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Chapitre 1

Contexte

1.1 Exoplanétes

1.1.1 Diversité

Au début des années 1990, seules les planétes de notre systéme solaire sont connues et leur
formation est, pense-t-on, bien comprise : les planétes se forment par accrétion dans un disque
de gaz et de poussiéres qui se crée autour de I'étoile naissante ; les planétes géantes se forment
loin de leur étoile, 14 ou elles peuvent capturer tout le matériau nécessaire & leur formation ; les
planétes telluriques se forment proche de leur étoile, 1a ot il y a moins de gaz et de poussiéres
(Safronov; 1972). C’est alors que Mayor & Queloz| (1995) réalisent la premiére détection d’une
exoplanéte orbitant autour d’une étoile de la séquence principale : 51 Pegasi b, une planéte géante
gazeuse (0,46 Mjy) orbitant trés proche de son étoile hote a 0,05 unité astronomique (UA). Et les
centaines d’exoplanétes découvertes les années suivantes confirment d’une part que 51 Pegasis b
n’est pas une exception et d’autre part qu’il existe une grande diversité d’exoplanétes qui n’ont
pas leur pendant dans notre systéme solaire. Pour preuve la figure [I.1] qui présente la masse
des planétes du systéme solaire et des exoplanétes connues au ler avril 2020 en fonction de leur
demi-grand axe. Et la diversité concerne également les autres paramétres qui caractérisent les
systémes exoplanétaires : excentricité, rayon, résonance orbitale, paramétres de 1’étoile hote, etc.

1.1.2 Techniques de détection

Pour détecter et étudier la diversité des exoplanétes, plusieurs techniques sont utilisées : vi-
tesse radiale (Wright & Gaudi, [2013; Santos, 2008), transit (Winn, 2010), astrométrie (Perryman
et al. |, 2014)), micro-lentille gravitationnelle (Bennett| |2008), chronométrage (Wolszczan|, 2015)),
imagerie (Lagrangel |2014)). Aucune ne peut sonder ’ensemble de I'espace des paramétres : para-
métres de 'orbite exoplanétaire, masse de ’exoplanéte, dge du sytéme stellaire, type de 1’étoile
hote, etc. Par exemple, la figure met en évidence que la technique des transits ne détecte
que des planétes qui orbitent & moins de ~ 1 UA de leur étoile tandis qu’aujourd’hui, 'imagerie
découvre des planétes au-dela de ~ 1 UA. De plus, chaque technique ne permet de déterminer
que certains parameétres caractérisant le sytéme exoplanétaire; le tableau montre en vert les
paramétres qui peuvent étre estimés directement, & partir des paramétres stellaires (rayon, masse,
densité, photomeétrie, age), ou a partir de modeles « stirs » (e.g. lois de Képler) et, en orange les
paramétres qui sont estimés & partir de modéles ou d’hypothéses « non sirs » (e.g. existence de
plusieurs modéles) ou dans des cas particuliers (e.g. les masses dynamiques pour les systémes
multi-planétaires détectés par imagerie).
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FIGURE 1.1 — Masse des exoplanétes en fonction de leur demi-grand axe. Les points correspondent
aux exoplanétes connues le ler avril 2020 et symboles et couleurs précisent la technique utilisée

pour leur découverte.
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TABLE 1.1 — Paramétres mesurables en fonction de la technique utilisée. Case verte : estimation
directe, & partir des paramétres stellaires (rayon, masse, densité, photométrie, dge), ou & partir

de modeéles « sirs »(e.g. lois de Képler). Case orange

: estimation & partir de

modeéles ou

d’hypothéses « non sirs »(e.g. existence de plusieurs modéles) ou dans des cas particuliers.

Pour étudier les exoplannétes dans leur ensemble (différents types et tous les paramétres les
caractérisant), il est donc indispensable d’utiliser toutes les techniques de détection en paralléle.

1.1.3 Que cherche-t-on & comprendre ?

1.1.3.1 Formation planétaire

Aprés 25 ans d’observations, plus de 4000 exoplanétes ont été détectées et pour expliquer
la diversité de leurs paramétres orbitaux, de leurs masses et de leurs rayons (Santos, 2008
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1.1. Ezxoplanétes

Santos & Farial, 2018), les modéles de formation planétaire ont été adaptés. L’exemple que je
présente souvent en conférence grand public pour expliquer comment un modéle évolue en science
physique est le modéle de migration planétaire (Goldreich & Tremaine, 1980; [Lin et al. | [1996)
qui explique comment des planétes géantes gazeuses migrent vers leur étoile aprés s’étre formées
selon les modéles proposés avant la découverte des exoplanétes.

Aucun modéle de formation planétaire (Boss, 2006a,bjc; Pollack et al. | [1996; Mordasini et al.
. 2009, etc) ne permet cependant d’expliquer I’ensemble des observations et il reste de nombreuses
questions ouvertes : quels processus dominent en fonction de la distance & ’étoile, de la masse de
I’étoile, de la masse du disque circumstellaire, etc; quels sont les détails de chacun des processus ?

Pour répondre a ces questions, il est indispensable d’une part d’augmenter le nombre d’exo-
planétes détectées pour permettre des études statistiques et d’autre part d’étudier en détail les
systémes pour lesquels nous avons accés & un grand nombre d’informations (exoplanétes dé-
tectées par plusieurs techniques par exemple). On remarque sur la figure qu’une catégorie
d’exoplanétes est peu étudiée jusqu’a aujourd’hui : celles qui orbitent aux alentours et au-dela
de la limite de glace de leur systéme (~ 5U A pour une étoile de type solaire). Pour compléter
I’échantillon, il est donc important de détecter de tels objets par :

— imagerie pour les géantes gazeuses jeunes en 2020, et pour des planétes de plus en plus

légéres et matures dans les années & venir.
— astrométrie avec la mission Gaia pour des planétes de type Jupiter orbitant & < 5UA ;
publication des résultats prévue en 2021 (Gaia Collaboration et al. |, 2016]).
— vitesse radiale pour les planétes autour de 5 UA, et plus loin dans les années & venir.

1.1.3.2 Atmosphére exoplanétaire

Malgré le grand nombre d’équipes travaillant dans le domaine, deux paramétres caractéri-
sant les exoplanétes restent & ce jour peu mesurés : leur température et la composition de leur
atmosphére. Ceci vient du fait que presque la totalité des exoplanétes ont été détectées par des
techniques indirectes, c’est-a-dire sans mesurer la lumiére réfléchie, émise ou transmise par la
planéte. La détection directe d’une exoplanéte est pourtant possible dans trois cas :

1. Pendant un transit primaire, une petite fraction de la lumiére stellaire traverse les hautes
couches de I'atmosphére planétaire avant d’étre détectée par 'instrument. Cela a permis
de détecter quelques molécules dans I’atmosphére d’exoplanétes qui orbitent trés proches
de leur étoile (Snellen et al. |, [2010; |Alonso-Floriano et al. |, 2019; von Essen et al. |, |2019;
Espinoza et al. 2019, , etc). Les molécules détectées sont souvent exotiques comparées aux
molécules trouvées dans les atmosphéres des planétes du systéme solaire car la température
effective des exoplanétes détectées par transit est élevée.

2. En comparant le spectre stellaire mesuré pendant le transit secondaire au spectre mesuré
en dehors du transit (somme du spectre stellaire et du spectre émis par la planéte), on
en déduit le flux thermique émis par I’exoplanéte. De nouveau, cette technique ne permet
d’étudier que des exoplanétes qui orbitent trés proche de leur étoile et dont la température
effective est élevée (Deming et al. | 2005; |Charbonneau et al. | [2005; |Alonso, 2018)).

3. Par imagerie on peut séparer angulairement I'image de ’exoplanéte et celle de 1’étoile.
On mesure alors le flux émis et réfléchi par 'exoplanéte soit par photométrie, soit par
spectrométrie. Remarque : je regroupe sous le terme « imagerie » tout instrument qui
permet de séparer angulairement l'image de ’exoplanéte de celle de 1’étoile quelle que
soit la fagon d’analyser la lumiére exoplanétaire (photométrie, spectrométre intégral de
champ, couplage avec un spectrométre a haute résolution spectrale).
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Peu de détections directes ont été réalisées a cause de la faiblesse des signaux & mesurer.
Mais quand cela a été fait, la comparaison du spectre mesuré, ou la photométrie, aux modéles
théoriques d’atmosphéres (Charnay et al. | 2018, et articles qu'ils citent) a permis de détermi-
ner en partie la composition chimique et la température de 'atmosphére de 1’exoplanéte. Ces
comparaisons nous ont aussi montré notre méconnaissance des atmosphéres exoplanétaires. Cela
n’est pas surprenant puisque les systémes exoplanétaires détectés a ce jour ne ressemblent pas au
systéme solaire : planétes trés chaudes détectées par transit ou géantes gazeuses jeunes détectées
par imagerie. Les modéles d’atmosphére planétaire ne peuvent donc pas étre utilisés directement
pour expliquer les spectres exoplanétaires. Comme pour les modéles de formation planétaire, il
est indispensable d’augmenter le nombre de détections pour améliorer les modéles.

1.1.3.3 Vie extraterrestre

Pour le grand public et certains scientifiques, I’étude des exoplanétes est synonyme de re-
cherche d’une vie extraterrestre. Cette question est certes passionnante mais les scientifiques se
doivent d’étre honnétes envers le grand public et envers eux-mémes : nous ne sommes pas encore
capables de répondre a cette question.

A ce jour, la recherche d’une vie extraterrestre se résume & rechercher une vie qui nous
ressemblerait (chimie du carbone, respiration de dioxygéne). La premiére étape est de définir un
ensemble de bio-marqueurs, c’est-a-dire un ensemble de signatures spectrales dont la détection
dans un spectre, seule observable accessible, nous permettrait d’affirmer qu’une vie similaire
a la notre a été détectée. La question est donc : « quel est I'ensemble de bio-marqueurs qui ne
laisserait aucun doute 7 ». Le grand nombre d’articles avec comité de lecture dont le titre contient
biomarker est une preuve qu’il n’y a pas consensus (128 articles entre janvier et mi-avril 2020).
Une difficulté est que beaucoup de molécules produites par les étres-vivants sur Terre peuvent
également étre créées par des phénomeénes géologiques (Harman & Domagal-Goldman| 2018).
Une autre difficulté est que les marqueurs de vie peuvent étre trés différents en fonction des étres
vivants considérés (organismes unicellulaires ou pluricellulaires, bactéries, etc). Cela signifie que
méme avec un spectre étendu et & haute résolution spectrale, nous ne pourrions pas affirmer
qu’une vie extraterrestre similaire & la vie terrestre a été détectée. A cela s’ajoute le fait que, en
2020, les seuls spectres que nous mesurons sont soit a résolution spectrale modérée, voire basse,
ou sur des domaines spectraux trés restreints.

Devant la difficulté du probléme, les astrophysiciens ont cherché & le simplifier. Puisque la vie
sur Terre ne pourrait pas exister sans eau liquide, ils en ont conclu qu’'une planéte qui pourrait
abriter la vie doit avoir de ’eau liquide & I’état stable a sa surface. Ils ont alors déterminé la
zone autour de chaque étoile ott de 'eau liquide pourrait exister & 1’état stable a la surface
d’une planéte rocheuse. Au lieu d’appeler cela la « zone d’eau liquide », la communauté a préféré
« zone habitable » (Kasting et al. | |1993), certainement plus vendeur auprés du grand public
et des politiques. La définition de cette zone a évolué mais le terme est resté (Ramirez, 2018).
Un article récent fait remarquer que les biologistes travaillent sur le sujet de ’habitabilité d’une
planéte depuis trente ans et que les astrophysiciens pourraient utiliser les résultats de leur travaux
(Méndez et al. | |2020).

Il faut également étre conscient que la recherche actuelle de vie extra-terrestre est trés ré-
ductrice puisque nous cherchons uniquement ce que nous connaissons (la vie terrestre). Pourquoi
n’existerait-il pas d’autres formes de vie? Difficile de répondre a cette question avant d’avoir
découvert une autre forme de vie. Le serpent se mord la queue. Nous pourrions aller plus loin et
nous demander ce qu’est la vie, question encore débattue dans la communauté scientifique.

En conclusion, la recherche d’une vie extraterrestre reste une question scientifique importante
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et des travaux sont menés pour que ’on puisse y répondre dans les décennies & venir : définition
de la vie, reproduction des conditions d’apparition de la vie en laboratoire, missions proposées
sur Mars, Ganymeéde et Europe qui pourraient ou auraient pu accueillir de la vie similaire & celle
que nous connaissons. Cependant, en 2020, les raisons scientifiques qui nous poussent a détecter
et caractériser les exoplanétes sont la compréhension de la formation des planétes et I’étude de
leur atmosphére. La recherche d’une vie extraterrestre est un objectif & trés long terme.

1.2 Imagerie haute dynamique

1.2.1 Pourquoi ’imagerie ?

L’imagerie présente trois intéréts majeurs pour la communauté scientifique.

1. Elle détecte des exoplanétes dans la partie externes des systémes expolanétaires, objets
peu étudiées jusqu’a présent.

2. Elle permet d’étudier les intéractions entre exoplanétes et disques circumstellaires, ce qui
aide & comprendre la formation planétaire.

3. Elle mesure le spectre de la lumiére regue de 'exoplanéte.

L’imagerie permet donc contraindre les modéles de formation planétaire et d’étudier les atmo-
sphéres exoplanétaires en déterminant leur composition chimique.

1.2.2 Une luciole prés d’un phare maritime

En conférence grand public, on utilise souvent ’analogie entre faire 'image d’une Terre autour
d’un Soleil et faire I'image depuis Paris d’une lucioleE volant & un meétre d’un phare maritimeﬂ
qui serait a New—YorkH (Figure . Cette analogie met en avant les deux principales difficultés
de I'imagerie que sont la faible séparation angulaire (une fraction de seconde d’angle) et le trés
grand rapport de luminosité (10* a4 10'°) entre I’étoile et 1’exoplanéte.

FIGURE 1.2 — Analogie : Fuaire l'image d’une planéte Terre est équivalent & faire l’image d’une
luciole volant & un métre d’un phare maritime qui se trouve a 6000 km.

Pour ces raisons, I'imagerie des exoplanétes est souvent qualifiée d’imagerie 4 haute dyna-
mique et elle fait appel & une instrumention spécifique. En 2020, quelques instruments permettent
de mesurer les spectres émis par des exoplanétes géantes gazeuses jeunes qui orbitent loin de leur
étoile (§ Afin d’étudier des planétes matures, plus légéres ou plus proches de leur étoile par
cette technique, des progrés instrumentaux sont nécessaires (§

1. [Harvey & Stevens| (1928)) ont mesuré que I'intensité émise par une Pyrophorus noctilucus est 2.10™> candela.
2. Un phare maritime & longue portée émet facilement une intensité de 107 candela.
3. Considérons que la Terre est plate pour cette analogie.
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1.3 Instruments coronographiques en 2020

1.3.1 Coronographe

La figure schématise les instruments d’imagerie haute dynamique en visible et proche-
infrarouge actuellement en service derriére les télescopes au sol. Pour obtenir I'image d’une
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FIGURE 1.3 — Schéma fonctionnel des instruments d’imagerie & haute dynamique de 2020 : Le
faisceau lumineux en bleu est séparé, généralement spectralement, entre voie d’analyse de l’optique
adaptative (AO, boites noires) et voie scientifique qui utilise un coronographe (boites bleues). Une
fois enregistrées, les données sont combinées pour extraire le signal d’intérét (en magenta).

exoplanéte, il faut utiliser dans la voie scientifique (boites bleues sur la figure) un filtre optique qui
atténue la lumiére de I’étoile sans modifier 'image de I’exoplanéte. De nombreux coronographes
stellaires ont été proposés, testés et validés en laboratoire pour celalﬂ Plusieurs de ces composants
sont aujourd’hui partie intégrante d’instruments dans l'espace (ACS et STIS du Hubble Space
Telescope) et d’instruments au sol : Sphere/VLT (Beuzit et al. |, 2019), GPI/Gemini (Macintosh
et al. | 2014), SCExAO/Subaru (Lozi et al. | 2018), MagAO/Magellan (Close et al. |, [2018]),
NIRC2/Keck (McLean & Sprayberry, 2003), NICI/Gemini (Chun et al. | 2008), NIRI/Gemini
(Hodapp et al. | |2003), NACO/VLT (Rousset et al. | 2003; |Lenzen et al. |, 2003)).

1.3.2 Coronographes et aberrations

Avant d’aller plus loin, modélisons la formation d’image & travers un systéme coronogra-
phique. Utilisons le modeéle de Fraunhoffer et considérons un coronographe parfait qui élimine la
tache de diffraction d’une source ponctuelle placée & I'infini sur I’axe optiquelﬂ (Cavarroc et al.
. 2006). Cet instrument fonctionne parfaitement si la surface d’onde est plane en amont du co-
ronographe. En revanche, s’il existe une aberration optique, une partie de la lumiére stellaire
n’est pas filtrée par le coronographe et elle est diffractée sous forme de tavelures dans I'image
coronographique ; chaque tavelure est une copie de la tache de diffraction de I'instrument, décalée
par rapport a ’axe optique, c’est-a-dire ressemblant & I'image d’une source ponctuelle hors-axe
comme une exoplanéte.

Par exemple, en présence d’une aberration de phase dans la pupille de diamétre D, de faible
amplitude a,, et de période spatiale D/n, quand on centre 'image de 1'étoile sur le corono-
graphe, on observe au premier ordre deux tavelures stellaires dans I'image coronographiées. Elles

4. Jinclus dans cette famille les apodiseurs de pupille.
5. Cette modélisation ne fonctionne pas pour les apodiseurs qui minimisent l'intensité diffractée dans une
région donnée du plan focal. La performance d’un apodiseur reste cependant limitée par les aberrations.
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se trouvent aux positions angulaires +n A\/D et leur intensité est a2 fois celle de I'image non
coronographiée de 'étoile (figure [1.4]). De cette modélisation, on déduit que :

FIGURE 1.4 — Simulations numériques : image coronographique composée de deuz tavelures
a £5X/D de l'axe optique (échelles linéaire au centre et logarithmique o droite) obtenue avec
un coronographe parfait et une aberration sinusoidale avec 5 périodes dans la pupille (gauche).

1. Si on utilise un miroir déformable qui posséde IV actionneurs dans un diamétre de pupille,
seule I'intensité des tavelures qui se trouvent a moins de N A/(2D) de I’axe optique pourra
étre modifiée. Cette région est la zone d’influence du miroir déformable.

2. Pour une aberration de phase d’amplitude 2nm et une longueur d’onde d’observation
de 1,5 um, on trouve un contraste, rapport entre les intensités du résidu stellaire et de
I’étoile non coronographiée, C' = (27 x2/1500)% ~ 7x10~°. Il s’agit de I’ordre de grandeur
du contraste mesuré dans les images brutes de Sphere. Quand on intégre sur les fréquences
spatiales qui créent des tavelures dans la zone d’influence du miroir déformable pour
Sphere, on trouve que ’écart-type des aberrations vaut 10— 20 nm. Il s’agit principalement
d’erreurs de phase dues aux défauts de polissage des optiques de I'instrument.

3. Pour détecter une planéte Terre autour d’un Soleil, il faudrait atteindre au moins un
contraste de 10710, ce qui correspond & une aberration de quelques picométres par fré-
quence spatiale pour une observation dans l'infrarouge. Ceci est bien en-dega des erreurs
de polissage des optiques et nous ne pourrons pas l’atteindre par constructionlﬂ

1.3.3 Aberrations turbulentes et quasi-statiques

Quand on observe avec un instrument coronographique, deux situations se présentent :

1. Les aberrations dont le temps de vie est beaucoup plus court que le temps de pose do-
minent (e.g. en présence de turbulence atmosphérique). Un halo stellaire surmonté de
tavelures variant d’une image a I'autre domine les images coronographiques (Singh et al.
,12019)). Le signal d’'une exoplanéte est noyé dans le bruit de photon du halo stellaire et
il peut facilement étre confondu avec les tavelures résiduelles. De plus, la présence du
halo signifie que la résolution angulaire est dégradée. Dans ces conditions, il n’est pas
envisageable de détecter une exoplanéte et pour compenser les aberrations rapides, les
instruments actuels utilisent un systéme d’optique adaptative (paragraphe .

6. Méme si on pouvait déposer les atomes un & un pour épouser au mieux la forme de 'optique a fabriquer,
I’aberration serait supérieure au picométre par fréquence spatiale & cause de la « granularité » des atomes.
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2. Les aberrations quasi-statiques dont le temps de vie est plus long que le temps de pose
dominent. Cela se produit quand les aberrations rapides sont bien corrigées par I'optique
adaptative ou quand l'instrument est dans I’espace ou derriére un ballon stratosphérique.
Dans ce cas, un champ de tavelures quasi-statiques domine les images coronographiques.
La difficulté est alors de différentier I'image d’une exoplanéte d’une tavelure stellaire, ce
que 'on fait grace aux techniques d’imagerie différentielle (paragraphe .

1.3.4 Optique adaptative

Comme les coronographes sont trés sensibles aux aberrations de la surface d’onde (sché-
matisées par les traits noirs sur la ﬁgure, et en premier lieu & celles dues & la turbulence
atmosphérique, on utilise un systéme d’optique adaptative. Il s’agit d’'une boucle d’asservisse-
ment qui compense en temp réel les déphasages introduits par la turbulence atmosphérique. Un
analyseur de surface d’onde (AO WFS) estime les aberrations de phase en amont du corono-
graphe a partir d’'une partie de la lumiére incidente qui est extraite de la voie scientifique gréace
& une séparatricem Un real time computer (RTC) calcule alors les commandes & envoyer & un
miroir déformable (DM) pour minimiser les aberrations de phase mesurées. Comme le temps
de cohérence moyen de la turbulence atmosphérique est de 'ordre de la milliseconde, la boucle
d’optique adaptative doit fonctionner a plus de 1 kHz.

L’optique adaptative minimise ainsi les aberrations de phase mesurées dans la voie d’analyse.
On obtient alors une image coronographique brute comme celle présentée sur la gauche de la
figure : 'intensité du halo et des tavelures stellaires a été réduite & l'intérieur de la zone
d’influence du miroir déformable délimitée par I'anneau de tavelures brillantes & la fréquence
de coupure du systéme (N \/(2D), voir le paragraphe . Il reste cependant des tavelures a
I'intérieur de cette zone car les aberrations corrigées par I'optique adaptatives sont différentes
de celles existantes dans la voie scientifique. En effet, les faisceaux lumineux traversent des
optiques différentes dans la voie d’analyse et dans la voie scientifique aprés la séparatrice. On
parle d’aberrations différentielles ou non common path aberrations (NCPA). Quand les conditions
d’observation sont bonnes (i.e. bon seeing, peu de vent, peu de nuage), les NCPA sont la principale
limitation des instruments actuels; les images coronographiques brutes sont alors dominées par
des tavelures au mieux 10* — 10° fois moins brillantes que I'image de I’étoile non coronographiée
(image de gauche sur la ﬁgure. Cela signifie qu’a partir d’une seule image, on ne peut détecter
que des objets au mieux 10 — 10° fois moins brillants que 1’étoile pointée.

1.3.5 Imagerie différentielle

Peu d’exoplanétes sont suffisamment brillantes pour étre détectées dans les images brutes
pleines de tavelures stellaires. Des stratégies d’observation ont donc été mises au point pour
extraire le signal d’un objet astrophysique du champ de tavelures :

1. imagerie différentielle angulaire (ADI, Schneider et al. | 1998}, |1999; Marois et al. |, 2006) :
on fait I’hypothése que les aberrations sont localisées dans un plan, généralement la pupille
de l'instrument ; on immobilise ce plan tout en laissant le champ d’observation tourner
autour de 'axe optique (en utilisant la rotation diurne de la Terre ou en faisant tourner
I'instrument dans l’espace) ; on enregistre une séquence d’images. De cette maniére, le
champ de tavelures est le méme dans toutes les images tandis que 'image de l'objet
astrophysique ne se forme pas au méme endroit sur le détecteur d’une image & I'autre.

7. 1l s’agit généralement d’une dichroique.
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FIGURE 1.5 — Images coronographiques enregistrées par linstrument Irdis/Sphere/VLT.
Gauche : image brute de temps de pose 2 s dominée par des tavelures stellaires. Droite : image
réduite par ADI & partir d’une séquence de 200 images brutes. La planéte BetaPictoris b est
détectée (pointée par une fleche). Les échelles donnent le flur normalisé par celui de [’étoile.

2. imagerie différentielle spectrale (SDI, Racine et al. | [1999; |Thatte et al. | 2007) : on fait
I’hypothése que les aberrations sont des aberrations de phase dues & des différences de
marche achromatiques et/ou que les spectres de I'étoile et de 'exoplanéte sont différents ;
I'intensité et la position des tavelures ne varient donc pas comme celles de I'objet astro-
physique entre des images enregistrées a différentes longueurs d’onde.

3. imagerie différentielle polarimétrique (PDI, [Baba & Murakamil [2003)) : on suppose que
la lumiére recue de ’exoplanéte ou du disque circumstellaire est partiellement polarisée
tandis que celle de I’étoile, et donc des tavelures, ne 1’est pas.

4. imagerie différentielle par étoile de référence (RDI, Beuzit et al. |,[1997)) : on observe I’étoile
cible, puis une étoile de référence ayant des caractéristiques similaires (position dans le
ciel, magnitude, type spectral). Les champs de tavelures sont alors similaires mais I'image
de 'objet astrophysique n’est présent qu’autour de ’étoile cible.

Une fois les images enregistrées, plusieurs méthodes ont été proposées pour extraire 'image de
I’'objet astrophysique en utilisant les variations différentes de son intensité et de sa position
par rapport a celles des tavelures : classical ADI (Marois et al. | 2006), Loci (Lafreniére et al. |
2007a)), TLoci (Marois et al. | 2014} |Galicher et al. |,[2011)), PCA (Soummer et al. |,[2012;/Amara &]
Quanz, 2012)), Andromeda (Cantalloube et al. ||2015), Paco (Flasseur et al. ,2018)), etc. Toutes ces
techniques réalisent des combinaisons linéaires des images enregistrées (Galicher et al. |, 2018) a
I'exception d’Andromeda et Paco qui modélisent ces images. Grace a ces techniques (représentées
par la boite data processing sur la figure , des objets a plusieurs unités astronomiques de leur
étoile et jusqu’a quelques 108 fois moins lumineux peuvent étre détectés dans les images fournies
par les instruments en 2020. Ces objets peuvent étre des exoplanétes géantes gazeuses jeunes
et donc, relativement brillantes par rapport a leur étoile (image de droite sur la figure . Il
peut également s’agir de disques circumstellaires de poussiéres. Les instruments tels Sphere/ VLT
et GPI/Gemini ont d’ailleurs permis la détection dans le proche-infrarouge d’une multitude
de disques circumstellaires dont la plupart des propriétés photométriques, polarimétriques et
géométriques ne sont pas encore expliquées (Figure .
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FIGURE 1.6 — Images de disques circumstellaires obtenues avec Sphere/VLT (Ginski et al. |, |2016];
de Boer et al. |, 12016, |Pohl et al. |, |2017; |Gibbs et al. |, [2019; |Bhowmik et al. |, |2019;|Perrot et al.
, 12016 |Sissa et al. |, 12018 |Stolker et al. |, |2016; |Maire et al. |, |2017).

1.3.6 Quelle performance ?

Dans les instruments actuels, 'utilisation d’une optique adaptative rapide (~ 1kHz) et de
coronographes plus efficaces que le coronographe de Lyot classique permet de détecter a 0, 3 arcsec
de I’étoile des objets jusqu’a 1500 fois moins brillants que ce que ne pouvaient faire les instruments
de la génération précédente comme NACO|§|. Plusieurs objets sub-stellaires ont été détectés
autour d’étoiles jeunes et j’ai pu mener ou participer a différentes études (paragraphe .
Seulement, les exoplanétes sont des objets trés ténus et pour détecter par imagerieﬂ des planétes
plus légéres que Jupiter et plus dgées que quelques 100 millions d’années & moins de 5 UA de
leur étoile, il faut de nouveau gagner au moins le méme facteur en contraste, ce qui requiert une
nouvelle génération d’instruments.

8. Comparaison des courbes de contraste de Beuzit et al. | (2019)) et de [Launhardt et al. | (2020)).
9. Ce terme inclut 'imagerie en large bande spectrale et I'imagerie via un spectromeétre intégral de champ.
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Chapitre 2

L’imagerie d’exoplanétes de demain

2.1 Un type d’instrument par objectif scientifique

L’instrument idéal fournirait une mesure spectro-polarimétrique de la lumiére exoplanétaire
avec une résolution spectrale de plusieurs centaines de milliers et avec la possibilité d’observer des
planétes de tous types (solides et gazeuses, jeunes et matures) a toutes séparations angulaires de
I’étoile. De la sorte, nous pourrions étudier la composition chimique des atmosphéres en fonction
des paramétres orbitaux, des propriétés de ’étoile hote, de leur age, etc. La technologie actuelle
ne permet pas d’imaginer un tel instrument mais plusieurs projets existent avec deux approches
complémentaires : la caractérisation fine du spectre et de I'astrométrie d’exoplanétes connues et
la détection de nouvelles exoplanétes.

2.1.1 Caractérisation spectrale fine

Des équipes utilisent les spectrographes a haute résolution spectrale dans des cas particu-
liers (planétes jeunes et brillantes comme [$-Pictoris b, |Snellen et al. | |2010), voire couplent un
instrument d’imagerie & haute dynamique avec un tel spectrographe (Jovanovic et al. | |2016;
Mawet et al. 2018, 2019; Vigan| [2019)). Cela permet de mesurer a haute résolution spectrale une
partie du spectre de I’exoplanéte, et ainsi d’étudier la composition chimique de son atmosphére.
En revanche, cette approche ne peut étre utilisée que pour caractériser une exoplanéte dont la
position a été mesurée par un autre instrument. Il faut donc un travail collaboratif entre les
équipes qui utilisent les instruments d’imagerie pour découvrir et caractériser spectralement les
exoplanétes & des résolutions modérées, et celles qui utilisent les instruments de spectroscopie a
haute, voire trés haute, résolution spectrale.

D’autres équipes cherchent & détecter des exoplanétes trés faiblement séparées de leur étoile.
Pour cela, elles utilisent I'interférométrie optique. L’'instrument Gravity/VLT est un bel exemple
(Gravity Collaboration et al. |, [2017). Il a permis d’affiner les mesures astrométriques de la pla-
néte HR8799e et d’extraire un spectre de résolution spectrale modérée (R = A/AX = 500,
Gravity Collaboration et al. |, [2019). Cet instrument pourra mesurer avec une grande précision
le mouvement orbital d’exoplanétes connues et mesurer leur spectre a résolution modérée. En
revanche, il n’est pas envisageable de faire une campagne d’observation pour découvrir de nou-
velles exoplanétes avec GRAVITY puisqu’un seul point du champ de vue est étudié par séquence
d’observation. La encore, une synergie avec d’autres instruments d’imagerie est indispensable.
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2.1.2 Nouvelles détections et caractérisations

Comme expliqué ci-dessus, pour mesurer un spectre a haute résolution spectrale ou I'astromé-
trie par interférométrie avec une précision de quelques microsecondes d’angle, il est indispensable
de savoir oul se trouve ’exoplanéte dans le champ d’observation. C’est pour cela que plusieurs
équipes proposent de nouveaux instruments d’imagerie qui feront une recherche systématique de
nouvelles exoplanétes plus ténues et plus proches de leur étoile que ce que ne font les instruments
en 2020 (Macintosh et al. | 2018; Mennesson et al. | |2018; \Gong et al. |, 2019; |Boccaletti et al. |
2020a} (Gaudi et al. |, 2020)). La suite de ce document concerne ces instruments.

2.2 Instruments coronographiques de demain au sol

La différence majeure entre les instruments d’aujourd’hui et la prochaine génération est qu’au-
jourd’hui, on utilise un coronographe derriére un systéme d’optique adaptative tandis que demain,
les deux sous-systémes devront interagir.

2.2.1 Coupler deux boucles d’asservissement

Reprenons la vision binaire du paragraphe [I.3.3] « temps de vie des aberrations plus court ou
plus long que le temps d’exposition de 'image scientifique ». Cette vision est une simplification.
Dans la réalité, il y a une distribution continue des temps de vie (Macintosh et al. | 2005; Millj|
let al. |, 2016; |Goebel et al. | 2018). La vision binaire permet cependant d’identifier deux sous-

DM EE Coronagraph === Science Image = Data processing

i |

Y Y

| RTC <>kHZ AO |_ | Speckle/PSF Focal plane
WEFS stabilization WFS
W}
~Hz to kHz
~Hz to kHz
Y Y
> Telemetry [*

FIGURE 2.1 — Schéma fonctionnel des futurs instruments d’imagerie a haute dynamique au sol :
méme schéma que sur la figure avec deux boucles supplémentaires associées a celle de [’op-
tique adaptative : une boucle de stabilisation qui utilise la lumiére rejetée par le coronographe
pour estimer les aberrations de basses fréquences spatiales et une boule de correction utilisant un
analyseur en plan focal (Focal plane WFS).

systémes prévus dans la nouvelle génération d’instruments au sol tels Sphere+(Boccaletti et al.

L [20204), GPI2.0 (Chilcote et al. |, 2018), SCExAO (Lozi et al. |, [2018), KPIC (Mawet et al. |

2018) et dont le schéma fonctionnel est représenté dans la figure E :
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2.2. Instruments coronographiques de demain au sol

1. Un systéme d’optique adaptative (OA, en noir sur la figure) plus performant (plus
rapide, plus d’actionneurs sur le miroir déformable) que les meilleurs systémes actuels (e.g.
Saxo et GPI, Fusco et al. |, 2016; Macintosh et al. |, 2014) pour compenser les aberrations
variant plus rapidement que le temps d’exposition. Ainsi, on augmentera le nombre de
nuits (actuellement ~ 30 %) ot le halo d’OA est suffisamment faible pour que les images
coronographiques soient dominées par des tavelures quasi-statiques.

2. Un deuxiéme étage d’optique adaptative pour minimiser en continu pendant les
observations l'intensité des tavelures dues & des aberrations variant plus lentement que
le temps d’exposition. Ce systéme devra estimer les commandes & envoyer aux éléments
correcteurs (certainement des miroirs déformables, DM) a partir de I'image scientifique
en utilisant un analyseur de surface d’onde en plan focal (Focal plane WFS en vert sur
la figure) car toute séparation de faisceau ou modification des optiques du systéme entre
lanalyse et I'image scientifique introduirait des aberrations différentielles (NCPA).

Coupler ces deux boucles permettra de minimiser 'intensité des tavelures dans une zone de
I'image coronographique qu’on appelle le dark hole (DH, |[Malbet et al. | |1995). Sur le schéma un
seul DM est représenté mais il y en aura stirement plusieurs pour compenser les défauts de phase
et d’amplitude de I'onde. De plus, les deux boucles n’utiliseront pas forcément les mémes DM.

La ﬁgure (Singh et al. |, [2019) montre des images coronographiques enregistrées sur le banc
THD2 de R&D (paragraphe et |Galicher et al. |, [2014; |Baudoz et al. | 2018b) en présence
d’aberrations turbulentes partiellement corrigées par une optique adaptative de type Saxo/Sphere
et d’aberrations statiques (simulant des NCPA). Dans 'image de gauche, 'optique adaptative
corrige les aberrations associées aux tavelures & moins de 20 \/D de I'axe optique et laisse un
halo stellaire au-dela (anneau brillant blanc et jaune); les aberrations statiques non corrigées
par l'optique adaptative sont a 'origine des tavelures en-dega de 20 A/D. Celles-ci empéchent la
détection d’une exoplanéte dont I'image aurait la méme forme.

Dans I'image de droite, le halo stellaire est toujours présent mais l'intensité des tavelures sta-
tiques a été minimisée dans un dark hole (tirets blancs) en utilisant un deuxiéme étage d’optique
adaptative incluant un analyseur de surface d’onde en plan focal (FPWFS, paragraphe .
Ainsi, si une planéte se trouve a l'intérieur du dark hole, nous pourrions la détecter.

2.2.2 Analyseur de surface d’onde en plan focal

Pour minimiser I'intensité des tavelures stellaires quasi-statiques dans I'image scientifique, il
faut estimer, a partir de cette image, le champ électrique Fg qui est associé aux tavelures. Cela est
fait grace a un analyseur de surface d’onde en plan focal (FPWFS). Or, dans les longueurs d’onde
visible et infrarouge, les détecteurs mesurent l'intensité Ig qui est proportionnelle au carré du
champ électriquem Le FPWFS ne peut donc pas estimer directement Eg a partir de Is = |Eg|?
(information sur la phase du champ est perdue au moment de lenregistrement de 'image).
Pour mesurer Eg, plusieurs FPWFS ont été proposés (voir la revue par |Jovanovic et al. | [2018)
pour moduler Ig spatialement (Baudoz et al. | [2006; Galicher et al. | [2008; |Galicher et al. | |2010;
Delorme et al. |, 2016a; Gerard et al. |, 2018; (Gerard & Marois, 2020) ou temporellement (Bordé &
Traub), |2006; |Give’On et al. |, 2007; Sauvage et al. ,|2012; |[Paul et al. |, |2013). Une fois Eg mesuré,
il faut controler un ou des miroirs déformables pour minimiser Is = |Eg|?> comme expliqué dans
le paragraphe suivant.

10. Plus précisément, & la moyenne temporelle du vecteur de Poynting.
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FIGURE 2.2 — Images coronographiques obtenues en laboratoire sur le banc trés haute dyna-
mique (THD2) en simulant des aberrations turbulentes et des aberrations statiques sans (gauche)
et avec (droite) un deuxieme étage de correction pour créer un dark hole.

2.2.3 Minimisation en plan focal vs optique adaptative

On fait souvent le lien entre le niveau des aberrations de phase dans la pupille et le contraste
obtenu dans I'image coronographique (exemple : paragraphe . C’est un héritage des travaux
sur les systémes classiques d’optique adaptative qui effectivement minimisent les aberrations de
phase en plan pupille. En imagerie & haute dynamique, I'objectif n’est pas de minimiser les
aberrations de phase et d’amplitude en plan pupille mais de minimiser l'intensité des tavelures
dans 'image scientifique derriére le coronographe (donc en plan focal). Mazoyer| (2014) a montré
que les deux ne sont pas équivalents. On peut s’en convaincre en étudiant I’image coronographique
en présence d’'une aberration sinusoidale (image de droite de la figure . Les ondes diffractées
autour des deux positions +n \/D interférent entre elles et modulent 'intensité stellaire résiduelle
dans toute I'image scientifique. Voyons comment on peut tirer profit ou étre limité par ces
interférences en supposant qu’on utilise un miroir déformable avec N actionneurs dans le diamétre
de la pupille et en considérant deux cas :

1. Minimisation des aberrations en plan pupille (optique adaptative classique) : on
annule les aberrations de phase pour toutes les fréquences spatiales accessibles par le miroir
déformable (cas idéal). On annule alors I'intensité des tavelures en-dega de N A\/(2 D) de
I’axe optique. Cependant, les tavelures qui sont au-dela de cette limite diffractent une
partie de leur énergie vers les séparations inférieures & N A/(2 D). Il en résulte un résidu
de tavelures stellaires en-dega de N \/(2 D).

2. Minimisation de ’intensité des tavelures en plan focal (imagerie & haute dyna-
mique) : on minimise cette fois-ci le champ électrique des tavelures stellaires & 'intérieur
de la zone d’intérét (le dark hole) qui s’étend au maximum jusqu’a la fréquence de cou-
pure N \/(2D) (paragraphe et Malbet et al. |, [1995; [Bordé & Traub) 2006} Pueyo
et al. |, 2009 Beaulieu et al. | 2017; Baudoz et al. |, 2018al). Au premier ordre, cela revient
a minimiser les aberrations de fréquences spatiales inférieures & N \/(2 D) comme dans
le cas précédent. Mais, la minimisation en plan focal permet également de modifier les
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aberrations de fréquences inférieures & N \/(2 D) pour minimiser le champ électrique dif-
fracté par les aberrations de plus hautes fréquences spatiales. La minimisation est donc
plus efficace et c’est de cette maniére que l'on crée un dark hole (de forme carrée dans
I'image de droite de la figure .

2.2.4 Imagerie différentielle et télémétrie

Méme en utilisant deux étages de correction, il restera des tavelures dans I'image scientifique.
Elles seront de moindre intensité que dans les instruments actuels mais elles existeront toujours.
C’est pour cela que nous continuerons & utiliser des techniques d’imagerie différentielle pour
détecter a posteriori des sources moins brillantes que les tavelures enregistrées (data processing
sur la figure). D’aprés notre expérience avec les instruments actuels, nous pourrons rendre ces
étalonnages a posteriori plus efficaces de plusieurs facons :

1. Stabiliser le champ de tavelures pour ADI et RDI grace a des sous-systémes
appelés low order wavefront sensor (LOWFS, paragraphe, qui analyseront la lumiére
stellaire rejetée par le coronographe pour stabiliser les aberrations résiduelles dans la voie
scientifique (Singh et al. | |2014; Huby et al. | 2015; Miller et al. | 2018). Il ne s’agit pas
de minimiser le champ de tavelures mais de maintenir I'instrument dans un état donné
en stabilisant principalement des aberrations de bas ordre spatial : centrage de 1’étoile
sur le coronographe (en utilisant un miroir tip-tilt), centrage de la pupille et focus. Cette
stabilisation sera trés utile aux techniques ADI et RDI (Speckle/PSF' stabilization sur la
figure). Cette boucle d’asservissement s’ajoute aux deux boucles du paragraphe

2. Enregistrer les paramétres caractérisant 1’état de ’instrument. Cette télémétrie
(en rouge sur la figure) sera utile pour faire de la reconstruction d’images et optimiser le
traitement des données a posteriori (Vievard et al. | 2019).

3. Développer de nouveaux algorithmes SDI pour traiter les données enregistrées par
un integral field spectrometer (IFS). Chaque donnée est une images 2D constituée de mul-
tiples spectres de résolution spectrale R (un pour chaque élément de résolution angulaire
de la scéne observée). En 2020, la premiére étape est toujours de reconstruire un cube spec-
tral d’images 2D (une image 2D de la scéne pour chaque bande spectrale de résolution R).
Cette opération introduit forcément du bruit numérique et n’a pas d’autre justification
que notre désir de « voir » les images de la scéne. Il faudrait réfléchir a des algorithmes
qui traitent directement les images 2D issues de I'IFS, quitte a faire une reconstruction
une fois que l'intensité des tavelures aura été minimisée pour « voir » I'image finale.

4. Utiliser des techniques basées sur 1’incohérence des lumiéres venant de ’étoile
et de son environnement. De telles techniques (REF) permettraient de sonder I'environ-
nement proche de ’étoile, lieu ou ADI, SDI et RDI sont limitées :

— ADI/SDI : la modulation des tavelures et de 'image de I’exoplanéte sont similaires ;
— RDI : il est compliqué de maintenir stables les tavelures proches de ’axe optique quand
on pointe le télescope vers une autre étoile.

2.2.5 Coronographes

Un autre sous-systéme qui pourra aussi étre amélioré dans les futurs instruments est le co-
ronographe. Jusqu’a aujourd’hui, les grandes campagnes d’observation ont été réalisées avec des
coronographes de Lyot avec (Soummer] [2005) ou sans (Schneider et al. |, |1998)) apodisation.
D’autres coronographes (Ruane et al. | 2018) permettraient pourtant d’observer plus proche de
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I'étoile (i.e. plus petit inner working angle). Ils sont cependant moins efficaces dans les instru-
ments actuels & cause des NCPA de basses fréquences spatiales (Vigan et al. |2019)) ; les tavelures
stellaires proches de I’axe optique (entre 1 et 3 A/ D) diffractent jusqu’a des séparations angulaires
de ~5—-10\/ DE tandis qu’avec un coronographe de Lyot, elles sont optiquement filtrées.

2.3 Instrument coronographique de demain dans ’espace

Les coronographes étant trés sensibles aux aberrations optiques, il y aurait un trés grand inté-
rét & utiliser un instrument dans ’espace pour s’affranchir de la turbulence atmosphérique. Dans
ce cas, le systéme d’optique adaptative classique n’est plus nécessaire et le schéma fonctionnel
de l'instrument se simplifie (figure . Une optique active reste cependant indispensable pour
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FIGURE 2.3 — Schéma fonctionnel des futurs instruments d’imagerie haute dynamique dans [’es-
pace : méme schéma que sur la figure|2.1] sans le systéme d’optique adaptative.

minimiser 'intensité des tavelures stellaires dans I'image scientifique et permettre la détection
d’objets plus de 10% fois moins lumineux que I’étoile pointée. Comme cette technologie n’a pas
encore été utilisée dans l'espace, elle est considérée comme risquée par les agences spatiales et
plusieurs travaux sont en cours pour démontrer sa fiabilité derriére des ballons stratosphériques
(Bryden et al. | 2011} |Cook et al. |, 2015 |Coté et al. | |2018) et dans la mission spatiale Roman
Space Telescope/CGI (Mennesson et al. |, 2018]).

11. Voir la figure de diffraction d’une tavelure sur la figure
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Chapitre 3

Projet de recherche

Depuis mon stage de master 1 en 2004, je travaille dans le domaine de I'imagerie des exopla-
nétes. Jusqu’a la fin de ma thése en 2009, mes travaux étaient purement instrumentaux : R&D
en laboratoire sur la coronographie et sur un analyseur de surface d’onde en plan focal (Galicher
et al. |, 2005} |Galicher & Baudoz|, 2007; [Galicher et al. |, 2008; |Galicher et al. | 2008} |Galicher]
2009; (Galicher et al. | 2010} |Galicher et al. | 2011)). Je ne les décris pas dans ce document.

Pendant mon post-doctorat (2010—2012), je me suis consacré presque exclusivement a 1’étude
astrophysique des exoplannétes (traitement de données, interprétation, modélisation).

Depuis 2012, date de mon recrutement au Lesia sur un poste de maitre de conférences, j’essaie
de trouver un équilibre entre études astrophysiques (paragraphe et travaux instrumentaux
(paragraphe sur le temps que je peux effectivement consacrer a la recherche (voir chapitrede
la note d’accompagnement). Cette double expertise me permet d’étre investi dans plusieurs pro-
jets (paragraphe avec pour objectifs de comprendre les limitations instrumentales actuelles
afin de fabriquer des instruments qui permettent de répondre a des questions astrophysiques.

3.1 Astrophysique

Entre 2010 et 2016, j’ai travaillé sur une campagne de quatorze ans d’observations par ima-
gerie pour déterminer la fréquence des exoplanétes orbitant dans la partie externe de leur sys-
téme (paragraphe . Ayant fait partie du consortium GPI et étant membre actif du consor-
tium Sphere, j’ai un accés privilégié aux observations et j’ai mené les études astrométriques et
spectro-photométriques de quelques objets (paragraphe . J’ai également développé 'outil
SpeCal qui est utilisé pour traiter I’ensemble des données enregistrées par le consortium Sphere
avec les instruments Irdis et IFS (paragraphe .

3.1.1 Fréquence des planétes géantes gazeuses

L’objectif de mon post-doctorat & I'Institut Herzberg d’astrophysique au Canada était de
traiter avec des algorithmes d’imagerie différentielle et de maniére homogéne 'international deep
planet survey, 14 ans d’observations de 292 étoiles obtenues avec les instruments du moment :
NIRC2, NICI, NIRI, NACO, NICMOS. J’ai découvert seize nouvelles étoiles binaires et deux
nouveaux triplets d’étoiles. J’ai identifié 2279 sources ponctuelles dont la quasi-totalité étaient
des étoiles de fond de champ[T_?l

12. Quelques objets restent & ré-observer mais la probabilité pour qu’il s’agissent d’exoplanétes est faible.
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J’ai ensuite fait ’étude statistique des détections et des limites de détection pour confirmer
que les jeunes Jupiter massifs sont peu fréquents dans la partie externe de leur systéme (fréquence
inférieure & quelques pourcents). Cette fréquence devrait étre plus élevée pour les planétes plus
légéres mais pour la mesurer, il faudra attendre la mise sur ciel des futurs instruments.

La campagne d’observation, le formalisme bayésien, I’étude par simulation Monte Carlo et
les résultats sont présentés dans (Galicher et al. | (2016]) (chapitre [1] des annexes). Les données
réduites (images, courbes de contraste, coordonnées des objets détectés) sont disponibles sur le
site https://lesia.obspm.fr/directimaging. Cette étude bayésienne similaire & ce qui est fait
par d’autres dans la communauté repose sur de nombreuses hypothéses. J’ai d’ailleurs proposé
4 un étudiant en master 1 d’estimer I'impact de ces hypothéses sur les fréquences obtenues
(paragraphe de la Note d’accompagnement).

3.1.2 Etudes d’objets de masse planétaire

En plus des études statistiques, j’ai étudié certains systémes en particulier dont 'objet qui
orbite Folmalhaut (paragraphe [3.1.2.1)) ou les planétes autour de HR 8799 (paragraphe [3.1.2.2))
et de HD 95086 (paragraphe [3.1.2.3)).

3.1.2.1 Fomalhaut b : une exoplanéte ou autre chose 7

Au début des années 2010, certains affirmaient que ’objet orbitant Fomalhaut était une
planéte. D’autres soutenaient que ’objet ne pouvait pas étre une planéte car aucun signal n’était
détecté en infra-rouge (Janson et al. |, 2012)), voire douter de la détection publiée par Kalas et al.

(2008). J’ai alors décidé de réduire les données HST indépendamment du travail de I’équipe de
Paul Kalas. J’ai confirmé que I'objet n’était pas un artefact (figure . J’ai également mesuré
que la source était légérement étendue, ce qui a été confirmé par d’autres équipes depuis (Gaspar
& Rieke, 2020). Pour expliquer I’absence de détection dans I'infrarouge moyen et 1’extension de
la source, j’ai proposé que le signal de Fomalhaut b est soit la lumiére réfléchie par un nuage de
poussiéres orbitant autour d’une exoplanéte, soit un nuage de poussiéres résultant de la collision
de deux objets de la ceinture de Kuiper du systéme Fomalhaut (Galicher et al. | 2013b).

3.1.2.2 HR 8799 en bande M

Quelques exoplanétes ont été détectées par imagerie dans le visible et principalement dans le
proche infrarouge dans les bandes spectrales Y & L. Trés peu d’instruments permettent d’étudier
ces objets en bande M ou N. En bande N, les observations, faites au sol, sont dominées par le fond
de ciel et il est compliqué d’obtenir des données exploitables méme si I'instrument Near/VLT
REF nous permet quelques mesures. En bande M, le fond de ciel est moins brillant et j’ai proposé
un algorithme pour I'étalonner et extraire le signal de trois des planétes orbitant HR 8799. La
mesure du flux dans cette bande spectrale a permis de confirmer que les planétes se trouvaient &
la transition entre naines brunes de type L et de type T avec un non-équilibre chimique entre CO
et CHy (Galicher et al. | [2013al chapitre [2] des annexes).

3.1.2.3 HD 95086

Un autre objet sur lequel j’ai travaillé est la planéte HD 95086 b. J’ai traité les données obte-
nues pendant le temps de vérification scientifique au moment de l'installation de I'instrument GPI
et j’ai extrait le signal de la planéte en bandes H et K. Nous avons alors confirmé que la planéte
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FIGURE 3.1 — Images de l’environnement de Fomalhaut dans différents filtres spectrauz de l’ins-
trument ACS du HST et a différentes époques (précisés en bas a droite de chaque image). Le
disque (anneau) et l'objet b (entouré en vert) sont détectés dans toutes les images. Les images
en bas a droite sont des zooms sur la région autour de l'objet b. (Galicher et al. |, |2013b)

est & la transition L-T des naines brunes. Nous avons aussi montré qu’il y avait trop d’incerti-
tudes a I’époque pour savoir quel modéle d’atmosphére et d’évolution reproduisait au mieux les
données. Plus de détails sont fournis dans |Galicher et al. | (2014, chapitre [3| des annexes).

3.1.3 Outil SpeCal pour le consortium Sphere

Pour traiter ’ensemble des données Sphere dans le cadre des guaranteed time observations
(GTO), une chaine de réduction automatique a été développée (Delorme et al. | 2017b)). La
premiére étape trie les données et applique les étalonnages classiques (mauvais pixels, flat, sky)
et fournit des cubes d’images coronographiques centrées et 1'image associée de ’étoile non co-
ronographiée. Pour les données enregistrées par les instruments Irdis (Dohlen et al. | 2008) et
IFS (Claudi et al. |, [2008), j’ai développé la deuxiéme étape de la chaine de réduction : SpeCal
(pour Speckle Calibration, chapitre 4| des annexes, |Galicher et al. | 2018)) qui est utilisé¢ pour :

— étalonner les tavelures stellaires par imagerie différentielle (ADI, SDI, ASDI, RDI) grace

a plusieurs algorithmes (classical ADI, Loci, TLoci, PCA, voir paragraphe ;

— extraire I'astrométrie et la photométrie des sources ponctuelles détectées ;

— calculer les limites de détection ;

— nourrir la base de données Sphere qui contient tous les résultats des observations (limites

de détection, images, astro-spectrophotométrie des sources ponctuelles, télémétrie, etc).
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3.2 Instrumentation

Les figures et donnent les schémas fonctionnels des futurs instruments au sol et dans
I’espace tels qu’on les congoit aujourd’hui. Ils sont plutét simples mais les choses se compliquent
quand on liste tous les composants et toutes les techniques existants pour chaque sous-systéme.
Il existe des dizaines de coronographes stellaires, de nombreux FPWFS, plusieurs algorithmes
de controles des miroirs déformables. Quelles techniques choisir 7 Quelle est la meilleure combi-
naison coronographe+FPWS+contréleur 7 Chacun a sa réponse mais il n’y a pas de consensus.
D’ailleurs, les réponses dépendent certainement des objectifs scientifiques : observations spatiales
ou depuis le sol, études d’exoplanétes ou de disques circumstellaires, mesures spectrométriques
ou polarimétriques, études de ’environnement trés proches de ’étoile.

Une chose est sure, pour trouver la meilleure configuration, il est indispensable de comparer
les différentes techniques dans les mémes conditions. C’est ce que nous faisons en laboratoire
avec Pierre Baudoz depuis une dizaine d’années grace au banc trés haute dynamique (THD,
paragraphe . Au cours de ces études, entre autres, deux techniques d’analyse de surface
d’onde en plan focal ont donné des résultats tres intéressants et nous les avons testées sur télescope
a ’Observatoire Palomar et au Very Large Telescope (paragraphe .

3.2.1 Le banc trés haute dynamique
3.2.1.1 Le banc THD

En 2007, la premiére version du banc THD (figure a été développée pour tester en
lumiére visible & 640nm un FPWFS (voir paragraphe [2.2.2)), la self-coherent camera (SCC),
associée au coronographe a quatre quadrants (FQPM, Mas et al. | 2010; Mazoyer et al. | 2013]
. Cependant, dés le départ, le banc a été congu avec un objectif plus large de comparaison
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FIGURE 3.2 — Schéma optique du banc THDI.

de différentes techniques dans les mémes conditions dans le domaine visible (400 nm & 900 nm).
Pour cela, un accés facile a été privilégié avec possibilité de remplacer rapidement le masque
coronographique (plan focal 3 sur la figure) ou d’ajouter des optiques dans des plans pupilles
(pastilles vertes) et focaux (pastilles bleues) en amont et en aval du masque coronograhique.
Plusieurs filtres spectraux permettaient également d’étudier les performances en fonction de la
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longueur d’onde et le banc n’etait constitué que d’optiques réflectives a ’exception d’une fenétre
protectrice devant le miroir déformable. Cela permettait d’avoir un banc optique avec trés peu
d’aberrations chromatiques.

Sur ce banc, nous avons atténué la lumiére stellaire d'un facteur 50 millions & quelques
éléments de résolution de 1'étoile (contraste de 2 x 1078 entre 5 et 13 \/D, Mazoyer et al. |, [2014)
méme si I'utilisation d’un seul miroir déformable nous limitait a la moitié du champ d’observation
comme le montre la figure (3.3

Phase and omplitude correction (experimental) |
—————— Phase and omplitude carrection (simulotion)

Contrast (RMS)

1077 L

0 5 10 15
Separation (A/D)

FIGURE 3.3 — Gauche : Image coronographique obtenue sur le banc THD1 montrant un dark hole
(DH, zone sombre ou lintensité des tavelures est minimisée). Droite : Ecart-type azimutal de
Uintensité du résidu stellaire calculé dans le DH en fonction de la séparation angulaire a [’étoile
(en noir) et la prédiction numérique (tirets). Mazoyer et al. | (2014).

Le banc THD1 nous a permis de mesurer les performances de plusieurs techniques présentes
a différents niveau du schéma fonctionnel d’un instrument spatial (figure .
e Tip-tilt
— Une boucle d’asservissement LOWFS (paragraphe pour controler le miroir tip-
tilt et assurer le centrage de 'image de I’étoile sur le centre du masque coronographique
en utilisant la lumiére rejetée par le coronographe (Mas et al. | |2012b)).

e Imagerie différentielle

— SCC pour l'imagerie différentielle basée sur I'incohérence entre les lumiéres de 1’étoile
et de son environnement (paragraphe [2.2.4] Baudoz et al. |, 2012).

e Coronographes en large bande spectrale

— le coronoraphe FQPM a multi-étages (Delorme et al. | 2014; |Galicher et al. | [2014) ;
— le coronographe dual zone phase mask (Delorme et al. | [2016bt |Galicher et al. | [2014)).

e Analyseurs de surface d’onde en plan focal

— la SCC associée au coronographe FQPM en lumiére quasi-monochromatique (Mas
et al. |, 2012a; Mazoyer et al. |, 2012, 2013, [2014));

— la SCC a multi-références associées au FQPM a multi-étages et au DZPM (chapitre
Delorme et al. |, 2016aj; Galicher et al. | [2014).

3.2.1.2 Le banc THD2

En 2014, nous avons ajouté un deuxiéme miroir déformable dans le train optique (DM-1 sur
la figure [3.4), puis un emplacement pour un troisiétme DM (DM-2), pour pouvoir compenser a la
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fois les aberrations de phase et d’amplitude sur I’ensemble du champ d’observation (Baudoz et al.
|, 2018bf). Nous avons également ajouté une lame de phase mobile qui permet de simuler une tur-
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FIGURE 3.4 — Schéma optique du banc THD2.

bulence atmosphérique qui aurait été compensée par une optique adaptative de type Saxo/Sphere
dans de bonnes conditions d’observation (Atmospheric residual wheel sur la figure). Comme dans
la premiére version du banc THD, plusieurs plans focaux et pupilles sont accessibles, ce qui per-
met de tester de nombreuses techniques dans les mémes conditions. Enfin, nous avons ajouté de
nombreux systémes qui permettent de mesurer les paramétres de ’environnement : une dizaine
de capteurs de température et d’humidité répartis sur le banc, un détecteur pouvant focaliser
I'image sur 'optique au choix (étude de la lumiére diffusée et de la présence de poussiéres,

let al. | [2018), fluxmetre et spectromeétre dans le systéme d’injection (figure [3.5).
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FIGURE 3.5 — Schéma optique du systéme d’injection en amont du banc THD2. Utilisation au
choiz d’une diodes laser (637, 705, 785 nm) ou d’une source supercontinuum (500 & 900 nm)
associée a des filtres spectrauz, et mesure en permanence pendant ’expérience du flux et du
spectre.

Plusieurs équipes nous ont contactés pour tester leurs composants ou techniques sur le
banc THD2 car d’une part, les performances atteintes sont uniques en Europe (Mazoyer et al.
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. 2019) et d’autre part, le banc est facilement accessible car a ’air libre (et non pas dans le
vide comme les bancs du Jet Propulsion Laboratory, |Cady et al. | 2017; Ruane et al. | [2019).
Ces collaborations nous ont permis de tester, en plus de nos propres techniques, de nombreuses
techniques coronographiques et, d’analyse et de controle de surface d’onde mises en jeu dans les
schémas fonctionnels des futurs instruments pour le sol (figure ou pour 'espace (figure [2.3]).
e Coronographes
— Siz level phase mask coronagraph avec 1'Université de Shanghai (Patru et al. | [2018) ;
— Phase apodized pupil Lyot coronagraph (PAPLC) avec Emiel Por du SRON ;
— FEigth octants phase mask avec Naoshi Murakami de ’Université de Hokkaido ;
— Vortex phase mask avec Jun Nishikawa de NAOJ ;
— Vector vortex phase mask (Lopez et al., in prep.);
— Optimisation de la fabrication des FQPM (Bonafous et al. |, 2016) ;
— Tip-tilt Gaussian mask avec Ben Gerard et Christian Marois de I'université de Victoria
(Gerard et al. | [2019D) ;
— Wrapped vortex phase mask (Galicher et al. |, 2020)).
o Tip-tilt
— la boucle d’asservissement du miroir tip-tilt est désormais utilisée systématiquement
et elle fonctionne avec tous les coronographes que nous avons testés sauf le PAPLC
qui ne rejette pas suffisamment de lumiére dans le plan du diaphragme de Lyot.
e Chromatisme des aberrations (de Jonge et al. |, 2018).
e Diffusion par les optiques (Potier et al. | 2018).
e Analyseurs et controleurs de surface d’onde en plan focal
— SCC (analyseur et contrdleur) associée a tous les coronographes testés sauf le PAPLC;
— Pair-wise probing qui module temporellement le champ électrique et premiére compa-
raison entre modulation temporelle et spatiale (Potier et al. | [2020a) ;
— Coffee qui utilise aussi une modulation temporelle (Herscovici-Schiller et al. | |2018ayb)) ;
— Electric field conjugation (EFC) qui permet de controler les miroirs déformables a
partir d’une estimation fournies par un FPWEFS a été associé & Pair wise et Coffee.
Tester ces nombreuses techniques dans des conditions similaires, étudier précisément les pos-
sibles limitations (lumiére diffusée, effets de polarisation, vibrations du banc, etc) et comparer
tout cela avec des simulations numériques nous permettent de comprendre les détails de I'image-
rie trés haute dynamique@. A Dété 2020, nous sommes capables d’atténuer la lumiére de I'étoile
centrale d’un facteur 500 millions, ce qui signifie que I'intensité du résidu stellaire est 2 x 107
celle de I'étoile observée sans coronographe (figure . Nous ne pourrons pas améliorer la per-
formance en atténuation avec le banc actuel (précision de déplacement des miroirs déformables,
vibration du tip-tilt, etc). Cela est cependant suffisant pour préparer les futurs instruments au sol
et dans l’espace comme le coronagraph instrument du Roman Space Telescope (paragraphe .

3.2.2 Mise en ceuvre a Palomar et sur Sphere

Les études paramétriques réalisées par simulations numériques et en laboratoire sur les
bancs THD nous ont permis de maitriser la self-coherent camera (SCC) et pair-wise/EFC. Ces
deux techniques nous permettent indépendamment 1'une de ’autre d’atténuer la lumiére stellaire
d’un facteur 500 millions en laboratoire. Nous avons alors décidé de tester la SCC sur I'instrument
Stellar double coronagraphs (SDC) au Mont Palomar (paragraphe et pair-wise/EFC sur
I'instrument Sphere au VLT (paragraphe .

13. Et il ne faut jamais oublier que The devil is in the detail!
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FIGURE 3.6 — Images coronographiques obtenues sur le THD2 avec un FQPM et une SCC en
lumiére monochromatique (785 nm) en minimisant l'intensité des tavelures stellaires dans tout le
champ autour de [’étoile (droite) et dans la partie basse du champ uniquement (gauche). L’échelle
de couleur donne le rapport de flux par rapport & l’étoile (i.e. contraste).

3.2.2.1 Self-coherent Camera sur le SDC a Palomar

La self-coherent camera est une technique trés intéressante car elle permet de mesurer le
champ électrique & partir d’'une unique image coronographique. De plus, on peut utiliser a pos-
teriori la modulation spatiale pour faire de 'imagerie différentielle. Le seul inconvénient de la
technique est le besoin d’avoir des optiques deux fois plus grandes que la normale aprés le dia-
phragme de Lyot. Cela signifie qu’il n’est généralement pas possible d’implémenter la SCC dans
un instrument déja construitEl L’instrument stellar double coronagraph (SDC,
2014; Bottom et al. |, [2016)) qui est installé au foyer du télescope Hale de 5m de diameétre sur
le Mont Palomar fait figure d’exception. Une des configurations optiques du SDC nous a permis
d’implémenter la SCC associée a un coronographe & masque vortex. Dans cette configuration,
c’est comme si nous utilisions un télescope hors-axe de 1,5 m de diamétre.

Des algorithmes sont utilisés avant chaque nuit pour minimiser les NCPA dans linstru-
ment SDC & partir de I'image enregistrée sur source interne et sans coronographe. Ils minimisent
uniquement les aberrations de phase en plan pupille (voir le paragraphe et ils ne peuvent
pas corriger les aberrations introduites par tous les composants de I'instrument (dont le masque
vortex). Quand on enregistre une image coronographique sur source interne aprés cet étalonnage,
on obtient I'image de gauche de la figure

L’image de droite montre I'image coronographique obtenue aprés minimisation des tavelures
dans tout le champ grace a la SCC. Cet étalonnage des NCPA est de bien meilleure qualité que
I’étalonnage habituel : lintensité des tavelures a été diminuée d’'un facteur 4 a 20 entre 1,5
et 5\/D de l'étoile. Cela augmente considérablement la zone dans laquelle des exoplanétes
peuvent étre recherchées. L’étalonnage n’est cependant pas aussi marqué que ce qui est fait
en laboratoire (« on ne voit pas le DH »). Et ceci est di & plusieurs raisons. Proche de l'axe
optique, la lumiére résiduelle vient de la qualité du masque vortex en plan focal, d’une réflexion

14. car la taille des optiques est choisie aussi petite que possible pour rendre 'instrument compact.
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FIGURE 3.7 — Images coronographiques obtenues sur le SDC avec un masque vortex et un filtre
étroit (filtre Br-y, Ao = 2,166 um, AX = 0,020 um) aprés étalonnage par la procédure habituelle
de lobservatoire (gauche) et aprés minimisation grace a la SCC (droite). L’échelle de couleur
donne le rapport de flux par rapport a l’étoile (i.e. contraste). |Galicher et al. | (2019)

sur le diaphragme de Lyot et d’un centrage de I'image stellaire mal stabilisé sur le coronographe
(yitter) pendant le temps de pose minimum du détecteur (1,5s). Loin de l'axe optique, nous
ne pouvions pas mesurer 'intensité des tavelures par manque de dynamique sur le détecteur.
Il n’était donc pas possible de les atténuer. La prochaine étape de démonstration de la SCC
comme FPWEFS serait de faire le méme type de correction pendant des observations sur ciel.
Pour cela, il faudrait un détecteur plus rapide que celui utilisé en 2018 au Mont Palomar.

3.2.2.2 Pair wise/EFC sur Sphere au VLT

Une partie de la thése d’Axel Potier a été d’implémenter les techniques pair-wise (PW) et EFC
sur le banc THD2 (Potier et al. |, 2020al). Comme les performances étaient similaires a celles
obtenues avec la SCC et comme PW/EFC ne demande aucune modification de la configuration
optique, nous avons décidé de tester la technique sur I'instrument Sphere. Ces tests ont été réalisés
de jour sur source interne par tranches de une heure ou deux sur le temps libre de Zahed Wahhaj
et Julien Milli de PESO. Axel Potier a développé un code qui est maintenant presque totalement
automatisé et qui permet au support astronomer d’utiliser la source interne de 'instrument pour
créer en quelques minutes un grand dark hole centré sur 'axe optique (image du centre de la
figure ou un dark hole plus profond sur la moitié du champ d’observation (image de droite).

Minimiser I'intensité sur le dark hole centré revient & minimiser les tavelures créées par des
aberrations de phase uniquement. Le résidu est constitué des tavelures stellaires créées par les
aberrations d’amplitude et par la figure de diffraction du coronographe PAPLC (qui ne filtre pas
toute la lumiére stellaire méme en ’absence d’aberrations). Quand on se restreint a la moitié
du champ d’observation (image de droite), on peut minimiser I'intensité de toutes les tavelures,
peu importe leur origine. Dans ce cas, le résidu est environ 2,5 millions de fois moins brillant
que l'intensité de ’étoile observée sans coronographe entre 150 mas et 650 mas (contraste de 4 x
1077, |Potier et al. | 2020b). Cela est plus de 10 fois mieux que la performance actuelle de
I'instrument Sphere sur source interne. Nous prévoyons des tests sur ciel pour obtenir le méme
gain. Si nous réussissons, nous pourrons détecter des objets plus proches et plus ténus de leur
étoile que ce qui a été fait jusqu’a aujourd’hui.
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FIGURE 3.8 — Images coronographiques obtenues sur Sphere avec un apodized pupil Lyot coro-
nagraph (APO1/ALC2) dans le filtre H3 (A, = 1,667 um, AN = 0,054 um) apres étalonnage
par la procédure habituelle de l’observatoire (gauche), aprés minimisation grice & PW/EFC dans
toute la zone d’influence du miroir déformable (centre) et dans la moitié du champ d’observa-
tion (droite). L’échelle de couleur donne le rapport de flux par rapport & l’étoile (i.e. contraste).
(Potier et al. |, (2020b)

3.3 Projets

Dans les années a venir, je prévois de consacrer mon temps de recherche (voir chapitre [2| de
la note d’accompagnement) & plusieurs projets dont les principaux sont

Instrument CGI du Roman Space Telescope : Notre équipe du Lesia, ’Onera, le Lam
et I’Oca commencons une collaboration, sous la tutelle du Cnes, pour optimiser la ra-
pidité de convergence de la boucle de correction des aberrations quasi-statiques dans
Iintrument CGI (FPWFS). Si nos résultats sont positifs, ils pourront étre utilisés par
le JPL dans l'instrument en vol. L’utilisation du banc THD2 est primordiale dans ce
projet pour tester les solutions envisagées dans des conditions extrémes de contraste. Je
participerai a plusieurs niveaux a ce projet : propositions de nouveaux algorithmes, tests
en laboratoire, évaluation de 'impact sur les planétes et disques détectables par CGI.

Instrument Sphere+ : Notre équipe du Lesia est PI de la proposition d’améliorations de
I’instrument Sphere pour observer ’environnement proche des étoilesEl Une des amé-
liorations consiste & ajouter un deuxiéme étage d’optique adaptative pour entre autres
compenser les NCPA. Je travaillerai sur la fagon de coupler les différentes boucles et une
fois sur ciel, j’étudierai les environnements stellaires (exoplanétes, disques).

Dicos : Il s’agit d’'un projet Cnes d’instrument coronographique de démonstration placé
derriére un ballon stratosphérique. Je contribuerai au design de la partie haute dynamique
(coronographe et boucle d’asservissement).

D’autres projets attireront peut-étre mon attention (exploitation des données Micado et
JWST par exemple). A plus longs termes, il y auraﬁ la définition et 'exploitation des pro-
jets Luvoir (Gong et al. |, 2019) et Habex (Gaudi et al. | [2020) et du planetary camera and
spectrograph pour 1'eztremely large telescope (Kasper et al. |, 2013)). Les projets astrophysiques et
instrumentaux intéressants ne manquent pas, le temps oui.

15. Plus proche et plus ténu que ce que ne peut faire Sphere.
16. peut-étre avant ma retraite...
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Chapitre 1

Encadrement d’étudiants et de jeunes
chercheurs

1.1 Lucie Leboulleux (post-doc) : Coherence differential imaging

En 2018, j’ai obtenu un financement IrisOcav pour contracter un chercheur postdoctorant
pendant deux ans. J’ai sélectionné Lucie Leboulleux qui a commencé a travailler au Lesia en
février 2019. Les deux objectifs principaux de son postdoc sont de :

— développer un formalisme mathématique pour accélérer les simulations numériques d’images
obtenues en longue pose par des télescopes au sol (i.e. comment simuler une telle image en
ne faisant qu’un tirage aléatoire de I’aberration de phase plutét qu’en moyennant plusieurs
dizaines de milliers d’écrans de phase, Leboulleux et al., in prep.).

— simuler numériquement l'interaction entre deux boucles d’asservissement pour préparer
I'instrument Sphere+, amélioration de 'instrument Sphere (Boccaletti et al. | |2020Db)).

1.2 Garima Singh (post-doc) : Sphere+ et PCS/ELT

Garima Singh est en postdoctorat au Lesia avec Pierre Baudoz depuis juin 2018 (bourse
Marie Curie) et je participe a son encadrement. Elle a travaillé sur Panalyse et le controle de
surface d’onde en plan focal dans les conditions d’un télescope au sol. Pour cela, elle a utilisé le
systéme de lame de phase motorisée pour simuler en laboratoire un résidu de phase similaire a ce
qui est observé derriére 'optique adaptative de I'instrument Sphere (paragraphedu dossier
de synthése). Puis, elle a obtenu en laboratoire les premiers résultats d’une corrrection active
d’aberrations de phase statiques derriére une optique adaptative en utilisant la self-coherent
camera (figure du dossier de synthése). Les études en laboratoire qu’elle a menées seront
utiles pour optimiser Sphere+ et le futur instrument PCS/ELT (Kasper et al. | 2013).

1.3 Tobias Schmidt (post-doc) : Astro-photométrie avec Sphere

Tobias Schmidt a travaillé deux ans avec Anthony Boccaletti et moi-méme (bourse ANR,
PI Anne-Marie Lagrange). Il a utilisé la chaine de réduction de données du consortium Sphere
et en particulier, I'outil SpeCal (Galicher et al. | 2018)) pour extraire des informations sur I’as-
trométrie et la spectro-photométrie de compagnons substellaires (Delorme et al. |, [2017; |Ginski
et al. | 2018; (Cheetham et al. |, 2018]).
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1.4 Fabien Patru (post-doc) : coronographie en large bande

De 2016 & 2018, Fabien Patru a travaillé pour Pierre Baudoz et moi-méme. Nous avons
caractérisé sur le banc THD2 de nombreux masques de phase coronographiques fabriqués par le
laboratoire GEPI : des masques a quatre quadrants (Bonafous et al. ||2016) et des siz level phase
mask (SLPM). Le second type de masque est en théorie aussi efficace que le premier mais sur de
plus larges bandes spectrales. Fabien a réussi & comprendre la plupart des observations faites en
laboratoire grace a des simulations numeériques précises des SLPM (Patru et al. | [2018).

1.5 J.-R. Delorme (master 2 et thése) : analyse de surface d’onde
en large bande

Jacques-Robert Delorme m’a contacté en 2013 pour un stage de master 2. Nous avons réalisé
les tests préliminaires d’un analyseur de surface d’onde en large bande qui utilise le principe
de la self-coherent camera : la multi-reference SCC. J’ai présenté les résultats du stage a la
conférence AO4ELT (Galicher et al. | |2013al).

Jacques-Robert a ensuite fait sa thése de doctorat avec moi. En collaboration avec des col-
legues du Laboratoire d’astrophysique de Marseille (Ketjil Dohlen et Mamadou N’Diaye), nous
avons réussi & atténuer la lumiére stellaire d'un facteur 5107 entre 5 et 17 A\/D sur une bande
spectrale de 250 nm autour de 675nm (37% de bande passante) en utilisant un dual zone phase
mask (Delorme et al. |, 2016b). Dans un deuxiéme temps, Jacques-Robert a continué ses travaux
sur la multi-reference SCC. Nous avons réussi a estimer et controler les aberrations de phase sta-
tique a partir de I'image coronographique enregistrée avec une bande passante de 13% (600 nm a
680 nm |Delorme et al. | 2016a). Jacques-Robert a alors continué sa carriére a Caltech et il vient
d’accepter un poste d’AO scientist & I’Observatoire Keck.

1.6 Axel Potier (thése) : analyse et controle de surface d’onde

Axel Potier est en thése avec Pierre Baudoz, Anthony Boccaletti et moi-méme. Ses travaux en
laboratoire (Potier et al. || 2018, 2020a) et sur Sphere (Potier et al. |,|2020b) ont déja été présentés
aux paragraphes [3.2.1.2] et [3.2.2.2] du dossier de synthése. Axel soutiendra en septembre 2020 et
a été accepté en post-doctorat au jet propulsion laboratory a la Nasa.

1.7 Ben Gerard (thése) : coronographie et imagerie différentielle

Depuis mon post-doctorat & l'institut Herzberg de Victoria en Colombie Britanique, je suis
en contact régulier avec Christian Marois. Depuis quelques années, il souhaite implémenter une
self-coherent camera dans plusieurs instruments (GPI, un instrument & 10 ym, voire un instru-
ment pour le Thirty meter telescope). Pour travailler sur plusieurs idées évoquées au cours de
nos discussions, Christian a engagé Ben Gerard. Celui-ci a proposé un masque de phase coro-
nographique optimisé pour 'utilisation de la self-coherent camera derriére un télescope terrestre
(Gerard et al. |, [2019a). J’ai obtenu un financement pour la fabrication de ce masque et j’ai
accueilli Ben Gerard pendant un mois début 2019 pour que nous testions ce masque sur le banc
THD2 (Gerard et al. | 2019b).
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1.8 Coline Lopez (Master 2) : coronographie en large bande

En 2019, Coline Lopez m’a contacté pour une étude bilbiographique sur les exoplanétes.
L’objectif était d’analyser quelques articles scientifiques et de les résumer pour un public de
non-spécialistes (principalement les autres étudiants de son master d’optique).

Coline m’a ensuite demandé d’encadrer son stage de master 2. Je lui ai proposé de tester un
coronographe vector vortex en laboratoire sur le banc THD2. La performance de ce coronographe,
constitué essentiellement d’un masque de phase fabriqué en matériaux biréfringents, est peu
sensible au chromatisme d’aprés la théorie. Le stage de Coline nous a montré que pratique
et théorie ne sont pas toujours en accord. Nous sommes encore en train d’écrire proprement la
propagation des différents états de polarisation dans le montage qui incluent polariseurs linéaires,
lame quart d’onde et le vector vortex. Nous espérons publié les résultats dans les mois & venir
(Lopez et al. in prep).

1.9 Tristan Madeleine (Master 1) : fréquence des exoplanétes

Pour déterminer la fréquence des planétes géantes gazeuses dans la partie externe des systémes
exoplanétaires (demi-grand axe plus grand que 5unités astronomiques), les données fournies par
les instruments d’imagerie sont essentielles car les autres techniques de détection ne permettent
pas de sonder ces régions.

Pendant son stage de master 1, Tristan Madeleine devait répondre a la question suivante :
Comment varie la fréquence obtenue quand on modifie les différentes hypothéses de travail (dis-
tributions supposées, modéle de luminosité) 7 Il a alors travaillé sur un échantillon de 356 étoiles
(Lafreniere et al. | 2007b; Chauvin et al. || 2010; |Galicher et al. |, 2016) et il a montré que

— le choix des modéles donnant la luminosité des exoplanétes et le choix des distributions
choisies pour les parameétres orbitaux (excentricité et demi-grands axes), ainsi que pour
la masse et I'age de I’exoplanéte n’ont qu’un impact mineur sur la fréquence obtenue;

— il faudrait augmenter énormément la sensibilité des instruments pour pouvoir différentier
deux échantillons avec des distributions différentes en masse exoplanétaire ou en demi-
grand axe (si aucune nouvelle détection n’est faite).

Ces conclusions seront certainement & revoir quand les limites de détection seront telles que
plusieurs dizaine d’exoplanétes auront été détectées par imagerie.

1.10 Mona El Morsi (Master 1) : modulation temporelle d’images
coronographiques

Mona El Morsi a fait son stage de master 1 avec Daniel Rouan. Elle étudiait la modulation
temporelle de l'intensité des speckles dans une image coronographique. Pour cela, elle utilisait
un miroir déformable dont elle faisait varier la forme. Daniel Rouan m’a demandé de co-encadrer
le stage. J’ai donc aidé Mona & aligner les optiques sur le banc d’expérimentation, a contréler le
miroir déformable et & établir un protocol expérimental. Nous avons alors interprété les données
qu’elles a enregistrées et avons conclu que la technique testée ne permettait pas d’améliorer la
qualité des images coronographiques.
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1.11 Sofiane Meziani (Master 1) : coronographie stellaire

Daniel Rouan m’a demandé de co-encadrer un autre stagiaire de M1, Sofiane Meziani. L’ob-
jectif du stage était de tester un masque de phase coronographique proposé par Daniel Rouan a
la conférence In the Spirit of Lyot en 2015. J’ai donné accés & Sofiane & un banc optimisé pour la
caractérisation des masques de phase et je I’ai aidé & mesurer les performances de son masque.

1.12 Yusuke Komuro (Master 1) : coronographe a huit octants

Naoshi Murakami de I'université de Hokkaido et Jun Nishikawa du National Observatory of
Astronomy of Japan sont venus en décembre 2015 au Lesia pour tester deux types de corono-
graphes sur le banc THD2 : des masques a huit octants (Murakami et al. |, 2016) et des masques
vortex. Pour la deuxiéme campagne de tests qui a eu lieu en janvier 2017, j’ai obtenu un finan-
cement pour que Yusuke Komuro, étudiant en master 1, puisse rester travailler un mois dans
notre équipe. Il a ainsi eu accés au banc THD2 sur lequel nous avons testé un masque coronogra-
phique & huit octants et un masque vortex que lui avait laissés ces directeurs Naoshi Murakami
et Jun Nishikawa.

1.13 Andréa Capomassi et Benjamin Steir (ingénieurs) : simula-
tion optique d’'une OA

Benjamin Steir et Andréa Capomassi étaient étudiants a I’école d’ingénieurs Denis Diderot
(EIDD). Leur projet d’ingénieur au sein de notre équipe au Lesia avait pour objectif de concevoir
un montage opto-mécanique pour simuler les résidus optiques d’une optique adaptative similaire
a Saxo/Sphere (Fusco et al. |, |2016)). IIs ont fait une étude de marché a la fois pour la lame de
phase qui introduit les aberrations de phase et pour la mécanique qui doit faire tourner cette
lame de phase. Ils ont alors écrit un cahier des charges pour que notre équipe puisse contacter
les fournisseurs.

1.14 Zineb Bouharras (ingénieur) : masque de phase polarisant

Pendant son projet d’ingénieur a I’EIDD, Zineb Bouharras a caractérisé optiquement des
polariseurs linéaires et des lames quart d’onde. Elle en a déduit la précision de fabrication de ces
optiques. Ensuite, elle a utilisé ces polariseurs et lames quart d’onde pour étudier un masque de
phase vortex constitué de cristaux liquides polymérisés.
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Chapitre 2

Répartition du temps de travail

Une question qui revient souvent quand je donne des conférences a des scolaires ou au grand
public est « Quelle est votre journée type? ». J'explique alors qu’en tant que maitre de confé-
rences, je partage mon temps comme indiqué sur la figure 2.1] entre

— (en bleu foncé sur la figure) la recherche (incluant les demandes de financements) ;

— (orange) I'encadrement de personnels (étudiants, ingénieurs, recrutement), 1’organisation
et la participation & des réunions d’équipe, de projets, de collaboration;

— (jaune) 'enseignement (incluant la préparation des cours/TD/TP), 'organisation et la
participation a des réunions avec les équipes d’enseignants, des jurys de fin de semestre ;

— (vert clair) la coordination, la répartition, le suivi et la validation des services d’ensei-
gnement des ~ 150 enseignants-chercheurs de ’'UFR de Physique de I’Université de Paris
(~ 25000 h, incluant la gestion des vacataires et des missionnaires) ;

— (marron) la diffusion vers le grand public, incluant les scolaires (exemple : organisation
de la féte de la science a I’Observatoire de Paris) ;

— (bleu clair) la participation au conseil d’'UFR et au conseil des enseignements de 1’Univer-
sité de Paris, au conseil de laboratoire du Lesia, au conseil scientifique de I’Observatoire
de Paris, au Conseil national des universités (section 34, suppléant) ;

— (vert foncé) des taches administratives (vérification des lignes de crédits, appel d’offres),
I'organisation de séminaires, la rédaction de rapports d’activité pour tutelles et financeurs.

Pour calculer les pourcentages, j’enregistre tous les jours depuis janvier 2019 le nombre d’heures
que je consacre a chaque tache.

FIGURE 2.1 — Répartition de mon temps de travail. Temps médian de travail par semaine : 56 h.
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(Galicher et al., 2016, AA, 594, A63

The International deep planet survey (paragraphe du dossier de synthése).
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ABSTRACT

Context. Radial velocity and transit methods are effective for the study of short orbital period exoplanets but they hardly probe objects
at large separations for which direct imaging can be used.

Aims. We carried out the international deep planet survey of 292 young nearby stars to search for giant exoplanets and determine their
frequency.

Methods. We developed a pipeline for a uniform processing of all the data that we have recorded with NIRC2/Keck II, NIRI/Gemini
North, NICI/Gemini South, and NACO/VLT for 14 yr. The pipeline first applies cosmetic corrections and then reduces the speckle
intensity to enhance the contrast in the images.

Results. The main result of the international deep planet survey is the discovery of the HR 8799 exoplanets. We also detected 59 vi-
sual multiple systems including 16 new binary stars and 2 new triple stellar systems, as well as 2279 point-like sources. We used
Monte Carlo simulations and the Bayesian theorem to determine that ].05;2):?8% of stars harbor at least one giant planet between 0.5
and 14 M; and between 20 and 300 AU. This result is obtained assuming uniform distributions of planet masses and semi-major axes.
If we consider power law distributions as measured for close-in planets instead, the derived frequency is 230:?:22%, recalling the
strong impact of assumptions on Monte Carlo output distributions. We also find no evidence that the derived frequency depends on
the mass of the hosting star, whereas it does for close-in planets.

Conclusions. The international deep planet survey provides a database of confirmed background sources that may be useful for other
exoplanet direct imaging surveys. It also puts new constraints on the number of stars with at least one giant planet reducing by a factor
of two the frequencies derived by almost all previous works.

Key words. planets and satellites: gaseous planets — planets and satellites: fundamental parameters — methods: observational —

methods: data analysis — methods: statistical — instrumentation: high angular resolution

1. Introduction

After the first discoveries of exoplanets by indirect detections
in the late 80s and 90s, several teams performed surveys to ob-
tain direct images of substellar objects in the optical and near-
infrared. As the instruments were not optimized for high con-
trast imaging, the first surveys probed brown dwarfs that are

* Tables 11—-15 are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/594/A63

Article published by EDP Sciences

brighter than planets and thus, easier to detect. For example,
Becklin & Zuckerman (1988), Schroeder et al. (2000), Gizis
etal. (2001), Oppenheimer et al. (2001), and Carson et al. (2009)
observed nearby stars, while Neuhiuser & Guenther (2005) and
Lowrance et al. (2005) surveyed young systems, and Chauvin
et al. (2000) targeted stars harboring planets detected by stellar
radial velocity. Taking advantage of new observing modes, such
as spectral differential imaging (SDI; Marois et al. 2000) and an-
gular differential imaging (ADI; Marois et al. 2006) and using
more powerful adaptive optics systems, later surveys of youthful
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Table 1. Target list.

Star a o Spec. Dist. Age (Myr) Age method  Ref. IR
(J2000.0) (J2000.0) type (pc) median min max or Assoc. excess

HIP682 00:08:25.75 +06:37:00.49 G2V 40 100 30 300 Li/X Y©

QTAND 00:41:17.34  +34:25:16.87  Ge 41 100 30 300 Li/X/UV -

Notes. The complete list is in Table 11, available at the CDS.

stars probed fainter and fainter substellar companions down to
the young gas-giant extrasolar planet regime (Biller et al. 2007;
Kasper et al. 2007; Lafreniere et al. 2007a; Nielsen et al. 2008;
Metchev & Hillenbrand 2009; Chauvin et al. 2010; Heinze et al.
2010; Rameau et al. 2013; Yamamoto et al. 2013; Biller et al.
2013; Nielsen et al. 2013; Wahhaj et al. 2013; Brandt et al. 2014).

For 14 yr, we had been using Keck II, Gemini North and
South, and VLT to run two near-infrared imaging surveys: a
Keck adaptive optics search for young exoplanets (Kaisler et al.
2003) and the international deep planet survey (IDPS; Marois
2010). In this paper, we merge the two and call IDPS the result-
ing survey. The targets were 292 young and nearby stars of A to
M spectral types with a majority of massive stars. The main ob-
jectives of the IDPS were the detection and spectral characteri-
zation of new exoplanets, and the determination of the frequency
of stars harboring giant planets with long orbital periods.

A first paper (Vigan et al. 2012) presented a fraction of the
A stars of the IDPS. In the current paper, we present the com-
plete survey. The target sample is described in Sect. 2. The ob-
servations and instruments that we used are presented in Sect. 3.
Then, Sect. 4 details the pipeline that we developed for the uni-
form data processing of the ~30 000 frames. The characteristics
of all the detected sources (multistellar systems, exoplanets, and
field stars) are listed in Sect. 5. Finally, we run a Monte Carlo
analysis in Sect. 6 to constrain the frequency of stars with giant
planets.

2. Target sample

As for most of exoplanet direct imaging surveys, the target sam-
ple is composed of young and nearby stars (Table 1) with a me-
dian age of 120 Myr and a median distance of 45pc (Fig. ).
The youth ensures that giant planets are bright enough in the
near-infrared to be detected assuming evolutionary models like
COND and DUSTY (Chabrier et al. 2000; Baraffe et al. 2003).
The ages in Table 1 are extracted from previous work (Ref. col-
umn) or were derived by our team using the following tech-
niques described in Zuckerman & Song (2004): lithium, X-ray,
UV emission, UVW velocity, H-alpha, and color-magnitude
diagrams.

All types of main-sequence stars were surveyed with a ma-
jority of massive stars: 5, 107, 63, 24, 44, and 49 B, A, F, G, K,
M stars. The complete sample is composed of 292 stars.

3. Observations

We obtained near-infrared observations with the adaptive op-
tics systems of Gemini North, Gemini South, Keck II, and VLT.
We used public HST data to confirm one of our candidates to
be a background object. The observations are described in the
following sections and in Table2. The information about the
NACO/VLT observations are gathered in Vigan et al. (2012) and
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they are not included in this paper although we use the associated
detection limits for the statistical study (Sect. 6).

3.1. NIRI at Gemini North

At Gemini North, we observed with the NIRI camera (Hodapp
et al. 2003) and the ALTAIR adaptive optics system (Herriot
et al. 2000). Data were taken from 2004 to 2014 (programs GN-
2007B-Q-59, GN-2008A-Q-77, GN-2008B-Q-64, GN-2009A-
Q-80, GN-2009B-Q-17, GN-2011B-Q-11, GN-2012B-Q-14,
GN-2012B-Q-70, GN-2013A-Q-34, GN-2013B-Q-16, and GN-
2014A-Q-18).

The f/32 camera was used, yielding a 22" x 22" field of
view and 1024 x 1024 pixel images. The spatial sampling is
21.4 mas or 22.0 mas per pixel if the Altair field lens is used (LI
in Table 2) or not (LO). The lens improves the off-axis AO cor-
rection but induces astrometric distortions (Sect.4.1). Table 3
gives the specifications of the spectral filters that were used.
Images with ~30 s exposure time were recorded in an ADI mode.
With NIRI, ADI consists of recording a sequence of many expo-
sures of the target while keeping the instrument rotator off. The
camera and the telescope optics thus remain aligned for all expo-
sures, enabling a very accurate point spread function (PSF) cor-
relation between consecutive exposures. Since the field of view
rotates when the rotator is off, any off-axis source (companion
or background object) moves angularly around the central star
with time. For each frame of the sequence, a locally optimized
combination of images (LOCI, Lafreniere et al. 2007b; Marois
et al. 2010b) produces a reference PSF to subtract. The PSF sub-
tracted frames are then rotated to align north up and they are
median combined. Generally, the more the field of view rotates
during the sequence, the more efficient the speckle subtraction.
Optimal performance is achieved if the observations are acquired
as the target is close to the meridian (+1 h from its transit).

During the first observations of each star (apart from 9 that
saturated the detector even for the shortest exposure time), unsat-
urated short exposures were recorded to calibrate the photometry
in the ~30 s images. Sometimes, when observing at a second or
later epoch, to save time we did not acquire unsaturated images,
observe more targets, and follow more exoplanet candidates.

3.2. NIRC2 at Keck Il

Most of the IDPS data were obtained with the NIRC2 instru-
ment (McLean & Sprayberry 2003; Wizinowich 2006) at Keck II
during ~70 nights or half-nights between 2001 and 2014.

Two observing modes were employed, and both of these
modes enabled the use of ADI to subtract the speckle pattern. In
the position angle mode (PA in Table 2), north points to the same
direction in all frames of a given sequence. The field of view is
thus fixed while most of the speckle pattern rotates. One can thus
discriminate a fixed off-axis source from the rotating speckle pat-
tern. In the vertical angle mode (V), the pupil rotator is kept off
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Fig. 1. IDPS star age, spectral type, and distance distributions.

and the field rotates, which is equivalent to the ADI mode used
at Gemini. The V mode is usually more effective for speckle

calibration, but this mode was not used before 2004 since we
were still searching for the best observing strategy at this time.

We sometimes recorded saturated and unsaturated data but
usually, we only recorded long exposure sequences using one of
the occulting coronagraphic focal plane masks, with diameters
of 400, 600, 800, or 1000 mas. The masks are not fully opaque
and unsaturated images of the star could be extracted from the
long exposures. During the survey, we used several filters that
are listed in Table 3.

Most of the data were recorded with the 10” x 10" narrow
field-of-view camera with 9.942 mas/pixels. We also used the
40" x 40" wide camera with 39.686 mas/pixels (w in Table 2)
in peculiar cases to probe planets at more than 10” from their
star or when the observing conditions where bad.

3.3. NICI at Gemini South

Thirty-four stars were observed with the NICI AO camera (Chun
et al. 2008) in 2009, 2012, and 2013 (programs GS-2009B-Q-
14, GS-2012B-Q-8, and GS-2013A-Q-24). The camera provided
a 18.5” x 18.5” field of view and a 18mas plate scale. We
recorded 1024 x 1024 pixel images in one or two filters at the
same time (Table 3). All data were taken in ADI mode keeping
the Cassegrain rotator off (V mode). Sometimes, the SDI mode
was also used observing simultaneously at CH4s and CH41. We
always used the F0.32 (320 mas diameter) or F0.65 (650 mas)
occulting focal plane masks. As for NIRC2, the occulting masks
were not fully opaque and unsaturated images of the star could
be extracted from the long exposures.

3.4. NICMOS on HST and other programs

‘We reduced public data that were not part of the IDPS to obtain
a second epoch for some of our candidates. We used NIRI, NICI,
NIRC2, NACO, and NICMOS archive data. We list the programs
these data come from in Table 2.

4. Image processing

The pipeline we developed for a uniform processing of all the
IDPS sequences can be divided into four main steps. First,
flat fielding, sky subtraction, bad-pixel and distortion correc-
tions were applied to each frame of a considered sequence
(Sect. 4.1). In the second step, all frames were registered within a
pixel (Sect. 4.2). The procedures used for these two first steps de-
pended on the instrument and on the sequence (procedures were
not the same for registering saturated or unsaturated data for ex-
ample). The last two steps consisted of obtaining calibrated high
contrast images and were common to all the IDPS sequences.
In the third step, a LOCI-like algorithm was applied to each se-
quence to reduce the speckle intensity and provide a final image
with high contrast for each target (Sect. 4.3). In cases where the
field-of-view rotation was small, north was aligned up in each
frame of the sequence and all the frames were stacked, applying
no speckle subtracting algorithm. The fourth step calibrated the
contrast level in the final images, estimated the astrometry and
the photometry of off-axis sources, and gathered the results in a
database (Sect. 4.4).

4.1. Cosmetic corrections

Considering one IDPS sequence, the first step of our data pro-
cessing was the selection of the frames. If their quality was
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Table 2. Observation list.

A63 (2016)

Star Date Nb x Exp x Coadd FOVrot Tel Filter Config Mode Program

(s) (deg) Coro
HR9 2001-12-01 8§x15x4 44 KE Kp w PA
TYC1186-706-1 2008-12-17 9x0.5x 10 1.0 KE Kcont - PA A162N2
HIP 107350 2005-07-18 6x30x1 10.2 GN CH4s LO \% GN-2005A-Q-16
HIP 107412 2007-09-12 139 x30x 1 55.6 GN CH4s LI \4 -

Notes. The complete list is in Table 12, available at the CDS.

Table 3. Spectral filter specifications.

Tel. Name Ao Amin — Amax
(um) or Al
J 1.25 1.15-1.33
H 1.65 1.49-1.78
CH4s' 1.58 6.5%
GN K 2.20 2.03-2.36
Ks 2.15 1.99-2.30
Kp 2.12 1.95-2.30
GS CH4-H4%S 1.578 4.00%
CH4-H4%L  1.652 3.95%
Ks 2.15 1.99-2.30
J 1.248 1.166—1.330
Hcont 1.5804 1.5688-1.5920
Fell! 1.6455 1.6327-1.6583
KE CHé4s' 1.5923  1.5295-1.6552
H 1.633 1.485-1.781
CH41' 1.6809 1.6125-1.7493
Kp 2.124 1.948-2.299
Ks 2.146 1.991-2.302
H2v=1-0"% 21281 2.1112-2.1452
Br_gamma'  2.1686 2.1523-2.1849
PAH 3.2904 3.2627-3.3182
Lp 3.776 3.426-4.126

Notes. GN, GS, and KE stand for Gemini North (NIRI), Gemini South
(NICI), and Keck IT (NIRC2). (" Associated with a blocker PK-50.
@ Called NB2.108 in the fits headers.

degraded because of clouds, high seeing variations, or bad adap-
tive optics corrections, they were removed from the sequence.
When available, a sky frame was subtracted from all frames. In
the cases of observations at Lp or Mp-bands, the LOCI back-
ground subtraction algorithm presented in Galicher & Marois
(2011) was used to subtract the background residuals.

Each frame of the sky-corrected sequence was corrected
from flat-fielding using calibration data taken at the telescope.
Then, the bad and hot pixels were found from the sky and flat
images, and their flux was set to the median value of neighbor-
ing pixels of the science image. Sometimes, detectors created
a horizontal or vertical stripe pattern in NIRI and NICI images
(Fig. 2). To remove this pattern, we assumed it to be translation
invariant. We estimated the stripe intensity and spatial frequency
from the 25 first rows for vertical stripes or columns for horizon-
tal stripes and we subtracted the pattern to the rest of the image.

Then, the field distortions were corrected. For the NIRC2
narrow camera images, we used the solution from Yelda et al.
(2010) with an accuracy down to ~0.01 pixel (0.5 mas) for static
distortion correction. When observing with the wide camera,
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Fig. 2. Stripe pattern induced by detectors in NIRI and NICI images.

we applied the Keck routine revised by Cameron' that corrects
for distortions down to a ~4 mas level. For NICI distortions,
we used the instrument team solutions that have an accuracy
of ~35mas for 2009 data. To correct for NIRI distortions, we
compared NIRI and NIRC2 images of the Trapezium region and
we created new distortion maps for images taken with or with-
out the Altair field lens (Fig. 3). In both cases, the accuracy of the
correction is less than a pixel (<21 mas) close to the center of the
detector but reaches 2 to 5 pixels (40—100 mas) further than ~4"
from the center. We did not correct for distortions in NICMOS
images and assumed a 1.5 pixel (113 mas) error.

Eventually, we registered all images within ~1 pixels adding
zero pixels at the borders of the images to ensure no field-of-
view loss when rotating the frames as described in Sect. 4.3.

4.2. Image registration

If images were unsaturated, we used an iterative Gaussian fit pro-
cedure to register each frame of the sequence within a fraction
of pixel (<1/50). We used the same procedure to register coro-
nagraphic images since the occulting mask transmissions was
partially transmissive and left unsaturated images of the central
star on the detector. In NIRC2 and NICI coronagraphic images,
the central part of the star image, which was attenuated by the
focal plane mask, was slightly shifted with respect to the exter-
nal part of the star image (i.e., the speckles that were not affected
by the focal plane mask). We thus registered all the frames using
the deflected central star image and compensated for the bias in-
duced by the mask. Several times during the IDPS, we calibrated
the mask deflections at Keck II observing the HD 172649 binary
system with the 400, 600, 800, and 1000 mas diameter masks
at J, H, and K filters.

For NIRI saturated images, we selected the first frame of
the sequence and we masked all the pixels but the regions of
the spider diffraction pattern. We then found the position that
maximized the correlation of the masked image with its 180 deg

! http://www.astro.caltech.edu/~pbc/A0/distortion.pdf
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Fig. 3. NIRI distorsion maps for images taken with (fop) or with-
out (bottom) the Altair field lens. Arrows indicate the distortions at each
position of the detector. For the sake of visibility, we multiplied their
length by 10.

rotation (spiders are symmetrical). Once the first frame was reg-
istered within a pixel, we built a new mask to select the spider
diffraction pattern and an annulus where speckles were not satu-
rated and where the detector noise was negligible. We registered
all the frames of the sequence maximizing their correlation in-
side the new mask with the first frame. Sizes of the annulus were
sequence dependent.

For NIRC?2 saturated images, the procedure was very similar
but the centering of the first frame was done by hand (~1 pix
error) using the hexagonal diffraction signal as a guide because
the spider pattern was not detected.

For NICMOS images, we selected the spider pattern area and
found the position that maximized the correlation of the image
with its 180 deg rotation.

At this point of the pipeline, all sequences were registered
within <1 pixel.

Fig. 4. SOSIE sections of interest (left and right central blue section)
and optimizing region (right exterior red region).

4.3. High contrast imaging

For NIRC2 and NIRI data, the speckle pattern was reduced in
each frame of the sequence by subtracting an optimized refer-
ence image calculated by the SOSIE algorithm (Marois et al.
2010b). To create the reference image, we divided the target im-
age into sections (left in Fig. 4). For each section (blue central
region, right in Fig. 4), we selected the frames in the sequence
for which the field-of-view rotation would have sufficiently dis-
placed a putative companion (half of the PSF full-width half-
maximum, FWHM), and we defined a region (exterior red re-
gion) setting a FWHM gap. We found the linear combination of
the selected frames that minimized the residual noise in the exte-
rior region. We then subtracted the linear combination in the sec-
tion of interest (blue central section). This reduced the speckle
intensity because the SOSIE coefficients that are needed to sub-
tract the speckles in the blue region are highly correlated with
the SOSIE coefficients that are optimized to subtract the speck-
les in the red region. The FWHM gap avoids self-subtraction
of the planet signal. We tested several geometrical shapes for
the sections and found that annuli were a good trade-off be-
tween computing time and performance (negligible loss in per-
formance). After subtraction, we derived the north axis from
the FITS header keywords for each frame and we rotated all
frames to align their field of view with north up. We eventu-
ally median combined the frames to enhance the signal-to-noise
ratio of putative off-axis sources. In the regions of the image
where no reference frames were available to apply the SOSIE
algorithm (far from the central star if the telescope was dithered
during the sequence or close to the center when the field-of-view
rotation was small), we did no speckle subtraction and only me-
dian combined the frames.

For sequences taken in PA mode (Sect. 3.2), the pupil rotated
between frames rather than the field of view. We rotated each
frame to create a sequence with a fixed speckle pattern and a
rotating field of view. We then applied our SOSIE algorithm.

When only one spectral filter was used with NICI, we used
the same SOSIE algorithm as described before. For images taken
at two spectral bands simultaneously, we developed a SOSIE-
based algorithm that minimizes the speckle intensity using
the spectral images (spectral speckle differential imaging) and
the ADI images simultaneously (see also Artigau et al. 2008).
This data processing was used only for detection. To avoid the
issue of calibration in such ADI/SDI SOSIE images (Maire et al.
2014), we used the ADI SOSIE images (no SDI) to derive the
photometry of the candidates and the detection limits.

Usually, NICMOS sequences are composed of only
2—6 frames, which limits the SOSIE performance. To improve
the speckle subtraction, we built a NICMOS image database
(called Ipp) gathering 1012 images that is similar to what
Lafreniére et al. (2009) proposed. To reduce the speckle level
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Table 4. Intensity attenuation of the PSF behind the NIRC2 and NICI occulting masks.

Instrument NIRC2 NICI
Filter J H H H Ks Ks Ks Lp |CH4 H K
Mask diameter (mas) 800 600 800 1000 400 600 800 800 | 320 320 320
Attenuation 70 200 40 39 57 29 28 120 | 300 238 191

in one section of one frame, we selected the frames of the same
sequence and the 50 most correlated images Ipg in this section.
Then, we applied the SOSIE algorithm described previously.

As the ADI observing mode was not used before 2004, the
SOSIE algorithm could not be applied to a non-negligible num-
ber of sequences taken between 2000 and 2004 with NIRC2. For
these sequences, we only rotated all the frames to align the north
up and we median combined them. We tested a SOSIE algorithm
using a library of PSFs taken the same night with the same instru-
mental configuration (similar to the NICMOS-HST data process-
ing) but no improvement was achieved. The reason is certainly
that aberrations vary over the night in a ground-based telescope
(pointing, flexures, temperatures, etc.) and thus, the PSF and the
speckle pattern evolve over the night.

4.4. Photometry and astrometry calibrations

As for any ADI or SDI technique used for speckle calibration,
the astrometry and photometry are biased in the final images.
The procedure we used to estimate these biases requires an un-
saturated PSF (Galicher et al. 2011). When unsaturated images
were available, they were registered following the procedures
described in Sect.4.2 and we median combined them to obtain
the needed unsaturated PSF.

In the case of NIRC2 coronagraphic images, we used the
attenuated images of the star that were recorded behind the oc-
culting mask. We compensated for the mask transmissions that
were calibrated observing binary systems (Sect. 4.2 and Table 4).
For the 600 and 800 mas masks at H and Lp, we used images
of GJ803 and HR 8799 taken with and without masks for the
calibration.

All the NICI data were recorded with an occulting mask and
we also used the attenuated image of the star behind the corona-
graph as a reference for photometry. From the NICI documenta-
tion, the attenuation of the 0.32 arcsec occulting mask was ~300.
We used this value for the CH4 bands as the calibration was per-
formed at CH4l. For the K and H-bands, we used calibrations
published in Wahhaj et al. (2011) in which the attenuations were
238 and 191 at H and K, respectively.

For several data sets, saturated and unsaturated sequences
were not recorded using the same filters although their central
wavelengths and bandwidths were close. We thus considered the
median saturated and unsaturated images. We selected an annu-
lus in which the saturated image was not saturated and where the
unsaturated image was not dominated by the detector noise. We
integrated the flux over the annulus for both images and we de-
termined the factor that gives the photometry in the saturated im-
age from the measured flux in the unsaturated image. We finally
obtained an unsaturated PSF that was calibrated in flux with re-
spect to the saturated data. Doing so, we assumed the PSF pattern
was similar in the two filters, which was a good approximation
as the filter central wavelengths and bandwidths were similar.

‘When a binary or planet candidate was detected, we used the
calibrated unsaturated PSF to estimate its astrometry and pho-
tometry (Galicher et al. 2011). First, we roughly estimated the
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Estimated image

Real image

Fig. 5. Estimated (left) and real (right) images of an off-axis source.

flux and position (within 1 pixel) of the source in the SOSIE im-
age. The pipeline then created a data cube of frames that only
contained the unsaturated PSF at the candidate position on the
detector accounting for the field-of-view rotation in each frame
and for the smearing of off-axis source images as the field of
view could rotate during a single exposure. The SOSIE coeffi-
cients that were used to obtain the SOSIE image where the can-
didate was detected were applied on the candidate data cube. The
resulting frames were rotated to align north up. The median of
these frames provided the estimation of the candidate image in
the SOSIE image (Fig. 5). We then adjusted the estimated image
subpixel position and its flux to minimize the integrated flux of
the difference between the real and estimated candidate images.
We used a 3 FWHM diameter disk for the minimization. The 1o
error bars were the required excursions in position or in flux to
increase the minimum residual flux by a factor of V2. We empir-
ically determined this factor running tests on sequences in which
we injected known fake planets.

Using the calibrated unsaturated PSF, we also estimated the
SOSIE throughput in all SOSIE sections (central blue section
in Fig. 4) following a procedure similar to the one used for the
candidate position and flux estimation. The image were thus flux
calibrated.

For every star (IDPS and public data) with unsaturated data,
we produced a contrast curve. When off-axis sources were de-
tected in the image, we added a negative object at their posi-
tion in the raw datacube to remove them from the image and not
bias the contrast at their angular separation (Marois et al. 2010a;
Galicher et al. 2011). The noise distribution in ADI processed
images is well reproduced by a Gaussian function (Marois et al.
2008a) and we estimated the 5o~ noise level where o is the azy-
muthal standard deviation of the residual flux in annulii of 1 /D
width rejecting pixels with no flux (out of the field of view).
We did not account for the small amount of noise realizations
(Mawet et al. 2014) whose impact is negligible at the considered
separations. Finally, the So- noise levels were divided by the stel-
lar flux estimated from the unsaturated images. Typical contrast
curves of the IDPS are plotted in Fig. 6. The shallow curves cor-
respond to the short sequences taken between 2000 and 2004
with NIRC2. The best performance is commonly reached using
NIRC?2 (after 2004) or NICI. All the IDPS contrast curves are
gathered in Table 5.
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Table 5. 50 contrast curves of the IDPS observations.

The International Deep Planet Survey. II.

Star Date Filter 03”7 0.5 1.0 15”7 20”7 3.0” 40" 5.0’ 6.0” 7.0” 80” 90” 10.0”
HR9  2009-11-01 Ks 53 69 97 116 128 135 136 134 126 98 - - -
HR9 2009-12-05 CH41 85 100 127 139 147 152 153 153 153 153 157 166 15.1

Notes. The complete list is in Table 13, available at the CDS.
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Fig. 6. Typical deep (full line), median (dotted-dashed line), and shallow (dashed line) IDPS 5o contrast curves against angular separation. Top
left: H-band. Top right: CH4-bands. Bottom left: K-band. Bottom right: L-band.

Table 6. Targets with crowded field (more than 50 sources).

5. Detections

5.1. Crowded fields

Name a 0 Date
(J2000.0)  (J2000.0)
2MASS J17150362-2749397  17:15:04 -27:49:40 2010-07-12
HD 324741 17:54:55 -26:49:42 2004-05-24
HIP 89829 18:19:52  -29:16:33  2009-08-31
HIP 93805 19:06:15  —04:52:57 2008-05-31
HIP 99770 20:14:32  +36:48:23  2008-05-22

For 5 targets, we detected more than 50 off-axis sources
(Table 6). These stars are within 10deg in latitude from the
Galactic plane and the probability that the off-axis sources are

background objects is high. Thus, we put a low priority on these
stars, and finally, we did not reobserved them.

5.2. Binary and triple systems

During the survey, we detected 59 visual multiple systems
with projected separations smaller than 200 AU. Forty of these
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Table 7. Binaries detected during the IDPS.

Star @ s P 0 Contrast  Filter Date Telescope  Status ~ Comments/References
(J2000.0) (J2000.0) (arcsec) (deg)  (Amag)
TYC1186-706-1  00:23:34.66 ~ +20:14:28.75  1.74+0.01  136.7 0.6 Kcont  2008-12-17 KE A’
1.74 £0.01  137.4 0.6 Kp 2009-07-30 KE A’

Notes. In the status column, “A” stands for associated with the star and “B” for background object. “?”” means unknown status. The complete table
is in Table 14 available at the CDS. “>9 Companion status confirmed from the IDPS, from previous works, or combining the IDPS and previous

works (reference column) respectively.

HIP 107958

Fig. 7. Multistellar system discovered during the IDPS: HIP 107948.

systems are already known physical binaries and 16 are phys-
ical binaries discovered during the IDPS. We also obtained an
image of HIP 117452, which is a triple stellar system (De Rosa
et al. 2011). Finally, we discovered two triple stars: HIP 104365
(Vigan et al. 2012) and HIP 107948 (Fig.7). The properties of
the binaries (separation, magnitude difference, etc.) are listed
in Table 7. We do not derive the stellar type of the companions
in this paper.

5.3. Exoplanet detections

One of the main results of the IDPS is the discovery of the
four exoplanets orbiting the HR 8799 star (Marois et al. 2008b,
2010b). We also flagged 2279 point-like objects in the IDPS
images, corresponding to ~1100 individual sources detected at
2-3 epochs. We plot in Fig. 8 the contrast and the angular separa-
tion with respect to the star for the 1396 IDPS detections whose
contrast could be estimated. By observing a given star at multi-
ple epochs and considering proper motions and parallax, we con-
firmed that most of the detected sources are background objects
(Fig. 9). Some candidates have not yet been followed up because
of very bad weather or technical problems. The characteristics of
the 2279 detected sources are reported in Table 8 and are avail-
able on a dedicated website”.

6. Occurence of stars with giant planets

The detection limits (Table 5) and the four exoplanet detections
of the IDPS can be used to run a Monte Carlo statistical analysis
(Sects. 6.2 and 6.3) and calculate an upper limit to the frequency

2 http://lesia.obspm.fr/directimaging/admin/form_user.
php
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Fig. 8. Contrast of 1396 point-like sources detected in the IDPS as a
function of their angular separation.

of stars that harbor at least one companion of mass and semi-
major axis within given intervals (Sect. 6.4). Moreover, as exo-
planets were discovered during the survey, we can put a lower
limit on this frequency and we study the impact of the host-
ing star mass (Sect. 6.5.1). We also study the impact of one of
the assumptions that is needed to run the Monte Carlo analysis
(Sect. 6.5.2). Finally, we compare our results to previous works
(Sect. 6.6).

6.1. Sample

We focus our analysis on single star systems rejecting the bi-
naries (Table 7) from the IDPS sample. We also reject the stars
with crowded fields (Sect.5.1) and the stars for which no con-
trast curve could be derived from the observations. This leaves
229 stars with a median age of 100 Myr and a median distance
of 43 pc (dashed lines in Fig. 10).

To increase the number of stars in the sample and, thus, de-
rive a more accurate frequency of stars with giant planets, we
combine the IDPS detection limits and detections to the de-
tection limits of two other surveys: Gemini deep planet survey
(Lafreniere et al. 2007a) and a NACO/VLT survey (Chauvin
et al. 2010). Thanks to previous collaborations with these teams,
we know that our detection limits and theirs are consistent. In
future works, it would be interesting to combine all the existing
surveys ensuring all the detection limits are consistent but this is
out of the scope of our paper.
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Table 8. substellar candidates and background sources observed during the IDPS.

Star @ o P o 5p = pdo Am Filter M mmpinmax Aproj Date Tel. #  Status
(J2000.0) (J2000.0) (") (deg) (mas) (Myup) (AU)
HR9 00:06:50.09  -23:06:27.14  19.691  337.347 40 - Kp - - 770.1 +13.0 2001-12-01 KE 1 ?
HIP 682  00:08:25.74  +06:37:00.48 5472  268.037 14 15.47 £ 0.49 Ks - - - 2012-09-04 KE 1 B
4.945 267.774 12 14.73 + 0.31 Kp - - - 2006-07-18  KE 1 B

Notes. In the status column, “A” stands for associated with the star, whereas “B” is for background object and “F” for false detection. The flag
“B?" means that the errors bars are larger than parallax and proper motion, but given the displacement of all the candidates between the two

epochs, we are confident the object is background.
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Fig. 9. Example of the astrometry test for comparing the expected posi-
tion of a background source (blue and green) to the measured positions
(blue and red) for a planet candidate around HIP 12545. Crosses in-
clude error bars on the measured astrometry and on the stellar parallax
and proper motion.

The Lafreniere et al. (2007a) and Chauvin et al. (2010) sur-
veys complete the IDPS because they include more G, K, and
M stars (full lines in Fig. 10). The complete sample of 356 stars
includes 5, 95, 67, 43, 86, and 60 B, A, F, G, K, M stars. The
median age and median distance, which are 100 Myr and 37 pc,
are very similar to those of the IDPS. We use this sample in the
rest of the paper.

6.2. Formalism and assumptions

The analysis is based on the statistical formalism presented in
Lafreniére et al. (2007a). A Monte Carlo simulation is used to
create an ensemble of fake planets computing their projected an-
gular separation with respect to their star assuming given distri-
butions of planetary masses and orbital parameters. Then, con-
sidering a model of planet atmosphere and the age of the targets,
the fake planet fluxes are derived and compared to the detection
limits of the survey to determine what fraction of planets should
have been detected. Finally, the frequency of stars that harbor at
least one exoplanet is derived using the Bayes’ theorem. In this
section, we briefly outline the main steps of the analysis speci-
fying the assumptions.

We simulate Ny, fake planets for each target star. First, we
draw Npj, semimajor axis values considering a uniform distri-
bution in the interval [@nyin, @max]. These values are converted

200(T T T
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Fig. 10. Distribution of the ages, spectral types, and distances of the
IDPS stars with contrast curves (dashed line) and of the sample used for
the statistical study (full line).
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to planet-star separations following the method of Brandeker
et al. (2006) and assuming the orbital eccentricity distribution
derived by Kipping (2013) from the radial velocity exoplanet
sample, which is a Beta distribution with parameters a = 0.867
and b = 3.03. The projected physical separations are converted
into angular separations based on the distance of the primary
star. Then, we draw N1, masses following a uniform distribution
in the interval [myin, Mmmax]. Each planet mass is converted into
flux in the observing spectral band using the CONDO3 model
(Baraffe et al. 2003) and a random age assuming an asymmet-
ric Gaussian distribution for which the 1o~ lower age, 1o upper
age, and average age are given in Table 1. The planet-to-star con-
trast is then derived from the stellar magnitude. As we compare
this contrast to a 1D-contrast curve, we add a random noise to
account for the variations of the noise in the 2D-reduced im-
age. The random noise is drawn from a Gaussian distribution of
standard deviation that is equal to the noise measured at the sep-
aration of the fake planet. Finally, we derive the probability p;
of detecting a given planet around the jth star from the fraction
of fake planets lying above the 50~ detection limit.

When the star was observed several times, we combine the
detection limits (Table 5) taking the deepest contrast at each sep-
aration. Doing so, we assume the putative planets do not move
in the image from one observation to the others. During the
IDPS, the earliest and latest observations of a given star are sep-
arated by 3.5 yr in average. Considering the median distance to
the stars (~40 pc) and the average minimum angular separation
of the observations (0.3”), the closest detectable planets would
have a semimajor axis of 12 AU and, thus, an orbital period of
~30yr for the massive stars (2 My). The putative planets would
then have moved by ~20 pixels in Keck data and 10 pixels in
Gemini data between the two observations. Such a motion is
small enough so that we can combine the detection limits.

6.3. Exoplanet detection probability

The average of p; over all j values (i.e., over the complete
sample) are plotted in Fig. 11 as a function of the projected
planet-star separation for planet masses going from 0.5 to
13 Jupiter masses. For each curve, we set the mass of the
Npla = 100000 random planets (Myin = Mmax). The peak sen-
sitivity of the survey occurs for projected separations between
20 and 300 AU. For example, if each star of the sample harbored
one 10 My at 100 AU, we would have detected 75% of them. The
sensitivity declines for separations larger than 200 AU because
of the median distance of the targets (37 pc) and the ~10” field
of view of NIRC2 (the most used instrument during the IDPS).

6.4. Upper limit on the frequency of stars with giant planets

Using the Bayes theorem, the determination of the p; yields a
credible interval for the frequency of stars with giant planets un-
der the assumptions made about the planet mass and semimajor
axis (uniform distributions), stellar age, and atmosphere model.
The boundaries of the interval depend on the level of credibil-
ity « that is considered (Eq. (6) in Lafreniere et al. 2007a). For
a = 95%, Fig. 12 presents the upper limit on the frequency of
stars harboring at least one giant planet as a function of the
planet mass and the projected separation. The large number of
targets and the low detection limits of the IDPS, combined with
Lafreniére et al. (2007a) and Chauvin et al. (2010) results, en-
ables us to constrain the frequency of stars harboring exoplanets
with masses down to 0.5—1 M;. For example, we find that there
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veys as a function of the projected semimajor axis for several planetary
masses.
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Fig. 12. Upper limit on the frequency of stars harboring at least one
giant planet as a function of the planet mass and projected semimajor
axis.

are less than 20% of stars harboring one or more 1 M exoplanets
between 30 and 300 AU; and less than 10% of stars with one or
more 2 My exoplanets between 30 and 400 AU.

6.5. Frequency of stars with giant planets

Because substellar objects are detected around stars in our sam-
ple (Table9), we can also put a lower limit on the frequency
of stars with giant planets following the formalism presented
in Lafreniere et al. (2007a, Eq. (6)). When calculating the
frequency of stars harboring at least one giant planet within
[Mmin, Mmax] and [@min, Gmax], only the exoplanets of Table9,
whose mass and separation are included in these intervals are
considered detected during the survey. For example, the detected
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Table 9. Detected substellar objects in our sample.

Star Planet
Name Type | Name Mass (M;) Sep. (AU) Ref.
HR 8799 A5V b 5-11 68 1
c 5-8 38 1
d 5-10 24 1
e 5-10 15 2
HD 130948 GI1V b 13-75 47 3
HIP30034 K2 b 13-14 260 4
References. 1) Marois et al. (2008b); 2) Marois et al. (2010b);
3) Lafreniére et al. (2007a); 4) Chauvin et al. (2010).
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Fig. 13. Probability density function of frequency of stars with at least
one giant planet in the given intervals of masses and semimajor axes:
[Mmin, Mimax] = [0.5, 14] My and [@min, dmax] = [20,300] AU.

exoplanets for [Mmin, Mmax] = [0.5,14]1 M; and [amin, Gmax] =
[20,300] AU are HR 8799 b, ¢, d, and HIP 30034 b. Also, even
if several of the HR 8799 planets are flagged as detected, the
HR 8799 system counts for one detection only, i.e., one star with
at least one giant planet.

6.5.1. Mass of the hosting star

Under all the assumptions described in the previous sections,
we derive the probability density function of the frequency of
stars with at least one giant planet of mass in [Mmin, Mmax] =
[0.5,14] M; and semimajor axis in [@min, dmax] = [20,300] AU
(black full line in Fig. 13). The mode of the distribution (i.e.,
frequency for which the distribution is maximum) is 1.05*259%.
The error bars give a 95% confidence interval. This means that
1.05*2809 of stars harbors at least one giant planet of 0.5—14 M,
between 20 and 300 AU with a 95% certitude.

Surveying exoplanets with orbital periods shorter than four
years around stars of 1 to 5 My, (i.e., semimajor axis of <2 AU)
and with masses up to 30 Mj, Reffert et al. (2015) found that the
frequency of stars with giant planets depends on the stellar mass,
reaching a maximum for hosting stars of ~1.9 M. We test this
assertion on our sample for stars hosting at least one giant planet

between 20 and 300 AU and in the range of 0.5 to 14 M;. We split
our sample into 168 massive stars (B, A, F types, >1.1 M, red
dashed line) and 188 low-mass stars (G, K, M-types, <1.1 M,
blue mixed line) and we overplot the associated probability den-
sity functions in Fig. 13. The mode of the distribution for the

massive stars is 1.307553% with 95% confidence error bars. For

the low-mass stars, we find 0.90*¢93%. The two confidence in-
tervals overlap and there is no significant difference at a 95%
confidence level between the frequencies of massive and low-
mass stars that host an exoplanetary system. We cannot extend
the Reffert et al. (2015) result to giant planets orbiting at large
separations using our sample.

6.5.2. Planet mass and semimajor axis distributions

The various assumptions that are made to performed a statistical
analysis impact the final results. Although studying each param-
eter effect is out of the scope of this paper, we tested one ef-
fect. Instead of assuming uniform distributions of planet masses
and semimajor axes, we now use power laws similar to what
was measured for close-in exoplanets by Cumming et al. (2008).
Hence, the number dN of simulated exoplanets whose mass is
in the interval [m, m + dm] and semimajor axis is in the interval
[a,a +da] is proportional to m~'3! a1 dm da. All the other as-
sumptions being the same as before, we obtain that 2.3073%3%
of stars harbor at least one giant planet of 0.5—14 M; between 20
and 300 AU with a 95% certitude. Thus, changing the assump-
tion on the planet mass and semimajor axis distributions, the de-
rived frequency increases by a factor of ~2: the most probable
frequency ranges from 1.05% (uniform distributions, Sect. 6.5.1)
to 2.30%, and the 95% interval ranges from [0.35%, 3.85%] (uni-
form distributions) to [0.75%, 8.25%]. The two 95% intervals
overlap but the impact of the assumed planet mass and semima-
jor axis distributions is obvious in this case.

This result was expected because the power law distributions
predict a lot more light and close-in planets than uniform dis-
tributions, which are planets the IDPS is less sensitive to. This
leads to the open question: which distribution shall we use for the
planet mass and semimajor axis? On the one hand, we can argue
that the distributions derived by Cumming et al. (2008) come
from observations and should be a good a priori. On the other
hand, we can wonder whether the formation process is or is not
the same for close-in and outer giant planets, and thus, whether
the distributions are or are not the same. In any case, future stud-
ies are needed to determine the impact of each assumption that
is made to derive exoplanet frequencies. In the rest of the current
paper, we provide the frequencies for both assumptions on the
planet mass and semimajor axis.

6.6. Comparision to other surveys

We compare to previous results the frequencies of stars that
harbor at least one giant planet as derived from our sample
(Table 10). We use mass and separation intervals as close as pos-
sible to those chosen by the other teams and we confirm all re-
sults. Having a larger number of stars and deep detection limits,
we put stronger constraints reducing the estimated frequencies
by a factor of two or more in almost all cases. Also, the differ-
ence between the frequencies derived for the two planet mass
distributions that we consider (uniform or power laws) is small
when we focus on planets more massive than ~1 M;. Whereas
each team makes different assumptions, all results are consistent
with each other. This is interesting and future works should be
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Table 10. Frequencies of stars harboring at least one giant planet in given intervals of masses and semimajor axes derived from our work and from
previous publications.

Stellar type Frequency (in %) Separation  Planet mass Mass&SMA  Reference

95% certitude (AU) (My) distribution

Mode Min. Max.
BA 1.90 050 10.05 59-460 4-14 uniform law  This work
BA 205 050 11.05 59-460 4-14 power law  This work
BA - - 20 59-460 >4 Nielsen et al. (2013)?
BA 270  0.65 14.30 25-940 4-14 uniform law  This work
BA 275 070  14.70 25-940 4-14 power law  This work
BA - - 50 25 - 940 >4 Nielsen et al. (2013)*
FGK 120 030 6.60 25-856 4-14 uniform law  This work
FGK 1.10 030  6.05 25-856 4-14 power law  This work
F2-K7 - - 20 25 - 856 >4 Nielsen & Close (2010)*
M - - 8.30 9-207 4-14 uniform law  This work
M - - 8.60 9-207 4-14 power law  This work
MO-M5 - - 20 9 -207 >4 Nielsen & Close (2010)*
M - - 9.15 10-200 1-13 uniform law  This work
M - - 11.85 10-200 1-13 power law  This work
M - - 11 10-200 1-13 Bowler et al. (2015)
GKM 1.30 035 7.00 30-900 5-14 uniform law  This work
GKM 1.05 030 5385 30-900 5-14 power law  This work
GKM - - 2 >30 >5 Kasper et al. (2007)¢
FGKM - - 3.30 10-500 0.5-13 uniform law  This work
FGKM - - 6.25 10-500 0.5-13 power law  This work
FGKM - - 57 10-500 0.5-13 Lafreniére et al. (2007a)
FGKM - - 2.75 25-340 0.5-13 uniform law  This work
FGKM - - 5.20 25-340 0.5-13 power law  This work
FGKM - - 17 25-340 0.5-13 Lafreniere et al. (2007a)
FGKM - - 2.40 50-230 0.5-13 uniform law  This work
FGKM - - 4.50 50-230 0.5-13 power law  This work
FGKM - - 10 50-230 0.5-13 Lafreniére et al. (2007a)
FGKM 0.60 0.15 325 100-300 5-14 uniform law  This work
FGKM 0.60 0.15 3.30 100-300 5-14 power law  This work
FGKM - - 15 100-300 >5 Chauvin et al. (2015)°
FGKM 0.50 0.15 2.80 50-300 10-14 uniform law  This work
FGKM 0.50 0.15 275 50-300 10-14 power law  This work
FGKM - - 10 50-300 > 10 Chauvin et al. (2015)*
BAFGKM 045 015 2.60 40-150 1-14 uniform law  This work
BAFGKM 075 020 4.10 40-150 1-14 power law  This work
BAFGKM - - 10 40 - 150 >1 Chauvin et al. (2010)*
BAFGKM 045 0.15 2.55 10-150 1-20 uniform law  This work
BAFGKM 0.85 025 470 10-150 1-20 power law  This work
BAFGKM - - 6 10-150 1-20 Biller et al. (2013)
BAFGKM 0.35 0.10 1.95 10-100 5-70 uniform law  This work
BAFGKM 045 015 245 10-100 5-70 power law  This work
BAFGKM 170 052 490 10-100 5-70 Brandt et al. (2014)

Notes. Credible intervals are given for confidence levels of 95%. @ The authors do not provide all the upper limits.

A63, page 12 of 14



R. Galicher et al.: The International Deep Planet Survey. II.

done to understand which assumption(s) the derived frequencies
mainly depend on.

7. Conclusion

‘We have completed the IDPS for giant planets around 292 young
nearby stars of all spectral types with a majority of massive
stars. We developed a pipeline for a uniform processing of the
data that have been recorded for 14 yr using several instruments:
NIRC2/Keck II, NIRI/Gemini north, NICI/Gemini South, and
NACO/VLT. We achieved contrasts of ~12.5 + 2.5 mag at 1" at
H, CH4, K and Lp-bands.

We detected a total of 2279 point-like sources. Most of these
sources were confirmed to be background objects. Four were
confirmed to be exoplanets. They are the now well-characterized
HR 8799 planets (Marois et al. 2008b, 2010b). We also discov-
ered 16 stellar binary systems and 2 triple stars.

We used the Bayesian formalism developed in Lafreniere
et al. (2007a) to derive the frequency of stars with giant plan-
ets from the detection limits of the survey as well as the con-
firmed exoplanets. To complete the IDPS sample, we combined
our results with the Lafreniere et al. (2007a) and Chauvin et al.
(2010) surveys that mainly observed low-mass stars (G, K and
M stars). The complete sample includes 356 stars of all spec-
tral types with a median age of 100 Myr and a median distance
of 37 pc. We determined that 1.05*259% of stars harbor at least
one giant planet of 0.5—14 M) between 20 and 300 AU. We also
found no evidence that giant planets at large separations are more
likely formed around BAF stars than around GKM stars. We
confirm previous results reducing the measured frequencies of
stars with at least one giant planet by a factor of two or more in
almost all cases. The fact that the results of the different stud-
ies are consistent is encouraging, but we should keep in mind
that each team uses different assumptions (planet atmosphere
models, orbital parameter distributions, star aging, etc.) and one
might wonder on which assumption(s) the derived frequencies
mainly depend. For example, we showed in this paper that the
assumption on the planet mass and semimajor axis distributions
can change the conclusions and it will be essential to address
this question to prepare the interpretation of the Gemini Planet
Imager (Macintosh et al. 2008) and the Spectro-Polarimetric
High-contrast Exoplanet REsearch (Beuzit et al. 2008) surveys.
Most of their targets are part of the IDPS sample but the extreme
adaptive optics systems will probe lighter and closer-to-their-star
exoplanets, which will complete our knowledge of giant planets
at large separations.
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ABSTRACT

Multi-wavelength observations/spectroscopy of exoplanetary atmospheres are the basis of the emerging exciting
field of comparative exoplanetology. The HR 8799 planetary system is an ideal laboratory to study our current
knowledge gap between massive field brown dwarfs and the cold 5 Gyr old solar system planets. The HR 8799
planets have so far been imaged at J- to L-band, with only upper limits available at M-band. We present here
deep high-contrast Keck II adaptive optics M-band observations that show the imaging detection of three of
the four currently known HR 8799 planets. Such detections were made possible due to the development of an
innovative LOCI-based background subtraction scheme that is three times more efficient than a classical median
background subtraction for Keck II AO data, representing a gain in telescope time of up to a factor of nine. These
M-band detections extend the broadband photometric coverage out to ~5 m and provide access to the strong CO
fundamental absorption band at 4.5 um. The new M-band photometry shows that the HR 8799 planets are located
near the L/T-type dwarf transition, similar to what was found by other studies. We also confirm that the best
atmospheric fits are consistent with low surface gravity, dusty, and non-equilibrium CO/CH, chemistry models.

Key words: instrumentation: high angular resolution — methods: data analysis — methods: observational — planetary

systems — planets and satellites: atmospheres — techniques: image processing

Online-only material: color figures

1. INTRODUCTION

After more than a decade of searching, the direct exoplanet
imaging quest was finally successful in 2008 with the discovery
of three planetary systems (Marois et al. 2008b; Kalas et al.
2008; Lagrange et al. 2009). One key advantage of this technique
is the detection of the planet’s thermal emission. Detailed
multi-band photometry and spectrometry can be acquired that
can then be compared with atmospheric models to derive the
planet’s physical characteristics and study the effect of dust and
molecular chemistry. With its multiple coeval Jovian planets, the
HR 8799 system is an ideal laboratory to study young planets
with low temperature/surface gravity atmospheres and bridge
the gap between massive field brown dwarfs and the cold solar
system planets.

HR 8799 is a 30 Myr old (Marois et al. 2010b; Zuckerman
et al. 2011) A5V star located 39.4 pc away (Leeuwen 2007)
in the Pegasus constellation. It is classified as a y Doradus
and a A Bootis star (Gray & Kaye 1999). It also shows an IR
excess (Vega-like star) consistent with a debris disk composed
of a warm dust disk (6-15 AU), a massive cold dust disk
(90-300 AU), and a small dust particle halo extending up to
a 1000 AU (Rhee et al. 2007; Su et al. 2009).

Photometry and some spectroscopy of the HR 8799 planets
are available in several bands from 1 to 3.8 um (Marois et al.
2008b, 2010b; Lafreniere et al. 2009; Metchev et al. 2009;
Janson et al. 2010; Hinz et al. 2010; Currie et al. 2011; Barman
et al. 2011). An initial characterization (Marois et al. 2008b,
2010b; Bowleretal. 2010; Currieetal. 2011; Barmanetal. 2011)
has been achieved using the available data and state-of-the-art
atmospheric models developed for field brown dwarf analysis.
It is clear that these planets are quite different than most field
brown dwarfs, showing very dusty atmospheres while being

cool (~1000 K) with no sign of methane molecular absorption.
L- and M-band detections/upper limits suggest that this lack
of methane is due to a CO/CH, non-equilibrium chemistry
(Saumon et al. 2003; Cushing et al. 2006; Leggett et al. 2007;
Hinz et al. 2010; Bowler et al. 2010; Currie et al. 2011; Barman
et al. 2011). Other teams have been able to fit the available
photometry with patchy clouds and equilibrium chemistry
atmospheres (Marois et al. 2008b; Currie et al. 2011). Accurate
M-band photometry can help disentangle the various models, but
it is hard on a ground-based telescope due to the bright thermal
background mainly from the telescope and the adaptive optics
system (Lloyd-Hart 2000). This background is particularly hard
to remove at Keck, as it varies with time as the instrument image
rotator (which is located very near focus) moves and as the AO
deformable mirror modulates the rotator-induced background
pattern as seen by the detector. As a result, conventional
sky/background subtraction routines leave a spatially variable
residual that limits final sensitivity.

In this Letter, we present the first M-band (4.670 um) detec-
tions of three of the currently four known HR 8799 planets, the
longest wavelength at which these planets have been imaged.
The observations are discussed in Section 2. The data reduction
along with the new very efficient LOCI-based (LOCI: locally
optimized combination of images) background subtraction tech-
nique are presented in Section 3. Comparisons with field brown
dwarfs and new atmospheric fits are shown in Section 5. Con-
clusions are summarized in Section 6.

2. OBSERVATIONS

The HR 8799 data were obtained on 2009 November 1
and 2 at the Keck II observatory using the adaptive optics
system, the NIRC2 near-infrared narrow-field camera (McLean
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& Sprayberry 2003), and the M-band filter (1o = 4.670 um
and AL = 0.241 um). No coronagraph was used for these
observations. For these two nights, 140 unsaturated images (58
for November 1 and 82 for November 2) were acquired, each
image consisting of 200 co-adds of 0.3 s, for a total on-source
integration time of 140 minutes. The data were taken in angular
differential imaging mode (Marois et al. 2006). In that mode, the
instrument field rotator is adjusted to track the telescope pupil
while leaving the field of view (FOV) to rotate with time. In
addition, the telescope was nodded every few minutes between
four positions to facilitate the background subtraction. In our
data, the total FOV rotation is ~180 deg for both nights, but
both data sets were not acquired through transit (between hour
angle [—1.6 hr, —0.4 hr] and [0.6 hr, 1.1 hr] for November 1
and [—1 hr, —0.6 hr] and [0.5 hr, 2.2 hr] for November 2).
Although such observing strategy is fine for background limited
data, it did limit the amount of speckle subtraction achievable at
smaller separations where the data are still speckle noise limited
and where planet e is now known to be located (the HR 8799
transit time was actually used during these two nights for L-band
imaging to confirm planet e).

3. DATA REDUCTION

The data reduction was performed as follows: we first subtract
a dark image, divide by a flat field and mask bad/hot pixels.
We then remove known NIRC2 narrow-field camera distortions
using the Yelda et al. (2010) solution. The images are rotated
by 0.252 deg clockwise to put north up and the plate scale is
selected to be 9.952 + 0002 mas pixel~! to be consistent with
the distortion correction of Yelda et al. (2010). After these steps,
we subtract the background (Section 3.1) and the speckle noise
(Section 3.2) on the two data cubes of 58 (November 1) and
82 (November 2) images separately. We then average the two
processed sets to produce a final image.

3.1. LOCI-based Background Subtraction

The telescope was nodded between exposures to record
the star at different detector locations. For each image of
the sequence, a classical background reduction would consist
of subtracting the median of all the images where the star
is sufficiently dithered. This standard technique is limited
because of the time variations of the thermal background
whereas the median uses all the reference background images
without distinction. As the background subtraction step is no
different than a standard ADI/LOCI speckle subtraction, we
have developed a background subtraction routine (Marois et al.
2010a) based on the LOCI algorithm (Lafreniére et al. 2007).
This new routine is more efficient than the classical median

subtraction as it puts different weights on the background
reference images. Let consider the background subtraction in the
pth image I, of the sequence. An annulus (called D, Figure 1) is
defined around the star and all reference background images are
selected where the star has been sufficiently dithered compared
to I,. The algorithm searches for the linear combination of
these images that minimizes the X? (i.e., the residual noise in D
excluding bad pixels) which can be expressed as

[}, Ti(x)) — Ip(xj)]z D(x;), (D)

M=
WE

Kl =3

LJ

i

where M is the number of pixels in the image, N is the total
number of images in the sequence, x; is the jth pixel, /; is
the ith image of the sequence, and «;, the coefficients to be
determined. The inner radius of area D is chosen to avoid
the bright star speckle noise that can bias the background
minimization algorithm, while its outer radius is chosen to avoid
the dithered star images. In our case, the inner and outer radii are
3 and 30 1 /D corresponding to 24 to 240 pixels. We have then

imposed a;, = 0 if the star is at a similar location in /; as in [,.

The LOCI algorithm then finds the optimal a;bes‘ (Lafrenicre
et al. 2007; Marois et al. 2010a) that minimizes the Xﬁ‘ The
optimized background image B, at each pixel for /, (not only in
D) is then
N
Bp — Zalp,besl I 2)

i=1

The generated reference background image B, is finally sub-
tracted from [,. As a’,;b“‘ = 0 for the images where the star is
registered at the same location in J; as in 1,, B, does not contain
any flux from a possible companion. Moreover, if a compan-
ion exists in ,,, its impact on the azbes‘ LOCI coefficients is
negligible since the companion flux is much smaller than the
thermal background and D is large compared to the companion
point-spread function (PSF).

Once the background is subtracted, we sub-pixel register each
image using an iterative cross-correlation Gaussian fit to the PSF
core (images are unsaturated).

3.2. Median Speckle Subtraction

The speckle subtraction is performed following a basic ADI
data reduction as described in Marois et al. (2006). For each
data cube, an initial reference PSF is assembled by taking the
median of all images and is then subtracted. We then rotate the
images to put north up and median combine them. We apply
an unsharp mask to the resulting image (median in a 4 x 41/D
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Figure 2. Left panel: final image (average of the November 1 and 2 data) after subtracting the background noise with our new LOCI-based algorithm and the speckle
noise with a basic median. Right panel: same reduction, but using a classical median background subtraction. We applied an unsharp mask (median in a 4 x 41/D
box) on the two images and then convolved them by a 0.54/D width Gaussian. The two panels have the same linear intensity scale and FOV. North is up and east is
left. Central panel: 30 radial contrast noise profiles of our resulting median-combined images after subtracting the background with LOCI processing (black full line)
or a median (red dashed line). Planets b, ¢, and d fluxes are also plotted with 1o error bars along with the planet e flux upper limit.

(A color version of this figure is available in the online journal.)

box) to remove the low spatial frequency noise and convolve
it by a 0.51/D width Gaussian to average the high-frequency
pixel-to-pixel noise. We finally average the November 1 and 2
images (Figure 2).

Without the LOCI background subtraction, none of the
planets would have been detected (right panel, signal-to-noise
ratio (S/N) for d is less than 2). With the LOCI background
subtraction, HR 8799b, c, and d are detected (left panel, 3-8
S/N). Planet e non-detection is probably due to both sequences
not being acquired through transit, thus limiting the amount
of speckle noise being removed at small separations from the
median subtraction. We tried to apply a more advanced LOCI
algorithm (Lafreniere et al. 2007; Marois et al. 2008a, 2010a) to
improve the speckle reduction, but as the FOV rotation ranges
were small for both nights, no contrast gain was achieved.

4. DATA ANALY SIS

Planet fluxes and positions were obtained by subtracting
the planets prior to the speckle reduction using the stellar
unsaturated PSF as the template. We also tried subtracting the
companions prior to the LOCI-background algorithm and we
have confirmed that no bias is introduced by this technique
(final flux variations smaller than 0.07%). The subtraction was
iterated by moving the planet template and changing its intensity
until a minimal noise residual at the planet’s location was
achieved (inside a 1.5 A /D radius area; Table 1 for the resulting
magnitudes). Photometric error bars were calculated in /D
width annulus. As expected from other wavelengths (Marois
et al. 2008b), HR 8799b flux is roughly a third of that of
planets ¢ and d. The planet’s positions are included in Table 1.
The low S/Ns and the large M-band PSF core result in large
astrometric errors. A future astrometric HR 8799 paper using
shorter wavelength astrometry is in preparation.

Contrast plots (central panel of Figure 2) were obtained
by calculating the noise in an annulus having a A/D width
normalized by the stellar PSF flux (after performing the same
unsharp mask and convolution of a 0.5 A/D Gaussian). The
contrast plots were then normalized at each separation by the
estimated point source throughput using simulated ADI median
process planets. Figure 2 shows that the LOCI background

Table 1
HR 8799 Planets M-photometry
Planet b c d e
Separation w.r.t. (1.54,0.80) (—0.63,0.72) (—0.24, —0.58) a
HR8799a (E,N)”
+0.019 +0.013 +0.014
Contrast Am 10.84 £0.30 9.824+0.14 944+ 035 >7.85°
Absolute M 13.07£030 12.05£0.14 11.67+£0.35 >10.09°
Absolute M >11.37°  >11.22° >11.15°
(T. Currie et al.
2011, submitted)
Absolute flux 091 £021 2.33+£0.25 331£0.65 <l14.23°
(mly)
Currie’s absolute <4.36°  <5.00° <5.34°
flux (mJy)

Notes. HR 8799a apparent magnitude is 5.21 and its distance is 39.4 £ 1.0 pc.
Magnitude zeropoint is 154 Jy (Cox & Pilachowski 2000).

“ We use the Marois et al. (2010b) astrometry for planet e.

b 35 upper limits.

subtraction (black full line) is up to ~3 times better than a
classical background median subtraction (red dotted line). If a
classical background subtraction routine is used, an integration
time of up to nine times longer is required to reach the same
LOCI background subtraction contrast. This new highly efficient
LOCI-based background subtraction routine can be used on any
data where the background is non-negligible and evolving with
time.

5. DISCUSSIONS

It has been shown that the HR 8799 planets are an L-type
extension toward lower effective temperatures and lower surface
gravities (Marois et al. 2008b; Bowler et al. 2010; Currie et al.
2011; Barman et al. 2011). The planets have also been found to
be dusty with evidence of non-equilibrium CO/CH, chemistry.
If the HR 8799 planets are plotted in K’ — L’ versus L' — M’
diagram (Figure 3) against field brown dwarfs and lower mass
stars (Leggett et al. 2007), it is found that the HR 8799 planets
are located near the L/T-type dwarf transition. The M-band
photometry is thus consistent with what was found previously by
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Figure 3. K—L vs. L—M diagram for field brown dwarfs, lower mass stars,
and the HR 8799 planets. The planets are located near the end of the L-type
sequence, close to the T-type transition.

(A color version of this figure is available in the online journal.)
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other studies. From the field brown dwarf best-fit parameters of
Figures 4-6 of Leggett et al. (2007), we also find that the planet
L- and M-band colors are consistent with dusty atmospheres
with vertical mixing. Barman et al. (2011) found a similar result
for HR 8799b while considering lower surface gravities.

If we compare our estimated M-band flux to Currie et al.
(2011) equilibrium chemistry model predictions, we find that
all their best patchy-cloud atmospheric fits are rejected to ~3o
for HR 8799b. For planets ¢ and d, Currie et al. (2011) use
equilibrium chemical models and focus on clouds to interpret the
available photometry. The earlier work of Hinz et al. (2010) did
compare different chemical models to their M-band upper limits
for all three planets, but did not include near-IR photometry. Our
new photometry is consistent with some models proposed by the
two teams and will help in constraining their fits.

In this Letter, we compare cloudy and non-equilibrium model
fits for all of the photometry for the three planets. Such
comparison has only been done for planet b so far (Bowler et al.
2010; Barman et al. 2011). Using the same solar-abundance
model atmosphere grids and procedures described in Barman
etal. (2011), new gravities and effective temperatures are found
(Figure 4). For planet b, we find similar model atmosphere
parameters as in Barman et al. (2011), but with a slightly higher
gravity—log(g) = 4 rather than 3.5. This solar-abundance
model has T = 1100 K and, thus, requires a very small
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Figure 4. Comparison between the best solar-abundance model (red squares) and the broadband photometry (black cross) for HR 8799b(top), ¢ (middle), and d
(bottom). For planet b, the photometry from the 10 times more metal-rich case described in Barman et al. (2011) is plotted in green triangles. The photometric
measurements other than for the M-band are from Marois et al. (2008b, 2010b) and Currie et al. (2011). We also show Currie et al. (2011) upper limits for the M-band

photometry as a dotted line.
(A color version of this figure is available in the online journal.)
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radius (~0.7 R;) to match the observed bolometric luminosity;
nearly a factor of two smaller than predicted by traditional hot-
start models (Baraffe et al. 2003). For planets ¢ and d, we find
temperatures and gravities that are fairly close to the expected
values from evolution models (Marois et al. 2008b). Barman
et al. (2011) argue that increasing the metallicity to 10 times
solar could bring the Tesr/log(g) derived from atmosphere
and evolution models for planet b into better agreement. The
photometry from this metal-rich, evolution-consistent, model is
also shown in Figure 4. This model, however, predicts an M-band
flux that is 3.50 brighter than observed (while all other bands
agree to 20 or better). This may indicate an even higher overall
metallicity and/or that a non-solar C-to-O ratio is required. A
broader exploration of the possible metal abundances for all four
planets will be left to a future paper.

6. CONCLUSIONS

In this Letter, we have estimated for the first time the
M-band fluxes of three of the currently four known HR 8799
planets. These detections were made possible due to the use
of an innovative LOCI-based background subtraction routine
that has allowed for a factor of three gain in contrast (factor of
nine in integration time) compared to a classical background
subtraction using a median. This new background subtraction
routine can be used to subtract the background noise in any
infrared data.

‘We have detected HR 8799b, ¢, and d at M-band from 3
to 80. From a K’ — L’ and L' — M’ color diagram, we
confirm that the three planets are located near the end of the
L-type sequence, close to the L- and T-dwarf transition
region. We then derived new atmosphere model fits for the
three planets. For planets ¢ and d, temperatures and surface
gravities are close to the expected values from evolutionary
models. For planet b, the solar-abundance model fits well
the broadband photometry from 1 to 5 pum but it requires a
very small planetary radius to match the bolometric lumi-
nosity and is thus in contradiction with the planet evolution
models. The metal-rich evolution-consistent model overpredicts
the M-band flux, which may indicate an even higher overall
metallicity and/or a non-solar C-to-O ratio. Higher S/N
images will help disentangle the different physical and chemical
parameters.
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Figure 3 field brown dwarf data. Portions of this work were
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ABSTRACT

HD 95086 is an intermediate-mass debris-disk-bearing star. VLT/NaCo 3.8 um observations revealed it hosts a 5 + 2 My,, companion
(HD 95086 b) at =56 AU. Follow-up observations at 1.66 and 2.18 um yielded a null detection, suggesting extremely red colors for
the planet and the need for deeper direct-imaging data. In this Letter, we report H-(1.7 um) and K;-(2.05 pm) band detections of
HD 95086 b from Gemini Planet Imager (GPI) commissioning observations taken by the GPI team. The planet position in both
spectral channels is consistent with the NaCo measurements and we confirm it to be comoving. Our photometry yields colors of
H-L' =3.6+1.0mag and K; — L' = 2.4+0.7 mag, consistent with previously reported 5-c- upper limits in H and Ks. The photometry
of HD 95086 b best matches that of 2M 1207 b and HR 8799 cde. Comparing its spectral energy distribution with the BT-SETTL and
LESIA planet atmospheric models yields Ty ~ 600-1500 K and log g ~ 2.1-4.5. Hot-start evolutionary models yield M = 5+2 My,,.
Warm-start models reproduce the combined absolute fluxes of the object for M = 4-14 My, for a wide range of plausible initial
conditions (Sin; = 8-13 kg/baryon). The color—magnitude diagram location of HD 95086 b and its estimated T and log g suggest

that the planet is a peculiar LT transition object with an enhanced amount of photospheric dust.

Key words. planets and satellites: atmospheres — planets and satellites: detection — stars: individual: HD 95086 —

instrumentation: adaptive optics

1. Introduction

HD 95086 b is a directly imaged planet (5 + 2 My, apoj = 55.7
2.5 AU) discovered by Rameau et al. (2013a) in L’ (3.8 um) with
VLT/NaCo (Lenzen et al. 2003; Rousset et al. 2003) orbiting
the young A8 star HD 95086 (M ~ 1.6 M), a member of the
Lower Centaurus Crux subgroup (17 =4 Myr, Pecaut et al. 2012;
Meshkat et al. 2013). Additional L" images taken later in 2013
confirmed that the object is comoving with its star (Rameau et al.
2013b).

NaCo Ks (2.18 um) and NICI (Chun et al. 2008) H-band
(1.65 um) observations failed to reveal the planet (Rameau
et al. 2013a; Meshkat et al. 2013). However, 50~ lower limits of
Ks-L” = 1.2+ 0.5 mag and H — L’ = 3.1 + 0.5 mag suggest that
the planet may have extremely red colors, similar to the young
planets HR 8799 bede and 2M 1207 b (Chauvin et al. 2004;
Marois et al. 2008, 2010a), which have very dusty/cloudy atmo-
spheres (Barman et al. 2011; Currie et al. 2011). Higher contrast
near-IR data able to detect HD 95086 b can provide better com-
parisons with these objects and better constrain its atmosphere.

In this Letter, we present detections of HD 95086 b with the
recently installed Gemini Planet Imager (GPI, Macintosh et al.
2014) on Gemini South from public data as a part of GPI com-
missioning observations (Perrin et al. 2014). The data (acquired

* Based on public data taken at the GPI commissioning.

Article published by EDP Sciences

and reduced by the GPI team), their analysis, and the detec-
tions are presented in Sect. 2. In Sect. 3, we combine GPI H
and K| photometry with NaCo L’ photometry to constrain the
physical properties of HD 95086 b.

2. Observations and data reduction

The GPI is a new instrument for imaging and characterizing
planets around young nearby bright stars, combining an extreme
adaptive optics system, coronagraphs, and an integrated field
spectrograph (IFS). The IFS platescale is 14.3 + 0.3 maspx~!
for a 2.8” field-of-view (FOV) and the true North position angle
is given within 1deg'.

The HD 95086 spectral data were obtained at H (1.5—-1.8 um,
R = 44-49) and K; (1.9-2.19um, R = 62-70) in 2013
December using apodized Lyot coronagraphs (Table 1) and an-
gular differential imaging (ADI, Marois et al. 2006a). Conditions
were good: 0.43” and 0.6 DIMM seeing, air masses of 1.32
and 1.34, and coherence times of 19ms and 17 ms, respec-
tively. The GPI commissioning team used their pipeline for bad-
pixel removal, destriping, non-linearity and persistence correc-
tions, flat-fielding, wavelength calibration, and converting the
data into spectral data cubes. We used the data cubes relying on
the GPI pipeline quality. The data are made of 21 and 17 spectral

! http://planetimager.org/
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Table 1. Observing log of HD 95086 with GPI.

Date Filter Coro mask diam (mas) DIT(s) x NDITS x Nb, Nbimages FOV rotation (°)
2013/12/10  K;-coro 306 119.29278 x 1 x 37 17 11.7
2013/12/11  H-coro 246 119.29278 x 1 x 37 21 15.0

Notes. Date, filter, occulting mask diameter, exposure, numbers of coadds, of spectral channels, of images, and FOV rotation.

Fig. 1. Final images of the HD 95086 system at H (top) and K (bottom)
bands from two of our pipelines. The planet (arrow) is detected in all
images. The bright speckles are masked up to 500 mas from the central
star.

cubes at H and K, bands, respectively, consisting of 37 spectral
channels each.

To further process the data, we registered each slice of
the spectral cubes using the barycenter of the four satellite
spots (attenuated replica of the central star PSF induced by a
grid placed in a pupil plane, Marois et al. 2006b). Then, we
minimized the speckle noise in each slice using independent
pipelines each adopting various methods (Marois et al. 2006a;
Lafreniere et al. 2007; Lagrange et al. 2010; Boccaletti et al.
2012; Chauvin et al. 2012; Soummer et al. 2012; Currie et al.
2013; Marois et al. 2014) used for ADI and spectral differ-
ential imaging (SSDI, Racine et al. 1999). Finally, all slices
were mean-combined to yield an integrated broad-band image to
maximize the signal-to-noise ratio (S/N) of any off-axis source.
Binning images in wavelength and suppressing the speckles
(ADI), or suppressing the speckles in each spectral channel
(ADI/ADI+SSDI) and binning images give similar results, and
all our pipelines recover HD 95086 b, which is the sole bright
spot at the expected separation. Thus, we provide the first de-
tections at H and K; bands (Fig. 1) with an S/N of ~3-4 and
5-6, respectively. The central bright speckles are masked up to
500 mas. These are the first detections of HD 95086 b with an
instrument that is not NaCo/VLT. No spectrum can be extracted
given the low S/N.

To estimate the planet flux and position, we needed un-
saturated GPI PSFs. As GPI cannot acquire off-axis obser-
vations of the star, we calibrated photometry and astrome-
try using the satellite spots, which are expected to have same
shape and brightness for a given filter. In the laboratory the
spot-to-central-star flux ratios were 2.035 x 107 (9.23 mag)

L4, page 2 of 4
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Fig. 2. HD 95086 b positions from its star in RA (A«) and Dec (A6). GPI
and NaCo measurements are marked in blue and expected positions of
a background object in yellow.

and 2.695 x 107™* (8.92mag) at H and K; bands'. To check
these values, we compared H and K photometry of HD 8049 B
(VLT/ NACO-SINFONI, Zurlo et al. 2013) with our measure-
ments derived from public GPI HD 8049 data. Assuming that
the object is not photometrically variable with time and consid-
ering the laboratory spot contrasts, GPI and VLT photometry
are consistent within €; = 0.2 mag, which we take as the error
on the ratios. From these ratios, we assessed biases induced by
our processing by injecting fake point-sources (i.e., unsaturated
PSFs) into the data before applying speckle-suppression tech-
niques (Lagrange et al. 2010; Marois et al. 2010b; Chauvin et al.
2012; Galicher et al. 2012). We obtained templates of the planet
image. Adjusting the flux of the templates, we found the planet
photometry and the fitting error e, which depends on the de-
tection quality. & is 0.8 mag and 0.3 mag at H and K;. Finally,
we estimated the variation €3 of stellar flux over the sequence
with the variation of spot flux. €3 is 0.2 mag and 0.3 mag over
the H and K, sequences including the variations between spots.
The resulting photometric error is the quadratic error, which is
dominated by the low S/N at H and is a mix of all errors at K.

For the astrometric error, we considered uncertainties in the
centroiding accuracy of individual slices (<0.3 pixel), the plate
scale (0.02 pixel), the planet template fit (0.7 pixel at H, 0.5 pixel
at K;), and the North position angle (1 deg). The error is domi-
nated by the low S/N of the detections and the generic GPI cal-
ibrations. The current precision is good enough to assess the
comoving status of the companion (Fig.2). We tried to use the
astrometric standard HD 8049 B in GPI data to better constrain
the North orientation. We did not succeed because of the high or-
bital motion of HD 8049 B and because there is no contemporary
observation from other instruments.
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Fig. 3. Color-magnitude diagram using the new H-band photometry
of HD95086b (yellow star) and data from Bonnefoy et al. (2013),
Bonnefoy et al. (2014), and Currie et al. (2014).

Table 2. HD 95086 b photometry and astrometry at H and K, (GPI data)
and L’ (Rameau et al. 2013a,b, and revision® ).

Date Filter Sep (mas) PA(°) Am

2013/12/11 H 633 + 17 150.6 + 1.7 13.1+0.9
2013/12/10 K, 623 + 15 1514+ 1.5 12.1+0.5
2013/03/24 L 626.1 £12.8 150.7+13 9.71+0.56
2012/01/11 r 623.9+74 151.8+0.8 9.79+0.40
2012/01/11 L 623.9+74 151.8+0.8 9.48+0.19

Notes. ) See text for details.

Final measurements are presented in Table 2. We include re-
vised 2012 NaCo L’ photometry obtained by 1) better calibrat-
ing the planet signal (as in Currie et al. 2013) and 2) precisely
deriving the L’ neutral density (ND) filter throughput (used to
flux-calibrate HD 95086) by comparing ND and unsaturated
[ Pic data.

3. Characterization

Absolute magnitudes were derived from the contrast ratios
(Table 2): My = 15.29 £ 0.91 mag, Mk, = 14.11 + 0.51 mag,
and M, = 11.44 + 0.22 mag using the 2MASS and WISE W1
(Cutri et al. 2003, 2012) photometry of the star?.

Combining the H band GPI data with revised NaCo L’ data,
we compared the L'/H — L’ color-magnitude diagram position
of HD95086b with that of young companions, field dwarfs
(Leggett et al. 2010, 2013), and LYON evolutionary tracks
(Chabrier et al. 2000; Baraffe et al. 2003) generated for the
GPI/NaCo passbands”.

We converted the GPI measurements into H photometry by
applying correction factors derived from published spectra, the
filter transmissions, and a spectrum of Vega. HD 95086 lies at

2 Correction factors from the GPI/NaCo and 2MASS/WISE photom-
etry, derived from the spectrum of an A7III star in the Pickles et al.
(1998) library, are negligible.

3 http://phoenix.ens-lyon.fr/simulator/index. faces

Table 3. Physical parameters predicted by hot-start evolutionary models
for the observed absolute magnitudes.

SED r
Model BT-SETTL Lesia Dusty Cond
Terr (K) 10507430 1200735 916¥%  1108°%
log g (dex) 4.0%93 3347 3871 3.9%01
M (Myp) - - 454 55413

the L—T transition in this diagram, similar to other young (8—
30Myr) planets like HR 8799 cde (Marois et al. 2008, 2010a)
and 2M1207b (Chauvin et al. 2004). Its red H — L’ color
compared with the sequence of field dwarf objects (Leggett
et al. 2010, 2013) suggests a high content of photospheric dust
(Barman et al. 2011; Currie et al. 2011), owing to reduced sur-
face gravity (e.g. Fig. 11 of Marley et al. 2012).

We built the 1.5-4.8 um spectral energy distribution (SED)
of the planet following Bonnefoy et al. (2013) by combining the
GPI photometry with the L’ one. The normalized SED (at L")
is best compatible with the young exoplanets HR 8799 bcde and
2M1207b, but is redder. Its colors are also ~1 mag redder than
those of the benchmark dusty L6.5-L7.5 field dwarf 2MASS
J22443167+2043433 (Dahn et al. 2002; Stephens et al. 2009).

We also compared the SED of HD 95086b with the predic-
tions from grids of synthetic spectra for BT-SETTL (Allard et al.
2012) and LESIA atmospheric models (Baudino et al. 2014).
Each synthetic SED was normalized to that of HD 95086 b at L'.
The BT-SETTL grid covers 400K < Ty < 3500K with 50
to 100K increments, —0.5 < log g < 6.0 dex with 0.5 dex incre-
ments, and M/H = 0.0 or +0.5 dex. The BT-SETTL models that
reproduce the photometry of HD 95086 b have 600 K < Tef <
1500K and 3.5 dex < log g < 4.5 dex. The three LESIA grids
assume 700K < T < 2100K, 2.1 < log g < 4.5dex, and so-
lar abundances: one without clouds and two with clouds of Fe
and Mg, SiOy particles. For each LESIA model, we selected the
planet radius that minimizes y? between the observed and calcu-
lated apparent magnitudes. We only kept models with a radius in
a realistic range derived from evolution models (0.6 to 2 Jupiter
radii, Mordasini et al. 2012). All LESIA models that reproduced
the HD 950866b photometry have 900K < T < 1500K
and 2.1 dex < log g < 4.5 dex.

The planet mass cannot be derived from the atmosphere
models, and evolutionary models are needed. Comparing the
planet’s L’ luminosity with hot-start DUSTY and COND mod-
els for an age of 17 + 4 Myr, we find a planet mass of M = 5 =
2 My, (Table 3). We did not use the H and K; photometries be-
cause they are poorly reproduced by the models for an object at
the L—T transition (larger uncertainties than for L’). The models
predict Tes and log g, in agreement with those derived from the
SED fit.

Alternatively, we used the warm-start models (Spiegel &
Burrows 2012) to account for possible different initial condi-
tions for the planet (parameterized by the initial entropy be-
tween 8 and 13 kg/baryon). The models assume solar metallic-
ity and atmospheres enriched by a factor of 3 with/without dust
clouds as boundary conditions. Synthetic SEDs are generated
from predicted spectra of planets*. For the full range of initial
entropies we considered, models assuming masses of 4—14 My,

4 http://www.astro.princeton.edu/~burrows/warmstart/
spectra.tar.gz
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Fig.4. Combination of initial entropies (Sin;) and masses (shaded ar-
eas) for which the planet 1.6-4.8 um photometries are reproduced by
the warm-start models of Spiegel & Burrows (2012) within 1o~ Three
boundary conditions are considered: with (hy) and without (cf) cloudy
atmospheres, at solar (1s) and 3x solar (3s) metallicity. Initial entropies
for the cold-start (filled circles) and hot-start (open circles) models of
Marley et al. (2007) are overlaid.

match the SED of HD 95086 b (Fig. 4). For much of this range
(Sinic = 9.5—13) a mass of 4 My, is favored.

4. Conclusions

We reported the near-IR detections of HD95086b from
GPI public commissioning data. We confirmed that the compan-
ion is comoving with HD 95086 and derived the first estimates
of its magnitudes with respect to its star: H = 13.1 + 0.9 and
K; =12.1+0.5.

While the mid-IR Iuminosity of HD 95086 is best consis-
tent with an L—T transition object, it has redder near-IR colors
than other young, imaged planet-mass companions. This is con-
sistent with a very dusty and low surface gravity atmosphere.

Comparison with atmosphere models provided 600 K <
Ter < 1500 K and 2.1 dex < log g < 4.5 dex. Evolutionary mod-
els are consistent with a mass of 5 + 2 My,,. However, the mod-
els are affected by systematic errors that are difficult to quantify
because of the lack of young objects at the L—T transition.

More higher-precision spectroscopic and photometric data
for HD 95086 b are required to refine the planet properties.
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ABSTRACT

Context. The consortium of the Spectro-Polarimetric High-contrast Exoplanet REsearch installed at the Very Large Telescope
(SPHERE/VLT) has been operating its guaranteed observation time (260 nights over five years) since February 2015. The main
part of this time (200 nights) is dedicated to the detection and characterization of young and giant exoplanets on wide orbits.

Aims. The large amount of data must be uniformly processed so that accurate and homogeneous measurements of photometry and
astrometry can be obtained for any source in the field.

Methods. To complement the European Southern Observatory pipeline, the SPHERE consortium developed a dedicated piece of soft-
ware to process the data. First, the software corrects for instrumental artifacts. Then, it uses the speckle calibration tool (SpeCal) to
minimize the stellar light halo that prevents us from detecting faint sources like exoplanets or circumstellar disks. SpeCal is meant to
extract the astrometry and photometry of detected point-like sources (exoplanets, brown dwarfs, or background sources). SpeCal was
intensively tested to ensure the consistency of all reduced images (cADI, Loci, TLoci, PCA, and others) for any SPHERE observing
strategy (ADI, SDI, ASDI as well as the accuracy of the astrometry and photometry of detected point-like sources.

Results. SpeCal is robust, user friendly, and efficient at detecting and characterizing point-like sources in high contrast images. It
is used to process all SPHERE data systematically, and its outputs have been used for most of the SPHERE consortium papers to
date. SpeCal is also a useful framework to compare different algorithms using various sets of data (different observing modes and

conditions). Finally, our tests show that the extracted astrometry and photometry are accurate and not biased.

Key words. instrumentation: high angular resolution — methods: observational — techniques: image processing —

planets and satellites: detection

1. Introduction

The Spectro-Polarimetric High-contrast Exoplanet REsearch
(SPHERE; Beuzit et al. 2008) is a facility-class instrument at
the Very Large Telescope (VLT) dedicated to directly imaging
and spectroscopically characterizing exoplanets and circumstel-
lar disks. It combines a high-order adaptive-optics system with

* Based on observations collected at the European Organisation for
Astronomical Research in the Southern Hemisphere under ESO pro-
gramme 097.C-0865.

diverse coronagraphs. Three instruments are available: an
infrared dual-band imager (IRDIS, Dohlen et al. 2008), an in-
frared integral field spectrometer (IFS, Claudi et al. 2008),
and a visible imaging polarimeter (Zimpol, Thalmann et al.
2008).

Since first light in May 2014, SPHERE has been per-
forming well in all observational modes, enabling numerous
follow-up studies of known sub-stellar companions to stars and
circumstellar disks as well as new discoveries (e.g., Boccaletti
et al. 2015; de Boer et al. 2016; Ginski et al. 2016; Lagrange
et al. 2016; Maire et al. 2016a, 2017; Mesa et al. 2016, 2017,
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Perrot et al. 2016; Vigan et al. 2016; Zurlo et al. 2016; Chauvin
et al. 2017; Bonnefoy et al. 2017; Feldt et al. 2017; Samland et
al. 2017). The good performance to date results from the stabil-
ity of the instrument over time and a dedicated and sophisticated
software for data reduction.

The SPHERE reduction software uses the data reduction
handling pipeline (DRH, Pavlov et al. 2008) that was delivered
to ESO with the instrument as well as upgraded tools optimized
using the first SPHERE data to derive accurate spectrophoto-
metric and astrometric calibrations (Mesa et al. 2015; Maire et
al. 2016b). The software that is implemented at the SPHERE
data center (Delorme et al. 2017a) first assembles tens to thou-
sands of images or spectra into calibrated datacubes, removing
or correcting for instrumental artifacts. This includes image pro-
cessing steps such as flat-fielding, bad pixels, background, frame
selection, anamorphism correction, true north alignment, frame
centring, and spectral transmission. The outputs of these first
steps are temporal and spectral sequences of images organized
in datacubes with four dimensions hereafter: coronagraphic im-
ages and the associated point-spread functions (PSF). Then, the
software uses the speckle calibration tool (SpeCal) written in the
IDL language and described in this paper. SpeCal was devel-
oped in the context of the SpHere INfrared survey of Exoplanets
(SHINE), which is the main part of the SPHERE guaranteed ob-
servation time (GTO) and is now used to process all SPHERE
data obtained with IRDIS and IFS systematically. SpeCal uses
data processing algorithms proposed in the literature. Data from
the Zurich imaging polarimeter (ZIMPOL) will be implemented
in the future.

In Sect. 2, we describe the algorithms that SpeCal uses to op-
timize the exoplanet detection, while in Sect. 3 we explain how
SpeCal algorithms estimate the astrometry and photometry of
point-like sources like exoplanets or brown dwarfs. To address
the accuracies of the data reduction in terms of astrometry and
photometry we use SpeCal to reduce two sequences recorded
with IRDIS (Sect. 4) and IFS (Sect. 5) during the SPHERE guar-
anteed time observations.

2. Calibration of the speckle pattern
2.1. Differential imaging strategies

Current high contrast imaging instruments dedicated to exo-
planet detection combine an adaptive optics system to com-
pensate for the atmospheric turbulence and coronagraphs to
attenuate the flux of the central bright source (i.e. the star).
Because the adaptive optics system is not perfect and because
of aberrations in the optics of the telescope and instrument,
part of the stellar light reaches the science detector, creat-
ing spatial interference patterns called speckles. The speckles
mimic images of off-axis point-like sources, especially in nar-
row band filters. Other factors let stellar light go through the
coronagraph preventing the detection of faint sources in the
raw data: chromatism of the coronagraph, atmospheric disper-
sion, diffraction effects from the secondary mirror and from spi-
ders, low wind effect, and so on. Hereafter, for convenience,
the stellar speckle pattern will refer to any type of stellar
light that reaches the detector even if it is not in the form of
speckles.

Strategies that are routinely used to discriminate exoplanet
images from the stellar speckle pattern include angular differen-
tial imaging (ADI, Marois et al. 2006), dual-band imaging, and
spectral differential imaging (SDI, Rosenthal et al. 1996; Racine
et al. 1999; Marois et al. 2004; Thatte et al. 2007), reference
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differential imaging (RDI, Beuzit et al. 1997), and polarization
differential imaging (PDI, Baba & Murakami 2003; Baba et al.
2005). Each strategy relies on specific assumptions about the
speckle pattern, and the efficiency of extracting the planet sig-
nal from the speckle pattern is directly related to the strengths
and limitations of these assumptions. When using ADI, we as-
sume most of the optical aberrations come from planes that are
optically conjugated to the pupil plane and remain static in the
course of the observation. Keeping the pupil orientation fixed
(pupil tracking mode), we record a sequence of images that
show a stable speckle pattern while the field of view, includ-
ing an off-axis exoplanet image, rotates around the central star.
Using dual-band imaging, we assume the spectrum of the star
(and so, the speckles) is different from the exoplanet spectrum.
Using SDI, we assume the speckles are induced by an achro-
matic optical path difference in a pupil plane so that we can
predict the evolution of the phase aberrations that induce the
speckles with wavelength. Using RDI, we observe several simi-
lar stars with a similar instrumental set-up assuming the speckle
pattern is stable in time. Finally, the PDI technique assumes that,
unlike the star light, the light coming from the planet is polar-
ized. For each strategy, several algorithms exist to process the
data.

The SPHERE instrument can record coronagraphic images
simultaneously in two spectral filters using the IRDIS subsystem
for dual-band imaging (Vigan et al. 2010) or in 39 narrow spec-
tral channels using the IFS for SDI (Zurlo et al. 2014; Mesa et
al. 2015). During the observations, ADI, dual-band imaging, and
SDI can be used so that the SPHERE instrument records four-
dimensional datacubes, called I(x, y, 6, 1): two spatial dimensions
(x, y, sky coordinates), one angular dimension (6, orientation with
respect to the north direction, which evolves with time in pupil
tracking mode), and one spectral dimension (4, wavelength). In
the rest of the paper, we use “spectral channel” to refer to the
spectral dimension, and “angular channel” to refer to the angu-
lar dimension. Also, we use SDI for both SDI and dual-band
imaging.

The SpeCal tool was developed so that all the SHINE
SPHERE GTO data can be uniformly processed. We remind
readers that this tool uses data processing techniques that were
previously proposed in the literature. The interest of the tool is
that all these techniques have been tested on several datasets
to ensure that all the products are consistent (contrast curves,
measurements of astrometry, and photometry of detected point-
like sources). SpeCal can process data recorded using ADI,
SDI, RDI, or the combination of ADI and SDI that is called
ASDI hereafter (see Table 1). When SDI or ASDI is chosen, the
frames I(x, y, 0, A) are spatially scaled with wavelength to com-
pensate for the spectral dispersion of the speckle position and
size, the reference wavelength being the shortest one. The result-
ing frames are called I(x,y, 6, 1). The scaling changes the spa-
tial sampling. An inverse scaling is performed at the end of the
data processing. The ASDI option usually minimizes the speckle
pattern more efficiently but it can strongly bias the photometry
of the objects that are detected, as demonstrated in Maire et al.
(2014) and Rameau et al. (2015).

Numerous algorithms were proposed to minimize the speckle
pattern in coronagraphic images so that point-like sources (e.g.,
exoplanets) or extended sources (e.g., circumstellar disks) can
be detected. SpeCal offers several algorithms depending on the
observing strategy: classical ADI (cADI, Marois et al. 2006),
classical reference differential imaging (cRDI), subtraction of
a radial profile (radPro), locally optimized combination of im-
ages (Loci, Lafreniere et al. 2007), LociRDI, template-Loci
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Table 1. Acronyms of the strategies of observation.

ADI Angular differential imaging
SDI Spectral differential imaging
PDI Polarization differential imaging
RDI Reference differential imaging
ASDI Simultaneous ADI and SDI

(TLoci, Marois et al. 2014), principal component analysis (PCA,
Soummer et al. 2012; Amara & Quanz 2012), and classical
averaging with no subtraction (ClasImg). The objective of each
algorithm, except ClasImg, is the determination of one speckle
pattern A(x,y, 6, 1) that is then subtracted from I(x,y,6, 1) to
obtain a datacube R(x,y,60,1) where the stellar intensity is
reduced:

R(x,y,6,2) = I(x,y,0, 1) — A(x, y,0, 2). (1)

The pattern A can be a function of the spectral dimension, of the
angular dimension, and of the sky coordinates.

In the ADI cases, once the A pattern is subtracted, all frames
of R are rotated to align their north axis. In the SDI case, the
R frames are spatially scaled to recover the initial sampling. In
the ASDI case, the R frames are both spatially scaled and ro-
tated. Then, the frames are mean-combined to sum up the off-
axis source signal. The result is a datacube In,(x, y, 1). SpeCal
also uses a median combination of the R frames. Hence, there
are two final images for each spectral channel.

The following sections describe how SpeCal calculates the A
pattern for each algorithm, the acronyms for which are given in
Table 2.

2.2. Classical averaging

SpeCal can provide the average and median combinations of the
rotated R frames using A =0. This algorithm (ClasIm) can be
useful to optimize the signal-to-noise (S/N) ratio of detections in
parts of the image that are dominated by background instead of
speckles.

2.3. cADI
In classical ADI, SpeCal averages the cube of frames over the
angular dimension for each spectral channel (1):

Aa(xy, D) = (I (x, .6, D)p. @

Equation (1) is applied and the R frames are rotated and then
averaged to produce one final image /fna12 per spectral channel.
SpeCal can also remove the median of the frames instead of
the average:
An(x,y, A) = (median((x, y, 6, 1))y. 3)
Then, it uses A, in Eq. (1), rotates the R frames, and then
applies a median combination. The final image Zfipaim is less sen-
sitive than /g, 4 to uncorrected hot or bad pixels. It is however
harder to accurately retrieve the photometry of a detected off-
axis source from Ifnam than from Ipa . (Sect. 3).

2.4. cRDI

The reference differential imaging (RDI) is especially useful to
obtain images of extended sources like circumstellar disks or to

Table 2. Acronyms and names of algorithms used to process the data
recorded using a given strategy of observation (third column).

Acronym Name Strat.  Section

Clasimg Median/average Al 22
combination

cADI Classical ADI ADI 23

cRDI Classical RDI RDI 24

radPro SubFractlon of ADI 2.5
radial profile

Loci Locally optimized )y 5 ¢

combination of images

Tloci Template-Loci All 2.7

LociRDI Loci using only RDI RDI 2.8

PCA Principal component All 29

analysis

Notes. If the third column shows “all”, it means the algorithm can be
used on ADI, or SDI, or ASDI data.

Fig. 1. Loci and TLoci regions of interest (left figure and central blue
region in the right figure) and TLoci optimizing region (exterior red
region in the right figure).

probe small angular separations to the star because it is not sub-
ject to self-subtraction unlike the other algorithms. The classical
RDI (cRDI) is similar to cADI but it uses N reference frames
Ir(x,y,n, A) to derive the speckle pattern A, where n = 1...N.
These reference frames are images of stars other than the one of
interest (Ir # I). The resulting A pattern is

A(x,y, ) = (median(Ir(x, y, n, A)),. “)

2.5. Subtraction of a radial profile

For detecting and studying extended sources, SpeCal proposes
the radPro algorithm that first works out the average of the dat-
acube over the angular dimension (Eq. (2)). Then, it calculates
the azimuthally averaged profile in rings of one pixel width.
Finally, the A pattern is the centro-symmetrical image that is
derived from this profile.

2.6. Loci

The SpeCal Loci algorithm is described in Lafreniere et al.
(2007). For a given 6, a given A, and a given region in the field
(blue in Fig. 1), the algorithm calculates the linear combination
of the other frames I(x,y,60’,4") (¢’ # 6 and 2’ # A in ASDI)
to build A(x, y, 6, ) that minimizes |R| (Eq. (1)) in the region of
interest. In addition to the algorithm of Lafreniere et al. (2007),
we impose the coefficients of the linear combination to be posi-
tive. Conversely to Lafreniére et al. (2007), the region of interest
where A is applied and the region of optimization from which
A is derived are the same in SpeCal. They are defined using:
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— the radial width of the region (dr in Lafreniere et al. 2007);
— the number of PSFs inside the region (N4 in Lafreniere et al.
2007).

We use different parameters to Lafreniere et al. (2007) to
select the frames that are used in the linear combination. Con-
sider the frame I(x,y,6,1) (ASDI case, Sect. 2.1). First, we
assume the image I, of a putative off-axis source in I is the
two-dimensional Gaussian function with the full width half-
maximum (FWHM) estimated from the recorded PSF (see
Sect. 2.10.1). If the source is in the region centered on (xo, yo)
in I(x,y,6,2), it is angularly shifted by sy = 1 (6; — 6) and
radially shifted by s, = ro (1 — A/4;) in I(x,y,6;, A;), where

x2 + y2 is the angular separation from the star in FWHM

unit. If only /(x,y,6;,4;) was used to build A, the normalized
intensity of the off-axis source integrated within a disk of one-
FWHM diameter in the frame R would be

ro =

[ [y, 0.0 - L.y, 6, 4)] dx' dy’

’ (5)
I <rwina -y 0. dx’ dy
using ¥’ = x — xg, 4y’ =y —yo and r = \/x’2 + y’2. Then,
Yoo ffmFWHM/z [IS(XI’y/’H"’/l/’)] v’ dy" ©)

ffrd‘WHM/z IP(X,’ y',0,)dx" dy’

Using the radial and angular shifts s, and s, of Ii(x,y,6;, 1), we
find

, E(s9) E(sy)
= - == 7
’ 4erf? (/2) @

where @ equals 2 VIn2, and erf is the error function, and

sl

Here, we assume the angular motion is linear, which is a good
assumption because E(s) quickly decreases. The function 7’
goes from 0 (¢ = 6; and 1 = A, total self-subtraction) to 1
(no self-subtraction). In SpeCal, we set a parameter 7 that can
be linked to the minimum motion &, of the putative off-axis
source in Lafreniere et al. (2007). If 7" is smaller than 7, the
frame I(x,y, 6;, 1)) is rejected. Doing so for each 6; and 4;, we
obtain a series of frames {/;} that individually leave at least T
times the initial flux of the putative source in the R(x,y, 6, 2).
Then, we select from {/;} the N most correlated frames (N is
adjustable) to I(x,y, 6, 1) in the considered region. We obtain
the linear combination of the N frames (i.e., the A pattern) that
minimizes the residual energy in this region using the bounded-
variables least-squares algorithm by Lawson & Hanson (1995).
Finally, as the coefficients of the linear combination are positive,
the flux of the putative source in the final image /5y, is at least T
times the initial flux for any region.

The Loci algorithm can be used to reduce ADI, SDI, or ASDI
data. In the ADI case, the Loci A pattern that is worked out for a
given frame I(x, y, 6, 1) uses the other frames taken in the same
spectral channel only. In the SDI case, it uses the frames taken
with the same angle 6 only. Finally, in the ASDI case, all frames
are spatially scaled with wavelength, and they are all used to
determine the A pattern.
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2.7. TLoci

The SpeCal TLoci algorithm is derived from the one described
in Galicher & Marois (2011) and Marois et al. (2014) assuming
a flat planet spectrum in contrast. The parameters that are used to
select the frames (7 and N) and to describe the regions of interest
(dr and N,) where the A pattern is applied (blue region in Fig. 1)
are the same as for the Loci case (Sect. 2.6). The difference from
Loci is the region where A is optimized (red region). In SpeCal,
the gap between this region and the region of interest is set to
0.5 FWHM. Hence, the optimizing region is close enough to the
region of interest so that A is efficiently optimized, and the op-
timizing region is far enough from the region of interest so that
the flux of a source in the latter does not bias the linear combina-
tion. Moreover, the internal radii of the two regions are the same
in SpeCal. Finally, an additional parameter sets the radial width
of the optimizing region. As for Loci, TLoci can be associated
to ADI, SDI, and ASDI.

2.8. LociRDI

A reference differential imaging algorithm using Loci is also
implemented in SpeCal. It works as described in Sect. 2.6 but
the frames that are used to build A are reference frames as in the
cRDI case (Sect. 2.4).

2.9. PCA

For historical reasons, two PCA algorithms are implemented in
SpeCal. The first version can be applied on IRDIS or IFS data
using the ADI or ASDI options. This algorithm follows the equa-
tion of Soummer et al. (2012). For each frame I(x,y, 6, 1), we
subtract its average over the field of view:

L(x,y,0,2) = 1(x,y,0, ) = (I(x, 4,6, D)y ©))

In the ADI case, the principal components are calculated for each
spectral channel independently. Each frame I (x,y, 6, A) is then
projected onto the N first components to obtain the A pattern
that is used in Eq. (1), replacing I with I.. The N parameter is
called “number of modes” hereafter. Finally, the averages that
were removed (Eq. (9)) are added back to obtain the R frames
of Eq. (1). In the ASDI case, the algorithm is the same but it
works on I instead of I. We note that here there is no frame
selection to minimize the self-subtraction of point-like sources
when deriving the principal components.

The second version of PCA that is implemented in SpeCal is
very similar to the first one but it can be applied on IFS data using
the ASDI option only (Mesa et al. 2015). The two PCA versions
were tested on a large amount of SPHERE data and they provide
a very similar performance.

2.10. Common outputs
2.10.1. Model of unsaturated PSF

SpeCal produces common outputs whatever the chosen algo-
rithm. First, it records the final images I5,, normalized to the
estimated maximum of an unsaturated non-coronagraphic stel-
lar image with the same exposure time. Hence, the values of
the pixels in Zny give the contrast ratio to the star maximum.
For each spectral channel, the maximum S of the stellar non-
coronagraphic image is derived from the best fit of the input
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PSFs by the function

2\ (x—xpse)*+(y—yesr)? )”)’ (10)

PSFpodel = @ + 8 exp (— ( 5

where « is the background level, § is the star maximum, y and
are related to the spatial extension of the PSF (and to FWHM),
and (xps, ypsr) give the center of the PSF. All these parameters
are fitted accounting for the photon noise in the provided PSF
images. The SPHERE PSFs are usually close to two-dimensional
Gaussian functions (7 = 2) but can deviate from them. In the
context of SHINE, PSFs are usually recorded before and after the
coronagraphic sequence. SpeCal calculates the best fit to each of
the PSFs (~50 x 50 pixels) and runs two tests on the time series
of fitted parameters. First, it works out the average and standard
deviation of the normalization factor S over time, records the
two values, and sends a warning if the flux of the star 8 varies by
more than 20% between distinct PSF observations of the target.
Then, it sends a warning if the background level « is larger than
10% of B. These values (10% and 20%) were defined as quality
requirements based on our experience with the instrument and
the analysis of hundreds of datasets. Finally, SpeCal estimates
and records the PSF FWHM.

2.10.2. Calibration of photometry

For algorithms that bias the photometry of off-axis sources,
SpeCal estimates the throughput of the technique at each
position in the field. For cADI, radPro, and PCA, SpeCal cre-
ates a datacube of fake planets that are on a linear spiral cen-
tered on the star (one planet per 2 FWHM). For each planet,
we use the recorded PSF and its flux equals ten times the lo-
cal residual flux in Ig,,. The fake planet datacube is added to
the datacube I(x, y, 6, 2). Then, SpeCal combines the frames as
the I(x,y, 6, 1) were combined to get Ig,,. For each planet, the
ratio of the flux in the resulting image to the flux of the fake
planet is calculated to obtain the 1D-throughput as a function of
the angular separation. For Loci and TLoci, the throughput 7 is
estimated in each frame R as the average of all 7 of Eq. (7),
weighting E(sy) and E(s,) by the coefficients used to obtain
Isng. We average all 7p to obtain the 1D-throughput as a
function of the angular separation. Finally, the throughput
map T is the centro-symmetrical image created from the 1D-
throughput. SpeCal also calculates the throughput-corrected
final image Ispa /7T .

2.10.3. S/N and detection maps

For each spectral channel, the image Ifn/7 is divided into
annulii of 0.5 FWHM width. Then, in each annulus (i.e., at each
angular separation), we calculate the standard deviation that is
set to be the 1 0 contrast. S/N maps are also created. Each pixel
gives the ratio of the flux in Ig,, /7 to the standard deviation
of Igna /T calculated in annulii of 1 FWHM centered on the star.
This correction is valid only for point-like sources. For example,
this correction is not valid for an extended source like a disk. Fi-
nally, SpeCal also provides local detection maps giving the local
standard deviation in boxes of 2 FWHM radial size and of a total
area of 5 FWHM?.

3. Astrometry and photometry of point-like sources

All algorithms, except RDI and ClasImg, distort the image of an
off-axis point-like source in Igy, (Sect. 3.1). Thus, the estimation

of the position and flux of such a source cannot be done directly
from Iny (Marois et al. 2010; Lagrange et al. 2010; Galicher
& Marois 2011; Maire et al. 2014; Rameau et al. 2015). How-
ever, SpeCal can fit a model of an off-axis source image to the
detected source in Ifny (Sect. 3.2), or it can inject a negative
point-like source into the initial datacube / and adjust the posi-
tion and flux of this negative source to locally minimize the flux
in Iﬁna] (SCCt. 33)

3.1. Planet image

Say there is a planet whose intensity is described by /,(x, y, 6, 1)
whereas the stellar intensity is 1.(x,y, 6, 1). The A pattern is de-
rived from the cube

1(x,y,6, ) = L(x,y,0, 1) + I,(x,y,6, 1) (11)

and part of the A pattern is composed of planet signal. For
example, when using cADI, Loci, TLoci, or radPro on ADI, SDI,
or ASDI data, the A pattern can be expressed as

Ay, 0.0 = Y )" 0 106y,6,4)), (12)
i
A(x,y,0,1) = Z Z [c,-,j L(x,y,0;, ) + ¢ij I, (x,y, H,-,/lj)] s
[
(13)
A(x,y,0,1) = Au(x,y,0,0) + Ap(x,y,0, ), (14)

where coeflicients ¢; ; are real numbers that can be a function of
(%, ), and

Ay, 0,0) = X X cij 1(x,y, 6;, 4))
Ap(x,y,0,0) = 2 X ¢ij Ip(x, y, 6;, A)).

Hence, the A pattern is contaminated by planet signal and, when
subtracting the A pattern from the initial frames /, part of the
planet signal self-subtracts. The R frames is then

s)

R=(L—-A)+ U, - Ay, (16)

where all terms depend on x, y, 6, and A. A perfect algorithm —
that does not exist — would be such that A, = I, and A, = 0.

As the planet image moves in the field from one frame to
another (radially for SDI or azimuthally for ADI), the subtracted
signal is shifted with respect to the astrophysical position of the
planet. This results in a positive-negative pattern of the planet in
each frame of R and as a consequence in the final image Ifn,
(left in Fig. 2). This pattern is not always centered on the planet
position. The distortions of the planet image can be minimized
by carefully selecting the frames that are used to build A (so
that A, — 0) but it usually reduces the efficiency of the speckle
attenuation at the same time (increasing |I, — A,|). In the case
of PCA algorithms, I(x,y,6;, A;) in Eq. (12) is replaced by the
principal components, which are also contaminated by the planet
signal.

3.2. Model of planet images

The first way of extracting the astrometry and the photometry
of an off-axis point-like source like a planet in an ADI, SDI,
or ASDI reduced image consists of building a model of the
planet image (Galicher & Marois 2011). First, we estimate the
position of the detected source in Ig,, With a pixel accuracy.
Then, we use the measured stellar PSF to build a sequence of
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Template

Real

Fig. 2. Real (left) and estimated (right) images of an off-axis source
in an ADI reduced image showing the negative wings due to self-
subtraction of the planet flux.

frames Igy(x, y, 6, A) with only one fake planet image at the rough
position accounting for the field-of-view rotation. We do not
account for the smearing that affects images. This effect may
be non-negligible at the edges of the IRDIS images if the
field-of-view rotation is fast and the exposures are long, which
is rare. We combine the frames Ip, in the same way the frames /
were combined using the same ¢; ; and we get an estimation of
Ap (Eq. (15)). Rotating (ADI case), spatially scaling (SDI case),
and averaging the frames result in a model of the planet image
(right in Fig. 2). The planet image has negative wings due to the
self-subtraction of the planet flux (Sect. 3.1).

Then, the flux and the position of this synthetic image are
adjusted to best fit the real planet image within a disk of diame-
ter 3 FWHM so that it includes the positive and the negative parts
of the image. The optimization is done using Ifn,, Which is de-
rived from the average of the R frames after rotation and spatial
scaling (and not the one obtained using the median-combination
that does not preserve linearity). Rigorously, we should calcu-
late the synthetic image each time we test a new planet posi-
tion. To optimize computation time, we shift the synthetic planet
image that was obtained with the rough position. We noticed
no significant difference as long as the shifts are smaller than
~1 FWHM.

Once the optimization is done, we look for the excursion of
each parameter that increases the minimum residual level by a
factor of 1.15. We set these excursions to be the 1o accura-
cies due to the fitting errors in the SpeCal outputs. The value
of 1.15 is empirical but it was tested on numerous cases (high or
low S/N detection, strong or weak negative wings, Loci, TLoci,
PCA, and others). Another SpeCal output is the standard devia-
tion in time of the averaged flux in the coronagraphic images.
To avoid saturated parts of the images and background dom-
inated parts, the averaged flux is calculated inside an annulus
centered on the star and going from 30 pixels to 50 pixels in
radius.

SpeCal can use this technique to extract astrometry and
spectro-photometry in images obtained with any algorithm
(cADI/radPro/Loci/TLoci/PCA/averaging) and any of ADI, SDI,
or ASDI. It can also be used on cRDI, LociRDI, and ClasImg
final images. In these cases, the planet image model is the stel-
lar PSF shifted at the position of the detection with no negative
wings as the A, pattern is null (classical fit of a non-
coronagraphic image).

3.3. Negative planets

Another technique — the fake negative planet — (Lagrange et
al. 2010; Chauvin et al. 2012) is implemented in SpeCal to re-
trieve the photometry and astrometry of point-like sources. First,
we build the sequence of frames Iy, with the fake planet only,
as done in Sect. 3.2. Then, we subtract this datacube from the
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Table 3. Separations to the central star in pixels towards east (ARA) and
north (ADec), angular separations in mas and flux ratio with respect to
the star (C) for each fake planet added to the IRDIS data.

Id ARA ADec Sepa  Band CXxle6
(pixel)  (pixel)  (mas)
1 52.90 2.70 649.4 H2 3.000
H3 2.400
2 -2580 840 318.0 H2 6.000
H3 3.000
3 -72.00 -7120 1250.1 H2 1.000
H3 3.000

initial data /. We apply the algorithm and get the final image
from the / — Iy, frames. In this final image, we measure the stan-
dard deviation of the residual intensity inside a disk of 3 FWHM
diameter centered on the rough position of the detected planet.
Modifying the fake planet position and flux, we minimize the
residual intensity. The uncertainties on the best values are es-
timated as the ones in Sect. 3.2. The negative planet tech-
nique is more time-consuming than the model of planet im-
age technique because it calculates the c;; for all the tested
fake planet positions and fluxes. It is, however, needed in some
cases for which the model of planet image technique is biased
(Sect. 4.2).

4. Reduction of IRDIS data

In Sects. 4 and 5, we use SpeCal to reduce two datasets as ex-
amples. In Sect. 4, we consider one sequence recorded during
the SPHERE GTO on 2016 September 16 observing HIP2578
in IRDIS H2/H3 mode. There are 80 images of 64 s exposure
time and the field of view rotates by 31.5°. The seeing was about
0.5 arcsec and the average wind speed was 7.4ms™!.

All algorithms are applied on the same datacube provided by
the first part of the SPHERE pipeline (background, flat-fielding,
bad pixels, registration, wavelength calibration, astrometric cali-
bration; Pavlov et al. 2008; Zurlo et al. 2014; Maire et al. 2016b).
The datacube is a 1024 X 1024 x 80 x 2 array. The last dimension
stands for the two spectral channels (H2 and H3). We also added
three fake planets to the data (see Table 3) using the recorded
stellar PSFs. We chose the position and the flux to have three
typical cases. Planets 1 and 2 are in the speckle dominated part
of the image, planet 2 being surrounded by brighter speckles.
Planet 3 is in a region dominated by the background and not by
speckles.

4.1. Calibration of the speckle pattern

‘We apply several algorithms to the two spectral channels inde-
pendently (no use of SDI) and we show the average of the two
final images in Fig. 3 for cADI, TLoci, Loci, and two PCA (5 and
10 modes). Images are corrected from the technique throughput
T (self-subtraction of a putative planet, Sect. 2.10.2) and from
the coronagraph transmission. All images provide similar sensi-
tivities except for cADI, which is less efficient inside the AO
correction area that is dominated by speckles. The three fake
planets are well detected in all images. The corresponding 50
contrast curves are plotted in Figs. 4 (H2) and 5 (H3), where
the three planets are represented by plus symbols. The curves
are corrected for the throughput 7 of each technique and from
the coronagraph transmission (Guerri et al. 2011). The latter is a
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206 1e06

4.9e-09 1e-06 2e06

3e06 4e06

Fig. 3. IRDIS example: final images using cADI, Tloci, Loci, PCA (5 and 10 modes). Images are corrected from the technique throughput and
from the coronagraph transmission. The color scale, which is the same for all images, shows the contrast to the star ratio. The spatial scale is the

same for all images.

H2 IRDIS HIP2578
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Fig. 4. Contrast curves at 5 o before (ClasImg) and after minimization
of the stellar light using different algorithms (cADI, Tloci, Loci, PCA
5 modes) on H2 data. The curves are corrected from the technique at-
tenuation and from the coronagraph transmission. The fake planets are
represented by plus symbols.

function of angular separation and it was calibrated at the tele-
scope and via numerical simulations. We also overplot the con-
trast before any a posteriori speckle minimization with a dotted
line (ClasImg). The utility of a speckle calibration during the
data processing is obvious since none of the planets are detected

H3 IRDIS HIP2578
IIIIIIIIII||IIIIIIIII|IlllllllllIIIIIIIIIIIIIIII

<wssvvvee- Claslmg
TLOCI

5 sigma contrast

Angular separation in arcsec

Fig. 5. Same as Fig. 4 for H3-band.

in the images with no subtraction (ClasImg). In this example, all
the algorithms except cADI give similar performances in terms
of contrast level. For some sequences, one algorithm reaches
better contrast levels but there is no algorithm in SpeCal that
is always better than the others.

The small sample statistic bias (Mawet et al. 2014) that
mainly affects separations at less than 0.2” will be implemented
in the next version of the tool. This correction will affect all the
algorithm reductions the same way.
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Table 4. Measured astrometry and photometry in IRDIS images for each planet (same Id as in Table 3) using the model of planet image technique
(Sect. 3.2).

Algorithm 1d Band ARA (pixel) E ADec (pixel) E CXxle6 E
1 H2 52.70 + 0.21 0.95 2.54 + 0.20 0.80 2.775 + 0.206 1.09
H3 53.02 + 0.22 0.55 248 + 0.22 1.00 2.272 + 0.163 0.79
cADI 5 H2 —25.94 + 042 0.33 8.60 + 0.37 0.54 5.163 + 0.694 1.21
H3 -25.75 + 1.17 0.04 8.59 + 1.03 0.18 2.723 + 0.946 0.29
3 H2 -71.98 + 0.27 0.07 -71.09 + 0.28 0.39 1.175 + 0.098 1.79
H3 -71.94 + 0.15 0.40 -71.10 + 0.15 0.67 2.938 + 0.162 0.38
1 H2 52.96 + 0.1 0.35 2.59 £ 0.12 0.92 2.883 + 0.175 0.67
H3 53.10 = 0. 23 0.87 2.62 £ 0.16 0.50 2.201 + 0.147 1.35
TLoci 2 H2 -25.82 + 0.21 0.10 8.55 + 0.15 1.00 5.602 + 0.394 1.01
H3 -2591 + 040 0.28 8.61 + 0.29 0.72 2.643 + 0.295 1.21
3 H2 =71.90 + 0.23 0.43 =71.00 £ 0.22 0.91 0.993 + 0.082 0.09
H3 -71.97 + 0.13 0.23 -71.17 £ 0.13 0.23 3.016 + 0.166 0.10
1 H2 53.01 £ 0.17 0.65 2.58 £ 0.12 1.00 2.847 + 0.176 0.87
H3 52.95 + 0.20 0.25 2.59 + 0.15 0.73 2.231 + 0.145 1.17
Loci 5 H2 -25.72 + 0.20 0.40 8.54 + 0.15 0.93 5.945 + 0.392 0.14
H3 -25.76 + 0.36 0.11 8.63 + 0.27 0.85 2.952 + 0.294 0.16
3 H2 =71.91 + 0.22 0.41 -71.08 + 0.21 0.57 0.995 + 0.078 0.06
H3 =71.95 + 0.13 0.38 -71.15 £ 0.13 0.38 2.884 + 0.157 0.74
I H2 52.90 + 0.16 0.00 2.58 + 0.12 1.00 2.748 + 0.160 1.58
H3 52.85 + 0.17 0.29 2.56 + 0.13 1.08 2.292 + 0.135 0.80
PCASmodes 2 H2 -25.76 + 0.21 0.19 8.47 + 0.15 0.47 6.595 + 0.430 1.38
H3 -25.94 + 045 0.31 8.56 + 0.33 0.48 3.432 + 0.361 1.20
3 H2 —72.00 = 0.24 0.00 =71.17 £ 0.24 0.12 0.908 + 0.075 1.23
H3 -71.92 + 0.13 0.62 -71.15 £ 0.13 0.38 2.908 + 0.157 0.59

Notes. Measurements are given with their 1 o~ uncertainties. For each measurement, we compare it to the true value using the E criteria that is
given in Eq. (17).

Table 5. Extracted astrometry and photometry for each planet (same Id than in Table 3) using the model of planet image technique (Sect. 3.2) and
the negative planet technique (Sect. 3.3) on the final image provided by PCA 10 modes.

Extraction Id Band ARA (pixel) E ADec (pixel) E Cxleb E
1 H2 52.87 £ 0.21 0.14 251 + 0.15 1.27 2.108 + 0.148 6.03
H3 5292 +0.23 0.09 2.56 + 0.16 0.88 1.650 = 0.118 6.36
Model of planet i 2 H2 -25.77 + 0.19 0.16 8.35 £ 0.14 0.36 4.634 = 0.290 471
ocel of planet image H3 -26.00 £ 033 0.61 834 + 0.21 029 2182 %0204 401
3 H2 -72.07 = 0.23 0.30 -71.03 + 0.23 0.74 0.787 + 0.070 3.04
H3 -71.93 + 0.15 0.47 =71.15 = 0.15 0.33 2.365 + 0.143 4.44
1 H2 52.90 + 0.10 0.00 2.58 + 0.07 1.71 2.781 + 0.146 1.50
H3 52.84 + 0.12 0.50 2.56 + 0.08 1.75 2.298 + 0.126 0.81
Neeative planet 5 H2 -25.74 = 0.10 0.60 8.47 + 0.08 0.88 6.338 + 0.321 1.05
8 p H3 -25.93 £ 0.18 0.72 8.56 + 0.13 1.23 3.116 + 0.190 0.61
3 H2 -72.06 + 0.28 0.21 -71.28 + 0.19 0.42 0.915 + 0.086 0.99
H3 -71.91 + 0.09 1.00 -71.13 + 0.09 0.78 2919 + 0.162 0.50
Notes. For each measurement, we compare it to the true value using the E criteria that is given in Eq. (17).
4.2. Measurements of astrometry and photometry £ |C = Cgl an
We extract the astrometry and photometry for each detected Err
point-like source using the technique of the model of planet with Err the estimated 1 o uncertainty on C.
image (Sect. 3.2). The estimated contrasts to the star are gath- All the astrometric measurements are at less than 1 o from
ered in Table 4 with the associated 1 o~ uncertainties. Each mea- the true values (Table 3), which corresponds to an accuracy of
surement C is compared to the true value Cg using ~0.2 pixel (i.e., ~2 mas); and all photometric measurements are
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PCA ASDI 50 modes

PCA ADI 20 modes

TLoci ADI

PCA ADI 5 modes

Fig. 6. IFS example: final images using PCA/ASDI
(50 modes), PCA/ADI (20 and 5 modes), and TLoci.
Images are corrected from the technique throughput
and from the coronagraph transmission. The color
scale. which is the same for all images, shows the con-
trast to the star ratio. The spatial scale is the same for

-3.6e-06 2.2e06 -8e-07 3.4e:06 4.8e:06 6.2e:06

Table 6. Fake planets injected in the IFS data: separation from the cen-
tral star in pixels toward east (ARA) and toward north (ADec), angular
separation in mas, and averaged contrast over the 39 spectral channels.

Id ARA(pix) ADec(pix) Sepa(mas) C X le6
1 -36.70 21.20 316.2 4.3
2 29.00 57.30 479.1 4.5
3 2.40 -16.90 127.3 33

at less than 1.8 o from the true value Cy. In the case of PCA im-
ages, the model of planet image technique can be biased in the
current version of SpeCal, especially when using more than ap-
proximately ten modes. We are still investigating to understand
why. To overcome this bias, we use the negative planet technique
(Sect. 3.3) that can be time-consuming but which provides more
accurate measurements as showed in Table 5: the measurements
are at less than 1.5 o from the true values whereas they were at
6 o using the planet image technique.

To conclude, SpeCal meets the requirements in terms of ex-
tracted astrophysical signals because the measured astrometry
and photometry of point-like sources (e.g., exoplanets or brown
dwarfs) are accurate and unbiased. This is essential to correctly
interpret the observations (fit of the planet orbits or of their spec-
tra). Moreover, SpeCal enables the use of several algorithms to
provide a global dispersion of these measurements and a cross-
check between measurements to prevent any systematic errors.

5. Reduction of IFS data

We now use SpeCal to reduce one sequence recorded during
the SPHERE GTO on 2016 September 16 observing HD206893

7.6e06 all images.

in IFS YJH mode. There are 80 images of 64 s exposure time
and the field of view rotates by 75.6°. The seeing was about
0.7 arcsec and the average wind speed was 8.4 ms™!.

As for the IRDIS data, all algorithms are applied on the
same datacube provided by the first part of the SPHERE pipeline
(Pavlov et al. 2008; Mesa et al. 2015; Maire et al. 2016b). The
datacube is a 290 x 290 x 80 x 39 array. The last dimension
is the number of IFS spectral channels. We also added three
fake planets to the data (see Table 6) using the recorded stel-
lar PSFs. As for IRDIS, we chose the position and spectra to
be representative of three common cases. The spectra of plan-
ets 1 and 2 show strong variations between 0.9 yum and 1.7 yum.
Planet 1 is closer to the star and its image is located in a region
with bright speckles. Planet 3 is located in a region with very
bright speckles and its spectrum in contrast is flatter than the
others.

5.1. Calibration of the speckle pattern

First, we apply ASDI PCA to detect point-like sources as it
efficiently minimizes the speckle pattern (Fig. 6). We detect
four point-like sources: the three fake planets (1-3) and one
real object HD 206893 B that we do not study in this paper
(see Delorme et al. 2017b; Milli et al. 2017). It is hard to
accurately retrieve the planet photometry from ASDI images
when the planet spectrum is unknown, as demonstrated in
Maire et al. (2014) and Rameau et al. (2015). Therefore, we
also apply several algorithms using ADI resulting in 39 final
images Isinai(x, y, A) for each algorithm. The averages over the 39
channels are shown in Fig. 6 for PCA/ADI (5 and 20 modes)
and TLoci/ADI. We clearly detect the four objects in all
images.
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Fig. 7. Spectra of planet-to-star contrast extracted from the PCA/ADI 5
modes (red), PCA/ADI 20 modes (green), and TLoci/ADI (blue) images
compared to the true spectrum that was used for fake planet 1 (black full
line). Error bars and upper limits are given at 1 .
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Fig. 8. Same as Fig. 7 for the fake planet 2.
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Fig. 9. Same as Fig. 7 for the fake planet 3.

5.2. Measurements of photometry

For TLoci and PCA/ADI 5 mode images, we use the model of
planet image technique (Sect. 3.2) to extract the photometry and
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the astrometry of the three fake planets. For the PCA/ADI 20
mode image, we use the negative planet technique (Sect. 3.3)
to avoid the photometry underestimation that was noticed in
Sect. 4.2. When considering the spectral channels where the
planet is detected, the astrometry measurements are accurate
with 10 uncertainties of 0.6, 0.3, and 0.5 pixel for planets 1,
2, and 3 respectively. These values correspond to 4.5, 2.3, and
3.8 mas respectively.

We plot the extracted spectrophotometry in Figs. 7-9 for
the TLoci/ADI (blue), the PCA/ADI 5 modes (red), and the
PCA/ADI 20 modes (green) cases, as well as the true spectra
that we used for the fake planets (full line). The arrows give the
1 o upper limits when the planet is not detected, and the error
bars correspond to the estimated 1 o~ uncertainties.

All algorithms retrieve the spectra of the three fake plan-
ets with similar uncertainties and no bias. In the case of
planet 3, which is in a region with bright speckles, there are
spectral channels below 1um for which TLoci give an up-
per limit only (no detection). For the same planet, the PCA
algorithm using 5-modes does not detect the object between
1.3um and 1.5 um, whereas it does below 1um. Such a sit-
uation often happens: several algorithms detect the planet in
different spectral channels. Thus, it is essential to use several
algorithms in parallel to optimize the detection and the measured
spectrum.

6. Conclusion

The Speckle Calibration tool (SpeCal) was developed by the
SPHERE/VLT consortium in the context of a large survey
(SHINE), the main objective of which is to search for and
measure the astrometry and spectrophotometry of exoplanets
at large separations (>5 au). SpeCal provides high contrast im-
ages using a variety of algorithms (cADI, PCA, Loci, TLoci)
enabling the study of exoplanets, brown dwarfs, and circum-
stellar disks. SpeCal has been intensively tested on SPHERE
guaranteed time observations (GTO) and calibration data since
2013. It is implemented in the SPHERE data center (Delorme
et al. 2017a) to produce the final reduction for public data
releases. The final reductions will be available in the SPHERE
target database (TDB'). Finally, SpeCal and the DC are able
to process all GTO data obtained with IRDIS/SPHERE (dual-
band imaging) and IFS/SPHERE (integral field spectrometer)
automatically.

SpeCal delivers major outputs for the survey and feeds the
SPHERE database with final images, contrast curves, S/N maps,
astrometry, and photometry of detected point-like sources in the
field (exoplanets, brown dwarfs, background sources, and all
sub-stellar or stellar candidates). This material has been used
for the study of exoplanets and circumstellar disks primarily
based on SPHERE data (de Boer et al. 2016; Ginski et al. 2016;
Lagrange et al. 2016; Maire et al. 2016a, 2017; Mesa et al. 2016,
2017; Perrot et al. 2016; Vigan et al. 2016; Zurlo et al. 2016;
Benisty et al. 2017; Bonavita et al. 2017; Bonnefoy et al. 2017;
Feldt et al. 2017; Pohl et al. 2017; Samland et al. 2017).

In this paper, we investigated the astrometric and photomet-
ric performance for point-like sources considering objects at a
contrast of ~3x 107° in the separation range of 3-26 FWHM.
Using the techniques of positive and negative fake planets, we
demonstrated the ability to achieve a measurement of the astrom-
etry with an accuracy of ~0.2 pixel (i.e., ~2 mas) for IRDIS and

! http://cesam.lam. fr/spheretools/
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0.5 pixel (i.e., ~4 mas) for IFS. Similarly the photometric accu-
racy reaches ~10%.

We are planning to upgrade SpeCal with other algorithms
like Andromeda (Cantalloube et al. 2015) or inverse approaches
(Devaney & Thiébaut 2017), and other observing modes (po-
larimetry, ZIMPOL). Finally, a specific tool to model the ADI
self-subtraction of circumstellar disks with simple geometries
will also be implemented.
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ABSTRACT

Context. High contrast imaging and spectroscopy provide unique constraints for exoplanet formation models as well as for planetary
atmosphere models. But this can be challenging because of the planet-to-star small angular separation (<1 arcsec) and high flux
ratio (>10°). Recently, optimized instruments like VLT/SPHERE and Gemini/GPI were installed on 8m-class telescopes. These will
probe young gazeous exoplanets at large separations (X1 au) but, because of uncalibrated phase and amplitude aberrations that induce
speckles in the coronagraphic images, they are not able to detect older and fainter planets.

Aims. There are always aberrations that are slowly evolving in time. They create quasi-static speckles that cannot be calibrated a
posteriori with sufficient accuracy. An active correction of these speckles is thus needed to reach very high contrast levels (>10°-107).
This requires a focal plane wavefront sensor. Our team proposed a self coherent camera, the performance of which was demonstrated
in the laboratory. As for all focal plane wavefront sensors, these are sensitive to chromatism and we propose an upgrade that mitigates
the chromatism effects.

Methods. First, we recall the principle of the self-coherent camera and we explain its limitations in polychromatic light. Then, we
present and numerically study two upgrades to mitigate chromatism effects: the optical path difference method and the multireference
self-coherent camera. Finally, we present laboratory tests of the latter solution.

Results. We demonstrate in the laboratory that the multireference self-coherent camera can be used as a focal plane wavefront sensor
in polychromatic light using an 80 nm bandwidth at 640 nm (bandwidth of 12.5%). We reach a performance that is close to the
chromatic limitations of our bench: 1o~ contrast of 4.5 x 1073 between 5 and 17 Ay/D.

Conclusions. The performance of the MRSCC is promising for future high-contrast imaging instruments that aim to actively minimize

the speckle intensity so as to detect and spectrally characterize faint old or light gaseous planets.

Key words. techniques: high angular resolution — instrumentation: high angular resolution — instrumentation: adaptive optics

1. Introduction

During the last few years, the imaging of circumstellar disks and
exoplanets has become one of the priorities to be able to con-
strain models of planetary system formation and of planetary
atmospheres. However, direct imaging of faint sources around
bright objects is very challenging. For example, in the visible and
near-infrared light, the contrast ranges from 10° for bright de-
bris disks down to 10'? for Earth-like planets (Seager & Deming
2010). The study of this type of object therefore requires dedi-
cated techniques, such as coronagraphs, that attenuate the light
from the host star (Marois et al. 2010; Lagrange et al. 2009).

A lot of coronagraphs associate a focal plane mask and a
pupil diaphragm called a Lyot stop to filter the stellar light and
minimize the star intensity in the science image (Rouan et al.
2000; Soummer et al. 2003; Mawet et al. 2005; Murakami et al.
2008). However, as a result of aberrations, part of the stellar light
goes through the Lyot stop and produces speckles in the science
image. These speckles are usually brighter than the planet sig-
nal that we are looking for and it is necessary to reduce their
intensity.

With ground-based telescopes, most of the speckles are due
to atmospheric turbulence. These dynamic wavefront errors are
estimated and corrected by conventional adaptive optics (AO)
systems that measure the wavefront error using a wavefront sen-
sor in a dedicated optical channel. Because of beam splitting,

Article published by EDP Sciences

quasi-static, non-common path aberrations (NCPA) are gener-
ated by the instrument optics between the wavefront-sensing
channel and the science-image channel, which limits the accu-
racy of the AO correction (Hartung et al. 2003). Like P1640
(Hinkley et al. 2011) and SCEXxAO (Jovanovic et al. 2014),
VLT/SPHERE (Beuzit et al. 2008) and Gemini/GPI (Macintosh
et al. 2008) are two instruments designed to detect young Jupiter-
like planets. They minimize the quasi-static NCPA in open loop
before the observations but cannot control them during the ob-
servations. However, as NCPAs evolve during the observations,
the calibration degrades with time and the contrast performance
is limited by quasi-static speckles to 107#~107> at 0.5” in raw
images. Space-based telescopes are free of atmospheric turbu-
lence but the variations of temperature and gravity also cre-
ate quasi-static aberrations. Dedicated real-time methods are
required to estimate and compensate for quasi-static aberra-
tions in a closed loop. First, these can be implemented into
current ground-based high-contrast imaging instruments to en-
hance the contrast in the science images. Secondly, we could
integrate these techniques in the design of high-contrast in-
struments for future ground-based extremely large telescopes
(ELTs) and space-based telescopes, e.g. WFIRST-AFTA Spergel
et al. (2015) or HDST, see Dalcanton et al. (2015).

Dedicated strategies for observations (Marois et al. 2004,
2006) have been implemented to overcome the quasi-static
speckle limitation. They use the correlation between speckles
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in time or in wavelength. Their performance were demonstrated
on-sky, enabling exoplanets to be detected by direct imaging
(Marois et al. 2008, 2010; Lagrange et al. 2009). However, as
the aberrations and the speckle pattern slowly evolve in time,
a posteriori calibrations cannot calibrate all the speckles and an
active control of the speckle field is requiered to achieve contrast
that is better than 107> in the raw data.

This type of control can be done using at least one de-
formable mirror (DM) upstream from the coronagraph. Since
DMs have a finite number of actuators, they can only correct
speckles in a bounded area in the focal plane image (Sect. 2 and
Malbet et al. 1995). To correct the speckles without being lim-
ited by NCPA, we also need to estimate the aberrations (i.e., the
complex electric field of the speckles) directly from the science
image using a focal plane wavefront sensor (FPWES).

Several FPWFSs have been proposed. Some of them are
based on temporal modulations of speckles like the electrical
field conjugation method (Give’on et al. 2006, 2007; Bordé &
Traub 2006) or phase diversity method (Sauvage et al. 2012;
Paul et al. 2013). There are also FPWFSs that are based on
spatial modulations of the speckles such as the Asymetric Pupil
Fourier wavefront sensor (Martinache 2013) or the self-coherent
camera (SCC, Baudoz et al. 2006; Galicher et al. 2008b).
The SCC creates Fizeau interference to spatially modulate the
speckle intensity in the coronagraphic images. Thus, it can re-
trieve the complex electric field from one coronagraphic image
(i.e., the science image) without NCPA. We discuss the SCC
principle and performance (Mazoyer et al. 2013b) in Sect. 3. As
with all FPWESs, the SCC is limited by the chromatism of the
images. In this paper, we propose two methods to make it work
in polychromatic light. The first method is an upgrade of the
SCC in which the optical path difference (OPD) between the two
beams of the Fizeau interferometer is not null. The second solu-
tion, called the multireference self-coherent camera (MRSCC),
is another upgrade of the SCC, which uses more than two inter-
fering beams. We present both methods and discuss their perfor-
mance and limitations in Sects. 4 and 5. In Sect. 6, we present the
trés haute dynamique (THD) laboratory bench and the expected
performance of the MRSCC. Finally, in Sect. 7, we demonstrate
in the laboratory that the MRSCC can control, in closed loop, a
DM that minimizes the speckle intensity in wide spectral band
images (12.5% bandpass).

2. Dark hole and estimation of the contrast

A DM has a limited number of actuators and only modify speck-
les in a bounded area of the image that we call the influence area.
Assuming an N by N actuator DM in pupil plane, the size of the
influence area is a NAy/D by NAy/D square centered on the op-
tical axis, where A is the central wavelength and D the diame-
ter of the pupil. The part of the influence area where we try to
minimize the speckle intensity is called dark hole (DH, Malbet
et al. 1995). If only one DM is used and set in a pupil plane,
we can choose to control only the phase aberrations to reduce
the speckle intensity in the full influence area, or both phase and
amplitude aberrations by limiting the DH to half of the influence
area (Bordé & Traub 2006). Because the aberrations are never
solely phase aberrations in the experimental set up, we use the
second option in this paper.

Once the speckle minimization have been performed, we es-
timate its performance in a contrast computation area. We define
this area within the DH removing 1.54¢/D on each side. Indeed,
since we do not use a pupil apodizer, the diffraction pattern of
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Fig. 1. Influence area of the DM (dashed line), DH (gray area) and com-
putation area (red solid line). The annuli of ;TO) width in the computation
area are used to compute the contrast curves. The red cross represents

the optical axis.

the uncorrected bright speckles that are located just outside of
the DH spreads light inside the DH.

Figure 1 is a scheme of the main sizes of the three areas
that have been introduced previously. The influence area is de-
lineated by a dashed line, with the DH represented as a gray
area and the computation area delineated by a red solid line. The
computation area covers a range of separations from 1.51y/D to
(N =3)/¥2) 2o/D.

To estimate by how much the speckle intensity is reduced
after correction, we use two criteria: the contrast curve and the
cumulative function of the intensity, both of which are computed
in the computation area. The contrast curves are the azimuthal
standard deviation of the image intensity, computed in annuli
of Ap/2D width (annuli in Fig. 1) centered on the optical axis
(red cross). It gives the 1o detection limit as a function of the
angular separation. To obtain cumulative functions, we compute
the ratio between the number of pixels with an intensity lower
than a given value and the total number of pixels within the com-
putation area. These two criteria are complementary. The cumu-
lative function gives information about the statistics of the resid-
ual intensity (median and dispersion) while the contrast curve
shows how the standard deviation evolves with the angular sep-
aration to the star.

3. The self-coherent camera

In this section, we recall the principles of the SCC and explain
the origin of its sensitivity to chromatism.

3.1. Principle of the SCC in monochromatic light

The SCC can be used as an FPWFS downstream from a corona-
graph for high contrast imaging (Galicher et al. 2008b; Mazoyer
et al. 2014). It uses a small reference hole that is added to the
Lyot stop plane (Fig. 2, top). We call the separation between the
classical Lyot stop and the reference hole &), Dy, the diameter
of the classical Lyot stop, and 7y the ratio between Dy, and the
diameter of the reference hole. We consider y > 1 (Galicher
et al. 2010). The angle 6y between the reference hole and the
horizontal axis of the Lyot stop plane does not impact on the
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Fig. 2. Top: SCC Lyot stop. Middle: numerically simulated SCC image
showing spatially modulated stellar speckles. Field of view: 204/D
by 204¢/D. Bottom: fourier transformation of the SCC image.

performance of the instrument. We use an angle of +115° in
this paper, which is the value for our laboratory experiments
(Sect. 6).

Owing to aberrations, part of the stellar light is not filtered
by the coronagraph and goes through the classical Lyot stop,
which induces speckles in the image. A small part of the stel-
lar light that is diffracted by the coronagraph is selected by the
SCC reference hole. The two coherent beams are recombined in
the image plane, which form Fizeau fringes that spatially modu-
late the speckles. As for a planet, its image is off the coronagraph
mask and its light only goes through the classical Lyot stop. As
it is not coherent with the stellar light of the reference hole, the
companion image is not spatially modulated by fringes. Figure 2
(middle) is an SCC image with no planet. In this image, we ar-
tificially increased the flux from the reference to underline the
fringes.

We can write the intensity 7 in an SCC image as follows:
(@) = |As (@) +Ac (@) + A (@)

2ina.
cos)|
Ao

(¢))

As (@) Ag (@) exp(

where « is the focal plane coordinate. Ag is the complex elec-
tric field of the speckles we want to estimate and minimize, Ac
the complex electric field of the companion and Ag the com-
plex electric field associated with the SCC reference hole and Ay
the conjugate of Ar. These complex electric fields in the focal
plane are wavelength-dependent and we account for these de-
pendences in all numerical simulations. In the second member of
Eq. (1), the first term is the speckle pattern (i.e., coronagraphic
residue) that we want to minimize, the second term is the com-
panion image that we want to detect, the third term is the inten-
sity associated with the SCC reference hole and, finally, the last
term corresponds to the spatial modulation of the speckles.

Once the image is recorded, we apply a numerical Fourier
transform (Fig. 2, bottom) to differentiate the fringed speckles
from the companion image and we obtain:

F @) = 7 [|AsP + |AcP + AR P + 6 ()

e A &
+ 7 [A3Ag] *é(u+ 1—2)
1 B éo
+ 7 [AsAg] *5(14 - —), 2
Ay

where u is the spatial frequency plane coordinate, ¥ the Fourier
transform operator and %1 its inverse. The first term, which is
the central peak of the Fourier transform, is the sum of the au-
tocorrelations of the electric field in the classical Lyot stop and
in the reference hole. The radius of the central peak is Dy./A
because y > 1. The other two terms, which correspond to the
two lateral peaks of the Fourier transform, are the correlation
between the stellar electric fields in the classical Lyot stop and
in the reference hole. The two peaks are conjugated and contain
the same information and the same contribution of noise. The ra-
dius of these peaks is Dy (1 + 1/y) /(24p). Thus, the three peaks
do not overlap if the separation [|&y|| between the classical Lyot
stop and the SCC reference hole is large enough (Galicher et al.
2010):

ol > %(u 3)‘ 3)
Y

To estimate the complex electric field As, we select one of the
lateral peaks and we recenter it. The Fourier Transform of this
correlation peak, called I_, is

I = AsAy. “

This contains the information on the complex electric field Ag
of the stellar speckles multiplied by the reference Ay. Because
the reference beam is created in the Lyot plane of the instrument
and goes through the same optics as the beam of the classical
Lyot stop, Ay is very stable with respect to As. Moreover, the
point spread function (PSF) |Ag|? has a full width at half max-
imum (FWHM) of y Ay/D. So, if the reference pupil is small
enough, (y > 1) |Ar|* does not go to zero inside the influence
area of the DM. With these hypotheses, if we minimize /_, as
done in this paper, we also minimize Ag and the speckle inten-
sity (Mazoyer 2014).
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To control the DM on our bench, we reform the real and
imaginary parts of /_ as vectors and we concatenate them in one
unique vector. To convert /_ in a command to the DM we make
use of a linear approach that is based on a control matrix (Boyer
et al. 1990; Mazoyer et al. 2013a). To build the control matrix,
we define the set of sine and cosine functions that the DM can
produce. The number of functions equals the number of degrees
of freedom available with the DM. We apply each of these func-
tions successively to the DM and record the corresponding SCC
image and compute the corresponding vector /_. With all the 1_,
we build an interaction matrix. Finally, we invert this using a sin-
gular value decomposition to obtain the control matrix that can
be used in a closed loop.

During the correction, we register one SCC image at each it-
eration. To only correct speckles in the DH (and not in the entire
influence area), we multiply the SCC image by a numerical mask
(Butterworth type) reproducing the DH. The resulting image is
processed to extract /_. The numerical mask allows us to be able
to saturate part of the image outside the DH with limited impacts
on the estimated /_. The multiplication of /_ by the control ma-
trix leads to the DM command increment that is multiplied by a
gain and added to the previous iteration command. After a few
iterations the correction has been done and is stable.

Usually, the active correction is not limited by the SCC and
the speckles inside the DH are still modulated by fringes. We can
then apply the a posteriori SCC data processing to enhance the
contrast (Baudoz et al. 2013). In this paper we do not use the a
posteriori calibration and we focus on the performance of the ac-
tive correction. Consequently, after the active correction is done,
we can close the reference aperture to record the coronagraphic
image (with no stellar light from the reference hole). We nor-
malize the SCC and coronagraphic images by the maximum in-
tensity of the non-coronagraphic PSF that was recorded with the
stellar source off the coronagraph axis. All the images shown in
this paper are normalized in flux.

3.2. Simulated performance in monochromatic light

Below we derive a typical performance for the SCC in
monochromatic light (1) = 640 nm) from numerical simula-
tions. This result is used when studying the performance in poly-
chromatic light (Sect. 3.4).

We assume a perfect achromatic coronagraph (Cavarroc
et al. 2006) without any apodization. To simulate the SCC,
we numerically add a reference hole, assuming y = 25 and
& = 1.8D, which obey Eq. (3). The flux inside of the ref-
erence beam is similar to the flux measured in our laboratory,
which is 4.8 x 10% times the energy in the pupil upstream from
the coronagraph. The simulated phase aberrations have a power
spectral density (PSD), which varyies as f~> (with f the spa-
tial frequencies) and a standard deviation of 10 nm rms inside
the pupil, since it is the case in our laboratory experiment. We
also assume amplitude aberrations of 5% rms with a PSD, which
varies as f~!. Levels and PSD chosen for phase and amplitude
are similar to those we measured in our laboratory. We assume
a 32 by 32 actuator DM and we correct phase and amplitude
aberrations in a DH of 16 by 32 Ay/D. The simulated detector
is similar to the one that we used in our laboratory. This has a
readout noise (RON) of 3.2 e~ per pixel and a full well capacity
of 60000 e~ per pixel.

In this paper, we reproduce the readout noise of the de-
tector and the photon noise. To set the flux level, we use
our experimental conditions (see Sect. 7), with 17 e~ for a

A136, page 4 of 14

Fig. 3. Numerically simulated coronagraphic image obtained after an
SCC correction in monochromatic light. Simulation parameters are
given in Table 1. Black line: DH (16 Ay/D by 32 Ay/D). White line:
computation area (13 29/ D by 29 Ao/ D). White cross: optical axis. Field
of view: 40 1y/D by 40 Ay/D. The color bar associated with this image
is the same for all the coronagraphic images in the paper.

Table 1. Set of parameters used to simulate the image of Fig. 3.

Ag = 640 nm

PSD: f~23, 10 nm rms

PSD: f~!, 5% rms

32 by 32 actuators

Perfect coronagraph

vy =256 =18Dy, 04 =+115°
3.2 e"/pixel

60000 e~ /pixel

2% 1078 «— 17 e /pixel

Light source

Phase aberrations
Amplitude aberrations
Deformable mirror
Coronagraph

Lyot stop

Readout noise
Saturation level
Normalized intensity

DM influence area 32 by 32 Ay/D
Dark hole 16 by 32 2y/D
Computation area 13 by 29 A0/D
Sampling 6.25 pixels per A9/ D

normalized intensity of 2 x 1078, We use this conversion factor
in the numerical simulations. We also reproduce the saturation
of the detector. All the corrected images presented in this paper
are coronagraphic images.

Figure 3 presents the coronagraphic image obtained after
correction. In monochromatic light, the intensity of all the speck-
les located inside the computation area (white line) is efficiently
reduced. The perfect coronagraph that we simulated does not
include any apodization. As a consequence, the bright speckles
close to optical axis (white cross) spread light at small angular
separations in the DH.

Figure 4 presents the contrast curve (top) and the cumulative
function (bottom) associated with the image of Fig. 3. The aver-
age of the 1o contrast is 2.9 X 1078 between 51/D and 201/ D
and between 61y/D and 171y/D. From the cumulative func-
tion the normalized intensity is better than 2.8 x 10~® in 50%
of the computation area (i.e., the median-normalized intensity).
Moreover, the cumulative curve shows that the dispersion of the
speckle intensity is small as observed in Fig. 3 where the contrast
level inside the DH is almost uniform. The achieved contrast
level depends on the level of phase and amplitude aberrations
assumed in the simulation.
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Fig. 4. Contrast curve (top) computed from the coronagraphic image
that was obtained with the SCC in monochromatic light (Fig. 3) and
spatial cumulative function (bottom) associated with images obtained
with the SCC in monochromatic light (red solid line) and in polychro-
matic light, assuming A2 = 40 nm (green dotted line) and 80 nm (blue
dashed line).

Mazoyer et al. (2014) demonstrated that the limitation of
the correction obtained in monochromatic light in the labora-
tory was that the amplitude aberrations cannot be corrected with
only one deformable mirror. In other words, the SCC electric
field estimation is accurate but the correction with a finite num-
ber of actuators is limited. The results presented here assumed
a clear circular aperture. For a pupil with central obscuration,
spiders, or segmentation, as long as the coronagraph rejects part
of the stellar light in the reference hole, the SCC should then
provide an accurate estimation of the electric field that needs to
be corrected. However, discountinuities in the pupil produce ef-
fects in the focal plane that could be addressed using dedicated
coronagraphs (e.g., N’Diaye et al. 2014) or special correction
techniques with several DMs in cascade, see Pueyo & Norman
(2013).

3.3. SCC in polychromatic light

To spectrally characterize the very faint neighborhood of bright
stars like exoplanets and increase the signal to noise ratio of the
detections, one solution is to make observations with a large
bandwidth (5-20%). As a consequence, an efficient corona-
graphic instrument has to work with large bandwidths as well as

Fig. 5. Numerically simulated SCC images obtained before correction
for AA = 40 nm (left) and A = 80 nm (right) at Ay = 640 nm. Field of
view: 20 by 20 Ao/D.

the associated focal plane wavefront sensor. In this section, we
assume a perfectly achromatic coronagraph to study the impact
of a finite bandwidth on the SCC wavefront estimation.

Figure 5 presents SCC images obtained before correction,
using the same parameters as for the monochromatic case
(Table 1) but with larger bandwidths: A1 = 40 nm (left) and
AA = 80 nm (right). As for Fig. 2 (middle), to highlight the
fringes, we numerically increased the flux into the reference
beams to obtain these two SCC images. We observe that the
fringes are only located around the central fringe with a width
that is proportional to the coherence length of the light (/lg /AQ).
Indeed, in polychromatic light, the intensity recorded on the de-
tector in the focal plane is

(@) = [ (s + ack + x| aa
AL

+ f 2Re ASA;;exp(z'm'fo) da, )
A A

where f , represents the integration over the range Ao + A1/2.
As in Eq. (1), the last term corresponds to the spatial modu-
lation of the speckles. The fringe pattern is now a superposi-
tion of monochromatic fringe patterns. As the fringe spacing is
wavelength-dependent, the resulting pattern becomes blurred far
from the central fringe (Fig. 5), and the larger the bandwidth, the
faster the fringes become blurred.

Figure 6 is the Fourier transform of the SCC image obtained
in polychromatic light for A1 = 80 nm around Ay = 640 nm. The
associated equation of this Fourier transform is:

F Ul @) = fA 7 [14sI® + IAc® + [AR[] = 6(ut) dA

1T e 11
+£/1T1[ASAR]*6(M—70)dA

+ | 7 [AsAR] = 6(u + @)d/l‘ (6)
A 1
The first term, corresponding to the central peak, now has a
radius of Dp/Amin. This is determined by the smallest wave-
length Amin = Ao — A2/2. We still assume y > 1. Each lat-
eral peak is the sum of all the monochromatic lateral peaks.
Their size and distance to the central peak are a function of
the wavelength. The closest of these to the central peak has a
radius Dy(1 + 1/7)/(2Amax) With Amax = Ao + A4/2. Thus, in
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Fig. 6. Fourier transform of the SCC image obtained by numerical sim-
ulations, assuming polychromatic light (A1 = 80 nm at 1y = 640 nm).

polychromatic light, the lateral and central peaks do not overlap
if and only if

Amax 1 1
> D + -+ —| 7
lIoll L (ﬂmi" 2 2y) @
If the condition of Eq. (7) is fulfilled, we can select the elongated
lateral peak by using a circular oversized mask and extract /_
using the procedure described for the monochromatic case (see
Sect. 3.1).

3.4. Performance of the SCC in polychromatic light

In this section we use the SCC in polychromatic light (Eq. (7)
fulfilled) to create a DH as performed in monochromatic light
(Sect. 3.2). We assume the parameters of Table 1 and we ob-
tain the image of Fig. 7 for a bandwidth of 40 nm (top) and for
AA = 80 nm (bottom). In both cases, |Ag|> have the same char-
acteristics as in monochromatic light (maximum at 4.8 x 1078 in
normalized intensity).

Figure 7 highlights the limitation of the SCC in polychro-
matic light. When increasing the bandwidth, the SCC estimation
is less and less efficient and speckles inside the DH are measured
and are therefore not corrected (top left of the DH). Comparing
these images with the images obtained before correction (Fig. 5),
we observe that in the area where the fringes are blurred, the
SCC estimation is disturbed. In other words, if speckles are not
spatially modulated, the associated complex field Ag cannot be
estimated and thus, it cannot be minimized. As a consequence,
the area of the DH where the correction is efficient quickly de-
creases as the bandwidth increases.

The cumulative functions associated with Fig. 7 are given in
Fig. 4 (top). The performance degrades by a factor of three for
the A2 = 40 nm (7.8 10~®) and six for A1 = 80 nm (1.7x1077).
These values confirm that the larger the bandwidth, the worse the
correction.

To overcome the limitation of the SCC in polychromatic
light, Galicher et al. (2008a) proposed two methods: working
with an integral field spectrometer (IFS) at modest spectral res-
olution (R = 30 to 100) or faking the use of a short bandpass
filter using a Wynne compensator (Wynne 1979). However, both
methods have drawbacks that led us to develop new methods to
make the SCC more achromatic. The Wynne compensator is a
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7

Fig.7. Numerically simulated coronagraphic images after correction
with the SCC for AA = 40 nm (fop) and A4 = 80 nm (bottom).

very invasive device composed of two triplets of lenses and the
IFS is not available in all current coronagraphic instruments.

In this paper, we propose two other solutions to work with
polychromatic light. The first method presented in Sect. 4 is
based on the introduction of a non-null OPD between the refer-
ence hole and the classical Lyot stop. The second method, called
the multireference self-coherent camera, uses several reference
holes, instead of just one (Sect. 5).

4. Optical path difference between reference hole
and Lyot stop

bearing in mind that we reduce the DH to half of the influence
area of the DM, part of the fringe pattern is located in the half
plane that we do not try to correct. One solution to improve the
performance of the SCC in polychromatic light consists of shift-
ing the pattern of fringes inside the DH. To do so, we can intro-
duce an achromatic OPD between the beam that goes through
the classical Lyot stop and the beam that goes through the refer-
ence hole. Calling ¢ the OPD, Eq. (5) becomes:

(@) = [ [IAsP + WcP + e a2
A1

+f2Re 2iﬂ(a.§o+6))
A

S da. @®)

AsAg exp(
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Fig. 8. Numerically simulated coronagraphic images for different OPD:
(top) 6 = 84y and (bottom) § = 164. Bandwidth: A1 = 80 nm.

‘When applying a constant OPD in the conditions of Fig. 7 (bot-
tom) the fringe pattern can be shifted inside the DH. This in-
crease of the fringe visibility inside the DH should improve
the SCC estimation. Introducing an OPD of § = 81y or 6 =
161 shifts the central fringe by 8 or 16 fringes which corre-
sponds to ~4.41p/D and ~8.91y/D in our numerical simulation
(1.8 fringes per speckle). We obtain images of Fig. 8 using the
assumptions of Table 1 and A1 = 80 nm.

Compared with Fig. 7, we find that non-null OPD improves
the SCC correction. Figure 9 presents the cumulative curves as-
sociated with the images of Figs. 3, 7 (bottom), and 8. In the case
with no OPD, the median of the speckle intensity is 1.7 X 1077,
while we find 9.4x 107 and 1.4x 107" for 6 = 819 and 6 = 16o.
We find the § = 164 case is less efficient than the 6 = 81 case.
Indeed, even if the fringe pattern is in the middle of the DH when
& = 164y, the visibility of the SCC fringes is not uniform in the
DH. Visibility is low close to the optical axis because the speck-
les are a lot brighter than the |Ag|? there. That is why the central
part of the DH is not well corrected in the 6 = 164, case. The
best value of the OPD is when the white fringe is closer to the
axis: a smaller OPD.

Even if the OPD solution can improve the contrast inside
the DH, we noticed in our numerical simulations that the per-
formance strongly depends on the initial speckles pattern and
when low order aberrations are too large, the correction does

T
Monochromatic AN = BOnm

1.2 s=o0] [ -—-—- 6 7

Cumulative function

107
Normalized intensity

Fig. 9. Cumulative functions associated with the images obtained by
numerical simulations in monochromatic light (red solid line) and in
polychromatic light (A4 = 80 nm at 640 nm) assuming 6 = 0 (blue
dashed line), § = 81 (green dotted line) or § = 164, (orange mixed
line)

not converge. This technique would then be difficult to use and
we propose another solution to improve the performance of the
SCC estimation and correction: the MRSCC.

5. Multireference self-coherent camera

The MRSCC is designed to mitigate the chromatic limitation
of the SCC. In this section we introduce the formalism of the
MRSCC and study the performance as a function of the band-
width from numerical simulations.

5.1. Formalism of the MRSCC

The fringe pattern produced by the reference hole of the
SCC gets blurred far from the central fringe in polychromatic
light. In these blurred areas, the speckles cannot be corrected. To
increase the area of the DH where the speckles are spatially mod-
ulated, we introduce additional fringe patterns by adding refer-
ence holes in the Lyot stop (Fig. 10, top). As for the SCC refer-
ence hole, the stellar light selected by the new reference holes
interferes with the stellar coronagraphic residue in the image
plane, which creates Fizeau fringes on the speckles. The orienta-
tion and the fringe spacing of these new patterns depend on the
positions of the reference holes with respect to the Lyot stop. By
placing them shrewdly it is possible to spatially modulate areas
of the DH where the fringes that are induced by the SCC hole are
blurred. Thus, the MRSCC can increase the area where speckles
are correctly modulated.

Figure 10 (middle) presents one MRSCC image obtained
with a Lyot stop that was composed of three reference holes
in addition to the classical Lyot stop (Fig. 10, top). In this
MRSCC image, we numerically increased the flux into the ref-
erence holes to highlight the fringes. The distances and the di-
ameter ratio between the reference holes and the Lyot stop pupil
are the same (¢; = & = & = 1.8Dp and y) = y» = y3 = 25).
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Fig. 10. Top: MRSCC Lyot stop with three reference holes. Middle: nu-
merically simulated MRSCC image showing the three fringe patterns
before correction. Field of view: 20 by 20 Ay/D. Bottom: fourier trans-
form of the MRSCC image.

They obey Eq. (7) for AA = 80 nm. The angle between each cou-
ple of reference holes is 120°. We can write the intensity in the
MRSCC image as

n
@ = [ t|AS|2+|AC\2+Z|AR,|2}dﬁ
A pur
- . 2ina.&;
+;£/{2R6[ASAR’exp( y )]d/l

. 2ina &ij
2Re |Ax Ay exp (=2 | AL )
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where 7 is the number of reference holes and &;; = &; — &. The
second term is the sum of the modulations of the speckle elec-
tric field As by each reference beam Ay, . The third term contains
the sum of the fringe patterns that are due to the interference
between reference holes. Indeed, beams coming from two ref-
erence holes also form Fizeau fringes in the MRSCC image. To
order to estimate the complex amplitude As we apply the Fourier
transform to the image (Fig. 10, bottom):

F' Uaal () =

I (T’l [k +1acf] + 37 [IARJZ]] ol
n ) . fi
+ ﬁ/{;f 1 [ASAR,] >:<6(u7 j)d/l
+ ﬁ/lgl“}-—] lASAE,J *6(u+ %)d/l

non

! fA,x Z 2.7 [AxAr ]+ 5('4 - %)d/l.

j=1 i=1
i#j

(10)

The first term is the central peak of the spatial frequency plane.
The second and third term contain the lateral correlation peaks of
As and Ay and their conjugate. There are a couple of conjugated
correlation peaks per reference hole. This is the information we
want to extract to control the DM and create the DH. Finally, the
last term contains the correlation peaks between reference holes.
They do not disturb the estimation of the electric field if they
do not overlap the correlation peaks used to do the estimation
of I_ (see Fig. 10 bottom, six small sections of straight line at
the border of the Fourier image). The size and the position of
each correlation peak depend on the spectral bandwidth and on
the position of the reference holes in the Lyot stop plane.

To estimate the electric field, we extract each lateral peak of
the second term. Then, using the algorithm described in Sect. 3.1
we obtain one /_ for each reference hole. In polychromatic light,
these estimations are different and complementary because each
reference beam modulates different speckles (i.e., different parts
of the focal plane image). We build a new polychromatic estima-
tor which is the concatenation of the n estimators provided by
the n reference beams. Using this new estimation of the electric
field is the only change from the SCC correction loop described
in Sect. 3.1.

For an efficient estimation of the speckle electric field, we en-
sure that the different components in the spatial frequency plane
do not overlap. First, the distances between reference holes and
the Lyot stop pupil obey Eq. (7). Then, the correlation peaks do
not overlap. Finally, the position of each reference hole is chosen
so that the secondary lateral correlation peaks do not overlap the
primary correlation peaks.

5.2. Performance of the MRSCC

In this section, we simulate an MRSCC with three reference
holes assuming monochromatic light 10 = 640 nm and two
bandwidths (A1 = 40 nm and A2 = 80 nm) around 4y = 640 nm.
The angle 6y between the first reference and the horizontal axis
in the Lyot stop plane is +115°. The angle between the first ref-
erence hole and the second one 6}, is —135° and there is an an-
gle 63 of +105° between the first reference hole and the third
one. These angles correspond to the ones used in our laboratory
experiment (see Sect. 7). Separations between the classical Lyot
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Fig. 11. Numerically simulated coronagraphic images obtained after
correction with the MRSCC in monochromatic light (top; 19 = 640 nm)
and in polychromatic light (A1 = 40 nm (middle) and AA = 80 nm (bot-
tom) around Ay = 640 nm).

stop and reference holes are: & = 1.8D;. We assume y; = 25.
Because we simulate a perfect coronagraph, we numerically add
the reference beams and we set their flux to the one measured
in our laboratory. The maximum normalized intensity level of
|AR,|* is 4.8 x 1073, Finally, the other parameters are the same as
previously (see Table 1).

Figure 11 presents the images after correction of the speckles
using the MRSCC as a focal plane wavefront sensor. At the top,
the image was obtained after correction in monochromatic light.
If we compare this image and the image obtained in monochro-
matic light with the SCC (Fig. 3), we can see that they are al-
most the same. Indeed, in monochromatic light, fringes do not
get blurred and adding reference holes bring no new information
on As.

1 2 L Monochromatic SCC 4
N AN = 40nm MRSCC
AN = BOnm

Cumulative function

1078 107°

Normalized intensity

Fig.12. Cumulative functions associated with the images obtained
by numerical simulations with the SCC (dashed curve) and with the
MRSCC (solid curves). In monochromatic light (red curves) the cumu-
latives functions of the both SCC and MRSCC are the same.

The middle and bottom images were obtained after correc-
tion in polychromatic light: A1 = 40 nm and A1 = 80 nm around
Ao = 640 nm. They show that, when increasing the bandwidth,
speckles in the DH of the MRSCC images are well corrected for
bandwidth up to 80 nm.

Figure 12 presents the cumulative functions associated with
these three images (solid lines) and to the images obtained
with the SCC of Figs. 3 and 7 (dotted lines). In monochromatic
light, the performances are almost the same using one or three
reference holes. The slight difference can be explained by the
fact that photon noise is greater for the MRSCC (three refer-
ence beams) than for the SCC (one reference beam). In poly-
chromatic light, MRSCC always provides images with deeper
contrast levels because speckles that were not well estimated
with the unique reference hole of the SCC are estimated us-
ing the second or the third reference hole of the MRSCC. The
median of the speckle intensity inside the DH is 3.8 x 107% for
AA = 40 nm and 4.1 x 1078 for A1 = 80 nm. We find a gain
of ~2 for A1 = 40 nm and ~4 for A4 = 80 nm in contrast to
the SCC performance (see Sect. 3.4). Thus, the MRSCC signifi-
cantly mitigates the chromatic effects of the SCC and its perfor-
mance is almost insensitive to the bandwidth up to A4 = 80 nm.
The small difference is the result of a few bright speckles located
close to the border of the DH.

Unlike the OPD method (Sect. 4), the MRSCC performance
does not depend on the initial map of phase and amplitude
aberrations. It also reaches deeper contrast levels in numerical
simulations. Of course MRSCC is not insensitive to chroma-
tism. Its performance decreases gradually when the bandwidth is
widened. However, from preliminary numerical simulations that
are not presented in this paper, it can be used to control contrast
levels in the DH by working with bandwidths up to 150 nm in
visible light. For larger bandwidths, we may add a fourth refer-
ence hole, bearing in mind the constraints presented in Sect. 5.1.
Another solution could be a combination of the OPD method
although it may be complicated to achromatically control the
OPD. In the following sections we probe the MRSCC perfor-
mance in the laboratory.
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6. The THD bench and expected performance

In this section we present our laboratory optical bench called the
THD-bench. We use it to derive the expected performance of the
MRSCC from numerical simulations.

6.1. The THD bench

The SCC and MRSCC are tested in our laboratory at the
Observatoire de Paris. A complete description of the optical
bench is given in Mas et al. (2010). Here, we only list main
components:

— Two light sources. A quasi-monochromatic laser diode emit-
ting at 10 = 637 nm (A1 < 1 nm) and a supercontini-
uum Fianium source (SC450) with a calibrated spectral filter
(A9 = 640 nm AL = 80 nm).

— A tip-tilt mirror. Control of pointing errors down to 6.5 X
10722/D (Mas et al. 2012).

— A Boston Micromachines Corporation DM of 32 by 32 ac-
tuators in a square array. This is set in a pupil plane that is
upstream of the coronagraph focal mask and we use only
27 actuators across the pupil diameter.

— a dual-zone phase mask (DZPM) coronagraph composed of
an apodizer in pupil plane and a phase mask in focal plane
(Soummer et al. 2003; N’Diaye et al. 2012) that are op-
timized to reach 1o contrast under 2.8 x 107 for an an-
gular separation greater than 5 1p/D and for a bandwidth
of 133 nm around 665 nm.

— A Lyot stop (Fig. 10, top) with a classical Lyot stop aperture
with a D, = 8 mm diameter for a @, = 8.1 mm entrance
pupil (98.7% filtering) and three reference holes (see Fig. 10
top: 6y = +115°, 01, = —146°, 013 = +103°, YI=Y2=Y3=
26‘6, cf] = 1.76DL, cfz = 1.89DL and §3 = 1.93DL).

— An Andor camera with a readout noise of 3.2 e~ rms per
pixel and a full well capacity of 60000 e~ per pixel. We used
400 by 400 pixel images and the resolution element Ag/Dy,
is sampled by 6.25 pixels.

The only component modified to switch from the SCC to the
MRSCC is the Lyot stop. By not disturbing the optical path
thanks to a motorised mount, we can open or close the refer-
ence holes. We note that we did not use the motor to produce a
temporal modulation as Give’on et al. (2012). As with the SCC,
the MRSCC uses spatial modulation and it only needs a single
image to retrieve the complex amplitude of the speckle field.
With 27 actuators across the pupil diameter, we can con-
trol a 13.5 by 27 Ay/D DH area with the use of only one DM
to correct the effects of both phase and amplitude aberrations
(Fig. 13). Even in an ideal case (without aberrations), the DZPM
coronagraph does not perfectly cancel the star. In Fig. 14, the red
curve represents the theorerical limit of the DZPM coronagraph
in monochromatic light (1p = 640 nm) and the blue dashed curve
shows a bandwidth of A1 = 133 nm around 1p = 665 nm.
Because of the design specifications, most of the speckles be-
low 5 Ay/D are very bright and some saturate the detector. To
prevent the SCC estimation being biased, we numerically re-
duce the speckles’ impact by multiplying the SCC images by
a Butterworth-type spatial filter, shaped like a disk centered on
the optical axis. This numerical mask multiplies the half-DH
Butterworth mask and the resulting mask attenuates the cen-
tral speckles by a factor of 3 and those located at 5 1p/D by
a factor 1.5. The computation area is represented by a solid
red line. To obtain this area, we remove a band of 1.51p/D on
each side of the DH. To avoid the bright speckles, which result
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Fig. 13. Main dimensions used in our laboratory experiment. The influ-
ence area of the DM is delineated by a dashed line, the DH is repre-
sented by a gray area and the computation area is delineated by a red
solid line. The optical axis is represented by the red cross.
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Fig. 14. Radial intensity profiles computed from coronagraphic images
obtained by numerical simulations without phase and amplitude aber-
rations. The red solid curve is the profile associated with an image ob-
tained in monochromatic light while, the blue dashed lines are obtained
in polychromatic light (A4 = 133 nm around A, = 665 nm).

from the DZPM, we remove a disk centered on the optical axis
of <104p/D diameter and because of bright speckles at the top
of the DH (Sect. 7) we also remove a disk centered at 22 1y/D
from the optical axis and with a radius of 12.51y/D.

6.2. Numerical simulations of the THD bench

In this section, we run numerical simulations of the MRSCC in
polychromatic light (1p = 640 nm — Ad = 80 nm) using the
parameters that best reproduce the optical configuration of the
THD bench (see Sect. 6.1). Amplitude aberrations are derived
from a laboratory measurement (Mazoyer et al. 2013a). Phase
aberrations have a standard deviation of 10 nm and a power spec-
tral density of £~>3, which best reproduce the speckles’ intensity
distribution in non-corrected images. We numerically simulate
the electric field produced by the DZPM coronagraph inside the
classical Lyot stop, as well as inside each reference hole. We find
that the flux inside the reference beams are similar to the flux
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Fig. 15. Numerical simulated image obtained after correction using a
MRSCC in polychromatic light A1 = 80 nm and assuming the optical
configuration of the THD bench. Field of view: 32 by 32 Ay/D.

measured on the THD bench. Finally we use the measured spec-
trum of the 80 nm source (close to a flat spectrum) that was used
during the experiments (Sect. 7).

Figure 15 presents a coronagraphic image obtained by us-
ing the MRSCC with A1 = 80 nm. The correction is efficient
almost everywhere in the DH. Figure 16 presents the associ-
ated contrast curve (top) and the cumulative function (bottom).
Below 54y/D contrast is limited by DZPM coronagraph perfor-
mance (blue dashed curve). In these numerical simulations, the
MRSCC reaches a 1o contrast level of 3.6x 1078 between 51y/D
and 171o/D and a median of the speckle intensity of 6.5 x 1078,
Thus, we expect the MRSCC to significantly reduce the speckle
intensity inside the DH in polychromatic light in our laboratory.

7. Laboratory performances
7.1. Chromatism of the bench

Before testing the SCC and the MRSCC in polychromatic light,
we estimate the chromatism of the optical bench. To obtain
this information we use the SCC in monochromatic light (laser
source — dg = 637nm—AA < 1 nm) to reach the deepest contrast
that our bench can provide inside the DH. After the correction in
closed loop, we record the image, which is presented in Fig. 17
(top). Then, we keep the DM shape frozen and we switch the
light source from the monochromatic light to the polychromatic
light (19 = 640 nm — A2 = 80 nm). The resulting image is pre-
sented in Fig. 17 (bottom). The only difference between the two
images is the bandwidth used to record the two images. The two
images are very similar and we study their contrast curves and
cumulative functions as given in Fig. 18.

The contrast curves (top) are not plotted below 5 1y/D be-
cause the computation area excludes the central saturated spot
(Fig. 13). The average lo contrast level measured between 5
and 17 Ay/D is 2.1 x 1078 for the image recorded in monochro-
matic light and 2.7 x 1078 for the image recorded in polychro-
matic light. If we only consider the contrast curves, we conclude
that there is no significant chromatic evolution of the aberrations
on the THD bench below a contrast of 2.7 x 1078,

The cumulative functions are plotted at the bottom. The me-
dian intensity of the speckles is 2.7x 1078 for the image recorded
in monochromatic light and 6.3 x 1078 for the image recorded in
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Fig. 16. Contrast curve (fop) and spatial cumulative function (bottom)
associated with the MRSCC image obtained by numerical simulations
assuming the optical configuration of the bench. The blue dashed curve
is the theorerical limit of the DZPM coronagraph for a bandwidth of
AA = 80 nm around 1y = 640 nm.

polychromatic light. The difference between the two cumulative
curves is larger than that between the contrast curves. It means
that uniform offset in intensity exists in the polychromatic im-
age. This may be due to chromatism effects of the DZPM, or
the outband of the spectral filter or chromatism of the THD op-
tics. We conclude that the THD bench (optical components and
coronagraph) is achromatic at a 6.3 x 1078 level in normalized
intensity and at a 2.7 x 1078 level contrast. These levels give an
idea of the deepest contrast that we can achieve in polychromatic
light (AA = 80 nm around Ay = 640 nm) on the THD bench,
whichever technique is used to control the DM.

7.2. SCC vs. MRSCC in polychromatic light

In this section we compare the SCC and MRSCC performance in
the laboratory using a bandwidth of 80 nm around Ay = 640 nm.
First, we create a DH using the SCC in polychromatic light start-
ing from a given voltage map for the DM (i.e., a given sur-
face shape) and we record the best correction of the speckle
field (Fig. 19, top). Then, starting from the same given initial
DM shape, we use the MRSCC and we obtain the DH of Fig. 19
(bottom). As expected, in the SCC image, a lot of speckles are
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Fig. 17. Laboratory images obtained after SCC correction of the speck-
les in monochromatic light, (fop) recorded in monochromatic light
(Ao = 640 nm) and (bottom) recorded in polychromatic light (A1 =
80 nm at Ay = 640 nm).

not corrected, whereas the correction is almost uniform with the
MRSCC. Figure 20 presents the contrast (top) and cumulative
(bottom) curves computed from these images. The orange dotted
curves are associated with the laboratory image obtained with
the SCC (Fig. 19, top) and the blue dashed curves to the labo-
ratory image obtained with the MRSCC (Fig. 19, bottom). We
overplot the curves associated with the chromatic limit of the
bench (red solid curves, Sect. 7.1) and associated with the nu-
merical simulations of the bench (mixed green curves, Sect. 6.2).

All these laboratory results demonstrate the gain in contrast
brought by the MRSCC compared to the SCC. For SCC, the
average lo contrast is never better than 1077 and the median
intensity is 2.7 X 1077. In the MRSCC images we measure an
average 1o contrast of 4.5 x 1078 between 5 and 17 19/D and a
median intensity of 8.3 x 107%. These performances are close to
the numerical simulations prediction: 3.6 x 107® and 6.5 x 107%
respectively.

If we compare the images obtained with the MRSCC
(Fig. 19, bottom) and the image that is limited by the chromatism
of the bench (Fig. 17, bottom), the levels are equivalent, except
at the top of the DH, where some speckles are not well corrected
because all the fringe patterns of the MRSCC are blurred. These
types of bright uncorrected speckles also exist in the numerical
simulated image (top right corner of the DH in Fig. 15). From
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Fig. 18. Contrast curve (fop) and spatial cumulative function (bottom)
associated with the laboratory images recorded in monochromatic light
(black dashed curve) and in polychromatic light (red solid curve)

numerical simulations we find that the location of these speck-
les depends on the initial phase and amplitude aberrations. It
may be possible to correct them by adding a fourth reference
hole or by optimizing the orientations of the reference holes.
However, none of these solutions were available during our lab-
oratory experiments.

8. Conclusions

In this paper, we proposed two methods to make the SCC more
achromatic: the MRSCC and the OPD method. We tested these
two methods by numerical simulations and proved that they im-
prove the performance of the SCC in polychromatic light. We
found that the OPD method performance depends on the initial
aberration map and that it is not robust enough to be used.

Then, we demonstrated in the laboratory that the MRSCC
can be used to control a DM in polychromatic light (bandwidth
of 80 nm around 640 nm — 12.5%) to reach an average 1o~ con-
trast of approximately 4.5 X 10~® between 5 and 17 1y/D from
the star and a median contrast of 8.3 x 1078, The performances
obtained on the THD bench with the DZPM coronagraph are
close to the chromatic limitation of our bench, meaning that the
MRSCC may be able to control the speckle intensity at even
deeper contrast levels.
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Fig. 19. Laboratory image obtained on the THD bench after speckle
correction in polychromatic light (A4 = 80 nm at 4y, = 640 nm) using a
SCC (top) and the MRSCC (bottom).

The MRSCC has all the advantages of the SCC. It is a focal
plane wavefront sensor, which is able to work in closed loop. It
is easy to implement by adding only small holes in the Lyot stop
plane and it can be associated with several phase-mask coron-
agraphs. Also, only one focal plane image is mandatory for es-
timating the electric field instead of the several images that are
needed by techniques that are based on temporal modulation.

This study was realized using a clear circular aperture. In
the case of an arbitrary telescope aperture, the sensing with
the MRSCC can still be undertaken as long as the coronagraph
diffracts enough stellar light into the reference hole.

The attractive features of the MRSCC make this FPWFS
a serious candidate for a possible upgrade of the current
high-contrast imaging instruments and could be used with fu-
ture instruments for space-based missions and extremely large
telescopes.

Finally, several improvements may be possible in the future.
Among them, we will explore more sophisticated algorithms to
measure the electric field from the MRSCC image. We also in-
dend to correct speckles close to the optical axis by using an-
other phase-mask coronagraph like a vortex (Mawet et al. 2005).
Finally, Mazoyer et al. (2013a) demonstrate that the contrast
level of the THD bench is determined mainly by amplitude aber-
rations. To improve its performance and increase the size of the
DH, we will control both the phase and amplitude aberrations in
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Fig. 20. Contrast curves (fop) and spatial cumulative functions (bottom)
for A1 = 80 nm, associated with the expected performance from nu-
merical simulations (mixed green line) and to three laboratory images:
chromatic limit of the THD bench (red solid line), SCC correction (or-
ange dotted curves) and MRSCC correction (blue dashed curves).The
cumulative curves have been computed inside the computation area pre-
sented Fig. 13.

the full influence area with an upgraded version of our bench by
adding DMs.
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Résumé

Depuis 2004, mes travaux de recherche ont tous un lien avec 'imagerie des exoplanétes ou
des disques de poussiéres qui orbitent autour des étoiles du voisinage solaire (< 100 pc).

J'utilise les instruments travaillant dans le visible et l'infrarouge, comme Sphere/VLT et
GPI/Gemini, pour étudier les exoplanétes géantes gazeuses (plusieurs masses joviennes) et jeunes
(moins de quelques 100 millions d’années). L’imagerie fournit des mesures astrométriques a par-
tir desquelles on détermine ’orbite exoplanétaire, et des mesures photométriques ou spectro-
métriques qui nous informent sur la température et la nature de I’atmosphére de 'exoplanéte.
L’imagerie permet également d’étudier les disques circumstellaires, berceaux de la formation pla-
nétaire. Enfin, & partir de grandes campagnes d’observation, on peut déterminer la fréquence des
géantes gazeuses dans la partie externe des systémes exoplanétaires.

En paralléle de ce travail astrophysique, je développe de nouvelles techniques d’observation
pour améliorer les instruments actuels d’imagerie ou en proposer de nouveaux pour les futurs
télescopes optiques au sol (extremely large telescope) ou dans I'espace. L’objectif est d’étre capable
de détecter des exoplanétes plus légéres, plus matures que des géantes gazeuses de quelques
100 millions d’années, par exemple, des jumelles de la Terre. Ces développements instrumentaux
vont de la proposition d’un concept a la démonstration sur télescope.

Dans les deux domaines, astrophysique et instrumentation, j’ai la chance de travailler en
collaboration avec de nombreux collégues d’autres instituts que le mien et en étroite collaboration
avec I’ensemble de I'équipe d’imagerie & haute dynamique du Lesia.

Mots-clés: exoplanétes, disques circumstellaires, imagerie haute dynamique, haute résolution
angulaire, coronographie, traitement d’images, analyseur de surface d’onde, optique adaptative

Abstract

Since 2004, my research focuses on imaging exoplanets and circumstellar disks around
nearby stars (closer than 100 pc).

I use current visible and infrared imagers like Sphere/VLT or GPI/Gemini to study giant
young gaseous planets (several Jupiter masses and < 100 million years). Astrometry help con-
straining the exoplanet orbits and, photometry and spectrometry provide information on the
effective temperature and the nature of the exoplanet atmosphere. Imaging is also essential to
study circumstellar disks where exoplanets form. Finally, from large imaging survey, one can
determine the occurrence of giant gaseous planets in the exoplanetary systems.

I also develop new techniques for high contrast imaging for upgrading current instruments or
creating new ones for the next generation of ground- or space-based telescopes. The objective is
the imaging of Earth-like planets that are 10 — 10* fainter than the current imaged planets. My
instrumental participation goes from theoretical ideas to demonstrations at the telescope.

In both projects, astrophysics and instrumentation, I have the pleasure to collaborate with
several colleagues all around the world and to be part of the very united and active high contrast
imaging team at Lesia.

Keywords: exoplanets, circumstellar disks, high contrast imaging, high angular resolution, coro-
nagraph, post-processing imaging, wavefront sensor, adaptive optics
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