring Hyperion
(Prometheus, . : lapetus
Pandora) - E ring > (to Titan) Phoebe
a~1.4 x 105 km a>12.0 x 105 km

NASA/JPL/Space Science Institute



In Saturn’s dense A and B rings, ring particles collide ~100 times per orbital revolution (7x < 0.5 day).

Ring particle collision: the order of few mm/s

NASA/JPL/Space Science Institute
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ROBIN CANUP
UNIVERSITY OF COLORADO -
. 4 ' H Canup2010
Roche
: limit
Icy mantle
| ;'::f_z"" . , Gaseous
; ..;:': disk
Rocky core Tidal
Titan-size . stripping
satellite begins

) VT DIEFICOWT D Kbk -> T b
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Icy mantle

b , Gaseous
. o

Rocky core

Titan-size
satellite

Residual disk
of icy fragments

Core falls
into Saturn

Canup2010
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' How Old are Saturn’s Rings?
—TE2YVJ"EL"BRAS
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NASA/JPL/Space Science Institute



| How Old are Saturn's Rings?

Google

How old are Saturn’s rings?

Q FRT

% 21,500,000 4 (0.54 #)

between 10 million and 100

IR

A

million years old

They have been considered to possibly be very old, dating to the
formation of Saturn itself. However, data from Cassini suggest

they are much younger, having most likely formed within the last
100 million years, and may thus be between 10 million and 100

million years old.

) I =V

hitps://en.wikipedia.org » wiki » Rings of Saturn

Rings of Saturn - Wikipedia
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Are Saturn’s Rings Young or Old?

The Cassini spacecraft estimated that Saturn’s rings are no more than

He and other skeptics have pointed out that there are a lot of potential

problems with the argument, from the physics of the ring pollution to
Th

the origins of the rings themselves. “ﬂIE&lX-QSlOOk young, but that

T : :
doesn’t mean ﬂ:cgeﬁsare really young,” said Ryuki Hyodo, a
planetary scientist at the Japanese Aerospace Exploration Agency.

“There are still some processes that we are not considering.”

Meteoroidal impact flux at Saturn per unit area/time (observation)

Total mass of non-icy materials in the rings (observation)



Enceladus

Mimas
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Epimetheus

(

Atlas (30 km) Pandora (80 km)
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200
Distance from Saturn (10° km)

Charnoz+2010, Nature
Crida & Charnoz 2011, Science
Hyodo+ 2015, Nature Geo
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- JEROE PPN T OISR ORBi% %> & 10Myr% C; Canup 2010)
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- KEDOREREY v 755 DYLEE (Charnoz+2010; Crida & Charnoz 2012; Hyodo & Ohtsuki 2015)
- JRIGHTE D )1 AL & i 2SI IR (Wisdom+2022; Hyodo & Charnoz 2016; Cuk+2016)

— PRBORR, £ 7213, G, SRHAEH O — R ~EE0 5.

— FRINKE % & 0 -8Rz £ O 1 2 % DBk vl Hetk D — i B fFE 5525 5.




How much do we know? _ ...

Achieved
— HaS not been feaChed

e
Self-g

pixel scale pixel scale pixel scale
>100m ~m ~Ccm
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E@ ] : Self Gravity Wakes
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HEE 3 - Propellers and Moons
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What Do Ring Particles Look Like!?

NO ONE has ever seen before!!
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~BEST IMAGE

The image (Saturn's A ring) was taken in visible light with the Cassini spacecraft wide-
angle camera on Dec. 18, 2016. The view was obtained at a distance of approximately
34,000 miles (56,000 kilometers) from the rings and looks toward the unilluminated side
of the rings. Image scale is about a quarter-mile (340 meters) per pixel.




Close Approach to the Rings “and Saturn”

Cassini Grand Finale
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Launch 2028, Arrival 2039
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Summary — Why do we go to Saturn?

v Gas from protoplanetary disk
- instability? core accretion?

,% < :\‘
iig;jii“ <10MyrD KF% % B

Y -

v Heavy elements (inc. ice)
) v 7° - pristine ice? amorphous ice?
- planetesimals? pebbles?

‘ (V ¥ 7 2T %) KBk KRBIRLIZ I
- v A cataclysm? 3-body instability?
v’ Passing comet? Primordial moon?

BUED TR & TR OB I BAEED Y ¥ 7 DHEALIZ IR S
v Interaction btw particles and magnetic field v How did it spread, forming moons?

v Saturn’s internal structure perturbs rings v Why does it look clean?



