Our solar system:
the giant planets and their moons

Planets

Dwarf
planets




Upcoming work/classes

Homework due on 5.25

Project due on 5.25
Accepted without penalty through 6.10 (no need to request)

Finish early so you can concentrate on courses in your major!
Today: terrestrial planets (finish) and Jovian planets+moons
5.25: Jovian planets moons, debris, maybe Earth

6.1: Earth; Chinese astronomy and space program; Earth and
History/Philosophy of Science

6.8: Life in the Universe
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astrial planets: small rocky giant planets: four huge gas many very small
..ds with thin atmospheres giants, containing most of the mass  ice /rock balls

of the Solar System
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Ganymede Titan Mercury Callisto
5262 km 5150 km 4880 km 4806 km

Moon Europa Triton Pluto Titania
3642 km 3476 km 3138 km 2706 km 2300 km 1580 km




All the planets (but not Pluto) orbit in the same direction and in the
same plane: the eclipfic (to within 60).




The terrestrial planets
— rocky worlds










Properties of Earth, Venus, and Mars
Property
Semimajor axis (AU)
Period (year)
Mass (Earth = 1)
Diameter (km)
Density (g/cm?3)
Surface gravity (Earth = 1)
Escape velocity (km/s)
Rotation period (hours or days)

Surface area (Earth = 1)

Atmospheric pressure (bar)

Earth

1.00

1.00

1.00

12,756

5.5

1.00

11.2

23.9h

1.00

1.00

Venus

0.72

0.61

0.82

12,102

5.3

0.91

10.4

243 d

0.90

90

Mars

1.52

1.88

0.1

6,790

3.9

0.38

5.0

24.6 h

0.28

0.007




Venus
Thick atmosphere







Only a few landers
(almost all Soviet Union)















Venus has hardly any impact craters; the surface density of craters
indicates most of the surface is only 600 million years old; but craters
do not appear to be eroding. Where are all the older craters?

Perhaps Venus undergoes periodic catastrophic resurfacing. The last
such event would have taken place about 600 million years ago.

The volcano Sif Mons. is about 2 km high and
nearly 300 km across. There appear to be recent
lava flows at the front of the image: these flows
are about 120 km long, which suggests that these
lavas were also very fluid.




Atmospheric Composition of Earth, Venus, and Mars

Gas

Carbon dioxide (CO5,)
Nitrogen (N5)

Argon (Ar)

Oxygen (O2)

Neon (Ne)

Earth

0.03%

78.1%

0.93%

21.0%

0.002%

Venus

96%

3.5%

0.006%

0.003%

0.001%

Mars

95.3%

2.7%

1.6%

0.15%

0.0003%
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Mars




Mars rock from Antarctica!
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Ancient Ocean Evidenced by a Boulder Imaged by Zhurong
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HISTORY OF WATER ON MARS

Billion years ago

Now



Partial Pressure of \Water

Phase Diagram of Water

Liquid
water

Solid

water

Water
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Temperature

Some slides
from LiuYang
at NSSC



Proposed Chemical Environments

sulfates anhydrous ferric oxides
Deep
phyllosilicates

Layered from Wet to Dry
phyllosilicates >

Carbonate
deposits

Phyllosilicate in fans

Plains sediments _
Chloride Deposits

Intracrater_
clay-sulfates

Meridiani layered
Valles layered

=7

?<——-layered Hydrated ———»7? , o___ Gypsum plains ———#7
Silica
Noachian Hesperian | 3.0 G.a. Amazonian

3.7 G.a. Geologic Eras Bibring et al., 2006




Noachian Valley Networks (before 3.7 Ga)

Runoff channels are similar to dry river beds on Earth. They are found only in the cratered

highlands of the southern hemisphere.
%0 TS

Valley networks on Mars River networks on Earth




Noachian Deltas: Sediments carried by water were deposited at the mouth of the channel —
maybe when the channel flow entered a body of water
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Hesperian Outflow Channels (3.0-3.7 Ga)

The outflow channels are much larger than the runoff channels and also less common.
These channels are relics of catastrophic flooding that occurred ~3-3.7 billions years ago.

““ Kasei l{alle's 7




Hesperian Groundwater Discharge

Interdune/Playa
Festoon Cross-lamination
Wavy Bedding
Translatent Strata
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Deflation Surface
Water Table Controlled?

Eolian Dune Field
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Amazonian Gullies (after 3.0 Ga)

» These young features are found
on the inner walls of some craters
and over old runoff channels.

» For water to produce these
features, it must have been
released in a torrent

 Overall, very dry



Geological and Aqueous Evolution of Mars

Sun ‘ ‘

Earth Haden Archean Proterozoic Phaneozoic

Pre- . S :

~4.2 G.a ~3.7G.a ~3.0G.a
(SR RN RN
Valley Networks

Outflow channels

T Open-basin lakes
1A RND Closed-basin lakes

a1 Fe/Mg-smectites, chlorites
711 Al-phyllosilicates
211 Intrabasin sulfates, chlorides, carbonates
Sulfate-silica diagenetic/weathering assembages

E I t M Cllmate dl’y and (Carr and Head, 2003; Forget et al., 2013; Head and
ar y we ars transition cold Marchant, 2014; Wordsworth et al., 2016; Kite et al., 2022)

Factors: magnetic field, impact, volcanism, atmospheric escape, obliqity...



Modern Mars: not completely dry!

ice, water vapor, frost,
subsurface lake,
hydrated minerals....

March 1999




The mechanisms of methane production and its
significance as an indicator of life and early climate

Mumma et al., 2019

Formaldehyde Methanol

Subsurface RGN Methane Clathrate
. Storage

o?: , M O"

Microbes ~ Methane - Olivine (rock)

 Intermittent release over certain regions, 3 years overall: 0.24 ~ 0.65 ppbv; peak 7 ppbv
» Localized sources of methane production or release in the surface or subsurface




Future mission to Mars:
Tianwen 3 sample return!

Tianwen-3 Mars Sample Return Mission

Separation of
retum capsule a

rbiter »
Retumn EartI

Lander and
ascender module

Orbiter and retumer
module

Mars-Earth g Transfer sample
transfer | (@~ B to the retumer
e Yo
R \\\Ascender take off
N 4

L d

-
i

Brake passing
through
atmosphere

-
N ™ -

Deep ‘ Arrive at ‘ Enter Mars //
space Mars §
P Mars capturL

Credit: E_BEAEEFSIN “Ka=S K ERFREIES" RE (XI4kERH)
space https://www.leonarddavid.com/chinas-mars-sample-return-
maneuver program-planetary-protection-research-detailed/

1. Dual Launches; 2. Earth-Mars Transfer & Mars Orbit Insertion; 3. Entry, Descent, and Landing (EDL); 4. Surface Sampling, Encapsulation &
Transfer; 5. Ascent & Sample Container Release; 6. Orbital Rendezvous, Capture & Transfer; 7. Mars-Earth Injection & Return Trajectory; 8.

~500 g samples will be returned around 2031

Earth Re-entry & Sample Recovery




Future mission to Mars:

Tianwen 3 sample return!

Scientific Objectives of Tianwen-3 Mission

« Objective A: Searching for the potential evidence for the life on Mars

« Objective B: Exploring key processes of Martian climate and environmental
evolution to understand the past habitability

» Objective C: Characterizing the geological processes and internal structure
of Mars
Exploration for life on Mars requires a broad understanding of integrated planetary processes,

including the geological and geophysical evolution of Mars, the history of the Mars climate, the
nature of the surface and subsurface environments, the temporal and geographic distribution of

liquid water, etc. Credit: CNSA




Marsquakes!
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LIKELY MARSQUAKE
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Basic Properties of the Jovian Planets

Planet Distance Period Diameter Mass Density Rotation
(AU) (years) (km) (Earth =1) (g/cm?3) (hours)

Jupiter . 11.9 142,800 318 1.3 9.9
Saturn . 29.5 120,540 0.7
Uranus ) 84.1 51,200 1.3

Neptune : 164.8 49,500 1.6

Ice giants are much smaller: started with
similar sized core, but could not accrete
enough material



) Earth

Gas giants Ice Giants
Jupiter, Saturn Uranus, Neptune
Much more massive Much less massive
Abundances similar Similar cores as gas

to sun glants
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) Earth

Gas giants lce Giants
Jupiter: energy from Cold

contraction (2 cm/yr)

Saturn: energy from
differentiation (heavier
elements sink)






VENUS 1 FLYBY
26 APR 1998

VENUS 2 FLYBY
24 JUN 1999

VENUS

TARGETING
MANEUVER
3 DEC 1998

LAUNCH
15 OCT 1997

SYHVIA 8'TT
11940 Ss.43Lidnf

SATURN ORBIT INSERTION

JUPITER
FLYBY
30 DEC 2000

1 JUL 2004

SHVIA T°6C¢
119490 S.N4N1LVS



Earth fly-by

2013-10-09

Launch
2011-08-05

Deep space maneuvers
2012-08-30 & 2012-09-03

Jupiter orbital insertion

2016-07-05




Missions to the Giant Planets

Planet

Jupiter

Saturn

Spacecraft'’
Pioneer 10
Pioneer 11
Voyager 1
Voyager 2
Ulysses
Galileo
Cassini
New Horizons
Juno
Pioneer 11
Voyager 1
Voyager 2

Cassini

Encounter Date
December 1973
December 1974
March 1979
July 1979
February 1992
December 1995
December 2002
February 2007
July 2016
September 1979
November 1980
August 1981

July 2004 (Saturn orbit injection 2000)

Type
Flyby
Flyby
Flyby
Flyby
Flyby during gravity assist
Orbiter and probe
Flyby
Flyby during gravity assist
Orbiter
Flyby
Flyby
Flyby

Orbiter



JUPITER SATURN URANUS NEPTUNE

B Molecular hydrogen B Hydrogen, helium, methane gas
. Metallic hydrogen I Mantle (water, ammonia, methane ices)

Core (rock, ice)
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Bands of clouds

Rotate at different
speeds

Great Red Spot:
e high-pressure
o storm




1995 WFPC2

2009 WFC3/UVIST =

2014 WFC3/UVIS

Red spot is shrinking!




Jovian aurora (like
Earth: Northern lights)
















Saturn (and its rings)
















Saturn’s aurora






Rings: waterice a few m across
remnants of a moon
Thousands of km across; ~10 m thick!
<100 million years old
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E ring: thousands of m thick
Water from geysers on the moon Enceladus












Uranus




Outer Atmosphere,
the upper cloud layer

Atmosphere
(hydrogen, helium,
methane gases)

Mantle
(water, ammonia,
methane ices)

Core
(silicate/Fe-Ni rock)




ilted by g0 degre'és!
-past collision










North pole
(rotational
south pole)

T
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South pole
(rotational
north pole)




Uranus Dark Spot Hubble Space Telescope = ACS

5,000 miles

8,000 kilometers

NASA, ESA, and L. Sromovsky (University of Wisconsin) STScl-PRC06-47






Neptune


















Sept. 18, 2015 May 16, 2016 Oct. 3,2016 Oct. 6, 2017










Galatea\ :
Naiad
Thalassa

-
Despina
—

/) Proteus
. . ot
N

Larissa




Clouds: scattering prevents detections of structure

Jupiter Uranus Neptune
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Summary — number of moons

Planet Mercury Venus Earth Mars Jupiter Saturn Uranus Neptune

Number of moons 0 1 2 79 62 27 14

Dwarf planet Pluto Haumea | Makemake Eris

Number of moons 5 2 1 1

Earth Jupiter Saturn Uranus Neptune Pluto Eris

- - ‘ e ..
Mimas Puck Proteus Dysnomia
Charon

Enceladus Mira_nda
Tethys Ariel
. e Triton
Dione :

Umbriel '
. q Nereid
Titania

Oberon

Titan
.

Hyperion

L3

Callisto lapetus

Phoebe



Order
-
[note 3] ¥

Label
a
[note 4] ¥

XVI

XV

XV

XVl

Xl

VI

LXXI

Name +

Metis

Adrastea

Amalthea

Thebe

Europas

Ganymede#

Callistos

Themistot

Ledat

Himaliat

S/2018 J 11

Pronunciation Image Abs. *
magn.
10.5
/e draestia/ 12.0
Ig maslBia/*7) 7.4
9.0
la10v/ -17
leiroupa/t®e! -1.4
/gzanimig/°0IS1] =]
/ka istou/ -1.2
/Brmistou/ 135
/lidaf 12.8
harmerlia/ 8.3
15.9

Diameter
{km)[note 5 ¥

60x40x34

20x16x 14

250% 146
128

(167 £4.0)
116x 98 x 84
3660.0

%3 637.4

x3630.6

3121.6

5262.4

4 820.6

170

Mass
(%1016 &
ka)

208

8931900

4800 000

14 819 000

10759 000

0.069

670

0.0015

Semi-major
axis s
(km)[46]

128 852

129 000

181 366

222 452

421 700

671034

1070412

1882709

7393216

11187 781

11 451 971

11 453 004

Orbital
period %
(d)[%‘][nme 6]

+7h 10m 16s

+7h 15m 21s

+12h 01m 46s

+16h 16m 02s

+1.7691

+3.5512

+7.1546

+16.689

+129.87

+240.82

+250.23

+250.40

Inclination
(1461

2.226

2217

2.565

2.909

0.05048]

0.471048]

0.204[48]

0.205[48]

45.762

27.562

30.486

30.606

Eccentr.

[41]

0.0077

0.0063

0.0075

0.0180

0.0041

0.0094

0.0011

0.0074

0.2115

0.1673

0.1513

0.0944

Discovery

yea r[23]

1979

1979

1892

1979

1610

1610

1610

1610

1975/2000

1974

1904

2018

Discoverer!

Synnott
(Voyager 1)

Jewitt
(Voyager 2)

Barnard

Synnott
(Voyager 1)

Galilei

Galilei

Galilei

Galilei
Kowal &

Roemer/
Sheppard et al.

Kowal

Perrine

Sheppard et al.

23] a

-

Group
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Inner

Inner

Inner

Inner

Galilean

Galilean

Galilean

Galilean

Themisto

Himalia

Himalia

Himalia




All Other
Moons
0.003%

Relative Masses of Jovian Satellites




Galilean satellites of Jupiter




lo: a volcanic moon heated by tides







lo Surface Changes

Galileo 1999 New Horizons 2007
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lo: cloud around lo because of
Jupiter’s magnetic field
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Europa: smallest of inner moons; ice world
















Metallic Core

Rocky Interior
H,O Layer

Metallic Core

Rocky Interior
H,O Layer

Cold Brittle Surface Ice

Warm Convecting Ice

Ice Covering

Liquid Oean Under Ice
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EUROPA SURFACE

EUROPA SURFACE




Ganymede and Callisto










Polar frost Hexagonal ice (1h)

Ganymede

layers drawn to scale

Light terrain

Crater
Dark terrain

Grooves



Hexagonal ice (1)
Saltwater ocean
Monoclinic ice (V)

Craters

Callisto

SATMOD monoclinic ice model
layers drawn to scale



Moons of Saturn

Gring
F ring

(Prometheus,
Pandora)
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Moons of Saturn

Mirnas
Enceladus
Tethys
Dione
Rhea
Titan
lapetus

all other moons




Titan: the main moon of Saturn










lce-six

]
(tetragonal crystals) 4 -t I-ta n
Liquid water ocean

Fully differentiated dense-ocean model
Drawn to scale

Normalice (1)

Surface
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NASA/Dragonfly Mission:
drone to Tltar'j.!q_' g
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Enceladus




Northern Hemisphere Southern Hemisphere
Orthographic map projection at 100 meters/pixel Orthographic map projection at 100 meters/pixel

Global 3-Color Map of Enceladus (IR3-GRN-UV3)

April 2014

= <
- . " " . . S |LUNARAND
Cartographic control and digital mosaic construction by Dr. Paul Schenk (LPI, Houston) g) PLAN ETARY
=

Scale bar = 100 km Cassini ISS images acquired 2004-2014 INSTITUTE
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20 kilometers






Global Ocean on
Saturn’s Moon
ENCELADUS

Ice crust

Global ocean

Rocky core

South polar region
with active jets

* Thickness of layers is not to scale



Enceladus:
geysers!







° o Enceladus "Cold Geyser" Model

H,O vapor plus ice particles

HOlce T=~77K

Vent to surface

Pressurized Liquid H,O0 Pocket T =273 K
I ’ . ' Hydrothermal Circulation
& Convecting Ice

Tidal Heating Hot Rock Tidal Heating




Daphnis: A shepherd moon




Mimas: the death star moon




Moons of Uranus

® Miranda
m Ariel
® Umbriel

m Titania

m Oberon

m all other moons
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an ice world

Miranda




Umbriel: weird ring at the top
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Sycorax:
example of how
the moons are
found




Moons of Neptune




Triton: going in the wrong direction!
captured Kuiper Belt Object?
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- C Larissa

Neptune Satellites and Ring Arcs
Hubble Space Telescope = WFC3/UVIS

NASA and ESA STScl-PRC13-30a










KIM STANLEY
ROBINSON

Winner of the Nebula Award
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