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What is Life? 

And will you know it when you see it? 



Life in the Solar System 

• images of bodies, cells or fossils 
• artifacts 
• non-equilibrium conditions (e.g., O2) 
• wasteproducts  

What constitutes evidence? 



Properties of Life* 

*as we know it, on Earth 

• Produces Order 

• Utilizes Energy 

• Grows and Develops 

• Reproduces itself 

• Responds to the Environment 

• Adapts and Evolves 



Definitions of Life 

• Thermodynamic: Produces order.  
     Temporarily overcomes entropy. 
         But are crystals alive? 

• Metabolic: Produces energy via chemical reactions. 
         But is fire alive? 

• Biochemical: Exhibits specific reactions; uses enzymes. 

• Darwinian: Self-sustaining and reproducing;  
      capable of evolving.            



The Laws of Thermodynamics 

• Energy can be transformed, but never created nor 
destroyed (conservation of energy) 

• In a closed system, entropy always increases 

• Absolute zero, the complete absence of motion, is 
unattainable 



The Other Laws of 
Thermodynamics 

• You can not win 

• You can not break even 

• You can not get out of the game. 



Entropy 
Does life, by creating order, violate the second law of 
thermodynamics? 

No. 

Entropy must increase in a closed system.  
• Earth is not a closed system.  
• A decrease in entropy on Earth is accompanied 
by an increase in entropy of the Sun 



Summary of Properties 

• Produces Order 
• Utilizes Energy    
• Reproduces itself  
• Grows and Develops 
• Responds to the Environment 
• Adapts and Evolves 

• Thermodynamic 
• Metabolic 
• Thermodynamic; Darwinian 
• Darwinian 
• Darwinian 
• Darwinian 



Evolution 

Reproduction with Errors 



The Meaning of Life 



Astrobiology 

"... Are you so stupid to think that just because 
we're alone here, there's nobody else in this room? 
Do you consider us so boring or repulsive that of all 
the millions of beings, imaginary or otherwise, who 
are prowling around in space looking for a little 
company, there is not one who might possibly enjoy 
spending a moment with us? On the contrary my 
dear -- my house is full of guests..." 

Jean Giraudoux, The Madwoman of Chaillot  



The Goldilocks Problem 
•  Life exists on planets 
•  The planet must lie within 

the habitable zone 
–  It must not be too hot 
–  It must not be too cold 

•  The habitable zone 
moves with time 



Life on Earth: Timescales 
•  4.623 Gya: Solar System forms 
•  4.5 Gya: Earth forms in circumstellar disk 
•  4.4 Gya: Mars-size object collides with the Earth 

– Original atmosphere is stripped 
– Moon forms in debris disk 

•  3.9 Gya: surface is pulverized in the Great Bombardment 

•  3.8 Gya: Oldest rocks; evidence for life 
•  3.5 Gya: essentially modern fossils (cyanobacteria;  stromatolites) 
•  2.5 Gya: eukaryotes evolve, O2 appears in atmosphere 
•  0.7 Gya: multicellular life arises 
•  0.002 Gya: man appears 

•  <1 Gyr from now: Earth becomes uninhabitable 
•  5 Gyr from now: Sun becomes a red giant 



Conditions for Life 
•  Star should be older than a few Gyr 
•  Star should not be metal-poor 
•  Locale should be far from supernovae 
•  Planetary system should be stable, and debris-free 

•  Planet needs to be big enough to retain heat 
•  Planet should not be so massive as to retain 

substantial atmosphere 





Seeking Life in the Solar 
System 

•  Earth 
• Mars 
•  Icy moons 





Life on Earth - Locales 

Thermophiles: survive at temperature up to and above 100 C 
Lithoautotrophs: live in igneous rock 
Methanogens: anaerobes which generate methane 
Acidophiles: tolerate ph <1 
Halophiles: tolerate high salinity 

Life is opportunistic - and everywhere.  



Europa 

All these worlds are yours ... Except Europa. Attempt no landings there. 
Arthur C. Clarke, 2010: Odyssey Two  



Europa close-up 

The surface at 1.6 km resolution 



Europa Models 



Titan 

Pressure: 1.6 bars 
Temperature: -178 C 
N2 + some CH4 and 
C2H6 

A substantial 
atmosphere 
and a young 
surface 



Titan’s Surface 

Riverbeds and shorelines? 



Titan’s Surface 

A solid water surface, 
with hydrocarbon precipitation 



Extrasolar Planets 

Planets are preferentially found around metal-rich stars  
  - mostly younger than the Sun. 



The Galactic Habitable Zone 

•  Inside the solar circle: 
– Higher metallicity stars 
– More supernovae and ionizing radiation 

• Outside the solar circle: 
– Lower metallicity 
– More benign environment 



The Drake Equation 
                    N = N*  fp nh fl fi fc L/T 

• N: Number of civilizations in our Galaxy capable of interstellar 
     communication. 
• N*: Number of stars in the Galaxy 
• Fp: Fraction of stars with planets 
• Nh: number of habitable planets per star 
• Fl: fraction of habitable planets on which life evolves 
• Fi: fraction of cases where intelligent life develops 
• Fc: fraction of intelligent life that develops technological civilizations 
• L: lifetimes of a technological civilization 
• T: age of the Galaxy  

Note: N*/T = R*, the rate of star formation in the Galaxy. You will see 
this term in some formulations of the Drake equation. 



The Fermi Paradox 

A technologically advanced civilization will be able to 
visit every planet in the Galaxy within a short time, 
should they want to. 

We've heard nothing yet. Possibilities include: 

• We don't know how to search. 
• They are there - we just don't recognize them 
• They don't want to be found 
• We are under quarantine. 
• We are alone.   

Where Are They? 



The Rare Earth Hypothesis 
• We are at the right galacto-centric 
distance 
• The solar system is the right metallicity 
• The Sun is rather inactive 
• Earth is in just the right place in the 
habitable zone 
• The Moon stabilizes Earth's rotation 
• Earth is just the right mass to be 
tectonically active 
• Jupiter protects the Earth from 
bombardment by comets 
• The Solar System is unlike any of the 
thousands of known planetary systems  
Maybe we really are all alone - the only (or first) 
technologically-advanced life in the Galaxy. 



SETI 

I know perfectly well that at this moment the whole 
universe is listening to us - and that every word we 
say echoes to the remotest star. 

Jean Giraudoux, The Madwoman of Chaillot  




