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(Empiral) parameter space

● Exploration of a vast 
parameter space

● Large number of 
detections

● Sample large enough to 
identify several classes 
of objects → 
comparative planetology!
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(Empiral) parameter space

Imaging

RV+
transits

Microlensing+ 
astrometry
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● Exploration of a vast 
parameter space

● Large number of 
detections

● Sample large enough to 
identify several classes 
of objects → 
comparative planetology!
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Biases in large surveys

● Astrophysical biases:
○ Age
○ Distance
○ Stellar magnitudes
○ Rotation
○ …

● Instrumental limitations
○ Contraste
○ Stellar magnitudes (AO)
○ Photon noise
○ Accuracy in velocity
○ …

● Theoretical biases: 
○ Mass determination using evolutionary tracks!
○ …

Bowler (2016)
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Important to debias the results!
(as much as possible)
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Statistical properties
from RV and transit



09/11/2022 Atelier Exo-ELT 6



09/11/2022 Atelier Exo-ELT 7



09/11/2022 Atelier Exo-ELT 8



09/11/2022 Atelier Exo-ELT 9



09/11/2022 Atelier Exo-ELT 10



09/11/2022 Atelier Exo-ELT 11

CARMENES
2021
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Statistical properties
- mass-radius 

- the radius gap
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Linbach & Turner (2015)
Ballard & Johnson (2016)

Statistical properties of multi-planets
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Statistical properties
Of distant companions
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Giant planets at large separations: occurrence

● >1000 ua: f<1%
● 100-300 ua: quelques %
●

Baron et al. (2018)
Nielsen et al. (2019)

Large range of values depending on the adopted boundaries in mass/separation, spectral types, and 
assumed planet distributions, but globally:

Vigan et al. (2021)

10-100 au

5-10 %

100-300 au

5-10 %

>500 au

<1%
24



09/11/2022 Atelier Exo-ELT

Bowler (2016)

Giant planets at large separations: occurrence

● Strong correlation with the host spectral type
○ Trend identified with early detections (𝛽 Pic, HR8799, Fomalhaut) 

+ RV on evolved A stars (Johnson et al. 2010, 2011)
○ Confirmed with dedicated surveys (Vigan et al. 2012; Rameau et al. 2013) + SHINE + GPIES

GPIES
Nielsen et al. (2019)
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Giant planets at large separations: occurrence

● Purely empirical underlying distribution of 

planets in mass/semi-major axis

● Not physically realistic, limited, and potentially 

optimistic

● Enough detections to fit these parameters 

based on the results of large surveys
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Massive companions
⟺

small q (<1-5%)

Massive companions
⟺

moderate q (10-20%)

Change in dominant formation channel

"Planetary" part
dominates

"Binary" part
dominates

SHINE, Vigan et al. (2021)

Giant planets at large separations: formation

27

Regianni & Meyer (2013) + 
Meyer (2018)
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Giant planets at large separations: formation

SHINE, Vigan et al. (2021)28

Regianni & Meyer (2013) + 
Meyer (2018)

Change in dominant formation channel



09/11/2022 Atelier Exo-ELT

Giant planets at large separations: formation
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● Next logical step: direct comparison 

with population synthesis models

● ⚠ Many simplifications in the populations 

● Current view of giant planet formation around 

FGK stars:

○ Slight predominance of CA

○ TBC with larger sample, updated models

○ + extension at all spectral types
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Disk-planet connection

● Planets form in disks 🙄
● Several known companions in systems with 

a disk: 𝛽 Pic, HR8799, HD95086, PDS70, …
● Multiple targeted surveys looking at stars with 

known debris disks (imaging or SED fitting)
● Special interest for systems with a “double belt”:

○ Warm inner asteroid-like belt
○ Dust-free gap
○ Cool outer belt

● E.g. Meshkat et al. (2017)
○ Marginally significant difference between the “disk sample” 

and the “control sample”
○ Need to be explored with larger samples
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Meskat et al. (2017)
HD95086

PDS70
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Bolometric luminosity & mass of substellar companions
● Companions over a wide range of ages and luminosities

● Informs about formation process → cold vs.

warm vs. hot (Marley 2007; Mordasini 2017)

● Luminosity measurements are going to 

increase with JWST! (e.g. Carter 2022)

Bowler (2016)
Tracks from Burrows et al. (1997)
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Orbits

● Study of Bowler et al. (2020) on eccentricity:
○ Different regimes as a function of mass ratio
○ Small sample, small orbital coverage

● ExoGRAVITY (PI Lacour):
○ High-accuracy relative astrometry
○ Determination of orbits for a significant sample of 

companions
○ Multi-planet analysis from perturbed Keplerian motion

32

Lacour et al. (2021)
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● Probe populations down to
○ Large orbital separations
○ Small planetary masses

● Complementarity with imaging… 
but limited for follow-up

● Very efficient at population level
● Some interesting results:

○ Sumi 2011: large population of 
free-floating Jupiter-like objects

○ Suzuki 2016: break in the mass 
function at q-4 (~20 M⊕ for ~0.6M⊙)
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Gravitational microlensing



09/11/2022 Atelier Exo-ELT

Landscape when ELT will start operations
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Continuous exploration of the parameter space. 

- RV (ESPRESSO, NIRPS, CARMENES, ….)

- TESS, PLATO 
+ SOL (SPECULOOS, EXTRA, … )

Priorités

- Inventaires des planètes proches
- transits

High incompleteness
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Census of exo-earths ?
Stevenson+ 2019
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“Among [...] 200 TESS hosts to one or more detected planets, 116+/-28 planets [are] missed. Transit follow-up efforts with the photometric sensitivity to 
detect an Earth or larger around a mid-M dwarf, even with very modest period completeness, [...] readily result in additional planet discoveries.”

Ballard (2019)
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Deep Search project
- Now anchored in actual TESS 

detections
- Follow-up with transit photometry 

(ExTrA, CHEOPS…)
- & radial velocity

(HARPS+NIRPS, ESPRESSO)

Planets are already discovered this way
E.g. LHS1140c, SPECULOS-2c, …
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● Microlensing: 
○ Roman Space Telescope/WFI
○ Maybe combined with a Euclid survey to break 

some degeneracies (still TBC)
○ Huge statistics on distant companions… but 

follow-up almost impossible
● Astrometry:

○ Gaia DR4
○ Potentially huge sample of candidates
○ Combined with RV → full orbital parameters for a 

significant number of systems
● Imaging:

○ Final results of SHINE, GPIES, BEAST. Maybe 
other large surveys, e.g. GPIES North, KPIC?

○ SAXO+ operational
○ Smaller targeted surveys
○ 5 years of JWST → physical parameters for a 

significant sample of companions
39

Microlensing, astrometry, imaging
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What will the ELT do for exoplanet demography?

● Unlikely to have large surveys with the ELT → targeted search & 
characterization of known (or suspected) systems

○ Gaia candidates
○ Some follow-up of µlensing events at high angular resolution?

● Systems with distant companions:
○ Long periods need long baselines → follow-up for orbital monitoring with ELT
○ Exploration of internal parts of known systems
○ Exomoons and exorings?

● …
●
●
● Complementarity with VLT? Some UTs in survey mode?
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Disk connection ?

41
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Quel instrument va faire quoi pour l’architecture ?
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- Y a t il des lunes ? des anneaux ? 
- Imager les régions internes des systèmes connus
- Échantillon de candidats GAIA à caractériser
-

- (VLT en mode survey ?)
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Observables et paramètres estimés

Méthode VR Transit Imagerie Astrométrie µlentilles

Observables Vitesse radiale 
étoile

Luminosité 
étoile

Luminosité 
planète
Astrométrie 
relative

Mouvement 
étoile

Luminosité 
étoile

Paramètres 
estimés

Mp.sin(i), 
paramètres 
orbitaux

Rp,
paramètres 
orbitaux

Mp (modèles), 
paramètres 
orbitaux

Mp, paramètres 
orbitaux

Mp
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