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Summary
❖ The Universe formed 13.77  0.04 billion years ago

❖ The Universe has ~100 billion galaxies
❖ Our Milky Way galaxy has ~300 billion stars
❖ Planets probably outnumber the 1022 stars

❖ Our solar system formed 4.57  0.02 billion years ago
❖ The Sun is a long-lived, common type of star

❖ Key-elements for life (H, C, N, O, P, S) are common 
❖ Organic molecules are present in interstellar space

❖ Comets and meteorites were sources of organic molecules
❖ Earth has a nearly circular orbit within the habitable zone

❖ Earth became habitable ~4.4 billion years ago
❖ Complex organic molecules can be built with clays

❖ Hyperthermophilic chemolithoautotrophs are at base of 
Earth’s phylogenetic tree of life

❖ Complex life on Earth emerged 0.54 billion years ago
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Relative sizes of spectral types of stars

Sun
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Sun (G2V)

M, K, G stars are 
common in our galaxy



Orbital distance from the star

and 

the Habitable Zone (Goldilocks Zone)



Illustration of the ‘Goldilocks Zone’
(Habitable Zone)



Kepler’s 3rd Law

Habitable Zone is the green region



Confirmed exoplanets

Planets  3 Earth-radii

https://exoplanetarchive.ipac.caltech.edu/index.html

Orbital period (days)
Data as of 
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4,528 confirmed exoplanets

Planet radius (rel. to Earth)
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4,528 confirmed exoplanets
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Methods of exoplanet detection

1. Directly observed

2. Gravitational lensing

3. Transit

4. Radial velocity (Doppler)



Venus transit: June 5, 2012

Dimming = 0.0076% =  76 ppm
6 hours 40 minutes





http://www.kepler.arc.nasa.gov
KEPLER

1.4-meter primary mirror                
to observe ~100,000 stars 

20 ppm detection limit  
0.002% on 12th mag. star  

430 - 890 nm

Launched on                 
March 6, 2009

https://www.youtube.com/watch?v=5HZsFMqqGJo

http://www.kepler.arc.nasa.gov/
https://www.youtube.com/watch?v=5HZsFMqqGJo


%
  o

f  
ex

op
la

ne
ts

30

25

20

15

10

5

0

Diameter of exoplanet (Earth = 1)



From Earth, the 
transiting planet dims 
the starlight during its 

transit.

The fraction of 
dimming is the ratio of 

the cross-sections of 
the planet and the star.



S. Ballard, et al. (2014) Kepler-93b: A terrestrial world measured to within 120 km, 
and  test case for a new Spitzer observing mode.  Astrophysical Journal, 790, 16pp.

0.00026

2.890 hours

Orbital period = 4.72673978 ± 0.00000097 Earth-days

Kepler-93b Kepler-93b orbits 
a G-type star



Initial brightness = 1.00000
Final brightness =  0.99974
Dimming = 0.00026
Rstar = 639,000 km

0.00026  =
(639,000 km)2
(Radiusplanet)2

(Radiusplanet)2 = 0.00026 * (639,000 km)2

(Radiusplanet) = 10,300 km = 1.6x RadiusEarth

=



200,000 G- and K-type stars to be studied
400x more sky to be surveyed than Kepler

Launched on 
18 April 2018TESS



Summary of detection methods

Transit method
Diameter of the planet

Orbital period
Semi-major axis of the orbit

Doppler method
Mass of the planet

Orbital period of the planet
Shape (eccentricity) of the orbit



T

T = surface temperature (in degrees K) of a planet 
without any greenhouse effect from atmosphere 

L = luminosity (in watts) of the star
A = albedo = fraction of energy reflected from planet                   
 = Stefan-Boltzmann constant = 5.67 x 10-12 watt/cm2 K4

a = distance (in cm) of planet from star 

a2

Equation for estimating the ‘black body’ 
temperature (K) of a planet

(i.e., without greenhouse warming)



NOTE:  Considerable caution is currently 
required when hearing that an exoplanet  is in 

the habitable zone.

Blackbody temperature and planetary 
size/mass/density are currently the main input 

parameters used for assessing habitability. 

(i)  Albedo
(ii)  Atmospheric composition
(iii)  Effects of tidal locking
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Implications of the Bryson et al. (2020) estimates

G- and K-type stars comprise ~19.5% of all stars in the 
solar neighborhood.  If this is representative of the 

entire Milky Way galaxy with ~200 billion stars, then 
there are ~39 billion G- and K-type stars in the galaxy.

Using the extreme limits for  (0.16, 2.16) from Bryson 
et al. (2020), the number of habitable-zone planets with
0.5 R < Rp < 1.5 R orbiting G- and K-type stars in the 

Milky Way galaxy would be in the range of …

6 billion  to  84 billion.
S. Bryson et al. (2020) The occurrence of rocky habitable-zone planets around 

solar-like stars from Kepler data.  Astronomical Journal, 161 (1), 43pp.



WHAT’S   NEXT????



Model of the James Webb 
Space Telescope



JWST will orbit in the L2 Lagrange point



https://www.youtube.com/watch?v=b6AdjzJhWYQ&t=4s

Launch and deployment of the James Webb Space Telescope



Planet spectrum = (Star spectrum + Planet spectrum) – (Star spectrum)



Summary of Course
❖ The Universe formed in a ‘Big Bang’ 13.7 billion years ago

❖ The Universe has about 100 billion galaxies
❖ Our Milky Way galaxy has about 200 billion stars

❖ Planets probably outnumber the 1022 stars
❖ Our solar system formed 4.6 billion years ago
❖ The Sun is a long-lived, common type of star

❖ Key-elements for life (H, C, N, O, S) are common 
❖ Organic molecules, including amino acids, are common
❖ Comets and meteorites were sources of organic molecules



Summary of Course (cont’d)
❖ Earth has a nearly circular orbit within the habitable zone
❖ Earth was potentially habitable 4.4 billion years ago
❖ Complex organic molecules can be built with clays
❖ Complex life on Earth emerged 0.5 billion years ago

❖ Hyperthermophilic chemolithoautotrophs are at base of 
Earth’s ‘phylogenetic tree of life’ 

❖ Life on Earth has endured major calamities
❖ Humans do not have the largest DNA molecules

❖ Mars was once warm, wet, and habitable
❖ Europa and Enceladus have potentially habitable oceans
❖ Titan is organic-rich, but extremely cold on its surface
❖ Earth-sized planets are much more common than           

Jupiter-sized planets
❖ Potentially habitable moons exist orbiting large planets 

outside the classical habitable zone



Summary of Course (cont’d)
❖ Planets orbit 100 billion stars in our galaxy

❖ Our solar system’s structure is not typical (but not unique)
❖ Habitability of tidally locked planets is problematic 
❖ Most planets orbiting in the habitable zones of most          

K- and M-type stars are likely to be tidally locked
❖ M-type stars often have harsh radiation environments
❖ Surface temperatures on potentially habitable exoplanets 

are not currently known
❖ NASA missions (e.g., TESS) will continue to search for 

exoplanets orbiting thousands of nearby stars
❖ Future NASA missions and large ground-based telescopes 

will measure the compositions of exoplanet atmospheres
❖ The presence of life on exoplanets can likely be inferred by 

measuring atmospheric composition



Summary of Course (cont’d)
❖ Environments, materials, and processes for 

life’s habitability are likely to be distinct 
from the environments, materials, and 
processes needed for life’s formation



NGC 2264

“We shall not cease from exploration
And the end of all our exploring

Will be to arrive where we started
And know that place for the first time.”

T. S. Eliot,  “Four Quartets”



SOMEWHERE
by Ray Goodwin

Somewhere there are mountains
Glistening in the snow
Somewhere there are mountains
That we shall never know

Somewhere there are rivers
Flowing fast and free
Somewhere there are rivers
That we can never see

Somewhere there are oceans
And sun drenched island sands
Forests full of creatures
In vastly distant lands

Somewhere there’s a planet
Beneath an alien star
The people watch our tiny sun
And wonder where we are

One day perhaps we’ll find them
Across the void of space
Perhaps through ways as yet not known
We’ll meet them face to face

Slide from Dr. William Borucki

NASA Ames Research Center



Suggested readings

Peter Ward and Donald Brownlee (2000) Rare 
Earth: Why complex life is uncommon in the 

Universe. Springer-Verlag, New York. 333 pp.

James Kasting (2010) How to find a habitable 
planet. Princeton University Press, 326 pp.


