Life on Jovian Moons







Which Jovian Moons Could Be Habitable?

® There are 169 known moons
in the solar system
m 3 orbit ferrestrial planets
= 162 orbit Jovian planets
® 4 orbit dwarf planets

= Almost all of the Jovian
moons are too small to be
habitable

= they are unlikely to have liquid
water

Jupiter
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Europa Ganymede Callisto

Saturn

Mimas Enceladus Tethys Dione Rhea Titan lapetus

Uranus
(
Miranda Ariel Umbriel Titania Oberon
Neptune
Proteus Triton Nereid

Other objects for size comparison
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Spacecraft visits to Jovian moons

® Pioneer 10, 11 and Voyager 1, 2 were flyby missions.

" Galileo was a Jupiter orbiter mission. In 1995 it launched

the Ga
was de

disposal.

= Cassini

ileo probe into Jupiters atmosphere. In 2003 Galileo
iberately sent into Jupiters atmosphere for “sterile”

IS a current Saturn orbiter mission. In 2005 it

launched the Huygens lander to the surface of Titan.



Formation of the Galilean Moons

/

spinning disk around .
young jovian planet\

.

Sun

»

solar nebula with solid planetesimals
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Tidal locking

Q

Not to scale!

If Earth didn't rotate, tidal bulges . | ,
would be oriented along the riction with the rotating tarth
Farth-Moon line ’ pulls the tidal bulges shghtly

: ahead of the Earth-Moon line.

The Moon's gravity tries to
PRI pull the bulges back into line,
slowing Earth’s rotation.

C (R ———

he gravity of the bulges pulls

The gravity 0 the /:)L,//;;(s()z//s Moon
the Moon ahead, increasing

its orbital distance.

Not to scale!
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Resonances of Io, Europa and Ganymede

Europa Ganylmede

i 3

Jupiter
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The Interior of Europa

metallic core cold brittle surface ice

rocky interior  H,O layer

convecting ice

Copyright © 2007 Pearson Education, Inc., publishing as Pearson Addison-Wesley



Liquid water on Europa?

= Re-surfacing: crater counts are low and suggest the
surface is tens of millions of years old. Surface features
suggest ice floes and upwelling liquid water:

= Gravity Doppler data suggest a water surface over a rocky
core.

= Calculations of tidal heating suggest enough energy to
maintain liquid water.

® The Europan magnetic field is not fixed. It fluctuates as
Jupiter rotates. This suggests the Europan field is induced
by Jupiters. To achieve this Europa must have a salty, liquid
water ocean some 100km deep.
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Europa: “Ingredients” for Llfe'? 0% 5.

» Water:
— Warm salty H,O ocean.
. Fossible melting in ice
o . Soft ice
Essential elements: e B ——
— Accretion of CO,?
Relatively smooth
— Impactors. undersurface

— But radiation destroys organics
In upper ~10s cm of ice.

* Chemical energy: Salty ocean b\ (—

~100 km?
— Radiation of H,O = oxidants.

— Mantle contact: serpentinization
and possible hydrothermal activity. .\ (._

» Relatively stable environment:

— Large satellite retains heat.

— But activity might not be
steady-state.

Hydrathermal
circulation

Rocky mantle

T=1500 K
[after Stevenson, 2000]

For Planning and Discussion Purposes Only



Worlds

Europa:

warm salty H,0, 5
mantle contact Ganymede & Callisto:

perched salty H,O(-NH3?)

Titan: open CH, seas

Tr = P.IS.?O.?./

iton, large KBOs, and mid-sized icy satellites:
3-H,0, some perched, some mantle contact

Enceladus:
cold H,O-NH,
or hydrothermal?

For Planning and Discussion Purposes Only



Sub-glacial lakes in Antactica

300km hr’!
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Europa via Lake Joyce
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and Callisto

= Ganymede is the ergés’r moon in the solar system, and
appears to have a recently-resurfaced crust

= Callisto has an old cratered surface
= Both moons may harbour cold salty sub-surface oceans






Enceladus
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Janus

Epimetheus
Cassini Saturn Orbit Insertion
Ring Plane Crossing
) - »
Mimas Enceladus Tethys Dione Rhea
Titan
F ring Hyperion
(Prometheus, ” lapetus
Pandora) E ring = (to Titan) Phoebe




Geysers on Enceladus




Tidal heating on Enceladus versus Europa

- MJupi’rer = 3 Msaturn
" T'turopa = 3 TEnceladus

® €Europa = 2 €Enceladus

= Note that tidal heating is proportional to mass and
eccentricity yet depends upon the inverse cube of orbital
radius.

= Therefore, it is reasonable to expect that the amount of
tidal heating per unit mass of material on Enceladus and
Europa will be comparable.
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White brackets show range of cometary values
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Jets of H,O on Enceladus

Tidal Heating

Enceladus “Cold geyser” Model

o / H,O vapor plus ice particles
o

HOlce T=~77K

Vent to surface

Pressurized Liquid H,0 Pocket T=273 K

o4 4 A

Hydrothermal Circulation |
& Convecting lce

Hot Rock Tidal Heating

B

Energy
Organics

N,

+ Liquid water
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The low-cost Enceladus sample return mission

Spacecraft Concept

Graphic: Raul Polit Casillas

» Spacecraft 3 m HGA used to
shield main body of spacecraft
from plume particles

» ASRG power source

» 800 kg dry mass, 3 km/s AV

» Hibernation during interplanetary
cruise

» Dual-use science and engineering
instruments such as a navigation
camera and radiometric tracking

|
» Design also compatible with in /\\
situ instruments such as dust \\y
counter and mass spectrometer
View From

ie ro
Ram Direction Plume Particles







Mission Description

» |5 year mission, launching in
5. Saturn Arrival
earl)’ 20205 May 2030

» 8.5 years to Saturn (Venus &
Earth flybys)

» multiple trajectory options exist Example 2021 VEEGA
trajectory to Saturn

» 2 years in Saturn orbit
» multiple Enceladus flybys

» sample collection from multiple
jets possible

» 4.5 year Earth return
trajectory

|. Launch
Nov. 2021

» Earth entry capsule for sample e k!
Mar. 2023 AN
return |

2.Vghus Flyby
Kpr.2022

4. Earth Flyby

» Sample curation and analysis June 2026
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Why Comet Wild 2 =

(omets come from the outer solar system and comnt of material
left over from the nebula that formed the sun aad planets. SASA
hose 1o sample WIld 2 because 1t is relatively pristioe, with
mont of its original material w5l istact. That is because Wild 2 '
had only goae pist the sun Tive times defore its encounter with

Stardust, not encugh to significantly alter its composition.

1t should be possible to learm about the cady sclar nstem by 4
analysing the comet’s dust

Drogue shute depioys

main parachote then

diseagapes at 3000

metres alttude
Trapping comet dust \
To catch comet Wild 7's fast-moving dest partices withost alterisg
thek shape or composition, Stardest wsed an aecopel ~ an e \
extremely pocows silia-based material 1000 times less Gemse thas . \

ghass and nicknamed “solid blue smoke™. A Block of aerogel can
sop partiches moving o six times the speed of 2 rifle bullet,
creating tracks 200 tmes longer than the size of the particie.
Stardust exposed & collector lined with aerogel Lo the comet’s
dust and then stowed it iaside the sample return capsulie

Stardust will streak across the western US uring the eady howrs ‘J;t
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wEway proving
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C009,4,59 100um  CO009,6,61 100 um

Optical
Image

12

Relative intensity of CH, at 2923 cm

FIG. 3. Retention of CH3 in aerogel. Optical images of track 59 from Stardust Wild 2 cell CO09 showing strong IR CH3 image
below while no signal for track 61 from the same cell.
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FIG. 2. X-ray fluorescence analysis of a Stardust Wild 2 particle made this 860 long track in the silica aerogel cell. Maps of Fe,
Ni, Zn, and Cr fluorescence intensities were obtained with a step size of 3 pixels and a dwell time of 0.5 s/pixel. The 19 hot spots
with the most intense concentration of elements (letters B, C to N, P to U) are indicated on the Fe map.
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Biggest Budgets
Release Date Movie Production Budget Domestic Gross Worldwide Gross
1 12/18/2009 Avatar $425,000,000 $760,507,625 $2,783,918,982

2 5/24/2007 Pirates of the Caribbean: At World's End $300,000,000 $309,420,425 $963,420,425
3 11/6/2015 Spectre $300,000,000 $0 $80,400,000
4 7/2/2013 The Lone Ranger $275,000,000 $89,289,910 $259,989,910
5 3/9/2012 John Carter $275,000,000 $73,058,679 $282,778,100
6 7/20/2012 The Dark Knight Rises $275,000,000 $448,139,099 $1,084,439,099

National Aeronautics and Space Administration

FY 2016 PRESIDENT’S BUDGET REQUEST SUMMARY

Fiscal Year
Enacted Request Notional

Budget Authority ($ in millions) 2015 2016 2017 2018 2019 2020
NASA Total 18,010.2 18,5291 18,8070 19,089.2 19,375.5
Science 52447 52886 53679 54884 55302
Earth Science
Planetary Science
Astrophysics
James Webb Space Telescope
Heliophysics
Aeronautics
Space Technology

Exploration
Exploration Systems
Development
Commercial Spaceflight
Exploration Research and
Development

Space Operations

International Space Station
Space and Flight Support




Titan
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The Voyager

View - Titan as a
photochemical
factory

escape

H2
photolysis
CH, "C,H,
evaporation condensation

CH, + C,H; + N, lakes or ocean
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edges, some partially-
filled, some dry
altogether. Do they dry
out seasonally ? Steep-

walled Karst-like lakes (cf ¢ *

Florida?) Dissolution of
crustal material ?

[Lakes on Titan discovered 1in
polar regions.

Larger lakes and seas have
irregular margins, 1slands -
suggestive of flooding of the

landscape .



) Dunes

organic

A surprise on Titan - (

Somet

IMesS seen as PosSItive ri

dges ~1-2km wide, 150m high.

Sometimes only visible as dark streaks against brighter

substrate
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Linear dunes in the Namib Desert
Longitudinal dunes form in alternating wind reglme (due to
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Lorenz and Radebaugh, Geophysical Research Letters, 2009



Clouds on Titan
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Methane/Ethane Rain on Titan
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Rare Titan

Scientists have discovered liquid (H,O) on another planet!

however;

- 1t 1s extremely corrosive to organics & 1norganics
- solution concentrations will be so high as to be toxic

- high temperatures 1imply life Rx on timescale of days

- solid phase floats; rendering the polar & winter regions
uninhabitable and creating a climate feedback instability

- 1its photolysis product, O,, poisons the atmosphere.

proving the suitability of our environment

of liquid CH, at normal temperatures and

the intelligence of 1ts design.




Occur on’
Titan

Autocatalytic systems,
M i mformatlon storage & transfer,

Poorly-
formr atlon peptldes Understood



http://en.wikipedia.org/wiki/Image:Cytosine_chemical_structure.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Glycine-2D-skeletal.png
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Methane-2D-stereo.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://en.wikipedia.org/wiki/Image:Human.svg
http://upload.wikimedia.org/wikipedia/en/f/f0/DNA_Overview.png

\\ the foundation for app

lied moleculor evolution

Inspiration from Titan

ESA-NASA Cassini-Huygens mission
Put a synthetic genetic system into synthetic cells like
those that might be found subsurface on Titan.




A Titan life experiment?

" Water mixed with a
hydrocarbon solvent generates
micron scale water droplets or
W ”w

cells”.

* Add “synthetic” DNA in the
form of nucleotide chains.

® Allow the nucleotide chains to
reproduce and evolve using an
external help.

10.0um -



Could there be methane life on Titan? ©

Table 1. Free Energies of Hydrogenation on Titan

Reaction AG (kcal/mole)
C,H, + 3H, = 2CH4 30
C2H6 T H2 — 2CH4 15
R-CH, + H, = R + CHyu4 13
Earth
CO, + H,= CH4+ H»O >10

McKay and Smith, Icarus, 2005



'][‘ ][ TAN ]EX]P’ ]L(O) ]K]ER Things to be learned about

Titan at all scales.

Mars program 1s a good
template

A Titan orbiter will spend
more time close to Titan in
its first 5 days than Cassini
will have.




Titan 1s easier to land on than Mars (in many ways). A Titan Lander
could conduct seismic, magnetic, meteorological monitoring, and detailed
analysis of surface materials.

g,




Balloons on Titan

*Titan's thick, cold atmosphere 1s
~ casy to fly in (planes, balloons) - hot
air balloon 1s particularly attractive.

*Balloon surveys diverse terrains at
very high resolution, obtains spectra
through less of atmospheric column,
and higher resolution subsurface
radar sounding than orbiter.

*Expected zonal tropospheric winds
Tibor Balint ~1 m/s allow two circumnavigations
in one year at ~10km altitude (low
- enough to image surface)

. P 11 TR | 8™ eAltitude control capability makes

________ ________ ........ ........... ........ ........ missionrobusttoWindﬁeldandmay

> > s S . allow tidal wind field to be exploited
., for latitude change.




Other worlds with liquids

Mars Europa Enceladus Titan

=

Increasing chance of life not related to Earth life



