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1989: découverte de HD 114762b (10 Mjup)

1846: découverte de Neptune

quelques dates

1781: découverte d’Uranus

1992: corps planétaires en orbite autour du pulsar PSR 1257+12 

1995: découverte de 51 Peg b 

1999: première planète en transit: HD 209458b

2016: 2087 planètes identifiées, 3000+ candidats
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Terre = 9 cm/s en 1 an Jupiter = 10 m/s en 11 ans
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Fig. 1.— Illustration of transits and occultations. Only the combined flux of the star and planet is observed. During a transit, the flux
drops because the planet blocks a fraction of the starlight. Then the flux rises as the planet’s dayside comes into view. The flux drops
again when the planet is occulted by the star.

as well align theX axis with the line of nodes; we place the
descending node of the planet’s orbit along the +X axis,
giving Ω = 180◦.
The distance between the star and planet is given by

equation (20) of the chapter by Murray and Correia:

r =
a(1− e2)

1 + e cos f
, (1)

where a is the semimajor axis of the relative orbit and f
is the true anomaly, an implicit function of time depending
on the orbital eccentricity e and period P (see Section 3 of
the chapter by Murray and Correia). This can be resolved
into Cartesian coordinates using equations (53-55) of the
chapter by Murray and Correia, with Ω = 180◦:

X = −r cos(ω + f), (2)
Y = −r sin(ω + f) cos i, (3)
Z = r sin(ω + f) sin i. (4)

If eclipses occur, they do so when rsky ≡
√
X2 + Y 2 is

a local minimum. Using equations (2-3),

rsky =
a(1 − e2)

1 + e cos f

√

1− sin2(ω + f) sin2 i. (5)

Minimizing this expression leads to lengthy algebra (Kip-
ping 2008). However, an excellent approximation that we
will use throughout this chapter is that eclipses are centered

around conjunctions, which are defined by the condition
X = 0 and may be inferior (planet in front) or superior
(star in front). This gives

ftra = +
π

2
− ω, focc = −

π

2
− ω, (6)

where here and elsewhere in this chapter, “tra” refers to
transits and “occ” to occultations. This approximation is
valid for all cases except extremely eccentric and close-in
orbits with grazing eclipses.
The impact parameter b is the sky-projected distance at

conjunction, in units of the stellar radius:

btra =
a cos i

R⋆

(

1− e2

1 + e sinω

)

, (7)

bocc =
a cos i

R⋆

(

1− e2

1− e sinω

)

. (8)

For the common case R⋆ ≪ a, the planet’s path across
(or behind) the stellar disk is approximately a straight line
between the pointsX = ±R⋆

√
1− b2 at Y = bR⋆.

2.2 Probability of eclipses

Eclipses are seen only by privileged observers who view
a planet’s orbit nearly edge-on. As the planet orbits its star,
its shadow describes a cone that sweeps out a band on the
celestial sphere, as illustrated in Figure 3. A distant ob-
server within the shadow band will see transits. The open-
ing angle of the cone, Θ, satisfies the condition sinΘ =

2

Winn 2010
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≈ ≈≈

where I is the orbital inclination with respect to the sky plane. In
the latter equality we have assumed mTM and e ¼ 0.

Assuming that the width of the absorption line is dominated
by rotational broadening, and further assuming that the stellar
Doppler shift is small, the first-moment approximation mentioned
previously gives (Ohta et al. 2005)

!VR(t) ¼ "VS sin IS

R R
xI (x; y) dx dyR R
I (x; y) dx dy

: ð4Þ

Here, VS is the equatorial rotation speed of the stellar photo-
sphere, IS is the inclination of the stellar spin axis relative to the
sky plane, and I (x; y) is the surface brightness of the observed
stellar disk (including the dark spot due to the planet). The sky-
plane coordinates x and y are measured in units of the stellar
radius, have their origin at the projected center of the star, and
are perpendicular and parallel to the projected stellar rotation
axis, respectively. In fact, equation (4) also holds for lines that
have additional broadening mechanisms, such as thermal broad-
ening, provided that the additional broadening mechanisms pro-
duce no net Doppler shift (i.e., the broadening kernel is symmetric
about its centroid).

For convenience, we write the RM effect as

!VR(t) ¼ KRg(t; xp; yp; !; "; : : :); ð5Þ

separating the overall amplitude KR of the RM effect from the
dimensionless function g(t) P 1. The amplitude is given by

KR % VS sin IS
!2

1" !2

¼ 52:8 m s"1 VS sin IS
5 km s"1

! "
r

RJup

! "2
R

R&

! ""2

; ð6Þ

where ! % r/R. In the latter equality, we have assumed !T1.
For convenience, we will define V % VS sin IS . The dimen-
sionless function g depends primarily on the projected position
of the planet (xp; yp), but also on ! and the limb-darkening
function. For simplicity, we use a single-parameter ‘‘linear’’

description of the limb-darkening law, such that the (unocculted)
surface brightness of the star is

I (x; y)

I0
¼ 1" "

h
1" 1" x2 " y2

# $1=2i
; ð7Þ

with " the linear limb-darkening parameter. Note that in some
circumstances—for example, the case of differential rotation,
as discussed in x 3—the function g will depend on additional
parameters.

Figure 2 shows three different trajectories of a transiting planet
across the stellar disk. These trajectories all have the same impact
parameter b, and consequently they all produce exactly the same
photometric signal.3 However, the trajectories differ in the value
of k, and consequently produce different RM waveforms, as
plotted in the lower row of panels. The sensitivity of the RM
waveform to k is what enables the observer to assess spin-orbit
alignment. The question of the achievable accuracy in k will be
taken up in x 3.

An especially simple case is when the planetary disk is fully
contained within the stellar disk, and limb darkening is negli-
gible (" ¼ 0). In that case, g is the perpendicular distance from
the projected stellar spin axis, g(t) ¼ xp(t). If we consider a
rectilinear trajectory across the face of the star with impact
parameter b, we can write the position of the center of the planet
as a function of time as

xp(t) ¼ # cos k" b sin k;

yp(t) ¼ # sin kþ b cos k; ð8Þ

where # % (t " ttra)/Ttra, ttra is the time of the transit midpoint,
Ttra ¼ R/vorb is the radius crossing time corresponding to the
planet’s orbital velocity at the time of transit [so that the transit
duration is approximately 2Ttra 1" b2ð Þ"1=2], and k is the angle
of the trajectory with respect to the apparent stellar equator. We
define k to be between "180( and +180(, such that for k > 0,
the planet moves toward the stellar north pole as it proceeds

Fig. 2.—Dependence of the RMwaveform on k. Three different possible trajectories of a transiting planet are shown, alongwith the corresponding RMwaveform (as
computedwith the formulae of Ohta et al. 2005). The trajectories all have the same impact parameter and produce the same light curve, but they differ ink and produce different
RM curves. The dotted lines are for the case of no limb darkening (" ¼ 0), and the solid lines are for " ¼ 0:6.

3 The impact parameter is given by b ¼ a cos I /R, where a is the orbital
semimajor axis.

TRANSITING EXOPLANETS 553No. 1, 2007
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des planètes alignée, d’autre misalignée
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Figure 10. WFC3 transmission spectrum of GJ1214b (black circles with error bars) compared to theoretical models (colorful lines) with a variety of compositions.
The high-resolution models are shown here smoothed for clarity, but were binned over each measured spectroscopic bin for the χ2 comparisons. The amplitude of
features in the model transmission spectra increases as the mean molecular weight decreases between a 100% water atmosphere (µ = 18) and a solar composition
atmosphere (µ = 2.36).

Figure 11. WFC3 transmission spectrum of GJ1214b (black circles with error
bars) compared to a model solar composition atmosphere that has thick clouds
located at altitudes of 100 mbar (pink lines) and 10 mbar (red lines). We treat
the hypothetical clouds in an ad hoc fashion, simply cutting off transmission
through that atmosphere below the denoted pressures.

water clouds) or through upper atmosphere photochemistry
(such as Titan’s haze).

Fortney (2005) and Miller-Ricci Kempton et al. (2012)
identified KCl and ZnS as condensates that would be likely to
form in GJ1214b’s atmosphere, but found they would condense
deeper in the atmosphere (200–500 mbar) than required by the
WFC3 spectrum and would probably not be optically thick.
While winds may be able to loft such clouds to higher altitudes,
it is not clear that the abundance of these species alone would be
sufficient to blanket the entire limb of the planet with optically
thick clouds. The condensation and complicated evolution of
clouds has been studied within the context of cool stars and
hot Jupiters (e.g., Lodders & Fegley 2006; Helling et al. 2008),
but further study into the theoretical landscape for condensate
clouds on planets in GJ1214b’s gravity and temperature regime
is certainly warranted. The scattering may also be due to
a high-altitude haze formed as by-products of high-altitude
photochemistry; Miller-Ricci Kempton et al. (2012) found the
conditions on GJ1214b to allow for the formation of complex
hydrocarbon clouds through methane photolysis.

However such clouds might form, they would either need to
be optically thick up to a well-defined altitude or consist of a
substantial distribution of particles acting in the Mie regime,
i.e., with sizes approaching 1 µm. Neither the VLT spectra nor
our observations give any definitive indications of the smooth
falloff in transit depth toward longer wavelengths that would
be expected from Rayleigh scattering by molecules or small
particles. This is unlike the case of the hot Jupiter HD189733b,
where the uniform decrease in transit depth from 0.3 to 1 µm
(Pont et al. 2008; Lecavelier Des Etangs et al. 2008; Sing et al.
2011) and perhaps to as far as 3.6 µm (see Sing et al. 2009;
Désert et al. 2009) has been convincingly attributed to a small
particle haze.

As an alternative, the transmission spectrum of GJ1214b
could be flat simply because the atmosphere has a large mean
molecular weight. We test this possibility with H2 atmospheres
that contain increasing fractions of H2O. This is a toy model,
but including molecules other than H2 or H2O in the atmosphere
would serve principally to increase µ without substantially
altering the opacity between 1.1 and 1.7 µm, so the limits
we place on µ are robust. We find that an atmosphere with
a 10% water by number (50% by mass) is disfavored by the
WFC3 spectrum at 3.1σ (χ2 = 47.8), as shown in Figure 9. All
fractions of water above 20% (70% by mass) are good fits to
the data (χ2 < 25.5). The 10% water atmosphere would have
a minimum mean molecular weight of µ = 3.6, which we take
as a lower limit on the atmosphere’s mean molecular weight.

For the sake of placing the WFC3 transmission spectrum in
the context of other observations of GJ1214b, we also display
it alongside the published transmission spectra from the VLT
(Bean et al. 2010, 2011), CFHT (Croll et al. 2011), Magellan
(Bean et al. 2011), and Spitzer (Désert et al. 2011a) in Figure 12.
Stellar variability could cause individual sets of observations to
move up and down on this plot by as much as ∆D = 0.014% for
measurements in the near-IR (Berta et al. 2011); we indicate this
range of potential offsets by an arrow at the right of the plot. We
display the measurements in Figure 12 with no relative offsets
applied and note that their general agreement is consistent with
the predicted small influence of stellar variability. Depending on
the temperature contrast of the spots, however, the variability
could be larger by a factor of two to three times in the
optical, and we caution the reader to consider this systematic
uncertainty when comparing depths between individual studies.
For instance, the slight apparent rise in Rp/R⋆ toward 0.6 µm
that would potentially be consistent with Rayleigh scattering in
a low-µ atmosphere could also be easily explained through the
poorly constrained behavior of the star in the optical. Indeed,
Bean et al. (2011) found a significant offset between data sets
that overlap in wavelength (near 0.8 µm) but were taken in
different years, suggesting that variability plays a non-negligible
role at these wavelengths.

Finally, we note that any model with µ > 4, such as one
with a >50% mass fraction of water, would be consistent
with the measurements from Bean et al. (2010), Désert et al.
(2011a), Crossfield et al. (2011), Bean et al. (2011), and
WFC3. The only observation it could not explain would be
the deep Ks-measurement from Croll et al. (2011). Of the
theoretical models we tested, we could find none that matched
all the available measurements. We are uncertain of how to
interpret this apparent incompatibility but hopeful that future
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WASP-19b

Thermal emission at 3.6–8 µm from WASP-19b 3429

Table 4. Comparing adopted and permuted occultation depths.

Light curve Adopted depth Permuted depth

1.6 µm 0.002 76 ± 0.000 44 0.002 70 + 0.000 95
2.09 µm 0.003 66 ± 0.000 67 0.003 71 + 0.000 35
3.6 µm 0.004 83 ± 0.000 25 0.004 85 + 0.000 18
4.5 µm 0.005 72 ± 0.000 30 0.005 67 + 0.000 71 − 0.000 30
5.8 µm 0.0065 ± 0.0011 0.006 34 ± 0.000 50
8.0 µm 0.0073 ± 0.0012 0.008 24 ± 0.000 77

quality of the FTS light curve, which was obtained only months
before the occultation data.

3.6 Stellar activity

Hebb et al. (2010) reported a rotational modulation of the WASP
light curves with a period of 10.5 ± 0.2 d and an amplitude of a
few mmag. This indicated that WASP-19 is an active star, with
the sinusoidal modulation being induced by a non-axisymmetric
distribution of starspots.

We determine the log R′
HK activity index of WASP-19 by measur-

ing the weak emission in the cores of the Ca II H+K lines (Noyes,
Weiss & Vaughan 1984; Santos et al. 2000; Boisse et al. 2009). The
36 HARPS spectra presented in Hellier et al. (2011) had signal-to-
noise ratio (SNR) in the range 14–38. We selected the 12 spectra
with SNR>19 per pixel at 550 nm, as the activity level tends to be
systematically under- or overestimated for spectra with low SNR.
By assuming B − V = 0.570, we infer log R′

HK = −4.50 ± 0.03,
which are the weighted mean and standard deviation of the val-
ues determined from individual spectra; we used the SNR as the
weighting factor. This is similar to the value of log R′

HK = −4.66
measured by Knutson et al. (2010). It is difficult to judge the level at
which the two values agree as Knutson et al. (2010) do not provide
an uncertainty estimate and our uncertainty value is likely to be an
underestimate.

As we know the true stellar rotation period to be 10.5 ± 0.2 d
from rotational modulation, we can use our log R′

HK value to test
the activity–rotation calibration of Mamajek & Hillenbrand (2008).
The calibration suggests a stellar-rotation period of Prot = 12.3 ±
1.5 d, which is consistent within errors.

We considered whether stellar variability could have affected our
measured occultation depths. One potential issue is that the stellar
brightness may have varied significantly during one or more of the
observations. However, with observation durations of ∼3 h and a
stellar rotation period of 10.5 d, the visible portion of the stellar
surface will have changed little during any one observation. To first
order, the resulting small impact on the occultation light curves
can be modelled as a linear trend, which will be handled by the
trend functions. Another concern is that the stellar brightness may
have changed significantly between the non-simultaneous occulta-
tion observations. For example, the 3.6-µm data were obtained two
months after the 4.5-µm data and it is the relative measurements at
these two wavelengths that are the prime diagnostic for the pres-
ence of an atmospheric temperature inversion. Assuming a constant
planet brightness, the stellar brightness would need to have changed
by ∼5 per cent to have changed the occultation depth by 1σ and
the amplitude of the modulation of the WASP light curves (a few
mmag) shows that this is very unlikely. Thus, our derived eclipse
depths, and the conclusions on which they depend, are insensitive
to the variability of WASP-19.

4 D ISCUSSION

4.1 Atmosphere model

We interpret our observations of the hot Jupiter WASP-19b using
the exoplanetary atmospheric modelling and retrieval method de-
veloped in Madhusudhan & Seager (2009, 2010, 2011). We model a
plane-parallel atmosphere of WASP-19b observed in thermal emis-
sion at secondary eclipse. The dayside spectrum of the planet is
generated using line-by-line radiative transfer, with constraints of
hydrostatic equilibrium and global energy balance, and includes
the dominant sources of infrared (IR) opacity expected in gaseous
atmospheres at high temperature. Our sources of opacity include
molecular absorption due to H2O, CO, CH4, CO2, NH3, TiO and
VO (Rothman et al. 2005; Freedman, Marley & Lodders 2008;
Karkoschka & Tomasko 2010) and H2–H2 collision-induced ab-
sorption (Borysow, Jorgensen & Zheng 1997; Borysow 2002). The
concentrations of the species and the pressure–temperature (P–T)
profile constitute the free parameters in the model (Madhusudhan
& Seager 2009). We explore the parameter space of the model us-
ing an MCMC scheme (see Madhusudhan & Seager 2010, 2011),
and constrain regions of parameter space consistent with the mea-
sured planet-to-star flux density ratios at different levels of fit. Our
goal is to constrain the existence of a possible temperature inver-
sion, the dayside-to-nightside redistribution efficiency, the concen-
trations of the different molecular species and the C/O ratio (e.g.
Madhusudhan et al. 2011a) in the dayside atmosphere of WASP-
19b. In what follows, we discuss model solutions that explain the
data within the 1σ observational uncertainties, as shown in Fig. 4.

Figure 4. Observations and model spectra of thermal emission from WASP-
19b. The blue circles with error bars show our observed planet-to-star flux
density ratios reported in this work. The transmission curves for the corre-
sponding photometric bandpasses are shown by the blue curves along the
abscissa. The red, green and grey curves in the main panel show model
spectra of WASP-19b, and the same-coloured curves in the inset show the
temperature profiles of the corresponding models. The red, green and grey
circles in the main panel show the corresponding model spectra integrated in
the observed bandpasses for comparison with data. The data indicate the ab-
sence of a strong temperature inversion. The green and red curves show two
models without thermal inversions but with different chemical composition,
C/O ratios of 0.5 (O-rich) and 1.0 (C-rich), respectively, both of which fit
the data well. On the other hand, the grey model, which has a strong thermal
inversion, provides a poor fit to the data, especially at 1.6, 2.09 and 4.5 µm.
The three dotted lines show model blackbody spectra of WASP-19b with
temperatures of 1800, 2500 and 2900 K, shown for reference.
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Figure 3. The results of our global analysis, which combines our new Spitzer occultation photometry with pre-existing transit photometry, ground-based
occultation photometry and radial velocities. The models generated from the best-fitting parameter values of Table 3 are overplotted and the residuals about the
models are plotted below each data set. Arbitrary offsets have been applied to the photometry plots for display purposes. Left: from top to bottom, HAWK-I
occultations at 1.6 µm (Anderson et al. 2010), 2.09 µm (Gibson et al. 2010) and our IRAC occultations at 3.6, 4.5, 5.8 and 8.0 µm. The error bar on each
binned measurement is the standard deviation of the points within the bin. Top right: z-band transit light curve taken with FTS (upper; Hebb et al. 2010) and
r-band transit light curve taken with NTT (lower; Hellier et al. 2011). Bottom right: spectroscopic orbit and transit illustrated by CORALIE and HARPS data
(Hebb et al. 2010; Hellier et al. 2011). The measured systemic velocities (Table 3) of each data set have been subtracted.
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Fig. 1. Schematic description of the di↵erent
scanning processes observable for an occulted
exoplanet. The green dotted lines indicate the
scanning processes during the exoplanet occul-
tation ingress/egress. The red dashed line indi-
cates the scanning process that results from the
exoplanet rotation and produces the exoplanet
phase curve – this scanning appears longitu-
dinal for an observer as long as the exoplanet
spin is close to the projection plane, e.g., for
a transiting and synchronized exoplanet. The
component labeled “combined” shows the spe-
cific grid generated by these three scanning
processes.

only observed at the stellar surface, in the form of chromo-
spheric hot spots rotating synchronously with the companions
(e.g., Shkolnik et al. 2005; Lanza 2009).

The observation of specific spatial features within an ex-
oplanet atmosphere, such as hot spots or cold vortices, is es-
sential for constraining its structure and for gaining further
insight into its physics. Eclipses have proved to be powerful
tools for “spatially resolving” distant objects, including binary
stars (e.g., Warner et al. 1971) and accretion disks (e.g., Horne
1985). Previous theoretical studies introduced the potential of
eclipse scanning3 (see Fig. 1) for exoplanets in order to disentan-
gle atmospheric circulation regimes (e.g., Williams et al. 2006;
Rauscher et al. 2007).

Ideally, the light curve of a transiting and occulted exo-
planet with a non-zero impact parameter can enable a 2D surface
brightness map of its day side. In fact, as represented in Fig. 1,
such an exoplanet is scanned through several processes along
its orbit. First, the exoplanet is gradually masked/unmasked by
its host star during occultation ingress/egress. Secondly, the
exoplanet rotation provides its phase-dependent hemisphere-
integrated flux (i.e., its phase curve), which constrains its BD
in longitudinal slices – as long as the exoplanet spin is close to
the projection plane, e.g., for a transiting and synchronized exo-
planet. In particular, the phase curve is modulated by the orbital
period as long as the exoplanet is tidally locked. The three scan-
ning processes (ingress, egress and phase curve) provide thus
complementary pieces of information that could ultimately con-
strain the BD over a specific “grid” (e.g., see the component la-
beled “combined” in Fig. 1). In this way, only a “uniform time
o↵set”4 has been detected so far; Agol et al. (2010) showed that,
assuming HD 189733b’s orbit to be circularized, its occultation
was o↵set by 38± 11 s. This time o↵set is in agreement with the
expected e↵ect in occultation of the o↵set hot spot indicated by
HD 189733b’s longitudinal map from Knutson et al. (2007).

The subset of exoplanet thermal IR observations that aims
to characterize a planetary BD is growing. Currently, the
Spitzer Space Telescope (Werner et al. 2004) has observed ther-
mal phase curves for a dozen di↵erent exoplanets as well as
the IR occultations of over thirty exoplanets. Among these,
HD 189733b (Bouchy et al. 2005) is arguably the most favor-
able transiting exoplanet for detailed observational atmospheric
studies; in particular, because its K-dwarf host is the closest
star to Earth with a transiting hot Jupiter. This means the star
is bright and the eclipses are relatively deep yielding favorable

3 Eclipse scanning is the process by which a body gradually masks
another body.
4 The uniform time o↵set measures the time lag between the observed
secondary eclipse and that predicted by a planet with spatially uniform
emission (defined by Williams et al. 2006).

signal-to-noise ratio (SNR). As such, HD 189733b represents
a “Rosetta Stone” for the field of exoplanetology with one
of the highest SNR secondary eclipses (Deming et al. 2006;
Charbonneau et al. 2008), phase-curve observations (Knutson
et al. 2007, 2009, 2012) and, consequently, numerous atmo-
spheric characterizations (e.g., Grillmair et al. 2007; Pont et al.
2007; Tinetti et al. 2007; Redfield et al. 2008; Swain et al. 2008;
Madhusudhan & Seager 2009; Désert et al. 2009; Deroo et al.
2010; Sing et al. 2011; Gibson et al. 2011; Huitson et al. 2012).
Although HD 189733b’s atmospheric models are in qualitative
agreement with observations, important discrepancies remain
between simulated and observed light curves as well as between
emission spectra (see e.g., Showman et al. 2009, Figs. 8 and 10).
In addition, discrepancies exist between several published infer-
ences – in particular molecular detections – which emphasize the
impact of data reduction and analysis procedures (e.g., Désert
et al. 2009; Gibson et al. 2011). Hence, we undertake a global
analysis of all HD 189733’s public photometry obtained with the
Spitzer Space Telescope for assessing the validity of published
inferences (de Wit & Gillon, in prep.).

In this paper, we present the first secondary-eclipse scan-
ning of an exoplanet showing a deviation from the occultation
of a uniformly-bright disk at the 6� level, which we obtain from
the archived Spitzer/IRAC 8-µm data of the star HD 189733. In
addition, we propose a new methodology of analysis for sec-
ondary eclipse scanning to disentangle the possible contributing
factors of such deviations. As a result, we perform a new step to-
ward mapping distant worlds by constraining consistently (i.e.,
simultaneously) HD 189733b’s shape, BD at 8 µm and system
parameters.

At the time of submission, we learned about a similar study
by Majeau et al. (2012), hereafter M12, focusing on the deriva-
tion of HD 189733b’s 2D eclipse map, using the same data but
di↵erent frameworks for data reduction and analysis. Our study
di↵ers from M12 in three main ways. First, we find a deviation
from the occultation of a uniformly-bright disk at the 6� level
in contrast to the <⇠3.5� level deviation in the phase-folded light
curves from Agol et al. (2010, see their Fig.12) used in M12.
Secondly, this deviation has multiple possible contributing fac-
tors (i.e., not only a non-uniform BD but also the exoplanet
shape or biased orbital parameters). Our study provides a frame-
work for constraining consistently these contributing factors.
Thirdly, and related to the second point, we do not constrain
a priori the system parameters to the best-fit of a conventional
analysis, nor the orbital eccentricity to zero; instead, we estimate
the system parameters simultaneously with the BD. We compare
the procedures and the results in Sect. 6.6.

We begin with a summary description of the Spitzer 8 µm
data. In Sect. 2 we present our data reduction and conventional
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notre seule chance de découvrir un environnement habitable, cette décade
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600 d’entres elles seront observées par SPECULOOS

le satellite Kepler a observé ~ 90 systèmes < 0.13 Msol
et a identifé 5 planètes dans 2 systèmes

On s’attend de découvrir 10+ systèmes planétaires dont les planètes rocheuses
seront étudiées en détails par le JWST et les ELTs

plus de 1000 naines froides sont connues dans le voisinage solaire



un mode différent de formation planétaire

une irradiation différentes, plus dans l’infrarouge et l’UV

des planètes synchrones?

l’opportunité d’étudier l’habitabilité dans des conditions non-terrestre

des planètes aux paramètres optimaux pour des investigations atmosphériques

des environnements, différents du nôtre



studying planets

L. Rudaux, 1937

en résumé



les exoplanètes montrent une grande variété

la plupart des systèmes sont différents du notre

les modèles peinent à former des planètes alors la Nature
nous dit que c’est simple

on pourra bientôt étudier la composition atmosphérique
de planètes similaires à la Terre.
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