
Exoplanets adventures in the 2020s
Vivien Parmentier — University of Oxford
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Warm 
Neptunes

Hot super 
Earths

Hot Jupiters

Linking hot Jupiters and Jupiter
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Warm 
Neptunes

Hot super 
Earths

Hot Jupiters

Linking hot Jupiters and Jupiter

Most likely  
tidally locked



 Exoplanet gas giant atmosphere

Transmission 
spectra Emission 

spectra



 What a hot Jupiter really look like. 

Rayleigh scattering 
and alkali absorption 

makes clear sky 
deep blue

Reflecting 
clouds on the 

west part of the 
atmosphere

Thermal 
emission 

leaking into 
the optical



 What a hot Jupiter really look like. 

Rayleigh scattering 
and alkali absorption 

makes clear sky 
deep blue

Reflecting 
clouds on the 

west part of the 
atmosphere

Thermal 
emission 

leaking into 
the optical

During eclipse and  
transit we see 
a mix of varied:  
— cloudiness 
— temperature 
— chemistry 

RGB (105,77,94)

best match : eggplant purple




 Current exoplanet atmospheres observations



 

UV Optical IR

1 mμ500nm100nm 5 mμ

Space telescopes

HST

Spitzer
CHEOPSTESS

Kepler



 What have we found ? A chemical inventory ! 

A lot of these are using 
ground-based 

 high resolution 
spectrograph… we’ll 

talk about it later. 



 Abundances as a tracer of planet formation ? 

Oberg+2011

Elemental ratio   
vary in the 

protoplanetary disk 

C/O ratio but also 
accessible: 

Rock/ice ratio ?  
Fe/O, Na/O, Mg/C… 

Rock/rock ratio ?  
Ti/Fe, Na/K, Fe/Mg… 



 

Elemental ratio   
vary in the 

protoplanetary disk 

C/O ratio but also 
accessible: 

Rock/ice ratio ?  
Fe/O, Na/O, Mg/C… 

Rock/rock ratio ?  
Ti/Fe, Na/K, Fe/Mg… 

Planet formation can 
lead to a wide diversity 

of outcomes !  

Fortney+2013

Abundances as a tracer of planet formation ? 



 Abundances retrievals from spectra

Generally order-of-magnitude estimates !



 Why is it so bad ? 

Wakeford et al.



 

Detection  
driven by feature  

size

Why is it so bad ? 

Wakeford et al.



 

Detection  
driven by feature  

size

Abundance 
measurement  

driven by 
feature shape

Why is it so bad ? 

Wakeford et al.



 Atmospheric modelling recipe 

Temperature profile Chemical profile Cloud profile

Stellar model

Molecular/atom/ions 
 opacities Cloud opacities



 Atmospheric modelling recipe 



 

Retrieval sausage making thing. forward model . 

Temperature profile Chemical profile Cloud profile

Stellar model

Molecular/atom/ions 
 opacities Cloud opacities
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Atmospheric modelling recipe 



 Atmospheric modelling recipe 



 

Retrieval sausage making thing. forward model . 

Temperature profile Chemical profile Cloud profile

Stellar model

Molecular/atom/ions 
 opacities Cloud opacities

Atmospheric modelling recipe 



 What is the magic unicorn doing ? 



 

A =

0

BBBB@

@(Obs1)
@(physics1)

@(Obs1)
@(physics2)

· · · @(Obs1)
@(physicsn)

@(Obs2)
@(physics1)

@(Obs2)
@(physics2)

· · · @(Obs2)
@(physicsn)

...
...

. . .
...

@(Obsm)
@(physics1)

@(Obsm)
@(physics2)

· · · @(Obsm)
@(physicsn)

1

CCCCA

~Physics = A
�1 ~Obs

Nuisance physics we don’t 
want to deal with but have 

to (star, noise)

Observations we want but can’t yet 
get (but will with JWST ? Things we don’t know 

we want with 
observations we don’t 

know we need

Things** we want with 
observations we can get

**We often debate what 
“Things” we want…

What is the magic unicorn doing ? 



 A range of model assumptions

Non-grey 

1/2/3D disequilibrium


2D — Lat/long  

2D — Limb depth 


Temperature 
profile  

Chemistry 

Clouds  

Geometry 1D  


Free chemistry 

— Choice of species

— Vertical profile


Equilibrium


Parametrized 


1D Radiative/conv eq.
Free 
 2D/3D radiative/conv eq. 

Semi-grey


 Choice of free parameters [M/H], [C/O] others ?

Microphysics 

bin vs. moment ?
Absorbing Grey Scattering, non-grey 

Simple equilibrium clouds


Stars Blackbody 1D stellar model Inhomogeneous stellar model

3D radiative transfer 

Less assumptions 
More parameters 

More assumptions  
Less parameters 



 3D effects : non-uniform clouds 

Line & Parmentier 2016; MacDonald & Madhusudhan 2017

HD209, WFC3+STIS 



 What part of the diversity is due to processes rather than formation ? 



 

JWST launched on perfect trajectory 
We have fuel for 30 years !   



 



 

« We have fully aligned and focused the telescope on a 
star, and the performance is beating specifications. »



 



 The 1st year of JWST

20% of JWST awarded to exoplanets. 
63 targets will be observed in the 1st year of JWST. 
More than what has been observed up to now ! 
30 years of fuel available 

Neptunes JupitersRocky

Credit: Knicole Colon



HST/WFC3

Spitzer

Line & Parmentier 2016
Feng+2016

JWST
100x more precise 
10x more planets

The future of exoplanets : JWST



 Abundances retrievals from spectra

JWST should get us ~0.3 dex precision !

Expected JWST error  
from 1D retrieval  
on 1D models!  
(greene et al.)



 3D effects : non-uniform temperatures in emission

CH4 detection ! Taylor et al. 2020

Work by Jake Taylor 
now postdoc at McGill, canada



 

We need to understand all aspects of planetary 
atmospheres before we can retrieve precise and 
accurate abundances from spectra and separate 

formation from evolution processes. 



 Temperature and clouds of a Hot Jupiter with SPARC/MITgcm

Global Circulation Model : solves the primitive equation, Euler equation adapted to 
atmospheres

SPARC : solves the radiative energy balance with non-grey, molecular opacities

Parmentier+2020
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HST/WFC3 observed 14 planets in secondary eclipse 
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HST/WFC3 observed 14 planets in secondary eclipse 

No TiO
No inversion 

Absorption features

TiO
Inversion 

Emission features
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HST/WFC3 observed secondary eclipses

HAT-P-32Ab WASP-121b WASP-12b

HD 209458b WASP-4b HAT-P-7b WASP-103b

HD189733b CoRoT-2b TrES-3b WASP-33b

1.1 1.3 1.5 1.7

Fp
/F
s(
a.
u)

λ (µm)

WASP-43b Kepler-13Ab
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)
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Dayside temperature, no albedo, dayside only redistribution
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WASP-18b

dissociation

no
dissociation

H
-

no
H
-

TiO
no TiO

?
Kreidberg+ in prep.

Parmentier+2018
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HAT-P-32Ab WASP-121b WASP-12b

HD 209458b WASP-4b HAT-P-7b WASP-103b

HD189733b CoRoT-2b TrES-3b WASP-33b
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?

Absorption spectra Blackbody

Parmentier+2018

HST/WFC3 observed secondary eclipses



 SPARC/MITgcm: solving the dynamics and radiative transfer eq.

Parmentier+2018



0.00050

0.00100

0.00150

0.00200

0.00250

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

TiO

H-

H2O

H2O

Fp
/F
s

Wavelength (microns)

No dissociation
Dissociation, no H-

Solar
Blackbody - 2700K

Data

0.00050

0.00100

0.00150

0.00200

0.00250

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Fp
/F
s

Wavelength (microns)

Molecular gradient and H- shape the spectrum

Evans+2017

Parmentier+ 2018
Spectra from SPAC/MITgcm global circulation model 
including chemical eq. and non-grey rad. transfer
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New data from 
Evans+2018

show H- emission

Parmentier+ 2018
Spectra from SPAC/MITgcm global circulation model 
including chemical eq. and non-grey rad. transfer



 

Hot Jupiter 
WASP-18b 
Teq~2500K

~300x Solar 
C/O~1 
CO=20% of 
 

Sheppard+2018

“Free 
Retrieval"

Arcangeli+2018

Solar Comp!

Self-Consistent 1D grid 
MCMC interpolation

« Free » vs. « self-consistent » thermal and chemistry 1D retrievals



 What about population trends ?

S_H2O: 
Deviation 

from  
the blackbody



 SPARC/MITgcm: a population study

Blackbody

Absorption 
feature

Emission 
feature



 

A large grid of 149 models, including cross-terms

Alexander Roth (2nd year) 

SPARC/MITgcm: a population study



 A diverse set of 149 models



 

Blackbody

Absorption 
feature

Emission 
feature

GCM with TiO/VO

GCM without TiO/VO

SPARC/MITgcm: a population study



 

Blackbody

Absorption 
feature

Emission 
feature

All models  
converge towards  

blackbodies at  
high temperatures 
due to dissociation

Spread due to  
variations in  
chemistry 

rotation period 
metallicity

Shallower features 
due to shallower PTprofile  
and increase in weak lines 

strength

SPARC/MITgcm: a population study



 

Blackbody

Absorption 
feature

Emission 
feature

All models  
converge towards  

blackbodies at  
high temperatures 
due to dissociation

Spread due to  
variations in  
chemistry 

rotation period 
metallicity

Shallower features 
due to shallower PTprofile  
and increase in weak lines 

strength

Large spread in  
dayside 

temperature for a 
given equilibrium 

temperature

SPARC/MITgcm: a population study



 SPARC/MITgcm: a population study

(T
da

y/
Te

q)
^4



 

Hotter planets cool 
down faster and are 

not efficient at 
transporting heat

High gravity 
high M/H  

fast rotation  
—> inefficient 

transport 

SPARC/MITgcm: a population study

(T
da

y/
Te

q)
^4



 Ground based telescopes

UV Optical IR

1 mμ500nm100nm 5 mμ

ESPRESSO 
R~140,000

CRIRES+ 
R~40,000

MAROON-X 
R~85,000

IGRINS 
R~45,000

VLT — 8m

CFHT

Gemini N&S

SPIROU 
R~70,000

Also:  
CARMENES 

GRACES 
HARPS 

Subaru/HDS 
…



 



 



⇢ =
�dmp
�2
m�2

d

56

True Spectrum 

Doppler Shifted Spectrum (correct 
atmosphere) 

Doppler Shifted Spectrum (incorrect 
atmosphere)

The Cross Correlation Function (CCF): How Atmospheric 
Information is Encoded 



 

Cross-correlation trail  
as a function of time



 

Cross-correlation trail  
as a function of time Remove the  

expected  
planet trail ingress egressmid-transit

time



 Modelling the high-resolution spectra of 3D exoplanets



 Modelling the high-resolution spectra of 3D exoplanets

First part probes :  
Hot part of leading limb

Cold part of trailing limb

Last part probes :  
Cold part of leading limb

Hot part of trailing limb



 Modelling the high-resolution spectra of 3D exoplanets

x 105

Monte Carlo radiative transfer based on Lee et al. 2016

Joost 
Wardenier

Wardenier et al. 2021



 Understanding the CCF of a planet

Total cross-
correlation 

function is the 
sum of all the 

parts.

Trailing part  
comes towards us  

 Bulk blueshift 
+ winds 

Leading part  
goes away from us  

 Bulk redshift 
+ winds

Temperature Iron  VMR
Wardenier et al. 2021



 

Changing the abundances changes the weights of each parts of the atmosphere !

Temperature Iron  VMR

Understanding the CCF of a planet

Wardenier et al. 2021



 

– Nominal weak-
drag model

– Fe removed from
leading limb

– Nightside T on 
leading limb
+ constant Fe

Observed
iron signal

Understanding the CCF of a planet

WASP-76b signal can be due to either a depletion of iron or a colder than 
expected morning limb Wardenier et al. 2021



 Modelling the high-resolution spectra of 3D exoplanets

First part probes :  
Hot part of leading limb

Cold part of trailing limb

Last part probes :  
Cold part of leading limb

Hot part of trailing limb



 

First Iron abundance retrieval ! 
Gandhi et al. in prep.

The good 
dimensionality  

for this problem is 
4 columns !



 

Wind speed retrievals too !
Gandhi et al. in prep.



 

What about high-resolution in emission ? 



69

IGRINS
Immersion GRating 

INfrared Spectrometer
—Gemini South

R~45K, 1.45 - 2.5 um

Hot Jupiter WASP-77Ab
Teq~1700 
est. ~2000K dayside 
Tstar = 5605K 
0.96 Rs 
1.21 Rj 
1.76 Mj (g=31.1 m/s2) 
Kmag = 8.4 
Kp~190 km/s 
Vsys~1.7 km/s 

WASP-77Ab: A pretty bland hot Jupiter

79 140s Frames (A+B) 
Total of 4.7 hr 

Dec. 2020

Line, Brogi incl. Parmentier et al., Nature, 2021 PI J. Zalesky
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Observed
 phases

Orbital trail 

Total atmospheric signal detection

S/N=12.8

a

b

c

What do we find? “Standard” CC Analysis

Similar than JWST expected precision ! 
Comparable to Solar-system precisions 
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S/N Map From Best Fit

S/N Map Divide Best Fit

S/N Map From Best Fit - 13C

ISOTOPE (maybe)!!!!



73

A lot more data coming!

Various PI’s: Line, Mansfield, Wardenier Pino, Bean, Kasper 

MAROON-X: 0.5 - 0.9 um
IGRINS: 1.42-2.6 um

~30 planets awaiting 



 

Snellen et al. 2013  
Oxygen with E-ELT  

on GJ1214 hypothetical Earth.

Towards Earth 2.0 

~2025
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Warm 
Neptunes

Hot super 
Earths

Hot Jupiters

The future of exoplanets : Ariel (2030) & JWST (this year !)
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Warm 
Neptunes

Hot super 
Earths

Hot Jupiters
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The future of exoplanets : Ariel & JWST 



 Towards Earth 2.0 

Solar system at 13pc with 12m LUVOIR 
 L. Pueyo / M. N’Diaye / A. Roberge Credit: LUVOIR Tools / Roberge 

O2O3 H2O H2O CH4

~ 1 month of total time 

LUVOIR

~2045



Conclusions 

Current observations have detected chemical species in exoplanet 
atmospheres but have had a hard time to quantify abundances. 

JWST is observing and expected to get ~0.3dex precision but planets are 
complex and many effects can bias abundance measurements, including 
3D effects ! 30 years of JWST means hundreds of planets observed !

Current high-resolution spectra can retrieve abundances as precise as 
JWST but 3D effects are already apparent and it is not clear how they 
will affect the measured abundances.

We find that planetary spectra are primarily shaped by the temperature 
but that gravity, rotation period and metallicity can lead to a very large 
scatter in the population.


