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“Trying to comprehend Tree of Life 
using three animals”



Milestone: First temperate, rocky planets
August 2016                    February 2017

Proxima b (Anglada-Escudé et al. 2016); TRAPPIST-1 system (Gillion et al. 2017)



1. Does a planet have an atmosphere?
2. What is its climate like?
3. What are the main constituencies of the 

atmosphere? [e.g. H2, N2, CO2?]
4. Do we understand the formation, evolution and 

current physical & chemical processes in the 
atmosphere, and geology?

5. Does the planet contain water?
6. Can we detect biosignatures? E.g. O2, O3, CH4?
7. Are the biosignatures due to biological activity?



Meadows et al. 2018

Biosignature: an effect of biological activity on its environment,
detectable at interstellar distances

Requirements: Surface ocean? geological activity? magnetic field?
Life detection will always require understanding of evolutionary 

and geophysical context of a planet



Time differential Angular differential

Transits, eclipses..
High-contrast
imaging

Exoplanet atmosphere observing techniques

WFC3@HST (Deming et al. 2013)
Jason Wang

HR8799



transmission spectroscopy

eclipse
spectroscopy



Scale Height,

Contrast,

HHJ = ~500 km,  Fc = 10-3…-4

HD 189733b    - Pont et al. 2012

Sodium

Cloud deck?

Deming et al. 2013
Tinetti et al. 2007



What has been observed today?
ü Molecular absorption: CO, H2O, TiO, (CH4?, CO2?)
ü Atomic absorption: Na, K, Fe, Ti
ü Raleigh scattering
ü Hazes/clouds
ü mean particle mass (through H)
ü Global atmospheric winds
ü Mean vertical temperature structure
ü Longitudinal atmosphere structure – Jet streams

Works best for large, hot 
planets transiting small stars –
with light-particle atmosphere

The Earth is a small, cool 
planet orbiting a large star –
heavy-particle atmosphere

Great future ahead with the JWST



üMolecular absorption: CO, H2O, (CH4?, CO2?)
üClouds cover (variability)
üPlanetary spin
üMean vertical temperature structure

Contrast of 5x10-4 

at 2 micron

Contrast of 1x10-8 

at 2 micron
Jason Wang

HR8799

Works best for large, hot planets far 
away from their host stars

The Earth is a small, cool 
planet orbiting close to its star



Time differential Angular differential

Transits, eclipses..
High-contrast
imaging

Exoplanet atmosphere observing techniques

Time + spectral
differential Angular + spectral

differential



• At R=100,000 molecular bands are resolved in tens of individual lines
• Strong doppler effects due orbital motion of the planet (up to >150 km/s).
• Moving planet lines are distinguished from stationary telluric + stellar lines

Toy model

Snellen et al. Nature 2010; Brogi et al. Nature 2012; Snellen et al. Nature 2014; Nortmann et 
al. Science 2018; haffert et al. Nature Astr. 2019 



• Reveals planet orbital velocity
• Solves for masses of both planet and star (model independent)
• Evidence for blueshift (high altitude winds?)



Brogi et al., Nature 2012

First detection of non-transiting
HJà inclination, mass



Brogi et al. 2012 Brogi et al. 2013 De Kok et al. 2013

Birkby et al. 2013

CRIRES@VLT Upgrade (2020/Q1) 
à
>10x larger wavelength coverage
CO, H2O, CH4, NH3, H3+,…..

VLT ESPRESSO (Optical à TiO, 
VO, FeH,…..)

HD189733b - Water!



Nugroho et al (2017)
R=160.000
Thermal dayside of WASP-33b Nortmann et al. Science, 2018

CARMENES spectrograph – WASP-69b

Also: Oklopcic & Hirata 2018; Spake et al. 
2018; Salz et al. 2018; Allart et al. 2018; 2019) 



Fe Fe+ Ti Ti+



Showman et al. 2012



Remco de Kok



SNR for ELT in 1 transit Brightest expected systemsSnellen et al. 2013

TRAPPIST-1    0.11          0.08       0.021       100%       4.1           1.0          I = 14.0               1.5x10-4        0.7               5- 10 yr
E-ELT- HIRES J = 11.3 



Sparks & Ford 2002
Riaud & Schneider 2007
Snellen et al. 2015
Kawahara et al. 2014
Wang et al. 2016
Konopacky et al. 2013
Lovis et al. 2017
Ruane et al. 2018



Quasi-static speckle

Planet
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Hoeijmakers et al 2018; Raw contrast = 250
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1700 K BT-Settl

Raw contrast = 250
Final contrast = 100,000



PDS 70: circumstellar disk + planet with SPHERE 
(Keppler et al. 2018)



Sebastiaan Haffert et al. Nature Astronomy 2019
MUSE IFU (VLT) – R = 3000, moderate AO 



Second planet!



Beta Pictoris b

Mass = 11 (+-5) Mjup
Radius ~ 1.65 Rjup
Orbit: 17-20 years



Star      à
Planet à

Star      à
Planet à

Star      à
Planet à



25+-3 km/s

Length of Day on Beta Pictoris b ~8 hours



How do planets acquire spin?



Technology development

• CRIRES+  (ESO)

• SCExAO + IRD (Subaru JP)

• MagAO-X + RHEA (Magellan USA)

• Keck Planet Imager + Characterizer 

What about detecting molecular oxygen in Proxima b?

Proxima b:   Fp/F*~ 2 x 10-7 at 2λ/D @ 0.75 μm
- SPHERE XAO upgrade
- coronagraphy
- ESPRESSO IFU mode
- ESPRESSO fiber injection upgrade

Reflected light in 30 nights
O2 in 60 nights 



0.035”



CRIRES@VLT	– Brogi et	al.	(2012)
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