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Planètes par imagerie
Difficultés:  

1. Le contraste étoile/planète 
2. la proximité 
3. vérifier que le compagnon est bien lié à l’étoile. 



vers luisant

30 cm

contraste

Une planète comme la Terre à 32 a.l. (308 567 milliards de km) 
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1.1 Instrumentation pour l'imagerie à haut-contraste 

Mes	 travaux	 de	 recherche	 en	 instrumentation	 s’inscrivent	 dans	 le	 cadre	 du	 développement	
d’instrumentation	 pour	 atteindre	 le	 haut-contraste	 et	 la	 haute-résolution	 angulaire,	 deux	 techniques	
totalement	 indissociables	 pour	 permettre	 la	 détection	 et	 la	 caractérisation	 des	 exoplanètes	 à	 grande	
séparation	orbitale	par	imagerie	:	

• Haute-résolution	angulaire	:	la	détection	d’objets	en	orbite	à	quelques	unités	astronomiques	autours	
d’étoiles	 située	 à	 quelques	 dizaines	 de	 parcsecs	 de	 la	 Terre	 nécessite	 de	 pouvoir	 sonder	 des	
séparations	angulaires	inférieurs	à	la	seconde	d’arc.	A	ce	jour,	plus	de	95%	des	exoplanètes	connues	
orbitent	à	des	séparations	angulaires	�100	mas	(http://exoplanets.eu/).	

• Haut-contraste	:	la	luminosité	intrinsèque	des	planètes	géantes	jeunes	dans	le	proche-infrarouge	est	
considérablement	plus	faible	que	celle	de	leur	étoile.	Bien	qu’encore	relativement	mal	calibrés	pour	
les	petites	masses	(<20-30	MJup)	et	les	âges	jeunes	(<500	Myr),	les	modèles	d’évolution	prédisent	des	
contrastes	variant	entre	104	et	106	(10-15	mag)	en	bande	H	pour	des	compagnons	entre	50	et	1	MJup	
(e.g.	Burrows	et	al.	1997	;	Baraffe	et	al.	2003	;	Marley	et	al.	2007	;	Baraffe	et	al.	2015).	

Les	 résolutions	 angulaires	 de	 l’ordre	 de	 quelques	 centaines	 de	 millisecondes	 d’arc	 (mas)	 peuvent	 être	
atteintes	avec	des	télescopes	de	la	classe	des	8-10	m	dans	le	proche-infrarouge	(bande	H,	1.6	µm),	qui	offrent	
une	limite	de	diffraction	de	l’ordre	de	30-40	mas.	Pour	atteindre	la	limite	de	diffraction	sur	ces	télescopes,	il	
est	cependant	obligatoire	qu’ils	soient	équipés	de	systèmes	d’optique	adaptative	(OA)	à	grand	nombre	de	
degrés	de	liberté	et	fonctionnant	à	des	cadences	élevées	(Fusco	et	al.	2006).		

Le	 haut-contraste	 nécessite	 l’utilisation	 de	 coronographes	 (Lyot	 1930)	 dont	 le	 rôle	 est	 de	 supprimer	 ou	
atténuer	 la	 diffraction	 du	 télescope	 et	 ainsi	 augmenter	 la	 dynamique	 accessible	 dans	 les	 images.	 La	
coronographie	 est	 un	 champ	 de	 recherche	 extrêmement	 prolifique	 qui	 a	 connu	 des	 développements	
importants	depuis	le	début	des	années	2000.	Une	revue	sur	les	coronographes	est	disponible	dans	Guyon	et	
al.	(2006),	mais	le	domaine	a	encore	connu	de	nombreuses	avancées	depuis	2006,	par	exemple	sur	le	front	
des	coronographes	de	phase	(Mawet	et	al.	2009	;	N’Diaye	et	al.	2012a),	des	coronographes	de	type	Lyot	à	
pupille	apodisée	(N’Diaye	et	al.	2016a),	ou	encore	des	apodiseurs	gris	(N’diaye	et	al.	2007),	colorés	(N’Diaye	
et	al.	2015),	en	phase	(Kenworthy	et	al.	2007)	ou	binaires	(Kasdin	et	al.	2007	;	Carlotti	2013).	

	

Figure	 1	 -	 Image	 coronographique	 prise	 avec	 l’instrument	

SPHERE/IRDIS.	 Cette	 image	 met	 en	 évidence	 les	 structures	

classiques	visibles	dans	des	données	d'imagerie	à	haut-contraste:	1)	

le	rayon	de	correction	de	l'optique	adaptative	qui	se	traduite	sous	

la	forme	d'un	disque	sombre	d'un	rayon	de	20λ/D,	2)	au	centre	le	

masque	coronographique	opaque	d'un	rayon	de	~2λ/D	avec	en	son	

centre	 la	 tache	 de	 Fresnel,	 3)	 les	 speckles	 quasi-statiques	 qui	 se	

retrouvent	dans	tout	le	plan	focal,	4)	les	résidus	temporels	de	l'OA	

qui	se	traduisent	sous	la	forme	d'un	halo	résiduel	(vertical	ici)	dans	

la	zone	corrigée.	L'utilisation	d'un	coronographe	de	Lyot	à	pupille	

apodisée	permet	 ici	de	supprimer	complètement	 la	diffraction,	ce	

qui	explique	l'absence	d'anneaux	d'Airy	autour	de	l'étoile.	

La	combinaison	de	la	haute-résolution	angulaire,	grâce	à	de	grands	télescopes,	et	du	haut-contraste,	grâce	à	
la	coronographie,	n’est	cependant	pas	suffisante	pour	atteindre	les	contrastes	nécessaires	à	la	détection	de	
planètes	 géantes	 jeunes	 ou	 de	 disques	 circumstellaires.	 En	 effet,	 la	 correction	 de	 la	 turbulence	
atmosphérique,	les	télescopes	et	les	optiques	de	instruments	ne	sont	pas	parfaits,	ce	qui	crée	des	aberrations	
optiques	résiduelles	qui	se	traduisent	dans	les	images	sous	la	forme	de	speckles	(tavelures	en	français,	mais	
ce	terme	est	peu	utilisé)	dont	la	taille	caractéristique	(λ/D)	est	la	même	que	celle	de	la	PSF	des	exoplanètes	
qui	sont	cachées	dans	les	données.	La	Figure	1	présente	un	exemple	typique	d'image	à	haut-contraste	prise	
avec	un	coronographe	de	type	APLC	(Soummer	2005).	De	plus,	les	aberrations	à	l’origine	des	speckles	étant	
variables	 avec	 le	 temps	 (turbulence	 résiduelle,	 optique	 en	 mouvement,	 contraintes	 mécaniques	 sur	 les	

Correction de l'optique adaptative

Masque coronographique opaque

Speckles

Résidus temporels de l'OA

Imagerie à haut contraste
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Système à 39.4 ± 1.0 pc 
Etoile hôte: 1.5 M⊙ star 

Planètes 5 à 13  fois la masse de Jupiter 
distance: de ~15 à 68 ua

Le système de HR 8799

Marois et al. 2008, 2010
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L'étude	des	spectres	et	de	la	photométrie	des	planètes	les	plus	internes	nous	a	montré	leur	similarité	avec	
des	naines	 L6-L8,	mais	 avec	des	 couleurs	 légèrement	plus	 rouges	que	prédites	par	 les	modèles	 et	 par	 la	
comparaison	à	des	naines	brunes	plus	âgées.	Les	planètes	b	et	c	sont	pour	leur	part	mal	reproduites	par	les	
modèles	et	 les	autres	objets	connus,	mais	nous	avons	montré	dans	une	seconde	étude	que	la	SED	de	ces	
deux	 planètes	 peut	 être	 reproduite	 par	 des	 objets	 connus	 rougis	 par	 des	 grains	 de	 corindon,	 de	 fer,	
d'enstatite	ou	de	fosterite	(Bonnefoy	et	al.	2016).	De	leur	côté,	les	modèles	ne	parviennent	toujours	pas	à	
reproduire	correctement	ces	deux	planètes.	Nos	conclusions	montrent	que	HR8799b	et	c	auraient	un	type	
spectral	légèrement	plus	tardif	que	HR8799d	et	e,	et	auraient	par	conséquent	des	masses	plus	faibles.	

	

	

Figure	 30	 -	 Haut	 :	 Images	 de	 la	 partie	
interne	du	système	HR8799	obtenues	avec	
l'IFS	 de	 SPHERE.	 Nos	 observations	 ont	
permis	 d'écarter	 l'existence	 d'une	 autre	
planète	géante	 (>5	MJup)	 dans	 le	 système	
jusqu'à	 des	 séparations	 de	 5	 UA.		
Droite	:	spectre	des	planètes	d	et	e	obtenus	
avec	 l'IFS.	 Ces	 spectres	 sont	 les	 premiers	
jamais	 obtenus	 pour	 ces	 planètes	 (Zurlo,	
Vigan	et	al.	2016	;	Bonnefoy	et	al.	2016)	

Enfin,	l'analyse	astrométrique	effectuée	par	A.	Zurlo	a	également	montré	que	les	orbites	des	planètes	d	et	e	
sont	compatibles	avec	une	résonnance	de	type	2d:1e	ou	3d:2e.	Un	monitoring	des	orbites	de	ces	planètes	
est	en	cours	durant	l'ensemble	de	la	durée	du	relevé	SHINE	afin	d'apporter	des	contraintes	fortes	d'ici	la	fin	
du	relevé	en	2019	ou	2020.	

HD169142	a-t-elle	vraiment	un	compagnon	planétaire	en	formation	?	

• Ligi,	Vigan,	Gratton,	et	al.	 ;	2017,	arXiv,	1709.01734	 :	 "Investigation	of	 the	 inner	structures	
around	HD169142	with	VLT/SPHERE"	

HD169142	est	une	étoile	de	type	Herbig	Ae	située	à	117	pc	qui	est	entourée	d'un	disque	pre-transitionnel	vu	
pratiquement	de	face	et	qui	présente	plusieurs	ouvertures	(Quanz	et	al.	2013	;	Osorio	et	al.	2014	;	Wagner	
et	al.	2015).	La	présence	de	ces	ouvertures	a	été	interprétée	comme	une	indication	forte	de	la	présence	de	
planètes	en	 formation	autour	de	 l'étoile.	En	2014,	deux	observations	 indépendantes	de	cette	étoile	avec	
VLT/NaCo	ont	révélé	la	présence	de	possibles	points	sources	à	des	séparation	entre	100	et	200	mas	(Reggiani	
et	al.	2014	;	Biller	et	al.	2014)	que	les	auteurs	respectifs	ont	considéré	être	une	proto-planète.	Cependant	la	
très	 faible	 séparation	 orbitale	 et	 le	 grand	 contraste	 de	 ce	 point	 source	 ont	 rendu	 toute	 confirmation	
particulièrement	difficile.	
Entre	2015	et	2017,	de	nouvelles	données	ont	été	obtenues	avec	l'instrument	SPHERE	en	mode	IRDIFS	avec	
un	coronographe	et	en	imagerie	saturée,	avec	l'espoir	de	reconfirmer	cette	planète	en	formation.	L'étude	de	
ces	données	a	été	réalisée	par	Roxanne	Ligi,	la	postdoctorante	que	j'ai	encadré	au	LAM	entre	2015	et	2017.	
L'analyse	des	données	en	imagerie	saturée	qu'elle	a	effectuée	a	montré	la	présence	de	plusieurs	structures	
plus	ou	moins	étendues	dans	les	données,	dont	deux	localisées	pratiquement	aux	positions	de	la	possible	
proto-planète	identifiée	précédemment	(Figure	31).	

Zurlo et al., 2016; Bonnefoy et al., 2016

Système à 39.4 ± 1.0 pc 
Etoile hôte: 1.5 M⊙ star 

Planètes 5 à 13  fois la masse de Jupiter 
distance: de ~15 à 68 ua

Le système de HR 8799



22 AU - Porb = 120 ans

5 à 10 fois la masse de Jupiter

Comparaison d’images en 2015, 2016 et 2018

+ archives sur d’autres instruments

Keppler et al. 2018; 
Müller et al., 2018



Transits Vitesses radiales

Autres méthodes de détection

http://media4.obspm.fr/exoplanetes/pages_exopl-methodes/images/images/spectro.gif


19

Transits dans le système solaire

Variations de luminosité très faibles  ~1/100 à ~1/10000 
   1 révolution orbitale = 1 transit 

Vénus Mercure



Transits & radial velocity: 
Rp  + Mp ➙ρp  

orbital parameters : 
period, eccentricity, inclination 
.. 

Combiner les méthodes

1995
2000
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Fig. 1. Left column: From top to bottom, HARPS RV measurements as a function of barycentric Julian Date obtained for HD 20003, HD 20781,
HD 21693, HD 31527, HD 45184, HD 51608, HD 134060 and HD 136352. Middle column: log(R0HK)activity indicator as a function of time. Right
column: GLS periodogram of the corresponding RV measurements.

Article number, page 4 of 32

184 mesures  
13 ans d’observations

Udry et al.: 20 super-Earths and hot Neptunes detected with HARPS

Fig. 4. Phase-folded RV measurements of HD 20003 with the best Keplerian solution represented as a black curve for each of the signals in the
data. From top-left to bottom-right: planet b, planet c and the signal at 184 days. The residuals around the solution are displayed in the lower-right
panel. Corresponding planetary orbital elements are listed in Table 5.

Fig. 5. Left: Activity index log(R0HK) as a function of the RV residuals when removing all the detected signals except the magnetic cycle e↵ect
for HD 20003. The observed correlation indicates that most of the RV residual variation is due to activity-related e↵ects. Right: Barycentric Earth
RV as a function of the RV residuals around the best derived solution without considering the 184-day signal. The fact that no correlation can be
observed disfavor the hypothesis that the 184-day signal is due to a discontinuity in the wavelength calibration introduced by tiny gaps between
the di↵erent quadrants of the detector.

HD 20781 was part of the original high-precision HARPS
GTO survey and the star has been then followed for more than
11 years (4093 days). Over this time span, we gathered a total
of 226 high signal-to-noise spectra (<S/N> of 112 at 550 nm)
corresponding in the end to 216 RV measurements binned over
1 hour. As reported in Table 3, the typical precision of individ-
ual measurements is 0.76 m s�1including photon noise and cali-
bration uncertainties. The raw RV rms is significantly higher, at

3.41 m s�1, pointing towards additional variations in the data of
potentially stellar or planetary origin, assuming the instrumental
e↵ects are kept below the photon-noise level of the observations.

As a first approach we looked at the RV and activity index
time series shown in Fig. 1. No significant long-term variation is
observed in log(R0HK) data and no long-term variation is visible
in the GLS periodogram of the velocity time series. We conclude
that there is no noticeable sign of a magnetic activity cycle for

Article number, page 9 of 32

Exemple: HD20003

11.8496 days 
K=3.82 m/s 
11.48 M� 
e=0.38

33.8994 days 
K=3.19 m/s 
14.68 M� 
e=0.06 Udry et al., subm.

2 planètes de type Neptune à courte période orbitale proches de la 
résonnance 3:1



Recherche depuis l’espace
CoRoT:  Mission du CNES 
Programme Scientifique :  
• structure interne des étoiles - astérosismologie  
• recherche de planètes - transits 
• physique stellaire 
Opérations: 01/2007 - 10/2012  
FOV ~ 4o☐ (la moitié après 2009) 
11.5 ≤ r-mag ≤ 16. 
Précision  photométrique  700 ppm/hr 
26 champs stellaires observés - 21 jours à 150 jours
169 967 courbes de lumière  
échantillonnage temporel : 512 sec ou 32 sec

Kepler/K2 : mission NASA

Objectif scientifique : détecter des analogues à la Terre
Opérations: 03/2009 - 05/2013 

FOV ~ 105o☐ 

9 ≤ Kp-mag ≤ 15 
Précision photométrique: 80 ppm/hr 
1 seul champ stellaire observé
160 000 courbes de lumière    
échantillonnage temporel: 30 min ou 1 min
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HD 209458b

CoRoT mission

Kepler mission
transits

All methods

~79% of all 
discoveries

Nombre de détections
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The planet-diversity 
revolution

RVs: Queloz et al. (2009)

9

0 5 10 15 20
Planetary mass [M�]

0

1

2

3

4

5

P
la

ne
ta

ry
ra

di
us

[R
�

]

BC: Before CoRoT

Earth-like Neptune-like 0.1 Earth-like

0 5 10 15 20
Planetary mass [M�]

0

1

2

3

4

5

P
la

ne
ta

ry
ra

di
us

[R
�

]

With CoRoT

Earth-like Neptune-like 0.1 Earth-like CoRoT

Haywood et al., 2014 
Barros et al., 2014

0.35 mmag

CoRoT-7 :  
K0V  
[Fe/H] =0.12 +/- 0.06 

Rp = 1.585 ± 0.064 R⊕, 

Mp = 4.73 ± 0.95 M⊕ 

Période = 0.85365 jours

CoRoT-7b première super Terre

Léger, Rouan, Schneider et al., 2009 
Queloz et al., 2009 
Hatzes et al., 2010 
Bruntt et al., 2010 
Lanza et al., 2010 
Pont et al., 2010 
Boisse et al., 2011 
Hatzes et al., 2011 
Ferraz-Mello et al. 2011 

2009



single

multiple

Systèmes de petites planètes

systèmes compacts 

constitués de super Terres & 

mini Neptunes

Borucki et al., 2010 
Batalha et al., 2012 
Burke et al 2014
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Fig. 2.— Mass-radius diagram for transiting exoplanets with measured masses less than 20M�,

along with model curves for di↵erent compositions. Planets are color-coded by the incident bolo-

metric flux they receive. Kepler planets are shown by filled circles, with numbers and letters

indicating planets discussed in the text; the rocky planets in the crowded region near the lower left

include Kepler-10 b (red point) and Kepler-36 b (yellow). Other known exoplanets in this mass

range are shown by open squares. The Solar System planets Venus, Earth, Uranus and Neptune

are shown by their symbols. The lower curve is for an Earth-like composition with 2/3 rock and

1/3 iron by mass. All other curves use thermal evolution calculations (Lopez et al. 2012), assuming

a volatile atmosphere of H/He or water atop a core of rock and iron with composition the same

as that of the bulk Earth. The two blue curves are for 50% and 100% water by mass and the two

orange curves are for H/He atmospheres atop Earth-composition cores. These theoretical curves

assume a radiation flux 100 times as large as that received by Earth and an age of 5 Gyr. Figure

courtesy of Eric Lopez.

light gases entirely if it is water-rich), perhaps because it has undergone significant mass loss

from its primordial atmosphere (Lissauer et al. 2013). Kepler-10 b, with an incident flux

Petites planètes: diversité

38

Neptunes:
10 - 30 MT

Giant ocean 
planets?

Mini-
Neptunes?

Dwarf gaseous
planets?

Super-Earths:
1 - 10 MT

Diversité des petites planètes



completeness-corrected contours suggest that the occurrence
rate of these planets does not fall off with the number of
detections. Instead, the lack of detections is likely an artifact of
decreasing transit detectability and probability.

Figure 8 shows that small planets are significantly more
common than large planets. The fact that planets smaller than
Neptune (4 ÅR ) are much more common than Jovian-size
planets has been well documented in the literature (e.g.,
Howard et al. 2010; Mayor et al. 2011; Howard et al. 2012;
Dong & Zhu 2013; Fressin et al. 2013; Petigura et al. 2013a;
Burke et al. 2015; Dressing & Charbonneau 2015). However,
the increase in occurrence with decreasing planet size is
evidently more rapid than was apparent in previous studies.

There is another feature in the RP versus P occurrence
distribution that motivates a closer examination of the planet

radius distribution along other axes. There are very few planets
larger than 2 ÅR with orbital periods shorter than about
10days, while planets with radii smaller than 1.8 ÅR remain
quite common down to orbital periods of about 3 days. A sharp
decline in the occurrence rate of planets larger than
approximately 1.6 ÅR with orbital periods shorter than 10
days has been previously observed (Howard et al. 2012; Dong
& Zhu 2013; Sanchis-Ojeda et al. 2014).

4.5.2. Planet Radius versus Stellar Radius

Figure 9 shows the distribution of planet size as a function of
host star size. This distribution shows two distinct populations
of planets with a gap separating them. Planets appear to
preferentially fall into two classes, one with radii of ∼2.4 ÅR

Figure 7. Top: completeness-corrected histogram of planet radii for planets with orbital periods shorter than 100 days. Uncertainties in the bin amplitudes are
calculated using the suite of simulated surveys described in Appendix C. The light gray region of the histogram for radii smaller than 1.14 ÅR suffers from low
completeness. The histogram plotted in the dotted gray line is the same distribution of planet radii uncorrected for completeness. The median radius uncertainty is
plotted in the upper right portion of the plot. Bottom: same as the top panel with the best-fit spline model over-plotted in the solid dark red line. The region of the
histogram plotted in light gray is not included in the fit due to low completeness. Lightly shaded regions encompass our definitions of “super-Earths” (light red) and
“sub-Neptunes” (light cyan). The dashed cyan line is a plausible model for the underlying occurrence distribution after removing the smearing caused by uncertainties
on the planet radii measurements. The cyan circles on the dashed cyan line mark the node positions and values from the spline fit described in Section 4.3.
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The Astronomical Journal, 154:109 (19pp), 2017 September Fulton et al.

Fulton et al., 2017

Porb < 100 jours

Petites planètes: populations



Petites planètes: limitations
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Fig. 13: Mass-radius relation for planets with radii smaller than 2.7 R� and with masses determined to a precision better than 20 %
(updated from Dressing et al. (2015)). The shaded gray region in the lower right indicates planets with iron content exceeding the
maximum value predicted from models of collisional stripping (Marcus et al. 2010) . The solid lines are theoretical mass-radius
curves (Zeng & Sasselov 2013) for planets with compositions of 100 % H2O (blue), 25 % MgSiO3 - 75 % H2O (purple), 50 %
MgSiO3 - 50 % H2O (green), 100 % MgSiO3 (black), 50 % MgSiO3 - 50 % Fe (red), and 100 % Fe (orange). In this diagram, the
position of HD 219134 b is almost overlapping the point for CoRoT-7 b. It belongs to a group of planets including Kepler-36 b,
Kepler-93 b, and Kepler-10 b.

servations made with the Spitzer Space Telescope, which is operated by the Jet
Propulsion Laboratory, California Institute of Technology under a contract with
NASA. Support for this work was provided by NASA. M. Gillon is Research
Associate at the Belgian Scientific Research Fund (F.R.S-FNRS), and he is ex-
tremely grateful to NASA and SSC Director for having supported his searches for
RV planets with Spitzer. PF further acknowledges support from Fundação para a
Ciência e a Tecnologia (FCT) in the form of an exploratory project of reference
IF/01037/2013CP1191/CT0001. RDH was supported by STFC studentship grant
ST/J500744/1 during the course of this work. CAW acknowledges support from
STFC grant ST/L000709/1. This publication was made possible by a grant from
the John Templeton Foundation. The opinions expressed in this publication are
those of the authors and do not necessarily reflect the views of the John Tem-
pleton Foundation. This material is based upon work supported by the National
Aeronautics and Space Administration under Grant No. NNX15AC90G issued
through the Exoplanets Research Program.
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Fig. 2.— Mass-radius diagram for transiting exoplanets with measured masses less than 20M�,

along with model curves for di↵erent compositions. Planets are color-coded by the incident bolo-

metric flux they receive. Kepler planets are shown by filled circles, with numbers and letters

indicating planets discussed in the text; the rocky planets in the crowded region near the lower left

include Kepler-10 b (red point) and Kepler-36 b (yellow). Other known exoplanets in this mass

range are shown by open squares. The Solar System planets Venus, Earth, Uranus and Neptune

are shown by their symbols. The lower curve is for an Earth-like composition with 2/3 rock and

1/3 iron by mass. All other curves use thermal evolution calculations (Lopez et al. 2012), assuming

a volatile atmosphere of H/He or water atop a core of rock and iron with composition the same

as that of the bulk Earth. The two blue curves are for 50% and 100% water by mass and the two

orange curves are for H/He atmospheres atop Earth-composition cores. These theoretical curves

assume a radiation flux 100 times as large as that received by Earth and an age of 5 Gyr. Figure

courtesy of Eric Lopez.

light gases entirely if it is water-rich), perhaps because it has undergone significant mass loss

from its primordial atmosphere (Lissauer et al. 2013). Kepler-10 b, with an incident flux

masses mesurées avec une 
précision > 20 % 
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Fig. 13: Mass-radius relation for planets with radii smaller than 2.7 R� and with masses determined to a precision better than 20 %
(updated from Dressing et al. (2015)). The shaded gray region in the lower right indicates planets with iron content exceeding the
maximum value predicted from models of collisional stripping (Marcus et al. 2010) . The solid lines are theoretical mass-radius
curves (Zeng & Sasselov 2013) for planets with compositions of 100 % H2O (blue), 25 % MgSiO3 - 75 % H2O (purple), 50 %
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position of HD 219134 b is almost overlapping the point for CoRoT-7 b. It belongs to a group of planets including Kepler-36 b,
Kepler-93 b, and Kepler-10 b.
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Transits: planètes de 
petite taille

Vitesses radiales: 
planetes de petite masse

Difficulté 1: la magnitude
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Charactériser les exoplanètes …

• Masse + rayon ➙ densité moyenne 
   gaseuse vs rocheuse, structure interne 
• Composition ➙ formation  

• Propriété de l’atmosphère  
     habitabilité 

• Age  ➙ évolution  

  � masse et rayon de l’étoile

  � propriétés de l’étoile, insolation 

 � age de l’étoile

  � composition de l’étoile

excellente connaissance 
de l’étoile requise !

Difficulté 2: l’étoile

     ➙ évolution des systèmes planétaires



Jenkins et al 2015

Super Terre à grande période 
orbitale

Kepler-452b :  

Rp ~ 1.6 R⊕ 

Masse ??? 

Conditions de surface???

Type spectral G2 

Période orbitale ~ 385 jours



planets (14, 15) that are between Earth
and Neptune sizes with no solar system
counterpart and formation that is not yet un-
derstood (e.g., ref. 16); circumbinary planets
(17); compact multiple planet systems (18),
including at least one with five planets
orbiting interior to what would be Mer-
cury’s orbit (19); and hot rocky worlds that
are expected to have surfaces heated by
their star to over 2,000 K, which is hot
enough to create liquid lava surfaces
[Kepler 10b (20) and Kepler 78b (21, 22)].
The diversity of exoplanet masses, sizes,

and orbits illustrates the stochastic nature of
planet formation, and we expect this diversity
to extend to exoplanet atmospheres in terms
of both atmospheric mass and composition.
The atmospheric mass and composition of
any specific exoplanet are not predictable
(23), and in addition, observations are not yet
able to measure atmospheric composition or
yield estimates of atmospheric mass. It is
nonetheless worth summarizing some key
factors controlling a planet atmosphere. A
planet’s atmosphere forms from outgassing
during planet formation or is gravitation-
ally captured from the surrounding pro-
toplanetary nebula. The amount of gas
captured or outgassed is not known and may
vary widely. For terrestrial planets, the pri-
mordial atmosphere may be completely
changed by escape of light gases to space,
continuous outgassing from an active young

interior, and bombardment by asteroids and
comets. At a later stage, the physical processes
operating at the top or bottom of the atmo-
sphere still sculpt the atmosphere, including
thermal and nonthermal atmospheric escape
of light gases, volcanism, and plate tectonics. A
review of Earth’s atmospheric evolution is in
ref. 24.
The diversity of exoplanets, both observed

and theorized, motivates a revised view of
exoplanet habitability (25) (Fig. 1). A habit-
able planet is generally defined as one that
requires surface liquid water, because all life
on Earth requires liquid water. Surface liquid
water, in turn, requires a suitable surface
temperature. Because the climates (and
hence, surface temperature) of planets with
thin atmospheres are dominated by external
energy input from the host star, a star’s
habitable zone (26, 27) is based on distance
from the host star. Small stars, with their
relatively low luminosity outputs, have a
habitable zone much closer to them com-
pared with Sun-like stars. In addition to the
energy from the host star, it is the greenhouse
warming effects of rocky planet atmospheres
that control the surface temperature. The
revised view is that planet habitability is
planet-specific, because the huge range
of planet diversity in terms of masses,
orbits, and star types should extend to
planet atmospheres based on the stochastic

nature of planet formation and subsequent
evolution.
The habitable zone for solar type stars has

been described to range from about 0.5 (for
dry planets) (refs. 28 and 29 but cf. ref. 30) to
10 AU [for predominantly rocky planets with
hydrogen atmospheres (31) orbiting a Sun-
like star or even beyond, depending on the
planet interior and atmosphere character-
istics (32)]. The extension of the habitable
zone is somewhat controversial, because at
the small planet–star separation end, there is
limited understanding of planetary processes,
such as volcanism, plate tectonics, and hy-
dration rates, on low-water reservoir exo-
planets. At the larger planet–star separation
end, there is an inability to determine which
of the many thermal and nonthermal at-
mospheric escape processes are dominant
on planets with unknown compositions and
host star UV radiation history.
Extreme caution should be taken with the

quantitative predictability of exoplanet hab-
itable zone models based on the complicated
physics and the imposed model input con-
ditions (including but not limited to planet
obliquity and planet atmosphere mass). In
particular and as a good example, there is
serious disagreement in the literature about
the inner edge of the habitable zone. For
example, information in ref. 28, which finds
an inner edge of 0.5 AU, differs substantially
from information in ref. 29, which finds an
inner edge of 0.77 AU. Although ref. 28 used
a 1D model and ref. 29 used a 3D model, the
most significant difference is likely the rela-
tive humidity (28), because a 1D model must
impose a globally averaged relative humidity
(1% imposed by ref. 28), whereas a general
circulation model (GCM) can calculate the
relative humidity (which appears closer to
10% in ref. 29). The 1% value originates from
an order of magnitude estimate based on
very dry equatorial regions and moist poles
that will have liquid precipitation, a case that
should apply for very dry planets that have
reasonably fast rotation rates. This basic
postulate is being further investigated with
the MIT 3D GCM. One possible reconcilia-
tion between refs. 28 and 29 is that a 3D
model could yield a much lower global rela-
tive humidity with an increased range of
parameter space, such as that investigated in
ref. 28 (including surface gravity, surface al-
bedo, and stellar type). Ultimately, observa-
tions of a rocky planet with water vapor at
a small planet–star separation will be needed
to try and settle this debate.
Regardless of model-based opinion, we

must keep an open mind in the choice of
exoplanets to search for signs of life simply to
increase the chances of success.
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Fig. 1. The extended habitable zone. The blue region depicts the conventional habitable zone for N2-CO2-H2O
atmospheres (27, 30). The dark pink region shows the habitable zone as extended inward for dry planets (28, 29) as
dry as 1% atmospheric relative humidity (28). The outer orange brown region shows the outer extension of the
habitable zone for hydrogen-rich atmospheres (31), and it can even extend out to free-floating planets with no host
star (32). The solar system planets are shown with images. Known super Earths (planets with a mass or minimum mass
less than 10 Earth masses taken from ref. 86). Modified from ref. 25.
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Valeurs de η-Earth
Référence Fréquence étoile hôte source

Catanzarite & Shao, 2011 0.8% - 4.7% Sun-like Kepler

Traub, 2012 34 ± 14 % FGK Kepler 

Gaidos, 2013 31% - 64 % (46%) étoiles naines Kepler
Petigura et al. 2013 11 ± 4 % Sun-like Kepler

Bonfils et al., 2013 28% - 95% (41%) naines M vit. radiales

Kopparapu, 2013 24% - 60% (48%) naines M Kepler
Dressing et al. 2013 9% - 31% (15%) naines M Kepler

Silburt et al., 2015 5.3% - 9.8% (6.4%) Solar-type Kepler

Statistiques basées sur des petits nombres, extrapolations, systématiques, 
définitions plus ou moins optimistes (complexes) de la ZH …  

➙  La fréquence des (super)-Terres dans la zone habitable des étoiles reste 
inconnue.
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Figure 2: All datasets folded to the 11.2 days signal. Radial velocity measurements phase folded
at the 11.2 day period of the planet candidate for 16 years of observations. Although its nature is
unclear, a second signal at P∼ 200 days was fitted and subtracted from the data to produce this plot
and improve visualization. Circles correspond to HARPS PRD, squares are HARPS pre-2016 and
triangles are UVES observations. The black line represents the best Keplerian fit to this phase folded
representation of the data. Error bars correspond to formal 1-σ uncertainties.

alone did not prove consistency with the pre-2016 data. Final confirmationwas achievedwhen all the
sets were combined (Figure 1, panel c). In this case statistical significance of the signal at 11.2 days
increases dramatically (false-alarm probability< 10−7, Bayesian evidence ratio B1,0 > 106). This
implies that not only the period, but also the amplitude and phase are consistent during the 16 years
of accumulated observations (see Figure 2). All analyses performed with and without correlated-
noise models produced consistent results. A second signal in the range of 60 to 500 days was also
detected, but its nature is still unclear due to stellar activity and inadequate sampling.

Stellar variability can cause spurious Doppler signals that mimic planetary candidates, especially
when combined with uneven sampling.9, 17 To address this, the time-series of the photometry and
spectroscopic activity indices were also searched for signals. After removing occasional flares, all
four photometric time-series show the same clear modulation over P ∼ 80 nights (panels b, c, d
and e in Figure 3), which is consistent with the previously reported photometric period of ∼83 d.3

Spectroscopic activity indices were measured on all HARPS spectra, and their time-series were in-
vestigated as well. The width of the spectral lines (measured as the variance of the mean line, or
m2) follows a time-dependence almost identical to the light curves, a behaviour that has already

4

Proxima Cen b
Etoile hôte: 

M5.5 (0.12 M⦿) 
4.2 a.l. 

Planète:
P=11.86 jours 
a = 0.0485 
mp sini = 1.27 ME [1.10, 1.46]  

Masse minimale  
(l’inclinaison du plan orbital n’est pas connue) 

Anglada-Escudé et al., 2016
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Périodes orbitales:  1.51 à 18.764 jours

Le système de Trappist-1
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Figure 1: a, b: Long cadence K2 light curve detrended with EVEREST and with stellar variability
removed. Data points are in black, and our highest likelihood transit model for all seven planets
is plotted in thin grey. Coloured diamonds indicate which transit belongs to which planet. Four
transits of planet h are observed (light blue diamonds). c The top four curves show short-cadence
detrended data from K2 in light blue, with a transit model based on the Spitzer parameters in dark
blue. Binned data is over-plotted in white for clarity. The folded light curve is displayed at the
bottom. d View from above (observer to the right) of the TRAPPIST-1 system, at the date when
the first transit was obtained for this system. The grey region is the surface liquid-water habitable
zone10.
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Habitabilité des naines M?
Les rayons X et UV, ou l’activité stellaire (flares, et éjections coronale) peuvent éroder 
l'atmosphère de l'exoplanète ➙ dissociation puis fuite des molécules d'hydrogène et 
d'oxygène, les deux composants de l’eau.

weather applications that estimates the solar irradiance at
wavelengths from 1 to 1900Å at 10Å resolution with a time
cadence of 60 s. We also reconstructed the XUV spectrum of a
moderately old and inactive M1.5 dwarf, GJ 832, that hosts a
super-Earth planet at 0.16 au using the Measurements of the
Ultraviolet Spectral Characteristics of Low-mass Exoplanetary
Systems (MUSCLES) Treasury Survey data (Loyd et al. 2016).
Finally, to approximate the spectrum of the young Sun at
0.7 Gyr, we used the data obtained from the parameterization of
the two young solar analogs of the Sun at around 0.7 Gyr, k1

Cet, and EK Dra (Claire et al. 2012). The total XUV flux from
the young Sun and the red dwarf are 8.3 F0 (at 1 au) and 7.7 F0
(at 0.16 au), respectively. The XUV flux from the young Sun,
and GJ 832 are comparable in magnitude and shape at
wavelengths shorter (and including) Lyα emission line. This
suggests the contribution of X-type flare activity flux is
dominant in the “quiescent” fluxes from the young Sun and
inactive M dwarfs. This conclusion is consistent with the
estimate of the frequency of occurrence of energetic X-type
flares from the young Sun derived from Kepler data (Airapetian
et al. 2016). Because X-type white-light flares from the Sun are
usually associated with fast and energetic CMEs, it is
reasonable to assume that the young Sun and quiet dwarfs
should produce frequent CMEs (and associated solar energetic
particle events). The dynamic pressure from CMEs can
significantly modify the planetary magnetic field and cause
energy dissipation in its polar regions (Airapetian et al. 2015).

2. Effects of XUV–EUV Driven Mass Loss of O+

XUV radiation induces non-thermal heating via photo-
absorption and photoionization raising the temperature of the
exosphere, and therefore its pressure scale height. At high XUV
fluxes, this process initiates hydrodynamic atmospheric escape
of neutral atmospheric species, with the loss rate dependent on
the molecular mass of atmospheric species. Hydrogen, as the
lightest component, escapes more readily than any other
species by this mechanism (Lammer et al. 2008; Tian et al.
2008). For the environments of active solar-type stars and M
dwarfs, much of the hydrogen likely escapes from a planet’s
atmosphere during the system’s early evolution, leaving behind
an atmosphere enriched in heavier elements such as N and O.

These species are difficult to remove unless dense and fast
stellar winds or the processes of photochemical escape are
invoked (Lammer et al. 2003; Lee et al. 2015; Lichtenegger
et al. 2016). Therefore, models of atmospheric ionization and
loss via non-thermal mechanisms are critical for predicting the
evolution of oxygen and nitrogen-rich atmospheres as well the
efficiency of atmospheric loss of water as a critical factor of
exoplanetary habitability.
In the region above an Earth-size planet’s exobase, the layer

where collisions are negligible, the incident XUV flux ionizes
atmospheric atoms and molecules and produces photoelectrons.
The upward propagating photoelectrons outrun ions in the
absence of a radially directed polarization electric field and
forms the charge separation between electrons and atmospheric
ions. Thus, a radially directed polarization electric field is
established that enforces the quasi-neutrality and zero radial
current. For ionospheric ions with energies over 10 eV, the
polarization electric field cancels a substantial part of the
Earth’s gravitational potential barrier, greatly enhancing the
flux of escaping ions and forming an ionospheric outflow.
Modeling of these effects requires coupling the hydrody-

namic ion and superthermal electron kinetic equations with the
polarization electric field (Liemohn et al. 1997). We apply this
approach to couple the ion hydrodynamics of the Polar Wind
Outflow Model (PWOM) to the latest version of the Super-
Thermal Electron Transport (STET) code (Glocer et al.
2009, 2012; Khazanov 2011; Khazanov et al. 2015). Full
details of the model coupling will appear in a separate
publication (Glocer et al. 2016). To treat the XUV driven
photoelectron production and transport properly, we apply
STET to calculate the superthermal particle population formed
via photoionization and its collisional coupling with the
thermal population and the neutral atmosphere.
Our coupled PWOM and STET model uses MSIS-90 (mass

spectrometer and incoherent scatter) empirical model devel-
oped for the Earth atmosphere (Hedin 1987) as an input for
PWOM and STET to obtain the neutral densities including O,
O2, and N2 and temperatures. In this study, we did not consider
the processes of photolysis of water molecules that can provide
atomic oxygen through formation of hydroxyl molecules and
hydrogen atoms that thermally escape from the atmosphere. In
essence, we assume that water in the lower atmosphere is
photolyzed into H, O, and O2 before reaching the upper
atmospheric domain of our simulations.
To properly treat photodissociation and photoionization of

major species we used the XUV emission input in the range
between 5 and 1750Å. Specifically, O+ ions form due to
photoionization of atomic oxygen via photons with wave-
lengths ∼300–600Å and collisions with photoelectrons. The
processes of collisional ionization of O and N atoms due to
precipitating electrons formed during magnetic storms from a
host star provide additional sources of O+ production and will
be modeled in the near future.
We have developed four models with the stellar XUV input

flux expressed in terms of the total XUV flux, F0, of the Sun at
the average level of magnetic cycle. Figure 2 shows the steady-
state solution for the production of superthermal photoelectrons
with the energies extending to 70 eV. A prominent emission
feature of the XUV spectra in Figure 1, the He II 304Å
resonance emission line, produces a series of spikes of
photoelectrons within the 20–30 eV energy range due to the
various ionization states of atmospheric constituents. The figure

Figure 1. Spectral energy distribution (SED); reconstructed for the solar X5.4
flare (blue curve) and the young Sun’s SED (orange curve) and the quiet Sun at
the average magnetic activity (dotted orange curve) scaled to 1 au and GJ 832
SED (red curve) scaled to 0.16 au.
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Conclusions
Fascinante diversité des populations de planètes dans toutes les gammes de masse - 
mécanismes de formation plus complexes.  

Domaine des atmosphères des planètes géantes (jeunes) est ouvert, celui des petites 
planètes rocheuse ne l’est pas. 

Précision de mesure (sur la planète et sur son étoile): limitation sérieuse pour 
déterminer la nature exacte des petites planètes et être assuré de son caractère 
“tellurique”. 

Nombreuses missions spatiales (TESS, CHEOPS, PLATO, ARIEL)  ➙ déterminer les 
propriétés des différentes populations de planètes et préparer les futures missions 
pour la détection de bio signatures. 

Zone habitable: comment la définir, en particulier lorsqu’on considère des étoiles très 
différentes du Soleil, ou lorsqu’on s’intéresse à des effets d’évolution?  

Les meilleurs candidats dans la ZH de leur étoile orbitent des étoiles très différentes 
du Soleil 

 Quels critères pour reconnaitre la vie en l’absence de mesures in situ?  
←extremophiles sur Terre et  recherches dans le système solaire 


