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TRANSITS PHOTOMÉTRIQUES: UNE AUTRE MÉTHODE INDIRECTE
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LIMITE DE DÉTECTION DES VITESSES RADIALES

1 m/s

10 cm/s

Jupiter et Saturne détectables 

Terre et Venus très difficile!



LIMITE DE DÉTECTION DES TRANSITS

Transit long et peu profond

Transit court et profond



TRAPPIST-1: SEPT PLANÈTES DE LA TAILLE DE LA TERRE!



INFORMATION APPORTÉE: ORBITES, MASSES, TAILLES



encore très loin de ce niveau de détail!



L’IMAGERIE DIRECTE EST LA CLÉ POUR EN SAVOIR PLUS
➤ Accès à l’information essentielle: la lumière de la planète

mesure du spectre 
—> composition chimique

étudier les parties 
externes des systèmes 

planétaires

étudier la formation et l’évolution des planètes



L’IMAGERIE DIRECTE: UN DÉFI MAJEUR!

Rapport de flux énorme, et séparation angulaire très petite

… comme détecter une luciole près d’un phare à 1000 km 

(sauf que l’étoile ne s’éteint jamais)



OBSERVATIONS À TRAVERS L’ATMOSPHÈRE TERRESTRE



OBSERVATIONS À TRAVERS L’ATMOSPHÈRE TERRESTRE
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ETAPE 1: CORRIGER LA TURBULENCE
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ETAPE 2: ÉTEINDRE L’ÉTOILE (ARTIFICIELLEMENT)

Bernard Lyot, 1934 
— invention du coronographe —



LA CORONOGRAPHIE STELLAIRE

20082013

Petit masque  
opaque

Coronographe  
‘vortex’



UNE AIGUILLE DANS UNE BOTTE DE TAVELURES…

Planète ou tavelure?



ETAPE 3: LA ROTATION DU CHAMP COMME RÉVÉLATEUR

Le ciel semble tourner au-dessus de nos têtes



LA ROTATION DU CHAMP COMME RÉVÉLATEUR
5

(a) Normal Telescope Rotation (b) ADI without Telescope Rotation

Figure 1.3 In normal observation mode, the instrument rotates during the exposures
so all images align (a). In ADI, the instrument rotation is disabled so that all images
are at di↵erent angles (b).The

N
symbol indicates instrument axis.

Figure 1.4 A PSF can be easily created from ADI images by combining the unrotated
exposures (left). This master PSF can then be subtracted from the images that have
been combined after rotating (right) to create a final image with near perfect PSF
subtraction. Note that the rotation of the field objects in the images represents the
rotation of the objects as you would see for resolved, extended objects (e.g. galaxies).
The PSF of these objects would not rotate.

Le ciel semble tourner au-dessus de nos têtes

… et si on ne compensait pas cette rotation?



ETAPE 4: TRAITEMENT D’IMAGE
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Figure 1.12: Diagram of ADI median subtraction, where the reference PSF
is constructed by taking the median of the image sequence.

respect to the speckle field. In the case of multiple-channel SDI, we
exploit the radial movement of the planet PSF, after re-scaling the
images with respect to the longest wavelength channel. From now
on, and throughout this dissertation, we will call reference PSF the
algorithmically built image that we use with differential observing
techniques for subtracting the scattered starlight and speckle noise
pattern, to enhance the signal of disks and exoplanets.

�.�.�.� Median subtraction

For ADI, modeling the speckle pattern with a simple median combi-
nation of the sequence is the simplest approach. This was originally
proposed by Marois et al. (2006) for obtaining a final science-ready
image with the ADI observing strategy. A schematic representation
of the ADI median subtraction is shown in Fig. 1.12. The main idea
behind this, is that the moving planet does not show up in the median
image of the sequence, which can then be used as a first approxima-
tion of the leaked starlight and speckle noise pattern. As mentioned
earlier, after subtracting the median, the residual noise averages inco-
herently once the images are rotated to a common north. From the
central limit theorem, the noise in the final combined image mostly
becomes Gaussian (Marois et al., 2008a; Mawet et al., 2014). Some im-
provement can be achieved by processing the frames in an annulus-
wise fashion and applying a rotation criterion for selecting the refer-
ences. These filtered reference frames (annuli) are used to build a PSF
for each image of the sequence.

By principle, ADI is limited in the close-in vicinity of the star, where
the planet rotation is more constrained (see Fig. 2.2 from Chapter



LE TRAITEMENT D’IMAGE EN ACTION

Données brutes



LE TRAITEMENT D’IMAGE EN ACTION

Données brutes Soustraction de médiane



LE TRAITEMENT D’IMAGE EN ACTION

Données brutes Soustraction de médiane Dérotation + combinaison



LES QUATRE PILIERS DE L’IMAGERIE DIRECTE

Optique adaptative Coronographie Opérations Traitement d’image

Adaptive optics Coronagraphy Image post-processing
Observing strategy

Example raw coronagraphic observations of a protoplanetary disc with VLT/SPHERE

The 4 pillars of high-contrast imaging
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UNE QUARANTAINE DE PLANÈTES DÉTECTÉES DEPUIS 2008
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the close environment of the young, star HIP 65426. The deep
coronographic near-infrared observations revealed the presence
of a young, warm, and dusty L5–L7 massive jovian planet, here-
after HIP 65426 b, located at about 92 au (projected distance).
We describe below the observing set-up and data reduction, the
physical properties of HIP 65426 b, and finally discuss this new
discovery in comparison to other imaged planetary systems and
current planet formation and evolution theories.

2. Host star properties

HIP 65426 is an A2-type (H = 6.853 ± 0.049 mag, Cutri et al.
2003; d = 111.4 ± 3.8 pc, Gaia Collaboration 2016) mem-
ber of the Lower Centaurus-Crux (hereafter LCC) association
(de Zeeuw et al. 1999; Rizzuto et al. 2011). A detailed summary
of the main stellar properties as found in the literature is given
in Appendix A. To refine them, the star was observed with
HARPS (Mayor et al. 2003) on January 16th, 17th and 18th,
20171. We measured the stellar absolute radial and projected
rotational velocities using a custom cross-correlation function
procedure specifically tailored for fast-rotating early-type stars.
Values of Vrad = 5.2 ± 1.3 km s�1 and v sin i = 299 ± 9 km s�1

were found (Appendix B). A marginally significant radial ve-
locity di↵erence was found between the three epochs. This is
probably due to stellar pulsations as suggested by the period-
icity (P ⇠ 0.135 days) found from the Hipparcos photomet-
ric time series. HIP 65426 is one of the fastest rotators known
with similar spectral type (Zorec & Royer 2012) and is there-
fore likely viewed along mid- to high-inclinations with respect
to the rotation axis. Given its spectral type, the observed colors
of HIP 65426 suggest a small value of reddening consistent with
estimates reported in Chen et al. (2012). Assuming a metallicity
for the LCC that is close to solar (Viana Almeida et al. 2009),
theoretical isochrones predict an age of 14 ± 4 Myr for LCC
members in the vicinity of HIP 65426 (we refer to Appendix A
for details). SPHERE and HARPS observations do not show evi-
dence of binarity (Appendix C). Finally, according to Chen et al.
(2012), no IR excess is reported for this star. Our own SED anal-
ysis confirms this finding with only a tentative marginal excess
at WISE W4 (Appendix D).

3. Observations and data reduction

HIP 65426 was observed on May 30th, 2016 under unstable
conditions (strong wind) with SPHERE. The observations were
then repeated on June 26th, 2016. The data were acquired
in IRDIFS pupil-tracking mode with the 185 mas diameter
apodized-Lyot coronograph (Carbillet et al. 2011; Guerri et al.
2011), using IRDIS (Dohlen et al. 2008) in dual-band imaging
mode (Vigan et al. 2010) with the H2H3 filters (�H2 = 1.593 ±
0.055 µm; �H3 = 1.667 ± 0.056 µm), and the IFS integral
field spectrograph (Claudi et al. 2008) simultaneously in Y � J

(0.95–1.35 µm, R� = 54) mode. The registration of the star
position behind the coronagraph and the point spread function
were taken at the beginning and the end of the sequence. In the
deep coronagraphic images, four faint candidates were detected
within 700 of HIP 65426. The companion candidate located at
about 830 mas and position angle of 150� (hereafter cc-0) re-
vealed promising photometric properties and had a peculiar po-
sition in the color-magnitude diagrams used to rank the SHINE
candidates. The source was then re-observed on February 7th,

1 HARPS Program ID 098.C-0739(A).

Fig. 1. Left: IFS Y J-band TLOCI image of HIP 65426 A and b from
February 7th 2017. The planet is well detected at a separation of 830 ±
3 mas and position angle of 150.0 ± 0.3 deg from HIP 65426. Right:

IRDIS H2H3 combined TLOCI image of HIP 65426 A and b for the
same night. In both images, north is up and east is left.

2017, with the same IRDIFS mode to test that this close candi-
date is comoving with HIP 65426. On February 9th, 2017, the
IRDIFS-EXT mode was used with IRDIS in the K1K2 filters
(�K1 = 2.1025 ± 0.1020 µm; �K2 = 2.2550 ± 0.1090 µm) and
IFS in Y � H (0.97 � 1.66 µm, R� = 30) to further constrain its
physical and spectral properties. The details of the observing set-
tings and conditions at all epochs are described in Table E.1. To
calibrate the IRDIS and IFS datasets, an astrometric field 47 Tuc
was observed. The platescale and True North correction solution
at each epoch are reported in Table E.1. They are derived from
the long-term analysis of the SHINE astrometric calibration de-
scribed by Maire et al. (2016).

All IRDIS and IFS datasets were reduced at the SPHERE
Data Center2 (DC) using the SPHERE Data Reduction and Han-
dling (DRH) automated pipeline (Pavlov et al. 2008). Basic cor-
rections for bad pixels, dark current, flat field were applied. For
IFS, the SPHERE-DC complemented the DRH pipeline with ad-
ditional steps that improve the wavelength calibration and the
cross-talk and bad pixel correction (Mesa et al. 2015). The prod-
ucts were then used as input to the SHINE Specal pipeline
which applies anamorphism correction and flux normalization,
followed by di↵erent angular and spectral di↵erential imag-
ing algorithms (Galicher et al., in prep.). For the February 7th,
2017 and February 9th, 2017 datasets, we took advantage of the
wa✏e-spot registration to apply a frame-to-frame recentering.
The TLOCI (Marois et al. 2014) and PCA (Soummer et al. 2012;
Amara & Quanz 2012) algorithms were specifically used on an-
gular di↵erential imaging data (i.e., without applying any com-
bined spectral di↵erential processing) given the relatively high
S/N (10–30 in the individual IFS channels, �50 with IRDIS)
detection of cc-0. Its position and spectrophotometry were ex-
tracted using injected fake planets and planetary signature tem-
plates to take into account any biases related to the data pro-
cessing. Both algorithms gave consistent results. The resulting
extracted TLOCI images from IFS and IRDIS for the February
7th, 2017 epoch are shown in Fig. 1.

4. Results

4.1. Companionship confirmation

To test the physical association of cc-0, multi-epoch measure-
ments showing a shared motion (if non-negligible) with the
stellar host is a first robust diagnostic before resolving orbital

2 http://sphere.osug.fr
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Figure 1. Images of ROXs 42B from J (left), Ks (middle), and L′ (right) 2011 NIRC2 data. ROXs 42Bb and the background object “ROXs 42Bc” are detected in each
image.
(A color version of this figure is available in the online journal.)

with the NIRC2 “narrow” camera (9.952 mas pixel−1; Yelda
et al. 2010; PID HD242N2; P.I. A. Kraus). All new data were
taken with good adaptive optics corrections in classical imaging,
and in dither/nod patterns to remove the sky background. The
field of view was ≈10 arcsec on a side. Basic image processing
steps were identical to those carried out for previously published
ROXs 42Bb photometry (Currie et al. 2014). Briefly, we first
sky-subtracted each image from a median combination of
images obtained at other dither positions. Then, we identified
and removed hot/cold/bad pixels, corrected each image for
distortion using the nirc2dewarp.pro IDL routine, copied each
to larger blank image, and registered the images to a common
center (Currie et al. 2012a, 2012b). We then subtracted off a
two-dimensional radial profile of the primary to remove the halo
light from each image. After these steps, we median-combined
together our set of images and rotated the combined image to
the north-up position (P.A.north = −0.◦252; Yelda et al. 2010).

Figure 1 displays the combined J (left), Ks (middle), and L′

images, revealing ROXs 42Bb at an angular separation of ≈1.′′17
and position angle of ≈270◦. Additionally, each data set reveals
the second candidate companion, “ROXs 42B c,” at roughly 0.′′5
separation, although the L′ detection is noticeably weaker than
detections at J and Ks. ROXs 42B is defined as a close binary
(∆θ ≈ 0.′′05) identified from lunar occultation data (e.g., Simon
et al. 1995); however, we fail to resolve the two components
(see also Currie et al. 2014; Kraus et al. 2014).

2.1.2. Photometry

We largely follow previous methods used to extract photome-
try for the ROXs 42B system as described in Currie et al. (2014).
For each data set, we measure the integrated signal for both the
primary (in a median-combined registered image) and the com-
panions (in a median-combined radial-profile-subtracted image)
in an aperture sized to the FWHM of the primary star and de-
fine and subtract off the background signal in a surrounding
annulus. As a separate check, we extracted photometry assum-
ing a zero background signal and with slightly different sized
apertures. Our photometric uncertainties incorporate the intrin-
sic signal-to-noise ratio (S/N) of the companions, the S/N of
the primary star, and differences in brightness measurements
adopting different aperture sizes and background treatments.

These procedures yield a companion-to-primary contrast of
∆J = 7.00 ± 0.11, ∆Ks = 6.33 ± 0.06, and ∆L′ = 5.64 ±
0.06 for ROXs 42Bb. For the putative “ROXs 42Bc” object, we
derive ∆J = 6.69 ± 0.12, ∆Ks = 6.78 ± 0.07, and ∆L′ = 6.76 ±
0.20. Our K-band photometry for ROXs 42Bb agrees with that

derived from older Keck/NIRC2 data reported in Currie et al.
(2014). Kraus et al.’s (2014) J and L′ photometry agrees with
our values for ROXs 42Bb. One of their Ks band estimates agree
with ours while the other two measurements of ROXs 42Bb
are significantly too faint or bright and in fact inconsistent with
one another given their reported photometric errors and adopted
limits on stellar variability, discrepancies potentially due to their
aperture photometry methods (see Section 2.2).

To flux-calibrate the companions’ photometry in J and Ks, we
simply adopt the Two Micron Sky Survey (2MASS) measure-
ments as reported before: 9.906 ± 0.02 and 8.671 ± 0.02. To
estimate the L′ brightness of ROXs 42B, we adopt the intrinsic
colors for young pre-main sequence stars listed in Pecaut et al.
(2013), assume that the Ks–L′ color is between the predicted
Ks–W1 and Ks–W2 2MASS/WISE colors (λo (W1,W2) = 3.4,
4.6 µm) or Ks–L′ = 0.14, and assume a 0.05 mag uncertainty
in Ks–L′ color from the difference between the two 2MASS/
WISE colors4 Adopting the Cardelli et al. (1989) reddening re-
lations and assuming AV = 1.9 (Currie et al. 2014) then yields
a predicted L′ magnitude of 8.42 ± 0.05. This value also agrees
with a straight or weighted average of ROXs 42B’s measured
Ks–W1 and Ks–W2 colors (8.40–8.43 ± 0.03). To then estimate
the dereddened absolute magnitudes for ROXs 42Bb we assume
a distance of 135 ± 8 pc (Mamajek 2008) and the same values
for the extinction and reddening law.

2.2. Previously Published Data

To these data we add Very Large Telescope/SINFONI spectra
and H-band photometry previously published in Currie et al.
(2014). We measure the primary-to-companion contrast for
ROXs 42Bb as ∆H = 6.86 ± 0.05. Given the 2MASS H-band
photometric measurement of mH = 9.017 ± 0.020, we derive an
apparent magnitude of 15.88 ± 0.06 and a dereddened absolute
magnitude of 9.87 ± 0.14.

As noted in Currie et al. (2014), the putative “ROXs 42Bc”
is of comparable brightness in H band. Quantitatively, we
derive a contrast of ∆H = 6.94 ± 0.09 and an apparent
magnitude of 15.96 ± 0.09. These values significantly disagree
with the contrast estimate by Kraus et al. (2014), who claim
∆H = 6.20. With the background signal largely removed from

4 While ROXs 42B is a binary with unequal mass components, the brightness
ratio at Ks band is ∼2 to 1, and the Ks–W1 and Ks–W2 colors for young
M0–M5 dwarfs varies by less than 0.1 and 0.25 mag. So the Ks–L′ color
should reflect that of the brighter component. There is no evidence of
ROXs42B being variable in brightness.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4. J - (∼1.2 µm), H- (∼1.6 µm), Ks- (∼2.2 µm), and L′-band (∼ 3.8 µm) images of the newly discovered exoplanet, GJ 504b. The four top panels show
images reduced with the LOCI pipeline ((a) J, (b) H, (c) Ks, and (d) L′). The corresponding signal-to-noise maps are shown on the four bottom panels ((e) J, (f) H,
(g) Ks, and (h) L′), in which the planet is detected with signal-to-noise ratios of 18.4, 9.0, 4.6, and 8.0, respectively. All signal-to-noise maps are shown at a stretch of
[–5, 5]. In all panels, the star is located approximately in the lower left corner. North is up and east is left.

(a) (b)

Figure 5. Discovery images of the exoplanet GJ 504b. The central 6′′ × 6′′ of two different high-contrast images were overlaid for this false color-composite image:
orange represents H band (∼1.6 µm; Subaru/HiCIAO; 2011 May 22), and blue represents J band (∼1.2 µm; Subaru/HiCIAO; 2012 April 12). The J-band image
was rotated by 0.◦9 to compensate for the planet’s observed orbital motion (cf. Figure 7). Panel (a) shows the intensity after suppressing flux from the central star.
Panel (b) shows the associated signal-to-noise ratio (∼9 in H; ∼18 in J). The orbital radius of Neptune (∼30 AU) is shown for comparison with our own solar system.
The planet GJ 504b is clearly visible as a white spot at a projected distance of 43.5 AU from the star GJ 504. The white color implies that the planet signal is persistent
in both observations, setting it apart from the uncorrelated residual noise in each of the constituent images.
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UNE QUARANTAINE DE PLANÈTES DÉTECTÉES PAR IMAGERIE
Currie, Biller, Lagrange et al. Direct Imaging and Spectroscopy of Extrasolar Planets

Fig. 1.— Demographics of planetary-mass companions detected
with various methods. Bold symbols denote the 175 compan-
ions with spectroscopic measurements constraining planet atmo-
spheres: directly imaged companions comprise a substantial frac-
tion of this population. Figure courtesy of Dmitry Savransky, us-
ing data from the NASA Exoplanet Archive.

quisition of hundreds to thousands of spectroscopic data-
points on exoplanets in a few hours of telescope time. This
wealth of information can critically constrain individual
planet atmospheric properties – e.g. temperature, clouds,
chemistry, and gravity – as well as the atmospheric evolu-
tion of gas giants as a population.

The first direct images and spectra of planet candidates
relied on facility, general-use adaptive optics (AO) systems
to deblur starlight or space telescopes (i.e. the Hubble
Space Telescope) coupled with simple coronagraphs (e.g.
Chauvin et al. 2004; Kalas et al. 2008). The past decade has
seen the development, demonstration, and honing of dedi-
cated extreme AO systems coupled with advanced coron-
agraphs and sophisticated post-processing methods, allow-
ing the detection of planets that are fainter and less mas-
sive and/or located at smaller angular separations that probe
tighter orbits (e.g. Macintosh et al. 2014; Soummer et al.
2012; Mawet et al. 2012). In-development extreme AO sys-
tems and upgrades to first-generation extreme AO systems
will provide images of many exoplanets near the ice line
(Guyon et al. 2020; Males et al. 2020). The Coronagraphic
Instrument on NASA’s Roman Space Telescope (Roman-
CGI) could provide the first detections of mature planets
in reflected light (Spergel et al. 2013) (Figure 2).

Planned ground-based extremely large telescopes and
proposed space missions promise to make the discovery and
confirmation of a habitable, Earth-like exoplanet around a
Sun-like star a reality within the next 25 years (e.g. Lopez-
Morales et al. 2019; Gaudi et al. 2020; The LUVOIR Team
2019; Quanz et al. 2021). These facilities will endeavor to
reveal biomarkers – e.g. water, oxygen, ozone – in individ-
ual systems. Their surveys will provide the first assessment
of potential habitability around stars of different masses and
thus the true context for life on Earth. Technological in-
novation, atmospheric characterization, and demographic
studies of young jovian planets over the past decade pro-
vide first, key steps towards this goal.

In this Chapter, we provide an updated description of
the state of our knowledge about detecting and characteriz-
ing exoplanets by direct imaging. The last dedicated direct

imaging review chapter in Protostars and Planets was writ-
ten in 2007 (Beuzit et al. 2007), before the first incontro-
vertible exoplanet imaging detections: superjovian planets
around HR 8799 and � Pic (Marois et al. 2008b, 2010b;
Lagrange et al. 2010). Previous reviews from Traub and
Oppenheimer (2010) and Bowler (2016) bracket the start
and end of the era of direct imaging surveys with facil-
ity, conventional AO systems. Now, >5 years later, the
first generation of extreme AO surveys have ended, bring-
ing new discoveries, fundamentally new insights into atmo-
spheric properties of individual systems and imaged planet
demographics, motivating substantially more powerful in-
strumentation and tangible plans for directly detecting true
solar system analogues, including Earths.

This Chapter is pedagogical in nature and is organized
as follows. In Section 2, we outline key direct imaging
instrumentation and methods, describing the challenges in
achieving planet detections by direct imaging, and detailing
critical, novel hardware and software needed to image plan-
ets. Section 3 summarizes our current inventory of directly
imaged exoplanets, discusses challenges with interpreting
direct imaging detections, and outlines synergies with other
detection techniques. Section 4 focuses on atmospheric
characterization of exoplanets by direct imaging and spec-
troscopy, using other substellar objects (i.e. brown dwarfs)
as anchors to provide empirical constraints on exoplanet at-
mospheres and employing atmospheric models to infer in-
trinsic properties, including clouds, chemistry, and gravity.
Next we overview the architecture of directly imaged plane-
tary systems gleaned from astrometric monitoring, dynam-
ical models, and planet-disk interactions (Section 5). Sec-
tion 6 summarizes recent direct imaging surveys, the oc-
currence rates and demographics derived from them, and
what these results mean for models of jovian planet for-
mation. Finally, in Section 7 we forecast the future of di-
rect imaging, describing how technological innovations and
new, vastly more powerful facilities may provide humanity
with a glimpse of a habitable world for the first time.

2. Direct Imaging Instrumentation and Methods

Direct imaging detections require separating the halo of
bright, highly structured scattered starlight from faint ex-
oplanet light. The key metric used to determine the de-
tectability of extrasolar planets is the planet-to-star contrast
ratio at a given off-axis angular separation: the contrast
ratio needed for a detection varies with planet properties
(Sect 2.1). Critical hardware like AO – or (more generally)
wavefront control systems consisting of sensors and de-
formable mirrors – and coronagraphs sharpen and then sup-
press scattered starlight (Sect 2.2) to achieve deep raw con-
trasts. Novel observing techniques allow post-processing
algorithms to further remove residual starlight, increasing
achievable contrast ratios and thus improving planet detec-
tion capabilities (2.3).

2
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N_ALC_YJH_S (185 mas in diameter) apodized-Lyot coron-
agraph (Martinez et al. 2009; Carbillet et al. 2011). We used
the IRDIS (Dohlen et al. 2008) dual-band imaging camera
(Vigan et al. 2010) with the K1K2 narrow-band filter pair
(�K1 = 2.110 ± 0.102 µm, �K2 = 2.251 ± 0.109 µm). A spectrum
covering the spectral range from Y to H band (0.96–1.64 µm,
R� = 30) was acquired simultaneously with the IFS integral field
spectrograph (Claudi et al. 2008). We set the integration time
for both detectors to 96 s and acquired a total time on target of
almost 2.5 h. The total field rotation is 95.7�. During the course
of observation the average coherence time was 7.7 ms and a
Strehl ratio of 73% was measured at 1.6 µm, providing excellent
observing conditions.

2.2. Data reduction

The IRDIS data were reduced as described in Keppler et al.
(2018). The basic reduction steps consisted of bad-pixel cor-
rection, flat fielding, sky subtraction, distortion correction
(Maire et al. 2016), and frame registration.

The IFS data were reduced with the SPHERE Data Cen-
ter pipeline (Delorme et al. 2017), which uses the Data Reduc-
tion and Handling software (v0.15.0, Pavlov et al. 2008) and
additional IDL routines for the IFS data reduction (Mesa et al.
2015). The modeling and subtraction of the stellar speckle pat-
tern for both the IRDIS and IFS data set were performed with
a smart Principal Component Analysis (sPCA) algorithm based
on Absil et al. (2013) using the same setup as described in
Keppler et al. (2018). Figure 1 shows the high-quality IRDIS
combined K1K2 image of PDS 70. The outer disk and the plan-
etary companion inside the gap are clearly visible. In addi-
tion, there are several disk related features present, which are
described in Appendix B. For this image the data were processed
with a classical ADI reduction technique (Marois et al. 2006) to
minimize self-subtraction of the disk. The extraction of astro-
metric and contrast values was performed by injecting negative
point source signals into the raw data (using the unsaturated flux
measurements of PDS 70) which were varied in contrast and
position based on a predefined grid created from a first initial
estimate of the planet’s contrast and position. For every param-
eter combination of the inserted negative planet the data were
reduced with the same sPCA setup (maximum of 20 modes, pro-
tection angle of 0.75⇥ FWHM) and a �2 value within a segment
of 2⇥ FWHM and 4⇥ FWHM around the planet’s position
was computed. Following Olofsson et al. (2016), the marginal-
ized posterior probability distributions for each parameter was
computed to derive final contrast and astrometric values and
their corresponding uncertainties (the uncertainties correspond
to the 68% confidence interval). For an independent confirma-
tion of the extracted astrometry and photometry we used SpeCal
(Galicher et al. 2018) and find the values in good agreement with
each other within 1� uncertainty.

2.3. Conversion of the planet contrasts to physical fluxes

The measured contrasts of PDS 70 b from all data sets (SPHERE,
NaCo, and NICI) were converted to physical fluxes following the
approach used in Vigan et al. (2016) and Samland et al. (2017),
who used a synthetic spectrum calibrated by the stellar SED to
convert the measured planet contrasts at specific wavelengths
to physical fluxes. In our case, instead of a synthetic spec-
trum, which does not account for any (near-)infrared excess, we
made use of the flux calibrated spectrum of PDS 70 from the
SpeX spectrograph (Rayner et al. 2003), which is presented in
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Fig. 1. IRDIS combined K1K2 image of PDS 70 using classical ADI
reduction technique showing the planet inside the gap of the disk around
PDS 70. The central part of the image is masked out for better display.
North is up, East is to the left.

Long et al. (2018). The spectrum Long et al. (2018). The spec-
trum covers a wavelength the entire IFS and IRDIS data set. To
obtain flux values for our data sets taken in L0 band at 3.8 µm, we
modeled the stellar SED with simple blackbodies to account for
the observed infrared excess (Hashimoto et al. 2012; Dong et al.
2012). The final SED of the planet is shown in Fig. 2. The IFS
SED of the planet is shown in Fig. 2. The IFS spectrum has a
steep slope and displays a few features only, mainly water val-
ues are listed in Table C.1.

3. Results

3.1. Atmospheric modeling

We performed atmospheric simulations for PDS 70 b with the self-
consistent 1D radiative-convective equilibrium tool petitCODE
(Mollière et al. 2015, 2017), which resulted in three di↵erent
grids of self-luminous cloudy planetary model atmospheres (see
Table 1). These grids mainly di↵er in the treatment of clouds:
petitCODE(1) does not consider scattering and includes only
Mg2SiO4 cloud opacities; petitCODE(2) adds scattering; petit-
CODE(3) contains four more cloud species including iron (Na2S,
KCl, Mg2SiO4, Fe). Additionally, we also use the publicly avail-
ablecloud-freepetitCODEmodelgrid (herecalledpetitCODE(0);
see Samland et al. 2017 for a detailed description of this grid) and
the public PHOENIX BT-Settl grid (Allard 2014; Bara↵e et al.
2015).

In order to compare the data to the petitCODE models
we use the same tools as described in Samland et al. (2017),
using the python MCMC code emcee (Foreman-Mackey et al.
2013) on N-dimensional model grids linearly interpolated at
each evaluation. We assume a Gaussian likelihood function
and take into account the spectral correlation of the IFS
spectra (Greco & Brandt 2016). For an additional independent
confirmation of the results obtained using petitCODE, we also
used cloudy models from the Exo-REM code. The models
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UNE QUARANTAINE DE DÉTECTIONS… SEULEMENT!

Figure 8: SPHERE (Left) and expected SPHERE+ (Right) detection probabilities from the SHINE sample of
young (⇠ 100Myr), nearby (⇠ 50 pc) stars compared to the current population of exoplanets detected with
all techniques: transit (yellow dot), radial velocity (red arrow), µ-lensing (black dot), and direct imaging (pink
dot). The Gaia detection limits that will be available with the Data Release 4 in 2022 for a solar-type star at
50 pc are overlaid.

• Systematic surveying of the young, nearby stars observed during the SHINE campaign but at
closer physical separations to explore the demographics of giant planets down to 3 au, in par-
ticular, with a deeper exploration between 3 to 20 au, a parameter space that is only partially
explored with SPHERE (and other techniques). SPHERE+ will serve here as a survey instru-
ment providing further statistical constraints on the occurrence and distributions of giant planets
in overlap with complementary techniques as radial velocity and astrometry. These efforts will
identify the most interesting young, planetary systems and exoplanets for further in-depth char-
acterization with SPHERE+ itself, ERIS, Gravity/Gravity+, JWST and the ELT. As the ELT will
not devote a significant number of nights for large-scale systematic surveys, it is vital now to
reduce the sample of potential ELT targets and identify the most important systems for in-depth
followup. Carrying out this survey in service observing mode will be particularly important in
order to take advantage of the best seeing and coherence time conditions and thus fully optimize
the exploitation of SPHERE+.

3.1.2 Measuring the mass - luminosity of young Jupiter for the first time! (sci.req.1)

Building on the synergy of SPHERE+ with other techniques like radial velocity and astrometry, a
fundamental scientific goal beyond the discovery of young giant planets down to the snow line is the
accurate determination of their physical properties, which remains highly uncertain at young ages.
Direct imaging yields photometry, luminosities and the spectral energy distributions of exoplanets, but
does not directly measure exoplanet masses.

As directly imaged exoplanet masses have not been measured, we must rely on mass predictions
from evolutionary models that are not calibrated at young ages (Marley et al. 2007). In addition
to the system age uncertainty, the predictions highly depend on the formation mechanisms and the
gas-accretion phase that forms the exoplanetary atmosphere. Whether the accretion shock on the
surface of a young accreting protoplanet is sub- or super-critical during the phase of gas runaway
accretion will drive the initial entropy or internal energy, and hence strongly influence its initial phys-
ical properties (luminosity, effective temperature, surface gravity and radius) and their evolution with
time (Marleau & Cumming 2014). These different physical states are described by the so-called hot-
start (sub-critical shock), cold-start (super-critical shock), and warm-start (intermediate case) models.
These models predict luminosities that spread over several orders of magnitudes for young, massive
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corrected for geometric distortion (Konopacky et al. 2014). The
data cubes are then aligned to a common center calculated using
the four satellite spots (Wang et al. 2014). The satellite spots are
copies of the occulted central star, generated by the use of a
regular square grid printed on the apodizer in the pupil plane
(Marois et al. 2006; Sivaramakrishnan & Oppenheimer 2006;
Macintosh et al. 2014). The satellite spots also help convert the
photometry from contrast units to flux units. No background
subtraction was performed since the following steps of high-pass
filtering and point-spread function (PSF) subtraction efficiently
remove this low-frequency component.

Further steps to remove quasi-static speckles and large-scale
structures were executed outside the DRP. Each data cube was
filtered using an unsharp mask with a box width of 11 pixels.
The four satellite spots were then extracted from each
wavelength slice and averaged over time to obtain templates
of the star PSF. The Linear Optimized Combination of Images
algorithm (LOCI; Lafrenière et al. 2007) was used to suppress
the speckle field in each frame using a combination of
aggressive parameters: dr = 5 px, NA = 200 PSF FWHM,
g = 0.5, and N 0.5 0.75=d – FWHM for the three data sets,
where dr is the radial width of the optimization zone, NA is the
number of PSF FWHM that can be included in the zone, g is
the ratio of the azimuthal and radial widths of the optimization
zone, and Nδ defines the maximum separation of a potential
astrophysical source in FWHM between the target and the
reference PSF. The residual image of each wavelength slice
was built from a trimmed (10%) temporal average of the
sequence.

Final K1 and K2 broadband images were created using a
weighted mean of the residual wavelength frames according to
the spectrum of the planet, examples of which can be found in
Figure 1. These broadband images were used to extract the
astrometry of the planet in each data set thanks to a higher
signal-to-noise ratio (S/N) than in individual frames. To do so,
a negative template PSF was injected into the raw data at the
estimated position and flux of the planet before applying LOCI
and reduced using the same matrix coefficients as the original
reduction (Marois et al. 2010). The process was iterated over
these three parameters (x position, y position, flux) with the
amoeba simplex optimization (Nelder & Mead 1965) until the
integration squared pixel noise in a wedge of 2×2 FWHM
was minimized. The best-fit position was then used to extract

the contrast of the planet in each data set. The same procedure
was executed in the noncollapsed wavelength residual images,
varying only the flux of the negative template PSF and keeping
the position fixed to prevent the algorithm from catching
nearby brighter residual speckles in the lower S/N spectral
slices. To measure uncertainties, we injected the template PSF
with the measured planet contrast into each data cube at the
same separation and 20 different position angles. We measured
the fake signal with the same extraction procedure. The
contrasts measured in the 2015 November 06 and 2016 January
28 K1 data sets agreed within the uncertainties, the latter
having significantly better S/N, and were combined with the
weighted mean to provide the final planet contrasts.

Table 1
Observations of 51Erib

Date Instrument Filter Total Int. Field Averaged Averaged Averaged
time (minutes) Rot. (°) air mass DIMM seeing (as) MASS 0t (ms)

2015 Jan 30 GS/GPI Ja 70 23.8 1.15 0.52 3.26
2014 Dec 18 GS/GPI Ha 38 37.7 1.14 L L
2015 Nov 06 GS/GPI K1b 55 30.5 1.17 0.38 1.56
2015 Dec 18 GS/GPI K2b 103 71.7 1.22 0.69 0.94
2016 Jan 28 GS/GPI K1b 97 55.5 1.15 0.86 4.40
2015 Oct 27 Keck/NIRC2 LP

b 100 74.2 1.10 L L
2016 Jan 02 Keck/NIRC2 MS

b 139 115.7 1.18 L L
2016 Jan 21 Keck/NIRC2 MS

b 174 116.0 1.21 L L
2016 Feb 04 Keck/NIRC2 MS

b 148 101.4 1.21 L L
2016 Feb 05 Keck/NIRC2 MS

b 142 102.1 1.21 L L

Notes.
a Macintosh et al. (2015).
b This work.

Figure 1. Final PSF-subtracted images of 51Erib. Top: LOCI-reduced GPIES
images at the K1 (2016 January 28, left) and K2 bands (2015 December 18,
right). Bottom: pyKLIP-reduced NIRC2 images, smoothed with a box of
width 2 pixels, at LP (2015 October 27, left), and a combined image of all four
MS data sets (right). The images are scaled linearly, but are different in each
panel in order to saturate the core of the planet PSF.
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PLANÈTES PLUS PROCHES: PLUS GRANDS TÉLESCOPES



LE PROJET ‘EXTREMELY LARGE TELESCOPE’

40-m class

10-m class



CONSTRUCTION EN COURS … PREMIÈRE LUMIÈRE EN 2028
38 m

VLT



LE POTENTIEL DU EXTREMELY LARGE TELESCOPE
➤ Sensibilité aux planètes détectées par vitesses radiales

Probabilité de détection autour d’étoiles jeunes et proches

Very Large Telescope (instrument SPHERE)

Extremely Large Telescope (instrument METIS)



PLANÈTES PLUS PETITES: L’INFRAROUGE ‘MOYEN’
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LE PROJET ‘NEAR’ AU VERY LARGE TELESCOPE

100h d’intégration sur alpha Centauri dans l’infrarouge moyen.  
Un candidat de masse intermédiaire entre Neptune et Saturne.



L’INSTRUMENT METIS (INFRAROUGE MOYEN) POUR L’ELT

Simulation de planètes rocheuses tempérées 
vues par METIS autour de alpha Centauri



INTELLIGENCE ARTIFICIELLE
Quels apports possibles pour l’imagerie directe?



Intelligence artificielle

Apprentissage machine

Apprentissage  
profond

Ingénierie des machines qui imitent 
les fonctions cognitives humaines

Algorithmes permettant d’apprendre 
et de s’adapter à partir d’exemples, 

sans instruction spécifique

Apprentissage de relations 
complexes grâce aux réseaux 

de neurones profonds

1970

1980

1990

2000

2010

2020

1960

1950



Des réseaux de neurones bien entraînés peuvent reconnaître chiens et chats…

… pourquoi pas aussi exoplanètes et tavelures?



© Daniel Wiczew



APPORTS POSSIBLES À TOUS LES NIVEAUX

Optique adaptative Coronographie Opérations Traitement d’image



PILIER #1 - OPTIQUE ADAPTATIVE

Apprentissage par renforcement

Utilisé dans les jeux vidéo, robots,  
agents conversationnels, etc



OPTIQUE ADAPTATIVE « PRÉDICTIVE »

Apprentissage par renforcement

Utilisé dans les jeux vidéo, robots,  
agents conversationnels, etc

Historique des mesures

Réseau profond

Prédictions

Contrôle prédictif



PILIER #2 - CORONOGRAPHIE

on-axis vortex

no vortex/
off-axis

1 cm



DE MEILLEURS CORONOGRAPHES
7 Optimization of the AGPM central region

Figure 7.1: Design (left), leakage (middle) and phase ramp (right) at the AGPM center
simulated with FDTD at � = 3.5 µm for the optimal grating parameters for
the L-band (2.9 � 4.1 µm): ⇤ = 1.21 µm, F = 0.5373, h = 5.5343 µm,↵ =
2.45°.

region corresponds to a patch of radius 0.2�/D for an AGPM illuminated at f /47
with � = 3.5 µm. Figure 7.1 shows the design, the resulting leakage, and the phase
ramp for an AGPM with optimal design parameters (in the sense of RCWA) at an
illuminating wavelength � = 3.5 µm. The leakage map clearly shows the central region
of increased leakage, which is higher than expected from RCWA. This can be used
to define the limit of validity of RCWA in terms of grating line curvature, in the
case of the AGPM. The size of the increased leakage region actually depends on the
illuminating wavelength and on the details of the central grating geometry, notably
the size of the central pillar or hole (see Section 7.4 for more details). For a central
pillar with a diameter similar to the grating period, as used here, the central leakage
is mostly localized in a circle with radius 5⇤. This result means that we can rely on
RCWA to describe the AGPM beyond 5⇤ from the center, and that we only need to
simulate the first five grating lines with FDTD. However because the central leakage
region depends on the wavelength, and on the grating design to some level, we choose
to use a larger simulation region of radius 15⇤ when optimizing the central design, to
ensure that all the central leakage is included (Section 7.4).

7.2 Influence of the AGPM central defect

For a realistic estimate of the null depth of an AGPM, it is important to consider the
contribution of the central leakage term to the null depth of the full mask. This can
be done by calculating the central leakage with FDTD, and by assuming that RCWA
describes well the AGPM far from the center. In practice, the AGPM is usually
illuminated by an Airy pattern, assuming a circular telescope aperture and an e�cient
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Conception du vortex: 
résolution des équations 

de Maxwell —> très lent UNet Architecture

Diamond Low
(better)

High
(worse)

OutputInput

Encoder DecoderBottleneck

Shortcuts

Channels Concatenation Bi-Convolution (Same map size)

Max-Pooling (Size halved) Transposed Bi-Conv (Size doubled)

Un réseau de neurones 
peut apprendre à résoudre 
les équations de Maxwell, 

et donner accès à des 
concepts plus avancés



PILIER #3 - OPÉRATIONS

Effet d’un décentrage de l’étoile sur le coronographe vortex 
pour un télescope complexe comme le ELT

Relation complexe mais prédictible —> pas besoin d’apprentissage machine



ALLER AU-DELÀ DU SIMPLE RECENTRAGE?
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instead of two. In Sect. 3, we present our deep learning approach,
based on convolutional neural networks (CNNs), which have the
advantage of being flexible and easy to implement, and they
have already been shown to be capable of reaching fundamental
noise limits in our previous works (Quesnel et al. 2020; Orban
de Xivry et al. 2021). Finally, in Sect. 4, we provide quantita-
tive results on simulated data. We compare the performance of
our vortex phase diversity method to a classical approach, and
assess the robustness of the models, notably in the presence of
representative atmospheric turbulence residuals.

2. Vortex phase diversity

2.1. Vortex coronagraphs

The vortex coronagraph (VC), introduced by Mawet et al. (2005),
is a transparent focal plane mask that diffracts on-axis light out-
side of the pupil area. A Lyot stop placed in a downstream pupil
plane allows this diffracted light to be blocked, enabling high
contrast observations. Because of wavefront aberrations, some
incoming light from the star is, however, not blocked. Indeed,
the VC only removes the Airy disk, and speckles still appear in
the focal plane.

There are two different types of vortex coronagraphs: vec-
torial (VVC) and scalar (SVC). The VVC applies a geometrical
phase ramp to the incoming wavefront with a transmission t =
exp(± j lp ✓), where lp is the topological charge and ✓ is the
azimuthal coordinate. Conjugated phase ramps are applied to
each circular polarization state, producing a different signature
in the focal plane for each (Riaud et al. 2012a). Here we focus
on a topological charge lp = 2, which is the most commonly
used design so far (Mawet et al. 2009; Absil et al. 2016), but
the following developments would also hold for any even topo-
logical charge. Unlike the VVC, the SVC uses longitudinal phase
delays (Ruane et al. 2019; Desai et al. 2021), and thereby applies
the same phase ramp (e.g., with +lp) to both polarization states.
The focal-plane signature behind an SVC corresponds to the one
obtained with a single polarization state using the VVC.

2.2. Sign ambiguity and phase diversity

In FPWFS, the Fourier relationship between the PSF and the
pupil-plane phase causes a sign ambiguity for Zernike modes of
an even radial order (e.g., defocus, astigmatism):

|F (Eeven(x))|2 = |F (E⇤even(�x))|2, (1)

where Eeven(x) = exp(� j�even(x)) is the pupil-plane electric field
with phase aberrations �even (containing even modes only), E⇤even
is its conjugate, and F (·) is the Fourier transform operator. This
sign ambiguity is a strong limitation for FPWFS using a single
in-focus image. A fair number of FPWFS methods have been
developed to solve the twin-image problem. The most standard
one is to use an additional known defocus together with the
in-focus image. An illustration of this ambiguity can be found
in Fig. 1, where we generated two phase maps with opposite
signs for their even Zernike modes. After propagation through a
VVC, the in-focus PSFs are the same in both cases (Figs. 1d and
f), showcasing the twin-image problem. The out-of-focus PSFs,
however, are different (Figs. 1e and g) because the added defocus
has the same sign in both cases, which allows the ambiguity to
be lifted.

Now, if the two orthogonal circular polarization states are
split downstream of the VVC to separate the conjugated phase

(a) Entrance pupil

(b) Phase map � (c) Phase map �0(�0even = ��even)

(d) ±lp (e) ±lp; out (f) ±lp (g) ±lp; out

(h) +lp (i) �lp (j) +lp (k) �lp

Fig. 1. Comparison of simulated PSFs for two conjugated phase maps
� (left) and �0 (right): for �0, we set opposite Zernike coefficients to
those of � only for the even modes, with a total of 18 modes starting
from defocus. (a) Entrance annular pupil. (b, c) The conjugated phase
maps. (d, e) In-focus and out-of-focus PSFs obtained from propagating
(b) with both polarization states together. ( f , g) The same as (d, e) but
using (c) for propagation instead. (h, i) In-focus PSFs obtained from (b)
with �lp and +lp used separately. ( j, k) The same as (h, i) but using (c)
for propagation instead.

ramps (�lp and +lp), or if the case of the SVC is considered,
the in-focus PSFs are not identical anymore (Figs. 1h and j, or
Figs. 1i and k). The resulting PSFs are actually switched between
the two circular polarization states. This indicates that the sign
ambiguity can potentially be lifted when using either the two
PSFs obtained from the separate circular polarization states, or
the single PSF behind the SVC independently of the polariza-
tion state. This illustrates the fact the VC provides an azimuthal
phase diversity, which can be used instead of the radial phase
diversity provided by an additional defocus (Riaud et al. 2012a).
In the case of the SVC, the sign ambiguity would then be lifted
similarly to using only an out-of-focus PSF in classical phase
diversity (e.g., Lamb et al. 2021).

3. Deep learning approach

3.1. Data generation

In our simulations, we considered an annular entrance pupil
with a diameter of 8 m and a central obstruction of 30%. An
observed bandwidth of 0.2 µm was defined around 2.2 µm (K
band), by simulating a total of five wavelengths. A pixel scale of
0.25 �/D/pix was set with a detector containing 64⇥ 64 pixels,
giving a field-of-view of 16�/D. The most relevant simulation
parameters are listed in Table 1.

We generated the phase aberrations using annular Zernike
polynomials, which make up an orthonormal basis on the
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instead of two. In Sect. 3, we present our deep learning approach,
based on convolutional neural networks (CNNs), which have the
advantage of being flexible and easy to implement, and they
have already been shown to be capable of reaching fundamental
noise limits in our previous works (Quesnel et al. 2020; Orban
de Xivry et al. 2021). Finally, in Sect. 4, we provide quantita-
tive results on simulated data. We compare the performance of
our vortex phase diversity method to a classical approach, and
assess the robustness of the models, notably in the presence of
representative atmospheric turbulence residuals.

2. Vortex phase diversity

2.1. Vortex coronagraphs

The vortex coronagraph (VC), introduced by Mawet et al. (2005),
is a transparent focal plane mask that diffracts on-axis light out-
side of the pupil area. A Lyot stop placed in a downstream pupil
plane allows this diffracted light to be blocked, enabling high
contrast observations. Because of wavefront aberrations, some
incoming light from the star is, however, not blocked. Indeed,
the VC only removes the Airy disk, and speckles still appear in
the focal plane.

There are two different types of vortex coronagraphs: vec-
torial (VVC) and scalar (SVC). The VVC applies a geometrical
phase ramp to the incoming wavefront with a transmission t =
exp(± j lp ω), where lp is the topological charge and ω is the
azimuthal coordinate. Conjugated phase ramps are applied to
each circular polarization state, producing a different signature
in the focal plane for each (Riaud et al. 2012a). Here we focus
on a topological charge lp = 2, which is the most commonly
used design so far (Mawet et al. 2009; Absil et al. 2016), but
the following developments would also hold for any even topo-
logical charge. Unlike the VVC, the SVC uses longitudinal phase
delays (Ruane et al. 2019; Desai et al. 2021), and thereby applies
the same phase ramp (e.g., with +lp) to both polarization states.
The focal-plane signature behind an SVC corresponds to the one
obtained with a single polarization state using the VVC.

2.2. Sign ambiguity and phase diversity

In FPWFS, the Fourier relationship between the PSF and the
pupil-plane phase causes a sign ambiguity for Zernike modes of
an even radial order (e.g., defocus, astigmatism):

|F (Eeven(x))|2 = |F (E→even(↑x))|2, (1)

where Eeven(x) = exp(↑ jεeven(x)) is the pupil-plane electric field
with phase aberrations εeven (containing even modes only), E→even
is its conjugate, and F (·) is the Fourier transform operator. This
sign ambiguity is a strong limitation for FPWFS using a single
in-focus image. A fair number of FPWFS methods have been
developed to solve the twin-image problem. The most standard
one is to use an additional known defocus together with the
in-focus image. An illustration of this ambiguity can be found
in Fig. 1, where we generated two phase maps with opposite
signs for their even Zernike modes. After propagation through a
VVC, the in-focus PSFs are the same in both cases (Figs. 1d and
f), showcasing the twin-image problem. The out-of-focus PSFs,
however, are different (Figs. 1e and g) because the added defocus
has the same sign in both cases, which allows the ambiguity to
be lifted.

Now, if the two orthogonal circular polarization states are
split downstream of the VVC to separate the conjugated phase

(a) Entrance pupil

(b) Phase map ω (c) Phase map ω→(ω→even = ↑ωeven)

(d) ±lp (e) ±lp; out (f) ±lp (g) ±lp; out

(h) +lp (i) ↑lp (j) +lp (k) ↑lp

Fig. 1. Comparison of simulated PSFs for two conjugated phase maps
ε (left) and ε↓ (right): for ε↓, we set opposite Zernike coefficients to
those of ε only for the even modes, with a total of 18 modes starting
from defocus. (a) Entrance annular pupil. (b, c) The conjugated phase
maps. (d, e) In-focus and out-of-focus PSFs obtained from propagating
(b) with both polarization states together. ( f , g) The same as (d, e) but
using (c) for propagation instead. (h, i) In-focus PSFs obtained from (b)
with ↑lp and +lp used separately. ( j, k) The same as (h, i) but using (c)
for propagation instead.

ramps (↑lp and +lp), or if the case of the SVC is considered,
the in-focus PSFs are not identical anymore (Figs. 1h and j, or
Figs. 1i and k). The resulting PSFs are actually switched between
the two circular polarization states. This indicates that the sign
ambiguity can potentially be lifted when using either the two
PSFs obtained from the separate circular polarization states, or
the single PSF behind the SVC independently of the polariza-
tion state. This illustrates the fact the VC provides an azimuthal
phase diversity, which can be used instead of the radial phase
diversity provided by an additional defocus (Riaud et al. 2012a).
In the case of the SVC, the sign ambiguity would then be lifted
similarly to using only an out-of-focus PSF in classical phase
diversity (e.g., Lamb et al. 2021).

3. Deep learning approach

3.1. Data generation

In our simulations, we considered an annular entrance pupil
with a diameter of 8 m and a central obstruction of 30%. An
observed bandwidth of 0.2 µm was defined around 2.2 µm (K
band), by simulating a total of five wavelengths. A pixel scale of
0.25 ϑ/D/pix was set with a detector containing 64↔ 64 pixels,
giving a field-of-view of 16ϑ/D. The most relevant simulation
parameters are listed in Table 1.

We generated the phase aberrations using annular Zernike
polynomials, which make up an orthonormal basis on the
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instead of two. In Sect. 3, we present our deep learning approach,
based on convolutional neural networks (CNNs), which have the
advantage of being flexible and easy to implement, and they
have already been shown to be capable of reaching fundamental
noise limits in our previous works (Quesnel et al. 2020; Orban
de Xivry et al. 2021). Finally, in Sect. 4, we provide quantita-
tive results on simulated data. We compare the performance of
our vortex phase diversity method to a classical approach, and
assess the robustness of the models, notably in the presence of
representative atmospheric turbulence residuals.

2. Vortex phase diversity

2.1. Vortex coronagraphs

The vortex coronagraph (VC), introduced by Mawet et al. (2005),
is a transparent focal plane mask that diffracts on-axis light out-
side of the pupil area. A Lyot stop placed in a downstream pupil
plane allows this diffracted light to be blocked, enabling high
contrast observations. Because of wavefront aberrations, some
incoming light from the star is, however, not blocked. Indeed,
the VC only removes the Airy disk, and speckles still appear in
the focal plane.

There are two different types of vortex coronagraphs: vec-
torial (VVC) and scalar (SVC). The VVC applies a geometrical
phase ramp to the incoming wavefront with a transmission t =
exp(± j lp ✓), where lp is the topological charge and ✓ is the
azimuthal coordinate. Conjugated phase ramps are applied to
each circular polarization state, producing a different signature
in the focal plane for each (Riaud et al. 2012a). Here we focus
on a topological charge lp = 2, which is the most commonly
used design so far (Mawet et al. 2009; Absil et al. 2016), but
the following developments would also hold for any even topo-
logical charge. Unlike the VVC, the SVC uses longitudinal phase
delays (Ruane et al. 2019; Desai et al. 2021), and thereby applies
the same phase ramp (e.g., with +lp) to both polarization states.
The focal-plane signature behind an SVC corresponds to the one
obtained with a single polarization state using the VVC.

2.2. Sign ambiguity and phase diversity

In FPWFS, the Fourier relationship between the PSF and the
pupil-plane phase causes a sign ambiguity for Zernike modes of
an even radial order (e.g., defocus, astigmatism):

|F (Eeven(x))|2 = |F (E⇤even(�x))|2, (1)

where Eeven(x) = exp(� j�even(x)) is the pupil-plane electric field
with phase aberrations �even (containing even modes only), E⇤even
is its conjugate, and F (·) is the Fourier transform operator. This
sign ambiguity is a strong limitation for FPWFS using a single
in-focus image. A fair number of FPWFS methods have been
developed to solve the twin-image problem. The most standard
one is to use an additional known defocus together with the
in-focus image. An illustration of this ambiguity can be found
in Fig. 1, where we generated two phase maps with opposite
signs for their even Zernike modes. After propagation through a
VVC, the in-focus PSFs are the same in both cases (Figs. 1d and
f), showcasing the twin-image problem. The out-of-focus PSFs,
however, are different (Figs. 1e and g) because the added defocus
has the same sign in both cases, which allows the ambiguity to
be lifted.

Now, if the two orthogonal circular polarization states are
split downstream of the VVC to separate the conjugated phase

(a) Entrance pupil

(b) Phase map � (c) Phase map �0(�0even = ��even)

(d) ±lp (e) ±lp; out (f) ±lp (g) ±lp; out

(h) +lp (i) �lp (j) +lp (k) �lp

Fig. 1. Comparison of simulated PSFs for two conjugated phase maps
� (left) and �0 (right): for �0, we set opposite Zernike coefficients to
those of � only for the even modes, with a total of 18 modes starting
from defocus. (a) Entrance annular pupil. (b, c) The conjugated phase
maps. (d, e) In-focus and out-of-focus PSFs obtained from propagating
(b) with both polarization states together. ( f , g) The same as (d, e) but
using (c) for propagation instead. (h, i) In-focus PSFs obtained from (b)
with �lp and +lp used separately. ( j, k) The same as (h, i) but using (c)
for propagation instead.

ramps (�lp and +lp), or if the case of the SVC is considered,
the in-focus PSFs are not identical anymore (Figs. 1h and j, or
Figs. 1i and k). The resulting PSFs are actually switched between
the two circular polarization states. This indicates that the sign
ambiguity can potentially be lifted when using either the two
PSFs obtained from the separate circular polarization states, or
the single PSF behind the SVC independently of the polariza-
tion state. This illustrates the fact the VC provides an azimuthal
phase diversity, which can be used instead of the radial phase
diversity provided by an additional defocus (Riaud et al. 2012a).
In the case of the SVC, the sign ambiguity would then be lifted
similarly to using only an out-of-focus PSF in classical phase
diversity (e.g., Lamb et al. 2021).

3. Deep learning approach

3.1. Data generation

In our simulations, we considered an annular entrance pupil
with a diameter of 8 m and a central obstruction of 30%. An
observed bandwidth of 0.2 µm was defined around 2.2 µm (K
band), by simulating a total of five wavelengths. A pixel scale of
0.25 �/D/pix was set with a detector containing 64⇥ 64 pixels,
giving a field-of-view of 16�/D. The most relevant simulation
parameters are listed in Table 1.

We generated the phase aberrations using annular Zernike
polynomials, which make up an orthonormal basis on the
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instead of two. In Sect. 3, we present our deep learning approach,
based on convolutional neural networks (CNNs), which have the
advantage of being flexible and easy to implement, and they
have already been shown to be capable of reaching fundamental
noise limits in our previous works (Quesnel et al. 2020; Orban
de Xivry et al. 2021). Finally, in Sect. 4, we provide quantita-
tive results on simulated data. We compare the performance of
our vortex phase diversity method to a classical approach, and
assess the robustness of the models, notably in the presence of
representative atmospheric turbulence residuals.

2. Vortex phase diversity

2.1. Vortex coronagraphs

The vortex coronagraph (VC), introduced by Mawet et al. (2005),
is a transparent focal plane mask that diffracts on-axis light out-
side of the pupil area. A Lyot stop placed in a downstream pupil
plane allows this diffracted light to be blocked, enabling high
contrast observations. Because of wavefront aberrations, some
incoming light from the star is, however, not blocked. Indeed,
the VC only removes the Airy disk, and speckles still appear in
the focal plane.

There are two different types of vortex coronagraphs: vec-
torial (VVC) and scalar (SVC). The VVC applies a geometrical
phase ramp to the incoming wavefront with a transmission t =
exp(± j lp ω), where lp is the topological charge and ω is the
azimuthal coordinate. Conjugated phase ramps are applied to
each circular polarization state, producing a different signature
in the focal plane for each (Riaud et al. 2012a). Here we focus
on a topological charge lp = 2, which is the most commonly
used design so far (Mawet et al. 2009; Absil et al. 2016), but
the following developments would also hold for any even topo-
logical charge. Unlike the VVC, the SVC uses longitudinal phase
delays (Ruane et al. 2019; Desai et al. 2021), and thereby applies
the same phase ramp (e.g., with +lp) to both polarization states.
The focal-plane signature behind an SVC corresponds to the one
obtained with a single polarization state using the VVC.

2.2. Sign ambiguity and phase diversity

In FPWFS, the Fourier relationship between the PSF and the
pupil-plane phase causes a sign ambiguity for Zernike modes of
an even radial order (e.g., defocus, astigmatism):

|F (Eeven(x))|2 = |F (E→even(↑x))|2, (1)

where Eeven(x) = exp(↑ jεeven(x)) is the pupil-plane electric field
with phase aberrations εeven (containing even modes only), E→even
is its conjugate, and F (·) is the Fourier transform operator. This
sign ambiguity is a strong limitation for FPWFS using a single
in-focus image. A fair number of FPWFS methods have been
developed to solve the twin-image problem. The most standard
one is to use an additional known defocus together with the
in-focus image. An illustration of this ambiguity can be found
in Fig. 1, where we generated two phase maps with opposite
signs for their even Zernike modes. After propagation through a
VVC, the in-focus PSFs are the same in both cases (Figs. 1d and
f), showcasing the twin-image problem. The out-of-focus PSFs,
however, are different (Figs. 1e and g) because the added defocus
has the same sign in both cases, which allows the ambiguity to
be lifted.

Now, if the two orthogonal circular polarization states are
split downstream of the VVC to separate the conjugated phase

(a) Entrance pupil

(b) Phase map ω (c) Phase map ω→(ω→even = ↑ωeven)

(d) ±lp (e) ±lp; out (f) ±lp (g) ±lp; out

(h) +lp (i) ↑lp (j) +lp (k) ↑lp

Fig. 1. Comparison of simulated PSFs for two conjugated phase maps
ε (left) and ε↓ (right): for ε↓, we set opposite Zernike coefficients to
those of ε only for the even modes, with a total of 18 modes starting
from defocus. (a) Entrance annular pupil. (b, c) The conjugated phase
maps. (d, e) In-focus and out-of-focus PSFs obtained from propagating
(b) with both polarization states together. ( f , g) The same as (d, e) but
using (c) for propagation instead. (h, i) In-focus PSFs obtained from (b)
with ↑lp and +lp used separately. ( j, k) The same as (h, i) but using (c)
for propagation instead.

ramps (↑lp and +lp), or if the case of the SVC is considered,
the in-focus PSFs are not identical anymore (Figs. 1h and j, or
Figs. 1i and k). The resulting PSFs are actually switched between
the two circular polarization states. This indicates that the sign
ambiguity can potentially be lifted when using either the two
PSFs obtained from the separate circular polarization states, or
the single PSF behind the SVC independently of the polariza-
tion state. This illustrates the fact the VC provides an azimuthal
phase diversity, which can be used instead of the radial phase
diversity provided by an additional defocus (Riaud et al. 2012a).
In the case of the SVC, the sign ambiguity would then be lifted
similarly to using only an out-of-focus PSF in classical phase
diversity (e.g., Lamb et al. 2021).

3. Deep learning approach

3.1. Data generation

In our simulations, we considered an annular entrance pupil
with a diameter of 8 m and a central obstruction of 30%. An
observed bandwidth of 0.2 µm was defined around 2.2 µm (K
band), by simulating a total of five wavelengths. A pixel scale of
0.25 ϑ/D/pix was set with a detector containing 64↔ 64 pixels,
giving a field-of-view of 16ϑ/D. The most relevant simulation
parameters are listed in Table 1.

We generated the phase aberrations using annular Zernike
polynomials, which make up an orthonormal basis on the
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instead of two. In Sect. 3, we present our deep learning approach,
based on convolutional neural networks (CNNs), which have the
advantage of being flexible and easy to implement, and they
have already been shown to be capable of reaching fundamental
noise limits in our previous works (Quesnel et al. 2020; Orban
de Xivry et al. 2021). Finally, in Sect. 4, we provide quantita-
tive results on simulated data. We compare the performance of
our vortex phase diversity method to a classical approach, and
assess the robustness of the models, notably in the presence of
representative atmospheric turbulence residuals.

2. Vortex phase diversity

2.1. Vortex coronagraphs

The vortex coronagraph (VC), introduced by Mawet et al. (2005),
is a transparent focal plane mask that diffracts on-axis light out-
side of the pupil area. A Lyot stop placed in a downstream pupil
plane allows this diffracted light to be blocked, enabling high
contrast observations. Because of wavefront aberrations, some
incoming light from the star is, however, not blocked. Indeed,
the VC only removes the Airy disk, and speckles still appear in
the focal plane.

There are two different types of vortex coronagraphs: vec-
torial (VVC) and scalar (SVC). The VVC applies a geometrical
phase ramp to the incoming wavefront with a transmission t =
exp(± j lp ω), where lp is the topological charge and ω is the
azimuthal coordinate. Conjugated phase ramps are applied to
each circular polarization state, producing a different signature
in the focal plane for each (Riaud et al. 2012a). Here we focus
on a topological charge lp = 2, which is the most commonly
used design so far (Mawet et al. 2009; Absil et al. 2016), but
the following developments would also hold for any even topo-
logical charge. Unlike the VVC, the SVC uses longitudinal phase
delays (Ruane et al. 2019; Desai et al. 2021), and thereby applies
the same phase ramp (e.g., with +lp) to both polarization states.
The focal-plane signature behind an SVC corresponds to the one
obtained with a single polarization state using the VVC.

2.2. Sign ambiguity and phase diversity

In FPWFS, the Fourier relationship between the PSF and the
pupil-plane phase causes a sign ambiguity for Zernike modes of
an even radial order (e.g., defocus, astigmatism):

|F (Eeven(x))|2 = |F (E→even(↑x))|2, (1)

where Eeven(x) = exp(↑ jεeven(x)) is the pupil-plane electric field
with phase aberrations εeven (containing even modes only), E→even
is its conjugate, and F (·) is the Fourier transform operator. This
sign ambiguity is a strong limitation for FPWFS using a single
in-focus image. A fair number of FPWFS methods have been
developed to solve the twin-image problem. The most standard
one is to use an additional known defocus together with the
in-focus image. An illustration of this ambiguity can be found
in Fig. 1, where we generated two phase maps with opposite
signs for their even Zernike modes. After propagation through a
VVC, the in-focus PSFs are the same in both cases (Figs. 1d and
f), showcasing the twin-image problem. The out-of-focus PSFs,
however, are different (Figs. 1e and g) because the added defocus
has the same sign in both cases, which allows the ambiguity to
be lifted.

Now, if the two orthogonal circular polarization states are
split downstream of the VVC to separate the conjugated phase

(a) Entrance pupil

(b) Phase map ω (c) Phase map ω→(ω→even = ↑ωeven)

(d) ±lp (e) ±lp; out (f) ±lp (g) ±lp; out

(h) +lp (i) ↑lp (j) +lp (k) ↑lp

Fig. 1. Comparison of simulated PSFs for two conjugated phase maps
ε (left) and ε↓ (right): for ε↓, we set opposite Zernike coefficients to
those of ε only for the even modes, with a total of 18 modes starting
from defocus. (a) Entrance annular pupil. (b, c) The conjugated phase
maps. (d, e) In-focus and out-of-focus PSFs obtained from propagating
(b) with both polarization states together. ( f , g) The same as (d, e) but
using (c) for propagation instead. (h, i) In-focus PSFs obtained from (b)
with ↑lp and +lp used separately. ( j, k) The same as (h, i) but using (c)
for propagation instead.

ramps (↑lp and +lp), or if the case of the SVC is considered,
the in-focus PSFs are not identical anymore (Figs. 1h and j, or
Figs. 1i and k). The resulting PSFs are actually switched between
the two circular polarization states. This indicates that the sign
ambiguity can potentially be lifted when using either the two
PSFs obtained from the separate circular polarization states, or
the single PSF behind the SVC independently of the polariza-
tion state. This illustrates the fact the VC provides an azimuthal
phase diversity, which can be used instead of the radial phase
diversity provided by an additional defocus (Riaud et al. 2012a).
In the case of the SVC, the sign ambiguity would then be lifted
similarly to using only an out-of-focus PSF in classical phase
diversity (e.g., Lamb et al. 2021).

3. Deep learning approach

3.1. Data generation

In our simulations, we considered an annular entrance pupil
with a diameter of 8 m and a central obstruction of 30%. An
observed bandwidth of 0.2 µm was defined around 2.2 µm (K
band), by simulating a total of five wavelengths. A pixel scale of
0.25 ϑ/D/pix was set with a detector containing 64↔ 64 pixels,
giving a field-of-view of 16ϑ/D. The most relevant simulation
parameters are listed in Table 1.

We generated the phase aberrations using annular Zernike
polynomials, which make up an orthonormal basis on the
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CONTRÔLE DE L’INSTRUMENT PAR APPRENTISSAGE PROFOND

Context Deep learning method Evaluation Mixture density models Vector Vortex Coronagraph Conclusions

Deep convolutional neural network architectures

U-Net
1
:

ResNet
2
:

Credit: Keras (kaggle.com)

1O. Ronneberger et al. “U-Net: Convolutional Networks for Biomedical Image Segmentation”. In: CoRR abs/1505.04597 (2015).

2K. He et al. “Deep Residual Learning for Image Recognition”. In: CoRR abs/1512.03385 (2015).

Maxime Quesnel University of Liège
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PILIER #4: TRAITEMENT D’IMAGE
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ADAPTER LE PROBLÈME POUR DE L’APPRENTISSAGE SUPERVISÉ?
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suffisant



ADAPTER LE PROBLÈME POUR DE L’APPRENTISSAGE SUPERVISÉ?

➤ Problème: créer des milliers de données étiquetées 

➤ Solution: injection de fausses planètes, suivant trajectoire

…
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UN PETIT COUP DE POUCE POUR L’ENTRAÎNEMENT DU RÉSEAU
➤ Pré-traitement des données avec des algorithmes ‘classiques’ 

➤ Extraction d’imagettes: soit avec planète (C+), soit sans (C-)

(a)

(b)
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…

algorithmes de plus en plus ‘agressifs’



APRÈS ENTRAÎNEMENT…

Réseau de neurones estime la probabilité de présence 
en chaque pixel



INTERLUDE #1: LE CYCLE DE LA HYPE
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TESTS SUR DES CAS RÉELS

Résultat d’un 
traitement d’image 

classique 

3.2 ����-���������� �� ������ ������� ���� 59

Figure 3.2: Post-processing final frames (top row) and their corresponding
S/N maps (bottom row) for classical ADI, annular ADI, full-
frame ADI-PCA, and full-frame ADI-PCA with a parallactic an-
gle threshold. The final frames have been normalized to their
own maximum value. No normalization or scaling was applied
to the S/N maps, which feature their full range of values.

Figure 3.3: Same as Fig.3.2 for annular ADI-PCA, full-frame ADI-NMF,
LLSG and high-pass filtering coupled with LLSG. We note that
a high S/N does not translate in increased sensitivity to fainter
companions.
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Figure 3.2: Post-processing final frames (top row) and their corresponding
S/N maps (bottom row) for classical ADI, annular ADI, full-
frame ADI-PCA, and full-frame ADI-PCA with a parallactic an-
gle threshold. The final frames have been normalized to their
own maximum value. No normalization or scaling was applied
to the S/N maps, which feature their full range of values.

Figure 3.3: Same as Fig.3.2 for annular ADI-PCA, full-frame ADI-NMF,
LLSG and high-pass filtering coupled with LLSG. We note that
a high S/N does not translate in increased sensitivity to fainter
companions.
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COMPÉTITION D’IMAGERIE À HAUT CONTRASTE
➤ Effort communautaire pour évaluer les algorithmes  

• défi: détection de planètes injectées dans divers jeux de données 

➤ Apprentissage supervisé mal classé: trop de faux positifs!!!

Un exemple où notre algorithme échoue

peu de faux positifs

bcp de faux positifs

Figure 11. Results of the ADI subchallenge for the third VLT/SPHERE-IRDIS dataset (sph3).
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APPRENDRE DE SES ERREURS…



NOUVELLE SOUMISSION À LA COMPÉTITION D’IMAGERIE

Figure 11. Results of the ADI subchallenge for the third VLT/SPHERE-IRDIS dataset (sph3).

Proc. of SPIE Vol. 11448  114485A-21
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 17 Dec 2020
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NA-SODINN

Classement (vrais positifs) Classement (faux positifs)



VERS UN FUTUR PRODUCTIF…

étincelle  
d’innovation

pic des attentes 
exagérées

gouffre  
des désillusions

pen
te

 d
e l

’ill
um

in
at

io
n

2016 2018 2020 2022

plateau de productivité

2024 2026

At
te

nt
es

Temps



FUTUR: FUSION DE SENSEURS
➤ Caméra scientifique, optique adaptative, station météo, etc 

➤ Défi majeur: comment éviter le phénomène boîte noire?



APPRENTISSAGE PROFOND AUSSI POUR MÉTHODES INDIRECTES!

9. Conclusion

Achieving the extreme RV precision necessary to detect
long-period Earth-mass exoplanets requires mitigating stellar
activity signals. These dominant stellar activity signals hide the
∼10 cm s−1 signatures of Earth analog exoplanets and are
difficult to remove owing to their unpredictable time evolution

and quasi-periodic nature. Current methods for mitigating
stellar activity signals often rely on high-cadence and carefully
timed observations, but even with these methods, the detection
of an Earth analog around a Sun-like will be very difficult
(Langellier et al. 2021).
We have demonstrated an ML approach to removing stellar

activity signals that does not require the frequent sampling and

Figure 13. MCMC fitted planet: K = 0.53 ± 0.07 m s−1, P = -
+362.69 8.03

9.26 days. The MCMC corner plot can be found in Figure 14.

Figure 12. Periodogram, planet injection: K = 0.3 m s−1, P = 365.24 days. In the top raw periodogram, the injected planet signal is distinct, but not the most
prominent signal. Once these prominent stellar activities are corrected by the CNN model, this planet (and its alias) becomes the most dominant signal (bottom panel).
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Figure 3. A random sample of our training data showing the differences between light curves and systematic trends. Each transit was calculated with a 2 min
cadence over a 6 h window, and the transit parameters vary based on the grid in Table 1.

in Fig. 14,
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Each transit light curve has a non-transit sample using the same
systematic parameters but newly generated noise of the same dis-
tribution as shape and size. This allows our deep net to differentiate
between transit and non-transit. The synthetic data are normalized
to unit variance and have the mean subtracted off prior to input in
the deep nets. Various light curves and systematic trends are shown
in Fig. 3. The variable light-curve shapes and systematic trends are
shown in Fig. 4.

2.2 Neural network architecture

An artificial neural network is a computational approach at mod-
elling the biological way a brain solves problems. It uses a collection
of neural units connected to many others and has links/synapses that
can be enforced or inhibited through the activation state. Networks
are composed of layers of ‘neurons’ (see Fig. 5), generally referred
to as restricted Boltzmann machines, each of which has a set of
input parameters, which are associated with a weight to indicate
the importance of one input parameter compared to another. The
circles in the graph represent one unit or neuron in the network and
h represents a transformation the neuron performs on the input data
to abstract the information for the next layer. A neuron also has a
bias, which acts like a threshold number for the final decision of
that neuron, whether a yes/no decision or a probability. A fully con-
nected neural network is one where each neuron in a higher layer
uses the output from every neuron in the previous layer as the input.
We implement a fully connected multi-layer perceptron (MLP) for
each of our deep nets.

For example, a perceptron is a type of neuron that takes several in-
puts, x1, x2,... (e.g. photometric data), and produces a single output.
Weights, w1, w2,..., are introduced to express the importance of the
respective inputs to the output. The neuron’s output is determined

by whether the weighted sum
∑

jwjxj is less than or greater than
some threshold value, which is quantified by the bias, b. Just like
the weights, the threshold is a real number, which is a parameter of
the neuron. To put it in more precise algebraic terms:

Output = 0 if
∑

j

wjxj + b ≤ 0

Output =
∑

j

wjxj + b if
∑

j

wjxj + b > 0.

Using simplified notation,
∑

jwjxj = w · X . The neurons trans-
form the input data with a weighted sum and then use a non-linear
function as the ‘activation’ that defines the neuron output. The ac-
tivation function we use is the rectified linear unit (ReLU) and it
zeroes the output of a neuron if it has a negative contribution to the
next layer (Nair & Hinton 2010). The ReLU function helps solve
the ‘exploding/vanishing gradient’ problem because it is a non-
saturated activation function. Saturated activation functions (e.g.
sigmoid, tanh) have an undesirable property of producing a deriva-
tive close to zero when the activation saturates either tail of 0 or
1. This small gradient will reduce information from being propa-
gated back to the previous layers’ weights and prevent the network
from learning efficiently (Krizhevsky et al. 2012). Additionally, we
initialize the weights following a method given in He et al. (2015)
that found to help networks (e.g. 30 convolutional/fully connected
layers) converge and prevent saturation. The weight initialization
draws random numbers from a Gaussian distribution centred on 0
with the standard deviation equal to

√
2/N , where N is the number

of input features.
The advantage of a neural network is that it can be trained to

identify subtle features inherent in a large data set. This learning
capability is accomplished by allowing the weights and biases to
vary in such a way as to minimize the difference (i.e. the cross-
entropy) between the output of the neural network and the expected
or desired value from the training data. The cross-entropy is used in
our classifier over the MSE because it better represents the error in
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Transits

Apprentissage supervisé permet de s’affranchir 
des variations instrumentales et des bruits 

d’activité stellaire



DERNIÈRE ÉTAPE: CARACTÉRISATION PAR SPECTROSCOPIE



PROBLÈME INVERSE: RETROUVER LES CAUSES D’UNE OBSERVATION

Problème direct:  
des causes vers les effets

Problème inverse:  
des effets vers les causes

3.1. How Transit Spectra Features Vary with Host Stars

The strongest spectral features—due to a gas blocking
transmitted starlight—between 0.4 and 20 μm are created by
CO2, O3, CH4, H2O, and O2 (labeled in Figures 3 and 4). The
strength of a spectral feature in the atmosphere is governed by
the abundance of different chemicals as well as how deep a
planet’s atmosphere can be probed in transit, with cooler star
planets being probed deeper. The grid of transit spectra models
for Earth-like planets around a wide range of host stars from F0

to M8 (7000 K to 2500 K) is shown in Figure 3 at a resolution
of 700 for clarity.
Several strong CO2 features at 2.6, 4.3, and 15 μm show

similar spectral feature strength for all modeled planets. The
CO2 feature at 4.3 μm shows the largest absorption of the
overall transmission spectrum between 0.4 and 20 μm.
H2O features’ strengths are similar between models, with the

strongest features indicated in Figure 3 at 0.95, 1.14, 1.4, 2.5,
6.5, and 17–25 μm. However, due to their low effective
altitude, these spectral lines get strongly diminished if the
planet’s atmosphere cannot be probed deeply for hotter host

Figure 4. Transmission spectra shown as effective height of Earth-analog planets orbiting a wide range of host stars, shown at a resolution of 700 for Fstars (top),
Gstar (second row), Kstar (third row), and Mstar (bottom row) hosts. The spectra are shown in three wavelength ranges for clarity—(left) VIS (0.4–2.0 μm), (middle)
NIR (2.0–5.0 μm), and (right) IR (5–20 μm). Locations of the most prominent spectral features are shown as labels.
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MODÉLISATION DES ATMOSPHÈRES PLANÉTAIRES

Problème direct 
(description physique)

Problème inverse
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NOTRE PLANÈTE N’A PAS TOUJOURS ÉTÉ « HABITABLE »
➤ L’étude de notre 

système solaire et des 
exoplanètes nous 
permet de mieux 
comprendre le délicat 
équilibre de notre 
climat. 

➤ Tâchons de garder 
notre Terre habitable 
pour les futures 
générations!

(3.9 Ga) (3.5 Ga)

(2.4 Ga) (2.0 Ga)

(0.8 Ga) (0.3 Ga)



NOTRE TERRE EST PLUS IMPORTANTE QUE TOUTE EXOPLANÈTE
« Il y a de nombreuses raisons pour lesquelles 

transporter l’humanité vers une autre planète est 
impossible dans un futur immédiat. »

La plupart des astronomes s’efforcent de réduire leur empreinte carbone. 

L’intelligence artificielle, comme tout autre outil, doit être utilisée avec responsabilité. 

L’objectif de ces travaux est d’optimiser l’exploitation des resources mises à notre disposition.



CONCLUSIONS
➤ Méthodes indirectes: des milliers d’exoplanètes 

➤ Imagerie directe: étude détaillée de quelques dizaines 
d’exoplanètes géantes 

➤ Les télescopes géants permettent de voir plus près, plus petit 

➤ L’intelligence artificielle = outil pour l’imagerie directe 

• correction plus efficace de la turbulence atmosphérique 

• design plus optimal des instruments 

• amélioration des opérations 

• meilleur traitement des images 

• interprétation plus poussée des résultats obtenus


