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Tour around the solar system
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Telluric planets Gas giants

Densities ranging from: 
~3900 kg.m-3  (Mars)
to ~5500 kg.m-3 (Earth)

Densities ranging from: 
~730 kg.m-3  (Saturn)
to ~1600 kg.m-3 (Neptune)
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Rock/iron, trace volatiles

Mostly H/He with denser cores

Combination of 
rock+ice+gas

Tour around the solar system

What’s beyond?
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NASA APOD 01/08/2012

Quelles sont les méthodes de détections des exoplanètes ?



Discovering and characterizing exoplanets
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1) Radial Velocities: The historical method

2) Transit: The most prolific method

3) Imaging: The most natural method

4) Astrometry: The unsuccessful method (so far…)

5) Microlensing: The once-in-a-lifetime method
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2) Transit: The most prolific method

3) Imaging: The most natural method

4) Astrometry: The unsuccessful method (so far…)

5) Microlensing: The once-in-a-lifetime method
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In practice, to measure the radial velocity of a star, we measure the Doppler shift: z = !!
!0

= v"
c

!0

!!

Radial velocities: the historical method
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Radial velocities: the historical method

K = (m1 sin i) m0#2/3(2"G)1/3P#1/3

Amplitude: K
Masse minimale de la planète

Masse de l’étoile
Période orbitale de 
la planète
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Radial velocities: the historical method

K = (m1 sin i) m0#2/3(2"G)1/3P#1/3
Amplitude: K

PollEv.com/emelinebolmo830

Quelques ordres de grandeur
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The Earth leads to a velocity for the Sun of 9 cm/s = 0.3 km/h

Jupiter leads to a velocity for the Sun of 12.5 m/s = 45 km/h

A hot Jupiter at 0.01 AU leads to a velocity for the Sun of 285 m/s = 1026 km/h

Radial velocities: the historical method
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51 Pegasi b  
 
The first exoplanet detected with the radial 
velocity method [Mayor & Queloz 1995]

Data from ELODIE on the 1.93m telescope at 
Observatoire de Haute Provence

Radial velocities: the historical method



14



15

51 Pegasus b  
 
The first exoplanet detected with the radial 
velocity method [Mayor & Queloz 1995]

Data from ELODIE on the 1.93m telescope at 
Observatoire de Haute Provence

Amplitude: 2K $ 120 m/s

Orbital period: P $ 4.2 day
Solar mass: M" $ 1 M%

Radial velocities: the historical method

K = (Mp sin i) M#2/3
" (2"G)1/3P#1/3

The minimal mass of 51 Peg b is Mp sin i $ 0.47 Mjup
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Radial velocities: the historical method

ELODIE,  
HIRES,  
UCLES,
CORALIE,
HARPS,
SOPHIE,
BOES, 
TRES,
HARPS-N, 
SPIRou,
CARMENES, 
ESPRESSO,
MAROON-X, 
NIRPS…

Instruments 
(spectrographs)
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Radial velocities planets

51 Peg b

Comment une si grosse 
planète est-elle arrivée là ?
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The “hot Jupiters“ enigma

Solar system

51 Peg

Jupiter
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The “hot Jupiters“ enigma

Disks around young stars with Hubble

Les planètes naissent dans des disques de gaz et de poussières
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The “hot Jupiters“ enigma

Twist in a 
protoplanetary disk 
which could be a 
sign of planet 
formation

https://www.eso.org/public/images/eso2008d/

Orbit of 
Neptune

SPHERE images of young disks

https://www.eso.org/public/images/eso2008d/
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The “hot Jupiters“ enigma
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The “hot Jupiters“ enigma

@Masset (https://www.fis.unam.mx/~masset/moviesmpegs.html)

Une planète dans un disque migre !

https://www.fis.unam.mx/~masset/moviesmpegs.html
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Radial velocities planets

Jupiter-like planets

51 Peg b

Hot 
Jupiters

Between Earths & 
Neptunes
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Radial velocities planets

51 Peg b



25

Radial velocities planets

51 Peg b
La population observée est une 

correlation entre la vraie population et 
les biais instrumentaux !
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Radial velocities planets

M. Mayor et al.: The HARPS search for southern extra-solar planets

Table 1. Occurrence frequency of stars with at least one planet in the defined region. The results for various regions of the m2 sin i�
log P plane are given.

Mass limits Period limit Planetary rate based on Planetary rate Comments
published planets including candidates

> 50 M� < 10 years 13.9 ± 1.7 % 13.9 ± 1.7 % Gaseous giant planets
> 100 M� < 10 years 9.7 ± 1.3 % 9.7 ± 1.3 % Gaseous giant planets
> 50 M� < 11 days 0.89 ± 0.36 % 0.89 ± 0.36 % Hot gaseous giant planets

Any masses < 10 years 65.2 ± 6.6 % 75.1 ± 7.4 % All ”detectable” planets with P < 10 years
Any masses < 100 days 50.6 ± 7.4 % 57.1 ± 8.0 % At least 1 planet with P < 100 days
Any masses < 100 days 68.0 ± 11.7 % 68.9 ± 11.6 % F and G stars only
Any masses < 100 days 41.1 ± 11.4 % 52.7 ± 13.2 % K stars only
< 30 M� < 100 days 47.9 ± 8.5 % 54.1 ± 9.1 % Super-Earths and Neptune-mass planets on tight orbits
< 30 M� < 50 days 38.8 ± 7.1 % 45.0 ± 7.8 % As defined in Lovis et al. (2009)

Table 2. Comparison of detected planets detected and occurrence rate of the ⌘Earth survey (Howard et al. 2010) and HARPS-
CORALIE survey. The comparison is restricted to planets with orbital periods smaller than 50 days. N1 stands for the numbers of
detected planets, N2 stands for the number of candidates, and N3 represents the estimated occurrence rate of planets in the given
mass range.

Mass range HARPS & CORALIE survey ⌘Earth survey
Nb of planets Planetary rate Nb of planets Planetary rate

M� N1 N2 N3 [%] N1 N2 N3 [%]
3-10 19 2 48.5 16.6 ± 4.4 5 3 10.2 11.8 ± 4.3

10-30 25 1 20.6 11.1 ± 2.4 4 1 4.6 6.5 ± 3.0
30-100 5 1 4.6 1.17 ± 0.52 2 1.6 ± 1.2

100-300 4 0 0.8 0.58 ± 0.29 2 1.6 ± 1.2
300-1000 2 0 0 0.24 ± 0.17 2 1.6 ± 1.2

24% ± 12

17% ± 4

11% ± 2

1.2% ± 0.5

0.6% ± 0.3

0.2% ± 0.2
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Fig. 9. Same as Fig. 6. The dashed lines represent the boxes in
which the occurrence rate is computed as defined by Howard
et al. (2010). An additional box is shown for masses between 1
and 3 M�.

(Bonfils & al. 2011). Despite the rather limited range of stel-
lar masses in our sample, we have tried a comparison of the
(m2 sin i � log P) distribution for dwarf stars of spectral type F
and G versus the distribution for K dwarfs. The observed di↵er-
ence of planetary rate (for periods smaller than 100 days) for the
two spectral types is however not significant (Table 1).

4.3. The mass distribution

On Fig.10 we have plotted the histogram of masses of the plan-
ets detected in our sample. We observe a drastic decline of
the observed mass distribution from about 15 to 30 M�. If we
limit the range of orbital periods and only consider planets with
P < 100 days (Fig. 11), a region where the detection bias are not
too important for low-mass planets, we immediately observe the
preponderant importance of the sub-population of super-Earths
and Neptune-mass planets in that domain of periods. After cor-
rection of detection biases (Fig. 12), we see even more clearly the
importance of the population of low-mass planets on tight orbits,
with a sharp decrease of the distribution between a few Earth
masses and ⇠ 40 M�. We note that the planet population synthe-
sis models by Mordasini et al. (2009b) predicted such a mini-
mum in the mass-distribution at precisely this mass range. They
also pointed out that a radial-velocity measurement precision of
about 1 ms�1 was required in order to detect this minimum. In the
framework of the core accretion model, this can be understood
by the fact that this mass range corresponds to the runaway gas
accretion phase during which planets acquire mass on very short
timescales. Therefore, unless timing is such that the gaseous disk
vanishes at this moment, forming planet transits quickly through
this mass range and the probability to detect these types of plan-
ets is reduced correspondingly. In Fig. 12 the importance of the
correction of the detection biases below 20 M� is only the re-
flection of the present observing situation for which only a lim-
ited fraction of the sample has benefited from the large enough
number of HARPS measurements, required to detect small-mass
objects. Part of this correction is also related to the growing im-
portance of the sin i e↵ect with decreasing masses.
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by the fact that this mass range corresponds to the runaway gas
accretion phase during which planets acquire mass on very short
timescales. Therefore, unless timing is such that the gaseous disk
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objects. Part of this correction is also related to the growing im-
portance of the sin i e↵ect with decreasing masses.
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Radial velocities: the historical method

ELODIE,  
HIRES,  
UCLES,
CORALIE,
HARPS,
SOPHIE,
BOES, 
TRES,
HARPS-N,
CARMENES, 
ESPRESSO,
MAROON-X…

Instruments 
(spectrographs)
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Transit: the most prolific method

29@NASA (instrument STEREO B)
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the WASP-10 planetary system, and how the NASA  Mission revolutionized the field of exoplanetary science byKepler
discovering thousands of new, transiting planetary systems, many of which contain planets resembling our own.

3.1 Measuring and Reading Transit Signals
In most of this chapter, unless otherwise noted, I focus on planets on circular orbits. Just as in the previous chapter, studying
circular orbits allows us to trade generality for physical intuition. Further, we will assume that during the eclipse of its host
star, the planet moves at a constant speed, and that the planet’s radius is small compared to the radius of the star.

It is important to realize that the transit method of finding planets does not detect all planets because not all planets have
the necessary geometry to eclipse. At a given semimajor axis , only a narrow range of inclinations carry the planet in front ofa
a star with a radius . The probability of a planet transiting its star as viewed from the Earth is given by the ratio of the “strip”R
of angles shown in  divided by total solid angle over the surface of a sphere:  = 4 steradians, or about 4.1 × 10Figure 3.1 4

square degrees.

Figure 3.1. Illustration of the “strip” of solid angles in which the planet can lie and transit the star as viewed from the Earth (observer viewing
from the far right at a distance  ). The height of the strip is sin [(  + )/ ]. The solid angle of the strip is calculated by integrating the heighta 1 R RP a
2 around the star. The probability is the solid angle of the strip divided by the 4 steradians covering the sphere of radius  surrounding the star.a

The area of the strip is straightforward to calculate in spherical coordinates, with the angle  measured from the horizontal,1

and spanning the angles that intercept the stellar surface. These angles range from  = sin  [( + )/ ] to  = sin [ + )/ ],min
1 R RP a max

1 R RP a
and  = 0 to  = 2. The probability is thereforemin max

where  is the radius of the planet, which is included to account for grazing transits when only a portion of the planet isRP

blocking the star. Solving the integral results in

As viewed from outside of the Solar System, the Earth has a transit probability of /(1 AU) = 7 × 10  cm/1.5 × 10  cm R 10 13

0.5%.
This small transit probability (a 1 in 200 chance) highlights one key aspect of a transit survey: the need to survey a large
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EBSCO : eBook Collection (EBSCOhost) - printed on 7/24/2019 8:01 AM via HARVARD UNIVERSITY LIBRARIES
AN: 1067488 ; Johnson, John Asher.; How Do You Find an Exoplanet?
Account: s8492430.main.ehost

Transit probability is the ratio of the solid angles allowing for transit over the total solid angle

Transit probability: Ptransit =
Rp + R"

a

In practice, , so: Rp & R" Ptransit $ R"
a

( )R" = 0.0046 AU

Quelle est la probabilité de transit de la Terre 
pour un observateur extra-terrestre ?

PollEv.com/emelinebolmo830
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@PhDComics
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Transit Depth~1.5%

HD209458b  
 
The first transit observed from the 
ground [Charbonneau+2000]

Data was binned into 5 min averages and phased 
according to the best-fit orbit

Best-fit orbit: Rp = 1.27RJup, i = 87.1'

Photometric data from the STARE instrument, wide field 
CCD based telescope
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OGLE,  
HATNet,  
SuperWASP, 
MEarth, 
TRAPPIST, 
SPECULOOS,
Kepler,
K2,
TESS,
CHEOPS…

Instruments 
(photometry)
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OGLE

1.3 m Warsaw University Telescope Las Campanas Observatory, Chile
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HATNet

Hungarian-made Automated Telescope Network, maintained by Harvard CfA 
(Arizona, Hawaii)
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WASP/SuperWASP

Wide Angle Search for Planets, UK consortium (Canaries, South Africa)
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CoRoT (2006-2013)
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Kepler (2009-2013)
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OGLE,  
HATNet,  
SuperWASP, 
MEarth, 
TRAPPIST, 
SPECULOOS,
Kepler,
K2,
TESS,
CHEOPS…

Instruments 
(photometry)

Kepler data releases
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Kepler (2009-2013)



Transit: the most prolific method
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K2 (2013-2018)
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Hot 
Jupiters

“Between Earth and 

Neptune” planets

Hot 
Neptune desert
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Vetting of our TCEs produced a list of 836 eKOIs, which are
analogous to KOIs produced by the Kepler Project. Each light
curve is consistent with an astrophysical transit but could be due
to an eclipsing binary (EB), either in the background or gravi-
tationally bound, instead of a transiting planet. If an EB resides
within the software aperture of a Kepler target star (within !10
arcsec), the dimming of the EB can masquerade as a planet
transit when diluted by the bright target star. We rejected as
likely EBs any eKOIs with these characteristics: radii larger than
20 R", observed secondary eclipse, or astrometric motion of the
target star in and out of transit (SI Appendix). This rejection of
EBs left 603 eKOIs in our catalog.
Kepler photometry can be used to measure RP=Rp with high pre-

cision, but the extraction of planet radii is compromised by poorly
known radii of the host stars (11). To determine Rp and Teff, we
acquired high-resolution spectra of 274 eKOIs using the HIRES
spectrometer on the 10-m Keck I telescope. Notably, we obtained
spectra of all 62 eKOIs that haveP> 100 d. For these stars, the!35%
errors inRp were reduced to!10%bymatching spectra to standards.
To measure planet occurrence, one must not only detect

planets but also assess what fraction of planets were missed.
Missed planets are of two types: those whose orbital planes are
so tilted as to avoid dimming the star and those whose transits
were not detected in the photometry by TERRA. Both effects
can be quanti!ed to establish a statistical correction factor. The
!rst correction can be computed as the geometrical probability
that an orbital plane is viewed edge-on enough (from Earth) that
the planet transits the star. This probability is PT =Rp=a, where
a is the semimajor axis of the orbit.
The second correction is computed by the injection and recovery

of synthetic (mock) planet-caused dimmings into real Kepler pho-
tometry. We injected 40,000 transit-like synthetic dimmings having
randomly selected planetary and orbital properties into the actual
photometry of our Best42k star sample, with stars selected at
random. We measured survey completeness, C!P;RP", in small
bins of (P, RP), determining the fraction of injected synthetic
planets that were discovered by TERRA (SI Appendix). Fig. 1
shows the 603 detected planets and the survey completeness, C,
color-coded as a function of P and RP.
The survey completeness for small planets is a complicated

function of P and RP. It decreases with increasing P and decreasing

RP as expected due to fewer transits and less dimming, respec-
tively. It is dangerous to replace this injection and recovery as-
sessment with noise models to determine C. Such models are not
sensitive to the absolute normalization of C and only provide
relative completeness. Models also may not capture the com-
plexities of a multistage transit-!nding pipeline that is challenged
by correlated, nonstationary, and non-Gaussian noise. Measuring
the occurrence of small planets with long periods requires injec-
tion and recovery of synthetic transits to determine the absolute
detectability of the small signals buried in noise.

Planet Occurrence
We de!ne planet occurrence, f, to be the fraction of stars having
a planet within a speci!ed range of orbital period, size, and per-
haps other criteria. We report planet occurrence as a function of
planet size and orbital period, f !P;RP" and as a function of planet
size and the stellar light intensity ("ux) incident on the planet,
f !FP;RP".

Planet Occurrence and Orbital Period. We computed f !P;RP" in a
6 ! 4 grid of P and RP shown in Fig. 2. We start by !rst counting
the number of detected planets, ncell, in each P-RP cell. Then we
computed f !P;RP" by making statistical corrections for planets
missed because of nontransiting orbital inclinations and because
of the completeness factor, C. The !rst correction augments each
detected transiting planet by 1=PT = a=Rp, where PT is the geo-
metric transit probability, to account for planets missed in inclined
orbits. Accounting for the completeness, C, the occurrence in a
cell is f !P;RP"= 1=np

P
iai=!Rp;iCi", where np = 42;557 stars, and

the sum is over all detected planets within that cell. Uncertainties
in the statistical corrections for a=Rp and for completeness may
cause errors in the !nal occurrence rates of !10%. Such errors
will be smaller than the Poisson uncertainties in the occurrence
of Earth-size planets in long period orbits.
Fig. 2 shows the occurrence of planets, f !P;RP", within the

P-RP plane. Each cell is color-coded to indicate the !nal planet
occurrence: the fraction of stars having a planet with radius and
orbital period corresponding to that cell (after correction for
both completeness factors). For example, 7.7 ± 1.3% of Sun-like
stars have a planet with periods between 25 and 50 d and sizes
between 1 and 2 R".
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Fig. 1. 2D domain of orbital period and planet size,
on a logarithmic scale. Red circles show the 603
detected planets in our survey of 42,557 bright Sun-
like stars (Kp = 10–15 mag, GK spectral type). The
color scale shows survey completeness measured by
injection and recovery of synthetic planets into real
photometry. Dark regions represent (P, RP) with low
completeness, C, where signi!cant corrections for
missed planets must be made to compute occur-
rence. The most common planets detected have
orbital P < 20!d and RP # 1$ 3!R" (at middle left of
graph). However, their detectability is favored by
orbital tilt and detection completeness, C, that
favors detection of such close-in, large planets.

19274 | www.pnas.org/cgi/doi/10.1073/pnas.1319909110 Petigura et al.

Petigura+13
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We compute the distribution of planet sizes, including all or-

bital periods P = 5–100 d, by summing f !P;RP" over all periods.
The resulting planet size distribution is shown in Fig. 3A. Planets
with orbital periods of 5–100 d have a characteristic shape to
their size distribution (Fig. 3A). Jupiter-sized planets !11!R!"
are rare, but the occurrence of planets rises steadily with de-
creasing size down to about 2 R!. The distribution is nearly !at
(equal numbers of planets per log RP interval) for 1–2 R! planets.
We "nd that 26 ± 3% of Sun-like stars harbor an Earth-size planet
!1" 2!R!" with P = 5–100 d, compared with 1.6 ± 0.4% occur-
rence of Jupiter-size planets !8" 16!R!".
We also computed the distribution of orbital periods, includ-

ing all planet sizes, by summing each period interval of f !P;RP"
over all planet radii. As shown in Fig. 3B, the occurrence of
planets larger than Earth rises from 8.9 ± 0.7% in the P = 6.25–
12.5 d domain to 13.7 ± 1.2% in the P = 12.5–25 d interval and

is consistent with constant for larger periods. This rise and
plateau feature was observed for & 2 R! planets in earlier work
(5, 12).
Two effects lead to minor corrections to our occurrence esti-

mates. First, some planets in multitransiting systems are missed
by TERRA. Second, a small number of eKOIs are false detec-
tions. These two effects are small, and they provide corrections
to our occurrence statistics with opposite signs. To illustrate their
impact, we consider the small and long period (P > 50 d) planets
that are the focus of this study.
TERRA detects the highest SNR transiting planet per system,

so additional transiting planets that cause lower SNR transits are
not included in our occurrence measurement. Using the Kepler
Project catalog (Exoplanet Archive), we counted the number of
planets within the same cells in P and RP as Fig. 2, noting those
that did not yield the highest SNR in the system. Inclusion of
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Fig. 2. Planet occurrence, f!P,RP", as a function of
orbital period and planet radius for P = 6.25–400
d and RP = 0:5" 16!R!. As in Fig. 1, detected planets
are shown as red circles. Each cell spans a factor of 2
in orbital period and planet size. Planet occurrence
in a cell is given by f!P,RP"= 1=n*

P
iai=!R*,iCi",

where the sum is over all detected planets within
each cell. Here, ai=Ri is the number of nontransiting
planets (for each detected planet) due to large tilt
of the orbital plane, Ci =C!Pi ,RP,i" is the detection
completeness factor, and n* = 42,557 stars in the
Best42k sample. Cells are colored according to
planet occurrence within the cell. We quote planet
occurrence within each cell. We do not color cells
where the completeness is less than 25%. Among
the small planets, 1–2 and 2–4 R!, planet occur-
rence is constant (within a factor of 2 level) over the
entire range of orbital period. This uniformity sup-
ports mild extrapolation into the P = 200–400 d,
RP = 1" 2!R! domain.
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Fig. 3. The measured distributions of planet sizes (A) and orbital periods (B) for RP > 1!R! and P = 5–100 d. Heights of the bars represent the fraction of Sun-
like stars harboring a planet within a given P or RP domain. The gray portion of the bars show planet occurrence without correction for survey completeness,
i.e., for C = 1. The red region shows the correction to account for missed planets, 1/C. Bars are annotated to re!ect the number of planets detected (gray bars)
and missed (red bars). The occurrence of planets of different sizes rises by a factor of 10 from Jupiter-size to Earth-sized planets. The occurrence of planets
with different orbital periods is constant, within 15%, between 12.5 and 100 d. Due to the small number of detected planets with RP = 1" 2!R! and P > 100
d (four detected planets), we do not include P > 100 d in these marginalized distributions.
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Vetting of our TCEs produced a list of 836 eKOIs, which are
analogous to KOIs produced by the Kepler Project. Each light
curve is consistent with an astrophysical transit but could be due
to an eclipsing binary (EB), either in the background or gravi-
tationally bound, instead of a transiting planet. If an EB resides
within the software aperture of a Kepler target star (within !10
arcsec), the dimming of the EB can masquerade as a planet
transit when diluted by the bright target star. We rejected as
likely EBs any eKOIs with these characteristics: radii larger than
20 R", observed secondary eclipse, or astrometric motion of the
target star in and out of transit (SI Appendix). This rejection of
EBs left 603 eKOIs in our catalog.
Kepler photometry can be used to measure RP=Rp with high pre-

cision, but the extraction of planet radii is compromised by poorly
known radii of the host stars (11). To determine Rp and Teff, we
acquired high-resolution spectra of 274 eKOIs using the HIRES
spectrometer on the 10-m Keck I telescope. Notably, we obtained
spectra of all 62 eKOIs that haveP> 100 d. For these stars, the!35%
errors inRp were reduced to!10%bymatching spectra to standards.
To measure planet occurrence, one must not only detect

planets but also assess what fraction of planets were missed.
Missed planets are of two types: those whose orbital planes are
so tilted as to avoid dimming the star and those whose transits
were not detected in the photometry by TERRA. Both effects
can be quanti!ed to establish a statistical correction factor. The
!rst correction can be computed as the geometrical probability
that an orbital plane is viewed edge-on enough (from Earth) that
the planet transits the star. This probability is PT =Rp=a, where
a is the semimajor axis of the orbit.
The second correction is computed by the injection and recovery

of synthetic (mock) planet-caused dimmings into real Kepler pho-
tometry. We injected 40,000 transit-like synthetic dimmings having
randomly selected planetary and orbital properties into the actual
photometry of our Best42k star sample, with stars selected at
random. We measured survey completeness, C!P;RP", in small
bins of (P, RP), determining the fraction of injected synthetic
planets that were discovered by TERRA (SI Appendix). Fig. 1
shows the 603 detected planets and the survey completeness, C,
color-coded as a function of P and RP.
The survey completeness for small planets is a complicated

function of P and RP. It decreases with increasing P and decreasing

RP as expected due to fewer transits and less dimming, respec-
tively. It is dangerous to replace this injection and recovery as-
sessment with noise models to determine C. Such models are not
sensitive to the absolute normalization of C and only provide
relative completeness. Models also may not capture the com-
plexities of a multistage transit-!nding pipeline that is challenged
by correlated, nonstationary, and non-Gaussian noise. Measuring
the occurrence of small planets with long periods requires injec-
tion and recovery of synthetic transits to determine the absolute
detectability of the small signals buried in noise.

Planet Occurrence
We de!ne planet occurrence, f, to be the fraction of stars having
a planet within a speci!ed range of orbital period, size, and per-
haps other criteria. We report planet occurrence as a function of
planet size and orbital period, f !P;RP" and as a function of planet
size and the stellar light intensity ("ux) incident on the planet,
f !FP;RP".

Planet Occurrence and Orbital Period. We computed f !P;RP" in a
6 ! 4 grid of P and RP shown in Fig. 2. We start by !rst counting
the number of detected planets, ncell, in each P-RP cell. Then we
computed f !P;RP" by making statistical corrections for planets
missed because of nontransiting orbital inclinations and because
of the completeness factor, C. The !rst correction augments each
detected transiting planet by 1=PT = a=Rp, where PT is the geo-
metric transit probability, to account for planets missed in inclined
orbits. Accounting for the completeness, C, the occurrence in a
cell is f !P;RP"= 1=np

P
iai=!Rp;iCi", where np = 42;557 stars, and

the sum is over all detected planets within that cell. Uncertainties
in the statistical corrections for a=Rp and for completeness may
cause errors in the !nal occurrence rates of !10%. Such errors
will be smaller than the Poisson uncertainties in the occurrence
of Earth-size planets in long period orbits.
Fig. 2 shows the occurrence of planets, f !P;RP", within the

P-RP plane. Each cell is color-coded to indicate the !nal planet
occurrence: the fraction of stars having a planet with radius and
orbital period corresponding to that cell (after correction for
both completeness factors). For example, 7.7 ± 1.3% of Sun-like
stars have a planet with periods between 25 and 50 d and sizes
between 1 and 2 R".
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Fig. 1. 2D domain of orbital period and planet size,
on a logarithmic scale. Red circles show the 603
detected planets in our survey of 42,557 bright Sun-
like stars (Kp = 10–15 mag, GK spectral type). The
color scale shows survey completeness measured by
injection and recovery of synthetic planets into real
photometry. Dark regions represent (P, RP) with low
completeness, C, where signi!cant corrections for
missed planets must be made to compute occur-
rence. The most common planets detected have
orbital P < 20!d and RP # 1$ 3!R" (at middle left of
graph). However, their detectability is favored by
orbital tilt and detection completeness, C, that
favors detection of such close-in, large planets.

19274 | www.pnas.org/cgi/doi/10.1073/pnas.1319909110 Petigura et al.

Petigura+13 Planet occurrence rate

Hot 
Jupiters

“Between Earth and Neptune” 
planets



Transiting planets

46

Kepler detections with updated stellar radius 
determined using Gaia DR2 [Fulton+17, 18]

naturally delayed due to dynamical friction until the gas in the
protoplanetary disk is nearly, but not completely, dissipated. They
also propose that small planets could form in very metal-rich disks,
where high opacity slows cooling and accretion.

In addition, a few-percent-by-mass secondary atmosphere
can be outgassed during planet formation and evolution
(Adams et al. 2008). Our observed gap in the planet radius
distribution could be explained by a mechanism that causes the
creation of a secondary atmosphere during the formation of
only !50% of terrestrial planets.

5.3.3. Impact Erosion

Impacts can also provide a way to sculpt the atmospheric
properties of small planets and strip large primordial envelopes

down to a few percent by mass (e.g., Liu et al. 2015;
Schlichting et al. 2015; Inamdar & Schlichting 2016). It is
unclear whether a gap in the radius distribution could arise
from impacts alone since impact erosion is a highly stochastic
process. However, the atmospheric heating initiated by an
impact can cause the envelope to expand, making it more
susceptible to photoevaporation.

5.3.4. Signatures of Atmospheric Sculpting

Lopez & Rice (2016) considered two scenarios for the
formation of sub-Neptunes/super-Earths. In one scenario,
super-Earths are the remnant cores of photoevaporated,
Neptune-size planets. In the other scenario, super-Earths form
late in the evolution of the protoplanetary disk, after the gas

Figure 10. Top: two-dimensional distribution of planet size and incident stellar !ux. The median uncertainty is plotted in the upper left. There are at least two peaks in
the distribution. One class of planets has typical radii of !1.3 ÅR and generally orbit in environments with Sinc!>!100 ÅS , while another class of slightly larger planets
with typical radii of !2.4 ÅR orbit in less irradiated environments with Sinc!<!200 ÅS . Bottom: same as the top panel with individual planet detection points removed,
annotations added, and vertical axis scaling changed. The region enclosed by the dashed blue lines marks the photoevaporation desert, or hot-Super Earth desert as
de"ned by Lundkvist et al. (2016). The shaded region in the lower right indicates low completeness. Pipeline completeness in this region is less than 25%. The purple
and black lines show the scaling relations for the photoevaporation valley predicted by Lopez & Rice (2016) for scenarios where these planets are the remnant cores of
photoevaporated Neptune-size planets (dashed purple line) or that these planets are formed at late times in a gas-poor disk (dotted black line).
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The Astronomical Journal, 154:109 (19pp), 2017 September Fulton et al.
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High-quality dataset of FGK stars

Occurrence rates for Kepler 
based on a combined detection 
and vetting efficiency model 
[here: Hsu+19, see also Kunimoto 
& Matthews, 20]

Hot  
Neptune  
desert
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Des super-Terres… 

… aux mini-Neptunes



Transit: the most prolific method
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CHEOPS

Discovery of planet f of 
the HD 108236 system

Observation of transit of Nu 2 Lupi d
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Transit

Vitesse radiale

Période orbitale 
Taille de la planète

➙

Période orbitale 
Masse de la planète

➙

Densité/composition de la planète➙



Planets characterization 

52

Transit
Vitesse radiale Densité/composition de la planète➙

TESS CHEOPS PLATO
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Kaltenegger 2017

Huge degeneracy

Radius gap
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CHEOPS

Discovery of planet f of 
the HD 108236 system

Observation of transit of Nu 2 Lupi d
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Delrez+21
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Time

Luminosity

Primary transit

Secondary transit

++

Spitzer (2003-2020)
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Signal is hidden in noise

Data was binned into bins of phase width 0.001

Best-fit orbit: D = 0.26 %

HD209458b  
 
The first secondary transit of an exoplanet [Deming+2005] 
[See also Charbonneau+2005: TrES-1]

Data from the 24 µm channel of the Multiband Imaging 
Photometer for Spitzer (MIPS)

Flux at 24 µm from the planet: 55 µJy 
Brightness temperature of 1130 K

( )1 Jy = 10#26 W ( m#2 ( Hz#1
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Time

Luminosity

Primary transit

Secondary transit

The out-of-transit wobble is a phase-curve
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The out-of-transit wobble is a phase-curve

No atmosphere/No heat redistribution

Atmosphere/Heat redistribution

Luminosity

Dayside

Nightside

Nightside

Dayside



Planets atmospheric characterization 

60

HD189733b [Bouchy et al. 2005]  
 
The first phase curve of an exoplanet [Knutson+2007]

Primary transit

Secondary transit

Note that the maximum of the phase curve does not occur at 
secondary transit but is shifted in phase

Data from the 8 µm channel of the InfraRed Array 
Camera for Spitzer (IRAC)

A quoi ce décalage peut être dû ?
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HD189733b [Bouchy et al. 2005]  
 
The first phase curve of an exoplanet [Knutson+2007]

Note that the maximum of the phase curve does not occur at 
secondary transit but is shifted in phase

Hottest point is not the 
substellar point: it is shifted 
eastward, which is a sign 
of heat redistribution

Data from the 8 µm channel of the InfraRed Array 
Camera for Spitzer (IRAC)
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The radius of the planet depends on the 
wavelength at which we observe

Time

Luminosity

Transit Depth: D(rocky)

Transit Depth: D(λ1)

Transit Depth: D(λ2)

Planets atmospheric characterization 
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What a difference of 16 years makes
Sing+2016

visible IR
HD 209458 b

Jha+2000
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Sing+2016

Hubble Space Telescope

Spitzer
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Transit dans le visible

400 nm 500 nm 600 nm 700 nm

Transit dans l’UV

Lavie+2017

Hubble Space Telescope
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GJ 436 dans le visible GJ 436 dans l’UV

Soleil à l’échelle

0.69%
56%
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Launch in Dec. 2021

Planets atmospheric characterization 

The James Webb Space Telescope 
(JWST)
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TRAPPIST-1
[Gillon+16, 17]
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Planets atmospheric characterization 

The James Webb Space Telescope 
(JWST)

CO2



The end!
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