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MIGRATION
‣ Disc migration: interactions with the gas disc. 

‣ Type I: low mass planet. 

‣ Type II: massive planet in a gap. 

‣ Type III: turbulent migration (intermediate special case 
for massive disks). 

‣ Tidal migration: planets whose orbit (or partial orbit) takes it 
close to the star  causing a bulge on the star. 

‣ Gravitational scattering: interactions with other planets 
(particularly giant planets) or large number of planetesimals. 

‣ Kozai cycles and tidal friction: planets that are inclined 
relative to the plane of a binary star (or other planets).

→



DISC MIGRATION
‣ Planets create non-axisymmetric, time-dependent gravitational 

potentials that make density waves in the gas disc (spiral waves).  

‣ These density waves feedback onto the planet through 
gravitational torques, leading to angular momentum transport 
and migration. 

‣ Orbital decay due to direct 
gas drag is negligible at  
planetary masses. 

‣ Helps explain how hot  
Jupiters can exist so close  
to the host star when they  
preferentially form beyond 
the snow line.



DISC MIGRATION

‣ The leading density enhancement pulls the planet forward 
(leading to outward migration), while the trailing density 
enhancement pulls the planet backwards (leading to inward 
migration).



‣ Gas interior overtakes the planet  net gain in angular 
momentum. Gas exterior to the planet is overtaken by the 
planet  net loss. 
 
 

‣ The interaction is frictional with the net direction of 
migration depending on the difference between the interior 
and exterior torques. 

‣ We are assuming linear trajectories (approximately true to 
circular orbits). Deflections cause departures from this 
geometry, so we assume disc viscosity is able to restore the 
geometry by the subsequent pass.

→

→

DISC MIGRATION: IMPULSE APPROXIMATION



DISC MIGRATION: IMPULSE APPROXIMATION

wave propagation 
and dissipation

waves generated 
at resonances

wave propagation 
and dissipation

Takeuchi et al. (1996)



‣ Type I migration timescales are very short ( ). 

‣ Type II migration is 1-2 orders of magnitude longer. 

‣ Suggests that planets 
should all fall into the 
star within the lifetime 
of the disc. 

 
 

 
 

∼ 104 yrs

DISC MIGRATION: SUMMARY

disc lifetimes
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DISC MIGRATION: SUMMARY



‣ Type I migration timescales are very short ( ). 

‣ Type II migration is 1-2 orders of magnitude longer. 

‣ Suggests that planets 
should all fall into the 
star within the lifetime 
of the disc. 

‣ Not as effective in 
gravito-turbulent discs 
or for asymmetric gaps 
(Type III migration). 

‣ Thermodynamics is  
an important factor

∼ 104 yrs

outward
inward

DISC MIGRATION: SUMMARY



DUSTGAS
EFFECTS ON DUST

‣ Plant gaps prevent large dust grains from migrating past the 
planet. Only small grains that are well coupled to the gas can still 
cross. Can affect the grain size distribution in the inner disc.
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where [n, m] = 1, 2, 3, . . .

MEAN MOTION RESONANCES (MMR)

‣ Multiple planet systems often form resonant chains as inner 
planets catch migrating planets behind them.



‣ Similar to finding the natural frequency 
on a swing. Pushing at the right time is 
important for stable motion.

Stable

Unstable

MEAN MOTION RESONANCES (MMR)



MEAN MOTION RESONANCES (MMR)
‣ Structure in the astroid belt revealed when plotting the 

mean orbits (instantaneous snapshots don’t show this 
because of the random eccentricities of the astroids). 
Similar effect in Saturn’s rings.
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VISCOUS EVOLUTION
‣ Viscous evolution theory predicts: 

‣  Long disc lifetimes (~10–100 of Myr). 

‣ Discs should go progressively optically thin at all 
radii due to viscous accretion and spreading. 

‣ We should see many discs in “transition” phase. 

‣ Observations show: 

‣ Discs are dispersed in ~1–10 Myr, 
with a e-folding time of ~3-5 Myr. 

‣ Very few transition discs (~10%). 

‣ Clearing must be fast (~0.5 Myrs).



VISCOUS EVOLUTION

high mass 

Viscous evolution predicts….

Observations instead show….

Rare transition disk

high accretion rate

time

low mass 
low accretion rate

t ∼ 106 yrs t ∼ 107 yrs
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‣ Thermal winds are produced by absorption of high 
energy radiation. Gas can escape if . 

‣ Naively: 
 
 
 

‣ Bernoulli flow:

cs > vesc = 2GM/R

Rg =
GM*

c2
s

∼ 5−10 au

Rc ≈
Rg

5
∼ 1−2 au

r / AU

normalized mass
loss rate r2 Σw

r = rg

EUV
only

EUV + X-ray 
ionizing flux

hot, bound disk
atmosphere

photoevaporative flow, 

v = few - 10 km s-1

diffuse field

FUV
irradiation

PHOTOEVAPORATION



PHOTOEVAPORATION
‣ X-EUV radiation ionises and heats the disc atmosphere: 

‣ Bound atmosphere at . 

‣ Thermal wind at  (large portion of the disc). Total 
mass loss rates  (can be comparable 
to viscous accretion).  

‣ Once accretion rates drop below the wind mass-loss rate at a 
given radius, a gap opens (typically near ). 

‣ The outer and the inner disc become decoupled. The inner 
disc is starved. 

‣ Inner disc (viscously) drains rapidly onto the star producing a 
transition disc. Direct EUV and X-ray flux photoevaporate the 
outer disc from the inside out.

R < Rg

R > Rg
∼ 10−10−10−8 M⊙ yr−1

Rg



PHOTOEVAPORATION



PHOTOEVAPORATION



PHOTOEVAPORATION



PHOTOEVAPORATION



PHOTOEVAPORATION



PHOTOEVAPORATION OR GIANT PLANETS?
‣ Struggles to produce transition discs with large gaps and 

high accretion rates. By the time that the disc gap is large 
enough the accretion rates in the inner disc have slowed 
or even quenched. 

‣ Probably caused by 
giant planets, but grain 
growth can partially 
mimic this effect too.



PHOTOEVAPORATION OR GIANT PLANETS?
‣ Struggles to produce transition discs with large gaps and 

high accretion rates. By the time that the disc gap is large 
enough the accretion rates in the inner disc have slowed 
or even quenched. 

‣ Probably caused by 
giant planets, but grain 
growth can partially 
mimic this effect too. 

‣ Combination of the 
two: planet-induced 
photoevaporation 
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DEBRIS DISCS



AU Microscopii

DEBRIS DISCS



Beta Pictoris

DEBRIS DISCS



DEBRIS DISCS



DEBRIS DISCS



DEBRIS DISCS
‣ Debris discs are made from collisional grinding of 

leftover km-sized planetesimals. 

‣ Collisions are destructive, producing a collisional cascade 
that repopulates small grain sizes (observable). 

‣  

‣  

‣ Dust and gas dynamics decoupled ( ). 

‣ Lifetimes depend on the stability of the system, size of 
the remnant disc, and the amount of stirring (Myr—Gyr).

Mdisc ≪ 0.01M*

Ldisc ≪ L*

Mgas < 10 Mdust



DEBRIS DISCS
‣ Poynting–Robertson drag: stellar radiation causes a dust 

grain orbiting a star to lose angular momentum  radial 
drift. This is related to radiation pressure tangential to the 
grain's motion. 

‣ (a) Stellar radiation 
comes from forward 
direction, but grain 
radiates isotropically. 

‣ (b) Stellar radiation 
hits the grain laterally, 
but the grain appears 
to radiate more in the 
forward direction.

→

Co-moving observer Observer at rest w/star



DEBRIS DISCS
‣ Large grains and planetesimals contain most of the mass, 

but contribute little to no flux. 
‣ Must characterise the invisible population of eroding 

parent bodies through modelling.

The observable portion of the collisional 
cascade extends up to 20 cm

Without larger objects, small grains would 
disappear in ~1 Myr; 440 Myr age of 
Fomalhaut implies planetesimals ~4 km 
feed the cascade



GIANT IMPACTS



GIANT IMPACTS
‣ The late stages of the collisional accretion of planets involves 

collisions between planetary-sized bodies. These giant impacts 
involve enormous amounts of energy and are probably 
responsible for a number of particularities in the solar system: 

‣ Anomalous density of Mercury 

‣ Earth-Moon similarities 

‣ The topography of Mars 

‣ Tilt of Uranus' rotation axis 

‣ Existence of Chiron (Pluto's moon). 

‣ It is the last giant impact that leaves traces. The geological 
clock is reset in the impact region (molten surface).



crust

Relative sizes

6378 km

2440 km
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Oxygen isotopes
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PLUTO

CHARON URANUS



LONG TERM EVOLUTION
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“Essentials of Advanced Astrophysics” - Spring Semester 2016https://exoplanets.nasa.gov/

https://exoplanets.nasa.gov/


“Essentials of Advanced Astrophysics” - Spring Semester 2016

What would Earth look like from far away?



“Essentials of Advanced Astrophysics” - Spring Semester 2016

Cassini Image of 
the “Pale Blue Dot”

Voyager I Image



“Essentials of Advanced Astrophysics” - Spring Semester 2016



Planet-Star Flux Ratio

• Exoplanets are no fainter than 
the faintest galaxies, but… 

• ENORMOUS planet-star 
contrast is a major impediment 
to observation 

• Hot Jupiters are much more 
favourable 

• Temperatures: 1000–2500 K 

• IR contrast only 10−3

scattered 
starlight

thermal 
emission



VIS – NIR MIR

Observing Atmospheres

‣ Even in our own solar system it is difficult to resolve objects, so resolving 
atmospheres of exoplanets is not very feasible 

‣ Instead, exoplanetary atmospheres are studied through their photometry 
(total light/brightness) and spectra (# of photons per wavelength)

Tinetti et al. (2006)



Primary Eclipse 
• Tells us about the size of planet 
• Transmission spectra

Phase Curves 
• Atmospheric circulation 
• Weather patterns (e.g. clouds) Secondary Eclipse 

• Thermal radiation of planet

Credits: NASA/JPL-Caltech

55 Cancri e Day-side: 2,700 K

Night-side: 1,400 K

Brightness temperature from 
depth of secondary transit



Transmission Spectrum

star

planet

atmosphere

‣ Stellar radiation passing through the 
optically thin (upper) atmosphere 

‣ Differencing the spectra from in and 
out of transit allows us to isolate the 
spectral features of the atmosphere



Diversity of Planets

https://exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html


‣ The final atmosphere will be the result of  

‣ Gains: accretion from the disc (location dependent) and outgassing 

‣ Losses: atmospheric escape and sequestering of gases in oceans 

‣ Terrestrial planets: have thin atmospheres that are replaced or acquired by 
outgassing during early evolution or gas-surface reactions 

‣ Giant planets: have thick atmospheres captured directly from the 
protoplanetary disc on formation (approximately primordial)

Diversity of Planets  
=  

Diversity of Atmospheres



• Note it is possible to have a tidally locked core with a thick mobile atmosphere



Gyre

Atmospheric 
Circulation



Vertical Thermal Structure of a 
Planetary Atmosphere

‣ Temperature is key to habitability (determines whether complex molecules 
and liquid water exist) 

‣ Temperature-pressure structure is needed to compute (non-)equilibrium 
chemistry of an atmosphere 

‣ Chemistry determines the spectral features 

‣ If we know the total amount of energy passing through a planet 
atmosphere we can derive the temperature profile 

‣ Energy is neither created or destroyed in an atmosphere, which means 
that the net flux through the atmosphere must be constant (must hold 
for every layer, but NOT for each frequency) 

‣ The radiative equilibrium temperature profile is the temperature profile 
that satisfies this flux constraint 

‣ Note atmospheric temperatures vary in the horizontal direction as well 
(especially true for tidally locked exoplanets)



Habitable Zone

‣ The orbital region around a star where 
liquid water may exist 

‣ Usually based on flux calculations at 
different extremes (e.g. runaway 
greenhouse vs absence of greenhouse) 

‣ Important factors include: 

‣ Stellar mass, age, proximity, activity 

‣ Atmospheric composition  

‣ Photochemistry, escape, 
outgassing, hazes/clouds 

‣ Atmospheric/oceanic circulation 

‣ Alternative heating sources (e.g. 
radioactive decay, tidal heating)



correction factor to f = 4π

4πR2
pFS,p

radiated energy
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4
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• In the context of an idealised planetary atmosphere, the equilibrium 
temperature is essentially the temperature at the layer where most of the 
radiation is emitted (i.e.  )Teq ∼ Te

Energy Balance



Simple Greenhouse Model

Earth’s Surface

Sun

transparent to visible 
wavelengths and 

opaque to IR

light absorbed by surface is 
reemitted as black body radiation

Atmosphere reradiated IR

some surface IR 
leaks through

scattered sunlight

reflected 
sunlight

Ta

Ts

Te

σT4
s

(1 − α)σT4
s

σT4
a

T⋆

σT4
e

σT4
⋆ ( R⋆
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2 f
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Lint≥ Te ≥ Ta



‣ In equilibrium, energy conservation requires that the energy radiated must 
equal the energy absorbed (neglecting the internal energy of the planet) 

‣ Surface: 
 

‣ Atmosphere: 

‣ Substituting one into the other and solving for the surface temperature 
 

‣ Two extremes (for Earth): 

‣ Atmosphere always tends to warm/insulate the surface: Ts ≥ Te ≥ Ta

Simple Greenhouse Model

σT4
e = σT4

a + σT4
s (1 − α)

σT4
s = σT4

⋆ ( R⋆

2a )
2

(1 − AB) + σT4
a = σT4

e⏟ + σT4
a

fraction of surface emission 
absorbed by the atmosphere

T4
s = T4

e + [T4
e − T4

s (1 − α)] → Ts = ( 2
2 − α )

1/4

Te

α = 0 :: Ts = Te ∼ 255 K
α = 1 :: Ts = 21/4Te ∼ 303 K

Ts,actual ∼ 280 K could generalise by 
using many ’sα



Troposphere: 
Responsible for the majority of 
Earth’s: 
• Weather 
• Atmospheric mass (~85%) 
• Spectral features in visible 

and IR 

Exponentially decreasing 
density caused by hydrostatic 
equilibrium 

Heated from the surface which 
absorbs majority of visible 
radiation from the sun

Earth’s Vertical 
Atmospheric Structure



Stratosphere: 
Heated from above (absorption 
of UV solar radiation by ozone) 
causing a temperature inversion

Mesosphere: 
Ozone level decreases causing 
the temperature to decrease 
with height

Thermosphere: 
Temperature inversion due to 
absorption of highly energetic 
solar radiation

Earth’s Vertical 
Atmospheric Structure
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Stratosphere: 
Heated from above (absorption 
of UV solar radiation by ozone) 
causing a temperature inversion

Mesosphere: 
Ozone level decreases causing 
the temperature to decrease 
with height

Thermosphere: 
Temperature inversion due to 
absorption of highly energetic 
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}

Earth’s Vertical 
Atmospheric Structure



Stratosphere:

Mesosphere:

Thermosphere:

Troposphere: }

Photochemistry 
Atmospheric escape

Most relevant for 
spectral features

}

Earth’s Vertical 
Atmospheric Structure



Stratosphere:

Mesosphere:

Thermosphere:

Troposphere: }

Photochemistry 
Atmospheric escape

Most relevant for 
spectral features

}

Earth’s Vertical 
Atmospheric Structure



Atmospheric Escape

‣ Usually light gases, but also heavier elements (perhaps the whole 
atmosphere) if a terrestrial planet is close to the star. 

‣ Three stages: 

1. Transport from lower to upper atmosphere 

2. Conversion from molecular to atomic/ionic form 

3. The actual escape process: 

‣ Thermal hydrostatic escape 

‣ Thermal hydrodynamic escape 

‣ Non-thermal escape 

‣ Depends on planet mass, composition, temperature, magnetic field, 
distance to star, and stellar type.



Hydrostatic Escape

‣ Thermal hydrostatic escape occurs when an atom’s or molecule’s thermal 
escape velocity exceeds the escape velocity of the planet.



‣ Thermal hydrodynamic escape occurs when the outflow behaves as a 
dense fluid (as opposed to individual particles). Typically driven by stellar 
irradiation.

D
en

si
ty

 ⟶

Planet interior

Particle size ⟶

Hydrodynamic Escape



‣ Collisional processes with charged species  atoms acquire enough 
energy to escape (even heavier elements) 

‣ Umbrella term for many processes:

→

Non-thermal Escape



74



75



76

Gas giants have compositions 
similar to their host star in 
their upper atmosphere

CO2 strong indicator 
of terrestrial planets



‣ Planetary spectra are the main observable for 
exoplanets because they probe into the 
atmosphere. Dominated by a handful of 
molecules: 

‣ CH4 in gas giants 

‣ CO2 in terrestrial planets 

‣ Cannot always see abundant gases that have 
weak or no absorption/emission features. 

‣ Absorbing power depends on the number density 
times the absorption cross section. 

‣ Homonuclear molecules (e.g. N2 and O2) have 
weak absorption cross sections while molecules 
composed of different atoms have much larger 
absorption cross sections.

Atmosphere Composition



τchem ≫ τmix

τchem ≪ τmix

τchem = τmix

Cool, upper atmosphere 
Radiative zone 

(non-equilibrium)

Hot interior 
Convective zone 

(equilibrium)

Different molecular species have their own quench level
τchem = τmix

τmix ∼ H2/κE

τmix ∼ H/vc

Quench 
Level

ratios above set by quench level

Chemical Disequilibrium



Photochemistry
‣ Stellar irradiation photo dissociates molecules in the upper atmosphere. 

The atoms can then either escape to space or recombine to form other 
molecules. 

‣ Photochemistry is important for terrestrial planets atmospheres more than 
giant planets atmospheres. 

‣ Atmospheric escape is negligible in gas giants and the fast reaction 
rates occurring in the deeper layers can replenish the dissociated 
molecules. 

‣ Early Venus: photochemistry led to water escape by dissociating water 
vapour in the atmosphere allowing H to escape. 

‣ Jupiter/Saturn: photochemistry creates hazes that mute the blue part of the 
spectrum (UV radiation photodissociates CH4 and the resulting C 
combines with the H to make haze).



Molecules

‣ Like atoms, molecules can also 
undergo electronic transitions  

‣ Additionally they also have 
rotational and vibrational 
transitions giving rise to complex 
molecular bands. 

‣ For example,  has 
hundreds of millions of lines 
from combined ro-vibrational 
transitions! 

‣ Molecular spectral lines blend 
together to form molecular bands.

H2O



Molecules

‣ Ro-vibrational transitions occur when the molecule couples with the an 
electromagnetic field — generally the electric dipole moment (i.e. when 
the effective centres of the negative and positive charges are displaced and 
the centres of mass and charge differ). 

‣ Rotational motion is always induced when vibration occurs. 

‣ Temporary dipole moments can be induced (e.g. through asymmetric 
bending/stretching). Also electric quadrupole or magnetic dipole moments 
can cause vibrational transitions.

CO O

O
H H





Thermal Spectrum
• The thermal spectrum is composed 

of a combination of an absorption 
and emission line spectrum 
depending on the temperature 
stratification of the atmosphere. 

• Cooler layers in front of hotter layers 
 absorption lines. 

• Temperature inversions  emission 
lines. 

• Isothermal atmosphere  
continuous spectrum (e.g. a black 
body with no absorption or emission 
features).

→

→

→
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Temperature inversion 
(Stratosphere)

Opacity and band 
strength depend 

on number density

 is decreasing 
(Troposphere)

T(z)

• What can the Earths’ spectrum tell us about the temperature structure of 
our atmosphere ? 



Ideal Characteristics for a Biosignature Gas

1. Does not exist naturally in the planetary 
atmosphere at ambient temperatures and 
pressures 

2. Is not created by geophysical processes 

3. Is not produced by photochemistry 

4. Has a strong spectral signature



Earth’s Most Robust Biosignature Gases

• Earth is a natural reference point when looking for suitable conditions for 
life on exoplanets…but you never know what else may be out there 

• Oxygen (O2): 

• Satisfies all four criteria 

• Makes up 21% of atmosphere, but is highly reactive (must be 
continually produced) 

• Generated by plants/photosynthetic bacteria as a metabolic by-product 

• No continuous abiotic sources (in large quantities) 

• Ozone (O3): 

• Photolytic product of O2 being split by UV radiation 

• Inherits biosignature qualities from O2



Earth’s Semi-Robust Biosignature Gas

‣ Nitrous oxide (N2O): 

‣ Satisfies three of the four criteria 

‣ N is important for plants (major component of chlorophyll, amino 
acids, ATP, and DNA) and used in fertilisers 

‣ Produced during microbial oxidation-reduction (redox) reactions in soil 

‣ Relatively small quantities compared to O2 

‣ Strong greenhouse gas (298  stronger than CO2)× NN O



Earth’s Not-So-Robust Biosignature Gases

‣ Carbon dioxide (CO2): 

‣ Indicative of a terrestrial atmosphere 

‣ Very strong mid-IR spectral feature 

‣ 0.035% of air on Earth, but 97% on Venus/Mars 

‣ Considered a major planetary atmosphere gas (not useful) 

‣ Nitrogen (N2): 

‣ Makes up 78% of air on earth (not useful) 

‣ Homonuclear (no spectral signatures in visible/IR) 

‣ Methane (CH4) and various (H2, H2S, SO2, NO, NO2): 

‣ Released by volcanism and produced by photochemistry (non-unique) 

‣ Produced in trace amounts (a-)biotically (lacks detectable spectral 
signatures for remote observers)



Potential Alternatives to Biosignature Gases

‣ Excess amounts of gas that cannot be 
explained by abiotic processes 

‣ Atmospheres that are out of chemical 
equilibrium (especially redox disequilibrium) 

‣ Photometric variation: most likely from clouds 
(possibly from liquid water oceans), but could 
also be from continents and oceans 

‣ Red edge: evolutionary trait to prevent 
overheating, which causes chlorophyll to 
degrade 

‣ The reflection spectrum of photosynthetic 
vegetation has a sudden rise (factor of ~10) 
in albedo at ~750 nm




