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24 October 2019

LIFE NOT AS WE KNOW IT &
POSSIBILITIES FOR
EXTRATERRESTRIAL LIFE IN THE
SOLAR SYSTEM

Homework #5 on WeBWorK due Monday at 7pm
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View of the surface of
Saturn’s largest moon Titan,
from the Huygens landing
craft (ESA/ISA/NASA). The
bigger rocks in the
foreground are about six
inches across. (Why do
they look like river rocks?).
The haze is real and
resembles ordinary smog.

Life not as we
know it &
Possibilities for
extraterrestrial life
in the Solar
System

Attempt to shed the Earth bias
and consider alternatives to
atoms

Status of the Drake equation
input: f;, the fraction of
Poﬁifcble planets which give rise
o life

The edges of life on Earth; the
lack of life on Mercury, the
Moon, and Venus

The ongoing search for life,
present or past, on Mars

Tidal heating, Europa and
Enceladus, Ganymede and
Dione, and their global
subsurface liquid-water oceans

Titan, its surface liquid-
hydrocarbon lakes and possible
global subsurface liquid-water
ocean



Why atomic matter at all¢

It would take too long o discuss all the possible non-matter-
based life forms raised by science-fiction writers; here are a few

motifs. s :
“Pure energy.” Epitomized by Hoyle's The Black Cloud, in which BLACK

a molecular cloud in the interstellar medium is imagined to
come dlive, its mind present in electric and magnetic fields and
molecules. This particular scheme can be safely ignored:
interstellar clouds and all their electromagnetic fields are
observed to live for only tens of Myr, and being so low in density,
they would need much more time to organize, not less.
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This is not to say that “pure energy” life would never become
important; just not in the beginning. But if you have a loooooooong
fime fo evolve... Scitues rieTioN oY A seenTISY
If the Universe is open (as indeed it seems to be), then after FRED HOYLE
thousands of Gyr nothing will be left by black holes, photons, and
gravity. Believe it or not, it is possible to conceive even intelligent
life under these circumstances.
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Why atomic matter at alle

Star life. The remains of dead stars — white dwarfs and neutron stars — become much
more orderly as they cool off through eternity; they even crystallize as they do so (atomic
crystals in a WD, nuclear crystals in a NS). And they are certainly dense and long lived...

Hard to evaluate this as it is unsafe to get too close to these objects (even if we could); only
objections are that the temperature stays high for many Gyr, and extremely strong gravity may
restrict such forms of life to two dimensions. (See The search for life in the Universe by Don
Goldsmith and Toby Owen, 2002.)

Quantum life. Perhaps reenergized by the new field of quantum computing, some have
imagined that subatomic systems, or others that operate quantum mechanically, could
be alive and intelligent.
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Upside: huge numbers of internal rearrangements are possible, and time does not really enter
the problem.
Downside: the arrangements do not seem fo be deterministic and are instead ruled by

probability. As they interact with their surroundings, they would spontaneously switch between
alive and dead. Memory would be difficult to imagine.
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http://books.google.com/books?id=Q17NmHY6wloC&pg=PA111&lpg=PA111&dq=goldsmith+owen+neutron+star&source=bl&ots=JfbN6Vt5zc&sig=fDbGGI5OpYI7H5TgZVEntXZaqPw&hl=en&ei=9xCNS5TCAoaW8Abu7_ShDw&sa=X&oi=book_result&ct=result&resnum=1&ved=0CAYQ6AEwAA
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Summary

It looks as if carbon/water-based life has a few promising ways by which it could have

arisen spontaneously, and one — RNA world — that seems as if it could get going very
quickly.

If RNA developed first — rather than proteins — a “genetic takeover” would not have had
to occur to produce the nucleic-acid version of life we now know.

No other set of molecules seems nearly as promising... and that is not just geocentrism.

In tfemperature ranges over which water is noft liquid, there may be other ways in which
life could develop. We do not know, chemically, another “guaranteed” way.
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fi: The fraction of habitable planets
on which life develops

As we have seen, atf least 25% of the ten billion or so stars in the Galaxy have potentially

habitable planets, and our existence places a lower limit on f;. Crudely, and in round
numbers,

fiz107°
which does not look particularly useful.

On the other hand, it appears from the fossil record that life on Earth developed
rather quickly.

It also appears that life can evolve from the RNA world, which in turn can evolve
from pre-biotic chemicals.

Can we use the with which life appears to estimate f;2

Analogy: If you buy a winning lottery ticket very soon after they go on sale, the
probability of others winning is high.
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Suppose that you bought the 100" lottery ticket out of 1 million.
There are known to be multiple winning tickets, and yours is the
first winning ticket. (Congratulations!) How many winners are

there likely to be?
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10

100
1000
10,000
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What is the corresponding probability that a given ficket is a

winnere
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10 (10-%)
10°

10

10°

102

0.1

1 (100%)
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Question!

Question!
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If the probability of an event occurring in one interval is p (< 1),

then the probability of it occurring at least once in N intervals is
Np (< 1).

Question!
Suppose the lottery were run again, under the same rules, and

one ticket were sold every minute. Crudely speaking, after

how many minutes would the probability of having at least
one winner be 50%2

20
50
100
200
500
1000
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Can we estimate f;¢

Would it work fo reason backward from a time to a probability?

Leslie Orgel (19298, 2008):

The fossil record shows that life appeared quickly, but RNA World is a long way
from cyanobacteria.

It will take several breakthroughs before we understand how some of the other
necessary processes — in particular, metabolic cycles — evolved:

Orgel always seemed to have been concerned about the possibility of panspermia
being real, with which we risk being fooled into thinking that the evolutionary timescale
was short.
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https://link.springer.com/article/10.1023/A:1006561308498
http://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0060018
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Can we estimate f;¢

Stanley Miller (with Antionio Lazcano; 1994, 1994): Yes, we can estimate f, from the pace
of life's appearance.
RNA World itself can evolve in « 1 Myr; the contents of some meteorites come close
to RNA World, and they were only warm enough for ~10° years.
The classes of reactions necessary for the establishment of protein enzymes and
metabolism are short in this context; the slowest have ~40 yr half-lives.
Even if the RNA World were delivered intact, the rest would have to be developed
within 5 Myr, the half-life for ocean circulation through sub-marine vents.

Miller ignores the interstellar origin of prebiotic meteorite contents but has a good point
against panspermia.
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Estimating f; with the speed of life on
Earth

We will choose to side with Miller on this one. So,
how fast did life appear on Earth?
The oldest fossil lifeforms yet found are fossil
cyanobacteria (shown on right; Schopf 1993).
The sedimentary rocks in which the fossils are found
are encased in (igneous) basalt. The U-Pb
radiometric ages of the basalt pin the age of the
fossils at 3.465 + 0.005 Gyr.
The oldest igneous rocks on Earth are 3.8 + 0.2 Gyr
old, consistent with the Earth’s surface solidifying after

the bombardment suffered in the Uranus-Neptune
switch.

Therefore, primitive life had something like 100-600
Myr to develop from prebiotic, meteoritic contents.
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https://link-springer-com.ezp.lib.rochester.edu/article/10.1007/BF00160399
http://www.sciencedirect.com/science/article/pii/S0092867400812635?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb
http://adsabs.harvard.edu/abs/1993Sci...260..640S
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probabilistic model, Lineweaver & Davis 2 S o 7
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terrestrial planets that are at least 1 Gyr ¥ L —
old have life, at 95% confidence: f, = ) & 7
0.36 % w0 ]
If we tumn out to have been lucky, this & %
could be less; accounting for different
mechanisms or taking a biogenesis time 20
shorter than 600 Myr, f; is larger. 0z 0% 1
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of f;

These are probabilities; if we got lucky on that first ticket, we would be wildly
overestimating the chances. Is there a way fo test thise Brandon Carter has suggested a
test that would apply in the pessimistic limit.
Suppose life is actually rare in the universe because there are hard steps: necessary
"accomplishments,” such as the development of a genetic code, that actually take much
longer than the lifetime of a habitable zone.
If so, it is possible to show, statistically, that the steps would be evenly spaced in time during the
habitable-zone lifetime (Carter 2008).
If we can identify evenly-spaced events in the fossil record that correspond to the hard steps,
then we can find their number and work backwards to find the (very small) probability, from
which we could infer f;.

Testing our estimate

24 October 2019 Astronomy 106 | Fall 2019 14

10/23/19


http://adsabs.harvard.edu/abs/2004IAUS..213..259L
http://adsabs.harvard.edu/abs/2008IJAsB...7..177C
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Testing our estimate of f;

oxygen-poor |oxygen-medium|oxygen-rich

Carter is more inferested in the prOdUCT Hadean | Archaean eon | Proterozoic eon |Phanerozoic

of the next three Drake factors (fy, fi, fc). ¥ L L L L
and he takes the lifetime of the Sun's bioganisis 2 eukaryoles metcoans ©
habitable zone to be 6 Gyr and identifies bacteria civilization

five or six candidate hard steps.

...driven by our own appearance less
than 1.5 Gyr from what he takes to be
the End.

In this scheme, “biogenesis” (creation of
RNA World) would only be a hard step if
it developed on Mars first and was
delivered to Earth.

-4 -3 -2 -1 0 Gyr.
Carter (2008)
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Our estimate of f;

We will need to discuss this further when we get to the Drake L factor, the lifetime of
civilizations.

For now, it looks like the “Carter test” either leaves the development of RNA World as an
easy step, or posits the earlier development of RNA World on Mars (hard step), and the
delivery to Earth in large enough quantities.

The second of these currently looks like a wilder speculation, so we will take the first: that

RNA World is an easy step, and that we can estimate the probabilities based on a lottery
model.

In which case the Lineweaver and Davis estimate holds:

24 October 2019 Astronomy 106 | Fall 2019 16
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Prospects for life elsewhere in the
Solar System

While RNA World and alternative chemistries are
fresh in our mind, we should consider life
elsewhere in the Solar System, where chances
are it would be primitive if it exists.

Conditions are quite different in the inner and
outer Solar System: that is, between the classical
habitable zone and places with sources of
heating other than sunlight, or life based upon
solvents other than water.

We will consider the liquid-water and liquid-
methane ranges, as already discussed.

Phases of Venus (Wah!)
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Prospects for life elsewhere in the Solar
System - temperature res’rri’rio

Why not hottere So far, we have taken the

upper temperature edge to be that of boiling
water. This sfill looks good:

Higher temperature solvents (e.g. ethylene glycol)
are much rarer in nature than any we have yet
considered.

Temperatures only slightly higher than boiling tend
to denature long molecules such as starches,
proteins, and nucleic acids. On Earth, this process
is best known as

Hoftter liquid-water conditions can be found on
Earth, especially under high pressure (e.g.
seafloor volcanic vents such as ).

A black smoker (World Ocean Review)
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mailto:wah_is_me@yahoo.com
http://worldoceanreview.com/en/wor-1/energy/marine-minerals/2/
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Life in the hot zone

Sure enough, life is found in some of
these hotter-than-boiling places. These
are a subset of extremophiles, known as
(hyper)thermophiles.
- > 80 different kinds have been found
(Canganella & Wiegel 2014):2/3
bacteria, 1/3 archaea

Even though (hyper)thermophiles live in
surprisingly hot (and acidic) conditions,
they are noft stretching the boundaries
much. Current record holders:

- G. barossii T < 121 — 130°C (403 K)

< M. kandleri T = 80 — 122°C (395 K)

Cistern Spring, Yellowstone National Park. The blue and yellow colors
come from thermophiles representing six different kinds of archaea.
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The non-starters: Mercury, Venus, &
the Moon

None of these bodies are habitable by the Rules, as they are always too hot or foo cold.

Mercury and the Moon have no surface organics. Each has a little bit of ice in
permanently-shadowed polar craters, but the ice on the Moon is polluted with as much
mercury as water.

Venus, the poster child for the greenhouse effect, has a nearly uniform-temperature 735 K
(864°F) surface, a nearly pure CO, atmosphere with sulfuric-acid clouds, and virtually no

water or organic material.
Body Albedo T=279K ( _ ) Average surface temperature [K]
(GEX))

X
Mercury 0.387 0.12 420 100-720
Venus 0.723 0.59 254 735
Earth 1 0.39 239 287
Moon 1 0.11 262 100-390
24 October 2'2)/}96 572 o2 Astronomy 10261 \OFGII 2019 = 20
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doi:10.3390/life4010077
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Mars & its similarity to Earth

For the past century, ever since it was first appreciated that Mars has an atmosphere, this
planet has been the focus for the search for life outside Earth. Though it is chilly, Mars
has:

+ An atmosphere - pressure 0.56% of Earth’s, and mostly CO, — and reasonable surface gravity,
0.38 Earth gs.
A day length and seasons almost the same as Earth

Terrestrial composition, even terrestrial appearance

Not much in the way of surface impact cratering; evidence of past volcanism, though no plate
tectonics

Atmospheric methane, which somehow gets replenished

Surface color variegation that, for a time, was though to possibly reveal vegetated areas,
fancifully connected by “canali” in the view of early observers

Water, though noft (presently) much on the surface

24 October 2019 Astronomy 106 | Fall 2019 21
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Mars & Earth — which is which®@

One is southern Morocco, the other Mars. (Morocco by Filipe Alves, Mars by the Spirit
rover (MER/JPL/NASA))
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https://news.nationalgeographic.com/news/2014/12/141216-mars-methane-curiosity-space-science/
https://apod.nasa.gov/apod/ap050412.html

10/23/19

Tests for Martian life by the NASA
Viking probes

NASA landed two probes on Mars is 1976
fo join in the US Bicentennial celebration:
Vikings 1 and 2.

+ Viking 1 went to Chryse Planitia (22° N)

+ Viking 2 went further north, to Utopia

Planitia (48° N)

Both had several experiments on board:
cameras, organic-matter analysis, life
detection, and a ditch digger.

Viking 1, as seen in 2006 from the Mars
Reconnaissance Observer in orbit. |8
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Viking's organic matter analysis
(GCMS)

Both Vikings had mass spectrometers
and gas chromatographs to infer the
presence of carbon-bearing molecules.

Found: concentrations below a few parts
per billion for organic molecules with
more than two carbon atoms in them.

This is 100-1000 times lower than terrestrial
deserts. Prefty dead.

Viking 1 selfie (JPL/NASA) |

24 October 2019 Astronomy 106 | Fall 2019
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https://mars.nasa.gov/mro/
https://pds.jpl.nasa.gov/planets/welcome/viking.htm
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Viking's life searches

All were designed to detect organic/water microorganisms.

Fairly close to the surface: within the few-cm range of their ditch diggers.

Either ... (which would presumably produce metabolic products if they were
fed: the probe could detect common metabolytes)

...or

. (The probes could also detect photosynthetic products.)

If signs of life were found, a control experiment would follow. (Obtain another sample,
sterilize it, and then feed or water it and look again for metabolytes, etc.)

24 October 2019
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Life search #1: the Gas Exchange
Experiment (GEX)

Also known as the Chicken Soup experiment.

24 October 2019

UNLABELED

A sample was dug up, sealed, pressurized, and bbb
warmed to T = 10°C.

UNLABELED
He/KriCO,

First mode: humidify. Gases were immediately SRR =
released: Na, Ar, CO», Oq. The Oz required a
chemical reaction between the sample and the
water, which was very encouraging.

— LT
P

GAS
CHROMATOGRAPH

Second mode, one week later: Add nutrients
(very generic ones). Monitor for six months
thereafter. FOR Mg/

\J;/CN4;‘C02

GAS EXCHANGE
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Life search #2: the Labeled Release

(LR) experiment
Less Earth bias in this one...

Prepare a soil sample as before, and treat it
with a mix of nutrients that is simpler than
before, but in which some of the carbon is
the radioactive version, '“C.

A metabolizing organism would produce
14COq; this could be detected in very small
amounts.

Results: immediate release of *CO, from the

sample, but it did not produce proportionally
larger amounts of “CO, when larger amounts of

nutrients were added.

Thus, a chemical and reaction was
suspected.
24 October 2019 Astronomy 106 | Fall 2019
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Prepare a sample and supply light and Martian isd: d’
atmosphere, but label some of the gases ealis
radioactively: CO; and 'CO. (cop) GHT
Incubate for a few months as before, and then
remove the gases and burn (pyrolize) the
sample. If anything is produced in the burning, it
would have to have been taken out of the 31| EReRLE
gases autotrophically (photosynthesis-like). PYROLYSIS
And so it was: *CO, was seen in the pyrolytic 5 Sl
products.
So they tried again with a sterilized sample: the ity
activity was reduced but not eliminated. Loesmpraph
24 October 2019 Astronomy 106 | Fall 2019
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Results expected for terrestrial life

- Response for sample Response for heat-sterilized control Vlklng ||fe

GEX Oxygen or CO, emitted  None

LR Labeled gas emitted None searc h
PR Carbon detected None summory
Non-biological processes
Results expected for no life were operating and
3 ore producing the “life-like”

- Response for sample Response for heat-sterilized control results seen in GEX and

GEX None None PR.

LR None None

PR None None

Actual results

- Response for sample Response for heat-sterilized control

GEX Oxygen emitted Oxygen emitted
LR Labeled gas emitted None
PR Carbon detected Carbon detected
24 October 2019 Astronomy 106 | Fall 2019
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Curiosity

Of course, much fancier experiments
could be performed on Martian rocks
and soils either by transporting
laboratories to Mars or by transporting
Martian samples here.

Selection and analysis of such samples is
the mission of NASA's Mars Science
Laborafory, a.k.a. the Curiosity rover,
which arrived at Mars in August 2012
and has been busy looking for water
and habitats.

NASA/JPL-Caltech/MSSS
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https://mars.jpl.nasa.gov/msl/
https://mars.nasa.gov/resources/21929/curiositys-dusty-selfie-at-duluth/
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Mudstones on Mars

Curiosity drilled into sedimentary rock in
four different locations within the Gale
Crater. Using SAM (Sample Analysis at
Mars), the samples were heated to
about 850°C, releasing organic matter
preserved in the rock for 3.5 billion years.

Results: Organic molecules released at
high temperatures, indicative of
complex organic molecules. Some
contained sulfur, helping in preservation.
Carbon in a concentration of 10 ppm,
including small carbon chains.
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Methane on Mars

Possible Methane Sources and Sinks

‘ s (:) ®°

AN b L
Cosmic Dust Carbon Dioxide

J a
(¢}
% Phoy ]
; %q
73 / Aeilers ", 8
e 2
| s
L

Methane is a popular “signature” for life,
as most methane on Earth is produced
by living things.

Traces of methane have been detected
on Mars over the past 16 years, though
without any discernable pattern.

»
Surface Organics Outgassing Formaldehyde Methanol

A fransient gas plume of methane was 1

detected by Curiosity in the Gale Crater fﬁ%

in June. Even though this was the s

highest level of methane seen so far on
. . 1

Mars, we are still unsure of its source. 5 s o0

Microbes Methane Olivine (rock) Water
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Water on Mars

Using radar, the Mars Express Orbiter (ESA) is mapping the surface of Mars to search for
signs of subsurface liquid water, concentrating on the area beneath the ice caps. They
discovered a subsurface lake about 20 km (12 mi) wide, 1.5 km (~1 mi) below the surface

in 2018.

And in 2019, the NASA [nSight lander also detected magnetic oscillations that are
consistent with a planet-wide reservoir of liquid water beneath the surface.

Mars Express radar footprints
Mars south polar region (blue = brightest radar echo) Radar image of subsurface
P

- e e

Brightest radar echoes
Surface suggest liquid water

South polar layered deposits
(ice and dust layers)

24 October 2019
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Orosei et al. (2018
NASA /'Vi/(r'ng

Acquiring
Martian
meteorites

Some samples have been
delivered to us already,
free of charge, and still
look at least as
interesting.

10/23/19
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https://mars.nasa.gov/insight/
http://adsabs.harvard.edu/abs/2018Sci...361..490O
https://www.esa.int/Our_Activities/Space_Science/Mars_Express/Mars_Express_detects_liquid_water_hidden_under_planet_s_south_pole

Studying Martian meteorites

241 meteorites have been recovered, 17k
mostly from various deserts, that share
the distinctive mineral content of parts of
the Martian surface and have trapped-
rare-gas abundances different from
Earth but the same as the atmosphere of
Mars.

15

13+

They are thought to have been ejected
from Mars in extremely oblique, grazing
impacts, such as the one previously -
shown. 9

Mars Atmosphere

11

CO
Log particles
per cm

40 Ar

20 36
N Ar
84
Kr,

132
Xe

1

Composition of trapped gases in
EETA79001 compared to that of the 9
Martian atmosphere (Pepin 1985)
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Shergottite Glass

35
By far the oldest one is ALH84001:
Solidified 4.09 + 0.03 Gyr ago (Lapen et al. 2010)
Ejected from Mars about 15 Myr ago, probably from Eos Chasma (Hamilton 2005)
Came to Earth about 15,000 years ago and was found in 1984 during a search of the ice fields
near Allan Hills, Antarctica
24 October 2019 Astronomy 106 | Fall 2019
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https://www.lpi.usra.edu/meteor/metbull.php
http://adsabs.harvard.edu/abs/1985Natur.317..473P
https://www.lpi.usra.edu/meteor/metbull.php?sea=&sfor=names&ants=&falls=&valids=&stype=contains&lrec=50&map=ge&browse=&country=All&srt=name&categ=Martian+meteorites&mblist=All&rect=&phot=&snew=0&pnt=Normal%20table&code=604
http://adsabs.harvard.edu/abs/2010Sci...328..347L
http://adsabs.harvard.edu/abs/2005M&PSA..40.5128H
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Life in ALH84001°¢

ALH84001 has been cracked, perhaps
by meteoritic impact, a few times since
3.6-3.9 Gyr ago, during the time in
which there could have been a good
deal of liquid water on the Martian
surface. Water gets into cracks...

And, indeed, the cracks are full of
carbonate inclusions (right), which
seem to have formed in waterat T =
18 £+ 4°C (Halevy et al. 2011).

Romanek et al. (1994)
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Life in ALH84001%¢

Electron-microscope images of thin sections of the “cracked” parts reveal mineral
deposits in shapes that resemble bacteria.

They are too small, though: 30x130 nm and smaller. (Recall that a nucleobase pair is
about 2 nm long.)

Similar structures in rocks on Earth have often been considered to be fossil
cyanobacteria, though these are all 10,000-nm size.

S g = -

McKay et al. (1996

24 October 2019 38
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http://adsabs.harvard.edu/abs/1994Natur.372..655R
https://www.lpi.usra.edu/lpi/meteorites/life.html

Life in ALH84001°¢

In particular, there is no structure seen in the ALH84001 “bacteria” to compare with
evidence for cell walls in Earth’s fossil cyanobacteria (e.g. below; Schopf 1992).

Along with the "“fossil bacteria” and carbonate inclusions are compounds that can be
associated with microbial systems.

Magnetite crystals, like those made by magnetotactic bacteria on Earth.

PAH molecules (i.e. organics)

Unfortunately, all of these features also have ready explanations by non-biofic processes,
so ALH84001 is not generally considered o present compelling evidence for primitive life

on Mars. But neither has it been disproven.
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What is the best evidence that Mars might have harbored or

currently has life? .
Question!

Lots of long-chain and aromatic carbon molecules on the
surface

Lots of water, presently cm-m deep under the surface
Lots of atmospheric methane

Lots of chemical evidence of metabolism in its CO,
atmosphere

Fossil record of primitive organisms on the surface
Organic matter in sedimentary rock

24 October 2019 Astronomy 106 | Fall 2019
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http://www.ucmp.berkeley.edu/precambrian/bittersprings.html

Orbital resonances & fidal heatfing

When Jupiter and Saturn formed, their moons formed as rapidly rotating objects from the
leftovers in orbits smaller than they have now.

Energy losses from tidal heating soon slowed their rotation; all are now tidally locked and
rotating synchronously.

As the spin associated with their rotation decreased, they drifted away from their planets
as the spin associated with their revolution increased (orbital motion).

As they drifted outward, they captured one anotherin : orbits with
intfeger ratios of orbital periods.

For example, lo orbits Jupiter precisely twice for every orbit Europa makes, and precisely four
times for every orbit Ganymede makes.

24 October 2019 Astronomy 106 | Fall 2019
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Orbital resonances & fidal heating

In resonant orbits, the attraction of the moons for

each other keep their orbits slightly

(elliptical) rather than circular.
...because their point of closest approach always
occurs at the same point in the orbit. If this took
place at random locations, the long-term shapes
would be close to circular.

So the stretch and squish from the planet’s tidal
forces around the orbit, resulfing in a never-
ending cycle of stretching and relaxing. This
causes the moons to be tidally heated.

24 October 2019 Astronomy 106 | Fall 2019
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The large moons of Jupiter

|| o[ Europa | Ganymede | Callisto_

Orbital radius [10'° cm] 4.22 6.71 10.7

Orbital eccentricity 0.004 0.010 0.002

Orbital period [days] 1.77 8,55 7.15

Orbital period [lo orbits] 1 2.01 4.04

Mass [102¢ g] 0.893  0.480 1.48

Albedo 062  0.68 044 |
353 3.01 I 1.94

Average density [g cm-3]

Icy surfaces

24 October 2019
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18.8
0.007
16.69

9.43

1.08

0.19

1.83

Rocky interiors
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Ganymede

The large moons of Safurn

‘e @@

Mimas

All hodles are t

Enceladus Tethys

Dione

ale axcepl for Pan, A(Ias Telestn Calyso and Helene whose

Europa Earth's Moon

Callisto

10/23/19

Icy surfaces

lapetus

Radius [10'° cm] 1.86 2.38 2.95 3.77 5.27
Eccentricity 0.020 0.005 0.000 0.002 0.001
Period [days] 0.942 1.37 1.89 2.74 4.52
Period [half-Mimas orbits] 2 2.91 4.01 5.81 9.59
Mass [102 g] 0.375 1.08 6.27 11 23.1
Albedo | os 1.0 0.9 07 07 |
Density [g cm3] 1.14 1.61 1.0 1.5 1.24
44

12.2 14.8 35.6
0.029 0.104 0.028
15.9 21.3 79.3
33.8 45.2 168
1345.5 0.2 15.9
0.22 0.3 0.05/0.5
1.88 0.5 1.02
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Orbital resonances important for

tidal heating

Tidal stretch is larger when:

the mass of the planet is larger mm Tidal stretch
the orbit is smaller (relative)
18

the eccentricity (noncircularity) of the Jupiter lo

orbit Is larger Jupiter  Europa 10
Jupiter's inner-moon orbits are 0 1
extremely likely to have been solidly Jupiter ngymede i
locked since shortly after formation, but ~ Safurn— Mimas 36
those of Saturn probably change their Saturn  Enceladus 48
eccentricity over time. Satum  Tethys 0.0

1:2:4 Laplace resonance is particularly . "

stable: eccentricities are “permanent” Saturn Dione 1.3

The table on the right ignores the 4:3
resonance of Titan and Hyperion.
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The extremes: lo

lo suffers the most tidal heating of the Jovian
moons.

Unlike other moons, lo has hardly any craters.
There is no reason why it would be hit less often
than the other moons, so it must have some way
of filling in the craters.

lo has hundreds of active volcanoes capable of
filling in these craters — it is the most volcanic body
in the Solar System. Its mantle may be completely
molten.

The surface is smooth, covered with lava flows
topped with frozen vapors composed mostly of
water (white) and sulfur dioxide (SO, yellow) ice.
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resonances
4:1, 2:1
2:1,1:2
1:2,1:4
3:2,2:1,3:1
2:3,4:3, 2:1
1:2,3:4, 3:2
1:3,1:2,2:3

Weaker resonances indicated in italics
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The extremes: Mimas

Mimas should be even worse than lo, but
instead, it has an ancient, bombarded surface
with craters of all sizes.

This includes the giant crater Herschel, which
features a central peak like the larger craters on
the Moon.

And it has absolutely no volcanoes.

Planetary scientists call this odd situation the
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Mimas paradox

There is no good explanation yet for why
Mimas is not a flaming lump of magma like
lo. Possibilities include

A fairly recent large orbit-eccentricity
increase due to perturbations by the other
moons, recently enough that it has not yet
melted.

Mimas is locked in a 2:1 orbital
resonance with Tethys, but it has no other
near-locks.

Tethys also has a heavily cratered
surface (including a giant crater larger
than the one on Mimas), and (currently)
a peculiarly circular orbit.

Tidal heat is somehow dissipating within
Saturn instead of in the moons.
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Which explanation is more likelye

Since the latter of these two opftions has
a few "if pigs could fly” parts to the
explanation, we will presume that the
former is more likely.

The more complex perturbations among
the Saturnian moons may make their tidal
heating

The robust 1:2:4 resonance among the
inner Jovian moons (with only Callisto as
a significant non-resonant perturber) has
made their heating stable over the past
~4.5 Gyr.
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Potentially tidally-heated habitats

[ ] Enceladus
The airless moons — all but Titan — would

have the best chance of supporting life Dione ( =Y
in subsurface oceans kept liquid by tidal
heat.

For tidal heating, then, we will reject
both Mimas (no heating apparent yet)
and lo (too hot) and focus instead on
the orbitally-locked pairs

Europa and Ganymede

Enceladus and Dione

Europa

Only Ganymede is larger than our Moon.

..

e
// Ganymede
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Europa’s global subsurface ocean

|

Europais 100% covered in water ice, with prominent
salty patches and traces of minerals and organic
molecules.

Like lo, Europa has far fewer craters per acre than
Ganymede and Cadllisto.

Since there is no reason why it would not experience
the same rate of bombardment as the other two,
Europa must have some way fo fill in the craters.

A clue to how: Europa'’s surface looks like Earth's
oceanic packice, complete with places that look like
the ice sheet repeatedly cracked and refilled with
liquid water, which then froze.
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Europa’s global subsurface ocean

Can we sense liquid under the ice? Yes

Jupiter has a strong bar-magnet-like magnetic field,
within which its moons orbit.

Rocks and ice are electrical insulators, and they do
not affect externally-applied magnetic fields. Most
moons (like our own) behave this way in their
planet’s field.

But magnetic measurements in close satellite flybys,
especially by NASA's Galileo, have shown Europa o
repel Jupiter's magnetic field in a way an electrically-
conducting surface would do.

A global saltwater ocean under the ice (about 160
km deep) would repel the field as observed.
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Europa’s global subsurface ocean

Judging from the few craters, the ice is probably
20-110 km thick. Metallic Core Ice Covering

Since organics go with water in primitive Solar

System bodies,
A

Europa’s average density is large, especially for
a moon — about that of basaltic rock — so the
global ice-covered ocean probably sits directly
on the warm, tidally-heated rocky crust.

Europa has precisely the situation of the Arctic Rocky Interior Liquid Ocean Under Ice

Ocean and has been that way for about 4.5 Gyrl H20 Layer
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Which life-promoting feature(s) of Earth’s oceans is (are) likely
fo be absent from Europa’s oceans? Question!

Hydrothermal vents (smokers) providing local heating and
material from deeper within Europa

Dissolved organic prebiotic molecules such as those made
in the Miller-Urey experiment’s “atmosphere”

Dissolved inorganic substances
Circulation of the ocean water
Sunlight

24 October 2019 Astronomy 106 | Fall 2019
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Enceladus’ global subsurface ocean

Enceladus has the highest albedo in the
Solar System, very close to 1. So, it must
be covered in clean (water) ice with a
smooth surface.

Indeed, the surface is smooth: not many
impact craters, just lots of thin cracks
and fissures. Af close range, it displays a
Europa-like or pack-like appearance.
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Enceladus’ global subsurface ocean

TN e
So the surface also gets frequently ib?%\:%& e
recoated. This requires heat sufficient to G MRS % ‘
melt water ice, and a means to distribute WL R LR T W
. ,\;,;\ a1 S TR 3
it over the surface. § o \
Because of its position within one of
Saturn’s outer, icy rings — the one called
the E-ring — it has long been thought that
Enceladus was responsible for the
formation of this ring.

Precisely how this happens was obscure
until the flybys by Cassini, which revealed
water geysers at Enceladus’s south pole.
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Enceladus’ global subsurface ocean

Thus Enceladus, too, has bodies of liquid water underneath the ice in at least some
places.

Along with water, minerals and organic molecules are detected in the geyser plumes.

The plumes produce enough ice particles to explain the E-ring and to refresh the moon’s
ice coafting.

Enceladus
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Enceladus’ global subsurface ocean

It has not yet been possible to determine the
extent of the ocean magnetically, but there is
another clever way:
Elliptically-orbiting bodies undergo oscillations in : loe crust
their orientation, an effect known as . =
Theory and observations of libration agree for
essentially all Solar System bodies.
For Enceladus, the observed libration is fen times
as large as expected, if one assumes that the e Rocky core
moon is solid (Thomas ef al. 2014). ‘
So far, the only way to account theoretically for

the observations is to disconnect the surface and South polar region
core with a . The ocean might be with active jets

from this stirring.

The ocean probably sits on top of the rock/ice
core.

—~ Global ocean
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Ganymede & Dione

Ganymede and Dione mostly create the eccentricities that provide

Europa and Enceladus with fidal heating. In turn, their orbits are also

eccentric, but they are far enough from their planets that the tidal

heating is much less. o orust

Saline ocean

For Ganymede, we observe magnetic “repulsion,” though it is not as - tos mante
perfect as on Europa. In part, this is due to the moon having its own Rocky mentls
magnetic field in addition to Jupiter's.

Ganymede also has its own auroras. The positions of the auroras are
in agreement with theory only if Ganymede has a saltwater-like shell
like Europa’s, 150-330 km beneath the surface (Saur et al. 2015).

So Ganymede, too, is likely to have a global ocean, though it
probably sits on top of an ice mantle rather than directly on the rocky
mantle.

Unfortunately, Dione has not yet been frisked for oceanic contents.
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Titan's hydrocarbon lakes

Titan is the second-largest satellite in the Solar
System (slightly smaller than Ganymede) and

was the first one discovered after the Galilean
satfellites (by Huygens in 1665).

It is not locked in an orbital resonance, but it has
a relatively large orbital eccentricity: four times
the fidal stretch of Ganymede.

It is the only moon in the Solar System with a
dense atmosphere: pressure of about 1.6 Earth
atmospheres at the surface, 95% nitrogen (most
of the rest is methane and ammonia), and is so
heavily laden with photochemical smog that the
surface cannot be seen at visible wavelengths.
So Cassini packed infrared cameras and radars.
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Titan's hydrocarbon lakes

A
F i

Besides Earth, Titan is the only Solar System body
to have liquids permanently resident on its
surface.

Hundreds of lakes are seen, especially near the
poles: they change in depth over time and are
fed by rivers with deltas.

In Ontario Lacus, liguid ethane (70%) and
methane (10%) dominate the contents.

Ligeia Mare is nearly pure liquid methane and
ethane andis 170 m deep.
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Titan's
hydrocarbon
lakes

Haze in Titan's upper
atmosphere

Photochemical smog
below
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http://www.nature.com/nature/journal/v454/n7204/edsumm/e080731-08.html
http://adsabs.harvard.edu/abs/2014GeoRL..41.1432M
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90 km

River
deltas
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Titan's
hydrocarbon
lakes

Radar image of Ontario
Lacus, taken in 2010 by
Cassini.

Note the rivers —rivers
imply rain!
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Titan's
hydrocarbon
lakes

Left: Titan's North-Polar
Great Lakes, Kraken Mare
and Ligeia Mare. Right:
Ligeia Mare on the same
scale as Lake Superior.

All together, Titan's lakes
contain 40 times the
volume of Earth’s proven
oil deposits.
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Titan’s global subsurface (water)
ocean

Titan has several non-LAWKI habitability features in its favor. But for
good measure, and despite the lack of significant orbital
resonances, it also seems to have a subsurface ocean.

Titan rotates synchronously: the direction of its stretch is constant,
but its magnitude varies through its relatively eccentric orbit.

The variation of the tidal stretch through the orbit has been
measured by Cassini and is a factor of 10 too large for the surface
to be solidly connected with the rest (less ef al. 2012). A
subsurface ocean would work fine; the ocean may be
preferentially tidally heated.

As on Ganymede, the low density of Titan makes it likely that the
ocean sits on a water-ice mantle rather than atop the rocky core.

24 October 2019 Astronomy 106 | Fall 2019

Summary: AST 106 habitability ratings

Rating these worlds according to supply of water and organics; supply of minerals and
inorganics; supply of heat; and consistency of the heat source, on a 100-point scale.

Europa (100) Ganymede (57)
After cancelling the ambitious Europa Jupiter  EJSM would have gone here, too, but now it
System Mission, NASA is now planning a falls to JUICE, and some possible inferest by
Europa orbiter — the “Europa clipper” - Russia to build an orbiter-lander mission they
carrying nine experiments o characterize call Laplas-P (Laplas Posadka = Laplace’s
Europa’s surface and contents noninvasively.  Lander). The latter might be coordinated
Set to launch around 2025. Meanwhile, the with JUICE for a 2030 arrival, but mission

European Space Agency (ESA) is planningfo  development is at a standstill.
get its JUpiter lcy-moons Explorer (JUICE),
carrying fen experiments to Europa,
Ganymede, and Callisto by 2029. Still no
landers.
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https://www.nasa.gov/europa
http://sci.esa.int/juice/
http://russianspaceweb.com/laplas.html
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Summary: AST 106 habitability ratings

Titan (56)

The score includes a 5-point bonus for the
hydrocarbon lakes and possible nonpolar-
solvent biochemistry. With Cassini recently
ended and the cancellation of the
ambitious Titan Safurn System Mission
(TSSM), NASA has done little besides
conceptual exercises, such as a mission to
place a submarine in the Kraken Mare.
Since contributing the Huygens lander to
the Cassini mission and helping their
partner NASA cancel TSSM, ESA has
expressed litfle interest; Russia has
expressed none.
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Enceladus (41)

Worries about the consistency and
longevity of its tidal heating source, and a
small deduction for being so tiny, have
reduced Enceladus’ score.
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Summary: AST 106 habitability ratings

Mars (40)

Along with Earth-based astronomical
detections of methane and water on
Mars, NASA has 14 robotic Mars life-
search missions in its past, five currently
operating, and two in the near-term
development stages. ESA currently has
one, and two big ones coming up soon.
ISRO (India) has an orbiter operating.
Including failures and counting the MERs
as one: a total of 42 missions.

24 October 2019

The Jupiter (Saturn) systems have received
six (four) dedicated missions, sharing three
of them - Pioneer 11, Voyagers 1 and 2 -
and including only one short-lived lander
(Cassini/Huygens, Titan). Juno is currently in
orbit around Jupiter, but it is studying just
the planet and not its moons.

And we hear of doubling down:
preparations are underway fo send
humans to Mars, despite the huge
expense and near-certainty of deaths in
tfransit, in the hope that real geologists and
biologists will find life where robots could
not.
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https://www.youtube.com/watch?v=a6qDEVkPrQY
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What would be your favorite place to conduct a search for life
in the Solar System?
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lo

Europa
Ganymede
Callisto
Mimas
Enceladus
Tethys
Dione

Titan

Mars
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Question!
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Review of life prospects in the Solar

System

Temperature
Sun’s radiation (within habitable zone)
Only Venus
Additional heating due to atmosphere
(greenhouse effect)
Only present on planets with atmospheres

Venus is too hot because of the greenhouse
effect

Additional heating due to fidal forces (tidal
heating)
Saturnalian and Jovian moons (no planets!)
Too hot for life on af least half of the surface
Mercury, Venus, Moon

Water

Water only found in permanently-shaded

craters
Mercury, Moon

Evidence of water on or below surface
Earth, Mars, most of the moons discussed

Evidence of sub-surface water oceans
Most moons except lo and Mimas

Liquid methane and ethane on surface
Titan
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