
Lecture notes 15: Life in the Solar System and elsewhere

Requirements for Life

With basis on the last lecture we can set up three requirements for finding life:

1. Chemical elements: Life on Earth uses 25 of the 92 naturally occurring
elements, but mainly utilizes O, C, H, N which make up 96% of biological
material. These are the first, third, fourth, and sixth most abundant
elements in the Universe. This condition should therefore be met by any
world; heavy elements are 2% by mass in the Solar System but may be as
low as 0.1% in older stellar systems. Even so, we expect that planetisimals
be built from heavy elements, meaning that any potential world will have
the key needed elements for making an atmosphere and liquid medium.

2. Energy. Sunlight, the most obvious and abundant energy source, decreases
in quality as 1/r2: Planets close to their parent stars should therefore have
an advantage. Chemical energy source are also possible but require a liquid
in order to mix or move the energy around.

3. Water or some other liquid. Liquid water dissolves organic molecules, it
can transport molecules and is involved in metabolic reactions. It also
has the greatest range (at a pressure of one standard atmosphere) of tem-
peratures between freezing and gaseous phases. Ammonia NH3 freezes
at −78 C and becomes gaseous at −33 C, with range 45 K. Methane
CH4 freezes at −182 C and becomes gaseous at −164 C, with range 18 K.
Ethane C2H6 freezes at −183 C and becomes gaseous at −89 C, with range
94 K. In addition water is alone in expanding when it freezes meaning that
ice floats on the surface of water, “protecting” the liquid state of water
below from further freezing. And water is a polar molecule, it dissolves
other substances, but not all; oils and cell membranes retain their identity
when suspended in water: important qualities for Earth based life.

Life on Mars?

Going through the Solar System from the Sun and outward it quickly becomes
clear that aside from the Earth the first possible planet we can hope to find
conditions conducive to life are on Mars. Today the planet is a desert with
an average temperature of −53 C and a atmospheric pressure of only Patm ≈

0.005 bar. The atmosphere is mainly composed of CO2. Mars has more extreme
seasons with greater variations between summer and winter than the Earth has.
CO2 freezes on the winter pole and does not completely sublime on the southern
pole in summer. There is however, plenty of water bound up in the poles and
in the Martian sub-surface.

Geography.

The major geographic structures on Mars are seen in figure 1 and may be
quickly summarized. There is a dramatic difference between terrain in different
parts of the planet. The southern hemisphere has relatively higher elevation and
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Figure 1: Global topographic map of Mars with major surface features labeled.
Source MOLA science team.

has numerous impact craters. Among them the Hellas Basin which is the result
of a large asteroid impact some 4.4 Gyr ago. The northern planes show few
impact craters and tend to lie lower than the average elevation. The Tharsis
bulge was created by a large series of volcanic eruptions emanating from a
long-lived mantle plume. Tharsis is 4000 km across with most of its elevation
2 − 10 km above the average elevation. The great volcanoes there, including
Olympus Mons 26 km above average elevation, were probably built by the same
plume. Valles Marineris is a very long and deep canyon to the east of Tharsis.
Valles Marineris probably formed by the (aborted) tectonic processes on Mars
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that cracked the crust and left tall cliff walls. Some of the features of the Valles
seem to have been formed by flowing water, such as evidence for sedimentary
layering.

Crater counts allow one to separate the geological history of Mars into three
different eras:

• Noachian, 4.6 to 3.7 Gyr ago, corresponding to the period of heavy bom-
bardment. In this period there is ample evidence for liquid water on or near
the surface which left channels that look like terrestrial river drainage sys-
tems. In addition there is evidence that smaller craters have been eroded
by water. Mars may therefore have had a warmer and wetter climate
during this time which ended about 3.7 Gyr ago.

• Hesperian, 3.7 to 1.0 Gyr ago, the middle history of Mars. Craters from
this period show much less erosion, suggesting little or no rainfall during
this period. Water flows were not entirely absent, but were probably a
result of catastrophic floods from beneath the surface as a result of volcanic
activity or asteroid impacts. Liquid water was probably unstable in this
period and could not exist, but the sublimation or freezing must take some
time allowing water to briefly flow.

• Amazonian, 1.0 Gyr to present are the youngest surfaces of Mars. There
is also some evidence of catastrophic flooding early in this period. And
sporadic flooding has presumably occurred throughout both Hesperian
and Amazonian suggesting that liquid water has been present in the crust
for most or all of Martian history.

Most of the now dry water channels drain into the northern lowlands, where the
most optimistic believe there could have been an ocean in earlier eras. However,
and though Mars seems very dry today there is evidence for recent water such
as the gullies found in figure 2. Gullies such as these should erode fairly rapidly
and are evidence that water flowed as little as 1 Myr ago. The gullies are
presumably the result of a small flash flood, where water that has been melted
by volcanic activity (or other cause) is released from the subsurface and flows
down the crater wall.

Climate history

The major components of Mars atmosphere is CO2, and we know that even
with an abundance of 0.04% CO2 in the Earths atmosphere is important as
a greenhouse gas. Calculations show that liquid water could exist on Mars
if the CO2 abundance was increased 400 fold, or 3× what it is on the Earth
today. However, calculations also show that the Sun was 30% dimmer in the
Noachian era, in which case CO2 alone is not sufficient to ensure temperatures
above freezing. Perhaps the abundance of CH4 (methane) contributed enough
greenhouse effect to allow the liquid water one sees evidence for in the past.

The question one may ask is: Where did the Martian atmosphere go? It
(at least the CO2 portion of it) may be tied up in carbonates underground.
Another possibility is that a large fraction of the atmosphere has escaped into
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Figure 2: The picture shows gullies in a crater at 42.4S, 158.2W, exhibits
patches of wintertime frost on the crater wall, and dark-toned sand dunes on
the floor. The gullies in this crater originate at a specific layer and may have
formed by release of groundwater to the martian surface in geologically recent
times. Source: Mars Global Orbiter, Mars Orbiter Camera, NASA.

space either catastrophically as a result of asteroid impacts or gradually as a
result of the Solar wind carrying the atmosphere away — a process that has
recently been observed with ESA’s Mars Express satellite. The latter can occur
since Mars does not have a significant magnetic field at present, leaving the
atmosphere open to solar wind abrasion. (There is however evidence that Mars
has had a magnetic field in the past, which perhaps was active while the planet
itself was more geologically active and therefore able to drive a dynamo.)

The tilt of Mars axis, which is some 25o today, can change quite dramat-
ically — from 0 to 60o on time-scales of 100 kyr to some Myr — as a result
of gravitational interactions with Jupiter, due in part to the fact that Mars
does not have a large moon which would serve to stabilize its spin. This opens

4



the possibility for dramatic climate change on Mars as the CO2 bound up in
the poles is preferentially melted or frozen. The martian polar regions shown
layering that probably reflects changes in climate due a changing axial tilt.

In any case it seem that Mars has passed from a warm, wet climate in the
past to a cold dry one today. Could life have arisen during the Noachian era?
That depends in part on the presence of water, that today is bound underground
and on the polar caps.

Evidence for previous life could perhaps be found in one of the 19 mar-
tian meteorites found on Earth, such as ALH84001 found in the Allen Hills of
Antarctica in 1984. The meteorite was identified as martian by the mix of oxy-
gen isotopes 16O, 17O, 18O which proved the rock was not of Earth origin. The
chemical composition and mix of isotopes in the gas trapped in the rock was
identical to that found by the Viking landers in 1976. ALH84001 was formed
roughly 4.5 Gyr ago and shows signs (carbonates) of having been exposed to
flowing water one or several times roughly 3.6 Gyr ago. From analysis of cosmic
ray impacts one can see that the rock left Mars some 16 Myr ago and from
radioactive decay products that it fell to Earth 13 000 yr ago. Whether or not
this meteorite carries evidence of life is still debated.

Whether or not this meteorite carries evidence of life is still debated. How-
ever, it has raised the possibility that life may have passed between Earth and
Mars one or several times: a meteorite can make the trip between the planets in
as short as 10 yr, while terrestrial microbes may survive 6 yr or more in space.
(The Soviet Mars landers sent to Mars (Mars 2 and 3 in 1971, Mars 6 in 1974)
where not properly sterilized and there is a proposal to visit these probes to see
if any Earth microbes have survived in the Martian environment.

Life on Europa?

Figure 3: Europa. Source: Galileo, JPL, NASA.
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There are several large moons in the Solar System: Titan and Ganymede
are larger than Mercury, Io, Europa, Callisto, and Triton are larger than Pluto.
The moons were built in the further regions of the Solar System than the Earth
so the relative abundance of ices in the mixture that formed the moons was
high: the average density of these moons is lower than that of the Earth. Tem-
peratures fall as we continue outward in the protoplanetary disk: water ices
condensed near Jupiter, but not methane or ammonia. As a result Jupiter’s
moons contain ample water but little methane or ammonia, while Saturn’s and
Neptune’s moons also include these ices in addition to water ice.

The Jovian satellites are in synchronous rotation due orbital resonances so
that they are always presenting the same face towards Jupiter. The tides raised
on the moons forces them to become ellipsoidal in shape. If their rotation
were not synchronous the bulges raised on the moon are not quite along the
radius from the planet to the moon and tidal frictional slows or speeds the
rotation. This effect also ensured that the Earth’s moon always shows the same
face and explains why the Earth’s rotation is gradually slowing while Luna’s
orbit becomes gradually larger. The latter effect is active in the Galilean moon
system and orbital resonances have enforced orbital periods of 1.8 days for Io,
3.6 days for Europa, and 7.2 days for Ganymede. Io’s orbit was the first to be
raised, until it came into resonance with Europa. These two moons then moved
outward in lockstep until resonance with Ganymede was achieved. All three
moons are now moving outwards towards Callisto though it will be several Gyr
before resonance with that moon is achieved. The result of all these tidal effects
is tidal friction and heating of the moons as they are continuously deformed
by the tides of Jupiter.

Europa’s surface give evidence of subsurface ocean; the surface is young and
almost crater free and water ice covered. Measurements of Europa’s gravita-
tional field by the Galileo satellite give hints on its internal structure. A central
iron core is overlaid by a thick sheath of silicate rock and an 80− 170 km thick
outer skin of water or water ice. Surface observations indicate that the water
may not be frozen below an icy crust some 5 − 25 km thick. Magnetic field
measurements lend support to the theory that the water is in liquid form.

Life? Europa has the necessary elements, water, and energy. Tidal heat-
ing could provide energy for deep sea vents on Europa which would facilitate
chemical reactions between water and the rock erupting from the vents, which
could plausible be the site of life emergence. How widespread could such life be?
An additional energy source would be necessary to power life throughout the
Europan oceans. Perhaps photosynthesis is possible if organisms living close
enough to the surface were to cycle, dead or alive, between the surface and
lower regions. Alternately high energy particles from Jupiter’s magnetosphere,
or UV photons from the Sun, crash into Europa’s surface and break up ice
molecules producing hydrogen peroxide (H2O2), molecular oxygen (O2) and hy-
drogen. These molecules which can facilitate energy producing reactions would
be mixed into the top meter of Europa’s surface. If these molecules eventually
end up in the ocean they could serve as an energy source for life. It is how-
ever not clear at all the rate at which the outer ice is cycled through the ocean
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and the total amount of energy available through this process is 10−4 of the
energy produced by photosynthesis on Earth. Another potential energy source
is radioactive potassium which natural decay would produce both hydrogen and
oxygen molecules and perhaps enough energy to support a small biomass.

Titan is another very interesting world. An atmosphere of N2, with methane,
ethane, propane included. Ethane rain is a possibility. Could oceans of methane/ethane
be the source of the short lived methane in the atmosphere? Many of these
questions are currently being answered by the NASA/ESSA Cassini-Huygens
mission.

Drake’s equation

The number N of intelligent civilizations in the Milky Way galaxy at any given
time is given by the following equation:

N = Rfpnpflfifc · L,

where R is the average stellar birth rate in the galaxy (roughly 10/yr), fp is
the fraction of stars that have planets, np is the average number of planets per
stellar system, fl is the fraction of planets with life, fi the fraction of planets
with life that have intelligent life, fc is the fraction that wish to communicate.
Finally L is the average lifetime for technological civilizations.

The Fermi Paradox

“Where is everybody?” Is the Earth a special place?

1. If we are not special then we should expect that someone should have
colonized the galaxy by now.

2. On the other hand, no galactic civilization is not observed.

And even if the advanced beings cannot travel between the stars for some reason,
there is a good possibility that some civilization would have sent out self repli-
cating von Neumann machines that would have filled the galaxy in a relatively
short time-span.

The age of civilizations The Universe is approximately 12 Gyr old, let us
shrink that to one year so that every second corresponds to 390 yr.

• The Milky Way is formed in February. The heaviest stars live only a
day or so, so the galactic medium is relatively rapidly enhanced with the
heavier elements needed for life through supernova explosions.

• The Earth is formed in mid-August, and life flourishes by September.

• The Cambrian explosion happens in mid-December.

• Dinosaurs rule the Earth on Christmas Day.

• The K-T impact occurs at 12:30 on December 30.
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• Human civilization has been active in the last 30 s of the year.

• A typical student is born 0.055 s before midnight; i.e. at 23:59.59.95

Let us assume that the first civilizations were born 4.5 Gyr after the formation
of the Milky Way, or mid to late June in our calendar. Then if 10−6 of stars
makes a civilization we must have at least 100 000 civilizations formed. This
means that a new civilization is formed every 3 minutes on our calendar (or
every 60 000 years in real time). One gets the same sort of (incredible) statistics
almost whatever parameters we choose.

The most recent civilization but ours should be roughly 100 000 older than
us. Even if it exists at the other end of the galaxy that is sufficient time for
radio signals from that source to be 20 000 years ahead of us.

Solutions to the Fermi Paradox:

1. We are alone.

2. Civilizations are common but colonization is not because . . .

(a) . . . it is technologically much more difficult than we believe today.

(b) . . . there are sociological reasons that hinder advanced civilizations
from expanding.

(c) . . . civilizations tend to self destruct before they can leave their home
system.

3. There are civilizations that have colonized the galaxy, but they do not
wish to contact us (the zoo-hypothesis

4. The galaxy was uninhabitable or impossible to traverse until recently. For
example because of the greater number of gamma ray bursters in the past.
“If one went off in the Galactic centre, we here two thirds of the out on the
Galactic disk would be exposed over a few seconds to a wave of powerful
gamma rays”, says James Annis of Fermilab to New Scientist 23 January
1999, who claims that this burst would be lethal to land based life.

Exercises: Formation of the Solar System and Life in the

Universe

1. Gordon MacDonald has estimated that the average flux of interior heat
from the Earth amounts to 5× 10−2 W/m2. Compare this number to the
Solar constant. Calculate the total surface area of the Earth, and find the
corresponding total energy loss.

Except at very low temperatures the internal energy of a solid is given by
the law of Dulong and Petit to be 3kT per lattice atom. Assume that the
mean mass of a lattice atom inside the (partly) solid Earth is 40mp, and
that the mean interior temperature is 3000 K. Estimate the total internal
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energy of the Earth. How long can this supply last at the heat-leakage
rate computed above? Give your answer in billions (109) of years.

Assume the same temperature, loss rate and mean lattice atom mass for
Mars. How long would you expect Mars to remain geologically active (i.e.
how long can Mars supply last at this leakage rate)?

2. Much of the radioactivity in the Earth now is concentrated in the lightest
rocks which make up the continents. A cubic meter of granite rock releases
80 J/yr by radioactivity. If granite rock occupies 1/3 of the surface area of
the Earth to a depth of 30 km, show that the present radioactive release
of heat from this source alone is 4.1 × 1020 J/yr. Compare this figure to
the loss rate of internal heat given above.

Assume that the initial radioactivity of the Earth was ten times larger
and was spread uniformly throughout the interior. How much heat would
radioactivity have released in the first 800 million years? By what temper-
ature would this have raised the interior of the Earth assuming the data
given in the exercise above?

3. Set up the Drake equation N = LRp explaining the meaning of the terms
and what factors go into the calculation of the probability for intelligent life
per system p. Explain its general structure and terms and the assumptions
that lie behind the equation. Give your estimates for the various terms
that go into the in the equation. Set up a table which shows the number
of civilizations and average distance between civilizations as a function of
civilization lifetime L and the probability p of finding intelligent life in a
given stellar system. (Hint: R the number of stars formed per year in
the Galaxy is 10/yr. The dimensions of the Milky Way are very roughly
105

× 105
× 2000 ly3.)

4. The Coral Model of Galactic Colonization. Let us find the time it would
take for a civilization to colonize the galaxy. Imagine that a civilization
sends colonists to stars that are an average distance D away and sends
them in spacecraft that travel at speed v. The time required for travel is
then ttravel = D/v. Now assume that the colonists build up their colony
over a time tcol before they are ready to send out their own set of colonists.

What is the speed vcol that the colonization spreads assuming that you
can account for the fact that the travel is not all in the same direction,
that it will occur by zigzag motion, by the factor k? Assume k = 0.5 and
that the distance between star systems is D = 5 ly.

(a) How fast does the civilization expand if its spacecraft travel at 0.1 c
and each colony need time tcol = 150 yr before sending out the next
wave of colonists? How long would it take for the colonists to expand
a distance of 100 000 ly from their home planet?

(b) Repeat with spacecraft speed 0.0 1c and tcol = 1000 yr.

(c) Repeat with spacecraft speed 0.25 c and tcol = 50 yr.
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(d) Given the above, formulate the Fermi paradox and give some possible
solutions to the paradox.
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