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Europa



Volcanic Moons

Obi-Wan Kenobi and Darth Vader fight 
on the volcanic moon of Mustafar.  

Star Wars, Episode III, “Revenge of the Sith”



Jupiter’s family portrait

Io Europa Ganymede Callisto



Moons of the Solar System



Size Comparison



Surfaces of the Galilean Satellites

Young surfaces Old surface

(Geologically Active)



Io in action



Io – Jupiter's Volcanic Moon

100 times more volcanic 
than Earth!!

Ground temperature: 110K

Bright areas: Fresh sulfur 
frost

Yellow-Brown areas: older 
sulfur compounds

Nowhere else in the Solar System 
do volcanic processes 

so dominate everything we see as on Io



Io's interior

Iron rich core

Molten silicate interior

Thin silicate crust

Io is roughly the size of the Moon.
How does such a small body retain such a hot interior?



Tides

The side closer to the Moon 
experiences a greater pull 
than the side further out.

The effective result is a
differential force 

we call Tidal Force. 



Orbital Clockwork



Swinging Moons



Periodic tug of Europa makes 
Io's orbit slightly elliptic 

(e ~ 0.004)



Tidal Heating

Difference in tidal bulge
from closest to farthest from 

Jupiter: 
100 m (~300 ft)

MASSIVE FRICTION!!!

Close to Jupiter:
large tidal bulge

Far from Jupiter:
small tidal bulge



Tidal heating 
keeps Io's interior molten

Iron rich core

Molten silicate interior

Thin silicate crust



Io's Volcanoes

Loki



Active plumes



Tidal Heating: Summary

Periodic pull of outer moons 
keeps Io’s orbit elliptic

Varying tidal bulge in elliptic orbit
generates energy through friction



Europa



Ice Tectonics



Europa has less tidal heating





Evidence for Convection

Ice diapirism
(Pappalardo et al. 1998, Nature, 391, 22

Pappalardo et al. Journal of Geophysical Research, 1999, 104, 24015)



“Pull-apart” bands
(Tectonic faults, like mid-ocean ridges)

Evidence for Convection



Chaos regions
(large areas of melt that refroze)

Evidence for Convection



Evidence for Convection

Ridges



Evaporites



Non-synchronous rotation
Geissler et al. 1998





Induced magnetic field





Ice Convection



Life?

















Europa Clipper

Reconnaissance: 45 flybys, as low as 25km
Radar to determine ice’s thickness

High resolution camera
Identify future landing sites



Saturn's Giant Moon

Second in size only to Ganymede, Titan is bigger than Mercury

The only satellite with a considerable atmosphere



Titan

100% covered in opaque orange haze
No view of the surface

Atmosphere!



Titan

Methane in Titan should be like water on Earth!

Presence of liquid hydrocarbons highly likely.

Methane triple 
point
~90K

Titan's mean 
temperature

~93K





Pre-Cassini speculations
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Pre-Cassini speculations



Titan

Radar image by Cassini



Huygens descent



Huygens descent



Huygens landing site



Huygens landing site



Huygens landing site

Titan Earth



Titan Dunes

Titan

Earth



A little lake near the South Pole



Lakes at last!



Lakes at last!



Lakes of Titan



Enceladus

Plumes imaged by Cassini



Enceladus

Close up of the plumes



Enceladus



Enceladus

Enceladus and Titan



Tidal Heating!

2:1 resonance with Dione
keeps Enceladus' orbit eccentric 

(e ~ 0.004)
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Planet-Disk Interaction Observation: HL Tau



Planet-disk interaction: gaps, spirals, and vortices.



Observational Evidence: Spirals

Muto et al. (2012)

SAO 206462 MWC 748

Benisty et al. (2015)



Planet spirals

“Planet”
“Spiral wake”



L band (~3.5 µm) H band (~1.6 µm)

The strange case of HD 100546



Lyra et al. (2016)
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Hord et al. (2017, in prep)



Hord et al. (2017)

Synthetic image



Observation vs Synthetic Image

Hord et al. (2017)



Hord et al. (2017)

Effect of shocks alone

1 µm 10 µm



Hord et al. (2017)



The vortex raises the scale height

Density

Intensity

T = 40 orbits T = 41 orbitsT = 39 orbits



Hord et al. (2017)

A puffed-up outer gap

DensityTemperature



LkCa 15
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Conclusions

• Disk vortices are a prime location for planet formation
• Tea leaf effect

• Dust trapped in drag-diffusion equilibrium explains the 
observations

• Hydrodynamical instabilities vs planet excitation mechanism:
• Vertical Shear Instability

• Vertical violation of Solberg-Hoiland criterion
• Convective Overstability

• Amplification of epicyclic motion by buoyancy
• Zombie Vortex Instability

• Resonance between epicyclic and buyoancy frequency

• Hot lobes next to high mass planets at high resolution

• Planets puff up their outer gap edges – visible in scattered light 
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