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OUTLINE

e The planet-diversity revolution:
from super-earths to brown dwarfs

e Limitations to the exploration of planet’s density

e Planet statistics
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TRANSITING EXOPLANETS =
COMPARATIVE PLANETOLOGY
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CHARACTERIZE THE MASS:
THE TWO MAIN TECHNIQUES

Radial velocity

HOST STAR

e

EXOPLANET

Spectrographs:

SOPHIE, HARPS, HARPS-N, HiReS, HET, ...

+ phase variations
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THE PLANET-DIVERSITY
REVOLUTION
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THE PLANET-DIVERSITY
REVOLUTION
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THE PLANET-DIVERSITY
REVOLUTION
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THE PLANET-DIVERSITY
REVOLUTION
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THE PLANET-DIVERSITY
REVOLUTION
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THE PLANET-DIVERSITY
REVOLUTION

BC: Before CoRoT
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Planetary radius [R)]
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THE PLANET-DIVERSITY
REVOLUTION

With CoRoT
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THE PLANET-DIVERSITY
REVOLUTION

With CoRoT & Kepler

Planetary radius [R)]

# — Earth-like - - Neptune-like -+ 0.1 Earth-like 4 CoRoT - Kepler
0

0 5 10 15 20
Planetary mass [Mg4]

RVs: Queloz et al. (2009), Batalha et al. (2010), Pepe et al. (2013), Howard et al. (2013), Marcy et
al. (2014), Dumusque et al. (2014)

TTVSs: Lissauer et al. (2011), Cochran et al. (2011), Gautier et al. (2012), Fabrycky et al. (2012),

Carter et al. (2012), Gilliland et al. (2013), Nesvorny et al.(2013), Xie (2014)
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TTVS VS RVS ?

TTVs is one of the main revolution of space photometry for the
| characterization of transiting exoplanets
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TTVS VS RVS ?

TTVs is one of the main revolution of space photometry for the
characterization of transiting exoplanets
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TTVS VS RVS ?
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TTVs is one of the main revolution of space photometry for the
characterization of transiting exoplanets
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TTVs is one of the main revolution of space photometry for the
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TTVS VS RVS ?
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TTVS VS RVS ?
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STELLAR ACTIVITY

Oshagh et al. (2013)
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CHARACTERIZED PLANETS

P

~ 600 candidates detected
27 planets characterized

(with mass constraint > 3 o)

~ 4000 candidates detected
80 planets characterized

(with mass constraint > 3 o)

Planetary radius [Rg]
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WHAT ABOUT THE OTHER
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ASTROPHYSICAL FALSE

POSITIVES
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THE PLANET-VALIDATION
TECH N IQU E (TO THE RESCUE)

Main obijective:

validate statistically the planetary nature when other techniques cannot
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THE PLANET-VALIDATION
TECH N IQU E (TO THE RESCUE)

Main obijective:
validate statistically the planetary nature when other techniques cannot
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THE PLANET-VALIDATION
TECH N IQU E (TO THE RESCUE)

Main obijective:
validate statistically the planetary nature when other techniques cannot
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THE PLANET-VALIDATION
TECH N IQU E (TO THE RESCUE)

Main obijective:
validate statistically the planetary nature when other techniques cannot
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THE PLANET-VALIDATION
TECH N IQU E (TO THE RESCUE)

Main obijective:

validate statistically the planetary nature when other techniques cannot
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TWO MAIN TOOLS

BLENDER

Torres et al. (2011), Fressin et al.
(2011,12a,b)

Borucki et al. 2013
e L e e e e e L B me e e e e B E e s B

8 Background/foreground stars
transited by a planet

Distance modulus difference (maq)

0.2 0.4 0.6 0.8 1.0 1.2 1.4
Secondary mass (Mg)

C @
.

computing time:
a few 10 000 hours

Kepler-62e

1%

PASTIS

Diaz et al. (2014), Santerne et al. (in prep.),
Almenara et al. (in prep.)

PLANET ANALYSIS AND SMALL
TRANSIT INVESTIGATION SOFTWARE

Model Prior

nght curves (Binary prop., planets prop

(Kepler, CoRoT, Spitzer, ...) \ /

Radial velocities
RV, Bisector, FWHM B B ayesian

(HARPS, SOPHIE) P A S T1S ==y for scenario:

PL, BEB, BTP, CEB, PiB, ...
met hods :

Spectral Energy / p BH. 1)

Distribution
(SDSS, 2MASS, WISE, . Stellar activity
Astrometry
Stellar constraints Dynamics
(stellar spectrum, astrosismology; ...) (Mercury6)

Probability

Diaz, Almenara, Santerne et al. (2014)

LABORATOIRE usmmm! Centro de Astrofisica

¢ Universidade do Poretc




VALIDATED PLANETS

Validation of Transiting Planet Candidates with BLENDER
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VALIDATED PLANETS

Validation of Transiting Planet Candidates with BLENDER
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EXOPLANET STATISTICS WITH
KEPLER CANDIDATES

The key for statistical study of Kepler candidates:
The False-Positive Probability !



EXOPLANET STATISTICS WITH
KEPLER CANDIDATES

The key for statistical study of Kepler candidates:
The False-Positive Probability !

Morton & Johnson (2011): median FPP ~ 5% @modelisation)

Santerne et al. (2012): 35% for giant close-in candidates (observations: SOPHIE data)
Fressin et al. (2013): global FPP ~ 9.4% (modelisation)

Santerne et al. (2013): re-evaluation of Fressin’s value to 11.3% (modelisation)

Santerne et al. (in prep.): ~50% for all giant candidates (observations: SOPHIE data)



EXOPLANET STATISTICS WITH
KEPLER CANDIDATES

The key for statistical study of Kepler candidates:
The False-Positive Probability !

e Morton & Johnson (2011): median FPP ~ 5% (modelisation)

e Santerne et al. (2012): 35% for giant close-in candidates (observations: SOPHIE data)
e Fressin et al. (2013): global FPP ~ 9.4% (modelisation)

e Santerne et al. (2013): re-evaluation of Fressin’s value to 11.3% (modelisation)

e Santerne et al. (in prep.): ~50% for all giant candidates (observations: SOPHIE data)

Table 3
F or mul tip 1 es (Ll ssauer e t aL, 201 2, 1 4) Statistical Estimates of Unidentified False Positives in Multis
Class (Formula) Expected Number (for P; = 0.9)
ngp
npp p(FP) = 2 FPs (Equation (2)) 0.063
R e = e 3 EPs (Equation (3)) 2.0 x 1075
NKOIs p(pl ) — = 1 planet + 1 FP (Equation (4)) 1.447
(g 1 planet + 2 FPs (Equation (5)) 53 x 1074
0 =2 planets + 1 FP (Equation (6)) 0.517
p(QFPS) p(FP) 2 p(FP) >2 planets + 2 FPs (Equation (7)) 1.9 x 1074

p(l pl -+ 1F P ) — p( 1 pl) X p( F P) Total FPs (Number of false candidates) 2.09




A NEW ‘“CLASS” OF
CONSTRAINTS
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# planets

100 -

OCCURRENCE OF PLANETS

FIARPS: Simulation: Kepler:
Mayor et al. (2011) Mordasini et al. (2009) Fressin et al. (2013)
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THE OCCURRENCE OF HABITABLE EARTH-
LIKE PLANETS AROUND M DWARFS

HARPS

102 M dwarts
Msin(i) < 10Me
2 Super-Earth in HZ

= Neo=417%13 %

Bonfils et al. (2013)

Kepler

3897 M dwarts
0.5 Re<Rp<1.4Re
2 Earth-size planet-

candidates in HZ
el — 15

Dressing & Charbonneau (2013)
But FPP ~ 0% assumed !

—> Planetary nature needed !
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Planet size (Earth-radi)

20 -

10 1

Oave

OCCURRENCE OF EARTH
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| 22+ 8 % of Sun- like‘

stars harbor an Earth- 34
81ze planet in the HZ ‘ 




PLANET STATISTICS
LIMITATIONS

Planet statistics need:

e Accurate false-positive rate

e Accurate pipeline completeness

e Accurate planetary radius (ased on accurate stellar radius)
e Accurate definition of the HZ

e High number statistics

* No extrapolation
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COMPARISON
COROT / KEPLER
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Occurrence rate per 1000«

OCCURRENCE OF
SMALL NEPTUNES

100Occurrence of small Neptunes (2-4 R,) within 17 days
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Bonomo et al. (2012)
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KIC: Brown et al. (2011)

w~ CoRoT fields
Kepler field
FO Near Galactic Anti-center
M35, NGC2305
= F1 North Galactic Cap
F2 Near Galactic Ctr M4, M80, M19,
Upr Sco, rhoOph
=== F3-South Galactic Cap
-== F4 M45 (Pleiades), NGC1647,
Hyades Taurus
— F5 M44 (Beehive), M67
— F6 North Galactic Cap
F7 Near Galactic Center, NGC6717
-== F8 South Galactic Cap
-== F9 Galactic Center, Baade’s Window




CONCLUSIONS

Space-photometry revolution = planet-diversity revolution (super-Earths & Brown

dwarfs).

TTVs: efficient technique to characterize exoplanets based on photometric
data.

Some discrepancy exists between RVs” and TTVs’ mass (need to be further explored).

Planet-validation tools (e.g. BLENDER, PASTIS) can establish the planetary nature
of small & cool planets.

CoRoT & Kepler provided constraints on planet statistics (occurrence rates,
distribution, etc..) mostly based on their radius.

Need more characterized planets to derive statistics of rocky, Neptune-like, ...
planets.

Occurrence rates from CoRoT and Kepler give ditferent results = different
stellar population ?
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dwarfs).

TTVs: efficient technique to characterize exoplanets based on photometric
data.

Some discrepancy exists between RVs” and TTVs’ mass (need to be further explored).

Planet-validation tools (e.g. BLENDER, PASTIS) can establish the planetary nature
of small & cool planets.

CoRoT & Kepler provided constraints on planet statistics (occurrence rates,
distribution, etc..) mostly based on their radius.

Need more characterized planets to derive statistics of rocky, Neptune-like, ...
planets.

Occurrence rates from CoRoT and Kepler give ditferent results = different

stellar population ?
- Thanks for your attention -
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Probability

EXTRAPOLATING THE FPP
TOWARD SMALLER CANDIDATES
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