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Why study exoplanets?

… How did we get here?

… How did the Earth form?

… Are there other habitable/inhabited planets?

… How do planets work?



The Solar System

• 4x small rocky (‘terrestrial’) planets, close to the Sun

• 4x large gaseous planets, further from the Sun
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The Habitable Zone

Image credit: NASA/JPL

The habitable zone is defined as the region in a planetary 
system within which water could exist in liquid form.



Getting to know Earth’s sibling: Venus

Image credit: Tiago Fioreze, CC BY-SA 3.0

Ocean world?



Getting to know Earth’s sibling: Venus

Image credit:عبد الرحمان عبد هللا , CC SA 4.0

Desert world?



Getting to know Earth’s sibling: Venus

… 735 K hellscape!
(Thanks to Mariner 
2, Venera, Pioneer 
Venus, Venus 
Express, Akatsuki)

Image credit: ESA, C. Carreau



Discovering the exoplanet population

Image credit: ESO

Stars are big, hot 
and bright. 

Planets are 
(relatively) small, 
cool and faint. 

‘Glow worm next to 
a lighthouse’



Discovering the exoplanet population 1: transits
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If an exoplanet and star 
are lined up just right, 
the planet will block 
some of the starlight at 
some point during its 
orbit. 



Discovering the exoplanet population 1: transits
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The amount of light 
blocked tells us the 
relative size of the 
planet vs the star.

∆𝐹 =
𝑅𝑃
𝑅𝑆

2

RS = stellar radius, Rp = planet radius



The Technology 1: SuperWASP, Kepler and TESS

Artist’s impression: NASA/JPL-Caltech/Wendy Stenzel. Public Domain 

David Anderson. CC-BY 2.5

Artist’s impression: NASA.
Public Domain. 

SuperWASP

Kepler

TESS



Discovering the exoplanet population 2: radial velocity

Simple mechanics problems 101:

‘assume the planet has no mass’

… because you can then assume the star stays perfectly still, and your 
equations will behave nicely. 



Discovering the exoplanet population 2: radial velocity

Of course, this isn’t 
true.

Planets do have mass, so 
when a planet orbits a star, 
the star doesn’t actually stay 
still – both objects orbit the 
common centre of mass.



Discovering the exoplanet population 2: radial velocity

If we can see that a star is 
wobbling in a periodic fashion, 
we can infer the presence of a 
planet in orbit around the star, 
and also calculate its mass. 

The more massive the planet, 
the faster the star will move.

𝐴𝑅𝑉 =
2𝜋 𝑎 𝑀𝑝 sin 𝑖

𝑃 𝑀𝑆

MS = stellar mass, Mp = planet mass, a = semimajor axis, P = period, i = orbital inclination



Measuring stellar motion using the Doppler effect

To observer



The Technology 2: ESPRESSO and HARPS

ESO/L. Calçada. CC-BY 4.0

ESO/La Silla CC BY 3.0

ESPRESSO@VLT

HARPS@La Silla



Putting things together

If you’ve measured transits and star wobbles for your planet, congratulations! 

You know the mass and the radius, so you can calculate the density.

𝜌 = M/V , where V is volume

You also know the distance between the planet and the star (because you 
know how long it takes to orbit the star), so you can estimate the planet’s 
temperature.

𝑇 =
(1 − 𝐴)𝐿𝑆
16𝜋𝜎𝑎2

1/4

A = albedo, LS = stellar luminosity, a = semimajor axis, 𝜎 = Stefan-Boltzmann constant



Putting things together

WASP-12b     WASP-6b   WASP-31b    WASP-39b     HD 189733b

HAT-P-12b    WASP-17b   WASP-19b    HAT-P-1b HD 
209458

Artist’s impression courtesy of NASA

Introducing the ‘hot Jupiters’: large, gas giant planets in close orbits.
Typical radii: 1RJ. Typical temperatures: 1500 K!! 
Definitely H2-He planets as they have low densities. 



Putting things together

Knowing the density and 
temperature helps, but it’s far 
from being the whole story. 

Lots of ambiguous cases – the 
‘in-between’ planets. 

Are these planets super 
Earths, or mini Neptunes?

Figure from Bonomo et al. 2019, Nature Astronomy, 3, 416  



Na

How absorption spectra work

Na Light is emitted from the hot 
photosphere of the Sun, and passes 
through cooler gas before making it into 
space. Some wavelengths are absorbed 
before they can escape to space.



The same thing happens when exoplanets transit!

Na



The same thing happens when exoplanets transit!

We see a deeper transit in the Na (sodium) absorption band, 
because the atmosphere is opaque – more of the starlight is 
blocked, and the planet appears to be bigger. 

Li
gh

t

Na band



The Technology 3: Hubble, VLT and JWST

Ruffnax (Crew of STS-125). Public domain.

ESO. CC BY 4.0

NASA GSFC. Public domain.

Hubble Space Telescope

Very Large Telescope

James Webb 
Space Telescope



Detecting sodium in an exoplanet atmosphere

Figure from Nikolov et al. (2018), Nature, 557, 526
Data from VLT 

This figure shows the 
planet:star radius ratio, 
Rp/R*, for a hot Jupiter 
called WASP-96b. 

The large peak is the 
sodium absorption feature. 
The planet appears to be 
~4% larger here!



The exoplanet ‘e-fit’

To work out which 
gases are present, 
we make lots of 
different models and 
see which one fits 
the best.



The exoplanet ‘e-fit’

Vanadium oxide, iron 
hydride, a Sulphur 
radical (and water!) 
detected on this 
ultra-hot Jupiter, 
WASP-121b.

This planet is over 
2500K!

SH VO FeH H2O

Figure from Evans et al. (2018), ApJ, 156, 283
Data from Hubble



Doppler Spectroscopy

To observer

Template spectrum

Measured spectrum



Doppler Spectroscopy

To observer

Template spectrum

Measured spectrum



Doppler Spectroscopy

To observer

Template spectrum

Measured spectrum



Doppler Spectroscopy

KELT-9b – NaI, MgI, ScII, TiII, CrII, FeI, FeII, YI
Hoeijmakers et al. (2019) A&A, 267, A165



The mysterious affair of GJ 1214b

GJ 1214b was an exoplanet detective’s dream when it was discovered in 2009.

• A super Earth/mini Neptune

• Detected transiting a nearby red dwarf star

• Excellent prospect for transit spectra

• Chance to discover what these ‘in between’ planets are like!

Use ALL the telescopes!!!



The mysterious affair of GJ 1214b

Water!!!



The mysterious affair of GJ 1214b

But the water feature was much smaller than expected for a 
mini-Neptune type atmosphere with lots of hydrogen and 
helium. Why could that be?



The mysterious affair of GJ 1214b

From Berta et al. 2012, ApJ, 747, 35

Water atmospheres are heavier and thinner than hydrogen/helium ones.

𝐻 =
𝑘𝑇

𝜇𝑔
k = Boltzmann constant, T = temperature, 
μ = molecular weight, g = grav. acceleration



The first water world?

Artist’s impression of GJ 1214b. Credit: Tyrogthekreeper. CC-BY-SA 3.0



…not so fast!

New data from the Hubble Space Telescope (Kreidberg et al. 
2014) showed that the apparent ‘water feature’ was just noise. 
The spectrum is totally flat. 



The problem of clouds

Transparent upper atmosphere

Cloudy upper atmosphere

Visible

Cloudy GJ 1214b’s flat 
spectrum – taken from 
Kreidberg et al. 2014, 
Nature, 505, 69
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Have things moved on?

5 years on from the GJ 1214b mystery, along comes controversial K2-18b. 

Artist’s impression. Credit: ESA/Hubble, M. Kornmesser. CC BY 4.0

K2-18b is 2.2x the 
radius of Earth –
similar size to GJ 
1214b, but more 
massive. 
2 teams using the 
same data found 
water signatures. 

In the habitable 
zone of its star!
(Temperature 
would allow liquid 
water to exist)



K2-18b – smallest known exoplanet with atmospheric water

H2O + H2/He + clouds

H2O + H2/He + N2

H2O + H2/He

Observed

Atmospheric models 
containing mixtures 
of water and 
hydrogen/helium fit 
the observations well.

Atmosphere is quite 
thick. Density of 
planet is around 3/5 
that of Earth. Water!!!

(for real this time)

Figure from Tsiaras et al. 2019, Nature Astronomy, 



K2-18b – smallest known exoplanet with atmospheric water

H2O + H2/He + clouds

H2O + H2/He + N2

H2O + H2/He

Observed

Atmospheric models 
containing mixtures 
of water and 
hydrogen/helium fit 
the observations well.

Atmosphere is quite 
thick. Density of 
planet is around 3/5 
that of Earth. Water!!!

(or actually maybe methane as of late 2020…)

Figure from Tsiaras et al. 2019, Nature Astronomy, 



K2-18b got lots of press coverage! 

- BBC News

- National Geographic- The Sun

- Sky News- The Express
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H- and other ions
Metal oxides
Fe, Ni, Ca… 
Temperature inversions

Possibly silicate?
Possibly some H2-He?

CH4, NH3, PH3

Icy clouds

H2O (but < expected)
CO > CH4 (probably)
No inversions
(Silicate) clouds
Some oddities (H-)
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Where we are:



What does the future hold?

Barstow et al. (2016a) MNRAS, 458, 2657

Looking for ozone might be 
a better way of identifying 
another planet similar to 
the Earth – and we could 
do it with the James Webb 
Space Telescope!



What does the future hold?

Barstow et al. (2016a) MNRAS, 458, 2657

Looking for ozone might be 
a better way of identifying 
another planet similar to 
the Earth – and we could 
do it with the James Webb 
Space Telescope!



What does the future hold?

Image credit: NASA/JPL-Caltech



After James Webb, Ariel!

Image credit: Ariel Telescope

UK-led European Space Agency mission aims to discover 
the compositions of 1,000 exoplanet atmospheres!

Find out more at https://arielmission.space/


