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”Interstellar”



What are we Trying to Do?

• Characterize what’s out there
– Probabilities, range of behaviors, range of environments

• Use what we find to improve our understanding of how 
planets form & evolve
– And place our solar system in context (though it may not 

be typical)

• “Habitability”? Intellectually suspect goal
– Ill defined

– Probably unreachable anyway (at least in the near 
term)…same is true for Mars & Europa

– But the public love it and they pay



Astronomy /Astrophysics

–Observational techniques, 
telescopes (including radio, etc)
-History of categorization of 
bodies & behaviors
-Huge range of physical 
phenomena but usually with 
simple materials

Planetary Science

-More emphasis on missions
-More emphasis on the 
individuality of bodies 
(resistance to generalization & 
reductionism is good!)
-Complex materials & systems 
(e.g., atmosphere must be 
thought of separate from 
interior)
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Planetary Science
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individuality of bodies 
(resistance to generalization & 
reductionism is good!)
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atmosphere must be thought 
of separate from interior)

Spectroscopy
Dynamics
Cosmochemistry

High pressure 
physics



Guidelines for the Diversity of Planets

• STRONG CONSTRAINT: Dynamically stable (most of 
the mass satisfies hydrostatic equilibrium); stable to 
“evaporation” for ~109 yrs.

• MODERATE CONSTRAINT: Consistent with cosmic 
abundances.

• WEAK CONSTRAINT: Conceivable formation 
scenario. (In practice, theorists are very good at 
explaining any observation, even when it’s wrong!)



What do all (most*) Planets have in 
Common

*there will always be oddballs, for example pulsar planets, the 
first found outside our solar system

• Use the same periodic table
– But not necessarily the same radioactivity!

• Use the same physics (& obey the same rules 
of chemistry)

• Have a broadly common genesis story?
– Gravitational collapse; disk because of angular 

momentum

– Accretion of solids followed (sometimes ) by 
accretion of gas



Why do Planets of Similar Mass & Composition 
have different Behaviors?

• Distance from star plays a role (but not necessarily 
dominant)

• Environment of formation plays a role
– Water
– Carbon dioxide, or…

• Planets (unlike stars) are made of thermodynamically 
complex materials
– Complex melting behavior (volcanism)
– Effect of alloying (e.g., sulfur in iron)
– Effect of water on rock rheology

• Role of chance in formation
– Major aspect of Earth-Venus difference?

• Life





Stevenson, 1982

Dashed lines are 
isentropes
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What does R(M) tell us?

• Clear evidence for hydrogen–rich envelopes , even for some 
quite low mass bodies (few Earth masses)
– Relevant to origin stories

• No clear evidence (yet) for water worlds (superGanymedes)
– Observational bias

• Some bodies that could be Earthlike in bulk composition
– But small differences in R(M) can hide important differences in 

the nature of the body
– Could be bodies stripped of an atmosphere, in which case they 

need not be Earthlike (because the pre-stripped core was 
potentially very hot)





Physical surface at 

~300K, an ocean!

Radiating surface at 

34K (driven by 

radioactive heat 

alone)

Dense (kilobar) H2

atmosphere..optically thick at 

far IR

An Interstellar Planet



Role of High Pressure Physics

• Not directly very useful for improving R(M)
– It’s good enough already to use “generic” equations of 

state

• BUT there are some very interesting and 
important issues with mixing, liquid vs solid, 
existence of cores (superEarths need not have 
iron-rich cores) . These may not affect R(M) 
directly but affect what happens as material is 
stripped off & what is left behind
– Current thinking about this is very primitive





Role of Cosmo/geochemistry

• Two main issues here
– What are the elemental abundances (not just 

metallicity but Mg/Si, Fe/Mg; affects the minerals 
that form

– What is the oxidation state (for example a system 
where all the Fe is oxidized and not metallic? 
There is enough oxygen of course.) This may be 
determined in the nebula.
• Claimed metallic core sizes are hugely variable and 

depend on many different parameters



Role of Atmospheres (Observation & 
Theory)

• Important!

• The atmosphere should never be thought of as 
something you add on top, even when it is 
accreted from the nebula

• The distinction between accreted & outgassed is 
somewhat artificial in many cases

– The outgassed can be accreted in many different ways

• Atmospheres are potentially diagnostic of interior

– Requires more work





Other Kinds of Measurements?

• Time variability
• Rotation (& obliquity)

– Can even be interesting in the region of tidal “locking”
– Diagnostic of origin at larger orbital radius

• Satellites & rings
– Might even tell us J2/Love numbers

• Magnetic field (radio)? Microwaves
– Have not been diagnostic/predictable in our solar system
– We can always hope!
– Can have other consequences (e.g., atmospheric loss is 

modified)
– Can have dynamo in a very hot magma ocean



Role of other Physical Modeling

• Atmospheric dynamics; coupling with clouds , 
photochemistry

• Atmospheric escape (all our ignorance is 
buried in an efficiency factor ~0.1)

• Loss (or not) of water

• Hot Magma oceans

• Better understanding of tidal evolution (the 
infamous Q)



TESS,…
JWST
Microlensing
Direct imaging
Radio?
Disks..

What about the road 
less traveled?
-Robert Frost





Claimed 
understanding

(non-monotonic with 
time)

Actual knowledge (data); 
usually increases with time

now

In a decade?

(for some 
areas)

The Usual Pattern in 
Science





Back up slides





Cosmic (~Solar) Abundances

Element Number Fraction Mass Fraction

H 0.92 0.71

He 0.08 0.27

O 7 x 10
-4

0.011

C 4 x 10
-4

0.005

Ne 1.2 x 10
-4

0.002

N 1 x 10
-4

0.0015

Mg 4 x10
-5

0.001

Si 4 x 10
-5

0.0011

Fe 3 x 10
-5

0.0016



Classes of Planetary Materials

Type of

bonding*

Examples Solid Densities

at low P

Bulk modulus

of solid

Locations

found

Van der Waals Hydrogen,

helium,

methane, N2

e.g hydrogen is

~0.07 g/cc

e.g. hydrogen is

a few kilobars

Giant planets

(also methane

and n itrogen in

satellites)

Hydrogen
bonding

Water,
ammonia

 Around unity Ten kilobar
(roughly)

Giant planets,
icy satellites

Ionic and

covalent

(including

metallic)

“Rocks”,

metallic iron

Rocks are

around 3g/cc;

iron is near 8

g/cc

Typically of

order one

megabar

Terrestrial

planets, cores

of giant

planets(?), icy

satellites

*The type of bonding refers to the  low pressure behavior; everything presumably

becomes a metal at sufficiently high pressure.



Jupiter,Saturn

Uranus, 

Neptune

Gas (H2,He)

Ice (mainly H2O)

Rock (silicates, oxides, 

met. Fe)

Earth
Large Icy 

Satellites

Line of 

cosmic ice 

& rock 

condensate 

(variable 

gas)



Water Plate tectonics Magnetic 
field

These all influence…

LIFE



Three Kinds of Oceans

Earthlike Protected by iceProtected by a 
dense 
atmosphere 
(e.g.,greenhouse)



Jupiter (for 
example)

Planet (or spacecraft) 
headed for escape

Interstellar Planets?
-they have been observed by gravitational lensing


