
Exoplanets:
Characterization 

Jupiter, as seen from the JUNO mission



Methods to detect exoplanets

• Radial velocity 
• (motion of star in our line-of-sight)

• Transit photometry
• Direct imaging
• Astrometry (motion of star on sky)
• Microlensing
• Transit Timing Variation





• Most common systems 
have Super-Earths

• Cold Jupiters (like solar 
system): not too unusual

• Hot Jupiters: rare but 
easy to detect



Exoplanets are common!



Methods to characterize exoplanets
(atmosphere+composition)

• Density:  transit+radial velocity

• Atmospheres:
• Primary or secondary transit
• Direct imaging
• Both cases: spectra or multi-band photometry

• Orbital line variations: challenging
• beyond today’s discussion

• Astrometry:  very hard, unused to date

• Transit timing variations and Microlensing:  useless





Planet size (transit) 
and mass (radial velocity):  

density/composition
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Figure 1
Mass-radius curves of planets with radii below 4 Earth radii and masses below 30 Earth masses. Planets are color-coded by the stellar
flux they receive (compared with Earth). Hypothetical temperatures for the planets are included to add a common physical entity to the
diagram and are calculated from the stellar flux received by the planets, assuming a bond albedo of 0, perfect heat redistribution, and no
greenhouse effect (e.g., this is a fair estimate for Earth’s average surface temperature but not for Venus). Data are from http://www.
exoplanet.eu (accessed February 2017) and models following Zeng et al. (2016).

There is no consistent limit in the literature for the mass or radius divide between the terms
mini-Neptune and super-Earth, which often leads to confusion, especially for planets that need
a substantial gaseous envelope to fit their radius but have masses below 10 M⊕: These planets
are often called super-Earths based only on the 10 M⊕ limit, for example, GJ1214 (e.g., Zeng &
Sasselov 2013) (Figure 1).
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Planet size (transit) 
and mass (radial velocity):  

density/composition







Are terrestrial planets habitable?
Planet temperature:  

stellar irradiation, atmosphere



The greenhouse effect



a:  albedo = reflectance
Ice (and clouds) reflects energy = cooler planet



Blackbody emission:  hotter objects emit at higher energies 
(=shorter wavelengths)
Peak of blackbody:  



• Molecules in Earth’s 
atmosphere block detection of 
same molecules from exoplanet
– “opposite” of greenhouse effect

• Often need space observations!



• Planets are cool

• Need infrared telescopes!



Habitable (liquid water) zone
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Figure 5
Detected exoplanets orbiting in the empirical habitable zone of their host stars (solid red and blue lines), as well as a three-dimensional
model inner habitable zone limit (dashed line). (a) Transiting exoplanets with radii of 0–1, 1–1.5, and 1.5–2 R⊕ and (b) radial velocity
exoplanets with minimum masses of 0–5 and 5–10 M⊕ (shown with differently sized dots for different mass and radius ranges). Data are
from http://www.exoplanets.eu (accessed February 2017).
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Terrestrial 
exoplanets in 

habitable zones









Atmosphere detection methods



Exoplanet atmospheres!



Transmission 
studies of 

atmospheres

Earth: 6400 km 
radius, ~10-100 
km atmosphere

Tiny signal!



Atmosphere detection methods



Different wavelengths probe 
different layers in atmosphere



Complex atmospheric models:
testable predictions for different abundances 

(C/O ratio) and atmospheric properties 



Atmospheres 
and types of 

planets





Terrestrial planets

Giant planets



Gas giants
Jupiter: energy from 
contraction (2 cm/yr)

Saturn:  energy from 
differentiation (heavier 
elements sink)

Ice Giants
Cold
Large cores/small 
envelopes











Saturn (and its rings)







Rings: water ice a few m across
remnants of a moon  

Thousands of km across; ~10 m thick!
<100 million years old



Shepherd moons



Uranus Neptune
The Ice Giants



JWST image of Neptune’s rings and moons













Spectra of different directly imaged planets



Range of spectra for directly 
imaged planets

Tomorrow:  formation of 
exoplanets



Terrestrial worlds

Venus: 
thick atmosphere

Earth:
Very nice!

Mars:
Very little atmosphere
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Figure 8
Spectra of Earth, Venus, and Mars at a resolution (λ/!λ) of approximately 100 in the (a) visible to near-
infrared bands (the reflected flux of Mars has been multiplied by 10 to appear) and (b) thermal emission
spectrum of the planets and blackbody emission of a planet of the same radius at the maximum brightness
temperature of the spectrum. Data from Selsis et al. (2008).

For smaller planets, the contrast ratio increases owing to their smaller surface area. The HZ for
cooler stars is at smaller and for hotter stars at larger orbital distances, which increases the transit
frequency of HZ planets for cooler stars but also increases the resolution required to detect them
individually.

Figure 8 shows the visible and IR emergent spectra of Venus, Earth, and Mars models for a
resolution of approximately 100 for comparison (see also Selsis et al. 2008). Different wavelengths
have different sensitivity to clouds, Rayleigh scattering, or hazes and show different atmospheric
chemicals, as discussed in detail below. The abundance of a chemical needed to detect a spectral
feature at a certain resolution varies (see, e.g., Des Marais et al. 2002, Selsis et al. 2002, Kaltenegger
et al. 2007). The observable depth of spectral features in reflected light is dependent on the
abundance of a chemical as well as the incoming stellar radiation at that wavelength. In thermal
emission, the depth of spectral features depends on the abundance of a chemical as well as the
temperature difference between the emitting/absorbing layer and the continuum.
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With enough S/N, we can 
detect the differences between 
Venus, Earth, and Mars-like 
exoplanets!

(but need high S/N in infrared)



Billion years ago







NASA/Dragonfly Titan Mission 
(artist image, planned for late 2020s)



Ice worlds of Jupiter

Europa Ganymede Callisto





Enceladus: ice 
moon of Saturn



Enceladus: geysers!





Titan: the main moon of Saturn  















Exoplanet atmospheres!







Futures of atmosphere studies

• JWST:  mid-IR telescope, 10-20 years of discovery
– $10 billion USD, led by NASA+Canada/ESA
– Most powerful astronomy facility ever built

• ARIEL (ESA)

• ELTs (Extremely Large Telescopes): next generation…



Next class: 
formation of exoplanets

• Where and how do exoplanets form?
– Protoplanetar disks!

• How do different formation scenarios 
affect planet chemistry and 
habitability? 



Next class: planet formation 


