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Planetary Habitability

e Lecture 1: The Fundamentals of Planetary Habitability
e Lecture 2: Habitability Lessons Learned from our Sister Planet
e Lecture 3: Stars and the Planetary Energy Balance

e Lecture 4: The Habitable Zone and Orbital Dynamics
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Planetary Habitability

e Available from IOP Publishing here:

e | have also made it available here:

e Also recommend “Planetary Sciences, Updated
Second Edition” by Imke de Pater & Jack Lissauer,
“Principles of Planetary Climate" by Raymond
Pierrehumbert, and "Atmospheric Evolution on
Inhabited and Lifeless Worlds" by David Catling &
James Kasting.




The Stages of my Planetary Research

1. Discovering planets orbiting other stars
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2. Studying planetary orbits and atmospheres

Habitable Zone of Earths Solar System ¢ . @ -
Mercury Venus Earth Mars
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3. Habitable Zones and planetary habitability



4%
TERRESTRIAL

Small, rocky planets. Around the size
of our home planet, or a little smaller.

30%
GAS GIANT

The size of Saturn or Jupiter (the largest
planet in our solar system), or many times
bigger. They can be hotter than some stars!

35%
NEPTUNE-LIKE

Similar in size to Neptune and
Uranus. They can be ice giants,
or much warmer. “Warm”
Neptunes are more rare.

31%
SUPER-EARTH

Planets in this size range between Earth and |
Neptune don't exist in our solar system. .
Super-Earths, a reference to larger size, might

be rocky worlds like Earth, while mini-Neptunes
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Transiting Exoplanet
Survey Satellite (TESS)

, a®  TESS is observing bright stars over the
4 whole sky, enabling detailed follow-up.
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Mapping Strategy Survey Coverage

+ Stare and step strategy + 200,000 star coverage survey

+ 26 total segments + 10,000 star concurrent survey covering ecliptic
+ 13 per year poles

+ Each segment mapped for 2 orbits ~= 27 days




Kepler-22b

Kepler-69¢ Kepler-452b

Kepler-62f
Kepler-186f

Earth

The occurrence rate of planets increases to smaller sizes.



NASA Telescope Reveals Largest Batch of Earth-
TR Size, Habitable-Zone Planets Around Single Star

The new planet Gliese 581g bears Earthlike blues and greens in an artist's conception.

First Truly Habitable Planet
Discovered, Experts Say

Earthlike world in elusive "Goldilocks zone."

This illustration shows the possible surface of TRAPPIST-11, one of the newly discovered planets in the TRAPPIST-1 systemn. Scientists using the Spitzer Space Telescope and
ground-based telescopes have discovered that there are seven Earth-size planets in the system.
Credits: NASA/JPL-Caltech

and many more images. as well as several videos . in an extensive multimedia gallery highlighting this discovery.
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Until we get better tools, excited reports of
‘habitable planets’ need to come back

down to Earth

February 8, 2017 2.3%am EST

In 1950, physicist Enrico Fermi famously asked, “Where are they?” as a Aurhor

kind of lament about the lack of observational evidence for alien

intelligence in our universe. Today, the question 1s still asked in the

context of the always-hoped-for discovery of other worlds like our own,



Leonard David

Columnist

SPACE INSIDER

Earth-Like Planet? Not So Fast — Scientist
Says to Watch Your Words

By Leonard David December 13, 2017 Science & Astronomy

0060060

Artist's illustration of a hypothetical planet covered in water in the binary star system Kepler-354B.

The art of exoplanet detection is on the upswing, and scientists are perhaps at
the cusp of a watershed moment — detecting life on other worlds.



What is planetary
habitability?



Planetary Habitability

e Planetary habitability is fundamentally an assessment of the energy balance at the
planetary surface.

e What makes a planet habitable? Which factors dominate?

e What measurements do we need to make?

e What can we do with these measurements?

e How can we apply these principles to planets inside and outside of our solar system?

e Anthropic bias and the “anthropic principle”.






Reasons why water is important for life:

1) Water (hydrogen and oxygen) are extremely common.

_2) Water is a neutral solvent in which biochemical reactions can take place.

~3) Water can be in a liquid state at reasonably high temperatures, enﬂoling—
~ faster reaction rates.
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Reasons why water is important for life:

1) Water (hydrogen and oxygen) are extremely common.

2) Water is a neutral solvent in which biochemical reactions can take place— -

ﬂ) Water can be in a liquid state at reasonably high temperatures, enabling-——

__faster reaction rates.
— ' —
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Planetary habitability: The ability of a planet to
retain surface liguid water.
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Stellar Interactions
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Category Habitability Factors

Stellar Astrophysics Mass, Radius, Effective temperature, Luminosity,
Composition, Rotation rate, Activity, Age, Multi-
plicity

Planetary Properties Mass, Radius, Bulk density, Albedo, Atmo-
spheric composition, Atmospheric dynamics, Pressure-
temperature profile, Age

The Planetary System Multiplicity, Semi-major axis, Eccentricity, Argu-

ment of periastron, Orbital inclination, Rotation rate,
Spin-axis obliquity, Exomoons, Orbital evolution and
stability
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BRIGHTNESS

“BLUE OF THE SKY”

MEASURES TOTAL AMOUNT
OF ATMOSPHERE

OXYGEN & OZONE

WERE PRODUCED BY
LIVING ORGANISMS

“VEGETATION JUMP”

INDICATES PRESENCE OF
LAND PLANTS
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WATER VAPOR
SUGGESTS HABITABILITY

CARBON DIOXIDE

SUGGESTS POSSIBLE
VOLCANIC ACTIVITY

METHANE

INDICATES PRESENCE OF
ANAEROBIC BACTERIA

WAVELENGTH



TRAPPIST-1 System

~ Mercury

lllustration



ROCKY EXOPLANET TRAPPIST-1b

DAYSIDE TEMPERATURE COMPARISON

MIRI | F1500W

Earth Measured

-400°F -200°F

TRAPPIST-1 b Measured

Mercury Measured

100 K 200 K

“The most straightforward interpretation
is that there is little or no planetary
atmosphere redistributing radiation from
the host star and also no detectable
atmospheric absorption from carbon
dioxide (CO2) or other species.”
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TRAPPIST-1 b Model !
Atmosphere distributing heat l
evenly around planet
/Z/
TRAPPIST-1 b Model
Dark surface, no atmosphere,
no redistribution of heat

Greene et al. 2023, Nature, 618, 39 SPACE JELESCatE



ROCKY EXOPLANET TRAPPIST-1¢c

EMISS'UN SpECTRA MIRI | Time-Series Photometry (F1500W)

R

& Measurement

| Simulated spectrum: Thin carbon dioxide atmospheare with no clouds
| Simulated spectrum: Bare rocky surface with no atmosphere (ultramafic rock)

[ Simulated spectrum: Thick carbon dioxide atmosphere with sulfuric acid clouds (Venus-like)
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Brightness of Light Emitted by the Planet
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SPACE TELESCOPE
Zieba et al. 2023, Nature, 620, 746



MARS

EARTH
Diameter 7927 miles (12,756 km)
Moons One
Gravity 1.000
Average temperature 56.93°F (13.85°0)
Average distance from the sun 92,6 millhon miles

(1496 million km)

4,222 miles (6,794 km)
Two (Phobos/Deimos)
0379

-67.27° F (-55.15°C)°
141.6 millon miles
(227.9 million km)

SOURCE: MAEA






Size Relative to Earth (Radius)

Total = 4,696

New Kepler Planet Candidates
As of July 23, 2015
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1 Earth radius = 6371 kms
1 Earth diameter = 12742 kms
Neptune radius = 3.9 Earth radii




Kepler-22b

Kepler-69c

Kepler-452b

Kepler-62f

Kepler-186f




The Case of GJ1214b

| Radius = 2.74 Earth radii
- Mass = 8.17 Earth masses
Density = 1.9 grams/cm®



The Case of GJ 1214 b

Silicate Planets

Primordial Material Rocks . Gas
rimordial Materia Iron, Silicates, 5L.I|phi'dEE Hz0, CO, COz, H25, NHa, H and He
Nz, CH=0H
I

N Sublimation

Gas Formation Process "l.-"ap-urlzatmln . Outgassing During Formation or Accretion from Nebula
by Stellar Irradiation , :

Inward Migration

Initial Gas Composition Na, Oz, O, Si0 Hz, HeO, CO, COe H=20 with CO, CQe, H and He
Before Atmospheric Escape (all other volatiles lost) with rlﬁ gg*h Ne, HzS, NHa, Nz, CHsOH

: 2
Case in which the Gas Case |l Case |l Case |
Source Dominates: Outgassed Super Earth Water Planet Mini Neptune

Rogers & Seager. 2010, Ap), 716, 1208






Phaeton




The role of giant planets

Saturn

Is our solar system unusual?

Jupiter Uranus Neptune



The Moon and Habitability




Selected Moons of the Solar System, with Earth for Scale

Earth Mars Astlzroid Jupiter Saturn Uranus Neptune Pluto Eris
a —
Phobos Dactyl . Puck @ L4
Mimas Proteus ~ Dysnomia
R ¢ & Charon
; Encel Miranda
Deimos o nce.adus l
Tethys Ariel
. .’ Triton
Dione p
Europa Umbriel B
. Nereid
Titania
Oberon

Scale: 1 pixel = 25 km

Titan

[
Hyperion

: L

Callisto lapetus

Phoebe

Earth



Europa Enceladus




Europa: The Water World?

Metallic Core lce Covering

Rocky Interior Liquid Ocean Under Ice
H>O Layer

The center is the metallic core. The top shows the thin wafer like a layer of water ice and beneath that,
up to a thickness of about 150 km, there could be liquid water. The radius of Europa is about 3000 km.



National Aeronautics and Space Administration

Habitable

Exoplanet Missions % Obsenatory
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An Incomplete List of Habitability Questions

e How is water delivered?

e When did Mars have surface water?

e When did Venus have surface water?

* Did Venus and Earth have near identical starting conditions?

e How small can a planet be and remain habitable?

e Are plate tectonics crucial for long-term temperate conditions?

e Why don’t we have a super-Earth?

e What does the atmospheric profile of a super-Earth look like?

e Does having a giant planet in the system matter?

e Can life survive on planets with highly elliptical orbits?

e How do terrestrial atmospheres respond to changing energy?

e Are planets orbiting more than one star habitable?

e How does atmospheric erosion depend on magnetic field?

* Does a substantial moon create a more habitable world?

e Can life survive in a sub-surface ocean (c.f. Europa)?

e How well do we need to understand the star?

e What observations/measurements do we need to make to
test ideas about planetary habitability?
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