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First presented in the 1970s by James Lovelock

1979 1988

The Gaia hypothesis

• Life itself is what stabilizes planetary environments
• Corollary: A planet might need to be inhabited in order

to remain habitable

http://www.ecolo.org/lovelock/book-covers/lovelock.newLookAt.en.couv.jpg


The Medea and Rare Earth 
hypotheses

Peter Ward

Medea hypothesis:  Life is harmful to the Earth!
Rare Earth hypothesis:  Complex life (animals, including humans)

is rare in the universe

2009 2000



Additional support for the Rare 
Earth hypothesis

• Lenton and Watson think 
that complex life (animal 
life) is rare because it 
requires a series of 
unlikely evolutionary 
events
– the origin of life
– the origin of the genetic 

code
– the development of 

oxygenic photosynthesis)
– the origin of eukaryotes
– the origin of sexuality

2011



Rare Earth/Gaia arguments
1. Plate tectonics is rare

--We have dealt with this already. Plate 
tectonics is not necessarily rare, but it 
requires liquid water. Thus, a planet needs 
to be within the habitable zone.

2. Other planets may lack magnetic fields 
and may therefore have harmful radiation 
environments and be subject to loss of 
atmosphere

– We have talked about this one also. Venus 
has retained its atmosphere. The 
atmosphere itself provides protection 
against cosmic rays

3. The animal habitable zone (AHZ) is 
smaller than the habitable zone (HZ)

– AHZ  definition: Ts =  0-50oC
– HZ definition: Ts = 0-100oC. But this is 

wrong! For a 1-bar atmosphere like Earth, 
water loss begins when Ts reaches 60oC. 
So, the AHZ and HZ are nearly the same.

http://www.ecolo.org/lovelock/book-covers/lovelock.newLookAt.en.couv.jpg


Rare Earth/Gaia arguments
4. The Sun is anomalously metal-rich 

compared to other stars in the solar 
neighborhood

– This was based on Guillermo 
Gonzalez’ work. Gonzalez included M 
stars in his comparison. If you compare 
to local F-G-K stars, the Sun has about 
average metallicity

5. i) Eukaryotes evolved from 
magnetotactic bacteria (which 
required a magnetic field)
ii) The Cambrian explosion was 
triggered by an (unlikely) inertial 
interchange event

– These are both completely unfounded 
biological speculations

http://www.ecolo.org/lovelock/book-covers/lovelock.newLookAt.en.couv.jpg


(Better) Rare Earth/Gaia 
arguments

6. Nitrogen may not be abundant 
in a planet’s atmosphere if life 
is not present (Gaia)

7. Large impacts may be more 
frequent in planetary systems 
that lack Jupiters

8. A planet’s obliquity may be 
chaotic if it lacks a large moon

http://www.ecolo.org/lovelock/book-covers/lovelock.newLookAt.en.couv.jpg


6. Importance of N2

• N2 is  important as a 
source of fixed nitrogen 
for biology 

• N2 is also important 
because it dilutes O2 , and 
hence reduces the 
intensity of fires
– NASA learned a lesson 

about this when the crew of 
Apollo 1 were killed in a 
launchpad fire in 1967

– Prior to this time, space 
capsules were filled with 
pure O2

Apollo 1 training module and crew
(Image from Wikipedia)



6. Importance of N2

• N2 also helps to prevent 
the loss of water from 
Earth
– Recall that water reaches 

the stratosphere when the 
volume mixing ratio of H2 O 
at the surface exceeds 
~20% (or mass mixing ratio 
>10%)

– This would happen at a 
much lower surface 
temperature if N2 were not 
present

Kasting and Ackerman, 1986
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Where does nitrogen come from?

• Nitrogen is thought to be 
added to Earth as a 
component of organic 
matter in carbonaceous 
chondritic impactors

• Other Earth-like planets 
would probably also be 
endowed with nitrogen if 
they formed in a manner 
similar to Earth

The Allende carbonaceous chondrite
Picture from: J. K. Beatty et al., The 
New Solar System, Ch. 26



Is atmospheric N2 stable in the 
absence of life?

• Lovelock argued that, in the 
absence of life, Earth’s N2 would 
have been irreversibly converted 
to nitrate, NO3



N2 + O2  2 NO (lightning)
2 NO + 1.5 O2 + H2 O  2 NO3



 

+ 2 H+

• Today, nitrogen is returned to the 
atmosphere by bacterial 
denitrification
NO3



 

 NO2


 

 N2 ( or N2 O)
N2 O + h  N2 + O



N2 return via hydrothermal 
circulation

• Nitrate in seawater is not 
indefinitely stable, 
however

• When seawater circulates 
through the midocean 
ridges, nitrate should be 
reduced either to N2 or 
NH3 (ammonia)

• NH3 is then photolyzed to 
yield N2 + H2

• Thus, most nitrogen 
should exist as N2 even 
on an abiotic planet*
*In Kasting et al. (1993)

Image from Wikipedia



7. Jupiter and the frequency of 
large impacts

• George Wetherill (Astrophy. 
Space Sci., 1994) argued that 
Jupiter protects Earth from 
comets originating in the Oort 
Cloud or Kuiper Belt
– According to Wetherill, without 

Jupiter to deflect them as they 
come in, the rate of cometary 
impacts on Earth would be 
higher than today by a factor of 
~104

– Hence, mass extinctions like the 
K/T event that killed off the 
dinosaurs would happen every 
104 years instead of every 108 

years, making it difficult to 
evolve advanced life



But

• Jupiter perturbs the 
asteroid belt, and hence 
increases the rate of 
asteroid impacts

• Jupiter was involved in 
the formation of both the 
asteroid belt and the Oort 
Cloud

• A certain number of 
impacts is probably good 
for you 
– Most paleontologists agree 

that humans would not be 
here if the dinosaurs had 
not been wiped out

Drawing from Don Yeoman, NASA JPL



8. Chaotic obliquity/importance of 
having a large Moon

• Finally, Ward and 
Brownlee argue 
(following Jacques 
Laskar) that a large moon 
may be necessary to 
stabilize Earth’s obliquity

• If one (magically) takes 
away the Moon, Earth’s 
obliquity would fluctuate 
chaotically from 0-85o on 
a time scale of tens of 
millions of years



Laskar and Robutel, Nature (1993)
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Moon-forming impact 
(painting by William Hartmann, PSI)

• All the evidence is consistent 
with the Moon having been 
formed by a glancing impact 
from a Mars-sized 
planetesimal (0.1 Earth 
masses or larger)

• Such moon-forming events 
are thought to be rare, not 
because large impacts are 
rare, but because they have 
to occur at the right velocity 
and impact parameter (need 
a slow, glancing impact)



• But, does this really mean that a large 
moon is needed in order to have a 
stable planetary obliquity?

• Let’s consider what causes the chaos in 
the first place…



Secular forcing for Earth
• Earth’s precession constant is 

55’’/yr, which is just outside the 
chaotic region [chaos occurs 
when the secular forcing is 
minus (or plus?) the 
precession rate]
– The secular forcings are 

caused by resonance with 
either the precession of 
perihelion or the precession of 
the line of nodes for the other 
planets (especially Venus and 
Jupiter)

• If the Moon were not present, 
however, the precession 
constant would be lower 
(~15”/yr), and Earth’s spin axis 
would precess in resonance 
with the secular forcings

Earth
with 
Moon

No Moon

J. Laskar et al., Nature (1993)



Chaotic obliquities reconsidered

• Let’s consider the case of the Earth 
more closely
– Earth’s spin rate has been slowed 

over time by tidal evolution of the 
Earth-Moon system

– Initial spin rate (after the Moon- 
forming impact) was probably 4-5 
hours

– Spin rates faster than ~12 hours 
lead to stable obliquity

– What would the initial spin rate have 
been, though, in the absence of a 
Moon-forming impact?

 We just can’t predict whether 
planetary obliquities will be stable or 
unstable



Would a high-obliquity planet be 
habitable?

• Finally, is it really necessary 
to have a stable obliquity in 
order to have life, or complex 
life?
– It’s polar continents that 

would experience the 
largest temperature swings; 
tropical temperatures are 
still relatively constant

– Planets near the outer edge 
of the HZ that develop 
dense, CO2 -rich 
atmospheres would 
experience much smaller 
temperature variations

– Marine life would be virtually 
unaffected by high obliquity

Williams & Kasting (1997)

~2 bars CO2



Conclusions
• Ward and Brownlee make some good points: 

Evolving complex life is indeed difficult
• But, that said, things are not nearly as bleak as W&B 

make them out to be
– Planets themselves are very common
– Habitable planets are probably reasonably common, as well
– The origin of life may or may not be common (ask John 

Baross, not me!)
– The evolution of oxygenic photosynthesis may or may not be 

common (again, ask John…)
– The evolution of intelligent beings may or may not be 

common (get out your radio telescope and find out!)



• Backup slides



2. Importance of magnetic fields
• Earth’s magnetic field 

helps to hold off the solar 
wind and prevent it from 
stripping away Earth’s 
atmosphere
– In support of this view, 

Mars is thought to have lost 
much of its atmosphere 
through this process 

• The magnetic field also 
provides partial protection 
against cosmic rays

http://www.wired.com/wiredscience/2010/03/
earths-magnetic-field-is-35-billion-years-old/



But

• Venus has a dense atmosphere 
despite lacking an intrinsic 
magnetic field

• Cosmic rays are effectively 
shielded by the Earth’s 
atmosphere itself

• Furthermore, there is no reason 
to think that magnetic fields 
should not be present, at least 
for rapidly rotating planets
– Tidally locked planets around M 

stars may be subject to this problem 
(papers by Helmut Lammer and 
colleagues)
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