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● Lecture 1: The Fundamentals of Planetary Habitability

● Lecture 2: Habitability Lessons Learned from our Sister Planet

● Lecture 3: Stars and the Planetary Energy Balance

● Lecture 4: The Habitable Zone and Orbital Dynamics
●



  



  

The role of giant planets

Is our solar system unusual?

Less than 10% of stars have Jupiter/Saturn analogs.





  

Our Sun

Red dwarf stars

Red dwarf stars

Pros: Live a very (!!) long time

Cons: Are very active

Blue massive stars

Short lifetime, followed by …



Planetary Energy Balance

Considerations:

●  Transparency of the 
atmosphere (optical 
and IR).
 

●  Blackbody radiation.

●  Idealized greenhouse 
model (emissivity).

●  Obliquity and rotation.

●  Radiative equilibrium 
timescale.



The “Habitable Zone”: the region around a star where a planet COULD have 
surface liquid water IF it has sufficient atmospheric pressure.

The Habitable Zone is most useful for target selection. However, it does 
assume numerous aspects of the planet, including water delivery.



Planet in the Habitable Zone ≠ Habitable Planet
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The use of 3D GCMs is important for assessing individual cases.



http://hzgallery.org/
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The effect of system architectures on planetary habitabilityThe effect of system architectures on planetary habitability
● Planetary architectures can dramatically influence the dynamics of (and sometimes prevent) 

terrestrial planet orbits within the Habitable Zone.

● Stable orbits with variable eccentricity can be maintained, resulting in significant climate effects.



  

Where is all the water in planetary systems?Where is all the water in planetary systems?

● Inner parts of disk hotter than outer parts.
● Solidification: Condensation temperature.
● Inside snow/frost line: temperatures too hot for icy materials too condense.
● Outside snow/frost line: ices can form.



  



● C-Type asteroids: dark carbonaceous objects (75% of known asteroids)
● S-Type asteroids: stony (silicaceous) objects (17% of known asteroids)

● Venturini et al. “Setting the Stage: Planet Formation and Volatile Delivery”, 2020, Space Sci Rev, 216, 86



What if the solar system had no Jupiter?What if the solar system had no Jupiter?

Kane & Wittenmyer. “Eccentricity Distribution beyond the Snow Line and Implications for Planetary Habitability”, 2024, ApJ, 962, L21

● Giant planets provide a primary mechanism for 
scattering volatiles within a system.

● The occurrence of giant planets beyond the snow 
line is ~10% (Wittenmyer et al. 2020; Fulton et al. 
2021; Rosenthal et al. 2021; Bonomo et al. 2023).

e = 0.23



What if the solar system had no Jupiter?What if the solar system had no Jupiter?

Kane & Wittenmyer. “Eccentricity Distribution beyond the Snow Line and Implications for Planetary Habitability”, 2024, ApJ, 962, L21

● Our dynamical simulations 
compare the volatile scattering 
potential of a Jupiter analog to 
an eccentric Jupiter.

● For the Jupiter analog case:
Interior to snow line = 16.7%
Interior to Earth orbit = 1.6%

● For the eccentric Jupiter case:
Interior to snow line = 76.5%
Interior to Earth orbit = 43.7%

● The eccentric Jupiter scatters 
4.6x the amount of material 
interior to the snow line, and 
27.3x the amount of material
into Earth-crossing orbits, 
compared with the Jupiter
analog case.

Jupiter analog

Eccentric Jupiter

Planet semi-major axis



Adding the full solar system giant planet inventoryAdding the full solar system giant planet inventory

Kane & Miles. “The Role of Solar System Giant Planets in Volatile Delivery to the Terrestrial Planets”, 2024, ApJ, submitted

e = 0.23



● Saturn’s Hill radius is ~20% 
larger than Jupiter. Additional 
planets also result in angular 
momentum exchanges that 
oscillate eccentricity.

● For the Jupiter+Saturn case:
Interior to snow line = 63.8%
Interior to Earth orbit = 49.3%

● For the all giant planets case:
Interior to snow line = 53.8%
Interior to Earth orbit = 45.4%

● The inclusion of Uranus and 
Neptune in the all giant planets 
case results in a net decrease 
in inward volatile flux 
compared with the Jupiter
+ Saturn case. This is caused 
by increase outward flux and 
angular momentum transfer to 
the outer planets.

Jupiter + Saturn

all giant planets

Planet semi-major axis

Adding the full solar system giant planet inventoryAdding the full solar system giant planet inventory

Kane & Miles. “The Role of Solar System Giant Planets in Volatile Delivery to the Terrestrial Planets”, 2024, ApJ, submitted



● For the Jupiter analog case:
Interior to snow line = 16.7%
Interior to Earth orbit = 1.6%
Interior to Venus orbit = 0.9%

● For the eccentric Jupiter case:
Interior to snow line = 76.5%
Interior to Earth orbit = 43.7%
Interior to Venus orbit = 36.5%

● For the Jupiter+Saturn case:
Interior to snow line = 63.8%
Interior to Earth orbit = 49.3%
Interior to Venus orbit = 46.3%

● For the all giant planets case:
Interior to snow line = 53.8%
Interior to Earth orbit = 45.4%
Interior to Venus orbit = 43.0%

Planet semi-major axis

Back to Venus!Back to Venus!

Kane & Miles. “The Role of Solar System Giant Planets in Volatile Delivery to the Terrestrial Planets”, 2024, ApJ, submitted

● Impact probability for long 
period objects depends on 
orbital period of terrestrial 
planet and cross-sectional 
area.

● For the solar system 
terrestrial planets, the 
impact probabilities are 93%, 
170%, and 12% for Mercury, 
Venus, and Mars, 
respectively, relative to 
Earth.

● Thus, for volatiles received 
from beyond the snow line, 
Venus received almost twice 
the amount of water than 
Earth, requiring substantial 
water loss until the present.
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ConclusionsConclusions

1. Understanding the initial water inventory of terrestrial planets (e.g., Venus and Earth) and the 
relative contributions of accretion versus delivery remains an outstanding issue of planetary 
habitability evolution. Models of surface liquid water are fundamental to defining the Habitable Zone 
boundaries.

2. Giant planets can have a profound effect on the redistribution of volatiles within the system. A lack 
of giant planets beyond the snow line can significantly truncate volatile delivery to the inner region of 
planetary systems.

3. Even a moderate eccentricity (0.2-0.3) for Jupiter can result in more than an order of magnitude 
increase in volatile delivery rates compared with the Jupiter analog case.

4. Adding additional giant planets to a system changes the time-dependent angular momentum 
distribution throughout the system. For example, the addition of Saturn to the Jupiter scattering 
profile creates a scattering effect equivalent to an eccentric Jupiter, such as those detected in 
exosystems.

5. Distant ice giants, such as Uranus and Neptune, can decrease the volatile flux to the inner system by 
transferring angular momentum away from the primary scattering agents: Jupiter and Saturn.

6. Venus received at least as much water from beyond the snow line as Earth, emphasizing the need to 
study water loss processes for terrestrial planets.
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