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The Big Questions 

You’ve got thousands* of planets. 
What are you going to do with them? 
 
•  Are We Alone? 
•  Where Are They? 

* more like billions, probably 



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 Alternative 
 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? 
 



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 



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 



Habitable Zones: I. 
The Basics 

Life as we know it is basically biochemistry 
in an aqueous solution 
•  Life as we know it needs liquid water. 

–  H2O is liquid between 273 and 373K 
(0-100C)  

•  One also needs containment 
– water sublimates in a vacuum. 



        ⇓ 
4πR⊕2σT⊕4 

(1-a) πR⊕2 (L¤ / 4π d2) 
                       ⇒ 

Energy Balance 



The Habitable Zone in the Solar 
System 

Location depends on assumptions about atmospheric 
composition and albedo 
•  Inner edge:  
•  0.84 – 0.95 AU 

•  Outer edge:  
•  1.37 – 1.67 AU 
____________  
0.9 – 1.5 AU 
 
Kasting, J.F., Whitmire, D.P., & 
Reynolds, R.T. 
Science, 101, 108 (1993) 



Habitable Zones Around Other 
Stars 

Stellar Luminosity 
•  On main sequence, Luminosity ~ M3 

•  On lower main sequence, L~M4.5 

•  T = (( [1-a] L)/ (σπd2))¼    (T increases as L¼) 

Stellar Lifetime  
•  τ ~ M/L  
–  τ~ M-2 (upper MS); 
–  τ~M-3.5 (lower MS) 



Other Stars 
•  All stars have habitable zones 
•  Width ~ √(L) 

– More massive stars have wider HZs 
– Less massive stars have narrower HZs 

•  Implications for probability of planets in HZ 
 





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 Habitability 
•  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.  



Mars 

•  Dead Now 
•  3 Gya 

– Evidence for liquid water 
– Evidence for standing water 

•  But… 
– Seasonal evidence for brine today 

•  hydrated perchlorate salts 

– Methane? 



Running Water 

Dendritic Channels 



Sedimentation 



Evidence Running for Water 

Concretions: hematite spherules formed in the 
presence of water. 



The Phoenix Lander: Ice 



Running Water on Mars 



Other Types of Habitable 
Zones 

Water requires heat and pressure 
to remain stable as a liquid 



The Moons of Jupiter 

Ganymede             Callisto                     Io                  Europa     

The 4 Galilean moons; there are 75 others 



Europa 

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



Europa Models 



Life in Europa ? 

Ingredients: 
•  Liquid water 
•  The precursors of organic chemistry 
•  An energy source 



Titan 

 
 
 
The second-largest moon in the Solar System 
 
The only moon with a substantial atmosphere 
 
90% N2 + some CH4, Ar, C2H6, C3H8, C2H2, HCN, CO2 



The Atmosphere of Titan 

1.5 bar pressure, T=95 K 
 
Condensation sequence: 

• Jovian Moons: H2O ice 
• Saturnian Moons: NH3, CH4 
 

NH3, CH4 gaseous at lower temperatures 
 
 2NH3 + sunlight è N2 + 3H2 
CH4 + sunlight è CH, CH2 



Free CH4 requires replenishment 
 
• Liquid methane on the surface? 
 
Hazy atmosphere/clouds may suggest methane/ethane 
precipitation. 
 
 
This atmosphere may resemble the early 
terrestrial atmosphere.  

The Intrigue 



Take-Aways from Titan 

At 8 km, the atmosphere is saturated with CH4 
 
Surface features look like lakes and riverbeds 
 
H2O rocks show evidence of erosion 
 
Titan is a dynamic world, with CH4 and C2H6 precipitation 
 
Photochemical smog due to organic molecules 
 
Titan has all the building blocks for life 



Life on Titan? 

Probably not. Titan is cold. 
 
But C2H2 (acetylene) could be a source of energy. 
 
Titan does have subsurface water oceans heated tidally, 
beneath a thick crust of water ice (Science 319, 1649 3/21/08) 



Enceladus 



Cassini Enceladus Flyby 
12 March 2008 
Came within 30 km of surface 
Flew through geysers at 120 km altitude 

Geysers suggest 
subsurface water 
at 0oC 





Estimation 

 
 

The process of finding an estimate or 
approximation that is usable for some 
purpose even if input data may be 
incomplete, uncertain, or unstable. The 
value is nonetheless usable because it is 
derived from the best information 
available.  (derived from Wikipedia) 



The Date Equation 
Estimate the number of people at a party who are willing 
to go out with you afterwards… 
N = ? 



The Date Equation 
Estimate the number of people at a party who are willing 
to go out with you afterwards… 
N = R  L  
• R: rate at which people arrive at party   
• L : length of time people stay at the party 

N is the number of people at the party 
 
But there are other considerations 



The Date Equation 
Estimate the number of people at a party who are willing 
to go out with you afterwards… 
N = R  L fp  fat  fav  fn  fi  
• R:  rate at which people arrive at party  
• L : length of time people stay at the party  
• fp:  fraction who meet your sexual preference   
• fat: fraction you find attractive   
• fav: fraction who are available to go out   
• fn:  fraction you get up the nerve to ask   
• fi:  fraction who are interested in you   

From David Grinspoon: Lonely Planets   



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

•  Formulated by Dr. Frank Drake in ~1960  
•  Provides a framework for estimating the 

number of civilizations in the Galaxy 



N = N* fs 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 
•  fs : Fraction of stars suitable for supporting life 
•  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 : Lifetime of a technological civilization 
•  T : Age of the Galaxy  

Note: N*/T = R*, the rate of star formation in the Galaxy.  

Terms we know well 



N = N* fs 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 
•  fs : Fraction of stars suitable for supporting life 
•  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 : Lifetime of a technological civilization 
•  T : Age of the Galaxy  
Terms we know well 

Terms we know well 



N = N* fs 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 
•  fs : Fraction of stars suitable for supporting life 
•  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 : Lifetime of a technological civilization 
•  T : Age of the Galaxy  
Terms we can estimate with some precision 

Terms we know well 



N = N* fs 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 
•  fs : Fraction of stars suitable for supporting life 
•  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 : Lifetime of a technological civilization 
•  T : Age of the Galaxy  
Terms that depend on biology and evolution 

Terms we know well 



N = N* fs 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 
•  fs : Fraction of stars suitable for supporting life 
•  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 : Lifetime of a technological civilization 
•  T : Age of the Galaxy  
Terms that we can only speculate about 

Terms we know well 



N = N* fs fp nh fl fi fc L/T 

The Drake Equation:  
a way of encapsulating a lot of 
ignorance in a small space!  
 
We know: N* fp T 
We can estimate: fs nh  
We guess: fl fi fc L 



N = N* fs fp nh fl fi fc L/T 
N* : 4 x 1011 

fp: 1.0 
T: 1010 yr 
fs: 0.1 
nh: 1 
fl: 1 
fi: 0.1 
fc: 0.1 
L: ? 

N = 0.04 L / yr 
•  L=100 yr:  N=4 
•  L=104 yr: N=400 



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  



A Real 
Signal - 

Interpreted 

1679 bits 
23 x 73 image 
 
 
 

Arecibo 
telescope 

Solar System 

Human being 
(+height, population) 

DNA  
# of nucleotides 

Molecules in 
DNA 

Numbers 1-10 

DNA Atomic Nos.  
   (1,6,7,8,15) 



  
Units of length: 
21 cm 



Physical Messages 

  



Voyager Golden Record 

  

12” gold-plated copper 
record 
 
115 pictures (analog) 
 
16/2/3 rpm audio LP 

• Greetings in 55 
languages 
• Natural sounds 
• 90 minutes of 
music 

 
+stylus and instructions 



A History of Seti 

A. Active Seti 
•  1890s. Marconi & Tesla 
•  1920s and onward: Radio 
•  1940s and onward: Television 
•  1960s and onward: BMEWS 
•  1974: message directed towards M13 



A History of Seti 

B. Passive Seti 
•  1960s. F. Drake and Project Ozma 
•  Many on-going searches 



Ongoing SETI Searches 

  

                        Dish       Channels  Hz   MHz 
Inner Galactic  ATA      450x106     1  1390-1720 
Plane Survey 
 
SERENDIP V    Arecibo 168x106   0.6  1370-1470 
                         Parkes   58x106   0.6   1418-1421 
 
SETI Italiana    32m        24x106   0.6   misc. 
 
Breakthrough    GBO 
   Listen             Parkes                          1000-4000 
 
FAST                500m                                 70-3000 
 
SETI@home - processing of SERENDIP and Breakthrough data 





The Great Silence 



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 Great Filter 
•  How many improbable steps has life on Earth 

taken to get to today? 



The Rare Earth Hypothesis 

  

• We are at the right galacto-centric distance 
• The solar system has the right metallicity 
• The Sun is rather inactive 
• Earth is in just the right distance from 
  the Sun 
• Earth is just the right mass to be 
  tectonically active 
• The Moon stabilizes Earth's rotation 
• Jupiter protects the Earth from  
  bombardment by comets 
• The Solar System is unlike any of the 
  thousands of known planetary systems  



The Great Filter 
•  How many improbable steps has life on Earth 

taken to get to today? 
•  We have the technology to destroy ourselves 
•  Does something stop intelligent life from 

evolving beyond a planet? 
•  We do not have the technology to populate 

the Galaxy 
•  Does something stop civilizations from 

communicating outside their planet? 
Is the Great Filter the answer to 
Fermi’s Paradox? 




