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What is an exoplanet? 



- Brown dwarfs

- Theoretically proposed by 
Kumar and Hayashi & 
Nakano in the 1960s

- Discovered in 1995 Rebolo et 
al./Nakajima et al.

- Form like star: grav. Collapse in a molecular cloud

- No H burning

- Cooling sequence between Teff~2500K Teff~250K

- Fuzzy difference with giant planets (good proxy for atmospheres!)



Ø Definition

❖ An exoplanet is a planet that does not orbit around the Sun but 
around another star (well sort of…, modulo brown dwarfs)



Ø Definition

❖ An exoplanet is a planet that does not orbit around the Sun but 
around another star (well sort of…)

–Quite hard to find in the sky…



Ø A bit of history…

❖ Once upon a time, there were astronomers who have imagined an 
undirect detection method: the radial-velocity method



Ø A bit of history…

❖ In the end of 80’s early 90’s, astronomers knew that their detectors 
were sensitive enough to detect this kind of signal. 

❖ Many teams around the world started to collect data and look for 
planets. But no robust detection has been made in the beginning…

❖ Why ?



Ø A bit of history…

❖ In the end of 80’s early 90’s, astronomers knew that their detectors 
were sensitive enough to detect this kind of signal. 

❖ Many teams around the world started to collect data and look for 
planets. But no robust detection has been in the beginning…

❖ Why ? You need the big guy, like Jupiter for the star to move



Ø A bit of history…

❖ In 94/95, Didier Queloz and Michel Mayor were actually analysing
their data on the fly with the Elodie spectrograph at Observatoire 
de Haute Provence.

–… and found a tiny signal in their data…



Ø A bit of history…

❖ After almost one year checking their data, they extract this signal 
from the star 51 Pegasus

–… and found that an object (51 peg b) is orbiting with a period of only 4.2 days



Ø A bit of history…

❖ How do we get the mass of the object?

–How do we get the orbit of the object?



Ø A bit of history…

❖ Minimum mass of 0.5 mass of Jupiter orbiting at 0.05 au of the star…

❖ Strongly irradiated by the star: Hot Jupiter



Ø A bit of history…

❖ Nobody has ever predicted this kind of planets to exist: a huge
part of the astrophysics community (and the press) was not 
ready to accept this detection:

❖ Instrumental error? (the signal around 51 peg was
immediatly confirmed by competitors, Marcy’s group)

❖ Astrophysical artifact? E.g. from the atmosphere of the star?  
star spots ?

❖ A binary star?



Ø A bit of history… part 2

❖ Once upon a time, there were astronmers who imagined a second 
undirect detection technique: the transit method



Ø A bit of history… part 2

❖ Astronomers had to wait until 1999 for the first detection by this
method,  a 0.7 Jupiter-mass hot jupiter called HD209458b

–Finally confirming the existence of exoplanets!



Ø A bit of history… part 2

❖ Since then astronomers have observed up to 5600 exoplanets with
an important diversity in terms of mass, radius, orbits, etc… with a 
few rocky planets in the habitable zone of their parent stars:



Ø But a big challenge: the inflated radius of hot jupiter

❖ Astronomers had to wait until 1999 for the first detection by this
method,  a 0.7 Jupiter-mass hot jupiter called HD209458b



Ø But a big challenge: the inflated radius of hot jupiter

❖ Astronomers had to wait until 1999 for the first detection by this
method,  a 0.7 Jupiter-mass hot jupiter called HD209458b

A. Dyrek et al. 2023 , Nature
❖ R = 1.4 Rjup



Ø But a big challenge: the inflated radius of hot jupiter

❖ Astronomers had to wait until 1999 for the first detection by this
method,  a 0.7 Jupiter-mass hot jupiter called HD209458b

A. Dyrek et al. 2023 , Nature
❖ Need a hot deep atmosphere for the exoplanet!

❖ R = 1.4 Rjup



Modeling atmospheres



What is happening in an atmosphere? 



Object to study

Physical model

Equations

Analytical
resolution

Numerical
resolution

Solution

?
• Geometry

• Ideal fluid



Réaliste ou anti-réaliste ?
Monsieur Phi

https://youtu.be/9-ILAnAW8us

https://youtu.be/9-ILAnAW8us
https://youtu.be/9-ILAnAW8us
https://youtu.be/9-ILAnAW8us


Object to study

Physical model

Equations

Analytical
resolution

Numerical
resolution

Solution

?
• Geometry

• Ideal fluid?

?

?



Large scale circulation (climate) Small scale convection (weather)

Ø 3D global and local models



No! (not yet)



Astérix
Theorem

« Le truc le plus 
fondamental pour un/une 
chercheur/euse »



Ø 1D radiative-convective equilibrium

❖ Fast dynamics in the upper atmosphere

❖ Slow dynamics in the deep atmosphere
❖ But need radiative transfer, chemistry, convective parametrization!



Ø 1D radiative-convective equilibrium, the ATMO code 



Pressure/temperature and dynamics



Ø Radius inflation, why is it a challenge?

❖ We know very well what the radius of ball of gas should be:



Ø Radius inflation, why is it a challenge?
❖ We know very well what the radius of ball of gas should be

❖ And we do not know why irradiated hot jupiters are bigger with
increasing irradiation



Ø Radius inflation, why is it a challenge?

❖ We do not know why irradiated hot jupiters are bigger with increasing irradiation

❖ 1D (forward) atmospheric models do not work, too cold in the deep atmosphere



Ø Asymetric irradiation of tidally locked hot jupiter

❖ A hot dayside and a cold nightside implies pressure gradients and winds

❖ 3D atmospheric models to study the circulation



Ø Asymetric irradiation of tidally locked hot jupiter

❖ A hot dayside and a cold nightside implies pressure gradients and winds

❖ 3D atmospheric models to study the circulation: time-dependent Euler 
equations in spherical coordinates)



Ø Asymetric irradiation of tidally locked hot jupiter
❖ 3D atmospheric models to study the circulation, evolution in time to 

get the steady state



Ø Asymetric irradiation of tidally locked hot jupiter

❖ Does it work ? No…

–Can you guess why ?

• Parmentier et al. 2016: cold 
deep atmosphere (cannot 
explain inflation) but 
provide cloud trap



Ø 1D radiative-convective equilibrium

❖ Fast dynamics in the upper atmosphere

❖ Slow dynamics in the deep atmosphere



Ø Asymetric irradiation of tidally locked hot jupiter
❖ The deep atmosphere is not converged in time because of 

computation limitation



Ø Asymetric irradiation of tidally locked hot jupiter

❖ Need to construct a 2D steady state circulation model at the equator

❖ Keep the steady state nature of the 1D model

❖ Can take into account the asymetric irradiation as a 3D model

❖ (Tremblin et al. 2017)



Ø Asymetric irradiation of tidally locked hot jupiter
❖ Get a hot deep interior because of vertical mass flows !



Ø With 3D models: « paleoclimate » simulation of hot jupiters

❖ High Performance  
Computing

❖ 3000 years instead of 
300 days

❖ Sainsbury-Martinez et al. 2019 (Dynamico code, Earth climate)



Ø With 3D models: « paleoclimate » simulation of hot jupiters

❖ Sing et al. 2023 Nature (JWST/NIRSPEC + ATMO 
retrieval)



Radiative transfer



Ø 1D radiative-convective equilibrium, the ATMO code 



❖ Why is it complicated ?

Ø Radiative transfer



❖ (Careful with LLM: I did not ask for a grey model, neither to neglect scattering!)

Ø Radiative transfer



❖ (Careful with LLM: I did not ask for a grey model, neither to neglect scattering!)

Ø Radiative transfer



❖ Linelist of molecular absorption are huge!

Ø Radiative transfer



❖ Binning is bad : need a special treatment (correlated K see e.g. Amundsen et al. 2014)

Ø Radiative transfer



Ø Radiative transfer

❖ High resolution example : detecting isotopes in brown dwarf atmospheres



Chemistry



Ø 1D radiative-convective equilibrium, the ATMO code 



Ø Chemistry

Equilibrium chemistry (including
condensation)

Chemical abundances are assumed to be
in thermodynamic equilibrium at given
temperature and pressure, with
compositions determined
by minimization of the total Gibbs free 
energy.

When condensation curves are crossed, 
stable condensed phases (liquids/solids) 
form and remove elements from the gas
phase, so gas abundances follow 
both chemical equilibrium and phase 
equilibrium.

PetitRadtrans



Ø Chemistry

Out-of-equilibrium (non-equilibrium) 
chemistry

Chemical abundances are time-
dependent and do not relax to 
thermodynamic equilibrium.
They are controlled by finite reaction
rates, transport (mixing, advection), 
and external forcing (e.g. UV radiation), 
requiring the solution of kinetic rate 
equations rather than Gibbs free-energy
minimization.

Chemical kinetic networks can include
hundred of species and thousands of 
reactions

Moses et al. 2012

mixing

Photo-

chemistry

equilibrium



❖ Photo-chemistrty example : detecting SO2 in the atmosphere of wasp39b

Ø Chemistry



Convective parametrization



Ø 1D radiative-convective equilibrium, the ATMO code 



• Brown dwarfs

• Theoretically proposed by 
Kumar and Hayashi & 
Nakano in the 1960s

• Discovered in 1995 Rebolo et 
al./Nakajima et al.

• Form like star: grav. Collapse in a molecular cloud

• No H burning

• Cooling sequence between Teff~2500K Teff~250K

• Fuzzy difference with giant planets (good proxy!)



Rocky exoplanets


