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Détection: état de l’art
3706 planètes détectées
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Détection: état de l’art

720 planètes
– 11 –

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
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Détection: état de l’art

720 planètes
A&A proofs: manuscript no. HD219134
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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.
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Cibles pour spectroscopie d’atmosphère (JWST, ELTs, ARIEL)

• Contraindre la formation 
des petites planètes 

• Caractériser précisément 
la masse et le rayon des 
petites planètes 

• Besoin d’étoiles 
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Batalha et al., 2010 
Pepe et al., 2013 
Howard et al, 2013 
Marcy et al. 2014

Dumusque et al., 2014 
Dressing et al., 2015;  
Motalebi et al., 2015

masses determined to a 
precision better than 20 % 
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Détection: état de l’art
3706 planètes détectées



Jenkins et al 2015

Super Terre à longue 
période orbitale

Kepler-452b :  

Rp ~ 1.6 R⊕ 

Type spectral: G2 

période orbitale~ 385j

Mass ???
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Difficulté 1: la magnitude

Etoiles brillantes 
requises pour 

mesurer 
précisément masses 

et rayons

transits
vitesses radiales
imaging



➙ La fréquence des (super)-Terres dans la zone habitable des 
étoiles reste inconnue.

η Earth: fraction d’étoiles avec une planète similaure à la Terre dans leur zone habitable.

Batalha et al., 2014                                        7 – 22%                     Sun-like stars

η-Earth - occurrence

From Kepler and radial velocity surveys:                           
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Charactériser les exoplanètes …

Difficulté 2: l’étoile

excellente connaissance 
de l’étoile requise !
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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  
     évolution des systèmes planétaires

excellente connaissance 
de l’étoile requise !

  ➙ masse et rayon de l’étoile

Difficulté 2: l’étoile
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Charactériser les exoplanètes …

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

• Propriété de l’atmosphère  
     habitabilité 

• Age  ➙ évolution  
     évolution des systèmes planétaires

  ➙ masse et rayon de l’étoile

  ➙ composition de l’étoile

excellente connaissance 
de l’étoile requise !

Difficulté 2: l’étoile
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Charactériser les exoplanètes …

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

• Propriété de l’atmosphère  
     habitabilité 

• Age  ➙ évolution  
     évolution des systèmes planétaires

  ➙ masse et rayon de l’étoile

  ➙ propriétés de l’étoile, 
insolation

  ➙ composition de l’étoile

excellente connaissance 
de l’étoile requise !

Difficulté 2: l’étoile
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Charactériser les exoplanètes …

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

Asteroseismologie de l’étoile hôte

excellente connaissance 
de l’étoile requise !

Difficulté 2: l’étoile

     ➙ évolution des systèmes planétaires



PLATO 2.0 : the method
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a) Grandes séparations: 
∆ ➟ densité moyenne 

b) petites séparations :
d02 ➟ sonde le coeur ➟ âge

Sunday, June 9, 13

Measure  accurate planet 
parameters, including all 
orbital parameters 

Goal: acccuracy for Earth-
like planets around solar-
like stars: 

! radius ~3% 

! mass ~10% 

! age known to 10%

Transits

The Astrophysical Journal, 729:27 (21pp), 2011 March 1 Batalha et al.

Figure 6. Radial velocities vs. phase derived from transit photometry of the
short-period event. Both individual velocities are plotted (small circles) as well
as averages over 0.1 phase bins (large circles). The dashed line shows the best-
fit circular orbit solution for which there are only two free parameters—the
amplitude K and the zeropoint of the velocities.

companion. The lack of any discontinuities in the phased
velocity plot argues against a background eclipsing binary star
as the explanation. Such a binary with a period of 0.83 day
would have orbital semi-amplitudes of hundreds of kilometers
per seconds, so large that the spectral lines would completely
separate from each other, and separate from the lines of the
main star. Such breaks in the spectral-line blends would cause
discontinuities in the velocity variation, which is not seen
here. Thus, the chance that the 0.83 day periodicity exhibited
independently in both the photometry and velocities might be
caused by an eclipsing binary seems quite remote.

Precision Doppler measurements are used to constrain the
mass of KOI-72.01 (Kepler-10b) as discussed in Section 7. The
absence of a Doppler signal for KOI-72.02 is used to compute
an upper limit to the mass of this candidate under the planet
interpretation.

4.4. Bisector Analysis

From the Keck spectra, we computed a mean line profile
and the corresponding mean line bisector. Time-varying line
asymmetries are tracked by measuring the bisector spans—the
velocity difference between the top and bottom of the mean
line bisector—for each spectrum (Torres et al. 2005). When RV
variations are the result of a blended spectrum between a star and
an eclipsing binary, we expect the bisectors to reveal a phase-
modulated line asymmetry (Queloz et al. 2001; Mandushev
et al. 2005). In the case of Kepler-10b, there is no evidence
for a correlation between the bisector spans and the RVs which
would otherwise argue against the planetary interpretation (see
Figure 7), and similarly for the 45 day signal of KOI-72.02.
However, we note that the uncertainties in the bisector span
measurements are quite large so that the rms variation of the
bisector spans (10.5 m s−1) exceeds the semi-amplitude of
the RV variation (3.3+0.8

−1.0 m s−1). Therefore, we do not consider
the bisector span measurements to be discriminating in this case.

5. BLENDER ANALYSIS OF THE KEPLER LIGHT CURVE

In this section, we examine the possibility that the transit
signals seen in the Kepler photometry of Kepler-10 are the result
of contamination of the light of the target by an eclipsing binary
along the same line of sight (“blend”). We consider as potential
false positives physically associated hierarchical triple systems
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Figure 7. Line bisector span measurements folded at the photometric period.

as well as chance alignments (eclipsing binary in the background
or foreground). We make use of the technique referred to as
BLENDER, described recently by Torres et al. (2010), which
we apply separately to each of the signals in Kepler-10 since
each could be due in principle to a separate blend. Briefly, this
technique compares in a χ2 sense the observed light curve to a
synthetic light curve resulting from brightness variations of an
eclipsing binary being attenuated by the (typically) brighter star
Kepler-10. The parameters of the eclipsing binary are varied
over wide ranges to find all viable blend scenarios producing
a good match to the observations. The properties of each
component of the binary (referred to here as the “secondary”
and “tertiary”) are taken from model isochrones (Marigo et al.
2008), and those of the main star (the “primary”) are constrained
by the spectroscopic analysis described earlier. For the technical
details of BLENDER we refer the reader to the previously cited
work, as well as Torres et al. (2004).

5.1. KOI-72.01 (Kepler-10b) Signal

Given the short period of this signal, we may assume that tidal
forces have circularized the orbits of any potential eclipsing
binary contaminants (Mazeh 2008). We considered first the
case of a hierarchical triple system. Simulations with BLENDER
clearly indicate that such systems in which the eclipsing binary
is composed of two stars provide poor fits to the Kepler light
curve. We thus rule out this type of blend scenario. If the
eclipsing binary is composed of a planet (i.e., a smaller tertiary)
transiting a star, rather than two stars eclipsing each other, then
it is possible to reproduce the measured light curve, but only if
the secondary has very nearly the same brightness as the target
star itself. In that case, the resulting size of the tertiary is

√
2

larger than in a model of a single star transited by a planet.
However, such a bright contaminant would have been evident
in our spectroscopy as a second set of lines, and this case is
therefore also excluded.

We next examined the background eclipsing binary scenario,
allowing the relative distance between the binary and the main
star to vary over a wide range. We accounted for absorption
from dust along the line of sight as described by Torres et al.
(2010), adopting a representative coefficient of differential
extinction of av = 0.5 mag kpc−1. Interestingly, we found
that no combination of relative distance and stellar properties
for the eclipsing binary (composed in this case of two stars)
gives an acceptable fit to the light curve. The reason is that
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radial velocity - follow-up

asteroseismology



PLATO 2.0  instrument

ESA M3 mission  
Launch 2026  

Very wide field + large 
collecting area: multi-
instrument approach

16

Goal : 
optimize the number of stars and their 
brightness : 4 ≤ mv ≤ 16 

Detect transits of an Earth-size planet around a solar-type star 
up to 1 au and allow its complete characterization
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• 24 normal cameras in groups 
of 6 camera each  

• Offset to increase FoV 
• 12 cm aperture telescopes 
• Operate in “white” light 
• range ~8 ≤ mV ≤ 13  
• FOV ~ 49o x 49o 

• 4 CCD each 4510 x 4510 px 
• Pixel size 18 !m square 

• Read-out cadence: 25 sec 

PLATO 2.0  instrument

Total FOV ~2232 deg2

PLATO Definition Study Report                     page  70  

 

 

 
Figure 4.1: The overlapping line-of-sight concept (left) and the resulting field-of-view configuration (right). 

 

Each DPU of the “normal” cameras (N-DPU) is associated with two FEEs. They are grouped together in a 
Main Electronics Unit (MEU). There are 2 MEUs containing 14 N-DPUs for the 28 normal cameras, each 
one including its own power supply electronics.  

The fast DPUs (F-DPU) are functionally associated to the fast FEE. There are 2 F-DPUs, one per fast FEE, 
grouped in one box called Fast Electronics Unit (FEU), also including its power supply. 

Cameras receive their power from the Ancillary Electronics Units (AEUs), one AEU per fourteen “normal” 
cameras and one AEU for both “fast” cameras. The AEUs also provide synchronisation signals for data 
acquisition and cameras thermal control. The payload is controlled by two ICUs used in cold redundancy. 
The two ICUs are grouped in a single box with their own power supply.  

In addition, the instrument includes on-board software, operating on the DPUs and ICUs, which can be 
modified during the flight. See Figure 4.2Figure 4.2 for an overview on the on-board data treatment 
architecture. Table 4.1Table 4.1  provides an overview of the Payload. 

 

 
Figure 4.2: The PLATO on-board data treatment architecture.  
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• 24 normal cameras in groups 
of 6 camera each  

• Offset to increase FoV 
• 12 cm aperture telescopes 
• Operate in “white” light 
• range ~8 ≤ mV ≤ 13  
• FOV ~ 49o x 49o 

• 4 CCD each 4510 x 4510 px 
• Pixel size 18 !m square 

• Read-out cadence: 25 sec 

• 2 “fast” camera used for pointing 
• Each with one broadbad filter 
    “red” and “blue” telescope 
     otherwise identical to normal 
     camera  
• Read-out cadence: 2.5 sec  

Purpose: 
• Fine guiding 
• Photometry of the brighest stars 

(< 8 mag) 

PLATO 2.0  instrument

Total FOV ~2232 deg2



• precise and accurate characterization of planet host stars (in particular ages)

• Improve our knowledge of the internal structure and evolution of low-mass stars

Stellar science (core program): 

Complementary science: 
• Seismology   of  A to early F, gamma Dor, of massive B,O stars, of 

evolved stars  
• All types of micro-variability     and/or variability of times scales up to 

1- 2 years 

• Galactic population studies    
 and much more…

• As best as possible characterization of all target stars (in particular ages)
• Identify and characterize  a large sample of  benchmark stars 

• Inclination of stellar rotation axis 
     Measurement of spin-orbit angle (constraints on scenarios of planet migration)

Objectifs stellaires



✓ Oscillating stars  

Seismology     (model independent relationships and/or based on stellar models 
and.or inversion )  

✓ Non oscillating stars  or non detected oscillations  

Classical methods • Physical relationships (Black body,..) 
• HR and isochrone fitting 
• empirical prescriptions (gyrochronology)

In any case, GAIA, & ground surveys are crucial  

Methodology for the stellar 
science of the core program



1) PLATO light curves                                  2)   Catalogs and follow-up 
interferometry 
                                                                            * V1 : before launch  
                                                                            * V2-V3  during operation and after  

  
           

INPUT

DP3 : oscillation mode parameters   +  seismic mean internal rotation + inclination 
angle 
DP4 : stellar activity and surface rotation measurements 
DP5 : mass, radius and age of the (core program)  F5-K7 stars + M dwarfs 

OUTPUT

Intermediate data products

Stellar Data Products



1) PLATO light curves                                  2)   Catalogs and follow-up 
interferometry 
                                                                            * V1 : before launch  
                                                                            * V2-V3  during operation and after  

  
           

INPUT

DP3 : oscillation mode parameters   +  seismic mean internal rotation + inclination 
angle 
DP4 : stellar activity and surface rotation measurements 
DP5 : mass, radius and age of the (core program)  F5-K7 stars + M dwarfs

OUTPUT

Intermediate data products

Stellar Data Products

• Classical parameters : Teff, log g , log L  (V,Mv(d), BC,AV), surface chemical abundances 
• Scaling laws 
• Stellar models and frequency calculations ➙  grids of stellar models + on the fly for specific 

cases 
• Surface boundary  conditions  for stellar models and oscillation frequencies 
• Model atmospheres  + convective flux/entropy  tables   + surface effects 
• Stellar activity  model  ➙  scaling laws for 1D stellar models   
• Spot modelling, gyrochronology 
• Simulated light curves – Tests cases/benchmarks   
                          (Plato noise (V, B-V,Ntel) + spots+low freq. Activity  + granulation + oscillation) 
• Limb darkening 
• Inclination of stellar rotation axis          



Etoiles de P1 
Intervalles de masse et métallicité 

0.7 Msun, 
 Z=0.014

1.4 Msun 
 Z=0.008

PLATO - target stars : simulation  
of the north reference field
The Input Catalog is being built using  
existing star catalogues.  

A field of reference (TBC)  was 
defined  
 For that field, the star count yields :    
• about 13 000 dwarfs and 

subgiants, spectral type F5-K7, 8 
≤ mag ≤ 11, noise ≤ 34 ppm.√h, 
time sampling 25s  

• about 29 000 dwarfs and 
subgiants with V ≤ 11, 34 ppm/h < 
NSR ≤ 80 ppm/h 

• about 80 000 stars dwarfs and 
subgiants with V < 13, NS R < 80 
ppm/h.  



This translates into

✓ Requirements for DP5 and P1:     for a G0V star with V  ≤ 10  (Reference 
star : 1M⊙,1R⊙,6000 K ) 

• ΔAge/Age ≤ 10 %

• ΔMstar/Mstar ≤ 10%  

• ΔRstar/Rstar ≤ 3%

✓   Requirements for DP3 and P1:  ∼0.1–0.2 µHz uncertainties around νmax

PLATO - main requirements for 
the stellar core program



34 ppm.√h

✓ The noise level for a target depends on the apparent magnitude and on the number of cameras 

•  Target photon noise
•  Random noise from the instrument
•  Residual noise after correction from systematics

PLATO will be able to detect solar-like stars from the main-sequence to the red giant branch

PIC
Simulation from  the Besançon  galactic 
model

PLATO - noise



✓ Most of the tools required for (seismic  and non –seismic) modeling are already available  
         ➙ Need to test/select them to organize the pipelines

• Identify benchmark stars, case studies, simulation  Identify  case studies, simulations    
• Identify characterize benchmark stars (eclipsing binaries, cluster stars, Kepler legacy 

stars…)

Where are we and what efforts in 
the forcoming years ?



✓ Most of the tools required for (seismic  and non –seismic) modeling are already available  
         ➙ Need to test/select them to organize the pipelines

• Identify benchmark stars, case studies, simulation  Identify  case studies, simulations    
• Identify characterize benchmark stars (eclipsing binaries, cluster stars, Kepler legacy 

stars…)

Where are we and what efforts in 
the forcoming years?

✓ PLATO requirements: radii (~ 2%), masses (~ 10%), ages (~ 10%)   for a ‘Sun’  
• Feasibility convincingly shown for PLATO reference star (Sun at V = 9) and for Kepler 

stars (blind tests, Kepler legacy stars) 



Almost compliant with the requirements 
on the age

Blind test performed by several groups  
in WP#12

G0V star with V ≤ 10 
 (Reference star : 1M⊙,1R⊙,6000 K)

  Expected seismic performances 

Based on Trilegal galactic simulation 
Oscillation detection level based on scaling relations 
(B. Mosser) 
Rescaled to fit the Sun seismic precision 

Where are we and what efforts in 
the forcoming years?
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✓ Most of the tools required for (seismic  and non –seismic) modeling are already available  
         ➙ Need to test/select them to organize the pipelines

• Identify benchmark stars, case studies, simulation  Identify  case studies, simulations    
• Identify characterize benchmark stars (eclipsing binaries, cluster stars, Kepler legacy 

stars…)

Where are we and what efforts in 
the forcoming years?

✓ PLATO requirements: radii (~ 2%), masses (~ 10%), ages (~ 10%)   for a ‘Sun’  
• Feasibility convincingly shown for PLATO reference star (Sun at V = 9) and for Kepler 

stars (blind tests, Kepler legacy stars) 

✓ Age precision/accuracy harder to reach for higher-mass stars  (1.2 M� à ~ 1.4 M� <= core 
program) 

✓ Development of complementary seismic diagnostics that will increase the precision on the 
stellar (and therefore planetary) parameters 

✓ Main contribution to age  incertainties mainly  due  stellar models :  improving/implementing/
testing the physics: atomic diffusion  et autres transports,   enveloppe and core overshoot, 
surface effects   



source : 

✓ 

• solar-like oscillating red giants, 
• the particular case of bright stars

One   must expect   a  variety of cases to deal with : 
 
• a large diversity of planet-host stars and the stars without planets 

✓ Lessons from CoRoT/Kepler 

From: bright  spectroscopic  eclipsing  binaries  with solar-like oscillations  (graal ! ) : 16 Cyg A 
and B  mag, …  

To Kepler-11   (mag 13.9)  host star of 6 planets  ,    Trappist  (M dwarf),  retired A  host star

• F5 to K7 stars in clusters, eclipsing binaries, etc…

Where are we and what efforts in 
the forcoming years?

Support from ground-based observations are crucial  



✓ WP12 (PSM) :  23 pays, > 202 participants (mars 2017, en augmentation)  
                                                                     
47 français ‘enrollés’  ou ’bénévoles’ : 

Paris (OP,CEA,IAS), OCA, IRAP Toulouse, 
Besançon, LUPM Montpellier, IPAG Grenoble, 
Lyon …..  

✓ Interfaces avec ‘exoplanétistes’   

✓ WP37    Implémentation  (PDC) 

✓ L0 ➛ L1  R.Samadi :traitement bord et sol 

Implication française pour la 
partie stellaire de PLATO



Implication française pour la 
partie stellaire de PLATO

Premier instrument à détecter et caractériser des planètes 
comme la Terre autour d’étoiles solaires proches 



Le succès de PLATO reposera beaucoup sur TOUS les développements  en physique 
stellaire  des années à venir  !

En retour, PLATO (précision photométrique, durée d’observation, nombre d’étoiles)  devrait   
ouvrir une nouvelle ère de développement  pour la physique stellaire   !    

B,Ω

Mdot,JdotTeff, log g, Xi 

L(t)

Implication française pour la 
partie stellaire de PLATO

Premier instrument à détecter et caractériser des planètes 
comme la Terre autour d’étoiles solaires proches 




