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1. Habitability
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Question What is life? What are its essential characteristics?

•  

You have 3 minutes

0132 0138



Requirements for life

All ~8.7 million species of life on Earth require three things:

0138 0141

Building blocks

C, H, N, O, P, S

Source of energy

sunlight

chemical reactions

heat

Liquid water

good solvent

‘Polar’ molecule



Liquid water requires the right temperature and pressure

0141 0143

Temperature →

P
re

s
s
u
re

 →

E

M

V



Habitable zone
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Liquid water requires 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 > ~273 𝐾

Recall:

𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒
4 = 1 + 𝜏  𝑇𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

4  𝑇𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
4 =

𝑆

4𝜀𝜎

1 − 𝐴

𝑑2

So solar luminosity, albedo, and amount of greenhouse gases all play a role in where water can be liquid

‘Habitable Zone’ refers to the distance from a star, d, where water might exist as liquid on a planetary surface



Habitable zone
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Estimating the HZ distance depends upon the assumptions you make

Inner Edge 

(AU)

Outer Edge 

(AU)

Authors

0.725 1.24 Dole, 1964

0.95 1.01 Hart et al., 1979

0.95 1.37 Kasting et al., 1993

0.75 Abe et al., 2011

10 Pierrehumbert and Gaidos, 2011

0.99 1.70 Kopparapu et al., 2013

0.95 2.4 Ramirez and Kaltenegger, 2017



2. Solar System Habitability
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Earth

0149 0152

When
• Fossils by 3.5 Gya

• Isotope signatures back to 3.85 Gya

➢ Started quickly after impact bombardment

Where
• Tree of life → common ancestor

• Microbes near seafloor vents are good option

• Seafloor environment is harsh but sheltered

• Today we find life nearly everywhere we look, 

including extreme environments

How?
• Miller-Urey experiment → sparking early Earth 

chemicals yields organic molecules

• Other scenarios are promising, too



Mars

0152 0155

Abundant evidence for stable past liquid surface water
→ Mars was habitable

→ Evidence for past life may be present, and more accessible 

than at other solar system objects

Is life active today?
• Controversial evidence for atmospheric methane

• Suggestions for past subsurface hydrothermal systems, with 

speculation they could exist today



Titan

0155 0158

Requirements for life may be met at the surface
• No liquid water, but lakes of liquid methane and ethane

• Methane and ethane are not polar, not good solvents

• Rich atmospheric chemistry, with organic compounds

The subsurface may be a better option

Future Titan may be better!



Icy moons
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Requirements for life are met
• Liquid water under icy shells

• Heat source from tides for many

Accessibility is an issue
• These may be the most likely places to find 

other life in our solar system

• But getting to it is hard (geyser exception?)

• Icy moons in other solar systems can only be 

explored remotely



Icy Moons
• Outside "habitable zone"
• Most likely place to find extra-terrestrial life



Launch Oct 2024

• What's the brown gunk?

• How thick is ice?

• Does water reach surface?

• What's in the water??

• If Life, what kind of Life?! 

NASA's Europa 

Clipper Mission

Europa



Venus
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3. Exoplanets and Habitability

0207 0208



Stellar habitable zones

0208 0211



Exoplanet detection methods
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Transit Radial Velocity Direct Imaging

Infer
• Mass

• Orbital period & distance

• Eccentricity

Bias
• Large, close planets

• Systems edge-on as viewed from Earth 

Infer
• Size

• Orbital period & distance

• Atmosphere

Bias
• Large, close planets

• Systems edge-on as viewed 

from Earth 

Infer
• ~Mass, ~size

• Orbital period & distance

• Atmosphere

Bias
• Large, bright, distant 

planets

• Systems face-on as 

viewed from Earth 



Known exoplanets
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Jupiter

Earth

exoplanets.eu

exoplanets.eu


Potentially habitable exoplanets
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Trappist-1

0221 0224

39.5 ly away

7-planet system, all roughly Earth-sized, including 3 in the “Habitable Zone”

Compact system → could see surface features on other planets!

Planets all in resonance with each other

Discovered: 2015-2017

Orbital period: 1.5-18.8 days  

Orbital distance: .01-.06 AU

Size: ~0.7-1.1 ME



Proxima Centauri b

0224 0226

4.25 ly away

Earth-mass exoplanet orbiting our closest star

Discovered: August 2016 via Doppler technique

Orbital period: 11 days  

Orbital distance: .05 AU

Effective Temperature: ~234 K  

Mass: ~1.27 ME



Biosignatures
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Atmospheric spectra

0228 0231



4. Planetary Influence on Habitability
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Question What properties of a planet influence its habitability?

•    

0232 0237



5. Stellar Influences on Habitability
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Stellar energy sources for planets

0238 0242

Photons
• Total luminosity   (warms planet’s surface)

• UV   (drives chemistry, damages DNA)

• EUV / Xray   (upper atmosphere heating, ionization, escape)

Particles
• Stellar wind   (drives escape, deposits particles)

• Stellar energetic particles   (heating and escape, chemistry, 

radiation)

Fields
• Interplanetary magnetic field*

Newkirk Jr., 1980

Ribas et al., 2005Wood et al., 2005

K. France

*   Requires accompanying plasma 

    velocity to be energy source



Particle inputs for Earth
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Airapetian et al., 2020

Kobayashi et al., 1998

Production of amino acids by irradiating 

mixture of CO, N, and H2O with 3 MeV protons

Glycine  

(C2H5NO2)

Alanine

(C3H7NO2)

Aspartic acid

(C4H7NO4)

Airapetian et al., 2016

Magnetosphere and atmospheric chemistry modeling suggests 

nitrogen could be fixed abiotically on early Earth by SEPs



0245 1116

There are now many interdisciplinary 

conferences about exoplanets and 

habitability. 

Few heliophysicists attend.



Important concept interlude

Look at the decline of each species with altitude. There’s a trend!
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Important concept: Diffusive separation

• At high altitudes each species has its own 

characteristic vertical density structure  

( 𝐻𝑖 =  Τ𝑘 𝑇
𝑚𝑖 𝑔 )

• With less frequent collisions than the lower 

atmosphere, heavier species experience a 

stronger gravitational force and tend to ‘sink’

• This leaves the uppermost portions of an 

atmosphere enriched in lighter species

• This also means that the ‘mixing ratio’ 

(relative abundance) for each species varies 
with altitude in this region

Heavy 

species

Light 

species
Light / Heavy

Log Density Mixing Ratio
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Diffusive separation and atmospheric escape

• Isotopes of a species differ only in mass – 

otherwise they behave in all the same ways

• The uppermost parts of atmospheres, where 

escape occurs are enriched in light isotopes

➢ Light isotopes should escape more readily 

than heavy isotopes

➢ Light isotopes also escape more readily due 
to the smaller mass

• Atmospheres where escape has been an 

important process should be enriched in 

heavy isotopes

1116 1118
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