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Abstract

FRIDA (inFraRed Imager and Dissector for the Adaptive optics system) is a second-generation
instrument conceived for the Gran Telescopio Canarias (GTC). It is designed to work in the near
infrared with requirements of direct imaging and Integral Field Spectroscopy. FRIDA will work
in concert with GTCAQ, the Adaptive Optics (AO) system of the GTC. FRIDA is planned to
address a wide range of astrophysical issues. In addition, one of the design requirements is the
ability to perform high contrast images. It could thus image and spectrally characterize substellar
mass companions close to nearby bright stars. The main goal of this thesis work is to carry out a
feasibility study to perform high contrast imaging with FRIDA. Different and feasible coronagra-
phic techniques and post-processing methods are considered for this instrument. The atmospheric
turbulence parameters of the GTC astronomical site and GTCAO characteristics are included in
our simulations. Thus, we estimate the contrast gains reachable by FRIDA with the following com-
bination: AO-+coronagraphy+post-processing techniques. The obtained results prove to be very
encouraging: we show that GTCAO+FRIDA can be able to image and characterize a companion
10° fainter than its parent bright star at a 0.2 arcsec angular separation.

Resumen

FRIDA (inFraRed Imager and Dissector for the Adaptive optics system) es un instrumento de
segunda generacion para el Gran Telescopio Canarias (GTC). Esta disenado para trabajar en el
cercano infrarrojo con requerimientos de formacion de imagen directa y de espectroscopia inte-
gral de campo. FRIDA trabajard en concierto junto con el sistema de Optica Adaptativa del
GTC (GTCAO). FRIDA esta planeado para tratar un amplio intervalo de problemas astrofisicos.
Adicionalmente, uno de los requerimientos de diseno es la capacidad de formar imagenes de alto
contraste. Debe entonces obtener imagenes y caracterizar companeros de masa sub-estelar muy
cerca de su estrella huésped. La motivacién principal de este trabajo de tesis es hacer un estudio de
factibilidad para proveer a FRIDA de la capacidad de obtener imagenes de alto contraste. Se consi-
deran diferentes técnicas coronograficas y métodos de post procesamiento factibles. Los parametros
de turbulencia atmosférica del sitio astronémico del GTC y las caracteristicas de GTCAO estan
incluidos en las simulaciones. Se estiman asi las ganancias de contraste alcanzables para FRIDA
con la combinacién siguiente: AQO+coronografia+técnicas de post procesamiento. Los resultados
obtenidos resultan ser muy prometedores: se muestra que GTCAO+FRIDA puede ser capaz de
formar la imagen y caracterizar un compaifiero de intensidad 10° més débil que su estrella huésped
brillante a una separacién angular de (0.2 arcsec.
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Introduction

The quest and discovery of new worlds has always fascinated mankind and paved the way for the
international astronomical community. In that context, the past decade was mainly remarkable for
the first confirmed detections of exosolar planets via indirect methods.

More recently, direct images of substellar mass companions, like exosolar planets and brown dwarfs,
have successfully been achieved, risen the expectations within the scientific community that direct
imagery constitutes a promising approach. On the one hand, the astronomical data reached with in-
direct detection methods can be combined and completed with the information achieved by directly
imaging the low-mass companions. On the other hand, direct imaging will allow access to spectral
characterization and therefore, atmospheric composition analysis of the detected dim objects. Thus,
the possible presence of life in exoplanets could be determined by detection of bio-signals (like water
[H20], oxygen [O2], ozone [O3] and alike) present in their atmosphere.

However, imaging faint objects, like substellar mass companions close to nearby bright stars, appears
to be very challenging; indeed, large flux ratios (> 10%) at small angular separations (< 1 arcsec)
have to be overcome. Hence, the precious photons coming from a close-by companion have to be
very well isolated from the luminous halo formed by its host star. High contrast imaging techniques
are required to remove the diffracted light of the parent star and complemented with sophisticated
methods to image and characterize the faint substellar mass companions.

Since 2003, several instruments have been conceived specifically to obtain images and spectra
of exoplanets. In particular, two of them are currently in the final design stages and close to be
constructed and operated in 8 m-class telescopes in Chile: SPHERE (Spectro-Polarimetric High-
contrast Exoplanet REsearch), a second-generation instrument for the Very Large Telescope; and
GPI (Gemini Planet Imager), a facility scheduled for the Gemini South telescope. In both cases,
extreme Adaptive Optics (AO) systems are built-in to accurately control the wavefront errors in-
duced by the atmosphere above ground-based telescopes. Moreover, they rely on very efficient near
infrared coronagraphic devices to reduce the diffraction peak of the parent star and features from the
optics edges of telescope and instrument. Spectroscopic capabilities are also included in both planet
imagers for the spectral characterization of the detected exoplanets. In particular, both instrument
teams have recognized that Integral Field Spectroscopy (IFS) devices are potentially crucial for
exoplanet detection. Indeed, true planetary companions can be distinguished from speckle artifacts
of the instrument or background objects, thanks to data-analysis strategies independent of a priori
knowledge or assumed features of the planet’s spectrum.

In parallel, FRIDA, the inFraRed Imager and Dissector for the Adaptive optics system of the



2 Introduction

Gran Telescopio Canarias, represents another very ambitious project with some characteristics in
common to both instruments above, but different scientific goals. FRIDA is designed to work in
the near infrared with requirements for direct imaging and Integral Field Spectroscopy. This is a
second-generation instrument conceived for the Gran Telescopio Canarias (GTC), a 10.4m equi-
valent diameter telescope which started operating in February 2009 in the Observatory of Roque
de los Muchachos in La Palma Island, Spain. Given its collecting area, the GTC is currently the
largest telescope in the world and, therefore, making FRIDA the most sensitive infrared instrument
nowadays.

FRIDA will work in concert with the AO system of the GTC (GTCAO). FRIDA and GTCAO
are also in the design stages, only a few months behind SPHERE and GPI. GTCAO+FRIDA are
designed to address a wide range of astrophysical problems, but unlike SPHERE and GPI, none of
these topics deal with the discovery of exoplanets by direct imaging. Moreover, GTCAO only has
a quarter of actuators of the AO modules (about 400 in GTCAO against at least 1500 in GPI or
SPHERE). This provides a lower image quality from GTCAO+FRIDA than with SPHERE or GPI.
However, the GTC collecting area is 1.68 times larger, making FRIDA considerably more sensitive
for spectroscopic studies than its competitors.

One of the design requirements scheduled for FRIDA is the ability to perform high contrast
images. In order to reach this goal, the installation of focal and pupil plane masks is planned at
strategic places of the optical assembly. In the same way, FRIDA shall have an adequate processing
of the obtained images in IF'S mode. The question is: what are the best instrument configurations
to reach high contrast images with these mask devices and post-processing techniques?

This is the main goal of the present thesis: doing a feasibility study to provide a high contrast ima-
ging capability for FRIDA and make it competitive, with the least possible drawbacks, to SPHERE
and GPL.

Chapter I reviews the main coronagraphic solutions proposed during the past few years. In
particular, we focus on techniques which prove to be the most convenient and promising for our
study. FRIDA is then presented in Chapter II and different coronagraphic configurations are sug-
gested. In Chapter III we describe the numerical tool implemented to compute and compare the
behavior of the different coronagraphic devices. Laboratory tests are carried out with a Roddier
& Roddier phase mask to validate our tool with experimental evidence. This constitutes the topic
of a paper sent to a referred journal. We finally give a direct application of our numerical tool in
FRIDA’s case and evaluate the performance of the coronagraphic configurations in the context of
a diffraction-limited approach. This preliminary study allows us to calibrate the star brightness
attenuations reachable with suitable coronagraphs in the absence of aberrations produced by the
atmospheric turbulence in any astronomical site. In Chapter IV, AO-compensated images conside-
ring the GTCAQ characteristics are added to the model in order to estimate FRIDA’s performance
in the context of instruments equipped with coronagraphs and coupled to a ground-based telescope.
Finally, in Chapter V we evaluate the reachable contrast gains and discuss the potential of additio-
nal post-processing techniques with an IFS system as planned for FRIDA. The analysis of all these
results concludes the feasibility study of high contrast imaging with the FRIDA instrument.
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La busqueda de nuevos mundos ha fascinado siempre a la humanidad y su descubrimiento ha abierto
nuevos caminos para la comunidad astrondmica internacional. En este contexto la década pasada
ha sido remarcable, principalmente por las primeras detecciones confirmadas de planetas exosolares
por medio de métodos indirectos.

Recientemente, se han logrado obtener imagenes directas de compaieros de masa sub-estelar, como
son los planetas exosolares o las enanas marrén, y esto ha generado ain mas expectativa en la
comunidad ya que constituye un método con mucho potencial. Por un lado, los datos astronémicos
adquiridos mediante los métodos indirectos pueden ser combinados y completados con la informa-
ciéon obtenida con los métodos de imagen directa de los compaifieros de baja masa. Por otro lado,
estos métodos de imagen directa pueden permitir el acceso a la caracterizacién espectral, y por
tanto, a un anélisis de la composicion de la atmosfera de esos objetos estelares muy débiles. De esta
manera, la posible presencia de vida en estos objetos podria ser determinada mediante una estima-
cién de bio-marcadores (como agua [HoO], oxigeno [Os2], ozono [O3]...), presentes en su atmosfera.
Sin embargo, obtener imagenes de objetos estelares de muy débil luminosidad, como son estos com-
paneros de masa sub-estelar, que estan situados muy cerca de estrellas brillantes, es todo un reto
debido, indudablemente, a las dificultades que hay que superar por los grandes cocientes de los
flujos (> 104) y de las separaciones angulares muy pequenas (< 1 arcsec). Para esto, los preciosos
fotones provenientes de un companero cercano, deben de ser muy bien aislados del halo luminoso de
su estrella huésped. Técnicas de muy alto contraste son requeridas para remover la luz difractada
proveniente de la estrella, ademés de las técnicas para obtener las imagenes y caracterizar los débiles
objetos de masa sub-estelar.

De 2003 a la fecha, algunos instrumentos han sido concebidos especificamente para obtener imé-
genes y espectros de planetas exosolares. Dos de ellos se encuentran en las etapas finales de diseno y
en las primeras etapas de su construccién. Estos son SPHERE (Spectro-Polarimetric High-contrast
Ezxoplanet RFEsearch), un instrumento de segunda generacién para uno de los telescopios de 8 m del
Very Large Telescope de la European Southern Observatory (ESO) en Chile y GPI (Gemini Planet
Imager), un instrumento para el telescopio Gemini-Sur de 8 m, también en Chile. En ambos casos,
los instrumentos estdn equipados con sistemas de Optica Adaptativa (AO, por sus siglas en inglés)
extrema, para un control muy preciso de la correccion de los frentes de onda distorsionados por la
atmésfera encima de los telescopios. Ademaés cuentan con dispositivos coronogréaficos muy eficientes
para reducir la luz de la estrella principal y eliminar el halo producido por la difraccion de los
bordes de la 6ptica tanto del telescopio como del instrumento mismo. Para la caracterizacién del
espectro de los exo-planetas ambos instrumentos cuentan con uno o mas sistemas espectrograficos.
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En especial los equipos de trabajo de los instrumentos han reconocido que es potencialmente cru-
cial para la deteccién de exo-planetas la utilizacién de dispositivos de Espectroscopia Integral de
Campo (IFS, por sus siglas en inglés). Esto es debido a que los companieros planetarios pueden ser
distinguidos de speckles producidos inevitablemente por la 6ptica del instrumento o por objetos de
fondo, gracias a estrategias de anélisis de imédgenes que no dependen de un conocimiento a priori
de caracteristicas particulares del espectro del planeta.

Paralelamente a estos dos proyectos, FRIDA (inFraRed Imager and Dissector for the Adaptive
optics system of the Gran Telescopio Canarias) representa otro proyecto muy ambicioso con algunas
de las caracteristicas comunes a ambos instrumentos, pero objetivos cientificos diferentes. FRIDA
es un instrumento que trabaja en el cercano infrarrojo con requerimientos de formacién de imagen
directa y de espectroscopia integral de campo. Es un instrumento de segunda generacién para el
Gran Telescopio Canarias (GTC), telescopio de 10.4 m de didmetro equivalente, que ha sido puesto
en operaciéon en febrero de 2009 en el observatorio del Roque de los Muchachos en La Palma, Islas
Canarias, Espana. El area colectora de GTC hace que este telescopio sea, por el momento, el mas
grande del mundo y, en consecuencia FRIDA el instrumento infrarrojo mas sensible del mundo.
FRIDA trabajard en concierto junto con el sistema de Optica Adaptativa del GTC (GTCAOQ). Tanto
FRIDA como GTCAOQO estan en las etapas finales de disefio, unos meses detras de SPHERE y GPI.
GTCAO+FRIDA estan disenados para abordar problemas astrofisicos muy amplios pero ninguno
de ellos es el descubrimiento por imagen directa de exo-planetas como es el caso de SPHERE y GPIL.
Ademas, GTCAO tiene solamente una cuarta parte del nimero de actuadores de los médulos de
AO de esos instrumentos (alrededor de 400 en GTCAO contra 1500 en GPI y SPHERE). Esto hace
que la calidad de imagen de GTCAO+FRIDA sea menor a la que se va a obtener con SPHERE
y GPIL. Sin embargo, para estudios de espectroscopia el area colectora de GTC es 1.68 veces mas
grande, haciendo que sea un instrumento maés sensible que los otros dos para espectroscopia.

Uno de los requerimientos de diseno de FRIDA es poder obtener imagenes de alto contraste.
Para esto, se ha especificado que se puedan instalar méascaras de plano focal y de pupila en algunas
partes de su tren 6ptico. De la misma manera, se ha previsto que debe de haber un procesamiento
adecuado de las imégenes obtenidas en el modo de espectroscopia integral de campo. La pregunta
que surge es: ;jcuales son las mejores configuraciones del instrumento para que estos dispositivos y
técnicas de procesamiento permitan obtener imagenes de muy alto contraste?

Esta es la motivacion principal de este trabajo de tesis: hacer un estudio de factibilidad para pro-
veer a FRIDA de la capacidad de obtener imégenes de alto contraste y competir, al menos no con
muchas desventajas, con SPHERE y GPI.

En el Capitulo I, se hace una revision de las principales soluciones coronograficas que se han
propuesto en los anos recientes. En particular se dirige la atencién a técnicas que parecen cierta-
mente ser las mas favorables. Se presenta luego FRIDA en el Capitulo II y se sugieren diferentes
configuraciones coronograficas para este instrumento. En el Capitulo III, se describe la herramienta
numérica implementada para comparar el comportamiento de los diferentes dispositivos corono-
graficos. Se hace también una verificacién experimental con una méscara de fase de Roddier &
Roddier para comprobar que la herramienta es valida. Este es el tema del articulo enviado a una
revista arbitrada. Se da una aplicacion directa de nuestra herramienta numérica tratando el caso de



Introduccion 5

FRIDA: se evaltia el desempeno de las configuraciones coronograficas considerando en una primera
aproximacién a GTC4+FRIDA como un instrumento limitado en calidad de imagen por la difraccién.
Con esto, se pueden calibrar las atenuaciones del brillo de la estrella principal obtenidas con los
coronografos propuestos, en ausencia de aberraciones producidas por la turbulencia de la atmédsfera
del sitio astronémico. Después en el Capitulo IV, imagenes parcialmente corregidas de la turbulen-
cia atmosférica, caracteristicas del sistema GTCAOQ, son introducidas en el modelo para estimar el
desempenio de FRIDA en el contexto de instrumentos provistos de corondgrafos instalados en un
telescopio terrestre. Finalmente en el Capitulo V, se evaliian los contrastes de imagen alcanzables y
se discute el potencial de técnicas adicionales de post procesamiento de imagenes con un sistema de
Espectroscopia Integral de Campo como el que esté provisto en FRIDA. El anélisis de todos estos
resultados permite concluir el estudio de factibilidad de imagen de alto contraste con el instrumento

FRIDA.
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Chapter 1

Context of stellar coronagraphy

I.1 Coronagraphy in contemporary astronomy and astrophysics

1.1.1 The quest for faint substellar mass companions: indirect detection me-
thods

To date, the count of known exoplanet candidates stands at more than 300" and major part of
these planetary objects was found thanks to indirect detection methods. These techniques are
based on the detection of perturbations induced by the substellar mass companion on its parent
star. Different approaches have been proposed these past few years to discern the presence of an
extrasolar planet for instance. They have been largely reviewed and detailed in many papers that
can be found in the literature. For instance, a general description of these schemes can be found in
Quirrenbach (2006). In the following, we briefly present the main concepts.

Until now, the method of radial velocity measurements is the most powerful and efficient
technique to detect extrasolar planets. This approach is based on the Doppler effect: it consists
in analyzing the radial velocity fluctuations of an observed star to deduce the presence or not of
a companion in its vicinity. The photometric transit technique is also an interesting method
based on accurate measurements of a star luminous flux. The possible secondary eclipses produced
by the transit of an object allows to conclude about the presence of an orbiting substellar mass
companion around the observed star. The gravitational micro-lensing technique represents
another elegant approach: when a star and its companion pass in front of another far away star, the
luminosity of this last is amplified thanks to a gravitational effect similar to that of a “magnifying
glass”. The analysis of the far away star brightness profile and the possible observation of secondary
amplifications lead to the detection of a companion close to the lensing star. Finally, very accurate
astrometric measurements allow to presume the presence of an exoplanet by analyzing the
oscillation movement of a star.

With indirect detection methods, we can have access to different substellar mass companion data
like its orbital period P, its orbital eccentricity e, its semi-major axis a, its angular velocity w, its
minimum mass M sini assuming the star mass Mj (i denotes the inclination angle of the orbital
plane) or the radii of the star and its companion R; and Ry. The association of several techniques

1 J. Schneider, “The Extrasolar Planets Encyclopedia”, http://exoplanet.eu/
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helps to achieve a better and more complete characterization of the detected object.

In a recent conference, Chauvin (2007) synthesized the discoveries made with the indirect methods.
He showed that radial velocity, photometric transit and gravitational micro-lensing methods had
enabled the detection of several substellar companions at distances smaller than 5A.U.? from the
host star. He also underlined the fact that large sky surveys had allowed to detect about 10
companions at distances greater than 500 A.U. from their host brown dwarfs, pointing out the
absence of substellar mass companions detected at distances between 5 and 500 A.U. from the host
star. Astronomers hope completing this missing link thanks to high contrast imaging techniques.

1.1.2 Expectations from high contrast imaging

Imaging faint substellar mass companions, like exosolar planets or brown dwarfs, is a very exciting
but challenging issue. Contrary to the indirect approach, the direct detection consists in distin-
guishing the radiation which comes from the faint companion against the halo of the adjacent and
enormously brighter parent star.

Imaging directly substellar mass companions will allow having access to their spectrum. The spec-
tral characterization of these dim objects will provide data about their atmospheric composition.
The detection of bio-signals (like water [H2O], oxygen [O2], ozone [O3]...) will bring elements of
response about the eventual presence of life (Woolf and Angel, 1998). With images of faint compa-
nions, it will also be possible to better understand mechanisms of planetary formation (Burrows and
Sharp, 1999) and calibrate the current atmospheric evolution models (Marley et al., 1999). Hence,
direct detection appears very promising to approach these issues. However, even companions like
exosolar giant planets are predicted to be very faint compared to their host star: for instance, the
planet-to-star flux ratio for a Jupiter-like planet with an age of 5 billion years orbiting a Sun-like
star at 4 A.U. is estimated to be about 1079 in the optical and near-infrared bands (Burrows et al.,
2004). Therefore, reduction of the stellar diffracted light is required to image and thereafter cha-
racterize faint substellar mass companions.

Removing a star image can be assimilated to the creation of an artificial stellar eclipse. A similar
problem was tackled about one century ago by Bernard Lyot (1932) to artificially eclipse the Sun. In
the following, we propose to narrate the case and relate it to our current challenge of astronomical
instrumentation: the direct imaging of substellar mass companions present in the vicinity of bright
stars.

I.1.3 Goals of the chapter

This chapter constitutes a preamble about coronagraphy. In Section 1.2, we briefly recall the origins
of coronagraphy reminding the context of the solar coronagraph birth. After a transition between
solar and stellar coronagraphy, we shortly review the different diffraction suppression systems de-
veloped during this past decade in Section 1.3. A large number of technical solutions have been
proposed to attenuate the brightness of a star image. However, within the context of coronagraph
feasibility studies for FRIDA, we will focus on concepts named Lyot-style coronagraphs and remind
the corresponding formalism in Section [.4. Several definitions will also be given in this part and

2 A.U.: Astronomical Unit. 1 A.U. corresponds to the mean distance between the Sun and our planet Earth, it
means about 1.50 - 10% km.
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will prove to be very useful all along our analysis concerning high contrast imaging feasibility with
FRIDA.
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I.1 Coronografia en la astronomia y la astrofisica contemporanea

I.1.1 La busqueda de companeros de masa sub-estelar de baja luminosidad:
métodos de deteccion indirecta

Hasta la fecha, el ntimero de candidatos conocidos de exoplanetas es superior a 300° y la mayor
parte de estos objetos planetarios fue encontrado gracias a métodos de deteccién indirecta. Estas
técnicas estan basadas en la deteccién de perturbaciones inducidas por el companero de masa sub-
estelar sobre la estrella pariente. Diferentes métodos han sido propuestos estos ultimos afios para
detectar la presencia de un planeta extrasolar por ejemplo. Estos han sido ampliamente revisados
y detallados en diferentes articulos que se pueden encontrar en la literatura. Por ejemplo, se puede
encontrar una descripcién general de estos métodos en Quirrenbach (2006). En lo que sigue, vamos
a presentar brevemente los principales conceptos.

Hasta ahora, el método de medicién de velocidades radiales es la técnica mas poderosa y efi-
ciente para detectar planetas extrasolares. Este método esta basado en el efecto Doppler: consiste en
analizar las fluctuaciones de la velocidad radial de una estrella observada para deducir la presencia o
ausencia de un compafiero en su vecindad. La técnica de transito fotométrico es igualmente un
método interesante basado en la medicién precisa del flujo luminoso de una estrella. Los eventuales
eclipses secundarios producidos por el transito de un objeto permite concluir acerca de la presencia
de un companero de masa sub-estelar girando alrededor de la estrella observada. La técnica de
micro-lente gravitacional representa otro método elegante: cuando una estrella y su companero
pasa enfrente de una estrella mas alejada, la luminosidad de esta tltima es amplificada gracias a un
efecto gravitacional similar al efecto amplificador de una lupa. El anélisis del perfil de luminosidad
de la estrella lejana y la observacion eventual de amplificaciones secundarias lleva a la deteccion de
un companero cerca de la estrella-lente. Finalmente, mediciones astrométricas muy precisas
permiten imaginar la presencia de un exoplaneta con la andlisis del movimiento oscilatorio de una
estrella.

Con los métodos de detecciéon indirecta, se puede tener acceso a diferentes caracteristicas del com-
panero de masa sub-estelar, como su periodo orbital P, su excentricidad orbital e, su semieje mayor
a, su velocidad angular w, su masa minima M» sin¢ suponiendo una estrella huésped de masa M;
(i denota el angulo de inclinacién del plano orbital) o los radios de la estrella Ry y de su compaiiero
Rs. Asociar varias técnicas ayuda a obtener una caracterizacién mejor y mas completa del objeto
detectado.

En una conferencia reciente, Chauvin (2007) sintetiza los descubrimientos hechos con los métodos
indirectos. Mostré que los métodos de velocidad radial, de transito fotométrica y de micro-lente
gravitacional, habian favorecido la deteccién de varios companeros sub-estelares a distancias infe-
riores a 5U.A.% de la estrella huésped. Subrayé también que gracias a amplios sondeos del cielo, se
habia podido detectar alrededor de 10 companeros a distancias superiores a 500 U.A. de sus enanas
marrén huésped, y senald al mismo tiempo la ausencia de compafieros de masa sub-estelar detecta-
dos a distancias entre 5 y 500 U.A. de la estrella huésped. Los astronomos esperan completar este
vinculo ausente gracias a las técnicas para obtener imagenes de alto contraste.

3 J. Schneider, “The Extrasolar Planets Encyclopedia”, http://exoplanet.eu/
4 U.A.: Unidad Astronémica. 1 U.A. corresponde a la distancia promedio entre el sol y nuestro planeta tierra, es
decir aproximadamente 1.50 - 10% km.
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I[.1.2 Expectativas con las imagenes de alto contraste

Obtener imagenes de companeros de masa sub-estelar y de baja luminosidad, como exoplanetas o
enanas marrén, representa una problemdatica muy apasionante pero es también todo un reto. Al
contrario de los métodos indirectos, la detecciéon directa consiste en distinguir la radiacién prove-
niente de un companero de baja luminosidad inmerso en el halo de la estrella huésped de un brillo
extremadamente muy intenso.

Con la formacién directa de imagenes de los companeros de masa sub-estelar, se podra tener acceso
a su espectro. La caracterizacion espectral de estos objetos de baja luminosidad proporcionara datos
acerca de su composicion atmosférica. La detecciéon de bio-marcadores (como agua [H2O], oxigeno
[O2], ozono [Og]...) brindard elementos de respuesta sobre la eventual presencia de vida (Woolf
and Angel, 1998). Con imdagenes de companieros débiles, se podra también acceder a un mejor
entendimiento de los mecanismos de formacion planetaria (Burrows and Sharp, 1999) y calibrar los
modelos actuales de evolucién atmosférica (Marley et al., 1999). Por lo tanto, la deteccién directa
es muy prometedora para abordar estos temas. Sin embargo, se predice una luminosidad muy débil
para los companeros, como por ejemplo los planetas extrasolares gigantes, con respeto a la de su
estrella huésped: por ejemplo, la razén de flujo planeta/estrella para un planeta de tipo Jipiter con
una edad de 5 mil millones de afios girando alrededor de una estrella de tipo Sol y a una distancia
angular de 4 U.A. est4 estimado a 1079 en el 6ptico e infrarojo (Burrows et al., 2004). Por eso, se
requiere reducir la luz estelar difractada para formar la imagen y luego caracterizar los compafieros
de masa sub-estelar y de baja luminosidad.

Retirar la luz de la imagen de una estrella dejando intacta la imagen del companero débil se puede
asimilar a la creaciéon de un eclipse estelar artificial. Un problema similar fue abordado hace un
siglo por Bernard Lyot en 1932 para eclipsar artificialmente el sol. En lo que sigue, se va a relatar
esta historia y a enlazarlo con nuestro reto de instrumentacién astronémica actual: la formacién
de imagen directa de los companeros de masa sub-estelar presentes en la vecindad de las estrellas
brillantes.

I.1.3 Objetivos del capitulo

Este capitulo constituye un preambulo acerca de la coronografia. En la Seccion 1.2, se recuerdan las
origenes de coronografia subrayando el contexto del nacimiento del coronografo solar. Luego de hacer
una transicion entre la coronografia solar y estelar, se revisaran brevemente los diferentes sistemas
de supresiéon de difracciéon desarrollados durante la tltima década en la Seccién 1.3. Se ha propuesto
un amplio nimero de soluciones para atenuar el brillo de la imagen de una estrella huésped. Sin
embargo, en el contexto de los estudios de factibilidad de corondgrafos para FRIDA, se centrara el
trabajo en los llamados corondgrafos de tipo Lyot y se recordard el formalismo correspondiente en
la Seccion 1.4. Se daran igualmente varias definiciones en esta parte que resultaran muy ttiles a lo
largo de nuestro estudio de factibilidad para formar imégenes de alto contraste con FRIDA.
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1.2 From solar to stellar coronagraphy

Eclipses are natural phenomena which have always fascinated mankind. Several ancient civilizations
were able to determine the occurrence of eclipses and most of them had a mythological, religious or
symbolical interpretation. In particular, most of the prehispanic cultures in Mexico could predict
when an eclipse was to occur thanks to accurate reports of previous occulting astronomical pheno-
mena (Aveni, 2005). Nowadays, eclipses go on calling our attention as it can be attested each time
this kind of event occurs.

During the past century, an astronomer started designing instruments to recreate eclipses for scien-
tific goals; we propose here to relate this chapter of astronomical instrumentation.

1.2.1 Natural solar eclipses

At the beginning of the 20" century, astronomers were getting interested in the observation of the
solar corona. Unfortunately, the study of the Sun’s corona could only be done when a total solar
eclipse occurred. Indeed, the main difficulty is the brightness of the solar corona, which is less than
one millionth (107%) that of the Sun, see Figure I.1. Blocking the light of the solar disk allows to
observe the corona of our star and a total eclipse of the Sun represents a good way to reach this
goal.

However, the frequency of solar total eclipses is about once every 18 months on average somewhere
on Earth, and it has been estimated that it recurs about 3 times per millenium at any given place®.
Moreover, the maximum duration of totality is about 7 minutes, but it succeeds less than 10 times
in a millennium! These data allow to realize how difficult it was to observe and study the solar
corona one century ago, since an eclipse is a very rare and short event.

I.2.2 Generation of artificial eclipses with the solar coronagraph

At the beginning of the 1930s, the French astronomer Bernard Lyot (1897-1952) invented an optical
instrument to make artificial eclipses of the Sun: the coronagraph (Lyot and Marshall, 1933; Lyot,
1933), which name derives from the word corona. A schematic representation of the coronagraph
designed by Lyot is shown in Figure 1.2. It deals with the use of an opaque mask to block the
solar disk and a diaphragm to remove the light diffracted by the mask. One of the Bernard Lyot’s
merits consisted in understanding the importance of using a downstream diaphragm: it suppresses
the diffuse light created by the reflections between the optics within his system and eliminates the
light diffracted by the opaque mask. As a tribute, nowadays this diaphragm is named “Lyot stop”.
With his invention, Bernard Lyot could observe the corona without having to wait for a solar eclipse.
In 1931, thanks to his optical setup, he took the first picture of the solar corona in the absence of a
natural eclipse and in 1939, he recorded a movie named Les flammes du Soleil (flames of the Sun).
It dealt with the movements of the solar protuberances and was realized thanks to his coronagraph
and some filters. Figure 1.3 shows Bernard Lyot during the installation of his coronagraph in the
Pic du Midi Observatory where he worked.

Nowadays, SoOHO (Solar and Heliospheric Observatory), launched on December 1995, is equipped

® See NASA Eclipse website: http://eclipse.gsfc.nasa.gov/eclipse.html
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with a Lyot coronagraph to take pictures of the solar corona and until now, it has detected more
than 1500 comets®. A picture captured by SoHO is shown in Figure 1.4.

1.2.3 Extension of the solar coronagraph principle to point sources

The Lyot coronagraph was originally conceived to eclipse the Sun and thus, observe the solar
corona. The analogy with one of the most exciting challenge of current astronomy, the imaging of
faint substellar mass companions close to bright stars, is clear. A device is also required here to
suppress the image of a bright stellar point source and ease the observation of dim objects in its
vicinity. An optical layout similar to the solar coronagraph and dedicated to eliminate the diffracted
stellar light, appears naturally as a first step to tackle the problem.

In the following, we review the techniques mainly developed during the last decade to attenuate
the luminous flux coming from an observed star. Devices based on interferometry or apodization
will be analyzed and thereafter, our attention will be focused on concepts deriving from the Lyot
coronagraph.

¢ Visit the SOHO webpage: http://sohowww.nascom.nasa.gov/home.html
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Figure I.1: Total solar eclipse of 1999 in France (©Luc Viatour).

Sehéma da coronographe.

Figure I.2: Original scheme of the coronagraph designed by Bernard Lyot in 1932 (extracted from Lyot
(1932)).
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Figure 1.3: Bernard Lyot during the installation of his solar coronagraph in the Pic du Midi Observatory
(France) in 1939 (©American Museum of Natural History).
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2003,/01/26 17:54

Figure 1.4: Example of coronagraphic image of the solar corona and different astronomical events detected
around it, with SoHO in 2003 (©NASA).
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1.3 Brief review of the diffraction suppression systems

Several coronagraphic concepts have been proposed to suppress the diffracted light of a star. A
classification scheme in the form of a coronagraphic tree of life was proposed by Quirrenbach (2005);
we reproduce his scheme in Figure I.5. Most of them are reviewed in Guyon et al. (2006) or in Guyon
(2007).

In the following, we propose to summarize the main techniques and describe in more details those
of interest for the high contrast imaging feasibility study with FRIDA.
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Figure 1.5: Classification of coronagraphic concepts; this coronagraph tree of life was extracted from
Quirrenbach (2005).
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1.3.1 Coronagraphs based on nulling interferometry

Some coronagraphic designs based on nulling interferometry were suggested to achieve cancellation
of the image of an observed bright star. They consist of creating at least two beams from a single
telescope beam. The adequate recombination of these beams allow to produce on-axis destructive
and off-axis constructive interferences in the re-imaged telescope focal plane where the star image
is formed.

The Achromatic Interferometric Coronagraph (Gay and Rabbia, 1996) was the first nulling interfe-
rometer to be proposed, followed by several studies or improvements of this original device (Baudoz
et al., 2000b, 2005; Tavrov et al., 2005). Tests on the sky have already carried out (Baudoz et al.,
2000a,c).

The Visible Nuller coronagraph (Mennesson et al., 2003) and the Pupil Swapping Coronagraph
(Guyon and Shao, 2006) are other examples of coronagraph interferometers recently invented to
increase image contrast. These devices are based on beam shearing to yield destructive interference
and therefore nulling in the following re-imaged pupil plane.

I1.3.2 Pupil apodization coronagraphs

Another coronagraphic approach considers the concentration of stellar light within the central peak
of the star image, rather than its elimination. It deals with pupil apodization” which consists in
a modification of the entrance pupil transmission function. This concept was largely developed
in Jacquinot and Roizen-Dossier (1964) and studied hereafter. Figure 1.6 shows examples of light
transmission for a circular pupil, before and after the use of an apodizer.

The goal here consists of smoothing the diffraction rings (or pieds, feet in French) of the stellar
Point Spread Function (PSF®) to increase the contrast in the substellar mass companion search
area. To achieve this result, a reduction or cancellation of the spatial frequencies corresponding to
the PSF rings is realized thanks to an apodizer placed in the upstream pupil plane.

This can be done by using shaped/binary pupils (Kasdin et al., 2003; Vanderbei et al., 2003b,a,
2004; Aime, 2005a), continuous/smoothed pupils (Nisenson and Papaliolios, 2001; Gonsalves and
Nisenson, 2003; Aime, 2005a) or with pupil remapping techniques (e. g. Guyon, 2003; Traub and
Vanderbei, 2003). We can also mention the Pupil phase apodization (Yang and Kostinski, 2004) and
the Phase Induced Zonal Zernike Apodization (Martinache, 2004) as alternative solutions proposed
in the field of apodization for high contrast imaging. The diffraction rings of the stellar point spread
function (PSF) are considerably reduced, resulting in higher contrast in the search area.

1.3.3 Coronagraphs using focal plane masks

The vast majority of the stellar coronagraphs are inherited from the original Lyot coronagraph.
They consist of placing a mask at the telescope aperture focal plane in which the star image is
formed. Focal plane masks can be split into two categories: the amplitude and the phase masks.

"The word “Apodization” comes from ancient greek and means “without feet”.
8Point Spread Function: Impulse response of an optical system, here it represents the image of the observed star,
considered as a punctual source in a first approximation, at the telescope focal plane
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apodization
_—

Figure 1.6: Example of light transmission for a circular pupil before and after using an apodizer. Images
are represented here in gray scale, where white represents a total light transmission whereas black symbolizes
a total absence of transmission.

1.3.3.1 Coronagraphs using focal plane amplitude masks

Amplitude masks are opaque disks used to directly block the image of an observed on-axis bright
star at the telescope focal plane. Thereafter, a diaphragm, usually named Lyot stop, is placed in
the re-imaged pupil plane. It stops the light diffracted by the mask, present outside the re-imaged
pupil. Star attenuation is therefore achieved and the coronagraphic image can be observed at the
detector placed in the re-imaged focal plane. Images at each plane of the coronagraphic device are
represented in Figure 1.7. This concept is usually called Classical Lyot Coronagraph (CLC). Let
us mention the band-limited mask, an improved design of the basic amplitude mask proposed to
increase the contrast and to be well-adapted to the telescope geometry (Kuchner and Traub, 2002;
Kuchner et al., 2005). Here, we will limit our study to CLC, for the simplicity of the mask design.

1.3.3.2 Coronagraphs using focal plane phase mask

On the other hand, phase masks use part of the starlight to create destructive interferences and
hence remove the stellar luminous flux. The original concept was proposed by Roddier and Roddier
(1997). A circular phase mask of diameter approximately equal to half the Airy disk is placed in
the telescope focal plane, see Figure 1.9(a). Part of the wavefront coming from an observed on-axis
bright star goes through the mask and is phase shifted by m radians whereas the other part is not
affected. The recombination of these two complex amplitudes leads to the rejection of the stellar
light outside the re-imaged pupil. The Lyot stop placed there allows to block the rejected starlight,
removing it from the following re-imaged focal plane. In Figure 1.8, we represent the images ob-
tained in each plane of this coronagraphic setup. This device is usually called Classical Roddier
Coronagraph (CRC) and could allow to search substellar mass companions at closer distances of
the star than CLC, since the phase mask is much smaller than the opaque one.

Unfortunately, CRC suffers from a double problem of chromatism: the phase mask radius is wa-
velength dependant (size chromatism) and the m-phase shift is optimized at just one wavelength
(phase chromatism). Let us notice that CLC does not present the problem of phase chromatism.
The Roddier & Roddier phase mask (RRPM) coronagraph was largely improved by the develop-
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Figure 1.7: Coronagraph assembly using an opaque mask. L1, .2 and L3 symbolize the lenses of the optical
layout. L1 represents the telescope, L2 a collimator and L3 a camera. L2 and L3 could be an afocal system.
At the bottom, from left, we represent the images in each plane. We work with a clear circular pupil in plane
A. In the following focal plane B, the star PSF is formed and after then, partially blocked by an opaque
mask (images before and after using an opaque mask). In the exit pupil plane C, we can notice the formation
of a bright ring, result of the diffraction due to the mask; this ring is thereafter blocked by the lyot stop
(images represented before and after Lyot stop). Finally, in the re-imaged focal plane D, we obtain the final
coronagraphic image. The contrast of images was enhanced here for a better visibility.
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Figure 1.8: Same as Figure 1.7 but here, the opaque mask is replaced by a Roddier & Roddier phase one.
We can notice the stellar light rejection outside the exit pupil in plane C. This light is thereafter blocked by
a Lyot stop placed in the same plane. The final result is a star image in the re-imaged focal plane D fainter
than in the coronagraph mask one (B). The contrast of images was enhanced here for a better visibility.
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ment of other phase mask supports over the past few years (Rouan et al., 2000; Soummer et al.,
2003b; Mawet et al., 2005; Palacios, 2005; Foo et al., 2005; Oti et al., 2005; Swartzlander, 2006).
Let us mention the Four Quadrant Phase Mask (4QPM): this mask does not present a circular
but a 4 quadrant geometry. This design allows to solve the size chromatism problem of RRPM
since 4QPM splits the focal plane into four identical parts, ensuring that half of the star energy will
effectively cross the m-phase shift areas. Indeed, a m-phase shift is provided in opposite quadrants
whereas the other quadrants present a null phase shift. The 4QPM is illustrated in Figure 1.9(b).
However, 4QPM is much more sensitive to the aperture design (for instance, the presence of a central
obstruction). In our further studies, our work will mainly focus on centrally obstructed apertures
and in particular, the Gran Telescopio Canarias (GTC), on which FRIDA will be installed. Hence,
we decided to not include the 4QPM coronagraph in our further studies. However, this solution
remains interesting as reference of the coronagraph feasibility since it has already been tested and
validated on bench and on sky (Riaud et al., 2003; Boccaletti et al., 2004; Gratadour et al., 2005).
Let us mention also the Dual Zone Phase Mask (DZPM) proposed by Soummer et al. (2003b):
this mask presents the advantage of being achromatic and allows to solve the double chromatism
problem of RRPM. DZPM is a doughnut-shaped phase mask surrounding the original Roddier &
Roddier phase disk; a schematic representation is given in Figure 1.9(c). Two different phase shifts
w1 and o are attributed to this dual-zone phase mask. Therefore, the coronagraphic amplitude
at the re-imaged pupil plane will appear as the summation of three complex components. The
first term represents the wavefront crossing the DZPM central disk, the second one comes from
the wavefront going through the DZPM doughnut area and the third one is due to the wavefront
surrounding the mask in the aperture focal plane (see Figure 1.10 from Soummer et al. (2003b)).
The DZPM coronagraph is a very promising device but is not studied in details here. Later, we will
show that DZPM could constitute an interesting solution for high contrast imaging with FRIDA
when working in Integral Field Spectroscopy (IFS) mode.

Concerning the coronagraphs involving phase masks, we will limit our studies to the RRPM and
just consider CRC, its corresponding coronagraphic device.

1.3.3.3 Coronagraphs combining pupil apodizer & focal plane mask

Pupil apodizers and focal plane masks can also be combined to enhance companion image (Aime
et al., 2001, 2002; Soummer et al., 2003a; Aime, 2005b; Soummer, 2005). With the association
“pupil apodizer + focal plane mask”, we can benefit from the advantages of each device. On the
one hand, the focal plane mask allows to partially remove the PSF central peak and therefore, avoid
an eventual detector saturation in the coronagraphic plane. On the other hand, the apodization of
the entrance pupil (a re-imaged telescope aperture) allows to reduce the intensity of the PSF rings
and increase the contrast in the companion search area. This kind of coronagraph will be considered
in our further coronagraph feasibility studies for FRIDA.

For instance, Apodized Pupil Lyot Coronagraph (APLC) is a combination of a pupil apodizer,
a focal plane opaque mask and a Lyot stop in the re-imaged pupil plane (Aime et al., 2001, 2002;
Soummer et al., 2003a) and its performance will be evaluated. This coronagraph is a promising
solution since it can be well designed to work with centrally obstructed apertures (Soummer, 2005).
We will also propose a modified version of APLC, the Stop-less Lyot Coronagraph (SLLC),
which is an association of an apodization and a focal plane opaque mask, but no Lyot stop is used
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Figure 1.9: Schematic representation of phase masks.
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Figure 1.10: On the left, scheme of the Dual Zone Phase Mask and on the right, representation in a
three dimensional space of the three amplitude waves reached after crossing the mask. The sum of these
components will result in a perfect cancelation of the star image in the re-imaged focal plane. This sketch
was extracted from Soummer et al. (2003b) (©ESO 2003).
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in this case (N'Diaye et al., in prep.). We will discuss the interest of this coronagraphic solution for
FRIDA and instruments for which the insertion of a diaphragm is made impossible.

In fact, the Apodized Pupil Phase Mask Coronagraph first suggested by Guyon and Roddier (2000)
cannot be inserted within the FRIDA optical assembly, because of some mechanical issues.

In the following section, we expose the formalism of Lyot-style coronagraphs, i.e. those involving a
focal plane mask, a Lyot stop and possibly an entrance pupil apodizer. This formalism allows to
describe all the coronagraphic concepts that will be considered in our further studies, even those
which do not involve a Lyot stop in their scheme like SLLC.
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1.4 Formalism of Lyot-style coronagraphs and performance crite-
ria
1.4.1 General formalism

The principle of a coronagraphic experiment, with focal plane mask and apodization, is exposed in
Aime et al. (2002) and Soummer et al. (2003a), and generalized in Soummer (2005) to the case of
arbitrary telescope apertures. We briefly review the common formalism, following the notations of
Aime et al. (2002). Fig.1.11 gives an illustration of the coronagraphic setup.

Pupil Apodizer Coronagraph Lyot Stop Detector
L1 Mask L2

Light propanation direction

-

A B C D
Coronagraph Coronagraph Coronagraph Image
entrance pupil mask plane exit pupil plane plane

plane

Figure I.11: Schematic illustration of the coronagraph assembly.

Planes A, B, C and D denote respectively the entrance pupil plane, the coronagraphic focal
plane, the exit pupil plane and the detector plane. Here, the usual approximations of paraxial
optics are made. Moreover, the quadratic phase terms associated with the propagation of the waves
are neglected. Therefore, the coronagraph can be described using classical Fourier optics: a Fourier
transform exists between each of the four planes. We denote r the position vector respectively and
r its modulus. f is the Fourier transform of the function f and ® denotes the convolution product.
P and ¢ are the telescope aperture function and the apodizer transmission. The wavefront complex
amplitude in plane A (¥ 4) can be expressed as follows:

Wa(r) = P(r) o(r). (L1)

In the focal plane B, the coronagraph mask is applied. Its transmission is given by 1 — e M(r)
(M(r) is equal to 1 inside the coronagraphic mask and 0 outside). The parameter € is equal to 1
for an opaque mask (Lyot coronagraph) and 2 for a Roddier & Roddier phase mask. The complex

amplitude becomes: R
Up(r)=Va(p) x [1 —eM(r)], (1.2)

where p symbolizes the spatial frequency in the Fourier domain: p = r/\f, A and f denote the
wavelength and the telescope focal length.
In the exit pupil plane C, ¥ denotes the complex amplitude. The pupil stop present there removes
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the starlight diffracted by the mask outside the exit pupil. L is the index function of the Lyot stop
and can be chosen exactly equal to the entrance pupil shape. Therefore, the complex amplitude
can be written as:

Uo(r) = Wp(p) x P(r) = [Wa(r) — e Wa(r) © M(p)] x L(r), (13)
and in plane D, the coronagraphic complex amplitude is given by:
Up(r) = U (p) = [Fa(p) — e Dalp) x M(r)] © L(p). (L4)
The intensity I; at a given plane ¢ is obtained as follows:
Li(r) = [W(r)]?. (15)
Hence, the residual intensity Ip in the detector plane for an on-axis star is:
Ip(r) = |Up(r)]?. (1.6)

Eq. (I.3) makes apparent the effect of the coronagraph. Indeed, the complex amplitude in C is the
sum of two terms: the direct wavefront corresponding to the entrance pupil and the wavefront dif-
fracted by the mask. Complete starlight extinction is achieved if these two wavefronts are identical.
An appropriate choice of the apodizer profile leads to theoretical perfect cancellation. Both wave-
fronts match perfectly in the case of the Apodized Pupil Phase Mask Coronagraph (Roddier and
Roddier, 1997; Aime et al., 2002; Soummer et al., 2003a). In the case of the Apodized Pupil Lyot
Coronagraph (APLC), the coronagraphic amplitude is minimized and proportional to the apodizer
function. Considering a non trivial pupil geometry, the apodizer shape depends both on the central
obstruction of the telescope aperture and the mask size (Soummer, 2005; Martinez et al., 2007).

1.4.2 Focus on the centrally obstructed circular apertures

The formalism, presented above, can be applied to any arbitrary telescope geometry. In this sec-
tion, focus is made on the case of centrally obstructed circular entrance apertures. The telescope
secondary mirror and its mount project their shadow on the primary mirror, what implies a central
obscuration within the entrance pupil. Hereafter, the effects produced by the secondary mirror
mount, usually called “spider arms”, are neglected.

The main results of Fourier Optics are well described in several books: Born and Wolf (1999),
Goodman (1996) or Shroeder (2000). Here, we briefly review the expression of the PSF correspon-
ding to an obstructed circular aperture in the following lines, but more details can be found in these
reference books.

Let us consider an aperture diameter D and a central obstruction size yD (with 0 <~ < 1). The
circular symmetry of the problem suggests that the position vector r can be substituted by the
radial coordinate r. Therefore, the telescope aperture function can be written as:

P(r) =11 (%) ~ I (7%) , (L.7)
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where II(r) = 1 for |r| < 1/2 and 0 elsewhere.
In the case neither the pupil apodizer (¢(r) = 1) nor the mask (¢ = 0) are used, the amplitude
distribution in the focal plane B is seen to be:

wD? [201(2)  ,2Ji(vZ)
Ty LY
where J; is a Bessel function of the first kind and Z = 7wDr/Af. The ratio J1(Z)/Z approaches
one as Z approaches zero, hence Wp(0) = 7D?(1 — 42)/4. For a clear aperture (y = 0), the PSF
characterizes the so-called Airy diffraction pattern, otherwise the Fraunhoffer diffraction pattern is
the term to be employed.

These classical expressions will be useful to check the numerical simulations of the coronagraph
setup that we will present in the following chapters. Indeed, in the absence of coronagraph, the
complex amplitude in the image plane is characterized by Eq. (I.8). Let us remind that we omit
in the previous expressions, the quadratic phase terms, the scale factor 1/i\f and the factor etkf
where k = 27/, which represents the constant phase delay suffered by all plane-wave components
traveling between two parallel planes separated by a normal distance f (Goodman, 1996). In the
approach of polychromatic point sources, we will be very careful to not forget the impact of these
terms since a wavelength dependence appears in these expressions.

Up(r)

(L8)

1.4.3 Estimate of the coronagraph performance

Quantifying the coronagraph performance is required if we want to estimate the extinction level of
a star image achieved by a given coronagraph and therefore, evaluate the possibility of detecting
a dim object close to a nearby bright star. Several metrics have been proposed to measure the
gain reached by a given coronagraph. We review the criteria presented by Abe (2004) or Boccaletti
(2004), and described again in Cavarroc (2007):

e The total rejection R, represents the ratio between the residual energy obtained after
coronagraph application and the total energy in the absence of mask:

ff ID(r)withmask dr
ff ID(r)w/Omask dr

e The maximum rejection R,,,, defines the ratio between the maximum coronagraphic in-
tensity and the intensity in the absence of mask:

Rtotal = (19)

max (Ip(r)with mask)

Fomaz = max (ID(r)w/omask) '

(1.10)

e The contrast C defines the ratio between the mean intensity at a given angular separation «
from the main optical axis and the maximum intensity in the absence of mask:

C(Oé) _ ffp ID(r)withmask dr 7 (Ill)

max ([D(r)w/omask)

where D denotes an area centered on the angular separation « and which corresponds to a
range of angular radii.
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e The attenuation A at a given angular separation « from the main optical axis is given by:

— ff'D '[D(r)w/Omask dI‘
ff’D ID (r)wz'th mask dr’

The contrast gain Am in stellar magnitudes is obtained using the following expression which
involves the obtained attenuation A:

Ala) (1.12)

Am = 2.5log(A(x)) (1.13)

e Another useful term, above all when we work in the presence of aberrations, is the detec-
tability . This standard deviation is relied on the ability to extract the companion signal
from the speckle halo at a given angular separation « (Boccaletti, 2004):

_ o (ffD ID(r)w/omask dI‘)

max (ID(r)w/omask)

oo (I.14)

Several other criteria have been defined in the literature. In particular, we can cite the Inner
Working Angle which is usually defined as the minimum angular distance at which the throughput
for the companion is half the maximum throughput, the search area which represents the fraction
of the focal plane image within which a companion can be detected or the throughput measured at
large angular separation.

Guyon et al. (2006) also proposed a criteria, named the “useful throughput” and, which characterizes
the area fraction in the focal plane image within which the companion flux is greater than the
starlight amount. Lyon et al. (2003) and Martinez et al. (2007) also give interesting contributions
to quantify the coronagraph performance.

However in the present work, we will mainly focus on the contrast gain and the detectability to
quantify the performance of a coronagraph.
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I.5 Conclusion of the first chapter

After a review of the context in contemporary astronomy and astrophysics, we have pointed out
the importance and the interest of using high contrast imaging techniques. The solar coronagraph
invented by Bernard Lyot, to reach images of the Sun corona despite the presence and brightness
of the solar disk, was a precursor for stellar coronagraphy. We have noticed that most of the
stellar coronagraphic designs developed these past few years derive essentially from the original
Lyot coronagraph.

In a first step, the different diffraction suppression systems recently proposed have been summarized.
Afterwards, we have focused on the devices we will study in the context of high contrast imaging
with FRIDA instrument: the Lyot-style coronagraphs which involve a focal plane mask, a Lyot stop
and possibly an entrance pupil apodizer. The formalism of these concepts were reviewed and useful
definitions given to characterize the performance of a coronagraph. In the following, these criteria
will be of great importance in our coronagraph feasibility studies for FRIDA.

In the following chapter, we present FRIDA and describe its main capabilities. An analysis of its
optical setup will be carried out to determine some feasible coronagraphic configurations.

I.5 Conclusiéon del primer capitulo

Después de una revision del contexto en astronomia y astrofisica, se ha subrayado la importancia y el
interés de utilizar técnicas para formar imagenes de alto contraste. El coronégrafo solar, inventado
por Bernard Lyot para obtener imagenes de la corona solar a pesar de la presencia y del brillo
del disco solar, fue un precursor para la coronografia estelar. Se ha hecho notar que la mayoria
de los disenos coronograficos estelares desarrollados estos ultimos anos provienen esencialmente del
coronografo original de Lyot.

En una primera etapa, se ha hecho un resumen de los diferentes sistemas de supresion de difraccion
recientemente propuestos. Luego, se ha centrado en los dispositivos que se van a estudiar en el
contexto de la formacién de imégenes de alto contraste con el instrumento FRIDA: los coronégrafos
de tipo Lyot que involucran una maéascara de plano focal, un diafragma de Lyot y eventualmente, una
apodizacién pupilar de entrada. Se revisé el formalismo de estos conceptos y se dieron definiciones
utiles para caracterizar el desempeno de un coronégrafo. En lo que sigue, estos criterios seran de
mayor importancia en nuestros estudios de factibilidad de coronégrafos para FRIDA.

En el proximo capitulo, se presenta FRIDA y se describen sus principales caracteristicas. Se llevara
a cabo una analisis de su esquema éptico para determinar las configuraciones coronograficas que
pueden ser factibles.
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Chapter 11

FRIDA and stellar coronagraphy

I1.1 Context

11.1.1 FRIDA, the future Imager and IFU spectrograph for the GTC

In the first chapter, we reminded the context of stellar coronagraphy and reviewed the formalism of
the most promising concepts. In the following, the coronagraphic devices previously presented are
now considered in the approach of FRIDA, a second-generation instrument for the Gran Telescopio
Canarias (GTC).

FRIDA (inFraRed Imager and Dissector for the Adaptive optics system of the GTC) is being
designed as a diffraction limited instrument with broad and narrow band imaging and integral field
spectroscopy (IFS) capabilities to operate in the wavelength range 0.9-2.5 um (Lépez et al., 2006a,b,
2007a,b; Cuevas et al., 2006, 2008). The imaging and IFS observing modes will use the same single
2048 x 2048 Hawaii II Teledyne detector. FRIDA will be installed at the Nasmyth A platform
behind GTCAO, the Adaptive Optics system of the GTC. The thermal emission produced by the
optics at wavelengths larger than 2 um imposes FRIDA to be a fully cryogenic instrument

I1.1.2 Coronagraphic capability for FRIDA

FRIDA is planned to address a wide range of astrophysical issues with its capabilities. Design
specifications clearly mentioned that FRIDA shall be able to perform high contrast imaging and
therefore, coronagraphic paths shall be scheduled and provided to FRIDA. To reach this goal, the
GTC scientific community expressly required the presence of reserved sites in the FRIDA optical
assembly to allow the insertion of focal plane masks, diaphragms or pupil apodizers.

I1.1.3 Possible coronagraph configurations for FRIDA

The FRIDA opto-mechanical design was thought to facilitate some upgrades. Here, we are getting
interested in the reachable coronagraphic paths for FRIDA. Indeed, we want to allow FRIDA to
produce high contrast images at high angular resolutions. In Section I1.2, we present FRIDA and
give a detailed description of this instrument. An analysis of the FRIDA optical layout will be led
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in Section II.3 in order to suggest different coronagraphic devices that could be introduced within
this GTC instrument.
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II.1 Contexto

II.1.1 FRIDA, el futuro instrumento de segunda generaciéon para el GTC

En el primer capitulo, se expuso el contexto de la coronografia estelar y se revisé el formalismo de
los conceptos mas prometedores. En lo que sigue, se consideran ahora los dispositivos coronograficos
anteriormente presentados en el enfoque de FRIDA, un instrumento de segunda generacién para el
Gran Telescopio Canarias (GTC).

FRIDA (inFraRed Imager and Dissector for the Adaptive optics system of the GTC) esta siendo
disenado como un instrumento con calidad de imagen limitada por difraccién con capacidades de
imagen de banda ancha y angosta y espectroscopia integral de campo (IFS, por sus siglas en inglés)
para operar en el intervalo de longitudes de onda 0.9-2.5 um (Loépez et al., 2006a,b, 2007a,b; Cuevas
et al., 2006, 2008). Los modos de observaciéon imagen y IFS usaran el mismo detector Hawaii 11
Teledyne de tamano 2048 x 2048 en pixeles. FRIDA sera instalado en la plataforma Nasmyth A
detras de GTCAO, el sistema de Optica Adaptativa del GTC. Debido a la emisién de la éptica a
longitudes de onda mayores a 2 um, FRIDA es un instrumento criogénico.

I1.1.2 Capacidad coronografica para FRIDA

FRIDA estd planeado para tratar un amplio intervalo de problemas astrofisicos. Ademas, las especi-
ficaciones de diseno de FRIDA mencionan que este instrumento debe ser capaz de formar imégenes
de alto contraste y por lo tanto, se deben planear opciones coronograficas. Para alcanzar esta meta,
la comunidad cientifica de GTC pidi6é expresamente la presencia en el montaje 6ptico de FRIDA de
sitios reservados para permitir la insercion de méascaras de plano focal, diafragmas o apodizaciones
de pupila.

I1.1.3 Posibles configuraciones coronograficas para FRIDA

El diseno opto-mecanico de FRIDA fue pensado para permitir algunas mejoras futuras. Aqui, nos
interesamos en los caminos coronograficos factibles para FRIDA. De hecho, se quiere introducir en
FRIDA la posibilidad de formar imégenes de alto contraste a muy altas resoluciones angulares. En
la Seccién 11.2, se presenta FRIDA y se da una descripcién detallada de este instrumento. Luego, se
llevard a cabo un andlisis del esquema 6ptico de FRIDA en la Seccién I1.3 con el objetivo de sugerir
diferentes dispositivos coronograficos que se podran insertar en este instrumento del GTC.
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I1.2 FRIDA: the future science instrument for the GTC

FRIDA has been largely presented and developed in several papers (e.g. Lopez et al., 2006a,b,
2007a,b; Cuevas et al., 2006, 2008). In the following, we propose a brief summary of the main
FRIDA characteristics. To get more information about this GTC instrument, we invite the reader
to report to the corresponding literature.

I1.2.1 Introduction

The Gran Telescopio Canarias (GTC) obtained its “first light” on July 2007 and is currently the
single largest operating optical / infrared telescope in the world (see Figure II.1). Since the angular
resolution of a telescope scales as A\/D, once the Adaptive Optics system is operating, GTC will
have the finest resolution of any infrared telescope. Furthermore, when observing point sources
in the background limit, the combination of light grasp and diffraction limit will give GTC a D*
advantage over smaller telescopes. Consequently, FRIDA has been designed with diffraction limited
optics to avoid degrading the high image quality that will be delivered by the Adaptive Optics
system. FRIDA will be sensitive in the near infrared regime, for which the highest Strehl ratios are
achieved. FRIDA is a collaborative project between the main GTC partners, namely Spain, Mexico
and USA-Florida.

Figure II.1: GTC with its 36 mirrors. View inside the dome in La Palma island, Spain.

In the diffraction limited imaging mode, FRIDA will provide a comprehensive set of broad and
narrow band filters. The same detector (Teledyne Hawaii IT) will be used for Imaging and Integral
Field Spectroscopy (IFS) modes. Mode switching will be easily performed and the larger field of
view in imaging mode (see Table II.1) will facilitate field recognition for the IFS mode, where the
field of view is small. The integral field spectrograph will provide a wide range of spectral reso-
lutions, from low R ~ 1000 and medium R ~ 4000 to high R ~ 30000. Upgrade paths for high
contrast imaging using Lyot or phase spots and pupil masks have also been considered in the design.
In addition of Table II.1 parameters, there are other functional parameters. The most important is
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the stability of the image and spectra on the detector with or without mode configuration changes.
The image or the spectra shall be stable less than 1/10 detector pixel without configuration changes
and 1 pixel with configuration changes.

FRIDA will be able to tackle a large number of astrophysical problems, thanks to the characteristics
of its operating wavelength range. There is a large interest for FRIDA in the GTC community, in-
deed, the scientific cases range from solar system bodies to high redshifts galaxies, including resolved
stellar populations, close binary systems, young stellar objects and star formation environments,
circumstellar phenomena in advanced stages of stellar evolution and active galactic nuclei.

Table I1.1: Summary of the main parameters for FRIDA

Summary of the main parameters for FRIDA

Working location
Wavelength range
Observing modes
Array format

Nasmyth A platform, after GTCAO system
0.9 to 2.5 um, performance optimized for 1.1 to 2.4 pm

Imaging and Integral Field Spectroscopy
2048 x 2048 HgCdTe Hawaii II, Teledyne

Imaging mode
Scales

Field of view
Image quality

Field distortion

0.010 and 0.020 arcsec /pixel (5% tolerance, goal 2 %)

20.48 x 20.48 arcsec? and 40.96 x 40.96 arcsec?

Strehl ratio better than 90 % (goal 95 %) from 1.1 to 2.4 ym
and better than 80 % from 0.9 to 2.5 um

Less than 2% (goal 1%) over the whole field

Throughput Better than 50 % (goal 70 %), excluding filters and detector
IFS mode
Scales 0.010 arcsec /pixel x0.020 arcsec /slice

Field of view
Spectral resolution

Image quality

0.020 arcsec /pixel x0.040 arcsec /slice

0.66 x 0.60 arcsec? and 1.32 x 1.20 arcsec?

R ~ 1000 covering H & K bands

R ~ 4000 over each of the Z, J, H & K bands and

R ~ 30000 over selectable windows of ~ A/30 from 1.4 to 2.4 um
Strehl degradation less than 20 % (goal 15 %) from 1.1 to 2.4 ym
and less than 20 % from 0.9 to 2.5 um

11.2.2 FRIDA basic layout

Basic conceptual designs of FRIDA are shown in Figures I1.2(a) and II.2(b) for respectively the
imaging and IFS modes. Light from the GTC adaptive optics (GTCAO) system (Devaney et al.,
2004) enters from the left through a circular IR grade fused silica window. The optics forms a dual
re-imaging system using a classical refractive collimator-camera configuration (pre-optics module)
to select the spatial scale and a refractive double-pass spectrograph. The spatial scale is selected
changing the pre-optics camera. In imaging mode, the beam avoids entering the integral field unit
and spectrograph by a fold mirror and goes directly to the Hawaii I detector. For the IFS mode,
the beam is directed into the Integral Field Unit (IFU) before continuing to the spectrograph. The
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spectrograph is a double pass optical system in which the collimator and the camera are performed
by the same lenses.

Three pre-optics cameras, dubbed coarse, medium and fine camera, are included to select the desired
plate scale. Each camera provides the selected scale in both observing modes (imaging and IFS)
and within the full wavelength range. The use of CaFy / S-FMT16 glass combination provides well
corrected achromatic doublets for both, the pre-optics collimator and cameras and the spectrograph
lenses. Filters and pupil masks are placed at the pre-optics pupil plane. Diffraction gratings are
placed on a selectable carousel. All the FRIDA subsystems are mounted inside the cryostat to
operate at a nominal temperature of 80 K.

GTCAO and FRIDA are mounted in a fixed position on the Nasmyth station. A field rotator is
provided by GTCAO to compensate for the field rotation. Hence, the gravity vector is constant for
both GTCAO and FRIDA, and the stability functional conditions can be reached. Furthermore,
GTCAO provides an Atmospheric Dispersion Compensator (ADC).

11.2.3 FRIDA Imaging mode

Figure I1.2(a) shows the conceptual design of FRIDA in imaging mode. FRIDA will perform
broad-band and narrow-band imaging at two selectable spatial scales. These provide adequate
Nyquist sampling over the entire wavelength range with scales of 0.010 arcsec /pixel (fine ca-
mera) and 0.020 arcsec /pixel (medium camera), with corresponding fields of view of respectively,
20.48 x 20.48 arcsec? and 40.96 x 40.96 arcsec?. The finer scale will provide adequate sampling of
the almost limited core in J and H bands and the coarser one will give adequate sampling in K band.
Additionally over-sampling in K band can be performed with the fine camera. A 0.040 arcsec /pixel
(coarse camera) is also provided but this will work only for small fields and for the IFS mode.
The medium camera is based on a two separated doublets and the fine camera is a tele-objective
based on two separate doublets. The Pre-optics collimator is a separated doublet. The collimator
and both cameras are designed using the CaFs /S-FTM16 glass matching.

The design strategy has been to simplify and optimize the design at K band, for which the GTCAO
system has its optimal performance. Thus, the collimator - medium camera were designed with the
minimum number of components to obtain the highest throughput. The fine camera, suited for bet-
ter sampling at shorter wavelengths, was designed adapted to the coarse camera space. Figure 11.3
shows the optical configuration in imaging mode for the medium camera. Moreover, spot diagrams
for FRIDA in imaging mode are given in Figure I1.4. The presented images present a Strehl ratio
around 0.95 for the complete field for wavelengths A > 1.4 ym.



I1.2 FRIDA: the future science instrument for the GTC

39

Hawaii |1
_ Diffraction
Pre-optics Pre-optics grating
window =  collimator Cam?{a ; ﬂ N
A
- — Iﬁl _____ =5 (| |I ‘ l
. \J &’ vy
ocal slae Filters & Insertion | | spectrograph
ol pupil masks ~ mirror  IFU
Imaging Mode
(a) Imaging mode
Hawaii Il
. Insertion Diffraction
Pre-optics Pre-optics mirror grating
window collimator Camera «f——— A
”ﬁl4\_ e ——
\ | (VU
Fitters & specirograph
E,Eﬂfane pupil masks IFU
IFS Mode

(b) IFS mode

Figure I1.2: FRIDA conceptual designs



40 Chapter II. FRIDA and stellar coronagraphy

MEDIUM INSERTION
WENOEW FILTERS AND CcCAEMERA MODE
COLLIMATOR PUPIL STOPS CEIXED) MIRROR

0

HAWAII II

v

| .

Figure I1.3: FRIDA optical layout for the Imaging mode with the Medium Camera. Image courtesy of S.
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Figure I1.4: Image quality along the field for the FRIDA whole wavelength band. Imaging mode for medium
camera configuration. The circle has the size of the Airy disc for 1.7 um. Image courtesy of S. Cuevas and
FRIDA team.
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I1.2.4 FRIDA IFS mode

Figure I1.2(b) shows the conceptual design of FRIDA in IFS mode. FRIDA will provide an integral
field spectroscopy (IFS) mode using an image slicer IFU. The IFU slices the image in 30 slices and
conforms a “pseudoslit” for the spectrograph. The IFU design is based on FISICA (Eikenberry
et al., 2004), a monolithic mirrors array. FISICA design is based on the “bolt-and-go” philosophy
that was successfully applied at the University of Florida to T-ReCS, CanariCam. Under this ap-
proach, the reflective mirror surface of an optic and its mechanical mount are cut from a single piece
of metal. Advanced diamond-turning techniques are used to cut mechanical alignment references
into the mirror mounts in the same cutting process used to finish the optical surface.

The selectable spatial scales parallel to the slices are: 0.010 arcsec /pixel (Fine), 0.020 arcsec/pixel
(Medium) and 0.040 arcsec /pixel (Coarse). The corresponding scales perpendicular to the slices
are 0.020 arcsec /slice, 0.040 arcsec /slice and 0.080 arcsec /pixel. Each slice will be projected onto
two pixels in the spectral direction. Thus the spatial resolution in the spectral direction is 2 pixels
and in the perpendicular direction is 1 pixel. The spatial resolution element is named “spaxel”.
So, the spaxel size is 0.010 x 0.020 arcsec?, 0.020 x 0.040 arcsec? and 0.040 x 0.080 arcsec?. The
plate scale on the IFU slices is provided by the IFU relay optics. The FRIDA IFU format is 30
slices, 66 pixels long each. This format allows some 2 to 4 pixels of separation between the spectra
projected on the Hawaii II detector. These scales translate into field of views 0.66 x 0.60 arcsec?
and 1.32 x 1.20 arcsec? for the Fine and Medium Cameras.

The available spectral resolutions will be R ~ 1400 (low), 4000 (medium), 30000 (high). For all
spectral resolutions the spectrograph operates with classical, plane diffraction gratings. The com-
bination of high spectral and spatial resolution will be a unique capability of FRIDA.

FRIDA spectrograph is a double pass optics. The collimator and the camera are performed by the
same lenses. The lenses are designed with a two separated doublets in an achromatic configuration.
The glasses are CaFy/S-FTM16 and CaFy/Fused quartz. The effective focal length is 650 mm and
the lenses diameter is 150 mm. The long focal distance is imposed by the high spectral resolution
power requirement. Figure I1.5 shows FRIDA in IFS mode.

The IFU has its own relay optics that introduces linear amplification and a slice optics that performs
a linear de-amplification. The x11.1144 relay optics amplification adapts the pre-optics scale plate
to the slice width (400 ym). This is performed by a Schwarzschild relay, a concentric two sphe-
rical mirrors system working in off axis configuration. The slice optics performs the x1/11.1144
(de-)amplification in two stages. The first stage introduces a 1/4 deamplification imaging a pupil
in each of the IFU Pupil Mirrors. The pupil mirrors image the slice images on the Field mirrors.
A second stage de-amplifies by 1/2.77. This is performed by an afocal system composed by two
off axis parabolic mirrors. Thus, the total IFU amplification is x1 making it compatible with the
pre-optics and the spectrograph in image mode.

The Schwarzschild relay mirror based system has been adopted in this case to provide high ampli-
fication power, and can deliver anastigmatic, diffraction limited image quality. The slice optics has
been designed to introduce reduced aberrations.

Figure I1.6 shows a front view of the IFU with Non Sequential Components Zemax modeling. It is
shown a ray tracing for the central slices, the extreme slices and the slices at intermediate locations
of the IFU. The beam enters through the relay optics, located at the top left in Figure 11.6. It
then reaches the slicer stack located at the right in Figure I1.6. The sliced beam is redirected to
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thirty off axis spherical mirrors, where the telescope pupil is imaged. These are the Pupil mirrors.
After the pupil mirrors, the beam is directed on another 30 mirror stack where the pseudo-slit is
produced. This is the field mirrors stack. The off axis afocal system is indicated by TMA1 and
TMA2. Finally, a flat mirror inserts the optical beam toward the spectrograph. Each of the mirrors
stack are manufactured on a single block of aluminum. The three mirrors blocks, the Schwarzschild
relay mirrors and the parabolic off axis mirrors, are bolted on an aluminum base.

An important item about the IFU is that it has a real pupil plane in each of the pupil mirrors and
an input focal plane were it could be introduced a mask (Lyot or phase).

The IFU pre-optics PSF is sliced by, approximately, A/D and A/2D for the coarse and fine camera
respectively. This introduces diffraction effects on the IFU mirrors and on the diffraction gratings
of the spectrograph. Both, the IFU mirrors diameter and the spectrograph gratings dimensions
were calculated to prevent the loss of energy and avoid introducing additional diffraction effects on
the resulting PSF on the Hawaii I detector.

I1.2.5 FRIDA milestones

A design review for the FRIDA optics was held in Florida on May 2006. The FRIDA Preliminary
Design Review (PDR) was held in Mexico City on August 2007. The Critical Design Review (CDR)
will be effectuated in 2009. When the CDR is approved, the team will have the authorization to
manufacture. FRIDA is scheduled to be delivered at the GTC La Palma site on December 2010.
The GTCAO+FRIDA commissioning will start afterward.
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Figure I1.5: FRIDA optical layout for the IF'S mode with the Medium Camera. Image courtesy of S. Cuevas
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II.3 Coronagraphic paths for FRIDA

11.3.1 Upgrade paths scheduled for FRIDA

FRIDA will be an imager and IFU spectrograph for the GTC. Let us remind that this is not an
instrument mainly designed to perform high contrast imaging contrary to SPHERE (Beuxzit et al.,
2006) or Gemini Planet Imager (Macintosh et al., 2006). However, FRIDA capabilities coupled
to additional coronagraphic paths could offer to GTC community the possibility of imaging and
characterizing some substellar mass companions close to nearby bright stars.

Upgrade paths for high contrast imaging using Lyot or phase masks and pupil apodizers have
been considered in the FRIDA design. Hence, different coronagraphs could be inserted within the
FRIDA optical assembly. In a first time, our goal is to propose several coronagraphic configurations
for FRIDA and thereafter, estimate the reachable starlight attenuation with each one of them. In
the present, our approach will be carried out in the context of a diffraction-limited system.

I1.3.2 FRIDA technical considerations for coronagraphy

Figure I1.7 gives a schematic representation of the FRIDA optical layout for coronagraph insertion
studies. This simplified version of the FRIDA conceptual design (see Figure I1.2(b)) helps to
establish where the focal plane masks, apodizations or diaphragms can be collocated. In addition,
mechanical considerations allows to determine the feasible coronagraphic configurations for FRIDA.
When this chapter was written, it was not clear that some pupil stops could be introduced in some
of the pupil mirrors of the IFU. Consequently, excluding the IFU optics a quick analysis of the
FRIDA optical schemes enables the identification of three focal and two pupil planes accessible for
technical coronagraphic solutions.

Image of the GTC aperture is given in Figure I1.8(a). Let us note that this is not a circular aperture.
We assume the aperture to be situated in a pupil plane called PP0. It has to be noticed that this
plane does not belong to FRIDA. Light from the telescope goes through the FRIDA pre-optics
system which aims to select the spatial scale.

The 1%¢ focal plane (FP1) denotes the telescope focal plane. Figure I11.9 shows the focal plane wheel
located in FP1. In its configuration, two holders are planed for coronagraphic masks (Lucero et al.,
2008). Hence, an opaque and a phase masks can be inserted in this wheel.

The 1%¢ pupil plane (PP1) is met between the collimator and the camera optics of the pre-optics
system. A pupil wheel takes place in this plane and is shown in Figure I1.10. It presents space for 3
cold pupil stops of up to 26 mm useful aperture and 3 holders for upgrade coronagraphic pupil masks
(Lucero et al., 2008). So, there is no stress for inserting a pupil stop and 2 more pupil apodizers
in the pupil wheel located in PP1. In the following, we assume that the eventual Lyot stop is a
circular diaphragm which diameter is equal to the size of the inscribed circle of the GTC re-imaged
pupil. Moreover, this pupil stop presents a 29 % central obscuration: indeed, the central stop size
is chosen equal to the size of the circumscribed circle of the GTC re-imaged central obstruction. A
representation of the pupil shape is shown in Figure I1.8(b).

In Imaging mode, the beam is directly sent to the Hawaii II detector which is thus situated in the
274 focal plane (FP2). As it is shown in Figure IL5, the IFU input focal plane is accessible. The
light from this focal plane is relayed by the IFU optics and the spectrograph optics to the Hawaii
IT detector, where is located the 3¢ focal plane (FP3). Furthermore the spectrograph pupil plane
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is imaged on the diffraction grating. Here is located the 2"¢ pupil plane (PP2).

Image slicer seems to constitute an obstacle for the insertion of a mask in FP2. In reality, the slicing
device is slightly defocused out of this plane. Hence, introducing a mask there represents something
reachable. The spectrograph location represents a mechanical stress for pupil mask insertion since
it prevents the insertion of a conventional Lyot stop in the 27¢ pupil plane.

I1.3.3 Presentation of the coronagraphic configurations for FRIDA

First of all, let us note that our study is limited to IFS mode for FRIDA: therefore, a spectra is
supposed to be observed in the detector. However with the data cube obtained by FRIDA, it will
be possible to recover the complete image at a given wavelength and without loss of information.
We explain it in more details in Chapter V. Hence, our computations will be done assuming a
monochromatic and on-axis point source.

Afterward, our study is focused on Lyot-style coronagraphs and classical pupil apodizations. Lyot
or phase masks can be inserted in FP1 and FP2 while apodization or Lyot stop can be introduced in
PP1. Let us remind that pupil apodizer has to be located in the upstream pupil plane with respect
to the focal plane mask place. Classical Lyot Coronagraph (CLC), Classical Roddier Coronagraph
(CRC) and Apodized Pupil Lyot Coronagraph (APLC) were the first diffraction suppression systems
analyzed at the beginning of our study. Afterward, technical aspects forced us to reconsider the
insertion of APLC within FRIDA.

Since the stresses for the introduction of a Lyot stop in PP2 is assumed too hard to overcome, we
propose to replace the traditional APLC by either APLC working without Lyot stop or an original
coronagraph design: the Stop-less Lyot Coronagraph (SLLC). These diffraction suppression systems
consist of using a pupil apodizer in the entrance pupil plane and an opaque mask in the following
focal plane. However, contrary to APLC case, no Lyot stop is used in the re-imaged pupil plane
with these coronagraphic concepts. In the following, we estimate the star brightness attenuation
that can be provided by the apodizers of APLC working without Lyot stop and SLLC. The SLLC
apodizer is an optimized version of the previous coronagraph and its design will be presented in the
next chapter. We do not simulate the presence of the opaque mask in FP2: since no Lyot stop is
present in plane PP2, the spot will block starlight in FP2 and only residual light due to diffraction
will be present in its re-imaged area in FP3, depending on the size of the geometric exit pupil in
plane PP2.

Table 1.2 summarizes the different coronagraphic configurations for FRIDA. For each solution, we
specify the location of each coronagraphic element within the different planes of FRIDA. Moreover,
schemes of each coronagraphic paths are given in Figure I1.11 for CLC or CRC and in Figure 11.12
for APLC without Lyot stop and SLLC. In the following section, we estimate the contrast gains
reached by these coronagraphs. Let us remind that the present study is carried out in the approach
of a diffraction-limited system.
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Figure I1.7: Schematic representation of the FRIDA optical layout for coronagraphy studies.
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Figure I1.8: Pupil shapes in FRIDA planes PP0 and PP1.

Table 11.2: Suitable coronagraphic configurations for FRIDA.

FRIDA planes

Coronagraph FP1 PP1 FP2  PP2 FP3
CLC Lyot mask Lyot stop — — —
CRC R&R phase mask Lyot stop — — —
APLC without Lyot stop — Apodizer Lyot mask  — —

SLLC — Apodizer Lyot mask  — —
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Figure II.9: Focal plane wheel. Picture courtesy of FRIDA team and extracted from Lucero et al. (2008).

Fihker wheel

Figure II.10: Pupil wheel. Picture courtesy of FRIDA team and extracted from Lucero et al. (2008).
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Figure II.11: Simplified representation of the FRIDA optical assembly in IFS mode. The coronagraph
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Figure I1.12: Same as Figure I1.11, but here, the Classical Lyot or Roddier Coronagraph is replaced by
the Stop-less Lyot Coronagraph or APLC working without Lyot stop. Note that this time, the eventual
coronagraph mask takes place in the 2"¢ FRIDA focal plane while it is located the first one in the previous
configurations.
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II.4 Conclusion of the second chapter

In this chapter, FRIDA was presented and we analyzed its optical layout to determine which co-
ronagraphs are feasible for FRIDA. Four suitable coronagraphic paths were proposed for FRIDA
instrument: the Classical Lyot Coronagraph (CLC), the Classical Roddier Coronagraph (CRC), the
Apodized Pupil Lyot coronagraph (APLC) without Lyot stop and the Stop-less Lyot Coronagraph
(SLLC).

Numerical simulations are now required to quantify the star brightness attenuation achieved by
each coronagraph configurations for FRIDA. In the following, we will describe the numerical tool
implemented to compute the behavior of Lyot-style coronagraphs and pupil apodizers. Our corona-
graph computations will find a direct application: the realization of a coronagraph feasibility study
for FRIDA by estimating the contrast gains that can be reached with each coronagraphic solution.
In the next chapter, our studies will be restrained to the diffraction-limited case. This prelimi-
nary approach allows to calibrate the performance of coronagraphs in the absence of aberrations.
Thereafter in the following chapters, atmospheric wavefront phase errors will be taken into account.

I1.4 Conclusién del segundo capitulo

En este capitulo, se presenté FRIDA y se analyz6 su esquema Optico para determinar cuales son los
coronografos factibles para FRIDA. Cuatro soluciones coronograficas realizables fueron propuestas
para el instrumento FRIDA: el Corondgrafo de Lyot Clésico (CLC), el Corondgrafo de Roddier
Clasico (CRC), el Corondégrafo de Lyot con pupila apodizada (APLC, por sus siglas en inglés) y sin
diafragma de Lyot y el Corondgrafo de Lyot sin diafragma (SLLC, por sus siglas en inglés).

Se requiere ahora hacer simulaciones numeéricas para cuantificar la atenuacién de la luminosidad
estelar alcanzable para cada una de las configuraciones coronograficas propuestas. En lo que sigue,
se describird la herramienta numérica implementada para evaluar el comportamiento de los coroné-
grafos de tipo Lyot y las apodizaciones pupilares. Nuestras simulaciones de corondgrafo tendran
una aplicacién directa: la realizacién de un estudio de factibilidad de corondgrafos para FRIDA con
una estimacion de las ganancias de contraste que se puede alcanzar con cada solucién coronografica.
En el préximo capitulo, nuestros estudios se retringiran al caso del limite de difraccion. Este estudio
preliminar tiene por objetivo la calibracién del desempeno para cada corondgrafo en ausencia de
aberraciones. Luego en los capitulos siguientes, se tomaran en cuenta los errores de frente de onda
introducidos por la turbulencia atmosférica.
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Chapter II. FRIDA and stellar coronagraphy




Chapter III

Coronagraph performance study for
FRIDA in a diffraction-limited
approach

II1.1 Introduction

I11.1.1 From the formalism to numerical simulations for FRIDA

In Chapter I, we reviewed the formalism of Lyot-style coronagraphs. It allowed to remind that
the expressions of the complex amplitudes of the electric field, in two successive planes of the
coronagraphic setup, were Fourier transforms (FTs). Hence, the intensity profile of a coronagraphic
image can be determined numerically by properly defining the following parameters: the entrance
pupil shape, the possible apodization transmission function, the nature and dimensions of the focal
plane mask and finally the Lyot stop aperture size.

In addition, FRIDA was presented in Chapter II and four suitable coronagraphic configurations
were proposed to provide high contrast imaging capability to this instrument. Our purpose consists
now in performing numerical simulations to evaluate the levels of starlight extinction that can
be achieved by each one of them. Therefore, we have to compute the images and estimate the
contrast gains reached by the feasible diffraction suppression systems for FRIDA. This requires the
implementation of a tool which allows to calculate and optimize the star brightness attenuation of
different Lyot-style coronagraphs and pupil apodizers.

1I1.1.2 Approach for a diffraction-limited system

As a first step, we consider a diffraction-limited system for the implementation of our tool. Therefore,
no optical aberrations will be introduced in our simulations and then, our study will correspond to
that of an ideal instrument working in space. This approach allows to quantify the performance of
a coronagraph in the absence of wavefront distortions and thus, calibrate its starlight attenuation
thresholds. Once the coronagraph simulator has been implemented, we will work in the context
of a ground-based instrument. Our tool will be associated with another software to get closer to
the real life where phase aberrations have to be considered: atmospheric turbulence, distortion of
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the wavefronts and their correction by an Adaptive Optics system will be taken into account. This
combination will be detailed and analyzed later in the next chapter.

1I1.1.3 Goals of the chapter

In the following sections, we will review the assumptions made for the implementation of our
simulator: computational results will be given in the context of a diffraction-limited approach. In
Section III.2, critical points about spatial sampling problems will be discussed. In section II1.3, we
will detail the methodology finally used for our numerical tool and check the consistency of its results
by studying the behavior of a CRC with laboratory tests. The experimental results are compared
with our simulations. This will allow to validate experimentally the numerical tool. In section I11.4,
we will expose the algorithms used for the calculation of the different apodization transmission
profiles. In Section IIL.5, other important aspects of the numerical simulations for coronagraphy
will be analyzed: chromatism, stellar angular size and selection of the mask size. Finally in Section
I11.6, we will report the contrast gain results reached by each suitable coronagraph for FRIDA.
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I11.1 Introduccion

II1.1.1 Del formalismo a las simulaciones numéricas para FRIDA

En el Capitulo I, se revisé el formalismo de los corondgrafos de tipo Lyot. Eso nos permitié recor-
dar que las expresiones de las amplitudes complejas del campo eléctrico, en dos planos sucesivos
del montaje coronogréfico, estan relacionadas con una simple transformada de Fourier (FT, por
sus siglas en inglés). Por lo tanto, se puede determinar numéricamente el perfil de intensidad de
una imagen coronografica definiendo de manera apropiada los siguientes parametros: la forma de
la pupila de entrada, la funcién de transmisiéon de una eventual apodizacion, la naturaleza y las
dimensiones de la mascara de plano focal y finalmente, el tamano de apertura del diafragma de
Lyot.

Ademas, se presenté FRIDA en el Capitulo II y se propusieron cuatro configuraciones coronogra-
ficas factibles para proveer a este instrumento la capacidad de formar imagenes de alto contraste.
Nuestro objetivo consiste ahora en desarrollar simulaciones numéricas para evaluar los niveles de
extinccion de luz estelar que se puede alcanzar con cada uno de ellos. Por lo tanto, se tienen que
simular las imagenes y estimar las ganancias de contraste alcanzadas por los sistemas de supresion
de difraccion factibles con FRIDA. Todo eso requiere la implementacién de una herramienta que
permita calcular y optimizar la atenuacién de brillo estelar de los diferentes coronodgrafos de tipo
Lyot con las apodizaciones de pupila.

I11.1.2 Estudio para un sistema limitado por la difracciéon

Como primera etapa, se considera un sistema al limite de difraccién para la implementacién de
nuestra herramienta. Por lo tanto, no se introducird ninguna aberracién 6ptica en nuestras simu-
laciones asi que nuestro estudio sera equivalente a la de un instrumento perfecto ubicado en el
espacio. Este enfoque permite cuantificar el desempeno de un corondgrafo en ausencia de distorcién
del frente de onda y asi, calibrar los umbrales de atenuacion de luz estelar. Una vez implementado
nuestro simulador de coronégrafo, trabajaremos en el contexto de un instrumento terrestre. Nuestra
herramienta sera asociada con otro software para acercarse méas de la realidad en donde se deben
considerar las aberraciones de fase: se tomaran en cuenta la turbulencia atmosférica, la distorcién
de los frentes de onda y su correccién por un sistema de Optica Adaptativa. Esta combinacién se
detallard y se analyzard més adelante en el proximo capitulo.

II1.1.3 Objetivos del capitulo

En las siguientes secciones, se revisaran las hipotesis hechas para la implementacion de nuestro
simulador: se proporcionaran resultados computacionales en el contexto de un sistema limitado por
la difracciéon. En la Seccion I11.2, se discutirdan algunos puntos criticos acerca de los problemas
de muestreo. En la Seccién I11.3, se detallara la metodologia adoptada para nuestra herramienta
numérica y se verificard la consistencia de los resultados con el estudio del comportamiento del
CRC en laboratorio. Se compararan los resultados experimentales con las simulaciones. Esto
permitira validar de manera experimental la herramienta. En la Seccién I11.4, se expondran los
algoritmos usados para determinar los perfiles de transmision para las apodizaciones. En la Seccién
IT1.5, se analyzaran otros aspectos importantes de las simulaciones numéricas para coronografia:
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cromatismo, tamafio angular de una estrella y seleccién del tamaiio de la méascara. Finalmente en
la Seccién 111.6, se reportaran los resultados de ganancia a nivel de contraste alcanzados por cada
uno de los coronografos factibles para FRIDA.
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II1.2 Sampling problem

Several important points have to be considered to simulate the coronagraphic behavior. They
mainly deal with the spatial sampling problem that Abe (2004) mentioned in his paper. How to
correctly sample a continuous and curved shape such as coronagraphic mask or entrance pupil?
What are the unwanted effects and how to overcome them? And what is the consistency of the
result?

Here, some comments are developed for the coronagraph setup computation. We expose our choices
and the compromises we decide to make hereafter. Notions of signal sampling and Nyquist-Shannon
sampling theorem are briefly reviewed in Annexe A.

I11.2.1 Compromise between pupil and image planes

The Lyot-style coronagraphic setup (see Figure 1.11) was presented and described in Chapter I. We
reminded that the expressions of complex amplitudes between two successive planes of the coro-
nagraphic device are simply relied on a Fourier Transform. Lyot-type coronagraphic computations
involve finite size arrays and multiple Fourier transform operations, therefore the result can only be
an approximation of the theory. To simulate these coronagraphs numerically, a first option consists
in using the Fast Fourier Transform (FFT) between two successive planes. Naturally, numerical
round-offs occur in the FFT for the Fourier Transform computation what leads to a result which
is an approximation of the theory. Our purpose is to limit as much as possible the effects of the
other parameters intervening in our numerical calculation and achieve results close to the theoretical
predictions.

There is a two-fold sampling requirement for simulation of Lyot-style coronagraphs:

— a pupil size sampling large enough to allow the calculation of the aperture transmission function
when an entrance pupil apodizer is considered in the coronagraphic device,

— a resolution element in the focal plane (A/D) sampling large enough for an adequate sampling
of the PSF and coronagraph mask in the focal plane.

Hence, a good sampling is required as well in the focal as in the pupil plane to avoid “step effects” (or
aliasing) on the mask and pupil borders. A compromise has to be found between two successive
planes, since a pupil size represented with a large number of points in a finite size array implies few
points per resolution element in another equivalent array and conversely.

In our computation, we decide to work with 1024 x 1024 size arrays with double precision float
or complex format. A rapid analogy can be realized with the previous equations describing the
sampling theory: the sampling interval is given by 7 = 1/1024 and therefore, the sampling rate
vs = 1024. We also choose to work with 81 points across the pupil diameter, what leads to
A/D = 12.64 points in the following focal plane (A/D is the frequency in the Fourier domain).
Roddier & Roddier phase mask represents the smallest mask involved in our numerical simulations:
its diameter is about 1.06 A/ D for a clear circular aperture, what corresponds to 13.40 points. These
pupil and mask size values allow to well simulate the coronagraph behavior, simultaneously in the
different pupil and focal planes.

However, the aliasing effects are not completely removed in both planes. For instance, when we
observe the Airy diffraction pattern achieved with a clear circular aperture (see Figure I11.1(a)),
Airy rings start to blur not very far away from the center, as shown in Figure I11.2(a). An additional
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solution is required if we want to obtain more accurate results at largest angular separations.

II1.2.2 Super sampling of the pupils and masks

To mitigate the aliasing effect at a given plane, a common technique consists in applying the “super
sampling” trick in the upstream plane. The method is described in Abe (2004) in the context of
coronagraphy: instead of designing a spot with binary values, the edge of a mask is computed using
gray-pixel approximation. Thus, values on the spot edge are given using different levels of gray
scale. We give in Figure III.1 a representation of a circular entrance pupil before and after super
sampling trick.

This image processing technique is equivalent to generate a signal with a band-limited spectrum.
Indeed, considering a smoothed rectangular function is equivalent to a convolution of the rectangular
function with a Gaussian or a sinc function. The result in the domain frequency will be a spectrum
filtered respectively with a Gaussian or a rectangular function and the aliasing effects will be greatly
removed.

In Figure I11.2, we can observe the Airy diffraction patterns obtained with or without the application
of the super sampling trick on the entrance pupil. It results in more distinguishable rings in the
diffraction pattern achieved with a smoothed entrance pupil, at larger separations from the central
intensity peak.

II1.2.3 Representation of the telescope central obstruction and its spider arms

Obscuration can be computed in a binary way to represent the central obstruction of a telescope.
For instance, Gran Telescopio Canarias (GTC) presents a 29% central obstruction: for an aperture
size of 81 points, the numerical representation leads to a pupil obscuration diameter of 23.49 points.
The super sampling trick can also be used to implement the telescope secondary mirror shadow
within the entrance pupil and avoid some aliasing effects again.

Spider arms and segment gaps should be taken into account to achieve a more complete represen-
tation of a telescope aperture. However, for instance, the projected image of the spider arms in the
entrance pupil is very narrow: in the case of GTC, a width of 3.6 cm is expected, what corresponds
to 0.32 point! We decide to not introduce the spider arms in our coronagraphic simulator and
renounce to temporarily study the diffraction effects induced by their presence within the input
pupil. A similar conclusion is obtained for the gaps between each segments of the GTC.

In the following, we present an alternative to the approach we initially use for computing behaviors
of Lyot-style coronagraphs.
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(a) A binary pupil (b) A smoothed pupil

Figure II1.1: Zoom on the pupil before and after the super sampling trick. Pupils have a diameter of 81
points and we worked here with 1024 x 1024 size arrays. The gray scale symbolizes the pupil transmission.
It is linear ranging from 1 (white) to 0 (black).
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Figure III.2: Image of the Airy diffraction pattern obtained before (left) and after (right) supersampling
trick applied on the entrance pupil. Images are represented in log scale and enhanced for a better visualization
of the rings. To obtain these pictures, we initially worked with a pupil diameter of 81 points and all original
array dimensions are 1024 x 1024 points, what gives a linear range of 81 A\/D for each image.
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III.3 Semi-analytical approach: a powerful method to compute
coronagraph numerically

II1.3.1 Description

Several issues have been evoked in the previous section to point out the main obstacles for a correct
numerical computation of coronagraphs. The key point of coronagraph simulations results in the
compromise to realize in order to reach a satisfying resolution both in the focal and pupil planes.
Until now, our simulations involved several FFTs to represent the coronagraphic behavior. It im-
plied very large arrays and therefore, staggering demands on memory and computing power.
Soummer et al. (2007) propose a semi-analytical method to compute coronagraphic behavior, allo-
wing a very sensitive gain of time and memory. It consists in considering another approach for the
expression of the field in the Lyot plane, given in Eq. (I.3). This equation can be simply re-written
as:

Vo (r) = (Wa(r) — e FIF [0a(r)] M(r)]) L(r). (11L1)

where F denotes the Fourier Transform (FT) operator. This expression underlines the fact that
the first FT of the pupil field amplitude F [¥ 4(7)] is truncated by the mask M () and the second
FT is truncated by the Lyot stop L(r). Hence, we are only interested in the knowledge of the FT
inside the limited mask and Lyot stop area. This remark allows to avoid calculating F'Ts of large
arrays with small pupil or mask area.

Therefore, we can work with large pupil and mask sizes contained in arrays of same dimensions.
As mentioned by Soummer et al. (2007), the semi-analytical approach consists of computing these
limited-area FTs numerically and subtracting the result from the pupil complex amplitude, accor-
ding Eq. (ITI.1). The different F'Ts of the analytical expression are computed using a Matrix Fourier
Transform (MFT), which expression is given in Soummer et al. (2007) and recalled in Annexe B,
and does not involve any additional approximation. MFT is in practice slower than FFT but this
apparently drawback is largely compensated by the fact that with MFT, we only need to calculate
FTs inside the pupil or mask area.

It can already be noticed in Figure I11.3 that a better image sampling of Airy diffraction pattern
seems to be achieved, compared with that of the images displayed in Figure II1.2. In the following,
we will confirm this result by plotting the corresponding intensity profiles.

II1.3.2 Consistency of the results

In Figure I11.4, we give the profiles achieved with a Classical Roddier Coronagraph (mask radius r =
0.525A/D) and Classical Lyot Coronagraph for two different spot sizes (mask radii = 0.850 \/D
and ro = 1.850\/D).

In Figure II1.4 top plot, the intensity profiles are computed with the traditional FFT method and
using the super sampling trick for each focal plane mask. We work with 1024 x 1024 size arrays
and the pupil diameter is chosen equal to 81 points. In Figure II1.4 bottom plot, the curves are
computed with the semi-analytical approach. In this context, we use 256 x 256 size arrays for the
input and exit pupil planes and aperture of 256 points in diameter. For the mask size, we work
with 128 x 128 size arrays and 128 points in diameter for the spot size. Finally, a 512 x 512 size
array is considered for the representation of the diffraction patterns in the image plane D and we
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Figure ITL.3: Left: Image of a clear circular pupil. The original array dimensions are 256 x 256 points.
Right: Image of the Airy diffraction pattern obtained with a MFT of the clear circular pupil function.
This image is represented in log scale and enhanced for a better visualization of the rings. The original array
dimensions are 1024 x 1024 points and we choose here a linear range of 81 A/D to allow the visual comparison
with the images of Figure III.2.

arbitrary choose a linear range of 14 A/D. Let us note that all array dimensions are expressed in
power of 2 but this is not a requirement for the efficiency of MF'T algorithm.

It can be noticed that both results are in good agreement with the solutions provided in Figure 3
of Aime and Soummer (2003), see Figure II1.5. To realize these simulations, we choose the same
parameters than those referred by the authors in their paper (Aime and Soummer, 2003). This
example allows to underline the consistency of the results provided by our simulator with the semi-
analytical method using MFT. On the one hand, we note that successive FFTs and semi-analytical
approach using MFT give the same profiles. On the other hand, these results are congruent with
those found in the literature (Aime and Soummer, 2003).

From now one, we will use the method recently proposed by Soummer et al. (2007) to simulate more
quickly and accurately the behavior of Lyot-style coronagraphs and therefore study the behavior of
suitable coronagraphs for FRIDA.
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Figure III.4: Radial profiles of the non coronagraphic PSF (Airy pattern) and coronagraphic images
obtained with different coronagraphic devices, for a clear circular aperture. A monochromatic point source
is considered here. These results are obtained in the context of a diffraction-limited system. In top plot,
results are achieved with successive FF'Ts whereas in bottom plot, they are obtained with the semi-analytical
approach using MFT.
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Figure IIL.5: Radial profiles of the non coronagraphic PSF (Airy pattern) and coronagraphic images

obtained with different coronagraphic devices, for a clear circular aperture. This plot is extracted from Aime
and Soummer (2003).
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111.3.3 Experimental validation

The simulator, based on the semi-analytical method using MFT, allows to accurately compute the
behavior of coronagraphs predicted by the theory. Our simulations are in good agreement with
the formalism of Lyot-style coronagraphs. However, they require a validation in laboratory to
consider realistic and feasible the numerical results achieved with our tool. The experimental proof
is essential in the context of coronagraph feasibility studies for FRIDA. In the following, we propose
to give a laboratory test validation relying us on the case of the Classical Roddier Coronagraph

(CRQ).

111.3.3.1 Coronagraphy and laboratory tests: context

Let us remind that CRC is a concept proposed by Claude and Frangois Roddier (Roddier and
Roddier, 1997). Some first laboratory tests were carried out by Guyon et al. (1999) to demonstrate
experimentally the theoretical predictions made by Roddier and Roddier (1997). While the results
of the experiment clearly validate the principles of this new coronagraphic concept, it achieved only
a modest peak intensity attenuation of 16. Theoretically, adjusting carefully the size of the mask
to the size of the diffraction pattern (or vice-versa, by the aid of a variable iris entrance pupil), a
peak intensity attenuation of infinity could have been achieved. The modest attenuation achieved
with this spot was explained by the rounded edges of this first-generation mask, see Figure II1.6.
At the beginning of this research project, Kjetil Dohlen and the Laboratory of Astrophysics of
Marseilles (LAM) ordered the fabrication of a new, second-generation, Roddier & Roddier phase
mask (RRPM) to Fanny Chemla and the Pole of Instrumentation of the Observatory of Paris. An
alternative method to photo-lithographic deposition was investigated in order to achieve a better
mask thickness profile: the phase dot is machined into the substrate by the aid of photo-lithographic
ion beam etching. In Figure I11.7, we can see the thickness profiles of the new mask fabricated by
the Pole of Instrumentation of the Observatory of Paris: at first sight, it seems much closer to the
required profile than that of 1999. While a slight rounding of the edges can be seen, a very good
uniformity of the mask depth can be appreciated.

To evaluate the coronagraphic gain reachable with this second-generation RRPM, I did a three week
practice to work in laboratory with Kjetil Dohlen, in Marseilles on October-November 2007. The
goal of this work was to probe the efficiency of the fabricated mask, compare it with the previous
results achieved with the first-generation RRPM and validate experimentally our numerical results.

I11.3.3.2 Experimental setup and protocol

The optical design of the coronagraphic assembly is given in Figure II1.8. A picture of the optical
bench can also be seen in Figure I11.9(a). The source is spatially filtered through a 5 pm pinhole
and collimated by the lens L1. A variable iris (P1) allows to define the entrance pupil (A) of the
system. To avoid having excessive bench dimensions while providing an appropriate beam of F'/80,
a pupil size of 1-2mm is used.

The lens L3 provides an intermediate image (B) in which the RRPM is placed (see picture of the
mask in Figure I11.9(b)) and then projects a pupil image in the exit pupil plane (C) in which the
Lyot stop is located. While this setup appears ideal in the sense of minimizing optics, hence aber-
rations, it does not provide a telecentric beam to the coronagraph, but this does not appear to be
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of importance for this concept.

The following lens L4 images the coronagraphic image (D) onto the camera (a CMOS PixelLink
device). It also projects the pupil onto a plane (E) some 100 mm behind the image plane, allowing
rapid switching between image and pupil plane observations by sliding the camera between these
positions.

Focal mask and Lyot stop are mounted on xyz micro-positioning stages, allowing both lateral and
focus adjustment of these components. Once optimal positioning has been determined, the only
adjustments necessary to perform the measurement protocol described below are a lateral (z) mo-
vement of the mask to remove or replace it onto the stellar image (a displacement of a few 100 um
is sufficient), and diameter of the entrance pupil and the Lyot stop. A picture of the optical bench
can be seen in Figure I11.9(a).

Images were recorded using an 8-bit camera. To obtain acceptable dynamic range, 3 images were
taken at different exposure times from 0.04ms to 1s, and composite images were created by ex-
tracting annular zones from each image. For each exposure time, a corresponding dark image was
taken and subtracted from the scientific images. The resulting image quality proved sufficient for
this experiment.

The coronagraphic mask has a fixed size. We want to observe the coronagraph behavior in the
re-imaged pupil and focal planes as a function of the RRPM radius. Therefore, to simulate various
mask sizes, we operate on the entrance pupil diameter thanks to the variable iris and acquire images
for each aperture size. The camera is placed respectively in planes D and E to acquire images in
the focal and pupil planes.

For each experimental image acquisition, obtained at a given integration time, a corresponding dark
image is taken. Thus, the dark current noise source of the detector and some additional parasite
light can be removed from the experimental image by subtracting it with the dark image.

111.3.3.3 Experimental results in the image plane

Azimuthally averaged profiles of the coronagraphic and non coronagraphic images have been calcu-
lated, see Figs. II1.10(a), I11.10(b) and II1.10(c). The non coronagraphic profile is compared with
the theoretical Airy pattern, indicating a very good correspondence. This comparison turned out
to be useful in optimizing the image analysis approach, allowing to understand some unexpected
features of the camera such as exposure-time saturation for the shortest exposure times, leading us
to implement a non-linear exposure-time correction.

Theoretical coronagraph images were calculated using the semi-analytic method based on matrix
Fourier transforms (Soummer et al., 2007). The measured coronagraphic profile corresponds well
with the theoretical prediction down to a contrast of around 107, both for the 0.455\/D mask
(Fig. II1.10(a)) and the 0.516 \/D case (Fig. II1.10(b)). For the 0.741A/D case (Fig. II1.10(c)),
however, the correspondence with theory is less good. Still, the contrast performance in the field is
clearly better than in the other cases.

In order to investigate the effect of varying mask size, we have calculated the intensity at different
distances from the star, plotted as a function of mask radius, both for theoretical and measured
profiles. Figure II1.11 displays these results. We considered six distances from the main optical axis,
corresponding to the central peak and the first five bright rings of the Airy diffraction pattern (see
Table I11.1). At each of these positions, we averaged the intensity of the coronagraphic image over
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an annulus of width A/D. Theoretical results are plotted as lines, and experimental data are plotted
as points. All results are normalized with respect to the central intensity of the non coronagraphic
image, averaged in the same way.

The theoretical curves clearly show that the mask giving the optimal peak attenuation, seen here
to reach beyond 10%, does not correspond to the optimal performance in terms of contrast in the
field. At the 5" Airy ring, an improvement by a factor of about 10 can be expected by increasing
the mask radius to around 0.65A\/D. The experimental measurements confirm this result in spite
of some loss of performance in the case of larger mask sizes. Indeed, the measurements fit very well
with theory for mask radii smaller than 0.55\/D, with an average difference between experimental
and theoretical intensity less than 0.21 magnitudes, see Table II1.2. For larger masks, differences
up to 1.7 magnitudes are observed.

I11.3.3.4 Discussion

The main goal of our experiment, demonstrating that improved technology was capable of provi-
ding a significant improvement of coronagraphic performance compared with the original RRPM
demonstrator of 1999, has clearly been reached. In particular, while the original experiment was
limited to a peak attenuation of 16, we have measured attenuation as high as 216. It is believed
that the main improvement is in the mask profile, where our device has been seen to have a very
sharp edge.

We believe the main reasons for this deterioration are linked to features of our experimental setup,
combined with the high peak intensity and increased aperture size corresponding to the larger mask
diameters. In particular, a family of ghosts are observed along the vertical axis, probably due to
internal reflections between the detector surface and the double detector window. Deficiencies in
terms of optical quality of the bench also become more important in the case of the larger mask size,
where the entrance pupil was enlarged so as to reduce the focal ratio. This stresses the optical setup
both in terms of source uniformity, optical aberrations, and surface quality. Other error sources
include mechanical stability and adjustment accuracy. All adjustments are manual, with direct TV
images as the only aid to alignment. Slight mis-adjustments cause spillage of light back into the
pupil, hence reduced coronagraphic efficiency.

Despite the limitations of our laboratory tests, we clearly show and underline the good agreement
between the experimental results, the simulations made with semi-analytical method and the theo-
retical predictions. This is a very important point: it means that our further coronagraph feasibility
studies for FRIDA will be consolidated with this experimental proof. The main results of this work
are reported in our referred paper, see Annexe C.
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Figure IT1.6: Simulated thickness profile of the first Roddier & Roddier phase mask. This figure is extracted
from Guyon et al. (1999). ©The Astronomical Society of the Pacific 1999.

Table III.1: Angular separations of the intensity peak and first five bright rings of the Airy diffraction
pattern.

Intensity 1%¢ bright 277 bright 374 bright 4" bright 5% bright
peak ring ring ring ring ring

0.00 1.64 2.68 3.70 4.71 5.71

Angular separation
in A\/D

Table ITI.2: Averaged difference between the experimental and theoretical intensity values for different
mask radii. We exclude the central peak values from the averages.

Mask radius in A\/D  0.294 0.304 0.338 0.359 0.455 0.516
AT in stellar magnitudes 0.12  0.21  0.06 0.07 0.07 0.09
Mask radius in A\/D  0.645 0.656 0.741 0.851 0.930
AI in stellar magnitudes 1.67 1.72 1.54 1.54 1.66
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Figure III.7: Document giving the thickness profile of the mask fabricated in 2007. This mask was orde-
red by the Laboratory of Astrophysics of Marseilles and fabricated by the Pole of Instrumentation of the
Observatory of Paris.
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Figure ITI.8: Scheme of the optical assembly of the experiment.

(a) Picture of coronagraphic bench (b) Zoom on the Roddier & Roddier phase mask

Figure IIL.9: Pictures of the optical assembly taken by Kjetil Dohlen.
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Figure II1.10: Radial profiles of the experimental and theoretical images achieved in the presence or not
of the RRPM. Mask radii are estimated to be 0.455\/D (a), 0.516 A\/D (b) and 0.741 A\/D (c), respectively.
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Figure II1.11: Normalized image plane intensity at different field positions as a function of RRPM mask
radius. The field positions considered correspond to bright rings in the non coronagraphic image, whose
radial distances from the central star are given in Table III.1. Theoretical intensities are shown as lines,
experimental values are shown as points. See text for a detailed description of this plot.
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II1.4 Algorithms for computing apodization profiles

In this section are presented the algorithms used to compute the different apodizer profiles of our
study. First of all, we consider the design of classical pupil apodizers. Thereafter, we examine the
case of the apodizers involved in Lyot-style coronagraphs.

I11.4.1 Method for general purpose
I11.4.1.1 Description of the algorithm

Gonsalves and Nisenson (2003) presented an algorithm for the calculation of apodizer transmission
profiles. Their approach allows to optimize the design of a classical pupil apodizer in order to
reduce the diffraction rings of an on-axis bright star PSF and increase the contrast of images in
the search area. The method is quite general since it can be utilized for any telescope aperture
geometry. However, the authors did not expose the case of entrance pupils with central obscuration
in their paper. In the following, we review Gonsalves and Nisenson’s algorithm and illustrate it by
computing the apodizer shape for GTC geometry.

In Figure II1.12, we scheme the algorithm for computing the best apodization. ¢(™ denotes the
apodizer transmission function at iteration n. The complex amplitude of the electric field in the
entrance pupil plane a can be expressed as follows:

T () = P(r) o™ (r). (111.2)

where P is the telescope aperture function.

Hence, the PSF is obtained with a Fourier transform of the previous expression. Since it deals with
apodization, we aim to smooth the PSF so as to achieve a starlight concentration in its peak and
a luminosity reduction of its bright rings. To reach this goal, a filter is applied in this plane: a
mask W which transmission is non null inside the mask area and 0 outside. Therefore, the complex
amplitude in the following focal plane b can be written as:

UM (r) = T (p) x W(r). (I11.3)

It can be noticed that the Fourier Transform calculus of \IJ,(ln) is only required inside the mask area.

This remark outlines the possible use of the MFT for this algorithm. Finally, with a reverse Fourier
transform of the previous expression, we achieve the apodizer transmission function at the iteration
n 4+ 1:

" (r) = B (p) x Q(r). (IT1.4)

where €2 represents a possible filter to smooth the apodizer shape. The operations described before
are repeated iteratively n times until reaching a satisfying apodizer. An initial apodizer shape G
can also be introduced in the algorithm as suggested by Gonsalves and Nisenson (2003). Indeed,
a good choice of this initial function allows to improve the algorithm efficiency and compute an
optimal apodizer profile with relatively few iterations.
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Figure II1.12: Schematic illustration of the basic algorithm proposed by Gonsalves and Nisenson (2003)
for computing the apodization profile.

I11.4.1.2 Results

Here, we decide to work with a mask which expression is given by W = M. We remind that M (r) is
equal to 1 inside the mask area and 0 outside. No apodizer shape filter is used in our computations,
thus Q(r) = 1. Moreover, we decide to stop the iterations at n = 200: at this level, the difference
in terms of attenuation gain between two successive iterations is no longer significant.

First of all, we check our algorithm computation. To realize this operation, we reproduce the result
achieved in Figure 6 of Gonsalves and Nisenson’s paper, see Figure 111.13. The involved parameters
are a clear circular aperture and mask area radius i = 3.50 \/D. We decided to start the iterations
with an initial Gaussian function ¢(©)(r) = exp(—17.572). Figure I11.14 shows the apodizer profile
reached with our simulator: we obtain the same result than that of the paper. This test validates
our algorithm computation.

Afterward, we apply the algorithm to the case of FRIDA, considering a 29% centrally obstructed
circular aperture and work with a mask area radius iy = 4.00 \/D. Different initial apodizer profiles
$»©) were examined: APLC apodizer profile (which computation algorithm is detailed below) and
decentered Gaussian functions. In both cases, we did not notice relevant differences between the
reached solution and that achieved in the absence of initial apodizer shape. Above all, discrepancy
in contrast gains and apodizer throughput were no longer noted. The final profile is represented
in Figure II1.15. This apodizer associated with a focal plane opaque mask will be named Stop-less
Lyot Coronagraph (SLLC).
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Figure II1.13: Transmission profile of the optimized apodization (solid line) computed for a clear circular
aperture with the algorithm proposed by Gonsalves and Nisenson’s algorithm. This plot is extracted from
Gonsalves and Nisenson (2003).
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Figure III.14: Optimal apodization computed for a clear circular aperture and optimized with an opaque
mask of radius ry = 3.50 A/ D. Total throughput is 12.07%. On the left, image of the apodizer and on the
right, the corresponding transmission profile. Note that these results were obtained with 200 iterations.
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Figure II1.15: Optimal apodization computed for the geometry of GTC (29% central obscuration) and
optimized with an opaque mask of radius 7y = 4.00 A\/D. Total throughput is 41.68%. On the left, image of
the apodizer and on the right, the corresponding transmission profile. Note that these results were obtained
with 200 iterations.
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I11.4.2 Algorithm for generating apodizer shape of Lyot-style coronagraphs
I11.4.2.1 Description of the algorithm

Lyot-style coronagraphs are some of the considered diffraction suppression systems here which can
involve an apodization in their scheme. A correct computation of their pupil apodizer profile is
therefore required. The approach is quite different from that developed in Gonsalves and Nisenson
(2003), in which an apodization in the input pupil plane is seen as a unique coronagraphic device.
In that context, the use of an opaque mask in the following focal plane just represents an additional
option for this coronagraphic technique: the spot helps to avoid detector saturation.

In the following, we work with Lyot-style coronagraphs. Our goal consists to achieve an entrance
pupil apodizer profile taking into account parameters like mask size and Lyot stop aperture diameter.
Hence, the apodization transmission function depends both on the entrance pupil shape and the
coronagraphic mask, contrary to the previous method where only aperture shape is considered.

In the case of the Roddier & Roddier phase mask, Soummer et al. (2003) showed that the circular
prolate spheroidal functions to apodize clear circular apertures provide a theoretical total starlight
extinction. Furthermore, the authors also demonstrate that these functions for apodization also
give optimal starlight rejections, when it deals with the Lyot opaque mask. The apodization shape
becomes even more sophisticated if we consider an arbitrary telescope aperture (Soummer, 2005;
Aime, 2005). Computing analytically the ideal pupil apodizer profile is not evident since several
non trivial equations are involved in the generation of the optimal apodization function.

To reach the optimal apodization profile, we follow the numerical algorithm proposed by Guyon
and Roddier (2000), and used again in Guyon and Roddier (2002), Abe (2004) or Soummer (2005).
Let us note that this method was demonstrated analytically by Soummer et al. (2003). It consists
of subtracting the residual Lyot stop wave amplitude W from the aperture wave amplitude ¥ 4 in
an iterative loop. A schematic representation of the algorithm is given in Figure I11.16. With few
iterations, the optimal apodizer profile is achieved.

With this algorithm, the ideal apodization transmission function is generated for a given mask size
and aperture shape. A possible way to improve this algorithm consists of optimizing the mask size
applying a second intern iterative loop (Guyon and Roddier, 2000). Here, we decide to work with
the basic version of the algorithm, optimizing first the mask size before generating the apodization
with the obtained mask radius.

I11.4.2.2 Results

To check the relevance of the results provided by our algorithm computation, we decide to reproduce
the apodizer profile for the Roddier & Roddier phase mask coronagraph in the case of a clear circular
aperture (Soummer et al., 2003). In this context, the mask radius is equal to r = 0.53 A\/D. Figure
I11.18 shows the result of our simulation: it is in good agreement with the solution yielded by
Soummer et al. (2003) and displayed in Figure 1B of their paper, see Figure II1.17. Moreover, we
obtain an apodizer throughput 7' = 72.7% which corresponds to the value given by Soummer et al.
(2003): T = 72.6%. These tests allow to validate our computation of the algorithm for generating
apodizer shape of Lyot-style coronagraphs.

Afterward, we decide to generate the apodizer profile of Apodized Pupil Lyot Coronagraph (APLC)
with a mask radius r = 2.42\/D and for a 29% centrally obstructed circular aperture. Indeed,
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Figure II1.16: Schematic representation of the algorithm suggested by Guyon and Roddier (2000) for the
computation of pupil apodizer profile. In the original algorithm, a second loop is added to determine the
optimal mask size at each iteration.

APLC working without Lyot stop is one of the coronagraphic configuration proposed for FRIDA.
Figure I11.20 shows the solution reached with our simulator. We achieve an apodizer throughput
T = 53.5%: this result is congruent with the values given in Figure 3 of Martinez et al. (2007), who
plot the apodizer throughput as a function of the mask radius for different obscuration sizes, see
Figure I11.19.
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Figure II1.17: Transmission profile of the optimized apodization computed for a clear circular aperture and
Apodized Pupil Roddier Coronagraph with a Roddier & Roddier phase mask of radius » = 0.53 A/D. This
plot is extracted from Soummer et al. (2003).

100 1.0 j
80 ® 0.8
¥ 03
Q 0.6} .
60 .5 °
a S
€ S 0.4F e
w0 & E
o o
= Z 02} ]
20
0.0 )
0 -0.5 0.0 0.5

Transverse cut

Figure IT1.18: Optimal apodization computed for a clear circular aperture and Apodized Pupil Roddier
Coronagraph with a Roddier & Roddier phase mask of radius r = 0.53\/D. Total throughput is 72.73%.
On the left, image of the apodizer and on the right, the corresponding transmission profile. Note that these
results were obtained with only 10 iterations.
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Figure II1.19: Apodizer throughput as a function of the opaque mask diameter for different obscuration
sizes. This plot is extracted from Martinez et al. (2007).

100 1.0 j
80 ® 0.8
I
. 0.6
60 .S °
a S
€ S 0.4r
w0 & E
o o
= Z 02} ]
20
0.0 .
0 -0.5 0.0 0.5

Transverse cut

Figure II1.20: Optimal apodization computed for the geometry of GTC (29% central obscuration) and
APLC with an opaque mask of radius » = 2.42\/D. Total throughput is 53.53%. On the left, image of the
apodizer and on the right, the corresponding transmission profile. Note that these results were obtained with
20 iterations.
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II1.5 Other aspects of the numerical simulations for coronagraphs

II1.5.1 Mono and polychromatic on-axis point source cases

Considering a monochromatic point source, the analysis of the coronagraph performance constitutes
a first good and interesting approach. Working at just one wavelength allows to give a quick idea
of the contrast gain reachable with a given coronagraph.

However, instruments are used to working with filters which never present null bandwidth. For
instance, Table II1.3, extracted from Tokunaga et al. (2002) and reproduced in Watson (2007),
gives the central wavelength A and widths A\ of the bandpass filters that will be used in FRIDA.
On the one hand, the z, J, H, Ks and K filters represent the main FRIDA broadband filters. On
the other hand, the Nz, NJ, NH and NK are representative 1.5% narrow-band filters located at
the centers of z, J, H and K filters. Consequently, whatever the involved filter, the point source
image provided at the system output will be polychromatic. Even with the narrowest filter NJ,
which presents a 0.0024 um bandwidth, the star image observed on the detector will be slightly
polychromatic.

These remarks are in particular true in the context of FRIDA working in imaging mode. Since our
study will be limited to FRIDA working in TF'S mode, the images obtained with the data cube will
be monochromatic. Hence, we will only compute monochromatic PSFs in our following simulations.

Table II1.3: Characteristics of the filters that will be used by FRIDA with the central wavelength A and
the bandwidth AA.

Filter z J H Ks K Nz NJ NH NK
Ain pgm  1.015 1.250 1.635 2.150 2.200 1.015 1.250 1.635 2.200
AXin gm 0.170 0.160 0.290 0.320 0.340 1.5% 1.5% 1.5% 1.5%

II1.5.2 Star angular size

The stellar angular size may affect the performance of a coronagraph. Guyon et al. (2006) studied
the effects of the stellar angular diameter over the coronagraphic performance and pointed out the
sensitivity of several designs. This study was carried out in the context of Exosolar Terrestrial
Planet imaging, therefore, they investigate a system capable of delivering 10'? contrast at less than
0.1 arcsec. For instance, they underline the high sensitivity to stellar radius of CRC, since this
coronagraph could not maintain high contrast at small angular separations even with a 0.01\/D
stellar angular radius. On the other hand, they show that CLC and APLC will present a better
but moderate robustness to stellar angular size.

However, our goal does not consist of achieving such levels of high contrast (10'%) at so small
angular separations (< 0.1 arcsec), since FRIDA is not initially designed to detect Earth-like planets.
Hence, and in order to reduce the complexity of the study, our numerical simulations will be made
considering a point source.
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I11.5.3 Choice of the different mask sizes

The performance of Lyot-style coronagraphs depends on the focal plane mask diameter. Therefore,
defining adequately the spot size is required for our work. A common criterion used to choose
the mask size consists in plotting the Integrated Residual Energy (IRE) inside the Lyot aperture
in plane C as a function of the spot radius (e.g. Aime and Soummer, 2003; Ferrari et al., 2007).
In Figure I11.21, we reproduce the graphs achieved with the Roddier & Roddier phase and Lyot
opaque masks for a clear circular aperture. These profiles are in agreement with those found in
Ferrari et al. (2007), see Figure I11.22.

On the one hand, for the Lyot opaque mask, we can note the presence of several local maxima and
minima in IRE profile: they simply correspond respectively to the bright and dark rings of the Airy
diffraction pattern. Ferrari et al. (2007) underlined several points from this profile. First of all, the
performance of Lyot-style coronagraphs is not strictly linear with the mask size. Afterward, a large
amount of the star residual energy is located at the edges of the pupil and can be eliminated with
a moderate reduction of the Lyot stop radius. Finally, the off-axis transmission of the coronagraph
is important for the substellar-mass companion detection, therefore we have to take care about not
selecting a too large opaque mask.

On the other hand, for the Roddier & Roddier phase mask, it can be noticed that a unique minimum
exists at r ~ 0.53 A\/D. This value corresponds to the best central extinction of an on-axis bright star
image. However, Ferrari et al. (2007) points out the fact that an extended phase mask would operate
as an apodizer for the wave complex amplitude. Consequently, this graph no longer constitutes an
absolute and valid criterion for selection of an optimal value of the radius. However, for the choice
of the phase mask radius, we will pick out the minimum of IRE profile as we will see below in the
case of FRIDA with CRC configuration.

In Figure I11.21, we also represent the IRE profiles for a 29% centrally obstructed circular aperture.
This allows to consider the case of a mask inserted in FRIDA plane FP2 in the case of an APLC
working without Lyot stop, see Figure I1.12. From this plot, we extract the values of the mask
radius for our study. Concerning the configuration of APLC working without Lyot stop, we select
the second local maximum for the opaque mask radius: » = 2.42 \/D. This choice is quite arbitrary
but in agreement with the values generally found in the literature.

In Figure I11.23, we plot the profiles of the IRE inside the Lyot aperture in FRIDA plane PP1 as
a function of the spot radius. These profiles are computed for the Roddier & Roddier phase and
Lyot opaque masks located in plane FP1 and in the FRIDA approach: it means a GTC aperture in
the upstream plane PP0 and a circular pupil stop with 29% central obscuration in the downstream
plane PP1, see Figure I1.11. Pictures of the respective pupils have been given in Figure I1.8. In
addition, these profiles are normalized with respect to the energy present in the telescope aperture
plane PP0. Concerning the Lyot coronagraph, we select the third local minimum for the opaque
mask radius: 7 = 2.69\/D. For the Roddier & Roddier phase mask, the radius corresponding to
the unique minimum of IRE is chosen: r = 0.60 A\/D.
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Figure III.21: Integral residual energy (IRE) in plane C as a function of the spot size for different entrance
pupil geometry and mask nature.
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Figure 3. The left plot locates the different masks used in the simulation on the response of an on-axis point source. The right plot
gives the integrated intensity in € for rs = R as a function of the mask size.

Figure II1.22: On the right, Integral residual energy (IRE) in plane C as a function of the spot size for
different entrance pupil geometry and mask nature. This plot is extracted from Ferrari et al. (2007).
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Figure II1.23: Integral residual energy (IRE) in plane PP1 as a function of the spot size for GTC pupil
geometry and different mask nature.
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II1.6 Application for FRIDA in a diffraction-limited approach
I11.6.1 Numerical results obtained with CLC and CRC

Figure I111.24 gives the profiles achieved for suitable coronagraphic configurations for FRIDA. Here,
we analyzed the cases of CLC and CRC represented in top plot. Indeed, FRIDA can be equipped
with these coronagraphic paths since a coronagraphic mask and Lyot stop can be inserted respec-
tively in FP1 and PP1 of FRIDA optical assembly, see Figure I1.11. The coronagraphic image
obtained with CLC is not perfectly symmetric and therefore, we decide to compute its azimuthal
average to represent CLC radial intensity profile. Brightness attenuations reached by CLC and CRC
at different separations are reported on Table I11.4. Numerical results show that CRC yields better
contrast gains than CLC at all separations: in some cases, it provides starlight attenuations better
5 mag and above all, at the smallest angular distances from the observed on-axis point source.

1I1.6.2 Numerical results obtained with APLC without Lyot stop and SLLC

Since we started our coronagraph feasibility study for FRIDA, we have investigated the possibility
of inserting a coronagraph which involves pupil apodizer, focal plane mask and Lyot stop. Indeed,
this kind of coronagraph is expected to provide better starlight attenuations than CLC or CRC and
constitutes a very promising solution for high contrast imaging at small angular separations. In the
context of FRIDA operating in IF'S mode, APLC was firstly considered for this GTC instrument. An
apodization and coronagraph mask can be introduced respectively in the 1%¢ pupil and focal planes.
However, no Lyot stop can be included in PP2. We therefore propose an original coronagraphic
concept to overcome the FRIDA stresses: the Stop-less Lyot Coronagraph (SLLC), a combination of
pupil and focal masks. Hereafter, we estimate the star brightness attenuation that can be obtained
with this innovating approach.

Figure 11.12 gives an illustration of the optical scheme of FRIDA equipped with SLLC or APLC
working without Lyot stop. Let us remind that we do not simulate the presence of the opaque
mask in FP2: since no Lyot stop is present in plane PP2, the spot will block starlight in FP2 and
only residual light due to diffraction will be present in its re-imaged area in FP3, depending on the
size of the geometric exit pupil in plane PP2. The intensity profiles of these apodizer solutions are
reported in Figure I11.24 bottom plot. Table I1I.4 summarizes the contrast gain results that can
be reached with the apodizers of APLC working without Lyot stop and SLLC at different angular
separations. The SLLC apodizer can yield brightness attenuations greater than 3.50 mag. These
values are very promising and allow to point out the relevancy of using this coronagraph. SLLC
proves to be a very interesting option for instruments for which the insertion of a pupil is made
impossible.

I11.6.3 Discussion

Hereafter, we propose to synthesize the results achieved numerically with all the coronagraphic
configurations of our study. In addition, we decide to report the results obtained with APLC.
It aims to compare the performance of APLC and suitable coronagraphs and determine the best
coronagraphic option for FRIDA in the approach of a diffraction-limited system.

The APLC option was studied assuming that a Lyot stop could be inserted in the 27¢

pupil plane
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of FRIDA. This is not realistic at all but gives us a good idea about the capabilities of APLC if
its insertion could be technically feasible. The entrance pupil geometry for APLC is circular with
a 29% central obscuration, therefore we use the characteristics of APLC already computed and
presented in the present chapter. Since APLC is not a suitable coronagraph for FRIDA, we decide
to not sketch its intensity profile in the respective plots of Figure I11.24.

Table II1.4 summarizes the contrast gains that can be reached with all the coronagraphic devices
at different angular separations.

CRC is the only coronagraph able to provide observations at an angular separation of 2\/D or
0.100 arcsec at A = 2.200 um (K-band). This is due to the small size of the mask (r = 0.60\/D).
At an angular separation of 4 \/D from the star (0.200 arcsec at A = 2.200 um), it can be noticed
that CRC and APLC provides the best contrast gains with respectively Am = 5.20 and 12.66 in
stellar magnitudes. These starlight attenuations are greatly better than those achieved with SLLC
apodizer (Am = 4.27) and CLC (Am = 1.72). We can also note the large difference of contrast
between APLC and apodizer of APLC working without Lyot stop: this underlines the interest in
using a Lyot stop for a coronagraph which involves an apodizer and a mask.

At larger angular distances from the on-axis star, APLC represents the best coronagraphic option
with contrast gains usually greater than 10 mag. Thereafter, SLLC followed by CRC constitute
the best coronagraphic configurations for FRIDA, since it should provide gains better than 5 mag.
SLLC deserves to be considered as a non negligible diffraction suppression concept. CLC and APLC
working without Lyot stop present the weakest results in terms of contrast gain.

These numerical values give an accurate idea in terms of reachable contrast for FRIDA with the
different coronagraphic configurations and in the absence of aberrations. Under this approach,
APLC would be the best solution for FRIDA. However, since no Lyot stop can be included in PP2,
APLC is not suitable and therefore, SLLC becomes the more encouraging option, followed by CRC.

Table II1.4: Contrast gains reached by suitable coronagraphs and APLC for FRIDA in a diffraction-limited
approach. The present study is done considering a monochromatic on-axis point source.

Contrast gain in stellar mag. Am

Coronagraph at an angular separation (in \/D):

2.0 4.0 6.0 8.0 10.0 12.0 14.0
CLC 1.72 1.38 3.14 2.17 2.16 2.44
APLC without Lyot stop apodizer 4.27 3.32 1.48 2.12 2.90 3.13
CRC 5.16 5.20 2.68 4.00 5.83 3.59 2.52
SLLC apodizer 3.55 3.62 5.82 6.70 4.18

APLC 12.66  11.71 9.87 10.52 11.29  11.53
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Figure II1.24: Radial profiles of the non coronagraphic PSF and coronagraphic images obtained with
suitable coronagraphic devices for FRIDA. A monochromatic point source is considered here in K-band.
These results are obtained in the context of a diffraction-limited system. CLC and CRC are represented in
top plot and their focal plane masks are delimited by a vertical line for each coronagraph. APLC without
Lyot stop and SLLC apodizer profiles are represented in bottom plot and possible opaque masks are denoted
by a dashed line for use with the respective apodizers.
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II1.7 Conclusion of the third chapter

In this chapter, we carried out the implementation of a numerical tool to simulate the behavior of
different coronagraphic devices. The numerical tool was based on the Matrix Fourier Transform
(MATF). The semi-analytical approach performed with MATF allows to compute efficiently and
accurately coronagraphic intensity profiles. Furthermore, we described the algorithms used to ge-
nerate apodizer transmission profiles and illustrated them with some examples. Some important
computational aspects like chromatism or selection of the mask size were also reviewed. In all cases,
we checked the consistency of the solutions yielded with our tool. It was showed that our simula-
tions were in good agreement with the formalism of the stellar coronagraphs described in the first
chapter. Moreover, we validated experimentally the theory and simulations through the laboratory
tests made with a second-generation Roddier & Roddier phase mask. This aspect of the work was
reported in a paper which was sent to a referred journal, accepted and presented in Annexe C. It
allowed to point out the good consistency existing between numerical simulations and experimental
results.

Afterward, we put our numerical tool into practice to evaluate the performance reachable by the
suitable coronagraphic configurations for FRIDA. As a first step, the contrast gains were estimated
in the context of a diffraction-limited system. We noticed that SLLC seemed to be the best option
for FRIDA in terms of star brightness attenuation, followed by CRC, APLC working without Lyot
stop and finally CLC.

In the next chapter, we will extend this study to the approach of ground-based instruments.
Therefore, the atmospheric turbulence and its correction by the Adaptive Optics (AO) system
of the GTC will be considered. Thus, perfect wavefronts coming into FRIDA equipped with a coro-
nagraph will be replaced by AO corrected wavefronts. We will determine numerically the contrast
gains provided by each coronagraph for FRIDA in this context.

II1.7 Conclusion del tercer capitulo

En este capitulo, se llevé a cabo la implementacién de una herramienta numérica para simular
el comportamiento de diferentes dispositivos coronograficos. La herramienta estd basada en la
Transformada de Fourier Matricial (MAFT por sus siglas en inglés). El método semi-analitico rea-
lizado con MATF permite calcular de manera eficiente y con precisién los perfiles de intensidad
coronografica. Luego, se describieron los algoritmos adoptados para generar los perfiles de trans-
misién de las apodizaciones y se ilustraron con algunos ejemplos. Algunos aspectos importantes de
computaciéon como el cromatismo o la seleccién del tamano de mascara fueron revisados. En todos
los casos, se verificd que las soluciones producidas con nuestra herramienta fueran consistentes. Se
mostré que nuestras simulaciones concordaban bien con el formalismo de los corondgrafos estelares
descritos en el primer capitulo. Ademés, se validaron la teoria y las simulaciones de manera expe-
rimental a través de unas pruebas efectuadas en laboratorio con una maéascara de fase de Roddier
& Roddier de segunda generacién. Este aspecto del trabajo se reporta en forma de un articulo que
fue aceptado en una revista arbitrada y que se presenta en el anexo C. Se verificd la coherencia que
existe entre las simulaciones numéricas y los resultados experimentales.

Luego, se utilizé nuestra herramienta numérica para evaluar el desempeno alcanzado por las confi-



88 Chapter III. Coronagraph performance study for FRIDA in a diffraction-limited approach

guraciones coronograficas factibles para FRIDA. Como primera etapa, se estimaron las ganancias
a nivel de contraste en el contexto de un sistema limitado por la difraccién. Se notd que el SLLC
es la mejor opcién para FRIDA en términos de atenuacién de brillo estelar, seguido por el CRC, el
APLC sin diafragma de Lyot y finalmente el CLC.

En el préoximo capitulo, se extendera este estudio al caso de los instrumentos terrestres. Por lo tanto,
se consideraran la turbulencia atmosférica y su correccién por un sistema de Optica Adaptativa (AO
por sus siglas en inglés). De tal forma, los frentes de onda perfectos que llegan a FRIDA equipado
con un corondgrafo seran reemplazados por unos frentes de onda corregidos por AO. Se determinara
numéricamente las ganancias a nivel de contraste que cada uno de los coronografos para FRIDA
proveera en este contexto.
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Chapter IV

Coronagraph performance in the
presence of AO corrected wavefronts

IV.1 From diffraction-limited systems to ground-based instruments

IV.1.1 Interest of the diffraction-limited approach

In the previous chapter, our study was centered on the diffraction-limited approach and in that
context, we quantified numerically the contrast gain reachable with different coronagraphic confi-
gurations for FRIDA. Our results were computed in the absence of aberrations. This approach
proves to be very interesting when it deals with a space telescope. However, it remains limited in
the case of a ground-based instrument: the wavefront errors, which deteriorate the coronagraph
performance, have to be taken into account.

IV.1.2 Stellar coronagraphy in the context of ground-based instruments

In the context of a ground-based instrument, the presence of the atmosphere and its effects on the
telescope performance have to be considered. Indeed, atmospheric turbulence distorts the wave-
fronts coming from a star: this implies a loss of resolution on the star image. Nowadays, an Adaptive
Optics (AO) system represents the most spread and admitted solution to correct the wavefront er-
rors due to the atmospheric turbulence. With AQO, a ground-based telescope can get closer to its
theoretical resolution limit. The quality of the AO correction depends both on the strength of the
atmospheric perturbations and the characteristics of the AO system.

In the present study, we need first to compute the complex amplitude of the electric field yiel-
ded by a ground-based telescope with AO system. Afterward, we will be able to simulate dif-
ferent coronagraphs in the presence of AO compensated wavefronts and estimate their performance.
Here, our study is focused on FRIDA. Hence, we will consider parameters of the Gran Telescopio
Canarias (GTC) supplied with GTCAOQO, its Adaptive Optics system (Devaney et al., 2004), in
our following computations since FRIDA is planned to work in concert with these instruments.
Once “GTC+GTCAO+FRIDA” has been modeled numerically, it will be possible to quantify the
contrast gains reached by different coronagraphic configurations for FRIDA.
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IV.1.3 Goals of this chapter

In the present chapter, we propose to estimate numerically the contrast gains reachable with suitable
coronagraphs for FRIDA. This study is now led in the presence of AO compensated wavefronts.
Section IV.2 reviews the atmospheric turbulence and its implications on the image quality provided
by a telescope. In Section IV.3, we briefly remind how an AO system works before giving the main
characteristics of GTCAO. Afterward in Section IV.4, we shortly describe CAOS (Carbillet et al.,
2005), the software we decide to use to model GTCAO and generate AO corrected wavefronts. Two
GTCAO configurations are considered here: its current design and a possible future upgrade.

In Section IV.5, numerical simulations are realized combining our coronagraph simulator with the
wavefronts computed with CAOS for both GTCAO models. We numerically evaluate and compare
the starlight attenuation achieved with CLC, CRC, APLC without Lyot stop and SLLC respectively.
Finally, a synthesis of the reachable contrast gains is given and thus, we discuss the relevance of
equipping FRIDA with just a coronagraph to provide high contrast images.
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IV.1 De sistemas limitados por la difracciéon a instrumentos ter-
restres

IV.1.1 Interés por el estudio de sistema limitado por la difraccién

En el capitulo anterior, nuestro estudio se centrd en sistemas limitados por la difraccion y en ese
contexto, se cuantifico de manera numérica la ganancia de contraste alcanzable con las diferentes
configuraciones coronograficas de FRIDA. Nuestros resultados fueron efectuados en ausencia de
aberraciones. Este estudio resulta ser muy interesante cuando se trata de un instrumento trabajando
en el espacio. Sin embargo, no es el caso de un instrumento colocado en un instrumento terrestre.

IV.1.2 Coronografia estelar en el contexto de instrumentos terrestres

En el caso de un instrumento terrestre, se debe considerar la presencia de la atmosfera y sus efectos
en el desempeno del telescopio. De hecho, la turbulencia atmosférica distorsiona los frentes de onda
que provienen de una estrella observada: eso implica una perdida de resoluciéon en la imagen de
la estrella. Hoy en dia, un sistema de Optica Adaptativa (AO por sus siglas en inglés) representa
la solucién mas difundida y admitida para corregir los errores de frente de onda producidos por la
turbulencia atmosférica. Con AO, un telescopio terrestre puede acercarse de su limite de resoluciéon
tedrico. La calidad de la correccién AO depende a la vez de la intensidad de las perturbaciones
atmosféricas y de las caracteristicas del sistema AO.

En el presente estudio, se necesita primero calcular la amplitud compleja del campo eléctrico ob-
tenida con un telescopio terrestre equipado con un sistema AQO. Luego, se podra simular los dife-
rentes corondgrafos en presencia de frentes de onda compensados por AO y estimar su desempeno.
Aqui, nuestro estudio esté enfocado en FRIDA. Por lo tanto, se considerardn pardmetros del Gran
Telescopio Canarias (GTC) equipado con GTCAO, su sistema de Optica Adaptativa (Devaney
et al., 2004), en nuestras simulaciones ya que FRIDA estd planeado para trabajar en conjunto con
estos instrumentos. Una vez modelado numéricamente “GTC+GTCAO+FRIDA”, serd posible
cuantificar las ganancias en contraste alcanzadas por las diferentes configuraciones coronograficas
de FRIDA.

IV.1.3 Objetivos del capitulo

En este capitulo, se propone estimar de manera numérica las ganancias en contraste alcanzables con
los corondgrafos factibles para FRIDA. Este estudio se hace ahora en presencia de frentes de onda
compensados por AO. Se revisa en la Seccion IV.2 la turbulencia atmosférica y sus implicaciones en la
calidad de imagen proporcionada por un telescopio. En Seccion IV.3, se recuerda brevemente como
funciona un sistema AQO antes de dar las principales caracteristicas de GTCAO. Luego en la Seccién
IV .4, se describe brevemente CAOS (Carbillet et al., 2005), el software que decidimos usar para
modelar GTCAO y generar frentes de onda corregidos por AO. Se consideran dos configuraciones
de GTCAO aqui: su disefio actual y una eventual actualizaciéon que se podria realizar en el futuro.
En la Seccién IV.5, se realizan simulaciones asociando nuestro simulador de coronégrafo con los
frentes de onda calculados con CAOS y para ambos modelos de GTCAOQO. Se evaltian numéricamente
y se comparan las atenuaciones alcanzadas con CLC, CRC, APLC sin diafragma de Lyot y SLLC
respectivamente. Finalmente, se provee una sintesis de las ganancias en contraste alcanzables y asi,
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se discute acerca de la relevancia de equipar FRIDA con sélo un coronoégrafo para proporcionar
imégenes de alto contraste.
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IV.2 Atmospheric turbulence and image quality

IV.2.1 Image resolution in the absence of aberrations

In this section, we review the criteria commonly used to characterize the image quality of a point
source object formed by an optically perfect system. In the present study, an observed star symbo-
lizes our point source and its image is described by the Point Spread Function (PSF), the impulse
response of our optical system, in the focal plane of the telescope aperture.

Let us consider a clear circular aperture in the absence of aberrations. Hence, the PSF is charac-
terized by the so-called Airy diffraction pattern. Following Lord Rayleigh’s criterion, two stars of
equal brightness are just resolved when the peak of one Airy disk falls on the first dark ring of the
other Airy disk. Therefore, the angular limit of resolution « is given by the radius of the first

dark Airy ring:
A
=1.22— JAYA
! Pk (IvV.1)

where D and \ denote respectively the telescope diameter and the wavelength of study.

The angular Full Width at Half Maximum (FWHM) is another typical parameter used in
imagery. For a point source, the angular FWHM at a given direction is approximately the ratio
between the wavelength and the width of the aperture in that direction:

FWHM ~ (IV.2)

A
D
IV.2.2 Energy criteria

The Strehl ratio and encircled energy constitute other common measures to estimate the quality of
an image. Both parameters are criteria of energy distribution within an image.

On the one hand, the Strehl ratio S represents the ratio of the peak intensity to that of a perfect
optical system. In the absence of aberrations, S = 1.

On the other hand, the encircled energy E'F is defined as the fraction of the total energy F in
the image enclosed within a circle of radius r centered on the PSF peak.

In the following, we will see how the angular limit of resolution and the Strehl ratio evolve when
atmospheric turbulence aberrations are considered.

IV.2.3 Atmospheric turbulence statistics

A brief physical description of the atmospheric turbulence is given here. We explain how the
wavefront distorts and its implications on the image formation. Therefore, a part of this section is
devoted to the statistics of the air refractive index fluctuations. A more detailed statistics description
of the air refractive index fluctuations and wavefront distortions can be found in several papers (e.g.
Roddier, 1981, 1989; Fried, 1994) and books (Roddier, 1999a; Tyson, 1998). Here, we summarize
the main results given in Roddier (1999b) and review several notions and parameters that will be
used latter.

Fluctuations in the air refractive index are essentially proportional to the fluctuations in the air
temperature. The changes in temperature are due to wind shears which produces turbulence and
mixes the air layers at different temperature. Therefore, temperature inhomogeneities appear,
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what implies small changes in the atmospheric density and hence, to the index of refraction. The
statistics of refractive index follows that of temperature inhomogeneities, which are governed by
the Kolmogorov-Obukhov law of turbulence. Here, we deal with a non stationary random process.
Let us evaluate the difference of the refractive index n between a point r and a nearby point at a
distance g = |g| apart. Vectors r and q represent three dimensional positions and separations. The
variance of the difference between the two values of the refractive index is given by:

Dn(q) =< ’Tl(’l") - n(r + q)‘2 >= Cr2z q2/37 (IV3)

where D,,(q) is called the index structure function and the brackets <> represent an ensemble
average. The constant C2 is the index structure coefficient and it defines a measure of the
turbulence strength. This amount varies with seasons as well as the geographic location and the
altitude. Furthermore, the dependence of C2 on altitude is called the turbulence profile. Table
IV.1 gives the atmospheric layer model of the GTC location: the Observatorio del Roque de Los
Muchachos (ORM) in Canary Islands, Spain, see Figure IV.1.

Eq. (IV.3) is a valid approximation as long as ¢ is smaller than some value called the turbulence
outerscale Lg. Indeed at longer distances, the fluctuations n(r) and n(r+q) are expected to become
eventually uncorrelated and therefore, the index structure function no longer depends on q.

Now, let us analyze the wavefront phase distortions caused by the atmospheric turbulence. The
wavefront complex amplitude 1 is defined as follows:

1 = Aexp(iyp), (IV.4)

where A and ¢ are real numbers which respectively represent the amplitude and the phase of the
field fluctuation. A surface over which ¢ takes the same value is called a wavefront surface. Before
entering the atmosphere, light from stars forms plane waves. However, inside the atmosphere the
speed of light will vary as the inverse of the refractive index. Parts of the wavefront surface will enter
in regions of higher refractive index and will be delayed compared to other parts of the wavefront
through other regions, see Figure IV.2. It implies a deformation of the wavefront surface. The
deformation is given by the optical path fluctuation J:

0= /n(z) dz, (IV.5)

where n represents the refractive index fluctuation along the light propagation axis.
The phase ¢, at the wavelength A, can be expressed as:

276
-
To study the phase fluctuations between a point r of the telescope aperture and a nearby point at

a separation g = |q|, we estimate the phase structure function D, which represents the variance of
the phase difference:

@ (IV.6)

Dy(q) =< |p(r) —p(r +q)I* > . (IV.7)
Using Egs. (IV.3), (IV.5) and (IV.6), the previous equation can be rewritten as:

D,(q) = 291k ¢*/3 / C2(2) dz, (IV.8)
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Table IV.1: Seven layer model of the Observatorio del Roque de los Muchachos turbulence variation. Table

extracted from Devaney et al. (2002).

Altitude h (m) 500 1500 2500 7000 10000 15000 17000

C2? (x10~ M m=2/3) 32 28.5  5.62 293 243 282 487
Normalized weighted C2  0.2602 0.2317 0.0457 0.0238 0.0198 0.0229 0.3959

Figure IV.1: GTC dome in the Observatorio del Roque de los Muchachos (ORM) at La Palma island,

Spain.
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Figure IV.2: Illustration showing the distortion of initially plane wavefronts caused by air refractive index

fluctuations. (© Claire E. Max UCSC.
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where k denotes the wave number (k = 27 /)\).

C? integral along the light propagation path gives a measure of the total amount of wavefront
degradation or seeing. The atmosphere is generally considered to be stratified in plane parallel
layers, therefore C2 only depends on the height i above the ground. In this case, Eq. (IV.8) can
be rewritten:

Dy(q) = 2.91 k2 (cos)~1¢*/3 / C2(h) dh, (IV.9)

where 7 represents the angular distance of the source from the zenith and (cosy)~! is called the air
mass.

The Kolmogorov model of the turbulence distortions prescribes the specific form of the phase struc-
ture function:

g \%/3
D,(q) = 6.88 (7) , (IV.10)
0
with
-3/5
ro = |0.423 k2 (cosy)_l/Cg(h) dh} (IV.11)

ro is a length called Fried’s parameter (Fried, 1965) or coherence diameter. Inside a disk area
of diameter ry within a wavefront, the optical phase distortion has a mean square value of 1 rad?.
The Fried’s parameter gets smaller when turbulence is strong (large C2). rq is usually given at
A = 0.5 um for reference purposes. Moreover, it has to be noticed that ry increases as the power
6/5 of the wavelength (rg o< A6/ °): 7o gets bigger at longer wavelengths and therefore, AO is easier
in the infrared than in the visible. Let us also note another important property: rg gets smaller
quickly as telescope looks toward the horizon (larger zenith angle v). At excellent observing sites
such as Mauna Kea in Hawaii, rg is such as 15 < rg < 30cm at A = 0.5 ym.

IV.2.4 Seeing

The Fried’s parameter allows to define another important criteria: the seeing. The FWHM of an
atmospheric PSF 3 or seeing is given by:

A
B=098". (IV.12)
0

If we compare this expression with Eq. (IV.2), it can be noticed that in the presence of atmospheric
turbulence, the FWHM given by a ground-based telescope of diameter D is equivalent to that of
an ideal telescope of diameter rg. Adaptive Optics systems aim to recover the resolution limit of
an ideal telescope of diameter D. For a typical value 7o = 15cm at A = 0.5 ym, we obtain a seeing
value = 0.67 arcsec.
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IV.3 Adaptive Optics: review and simulations

IV.3.1 Principle of the Adaptive Optics

We briefly describe the basic and general scheme of Adaptive Optics, see Figure IV.3. A wavefront,
coming from a guide star (either a natural guide star, NGS, or an artificial laser guide star, LGS)
close to the science object, crosses several atmospheric layers before arriving into the telescope
aperture and being analyzed by a wavefront sensor (WFS) which measures its aberrations. This
information is sent to an algorithm control system which is going to generate the required shape
of the Deformable Mirror (DM) to correct the wavefront errors. The WFS and the algorithm
control system work in real time trying to obtain zero aberrations by continuously adjusting the DM
shape. By this way, the science object wavefront is corrected by the DM thanks to the information
obtained by the guide star wavefront. Figure IV.4 gives an example of images obtained before and
after AO correction.

Our present study is focused on FRIDA, an instrument planned to work in concert with GTC and
its AO system, namely GTCAQ. Therefore, we will base us on GTCAO characteristics to simulate
the AO corrected wavefronts that will be seen by FRIDA.

IV.3.2 Formation of the AO residual speckles

This part is devoted to the speckle formation in the image plane when we deal with the presence of
atmospheric turbulence. First of all, the uncompensated image of a stellar point source is analyzed.
Afterward, we will explain the effects of AO correction on the star image yielded by a telescope
aperture of diameter D. Many descriptions of speckle formation can be found in the literature.
Here, we mainly follow and summarize the explanation given by Racine et al. (1999).

Firstly, let us consider a circular patch of diameter ry within an atmospheric distorted wavefront
coming from an observed star. Since ry denotes the coherence diameter, the beam derived from this
sub-pupil generates a PSF of width ~ \/ry imposed by the diffraction, in the image plane.
Secondly, if we consider two such patches separated by a distance ~ D, they can be seen as a
two-beam interferometer. Therefore, we obtain a PSF of width ~ A\/D and which intensity is
modulated by a system of linear interference fringes. The movement of the fringe pattern within
the PSF envelop results from the randomly varying phase difference between the two subapertures.
Now, we extend the approach to three patches which are assumed to be non collinear. Thus,
considering that there are three non redundant pairs of subpupils, three moving patterns of fringes
are obtained in the image plane. It will carry out to the mix of these fringes in the telescope focal
plane. Where constructive interferences occur, an enhanced bright speckle of width \/D appears.
Finally, if we consider that the D-diameter pupil is filled with rg-size subpupils, the interferences
resulting from all the beams will produce the full speckle pattern. There is a room for x(D/rg)?
adjacent speckles of size ~ A/D within the seeing disk of width ~ A\/r¢. Roddier (1981) and Roddier
et al. (1982) show that when D/rg > 1 or S < 1, the filling factor x has a value 0.342. Until now,
we have contemplated the case of a short exposure integration time. If a long exposure integration
time is considered, the speckle pattern will be time-averaged and a blurred star image of width
~ A/ro will be obtained as we evoked previously, see Figure IV.4 middle frame.

The use of the AO correction leads to an enhancement of the original star diffraction pattern. In
addition, this image will get closer to that obtained with a diffraction-limited system in the absence
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Figure IV.3: General scheme of an Adaptive Optics system. Extracted from the AO tutorial at CTIO, see:
www.ctio.noao.edu/~ atokovin/tutorial /intro.html, ©Imperial College.

tiche d’Airy image turbulente image corrigée (SR = 64%)

Figure IV.4: Impulse response of the Nasmyth Adaptive Optics System (NAOS) on the Very Large
Telescope (VLT) for 1o = 1m, D = 8m and A = 2.2um. Left: Airy diffraction pattern corresponding
to the impulse response obtained with a clear circular aperture. Middle: Long exposure image obtained in
the presence of atmospheric turbulence. Right: Correction of the previous image with the Adaptive Optics
system. The achieved Strehl ratio is .S = 0.64 in this case. ©ESO.
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of aberrations. Indeed, the PSF central core and some of the first bright rings arise thanks to the
AO compensation which increases the coherence (an effective increase in rg), see Figure IV.4 right
frame. This PSF contains a fraction S of the star luminous energy, where S denotes the Strehl ratio.
The other part 1 — .S is found within the speckles described before, namely here the AO residual
speckles. Hence, by time-averaging, the final image formed in the telescope focal plane results in
the sum of the PSF obtained with a diffraction-limited system and a smooth long-exposure halo
due to the speckle pattern. These two contributions are respectively balanced with S and 1 — S.
Depending on the AO system efficiency and the Strehl ratio reached with the AO compensation,
the Fraunhoffer diffraction pattern of an ideal telescope free of aberrations will be more or less
recovered.

IV.3.3 GTCAO: current characteristics and performance

The Gran Telescopio Canarias is installed at ORM on La Palma island. The Fried’s parameter is
ro = 15cm at A = 0.5 um and the wind velocity v = 10m-s~! for the standard seeing scenario.
GTCAO, the adaptive optics system of the GTC (Devaney et al., 2004), will offer high-order correc-
tion in the near-infrared while the tip-tilt correction will be provided by the secondary mirror of the
GTC. The AO system will initially operate with a single deformable mirror conjugated to the GTC
pupil. Moreover, GTCAOQO is planned to have a performance similar to the following deformable
mirror geometry: 21 actuators placed across the long axis of the telescope pupil. In addition, the
system will employ a Shack-Hartmann wavefront sensor.

“GTCAO+FRIDA” will be mounted on fixed positions at the Nasmyth station. However, they will
not be attached to the GTC Nasmyth derotator. GTCAO will perform his own field derotation,
therefore the GTC pupil image will rotate in the FRIDA pupil planes. In the following, the pupil
masks are supposed circular in order to not introduce a pupil rotator.

IV.4 The CAOS software

IV.4.1 Presentation

The Code for Adaptive Optics Systems (CAOS, Fini et al., 2001; Carbillet et al., 2004, 2005) is
properly said a Problem Solving Environment. Its original aim was to define and simulate as
realistically as possible the behavior of a generic AO system, from the atmosphere propagation of
light to the sensing of the wavefront aberrations and the correction through a deformable mirror.
The different developments made these last years result in a very versatile numerical tool complete
of a global graphical interface (The CAOS application builder) and different specialized scientific
packages: the original one designed for AO system simulations (The Software Package CAOS), an
image reconstruction package with interferometric capabilities (The Software Package AIRY) and a
more recent one being built and dedicated to multi-conjugate AO (The software Package MAOS).
In the following, we use the CAOS application builder and the Software Package CAOS. A screen
capture is given in Figure IV.5. This tools allow to design an AO system with the proposed modules,
generate the corresponding AO corrected wavefronts and predict the AO system performance.

Here, our goal consists in computing the AO compensated wavefronts performed by GTCAO and
thereafter provided to FRIDA. Thus, it will be possible to quantify the contrast gain reached by
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Figure IV.5: Screen capture of the CAOS operative system. This tool allows to account for the atmospheric
turbulence characteristics and implement the Adaptive Optics system to correct them. Here, we can observe
the graphic interface and the use of some modules. This configuration and the corresponding parameters will
be adapted here to the GTCAO case.

suitable coronagraph configurations for FRIDA in the presence of AO compensated wavefronts.
CAOS was provided by courtesy of Marcel Carbillet and can be downloaded from the following
websites: http://www-luan.unice.fr/caos/ and http://Ibtwww.arcetri.astro.it/CAOS/.

IV.4.2 Association CAOS+coronagraph simulator

In the previous chapters, we presented the tool developed to compute coronagraphic behaviors and
the numerical results obtained with it. Our simulator allowed to estimate numerically the brightness
attenuation reached by different coronagraph configurations for FRIDA. However, this study was
done in the context of a diffraction-limited system and therefore, incoming wavefronts were assumed
to be plane.

In the approach of a ground-based instrument, the imperfect AO correction causes residual artifacts
within the compensated wavefronts. CAOS helps us to implement these more realistic wavefronts.
By combining CAOS and our coronagraph simulator, we plan to characterize the coronagraph
performance in the presence of wavefronts with residual errors. The contrast gains reachable with
the suitable coronagraphs for FRIDA are quantified thereafter.
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IV.4.3 Parameters of our simulations

In the present approach, we work with characteristics of an inscribed disk pupil inside the GTC
pupil (diameter D = 9.039m, central obstruction: 29%). Let us remind that the parameters of
ORM are considered here: the standard seeing scenario gives a Fried parameter ro = 15cm at
A = 0.5um (or equivalently a seeing 3 ~ 0.67 arcsec) and a wind velocity v = 10m-s~!. Two
GTCAO configurations are modeled with the CAOS software and studied hereafter. In both cases,
the wavefront sensor measurements are assumed to be perfect (ideal detector) and 200 independent
AO corrected phase screens are generated.

First of all, we model the current GTCAO design with a number of actuators across the pupil
diameter N, = 20. We achieve Strehl ratios S = 0.414 and 0.603 at respectively A = 1.635 um
(H-band) and 2.200 pm (K-band). It corresponds respectively to residual wavefront variances O'?D =
0.881 rad? and 0.506 rad? based on the approximation S ~ exp(—o*i) and valid for S > 0.1. These
values are in good agreement with those expected for the current GTCAO system: S = 0.415 and
S = 0.610 for a seeing 3 = 0.65 arcsec (Femenia et al., 2006). Simulation and contrast gain results
are reported in section IV.5.1.

In addition, we consider a possible upgrade for GTCAQO system with N, = 40 instead of 20 for
the deformable mirror. This allows us to predict the behavior of suitable coronagraphic devices for
FRIDA in the presence of an improved AO system. We now achieve Strehl ratios S = 0.813 and
0.892 at respectively A = 1.635 um and 2.200 pm. Values of the reachable brightness attenuations
are given in section IV.5.2

To avoid an accumulation of graphs, we only expose the numerical results achieved in K-band.
Let us remind that AO performs better at larger wavelengths, what leads to a better correction of
the incoming wavefronts for FRIDA in K-band rather than in H-band. Moreover, since FRIDA is

planned to work in a cryogenic way, the radiative emission of its components in K-band is negligible.

IV.4.4 Operative mode

Let us describe the operative mode which allows to yield the numerical results reported hereafter.
First of all, AO corrected wavefronts are implemented with CAOS accounting for the ORM site and
GTCAO parameters. Thereafter, we save the corresponding phase screens into a file. Secondly, the
archived file is opened and the wavefronts are inserted into the entrance pupil plane of the corona-
graph simulator describing FRIDA optical assembly and equipped with a given coronagraph. For
each phase screen, all the steps of the coronagraphic system are computed to obtain a coronagraphic
PSF in the image plane. After realizing this operation for all the called phase screens, we sum and
average the achieved coronagraphic images to reach a mean one. In the following, we report the
azimuth averaged intensity and the azimuth standard deviation 50 profiles derived from this mean
coronagraphic image. The corresponding graphs are obtained for each coronagraphic configuration
of our analysis.

IV.4.5 Profiles shoulders

In the following, it will be noticed that our profiles present a shoulder: at ~ 5.5\/D for Ny = 20
and ~ 11\/D for Ny = 40. They delimit the area of AO partial correction extending to the
shoulder from the center of the image. Outside this plateau, AO correction does not improve the
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image. Let us remind that the cutoff frequency of the AO filter cannot be higher than the spatial
Nyquist frequency of the actuator spacing, k4ao = Nget/2D (Sivaramakrishnan et al., 2001). At a
given wavelength A, this spacing corresponds to an angle 040 = Ny A/2D. Hence, 040 = 10\/D
for Nyet = 20 and 040 = 20 \/D. Several reasons can be advanced to explain the sharpness of the
cutoff observed in our profiles: the DM actuator influence functions that extend the neighboring
actuators’ positions or an imperfect DM calibration can cause a reduction of the efficacy of the high
spatial frequency wavefront correction.
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IV.5 Simulations for a ground-based instrument equipped with a
coronagraph

IV.5.1 Numerical results obtained for FRIDA with the current GTCAO
IV.5.1.1 Results obtained with CLC and CRC

Figure IV.6 gives on the top plot, the azimuth averaged intensity profiles reached with CLC or CRC
and on the bottom plot, the 50 detectability graphs for each one of these profiles. On the top plot,
the profiles represent the AO corrected image, the CLC and CRC images. On the bottom plot, the
50 value gives us an idea about the detectability of a faint substellar companion in the presence of
residual speckles.

As seen in Figure IV.6 top plot, some intensity attenuations can be reached with CLC or CRC.
With CLC and CRC, magnitude differences Am = 0.55 and 0.49 can respectively be achieved at an
angular separation 0.200 arcsec from the star (or equivalently, 4.0 \/D from the main optical axis).
Moreover, a contrast gain Am = 1.26 can also be reached at an angular distance 0.100 arcsec from
the star (or equivalently 2.0 \/D from the main optical axis) with CRC. Table IV.2 summarizes the
contrast gain results that can be obtained with CLC or CRC at different angular separations.

IV.5.1.2 Results obtained with APLC without Lyot stop and SLLC

Figure IV.7 is similar to Figure IV.6 but here, apodizers of APLC without Lyot stop and SLLC
are the computed coronagraphs for the simulation. Let us remind that we do not simulate the
presence of the opaque mask in FP2: since no Lyot stop is present in plane PP2, the spot will block
starlight in FP2 and only residual light due to diffraction will be present in its re-imaged area in
FP3, depending on the size of the geometric exit pupil in plane PP2.

As shown in Figure IV.7, some additional intensity attenuations can be reached with apodizer of
APLC without Lyot stop. A magnitude difference Am = 0.38 is quantified with apodizer of APLC
without Lyot stop. This value is estimated at an angular separation 0.200 arcsec (or equivalently
4.0 \/D from the main optical axis). In the case of SLLC apodizer, we do not obtain brightness
attenuation. This can be explained by the fact that SLLC apodizer profile, as well as that of APLC
without Lyot stop, does not reach the halo profile of speckles as we expected. After several tests,
we did not find the reasons of this behavior. The case is discussed at the end of the present chapter.
Table IV.2 summarizes the numerical results reached with apodizers of APLC without Lyot stop or
SLLC, at different angular separations.
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Figure IV.6: Top: Azimuth averaged profiles of the non coronagraphic PSF and images obtained with
CLC and CRC, for a 29% centrally obstructed telescope (GTC case), in K-band (A = 2.200 ym) and for
Naet = 20. Bottom: Profiles of the azimuth standard deviation 50 of the normalized intensities I. Focal
plane masks are delimited by a vertical line.
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Figure IV.7: Top: Azimuth averaged profiles of the non coronagraphic PSF and images obtained with
APLC without Lyot stop and SLLC, for a 29% centrally obstructed telescope (GTC case), in K-band (A =
2.200 pm) and for N, = 20. Bottom: Profiles of the azimuth standard deviation 5o of the normalized
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IV.5.2 Numerical results obtained for FRIDA with an improved GTCAOQO
IV.5.2.1 Results obtained with CLC and CRC

Figure IV.8 is similar to Figure IV.6 but here, we work with N, = 40 instead of 20. Let us remind
that we do not simulate the presence of the opaque mask in FP2: since no Lyot stop is present in
plane PP2, the spot will block starlight in FP2 and only residual light due to diffraction will be
present in its re-imaged area in FP3, depending on the size of the geometric exit pupil in plane
PP2.

As seen in Figure IV.8 top plot, better intensity attenuations are reached with CLC or CRC, and
Nyt = 40 instead of 20. With CLC and CRC, magnitude differences Am = 1.32 and 1.99 can
respectively be achieved at an angular separation 0.200 arcsec (corresponding to 4.0 A\/D from the
main optical axis). In addition, a contrast gain Am = 3.18 can also be reached at an angular distance
0.100 arcsec from the star (or equivalently 2.0 A\/D from the main optical axis) with CRC. Table IV.3
summarizes the contrast gain results that can be obtained with CLC or CRC, for different angular
separations. It can be noticed that the contrast gain values obtained with an improved GTCAO
configuration are greater than those obtained when we consider the current GTCAO design.

IV.5.2.2 Results obtained with APLC without Lyot stop and SLLC

Figure IV.9 is similar to Figure IV.7 but here, we work with N,.; = 40 instead of 20.

As shown in Figure IV.9, some additional intensity attenuations can be reached with apodizers of
APLC without Lyot stop or SLLC. A magnitude difference Am = 0.65 or 0.49 is quantified with
the apodizers of respectively APLC without Lyot stop and SLLC. These values are estimated at an
angular distance 0.301 arcsec from the star (or equivalently 6.0 \/D from the main optical axis).
At larger separations, contrast gains provided by SLLC apodizer are better than those of apodizer
of APLC without Lyot stop. However, we notice again that APLC without Lyot stop and SLLC
apodizer profiles are slightly above that of the non coronagraphic image. We discuss the case at the
end of the chapter.

Table IV.3 summarizes the contrast gain results that can be reached with the apodizers of APLC
without Lyot stop or SLLC, at different angular separations. Here again, it can also be noticed that
the contrast gain values obtained with an improved GTCAQO configuration are greater than those
obtained when we consider the current GTCAO design.
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Figure IV.8: Top: Azimuth averaged profiles of the non coronagraphic PSF and images obtained with
CLC and CRC, for a 29% centrally obstructed telescope (GTC case), in K-band (A = 2.200 ym) and for
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Figure IV.9: Top: Azimuth averaged profiles of the non coronagraphic PSF and images obtained with
APLC without lyot stop and SLLC, for a 29% centrally obstructed telescope (GTC case), in K-band (A =
2.200 pm) and for N, = 40. Bottom: Profiles of the azimuth standard deviation 5o of the normalized
intensities I. Possible opaque masks are delimited by a dashed vertical line for use with apodizers of APLC
working without Lyot stop and SLLC.
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Table IV.2: Contrast gain reached with different coronagraphic configurations and Ng.; = 20. Results are
given here in K-band.

Contrast gain in stellar mag. Am

Coronagraph at an angular separation (in \/D):

20 4.0 6.0 8.0 10.0 12.0 20.0
CLC 0.55 0.10 0.13 0.23 0.10 0.06
CRC 1.26 0.49 0.07 0.11 0.23 0.08 0.04
APLC without Lyot stop apodizer 0.38 —0.07 —0.05 0.09 —-0.01 —-0.02
SLLC apodizer -0.22 -0.18 —-0.05 —-0.17 -0.17

Table IV.3: Contrast gain reached with different coronagraphic configurations and N, = 40. Results are
given here in K-band.

Contrast gain in stellar mag. Am

Coronagraph at an angular separation (in \/D):

20 40 6.0 80 100 12.0 14.0
CLC 1.32 054 0.84 0.94 0.19 0.08
CRC 3.18 199 0.68 0.84 1.15 0.20 0.08
APLC without Lyot stop apodizer 1.86 0.65 047 081 —-0.01 —-0.09

SLLC apodizer 0.49 0.59 0.86 —-0.15 —-0.24
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IV.5.3 Consistency of the results
IV.5.3.1 Tests based on statistics

Some basic tests are used to check the relevance of our results. According to the Rician statistics
(Aime and Soummer, 2004), for one snapshot image (that means a unique realization of speckles), its
azimuth averaged intensity profile is expected to be equal to that of its azimuth standard deviation:
I=o0.

In the case of a long-exposure image, simulated by averaging /N independent realizations of image
and assuming that there is no static aberrations, we expect to find the following relationship in the
area in which speckles are prevailing:

|~

~ = VN. (IV.13)
In addition, we can deduce the following assertions. On the one hand, in the area where the
diffraction residuals prevail on speckles, I will be larger and therefore, I Jo > V/N. On the other
hand, when the diffraction term is not dominant but large enough to provide a substantial amount
of pinned speckles (a detailed description of these speckles is given in Chapter VI), the standard
deviation ¢ will increase. However, since the azimuth averaged intensity of the pinned speckles is
null, their contribution do not appear within I and thus, I/o < v/N. These considerations allow
to understand the shape of the 50 detectability profiles and in particular, their curious lobes at the
angular separations corresponding to bright diffraction rings in the image.

For all our simulations, we considered 200 independent realizations and therefore, we expect a ratio
I/50 ~ 2.83, which corresponds to a magnitude difference Am = 1.12, at angular separations in
which the speckles prevail the other contributions in the star image. This value represents the
difference of magnitudes to observe between the profiles of the azimuth averaged intensity and
standard deviation for a given long-exposure image and where the speckles are prevailing. A quick
observation of Figures IV.6 to IV.9 allows to note that considering the profiles at 20 \/D, the
magnitude difference between I and 50 seems to be ~ 1.

This first approximation allows to be optimistic about the relevance of our results. Let us check if
our wavefronts are independent. Another test consists in evaluating the averaged value at a given
point of the phase screens. Firstly, we choose randomly a point of our phase screens and check if the
average value at this point is null. The test is repeated for two different points of our phase screens
and the result given in Figure IV.10 top and bottom plot for respectively Ny = 20 and 40. For
both points, we obtained a null average. Secondly, we generalized our test to all the points of our
wavefronts. A mean wavefront is calculated from the 200 AO corrected screens and thereafter, its
azimuth average is estimated to reach its radial profile, see Figure IV.11. A null average is obtained
for this mean wavefront. Moreover, we compare the variance of this mean wavefront and the sum
of the variances for each wavefront divided by /N and an equality is obtained as expected. We can
conclude about the independence of our wavefronts and be confident about the relevance of our
results.

IV.5.3.2 Analysis of profiles with apodizer

In the graphs in which APLC without Lyot stop and SLLC apodizer behaviors are displayed, it
can have been noticed that their profiles find out slightly above the non coronagraphic one. A
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Figure IV.10: Phase profiles at a given point for two different points of our 200 AO corrected wavefronts

in K-band (A = 2.200 um). Profiles displayed for N, = 20 and 40 in top and bottom plots respectively.
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convergence of all our profiles to the speckle halo threshold was expected as in the case of CLC
and CRC. The first reason that can be advanced to justify this curious result is an uncorrect
normalization of the apodizer profiles. However, all these profiles are normalized to their respective
intensity peak value, since no focal plane mask is considered here. Let us remind that an apodizer in
the entrance pupil implies three main effects on the apodized PSF compared to a non coronagraphic
PSF, in the following focal plane:

— a decrease of the intensity peak value of the apodized PSF

— an enlargement of the apodized PSF core

— a concentration of energy within the apodized PSF core.

The decrease of the intensity peak value of the apodized PSF cannot be observed in our curves;
indeed, our profiles are normalized to their intensity peak value. On the opposite, the enlargement
of the PSF core can be noticed in our represented profiles. The last point can be pointed out with
a plot of the Encircled Energy profiles of the apodized and not apodized images.

Without normalization of our profiles, we no longer achieve the expected results since the halo of
the apodized profile is far away from that of the non coronagraphic one. In a last test, we consider
the normalization of our profiles with respect to their respective intensity peak value and divided
them with the throughput value of the used apodizer. Within this approach, it can have been noted
that all the profiles converge to the same speckle halo. However, the values at the centre are no
longer equal to one for the apodized profiles. We did not succeed in determining if our apodizer
profiles are correct or if we made a mistake in our simulations.

IV.5.4 Discussion about coronagraph usefulness for FRIDA

The numerical results have shown that a contrast gain can be reached in the presence of AO
compensated wavefronts and whatever the used coronagraph. However, if we compare these results
with those achieved in Chapter IV, we can notice a great difference of starlight attenuation. In the
approach of a ground-based instrument, coronagraphs do not succeed in achieving contrast gains as
good as those obtained in the case of a diffraction-limited system. This results from the limitation
imposed by the residual speckles. Coronagraphs are restrained by the halo produced by the average
of the speckles and therefore, cannot overcome this intensity threshold (Aime and Soummer, 2004).
The coronagraphic efficiency depends on the intensity level of the halo. In our approach, we have
showed that working with an improved GTCAQO design rather than the current GTCAO design
allows to increase the performance of all the suitable coronagraphs for FRIDA. Sivaramakrishnan
et al. (2001) and Aime and Soummer (2004) show numerically and analytically respectively that the
lower the halo (equivalently, the greater the Strehl ratio), the greater the coronagraphic efficiency.
Hence, as they said, there is no use working with a very powerful coronagraph if the level of the halo
created by the speckle average is too high. Our simulation results confirm their assertion with the
difference that we yielded an end-to-end simulation of the complete GTCAO system with CAOS.

One can wonder therefore if there is a real interest in applying coronagraphy to a ground-based
science instrument behind AO system. On the one hand, one of the main benefits of the coronagraph
results in its ability to suppress the star PSF core and some first bright diffraction rings. In Figures
IV.6 and IV.6 top plots, it can be noticed that CRC and CLC allow to reach at least a maximum
rejection value of 102. The same comment is valid for APLC without Lyot stop and SLLC since
an opaque mask can be used in the image plane and allow to avoid detector saturation. Hence,
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risks of detector saturation are lower for instruments and in particular, FRIDA supplied with a
coronagraph. It also carries out to an increase of the image dynamic range for these instruments
and therefore FRIDA, if it is equipped with a coronagraph. On the other hand, the contrast
gains in the search area are maybe small but not null. Consequently, they represent a first star
brightness attenuation made with an optical processing technique. Since imaging an eventual faint
substellar companion close to a bright star is extremely challenging, the PSF bright ring extinction
yielded by coronagraphs constitutes above all a first encouraging star luminosity reduction. We
have shown that with an improved AO system, it is possible to increase the contrast gain provided
by a coronagraph for FRIDA.

These exposed points (PSF core suppression, intensity reduction of the first PSF bright rings)
underline the usefulness of the coronagraph for a ground-based instrument in the presence of AO
compensated wavefronts.
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Figure IV.11: Azimuth averaged phase profiles of the mean wavefront in K-band (A = 2.200 pm) for
Nyer = 20 and 40.
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IV.6 Conclusion of the forth chapter

In this chapter, we considered AO corrected wavefronts instead of perfect wavefronts. Under this
approach, numerical results about the performance of different coronagraphs were exposed. To
realize our simulations, the characteristics of the instrument “GTC+GTCAO+FRIDA” were in-
volved using CAOS and our coronagraph simulator. We showed that coronagraphy is useful for a
science instrument. Indeed, coronagraphic devices allow to increase the image dynamic range by
eliminating the star PSF core and some first bright diffraction rings. The suppression of the PSF
brightest components results in the avoidance of detector saturation. Furthermore, we quantified
numerically the starlight attenuation provided by several coronagraph configurations (CLC, CRC,
APLC without Lyot stop, SLLC) in the search area. From the analysis of these values, we concluded
that coronagraphs perform a contrast increase in the regions of interest, it means where substellar
mass companions could eventually be found and imaged.

However, the results we obtained also confirm that the combination “AO-+Coronagraphy” will not
be enough to produce high contrast images for FRIDA with the current GTCAO system. This
assertion is true whatever the chosen coronagraph. Improving the GTCAO system allows FRIDA
equipped with a coronagraph to reach better contrast gains but this remains insufficient to image
faint substellar mass companions close to nearby bright stars. Removing the speckle noise is requi-
red to observe dim stellar objects.

To overcome the AO residual speckles, we propose to apply some additional post processing tech-
niques to coronagraphic images in order to increase the image dynamic range of FRIDA. In the next
chapter, we will estimate the starlight attenuation and analyze the results that could be yielded
with the following association “AO+Coronagraphy+Post processing techniques” for FRIDA.

IV.6 Conclusiéon del cuarto capitulo

En este capitulo, se consideraron frentes de onda corregidos por AO en vez de frentes de onda
perfectos. Con este nuevo enfoque, se expusieron los resultados numéricos del desempeno de los
diferentes corondgrafos. Para realizar nuestras simulaciones, las caracteristicas del instrumento
“GTC+GTCAO+FRIDA” fueron introducidos usando CAOS y nuestro simulador de coronégrafo.
Se mostré lo util que podia ser la coronografia para un instrumento. De hecho, los dispositivos
coronograficos permiten aumentar el intervalo dindmico de imagen ya que llevan a la eliminacién
del ntcleo y de algunos de los primeros anillos brillantes de difraccion de la PSF de una estrella
observada. De tal forma, con la supresién de las componentes mas brillantes de la PSF, se evita sa-
turar el detector. Ademés, se cuantificé de manera numérica la atenuacién de luz estelar alcanzada
por varias configuraciones coronogréficas (CLC, CRC, APLC sin diafragma de Lyot, SLLC) en la
zona de busqueda. Del anélisis de estos valores, se llegd a la conclusion de que los corondgrafos
ofrecian un cierto aumento de contraste en las regiones de interés, es decir en donde los compafieros
de masa sub-estelar podrian estar para luego formar su imagen.

Sin embargo, los resultados que se obtuvieron confirman que la combinacién “AO+Coronagrafia”
no serd suficiente para que FRIDA produzca imagenes de alto contraste con el sistema GTCAO
actual. Esta afirmacion es cierta sea cual sea el corondgrafo escogido. Con un mejoramiento del
sistema GTCAOQ, se podrian alcanzar mejores ganancias en contraste pero no lo suficiente como
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para formar imagenes de companeros de baja luminosidad cerca de estrellas brillantes. Se requiere
quitar el ruido de speckles para poder observar estos objetos estelares.

Para eliminar los speckles residuales de AO, se propone aplicar técnicas adicionales de post proce-
samiento a las imagenes coronograficas para aumentar el intervalo dindmico de imagen de FRIDA.
En el proximo capitulo, se estimara la atenuacién de luz estelar y se analyzaran los resultados que
se pueden obtener con la asociacién “AO+Coronagrafia+Técnicas de post procesamiento” para
FRIDA.
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Chapter V

Post-processing methods for
ground-based instruments equipped
with a coronagraph

V.1 Introduction

V.1.1 Speckle noise limitation

To expect imaging close-in companions with a ground-based instrument (telescope + Adaptive
Optics system + coronagraphy), residual speckles have to be removed first. The performance
of a coronagraph is mainly limited by this noise source as shown in the previous chapter. In
the context of a diffraction-limited system, coronagraphy can provide relevant starlight extinction
results. However, when dealing with ground-based instruments, coronagraphs are restrained by the
presence of residual speckles. A coronagraph allows to avoid detector saturation since it eliminates
the star PSF core. Hence, it implies an increase of the image dynamic range. Unfortunately, the
brightness attenuation of the PSF rings, also performed by this same coronagraph, is too weak to
enhance faint substellar mass companions. Speckle noise prevents coronagraphs from increasing
significantly the image contrast in the search area.

V.1.2 Post-processing methods

Additional image processing techniques are required to suppress the speckle halo and thus, maximize
the achieved contrast. Reducing the speckle noise could allow to directly detect dim substellar mass
companions with ground-based instruments.

Several techniques have already been suggested to overcome the speckles (e.g. Marois et al., 2000;
Sparks and Ford, 2002; Guyon, 2004; Marois et al., 2006; Lafreniére et al., 2007) and prove to be
very encouraging to solve this problem. In Section V.2, we briefly review the main post-processing
methods. In our approach, we consider above all the AO residual speckles, indeed residuals due the
non common instrumental path errors are weaker in comparison. Consequently, our following study
is focused on two techniques: the removal of the azimuth symmetric component (Thatte et al.,
2007) to go on increasing the coronagraphic image dynamic range and the Simultaneous Spectral
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Differential Imaging (SSDI) method (Marois et al., 2000) which aims to eliminate the AO residual
speckles. These image processing methods constitute some promising steps to reach our goal: the
detection and characterization of eventual substellar mass companions present in the halo of an
observed bright star. Furthermore, these computational techniques can be generalized and relied
on more sophisticated methods proposed in the literature (e.g. Sparks and Ford, 2002).

Several science instruments offer the possibility of working in Integral Field Spectroscopy (IFS)
mode, like SINFONI for the Very Large Telescope. FRIDA will soon belong to this category. In
IFS mode, it will be possible to select images at the wanted wavelengths. The extracted frames can
thereafter be combined numerically with differential imaging techniques. Here, we underline the
interest of using the SSDI method for FRIDA (or other instruments) supplied with a coronagraph
and working in IF'S mode.

V.1.3 Numerical simulations, results and analysis

In Section V.3, computational results about post-processing methods are exposed. Halo free removal
and SSDI techniques will be applied to coronagraphic images. We consider images obtained nume-
rically with the suitable coronagraphs for FRIDA. Finally, in Section V.4, we discuss the contrast
gain provided by the association “coronagraphy-azimuth symmetric component removal+SSDI
technique” . From a concrete case, an analysis will be carried out to determine the potential of this
combination for FRIDA.
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V.1 Introduccién

V.1.1 limitacién por el ruido de speckles

Para poder esperar formar imédgenes de compafieros con un instrumento terrestre (telescopio +
sistema de Optica Adaptativa + coronografia), primero se deben eliminar los speckles residuales.
El desempeno de un coronégrafo esté limitado por esta fuente de ruido como se mostré en el capitulo
anterior. En el contexto de un instrumento limitado por la difraccién, la coronografia puede proveer
resultados relevantes de extinccién de luz estelar. Sin embargo, cuando se trata de instrumentos
terrestres, los corondgrafos estan limitados por la presencia de speckles residuales. Un coronodgrafo
permite evitar la saturacion del detector ya que elimina el nicleo de la PSF de una estrella observada.
Por lo tanto, eso implica un incremento del intervalo dinamico de imagen. Desgraciadamente, la
atenuacién de brillo de los anillos de la PSF, también efectuados por el mismo coronodgrafo, es
demasiado débil para re-alzar la imagen de los compafieros de masa sub-estelar. El ruido de speckle
impide a los corondgrafos aumentar de manera significante el contraste de una imagen en el campo
util del corondgrafo.

V.1.2 métodos de post procesamiento

Se requieren técnicas adicionales de procesamiento de imagen para poder suprimir el halo formado
por los speckles y maximizar el contraste alcanzado. Reducir el ruido de speckle podria permitir la
deteccion de manera directa de companeros de masa sub-estelar con telescopios terrestres.

En los recientes afnos, se han sugerido diferentes técnicas para superar los speckles (e.g. Marois et al.,
2000; Sparks and Ford, 2002; Guyon, 2004; Marois et al., 2006; Lafreniére et al., 2007) y resultan
todas muy prometedoras para resolver este problema. En la Seccién V.2, se revisan brevemente
los principales métodos de post procesamiento. En este enfoque, se consideran sobre todo los spe-
ckles residuales AO. Esto es porque los errores de correcciéon AO de frente de onda debidos a las
aberraciones estaticas del instrumento cientifico son comparativamente méas débiles. Por lo tanto,
el estudio que sigue esta enfocado en dos técnicas: el retiro de la componente simétrica azimu-
tal (Thatte et al., 2007) para seguir aumentando el intervalo dindmico de la imagen coronografica
y el método de imagen diferencial espectral simultaneada (SSDI por sus siglas en inglés Marois
et al., 2000) que tiene por objetivo la eliminacién de los speckles residuales AO. Estos métodos de
procesamiento de imagen constituye algunas etapas prometedoras para alcanzar nuestra meta: la
deteccion y la caracterizacion de eventuales companeros de masa sub-estelar presentes en el halo
de una estrella brillante observada. Ademads, se pueden generalizar estas técnicas de computacién
y relacionar con métodos més sofisticados propuestos en la literatura (e.g. Sparks and Ford, 2002).
Varios instrumentos ya ofrecen la posibilidad de trabajar en modo Espectroscopia Integral de Campo
(IF'S por sus siglas en inglés), como SINFONI para el Very Large Telescope. FRIDA pronto perte-
necerd a esta categoria. En modo IFS, sera posible seleccionar imégenes a las longitudes de onda
deseadas. Se podra luego combinar las imagenes extraidas con técnicas de imagen diferencial. Aqui,
se subraya el interés de usar el método SSDI para FRIDA (o otros instrumentos) equipado con un
corondgrafo y trabajando en modo IFS.
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V.1.3 Simulaciones numéricas, resultados y analisis

En la Seccién V.3, se exponen resultados computacionales acerca de los métodos de post proce-
samiento. Se aplicaran técnicas de eliminacién de halo y SSDI a las imagenes coronograficas. Se
consideraran las imagenes obtenidas de manera numérica con los corondgrafos factibles para FRIDA.
Finalmente en la Seccién V.4, se discute la ganancia a nivel de contraste proporcionada por la aso-
ciaciéon “coronagrafia+eliminaciéon de la componente azimutal simétrica+técnica SSDI”. A partir
de un caso concreto, se llevara a cabo un andlisis para determinar el potencial de esta combinacién
para FRIDA.
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V.2 Post-processing methods

V.2.1 Defeating the AO residual speckles
V.2.1.1 AQO residual speckles

Ground-based telescopes require very efficient Adaptive Optics (AO) systems to correct wavefront
errors due to atmospheric turbulence. Even with a downstream diffraction suppression system, the
faint source detection for current 810 m class telescopes remains limited by residual speckles (Racine
et al., 1999). These speckles are due to limitations in the AO correction system, corresponding to
atmospheric turbulence residuals and non-common path instrumental aberrations. The atmospheric
turbulence residuals are short-lived, with lifetime of a few to a few hundred milliseconds (Macintosh
et al., 2005). For total exposures times of tens of minutes, these speckles average down to a
smooth halo. Non-common path instrumental aberrations originate from the differential optical
path between wavefront sensor and science channels. They result in a mixture of static and slowly
varying speckles, with lifetimes comparable to the exposure time. The resulting image therefore
consists of a smooth halo onto which is superimposed a residual speckle pattern.

V.2.1.2 Usefulness and limits of coronagraphy

The final results obtained in the previous chapter confirmed the limits of coronagraphs evoked by
Racine et al. (1999), Sivaramakrishnan et al. (2001) or Aime and Soummer (2004), when they
worked in presence of AO corrected wavefronts. Coronagraphs are restrained by the presence of
residual speckles which prevent these devices from increasing significantly the contrast of images.
Nevertheless, coronagraphy is useful to partially tackle some particular speckles, namely the pinned
speckles. In the following lines, we explain how coronagraphy allows to reduce some of the speckles
present within the diffraction pattern as shown previously by Aime and Soummer (2004).

For the sake of clarity, the coordinates are omitted. The notations follow those given in the first
chapter and which are relied on the coronagraphic scheme (see Fig. 1.11). We remind that f defines
the Fourier transform of the function f and the intensity I; of an image in plane ¢ is the absolute
square of the complex amplitude of the electromagnetic wave W;: I; = |¥;|2. Let us consider the
complex amplitude in the entrance pupil plane A:

Uy = Pe'?, (V.1)

where P and ¢ denote respectively the real aperture illumination function and a residual phase
term. P is considered null outside the aperture, furthermore, we assume a phase term ¢ < 1 rad.
Bloemhof et al. (2001) developed a first-order theory of PSF structure for symmetric, clear aperture
telescopes, Sivaramakrishnan et al. (2002) developed the complete second-order expansion of the
PSF of a well-corrected image taken with an arbitrarily shaped and apodized pupil, and Perrin et al.
(2003) developed a full expansion of the partially corrected PSF in an infinite Taylor-like series.
Here, we decide to limit to a first-order expansion of the term e!?, hence a substitution of it by
1 +ip into Eq. (V.1) gives:

Uy =P(l+ip). (V.2)
In the following focal plane B, the field can be written as:

Up=P+iP®¢p. (V.3)
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The phase term ¢ present in the pupil plane can be decomposed in its even and odd parts @ + ¢,,
hence in the Fourier domain, we will obtain: ¢ = ¢ + i@,. Using these developments, Eq. (V.3)
can be re-ordered as follows:

Up=(P-P®¢)+i(P@ge). (V.4)
Using Eq. (V.4) and introducing the variables Qo =P® Yo and Q. =P Pe, we write the intensity
Ip as:
Ip = (P - Q0)2 + (Qe)2 ) (V-5)
which can be expanded as:
Ip=P?—2P-Q,+ Q5+ Q2. (V.6)

The first term P? describes the Fraunhauffer diffraction pattern in the absence of aberrations. It
would give an Airy diffraction pattern if a clear circular aperture with plane wavefronts emerging
from it was considered. The other contributions represent the speckles. They can be split into two
categories:

-those which are pinned to the rings of the diffraction pattern (2]5 . QO), namely the pinned
speckles,

-those which are more general (Qg + Qz), that will be called here higher order speckles.

At this point, the introduction of a coronagraph is considered. We will distinguish two cases: first
of all the ideal coronagraph and thereafter the non perfect coronagraph.

e Let us apply an ideal coronagraph, therefore, in the re-imaged pupil plane C, the corres-
ponding complex amplitude V¢ can be written as:

Uo=U,—P. (V.7)

It can be noticed that the absence of aberrations in the entrance pupil plane (¢ = 0) carries
out to ¥4 = P. Since an ideal coronagraph is used, it naturally leads to a complete extinction
in the coronagraph exit pupil C, what means W = 0. However in the present case, some
residual phase terms are considered. Hence, substituting Eqs. (V.2) into (V.7) gives:

U =iPyp, (V.8)
and in the re-imaged focal plane D, the amplitude becomes:
Up=iQc — Q,. (V.9)
The coronagraphic intensity Ip is therefore given by:
Ip = Q7 + Q7. (V.10)

A comparison between Eq. (V.6) and (V.10) allows to notice that the terms relied on diffrac-
tion pattern and pinned speckles were eliminated by the ideal coronagraph. Hence, corona-
graphy allows to remove the diffraction pattern of a star, but also the pinned speckles when
we work in the presence of phase errors in the entrance pupil plane.
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e Now, let us consider a non perfect coronagraph. Hence, the complex amplitude ¥ will
not be null in the absence of aberrations, but will be written as:

Ue=U,—P(1-§), (V.11)

where 0 < £ < 1 (£ = 1 means absence of coronagraph whereas £ = 0 would correspond to
the ideal coronagraph). Using Eq. (V.2), the last expression becomes:

Ve =iPp—¢P. (V.12)

Applying a Fourier transform to Eq. (V.12) and using the variables QO and Qe, the complex
amplitude in the re-imaged focal plane D will be given by:

Vp = _gp + i@e - @07 (V'l?’)
what carries out to the following expression of the coronagraphic intensity:
Ip = &P —2P-Q,+ Q5 + Q7. (V.14)

The terms corresponding to the diffraction pattern and the pinned speckles are respectively
modulated by a factor £2 and &. Hence, a non perfect coronagraph will decrease the intensity
of the diffraction pattern but also of the pinned speckles when working in the presence of
aberrations in the entrance pupil plane.

These remarks point out the role of the coronagraph in the presence of pinned speckles. This
device allows to reduce these residuals. It eliminates them completely if the coronagraph is an ideal
diffraction suppression system. A coronagraph helps to avoid detector saturation and increase the
image dynamic range. However, it remains inefficient to eliminate the other sources of speckles.
For the direct detection of faint substellar companions, additional methods to coronagraphy are
required.

V.2.2 Image processing techniques

In the context of ground-based instruments, the use of just a coronagraph is not enough to expect
imaging faint substellar mass companions close to nearby bright stars. A downstream method
is required to remove the speckle noise and therefore, increase the image dynamic range. Image
processing techniques represent very promising solutions to reduce this main noise source (Racine
et al., 1999) and push back the limit for the direct detection of dim stellar objects. For instance,
differential imaging methods were designed to allow ground-based instruments to reach the photon
noise limit. In the following lines, we briefly review the techniques developed these past ten years.
Thereafter, focus is made on the image processing methods we will compute numerically.

V.2.2.1 Brief review

Marois (2007) reviewed the techniques recently developed to attenuate the speckle noise. These
post-processing algorithms aim to enhance the image of possible faint substellar mass companions
drowned in the halo of a bright star PSF. Here, we propose to remind the principle of the main
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speckle suppression methods: a brief summary is given for each one of them. A more complete
description of these different specialized observation schemes can be found in the literature and
papers mentioned hereafter.

The Simultaneous Spectral Differential Imaging (SSDI) method was first suggested by Racine et al.
(1999) before being formally described and extended by Marois et al. (2000). This technique aims to
reduce the AO residual speckles: it takes advantage of the chromaticity of the speckle location while
keeping intact the image of the faint substellar mass companions. It consists in the combination
of two or three images taken at the same time and close wavelengths. These simultaneous images
are selected in and out of a deep absorption feature of the companion spectrum (e.g. CHy in H-
band). After scaling and subtracting the images, it results in a removal of the residual starlight
while leaving the companion light intact. A generalization of this technique to a larger spectral
bandwidth was proposed by Sparks and Ford (2002) and after then improved by Thatte et al.
(2007). Here, we consider the SSDI technique as a particular case of an algorithm proposed by
Sparks and Ford (2002). SSDI formalism will be detailed in the following section since we decide
to implement numerically this method.

The Angular Differential Imaging (ADI) method (Marois et al., 2006; Lafreniere et al., 2007) is a
technique proposed to remove the quasi-static speckles. Several images are acquired at the same
wavelength but with different field angles to subtract the quasi-static speckles. This technique is
only limited by the quasi-static speckle time evolution. We will discuss the impact of the non
common path instrumental aberrations in Section V.4.1.

On the other hand, Perrin et al. (2003) analyzed the structure of high Strehl ratio PSFs and pointed
out the symmetries present within them. From their description, a strategy was suggested: taking
advantage of a possible dominant symmetry within the speckle pattern to reduce this noise source.
Indeed, at high Strehl ratios and with coronagraphy, some speckle symmetry is expected and hence,
could be exploited to partially suppress the speckle noise. Consequently, the acquisition of an image
and its combination with a w-rotated version of itself allows to reduce the symmetric terms of the
speckle pattern. A similar idea based on halo symmetry was proposed by Thatte et al. (2007): it
consists in removing the azimuth symmetric component of a PSF.

In the present work, we decide to focus on the removal of the PSF azimuth symmetric component
and the SSDI method.

V.2.2.2 Removal of the azimuth symmetric component

A first image processing method can be computed before the application of the SSDI method. It
consists in removing the azimuth symmetric component from the coronagraphic images (Thatte
et al., 2007).

An azimuth average of a coronagraphic image is estimated to obtain a radial profile. Thereafter, this
calculated component is extended azimuthally to obtain an image of the halo and subtract it from
the coronagraphic image. This operation allows to provide a halo free coronagraphic image and
reach a first contrast gain. The halo free coronagraphic profile is simply obtained by azimuthally
averaging the intensity of the halo free coronagraphic image.

Figures V.1 and V.2 illustrate the application of this concept. In these examples, after eliminating
the azimuth symmetric component, a suppression of the residual PSF core and bright rings can be
noted. Subtraction of the halo results in a decrease of the PSF brightness and a gain in contrast.
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Figure V.1: Illustration of the azimuth symmetric component removal application. Here, the technique is
computed numerically to a coronagraphic image obtained with CLC. Images are normalized with the intensity
peak of the non coronagraphic PSF. Left and right images represent the coronagraphic image respectively
before and after the use of the processing method. A brightness difference can be observed between the two
images. The Lyot opaque mask of radius r = 2.69 A/ D is delimited by a black circle.
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Figure V.2: Same as Figure V.1 but here CLC is replaced by CRC. The R&R phase mask of radius
r = 0.60 A\/D is delimited by a black circle.
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V.2.2.3 SSDI method: presentation of the formalism

The SSDI method (Marois et al., 2000) aims to overcome AO residual speckles and enhance the
companion image. It consists in the combination of two or three images taken at the same time
and three close wavelengths. These simultaneous images are taken in and out of a deep absorption
feature of the companion spectrum (e.g. CHy in H-band). After scaling and subtracting the images,
it results in a removal of the residual starlight while leaving the companion light intact.
Here, we briefly review the formalism given by Marois et al. (2000). Let us name Iy, I and I3 the
three halo free coronagraphic images at A1, Ay and Az in the coronagraphic focal plane D, rescaled
and resized with respect to the wavelength. The simple differential imaging (SDI) can be expressed
by:

dig =1 — Iy, (V.15)

and the double differential imaging (DDI) can be written as:
dd:(Il—Ig)—k‘[ X (11—13). (V16)

Marois et al. (2000) explain that the constant factor k; which applies to each pixel of djg is the
mean ratio of dyj2/dys. The global trend in the evolution of the PSF will, on the average, obey a
same AI/I relationship at all radii. This global trend will be completely removed by the double
difference when

51— 5

S;— 83’
where S; denotes the Strehl ratio of the image I;. A schematic representation of the SSDI method
is given in Figure V.3.

Marois et al. (2000) also show that the theoretical attenuation Agps reachable with SDI technique
can be expressed as follows:

ey (V.17)

Aspr ~ (205 AN, (V.18)

where A\ denotes the bandpass separation between two successive wavelengths. In the case of the
DDI approach, Marois et al. (2000) demonstrate with a crude estimate of A2I/I that the attenuation
Appr is given by:

Appr ~ A%Dl- (V.19)

It can be noticed that these attenuation expressions slightly differ from those given by Marois et al.
(2000), since we decide to be homogeneous with the criteria definition given by Abe (2004).

In the following, the attenuation values are obtained estimating the azimuth averaged intensity over
an annulus of width 1.0 A\/D centered around a given angular distance from the main optical axis.
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Figure V.3: Simplified representation of the SSDI method.
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V.2.3 Feasibility of these techniques with FRIDA
V.2.3.1 Data cube provided by FRIDA in IFS mode

FRIDA should be able to provide a data cube of images when it works in IF'S mode. In the following,
we briefly review the IF'S technique using an image slicer as it does in the case of FRIDA, see Figure
V.4. An area of the AO corrected image is first selected. This new image is thereafter divided into
several slices thanks to the image slicer. The obtained slices are then re-ordered linearly thanks
to optical devices before going through a pseudo-slit. Thus, the light coming from this slit is sent
to the spectrograph to be analyzed. Hence, each image slice will provide a spectrum and this will
carry out to a spectrogram at the spectrograph output detector with the spectra obtained for all
the image slices. Spectral images are finally reconstructed at each wavelength and the achieved set
of frames constitutes an image data cube presenting two spatial and one spectral components.
Thanks to its Integral Field Unit spectrograph, FRIDA should give several simultaneous and wide
field images of the observed stellar object at different wavelengths. Several image processing could
be applied to extract new astronomical data about the images. In particular, extracting three
images at different wavelengths from the FRIDA data cube will be possible.

ERIDA INTEGRAL FIELD SPECTROSCOPIC MODE

Grating

Seeing limited Frida Diffraction limited Frida ‘i‘ daad

L

- .

ﬂ

Telescope =—> AQO ~ =—> FRIDA
System

FRIDA Conceptual Design Reconstructed Imadés

Figure V.4: Illustration of the FRIDA Integral Field Spectroscopy mode working with image slicer.

V.2.3.2 Possible use of the post-processing techniques with FRIDA

Therefore, applying azimuth symmetric component removal and SSDI methods with FRIDA is
something perfectly reachable and realistic. It raises hope for imaging of high contrast with FRIDA.
The idea is to obtain three simultaneous coronagraphic images, at different but close wavelengths
and with a given coronagraph. The next step consists in combining them with the evoked post-
processing techniques. In the following section, we present the simulation results obtained in this
configuration.
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V.3 Numerical results

V.3.1 Working hypothesis

The strategy is the following: we first remove the azimuth symmetric component from the corona-
graphic images and after then we compute the SSDI technique with the obtained halo free coronagra-
phic images. The present approach is applied considering the characteristics of “GTC+GTCAO+
FRIDA equipped with a coronagraph”. However, we limit our study to two coronagraphic configu-
rations for FRIDA: CLC and CRC.

We make the following assumption: FRIDA is supplied with a coronagraph and works in IF'S mode.
FRIDA should provide a data cube of images at several wavelengths and it will be possible to select
those of our interest. Furthermore, FRIDA is supposed to work in its low spectral resolution mode
(R ~ 1500) in K-band. Three coronagraphic images are extracted from the FRIDA data cube in
and out of one companion absorption feature, at the respective wavelengths A\; = 2.2000 ym (feature
of the target’s object spectrum), Ao = 2.2015 um and A3 = 2.2030 um. Thereafter, halo is removed
from each of the coronagraphic frames.

The Strehl ratio values S7, Sy and S3 of the images are respectively: 0.603132, 0.603540 and
0.603948, considering the AO compensated wavefronts provided by the current GTCAO design.
They were calculated using the following approximation S ~ exp(—afo) valid for S > 0.1 and there-
fore, we obtain k; = 0.5. Mean attenuations Agp; = 1.26 - 10% and App; = 1.59 - 10 are expected,
what corresponds respectively to contrast gains in stellar magnitudes Am = 7.75 and 15.51.

V.3.2 Results obtained with CLC
V.3.2.1 Analysis of the results

Figure V.5 gives on the top plot, the azimuth averaged intensity profiles reached after each step and
on the bottom plot, the 50 detectability graphs for each one of these profiles. On the top plot, the
profiles represent successively from the top: the AO corrected image, the CLC images before and
after removal of the azimuth symmetric component, and the halo free CLC images after application
of SDI or DDI technique. On the bottom plot, the 50 value gives us an idea about the detectability
of a faint substellar mass companion in the presence of residual speckles. The different images are
displayed in Figure V.6.

As seen in Figure V.5 top plot, some additional intensity attenuations can be reached after SDI
or DDI application about halo free CLC images. With CLC and the post-processing techniques,
magnitude differences Am = 8.99 (with SDI) or 14.65 (with DDI) can be achieved at 0.200 arcsec
from the star (or equivalently 4.0\/D from the main optical axis). Table V.1 summarizes the
contrast gain results that can be obtained with CLC associated with image processing techniques,
for different angular separations.

At 4\/D from the main optical axis, the contrast gains provided by SDI and DDI are respectively
5.61 and 11.64 stellar magnitudes. At larger separations, for instance 14 A/ D, these values down to
4.01 and 8.35 stellar magnitudes. The achieved results are slightly lower than the theoretical predic-
tions (7.75 and 15.51 stellar magnitudes), essentially at very small angular separations. However,
these attenuations are large enough to expect reaching the photon noise.
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V.3.2.2 Discussion

CLC associated with post-processing methods represents a promising solution for ground-based
instruments to do high contrast imaging. The characterization of faint substellar mass companions
could also be done if we work with a not too large spectral bandwidth. Indeed, the Lyot opaque mask
is size-chromatic. Hence, the coronagraphic PSFs slightly differ for each wavelength of work. This
can explain why we do not achieve the theoretical contrast gains with SDI or DDI. This stress can
represent a limit if we want to extend this combination of techniques to all the data cube. Further
studies are required to analyze the size chromatism effect of the opaque mask and its impact when
we want to rescale and resize all the frames of an IFS data cube, as suggested by Sparks and Ford
(2002) or Thatte et al. (2007).
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Figure V.5: Top: Azimuth averaged profiles of the non coronagraphic PSF and images obtained with CL.C
and different image processing techniques, for a 29% centrally obstructed telescope (GTC case), in K-band.
Bottom: Profiles of the azimuth standard deviation 50 of the normalized intensities I. The opaque mask of
radius 2.69 \/D is delimited by a vertical line.
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Figure V.6: Illustration of the azimuth symmetric component removal+SSDI method application on coro-
nagraphic images. Here, the technique is computed numerically to halo free coronagraphic images obtained
with CLC. On the top, left and right images represent the coronagraphic image respectively before and after
the use of the halo free removal method. On the bottom, left and right images represent the halo free coro-
nagraphic image respectively after SDI or DDI method. A brightness difference can be observed after each
operation. The Lyot opaque mask of radius r» = 2.69 A/ D is delimited by a black circle.

Table V.1: Contrast gain reached with CLC configuration and additional image processing techniques for

FRIDA.

Contrast gain in stellar mag. Am

Profile at an angular separation (in \/D):
4.0 6.0 8.0 10.0 12.0 14.0
CLC profile 0.55 0.10 0.13 0.23 0.10 0.06
Halo free CLC profile 3.01 330 317 335 3.17 3.21
Halo free CLC profile after SDI 899 837 797 7.80 749 7.22
Halo free CLC profile after DDI  14.65 13.70 13.00 12.53 12.02 11.56
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V.3.3 Results obtained with CRC
V.3.3.1 Analysis of the results

Figure V.7 reproduces the same scheme than Figure V.5, but with the difference that CLC is
replaced by CRC. The different images are displayed in Figure V.8.

Figure V.7 top plot confirms that some additional intensity attenuations can be reached after SDI or
DDI application about halo free CRC images. A contrast gain Am = 10.39 (with SDI) or 16.47 (with
DDI) can be achieved with the combination “CRC+azimuth symmetric component removal+SSDI
method”. These values are obtained at the angular distance of 0.100 arcsec from the star (or
equivalently 2.0 A/ D from the main optical axis). Table V.2 summarizes the brightness attenuations
that can be reached with CRC associated with image processing techniques, for different angular
separations.

At 2\/D from the main optical axis, the contrast gains provided by SDI and DDI are respectively
5.97 and 12.05 stellar magnitudes. At larger separations, for instance 14 A/ D, these values down to
4.01 and 8.35 stellar magnitudes. The achieved results are again slightly lower than the theoretical
predictions (7.75 and 15.51 stellar magnitudes). However, these attenuations are enough to reach
the photon noise.

V.3.3.2 Discussion

Due to its small size (r = 0.60 \/D), the Roddier & Roddier phase mask (RRPM) is the only spot
of our study which allows observation very close to the parent star (angular separation 2 /D). Its
association with other image processing techniques results in a very interesting contrast gain at very
small angular distances from an observed host star. This combination seems to be the best option
for FRIDA to achieve high contrast imaging at small angular separations.

However, on the one hand, its fabrication is a technical challenge to overcome: at A = 2.200 ym
and since GTC focal ratio presents an average value f/17, the mask diameter is about 44.9 ym. A
quick comparison with the spot size of our experiment (about 70 um) allows to underline that the
required RRPM diameter for FRIDA is equal to about 2/3 of that of our experiment. We have
to demonstrate that it is possible to manufacture a 44.9 ym diameter RRPM with the available
technology. However, recent developments and improvements about the RRPM fabrication allows
to be optimistic about the ability to build smaller masks.

On the other hand, the RRPM presents a double dependence in chromaticity. For SSDI method,
only three CRC images at very close wavelengths were involved in the process. In FRIDA IFS mode,
it will be possible to work with the complete data cube. Hence, if we want to work with a set of
coronagraphic images spanning the H+K-bands, an achromatic phase mask is required to minimize
the attenuation differences between all the coronagraphic frames. In the first chapter, we reviewed
several techniques proposed these past few years. The ability of FRIDA to image and characterize
eventual substellar mass companions over large spectral bands will depend on the development of
these new concepts.
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Figure V.7: Top: Azimuth averaged profiles of the non coronagraphic PSF and images obtained with CRC
and different image processing techniques, for a 29% centrally obstructed telescope (GTC case), in K-band.
Bottom: Profiles of the azimuth standard deviation 50 of the normalized intensities /. The Roddier &
Roddier phase mask of radius 0.60 A/D is delimited by a vertical line.
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Figure V.8: Same as Figure V.6 but here, CLC is replaced by CRC. The Roddier & Roddier phase mask
of radius r = 0.60 A/D is delimited by a black circle.

Table V.2: Contrast gain reached with CRC configuration and additional image processing techniques for
FRIDA.

Contrast gain in stellar mag. Am

Profile at an angular separation (in \/D):
2.0 4.0 6.0 8.0 10.0 12.0  20.0
CRC profile 1.26 049 0.0r 011 023 0.08 0.04
Halo free CRC profile 442 289 329 315 337 3.16 3.18

Halo free CRC profile after SDI  10.39 9.02 829 796 7.80 7.49 7.19
Halo free CRC profile after DDI  16.47 14.65 13.64 12.96 12.54 11.98 11.53
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V.4 Discussion

V.4.1 Non common path instrumental aberrations

These first results are very encouraging for the direct detection of dim substellar mass companions
close to bright stars. However, in our numerical simulations, we consider AO residual speckles but
quasi-static residual speckles were not taken into account. Quasi-static residual speckles are due to
the non-common path errors present within an instrument.

In the case of FRIDA, the non common phase errors are estimated to be equal to 50 nm what
corresponds to a variance of these quasi-static speckles 0302 = 0.020 rad? at A = 2.200pum. In
comparison, the variance of the AO residual speckles is afpl = 0.506 rad?. Considering the optical
aberrations present within FRIDA would naturally carry out to a re-adjustment of the Strehl ratio
of their images: S = 0.591 instead of 0.603 at A = 2.200 um. The difference is negligible at level of
image quality.

V.4.2 A concrete case...

Numerical results about the achievable contrast gains with “coronagraphy+image processing me-
thods” are very promising. However, they have to be relativized: a comparison with the different
noise source thresholds is required to validate them. A more realistic analysis would allow to deter-
mine accurately the magnitude of faint sources we can hope to image. In the following approach,
we decide to consider a more concrete case. It aims to give a first idea about the potential of
these techniques, in particular for FRIDA. Figure V.9 refers to Figure V.5 but here, the normalized
intensity values have been replaced by those of a 4.60 mag star in K-band and are now expressed in
amount of photons (or photo-electrons). Moreover, photon noise and readout noise thresholds have
also been added. We have worked with 200 independent phase screens which correspond therefore
to 200 decorrelated speckle patterns in the image plane. Macintosh et al. (2005) estimated that the
decorrelation time scale for residual post coronagraph PSF speckles caused by atmospheric error
sources is 0.6 D /v irrespective of rg or the detailed behavior of the AO system. Let us remind that
D denote the telescope diameter and v the wind turbulence and here, we deal with D = 9.039 m
and v = 10m-s~!. Thus, our simulation represents a 108.5s time exposure and this is the value
that has been considered to plot the different profiles and we assume that this total exposure time
is split in 4 to allow dithering and sky subtraction.

The characteristics of the FRIDA optics (throughput, spectral resolution) and the Hawaii IT detec-
tor (Watson, 2007) allow to determine the FRIDA image dynamic range Am = 10.75 mag. In the
context of high contrast imaging, we want to fully benefit from this range of values. In FRIDA
IFS mode at R = 1500 and working with fine scale (0.01 arcsec /pixel in the spatial direction), the
limiting magnitude (or readout noise) in K-band will be equal to 19.7, in the presence of a bright
natural guide star. Hence, a 8.95 mag star is the brightest one observable by FRIDA without risk of
detector saturation while reaching the limiting magnitude. The interest of the coronagraph results
in its ability to increase this value and therefore, simultaneously study stars brighter than those of
8.95 mag and observe their close-in companions without detector saturation. In the following, we
choose to work with CLC. Its application will mainly consist in reducing the PSF diffraction core.
Here, since we consider a 4.60 mag star, the application of CLC allows to down to a ~ 11 mag
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intensity maximum level. This value is observed in Figure V.9, with the red dot-line CLC profile
close to the mask delimitation (r = 2.69 A\/D).

We work in IFS mode at R = 1500 therefore, images present in the FRIDA data cube are separated
by a bandwidth AX ~ 1nm. In this mode, it is assumed that each slice projects to two pixels
which can be identified as a resolution element (resel). At R = 1500, the covered bands are H+K or
equivalently 1.4-2.4 ym in bandpass and therefore, the width is equal to 1 pgm. Since the detector
format is 2048 x 2048, we will obtain 1000 resel of bandwidth 1 nm. In the presence of CLC, the
maximum number of photo-electrons is ~ 3-10° while the maximum number of photo-electrons per
exposure is 10°. Therefore, 3 exposures are required to achieve the presented result. It gives an
integration time t¢;,; = 36s per exposure for a full well of 100,000 electrons. Fig. V.9 bottom plot
allows to notice that with the association “CLC+azimuth symmetric component removal+SDI”, it
would be possible to reach the photon or readout noise limit and detect a 16 mag substellar mass
companion at a 0.2 arcsec angular distance from a 4.6 mag brilliant star at 50. At a 0.2 arcsec
angular separation (or equivalently, 4 \/D from the main optical axis), the limit is imposed by the
photon noise. With an increase of the integration time, the photon noise will drop to the read noise
level and we can expect to image fainter substellar mass companions, reasonably up to 18 mag.

A quick comparison can be done with the study made by Thatte et al. (2007) about AB Doradus
(AB Dor) A. In their approach, they use some image processing techniques but no coronagraph.
Figure V.10 is extracted from their paper. AB Dor A and AB Dor C are respectively a 4.6 mag star
and its 9.6 mag low-mass companion in K-band. Their angular separation is about 0.2 arcsec. The
SINFONI AO system provided a mean Strehl ratio S = 0.36. In our computational results, we have
assumed a parent star with the same magnitude than AB Dor A but here, S = 0.60. Hence, the star
halo presents a ~ 11.5 mag threshold at 0.2 arcsec instead of 10 mag. So, an eventual 9.6 mag low-
mass companion in K-band would be already detectable with the current design of GTCAQ. The
addition of coronagraphy and image processing methods would facilitate the enhancement of AB
Dor C or also allow to detect fainter companions at the same angular separation with FRIDA. These
predictions allow to be optimistic about the ability of FRIDA to perform high contrast imaging.
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Figure V.9: Same as Fig. V.5 but here, the normalized intensity values were replaced by those of a 4.60 mag
star in K-band and are now expressed in amount of photons. Furthermore, photon noise and readout noise
thresholds were also added.
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Figure 5. The plot shows three curves — the top curve is the radial profile
of AB Dor A. The bottom curve is the square root of the top curve, so it
represents the photon noise limit. The middle curve is the standard deviation
in the SD result frame, soitis a measure of the residual noise. The horizontal
lines at 6, 8 and 10 mag are for reference. The large bump at 0.2 arcsec in
the SD result frame is due to AB Dor C. The achieved contrast is 9 mag
at 0.2 arcsec, and 11 mag at 0.5 arcsec, in 20 min exposure time at e =
400. As no coronagraph is used, very high contrasts can be obtained at small
inner working radii.

Figure V.10: Figure extracted from Figure 5 of Thatte et al. (2007).
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V.5 Conclusion of the fifth chapter

In the present study, we have implemented numerically two post-processing methods to corona-
graphic images. On the one hand, azimuth symmetric component removal method allows to keep
on increasing the image dynamic range after coronagraphic use. On the other hand, differential
imaging methods allow ground-based instruments to overcome the AO residual speckles present in
the halo free coronagraphic images and reach the photon or readout noise limit of an instrument.
In the context of FRIDA instrument, we have estimated numerically the achievable contrast gains
that these post coronagraphic methods can provide before concluding our analysis with a more
concrete case. The numerical results achieved with this approach have showed that it is possible
and feasible to perform high contrast imaging with FRIDA. With a good AO correction, a coro-
nagraph and some downstream image processing techniques, FRIDA could be able to detect and
characterize some possible substellar mass companions.

A complete characterization of the detected object can be imagined by replacing the SSDI method
with a more generalized one as that proposed by Sparks and Ford (2002) and after then, improved
by Thatte et al. (2007). Indeed, SSDI is limited in its application to just one intrinsic feature of
the substellar mass companion spectrum. Spectral Deconvolution method (Sparks and Ford, 2002)
allows to work over the whole spectral bandwidth of the data cube provided for instance by FRIDA
in IFS mode. Thus, a follow-up spectroscopy of the detected candidate object could be done with
FRIDA to confirm its nature and characterize it in details.

V.5 Conclusiéon del quinto capitulo

En este estudio, se implementaron numéricamente dos métodos de post procesamiento de imégenes
coronograficas. Por un lado, el método para eliminar la componente simétrica azimutal permite
seguir aumentando el intervalo dindmico de imagen después de usar un corondgrafo. Por otro
lado, los métodos de imagen diferencial permiten a los instrumentos terrestres superar los speckles
residuales AO presentes en las imagenes coronograficas libres ya del halo y alcanzar el limite del
ruido de fotones o de lectura de un instrumento.

En el contexto del instrumento FRIDA, se estimaron numéricamente las ganancias de contraste
alcanzables que pueden proveer estos métodos post coronograficos antes de concluir nuestra anélisis
con un caso mas concreto. Los resultados numéricos alcanzados con este enfoque ponen en evidencia
la posibilidad y la factibilidad de formar imagenes de alto contraste con FRIDA. Con una buena
correccion AQO, un corondgrafo y técnicas de procesamiento de imagen, FRIDA podra detectar
y caracterizar eventuales compafieros de masa sub-estelar. Se puede imaginar una caracterizacion
completa del objeto detectado reemplazando el método SSDI por uno més general como el propuesto
por Sparks and Ford (2002) y luego, mejorado por Thatte et al. (2007). De hecho, SSDI esté limitado
en su aplicacion a solamente una caracteristica intrinseca del espectro del companero de masa sub-
estelar. El método de deconvolucién espectral (Sparks and Ford, 2002) permite trabajar en toda
la banda espectral del cubo de datos proporcionado por ejemplo por FRIDA en modo IFS. De tal
forma, se podria hacer un seguimiento espectroscépico seguida del objeto candidato detectado con
FRIDA para confirmar su naturaleza y caracterizarlo con mejor detalle.
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Conclusion

In the context of direct imaging and characterization of substellar mass companions, we led a fea-
sibility study to perform high contrast imaging with the FRIDA instrument. FRIDA, an infrared
imager and integral field spectroscopy (IFS) system, is a second-generation instrument conceived for
Gran Telescopio Canarias (GTC) and planned to work in concert with its Adaptive Optics system
(GTCAOQO). FRIDA is required to work as a high contrast imager. Our goal here was then to propose
and evaluate several solutions to allow FRIDA to image dim low-mass companions close to nearby
bright stars.

The main concepts of stellar coronagraphy were first reviewed. Coronagraphs aim to remove
the diffraction pattern of an observed bright star and enhance the image of possible close-by com-
panions. Numerous concepts have been investigated for a decade, in particular we decided to
focus on Lyot-style coronagraphs and pupil apodizers, since they represent very promising solu-
tions. Afterwards, the FRIDA instrument was presented, and its optical setup analyzed for the
identification of several sites available for insertion of pupil apodizers and/or focal plane masks.
Several coronagraphic configurations were then proposed: the Classical Lyot Coronagraph (CLC),
the Classical Roddier Coronagraph (CRC), and the Apodized Pupil Lyot Coronagraph (APLC)
without Lyot stop. Moreover, we suggested an original concept, the Stop-less Lyot coronagraph
(SLLC), to overcome some mechanical stresses in the FRIDA design.

Secondly, coronagraph feasibility studies for FRIDA were carried out. For this purpose, we imple-
mented a numerical tool based on a semi-analytical approach using Matrix Fourier Transform to
compute the coronagraph behaviors of interest. Our methodologies and simulations were first veri-
fied with well defined test cases, and our results are consistent with other studies in the literature.
In addition, our numerical results were validated in the laboratory through experiments led with a
second-generation Roddier & Roddier phase mask coronagraph. Finally, we reported the contrast
gains reachable with the coronagraphic configurations proposed for FRIDA.

We started our performance analysis considering FRIDA as a diffraction-limited system. This allo-
wed us to calibrate the maximum star brightness attenuation yielded in the absence of aberrations
and concluded that SLLC represents the best coronagraphic solution for FRIDA followed by CRC,
APLC without Lyot stop, and CLC.

Later, we considered a more realistic approach with FRIDA working in concert with GTCAO.
Therefore, AO-compensated wavefronts produced with the CAOS software were introduced in our
simulations. We noticed that the insertion of suitable coronagraphs within FRIDA could help avoi-
ding detector saturation, thanks to the suppression of the bright core in the star image. Furthermore,
additional coronagraphs could allow a slight enhancement of the contrast in the field of view. These
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devices would also increase the image dynamic range of FRIDA, which is essential for the imagery of
low-mass companions. However, regardless of the coronagraph configuration used, GTCAO+FRIDA
cannot perform high contrast imaging since coronagraphs are limited by the presence of AO residual
speckles.

Finally, we analyzed the possibility of adding post-processing methods to coronagraphic techniques.
Post-processing can be performed with FRIDA in IFS mode thanks to the data cube of images it
will provide. These techniques allow to remove the AO residual speckles caused by the imperfect
AO correction that cannot be overcome by coronagraphy. Two different approaches were studied
here: the removal of the azimuth symmetric component and the Simultaneous Spectral Differential
Imaging (SSDI) technique. We computed these methods assuming two or three simultaneous spec-
tral coronagraphic images obtained with FRIDA coupled with GTCAOQ. Very encouraging contrast
gain results were achieved: GTCAO+FRIDA can be able to image and characterize a companion
10° fainter than its parent bright star at a 0.2 arcsec angular separation. Therefore, post-processing
methods added to coronagraphic techniques constitute a feasible and promising combination to
perform high contrast imaging with GTCAO+FRIDA.

The potential of our solutions proposed for FRIDA exists and deserves consideration. However,
non-common path errors have to be included in further simulations to be more realistic. Their effects
on coronagraph behavior and post-processing methods performance have to be studied in order to
determine if these optical aberrations significantly deteriorate the reachable contrast. Furthermore,
our numerical results need to be completed with some system error budgets. Indeed, alignment
errors of the focal plane mask, diaphragm or pupil apodizer may prove to be critical for the corona-
graph performance. Acceptable tolerances of the coronagraphic devices also need to be estimated
to reach images with satisfactory contrast in the field of view.

A wide range of solutions was not explored in this work. For instance, we can imagine generali-
zing the SSDI technique to spectral deconvolution method by considering the whole IFS data cube
provided by FRIDA instead of two or three spectral images. This would lead to the complete
characterization of companions possibly detected with FRIDA. Moreover, the introduction of more
sophisticated phase masks for FRIDA could ease the application of spectral deconvolution method
and improve its performance. In fact, working with achromatic masks may allow to achieve uniform
star brightness attenuations over a wide wavelength range. Thus, the differences between all the
coronagraphic PSFs of an observed star within a filter bandwidth could be reduced and potentially
canceled. We believe that the Dual Zone phase mask, which is an achromatic version of the Roddier
& Roddier one, constitutes a promising and feasible solution in this context.

Finally, it would be interesting to explore the potential of high contrast imaging capability for
FRIDA, if GTCAO were upgraded with the same number of actuators as SPHERE (Very Large
Telescope) or GPI (Gemini South telescope). Our work represents the first and essential steps
towards contrast gain results if FRIDA were equipped with a coronagraph and coupled with an
improved GTCAQO system. Theses first tests revealed a considerable improvement of the coro-
nagraphic performance even before the application of post-processing techniques. This powerful
association of upgraded instruments is of significant relevance for the quest of direct imaging and
characterization of substellar mass companions with the GTC, and represents an important first
step for instrumentalists to acquired experience before considering the challenge of a future planet
imager for GTC.



Conclusion

En el marco de formacién de imagen directa y caracterizaciéon de companeros de masa sub-estelar, se
llevé a cabo un estudio de factibilidad para generar imagenes de alto contraste con FRIDA. FRIDA
es un instrumento de segunda generacion disefiado para el Gran Telescopio Canarias (GTC): este
instrumento trabaja en el cercano infrarrojo con requerimientos de formacién de imagen directa y
de espectroscopia integral de campo (IFS), y estd planeado para trabajar en concierto junto con el
sistema de Optica Adaptativa (AO por sus siglas en inglés) del GTC (GTCAO). Las especificaciones
de diseno de FRIDA mencionaban que este instrumento tenia que ser capaz de proporcionar imé-
genes de alto contraste. Nuestro objetivo aqui consiste en proponer y evaluar diferentes soluciones
que puedan beneficiar a FRIDA para obtener imagenes de companeros de baja masa presentes en
la vecindad de estrellas brillantes cercanas.

Primeramente, se revisaron los principales conceptos de coronografia estelar. Los corondgrafos
tienen por objetivo eliminar el patréon de difraccién de una estrella brillante observada y realzar
la imagen de los eventuales compafnieros cercanos. Varios conceptos han sido investigados desde
hace una década: en el presente trabajo, se decidié centrarse en los coronodgrafos de typo Lyot y
las apodizaciones pupilares ya que representan soluciones muy prometedoras. Luego el instrumento
FRIDA fue presentado y su esquema optico fue analizado: se identificaron varios sitios disponibles
para la insercién de apodizaciones pupilares y/o méscaras de plano focal. Partiendo de estas hip6-
tesis, diferentes configuraciones coronograficas fueron propuestas: el Coronégrafo de Lyot Clasico
(CLC), el Coronégrafo de Roddier Clésico (CRC) y el Coronégrafo de Lyot con Pupil Apodizada
(APLC) sin diafragma de Lyot. Ademds, se sugirié un concepto original, el Coronégrafo de Lyot
sin diafragma (SLLC) para superar algunos obstaculos mecanicos del diseio de FRIDA.

Después, se llevaron a cabo estudios de factibilidad de coronografia para FRIDA. Para este propé-
sito, implementamos una herramienta numérica, basada en un método semi-analitico que usa una
transformada de Fourier matricial, para determinar los comportamientos coronograficos de nuestro
interés. Se verific la consistencia de nuestros resultados y se mostré que nuestras simulaciones
concordaban con las que se encuentran en la literatura. Ademaés, nuestros resultados numéricos
fueron validados en laboratorio, a través de experimentos realizados con un coronégrafo usando una
maéscara de fase de Roddier & Roddier de segunda generaciéon. Finalmente, se hizo una compa-
raciéon de las ganancias de contraste alcanzables con las configuraciones coronograficas propuestas
para FRIDA.

A continuacién, se inicié el andlisis de desempeno considerando a FRIDA como un sistema al limite
de difraccién. Esto nos permitié calibrar la atenuacién méaxima de flujo luminoso estelar alcanzable
en ausencia de aberraciones. Para esta condicion, el SLLC representa la mejor solucién coronogra-
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fica para FRIDA, seguido del CRC, el APLC sin diafragma de Lyot y el CLC.

Se consideré después un enfoque mas realista, con FRIDA trabajando en concierto junto con
GTCAQOQ, el sistema AO del telescopio GTC. Por lo tanto, los frentes de onda compensados por
AO y producidos con el software CAOS fueron entonces introducidos en nuestras simulaciones. Se
notd que la insercion de corondgrafos adecuados en FRIDA ayudaba a evitar la saturacion del de-
tector, gracias a la supresion del nicleo brillante en la imagen de la estrella observada. Ademas,
coronégrafos adicionales pueden permitir un ligero aumento del contraste en el campo 1til del
coronografo. Estos dispositivos pueden también permitir el aumento del intervalo dindmico de imé-
genes de FRIDA, lo cual es esencial para poder generar imagenes de companeros de baja masa. Sin
embargo, sea cual sea la configuracién coronografica usada, GTCAO+FRIDA no pueden realizar
imagenes con un alto contraste. De hecho, los corondgrafos estan limitados por la presencia de
speckles residuales de AO.

Se analizé entonces la posibilidad de aplicar métodos de post procesamiento después de técnicas
coronograficas. Se pueden utilizar métodos de post procesamiento con FRIDA en modo IFS, gra-
cias al cubo de datos de imagenes que el instrumento va a proporcionar. Estas técnicas permiten
eliminar los speckles residuales que se deben a la correcciéon imperfecta de AO y que afectan el
buen desempeno del coronégrafo. Dos métodos fueron estudiados aqui: la eliminaciéon de la com-
ponente simétrica azimutal y la técnica de imégenes diferenciales espectrales simultaneas (SSDI).
Implementamos estos dos métodos considerando dos o tres imagenes coronogréficas espectrales y
simultaneas obtenidas numéricamente con FRIDA acoplado a GTCAO. Se alcanzaron resultados de
ganancia en contraste muy prometedores: GTCAO+FRIDA puede ser capaz de formar la imagen y
de caracterizar un compaiiero de intensidad 10° més débil que su estrella huésped brillante con una
separacion angular de 0.2 arcsec. Métodos de post procesamiento anadidos a técnicas coronografi-
cas constituyen por lo tanto una combinacién completamente factible y prometedora para realizar
imagenes de alto contraste con GTCAO+FRIDA.

El potencial de las soluciones propuestas para el instrumento FRIDA existe y merece ser consi-
derado. Sin embargo, los errores de correcciéon de la diferencia de camino éptico entre GTCAO
y FRIDA deben ser incluidos en futuras simulaciones para ser més realistas. Se deben estudiar
sus efectos sobre el comportamiento de los corondgrafos y el desempeno de los métodos de post
procesamiento para determinar si estas aberraciones épticas implican una deterioracion significante
del contraste alcanzable. Ademas, se requiere completar nuestros resultados numéricos con un pre-
supuesto de errores del sistema. De hecho, los errores de alineacién de la méscara de plano focal,
del diafragma o de la apodizacién de pupila pueden resultar muy criticos en términos de desempeno
coronografico. Se requiere igualmente estimar las tolerancias aceptables de los dispositivos corono-
graficos si se quieren generar imagenes con un contraste satisfactorio en la zona de busqueda.

Un amplio intervalo de soluciones no fue explorado en este trabajo. Por ejemplo, se puede ima-
ginar una generalizacién de la técnica SSDI al método de deconvolucién espectral, considerando
el cubo de datos IFS entero proporcionado por FRIDA en vez de dos o tres imégenes espectrales.
Esto nos llevaria a una caracterizacion completa de los companeros posiblemente detectados con
FRIDA. Ademas, la introduccién de méascaras de fase mas sofisticadas para FRIDA podria facilitar
la aplicacion del método de deconvolucion espectral y mejorar su desempeno. De hecho, trabajar
con mascaras acromaticas permitiria alcanzar atenuaciones uniformes de luminosidad estelar sobre
un amplio intervalo de longitudes de onda. De tal forma, se podria reducir y tal vez cancelar las
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diferencias entre todas las PSFs coronograficas de una estrella observada sobre todo el intervalo de
longitudes de onda del filtro usado. Creemos que la méascara de fase de doble zona, que es una
versién acromaética de la de Roddier & Roddier, constituye una soluciéon prometedora y factible en
este contexto.

Finalmente, seria muy interesante explorar el potencial de formacién de imagenes de alto contraste
para FRIDA si GTCAO fuera actualizado con el mismo niimero de actuadores como es el caso
de SPHERE para el Very Large Telescope o de GPI para el Gemini South Telescope. Se empezd
a dar unos primeros resultados de ganancia en contraste considerando FRIDA equipado con un
coronégrafo y acoplado con un sistema GTCAO mejorado. Las primeras pruebas revelaron una
gran mejora del desempeno coronografico antes de aplicar técnicas de post procesamiento. Esta
asociacion de instrumentos actualizados podria representar una primera etapa en la busqueda de
formacién de imagen directa y caracterizacion de companeros de masa sub-estelar con GTC: los ins-
trumentistas podran beneficiar de la experiencia adquirida con ella antes de investigar la realizacion
de un nuevo instrumento para el GTC que se dedicara a la formacion de iméagenes de exoplanetas.
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Appendix A

Nyquist-Shannon sampling theorem

We briefly review notions of signal sampling. To formalize these concepts, let us consider a
continuous-time signal x(¢). In a simple and idealized case, sampling the signal z(¢) consists of
multiplying it with a Dirac comb distribution, defined as:

“+oo
M, (t) = Y. 6(t—nr), (A1)

n=—oo

where n is an integer and 7 stands for the sampling interval. § denotes the Dirac delta distribution,
a spike located at the origin with infinitesimal width and infinite height so that [T2°§(¢)dt = 1.
Therefore, the sampled signal x4(t) at a sampling frequency vs = 1/7 can be written as:

s(t) = s, () (1), (A-2)
or equivalently:
+o00
xs(t) = Z x(nT)é(t — nr). (A.3)

A schematic representation of the signal and the sampling is given in Figure A.1. The terms z(n7)
form the sequence of the samples. Let us remind that f represents the Fourier transform of a
function f and ® denotes the convolution product. Hence, in the frequency domain, the previous
equation becomes:

zs(v) = [%I_Hglﬁ ® 9%} (v), (A.4)

where the transform variable v represents the ordinary temporal frequency, since the independent
variable ¢ symbolizes the time here. This expression points out the periodicity of the spectrum
x(v) with period 1/7. Overlapping of the spectrum will occur in the frequency domain unless
Zs(v > vs/2) = 0, where vy = 1/7 is the sampling frequency. Accurate reconstruction of the
original signal therefore relies on an adequate choice of this parameter. If this condition is not met,
spurious information will appear due to the overlapping of the spectral replica. This effect, referred
to as aliasing, is illustrated in Figure A.2.
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x(t)

Figure A.1: Schematic representation of a signal x(t), the sampling interval 7 and one of the terms z(n7).

no overlapping is(“)
X(vt1/1)  X(v) vs =1z
1 ] 1 1 A%
I I I I I I I
“3vsl2 vel2 -vm 0 \.MVSIZ 3vs/2
overlapping Xs(v)
‘!

“¥Mm 0 %VYsYMm Vs

Figure A.2: Schematic representation of the spectrum Z4(v), the sampling interval 7, the frequency vy,
and the sampling rate vs. At the top, no overlapping succeeds. At the bottom, a bad sampling of the
original signal z:(t) carries out to overlapping in the frequency domain and therefore, aliasing effects. It has
to be noticed that the represented spectrum () cannot correspond to the signal x(t) sketched in Figure
A.1. Indeed, if x is a real signal then &, is hermitian i.e. the real part of Z is real and symmetric and the
imaginary part of Z is real and antisymmetric.
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Correct sampling therefore requires that the signal x(t) has a band-limited spectrum, i.e. it
exists a frequency vy such that |2(v)| = 0 for all v > vy, and that 1/7 > 2vy,. If this is not the
case, then we should apply an adequate low-pass filter (e.g. a rectangular function):

#(v) =11 (ﬁ) #(v), (A.5)
with II(rv) = 1 for |v| > 1/2 and 0 elsewhere. Hence, extracting #(v) from &4(v), it becomes

possible to recover the signal z(t). This is the base of the sampling theorem. Figure A.3 illustrates
the filtering operation over the spectrum of the signal x(t).
Let us note that if the signal x(¢) does not have a band-limited spectrum, it has to be filtered with
a function which Fourier transform is band-limited. Filtering operation must be realized before
sampling otherwise the translated spectra overlap.
The Nyquist-Shannon sampling theorem asserts that the sampling rate v of a signal must be
at least twice as great as the highest frequency vj; in this signal, in order to convert this signal
from an analogical to a digital form without loss of information. This theorem is the base of the
digital conversion of signals:

Vs > 2 X vy (A.6)

If the conditions of the sampling theorem are satisfied (for instance, vy = 2v); = 1/7), the recons-
titution of the signal is obtained with a Fourier transform of Eq. (A.5):

t

x(t) = sinc (;) ® xs(t), (A.7)

where sinc(t) = sin(nt)/mt. Using Eq. (A.4), the last expression can be rewritten as:

x(t) = 4'2020 x(nT) sinc <t — m’> . (A.8)

T
n=—oo

This study is carried out in the context of one-dimension signal, but it can be extended to multi-
variable signals and images. In our case, we are used to working with gray-scale images, which
are represented as two-dimensional arrays of real number describing the relative intensity of pixels!
located at the intersections of row and column sample locations. Hereafter, we present our choices
to achieve a correct description of the coronagraphic behavior with our simulator.

! pixels or picture elements, we will name them points in the numerical simulations to avoid confusion with detector
pixels.
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Figure A.3: At the bottom, schematic representation of Z4(v), a properly sampled band-limited signal. In

purple, we can see the application of a low-pass filter (here II(v/vy)) to remove the images and at the bottom,
the original spectrum #(v) which will allow to recover the original signal from the samples.



Appendix B

Semi-analytical coronagraphic
propagations using Matrix Fourier
Transform

In the following, we recall the main steps given by Soummer et al. (2007) to compute semi-analytical
coronagraphic propagations using Matrix Fourier Transform.

B.1 Principle of the algorithm method
Let us remind the analytical expression of the field in the Lyot plane, already given in Eq. (III.1):
Ve(r) = (Wa(r) — e F[F[Wa(r)] M(r)]) L(r) . (B.1)

This expression points out the fact that the calculus of the two Fourier transforms is only required
within the mask and Lyot stop areas of respective index functions M and L. In the following, we
rewrite the steps given by Soummer et al. (2007) and which allow to perform the semi-analytical
propagation from the entrance pupil to the Lyot plane:

— Define the pupil field amplitude without zero padding as a N4 x N4 array, where N4 is the
diameter of the pupil in points.

— Calculate the FT to an arbitrary fine sampling inside the area limited to the occulting mask as
as a Np x Np array, with e.g. Np =40 for a 5\/D mask with m = 8. m is a coefficient related to
the resolution of the F'T in the image plane.

— Calculate the FT of this previous field amplitude inside an area limited to the pupil (N4 x Ng
array).

— Reverse the spatial axes because two successive F'Ts restore the function while changing the sign
of the variable, and subtract the result from the pupil field amplitude (An inverse FFT can also be
used between plane B and plane C to avoid reversing the axis).

Soummer et al. (2007) make us also note that for convenience all masks (pupil and occulter) are
defined with their centers located on the pixel Na/2 +1 (or Ng/2 + 1), and that the focal plane
mask can be defined using the gray pixel approximation, as for the calculated FFT method. Several
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methods exist in the literature to calculate partial FTs. In the following, we describe the matrix-
based method proposed by Soummer et al. (2007).

B.2 Matrix Fourier transform

The simple matrix Fourier transform (MFT) can be used for the semi-analytical method. In order
to restrict the computation of the FT of the pupil to the image plane size m expressed in resolution
element units (A/D), we choose the sampling step in plane B such that: du = m/Np. We compute
the Riemann sum directly using a matrix formulation of the sampled Continuous Fourier transform:

F(UO) e—2i7rmouo .. e—2i7rmkuo . e—2i7T~’UNA—1uO f(330)
F(uk) — e—2imzouy, e e~ 2imT Uy, . o~ 2TEN 4 1k F(xz)
Flun, — 1) eTHTIOUNG -1 L pTAHTIUNG 1L TNy uNg -1 |\ f(zy, — 1)
B
(B.2)
which can be written as: ' .
F(U) = e 20X 1(X), (B.3)

where U = (ug---uny—1)T, X = (vg---xn,-1)7, and exp(-) is the element-wise exponential of a
matrix. two dimensional FTs can be implemented straightforwardly as follows:

— Define the four vectors U = (ug- "uNB_l)T, X = (zp- --a:NA_l)T, V = (vo- - UNg-1
Y =(yo-- yNA—l)T-

— The vector elements are x = yp = (k — Na/2) X 1/N4 and v; = vy = (Il — Ng/2) x m/Np, for
k=10,--- ,Ng—1]and I =[0,--- ,Np — 1].

— The two-dimension FT is obtained by computing the two matrix products:

)T

)

P(U,V) = e 2mUXT . p(X Y)YV (B4)
NaNp

where the normalization coefficient m/N4Np imposes the conservation of energy according to the
Parseval theorem: the energy in the limited area F'T is a fraction of the total energy of the FT,
corresponding to the limited area, which was calculated.
— With this definition, the Fourier transform is centered in a similar fashion to the FFT, with the
zero frequency at the pixel Ng/2 + 1.
I would like to thank Rémi Soummer for suggesting me the use of the semi-analytical method and
MFT and indicating me the typos present in the manuscript of Soummer et al. (2007).
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ABSTRACT

Context. Coronagraphic techniques are required to observe substellar nmapartions close to nearby bright stars by direct imagery.
Phase mask coronagraphs are particularly interesting because theycgess to the innermost regions. The first such concept was
proposed by Roddier & Roddier in 1997. While its principle was validatecdexentally a decade ago, the achieved brightness
attenuation was too low to be conclusive, probably due to the imperfech#sskprofile of the mask.

Aims. We have manufactured and tested a second-generation Roddier §eRodibnagraph in preparation for the development of
more elaborate phase mask designs, planned to be used in the futope&@uExtremely Large Telescope.

Methods. A monolithic phase mask was made by ion beam machining. Experiment#diynedd coronagraphic images were compared
with simulated images.

Results. Good agreement with theory was obtained. Peak attenuation of 216 hiaseat; and a contrast ef 10> was measured

at 5.74/D. Particularly interesting are the results exploring contrasts obtainedfatedit distances from the star foiffiégrent mask
dimensions, confirming predictions made in the literature.

Key words. Instrumentation: high angular resolution — Techniques: high angulaiutes — Telescopes — Methods: laboratory

1. Introduction core of the stellar diraction pattern was delayed byrgphase
change, then destructive interference occurred withirpti!,
displacing virtually all of the starlight into a halo surraling

the geometric pupil image. Removing this energy by the aid of
a Lyot stop in the following pupil plane was shown to lead to
an important reduction of firacted starlight in the final image
projected onto the detector or into a spectrographic inmgtnt.

w_ 1998, Claude and Frangois Roddier with co-investigator
om the Institute for Astronomy of the University of Hawaii
o il bri | is of bout th .b'oined forces with colleagues at the University of Mexico
[O3]...) wi rng elements of response about thé possi NAM), including one of us (SC), in order to realize the
presence of life (Woolf & Angel 1998). With images of faint st RRPM and to test experimentally the theoretical pre-
companions, it will also be possible to better understag

Direct detection and imagery of faint stellar companioiig |
extrasolar planets or brown dwarfs, is one of the most exgiti
challenges of contemporary observational astrophysiash S
imagery will in particular give access to spectral analysfis
the emitted or reflected light from these objects, providiata
about atmospheric composition. The detection and quant
cation of bio-signals (like water [¥D], oxygen [Q], ozone

hani t planetary f i B & sh 199 ctions. This first-generation phase mask was made by
mechanisms ot planétary formation ( urrows arp oto-lithographic deposition of an appropriately sizpdtsof

and calibrate the current atmospheric evolution modelsigya SiO, of thickness 700 nm and diameter 200

et al. 1999). However, planetary stellar companions are p .

While the results of this experiment, described in detail in
dicted to be very faint compared to their host star; redactib : f P .
the dffracted star light by the aid of coronagraphic devices guyon et al. (1999), clearly validated the principles o thew

therefore required. Lsoronagraphlc concept, it achieved only a modest peaksityen

. ._attenuation ofAex, = 16. Theoretically, adjusting carefully
At the end of the 20 century, Claude and Francois ROddIefhe size of the mask to the size of thefdiction pattern (or

proposed a new coronagraphic concept (Roddier & Rodd e-versa. b p ) - -
] ] ) - , by the aid of a variable iris entrance pupil)eakp
1997) based on replacing the usual opaque occulting disk Wfﬁtensity attenuation of infinity could have been achieved.

a small transparent phase mask, referred to as the Roddier . : :
Roddier phase mask (RRPM). They showed that if the centille modest attenuation achieved was explained by the rdunde
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edges of this first-generation mask. It was therefore cleat t 2. Exposition of a small circular region by the aid of a meéhan
technological improvements would be required to push thigl mask

concept further. This conclusion, together with the doubl Reactive ion etching of the substrate

chromatism stiered by the RRPM, both in terms of phase delag. Cleaning of the substrate

and lateral dimension, made the concelisiently unattractive

to remain virtually unexplored in the literature since thén The excellent shape of masks made by this process has been
did open the road for other phase mask concepts, howeyagven by scanning electronic microscopy (SEM), see Figure

in particular the Four-quadrant phase mask (FQPM, Rous¥hile a slight rounding of the edges can be seen, the unifgrmit

et al. 2000) which has been extensively studied (Riaud et af.the mask depth is seen to be extraordinary.

2001) and tested (Riaud et al. 2003; Mawet et al. 2006) afitie optimal diameter of the RRPM was estimated by Roddier &
which currently equip high-contrast imaging projects oougrd  Roddier (1997) to be about@1/D, corresponding to an inte-
(Boccaletti et al. 2004; Gratadour et al. 2005) and, soon, gnal of the electric field over the Lyot stop equal to zero, ae
space (Baudoz et al. 2006). It also spurred the developnienirdinite central peak attenuation. Recent research (Restal.

a phase-mask coronagraph more directly related to the RRP207) shows that increasing the mask size to aroubd/D

the Dual-zone phase mask (DZPM, Soummer et al. 2003b). Théads to improved contrast in the surrounding halo althahgh
concept is based on a small structure covering the central cpeak attenuation is reduced. To demonstrate tfieceexperi-

of the stellar difraction pattern, but instead of a single phasementally using a source of = 677 nm, we designed our mask
retardation, this mask includes a second, annular phaselegt to a diameter of 6am, allowing for a variable focal ratio of the
surrounding the Roddier-style cylindrical phase disk. &lafi coronagraphic bench ranging frdfn~ 50 toF ~ 100.

the retardations being, achromatic destructive interferenceMask thicknesis given by the equation:

is reached by a three-vector nulling, rather than a twoerect

nulling as in the original RRPM concept. (n-1)e=21/2, (1)
Thanks to its large potential for wide-band coronagraphg, t
DZPM concept has been preselected as a candidate for
EPICS planet finder instrument (Kasper et al. 2008) for t
European Extremely Large Telescope (E-ELT). In this cantex
proof of concept experiment has been initiated in the fraarkw
of the European Union FP7 program. In preparation for tl
work, and in order to test the improvements during the la
decade of the capacity of micro-optics technology to predu
straight-edged phase structures, we decided to repeagheft
the RRPM using a new, second-generation, phase mask.
results of this experiment are reported in this paper. Iticec
2, we describe the design of this new mask and the technol
with which it was manufactured. In section 3, we describe t
experimental setup and measurement protocol and in se&tio
we present results of the experiments.

\M’éeren is substrate refractive index. For fused silinas 1.46,
ﬁa@d so the optimal mask depth was 740 nm.

lum

2. Design and manufacture of the

second-generation Roddier & Roddier phase Fig. 1. Scanning electron microscope image of the Roddier & Roddier
mask phase mask, showing real proportions of the full mask (main imagg) an
a zoom on the edge (inset). The edge is remarkably well defined and the
While the deposition of a cylindrical spot of SiOn a fused sil- depth uniformity is virtually perfect. The images were obtained using an
ica substrate could be considered a good option for the RRP&fyironmental scanning electron microscope, Extended PresEMe-S
it was judged risky because an inevitable indefedence (Zeiss Evo 60). To avoid the deposition of a metallic coating onto the
between mask and substrate would lead to interfereffeete component, which would have excluded its future use, we used the low-
whose impact on the coronagraphic performance fiscdit to  &r pressure, or ‘environmental’, settings. The horizontal streak ate
model and predict. Also, edgefects due to the lift-fi of the the top of the mask is an artefact due to the accumulation of charges
excess mask material may be expected, as was probably ng thg sharp edges of the mask, caused by the absence of a-conduc
: ) . . . .7 tive'coating.
case in the first-generation mask. An alternative, moriolith
option has therefore been investigated, where the phasis dot
machined into the substrate by the aid of photo-lithograpim
beam etching. This technique had already been experimented ]
the context of the development of a segment phasing concépExperimental setup
based on a modified Zernike phase contrast sensor (Doh\Lje
et al. 2006), and although the masks were an order of magnitud
larger in this case, the results wereffitiently good that its The optical design of the coronagraphic assembly is shown in
miniaturization seemed reasonable. Figure 2(a). The diode laser source is spatially filteredubh
a 5um pinhole and collimated by the lens L1. A variable iris

The mask fabrication,fiectuated at the GEPI laboratory ofP1 defines the entrance pupil plane (A) of the system. To avoid
the Observatory of Paris, included the following steps: excessive bench dimensions, a pupil size of 1-2mm is used.
1. Deposition of photoresist onto the substrate We adjust the entrance pupil diameter, hence the dimengion o

vy Description of the assembly
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the difraction pattern projected onto the fixed mask, in order twder to observe the entrance pupil. The iris P1 is adjustéuk:t
change the relative mask diameter. desired size as measureftithe TV monitor, see Fig. 3(a). As the
The lens L2 provides an image plane (B), in which the RRPM fecal mask is replaced into the beam, the pupil image is {rans
placed, and also a pupil plane (C), in which the Lyot stop is Idormed, rejecting light into a halo surrounding the geomatr
cated. While this setup appears ideal in the sense of mimmizipupil, see Figs. 3(b), 3(c) and 3(d), corresponding to thekma
optics, hence aberrations, it does not provide a telecelptam radii of 0.4551/D, 0.5161/D and Q7411/D, respectively. The

to the coronagraph, but this does not appear to be of impmtaefficiency of this rejection and the distribution of the residna

for this concept. tensity within the pupil depends upon the size of the entanc
The following lens L3 projects the coronagraphic image (Btpo iris. The Lyot stop iris P2 is now closed down so as to elimenat
the camera. It also projects the pupil onto a plane (E) sortie bright halo, leaving only the residual light within theognet-
100 mm behind the image plane, allowing rapid switching beical pupil. To account for mis-alignments and scatter, lihet
tween image and pupil plane observations by sliding the cam@upil must always be slightly smaller than the entrancelpupi
between these positions.

Focal mask and Lyot stop are mountedxyzmicro-positioning
stages, allowing both lateral and focus adjustment of these
ponents. Once optimal positioning has been determinedytlye The camera is now slid forwards to the image plane D and
adjustments necessary to perform the measurement pratecolthe coronagraph mask is removed in order to observe the un-
scribed below are a laterat(movement of the mask to removecoronagraphic image. Camera exposure time is adjusteceto th
or replace it onto the stellar image (a displacement of a fawinimum (0.04 ms), and a variable neutral density (ND) filser
100um is suficient), and diameter of the entrance pupil and thedjusted so as to just avoid saturation of the PSF peak. knage
Lyot stop. A picture of the optical bench can be seen in Figugge then acquired at 0.04 ms, 4 ms and 400 ms, in order to con-
2(b). stitute a fiducial reference image, see Fig. 4(a). Exactl pig#
Images were recorded using an 8-bit camera. To obtain accegtdeduced from comparing this image with a theoretical Airy
able dynamic range, 3 images were taken &edént exposure pattern.

times from 0.04 ms to 1s, and composite images were crea@tk coronagraphic mask is then placed into the beam, care-
by extracting annular zones from each image. For each expghy adjusted to optimize symmetry in the coronagraphiage.
sure time, a corresponding dark image was taken and sulidragigain a series of images is taken, the first one with an exgosur
from the scientific images. The resulting image quality pv time adjusted to just avoid saturation without changingNie
suficient for this experiment. filter, then one or two more images with exposure times rangin
up to the maximum allowable of 1s. Figs. 4(b), 4(c) and 4(d)
show composite images for the same three mask radii as eonsid
ered above.

3.2.2. Image acquisition

S L1 Pl L2 M

4. Experimental results

4.1. Results in the pupil plane

The key to understanding the Roddier and Roddier corona-
graphic principle lies in the pupil plane. Simple Fourietiopal-
lows us to appreciate the nullingfect due to the beamftiiacted

by the coronagraphic mask, shiftedadians out of phase, as it
interferes with the original top-hat pupil. Since the phasesk

is smaller than the stellar Airy pattern, theffticted beam is
broader than the original pupil and it extends beyond the geo
metrical pupil and since the mask is hard-edged, we expect to
see difraction rings.

Figs. 5(a), 5(b) and 5(c) compare the theoretical coronmca
intensity profiles in the coronagraph exit pupil plane C vtith
experimental intensity profiles in the same plane. Agaiaith-
ages correspond to the mask radii considered above, ofaespe
Fig. 2. Coronagraph experiment setup. S: source; L1: collimating lertéyely 0.4551/D, 0.5161/D and Q7414/D.

P1:variable diaphragm in the entrance pupil (plane A); L2: corondgraThe measured profiles compare well with the theoretical pre-
lens; M: coronagraph mask (plane B); P2: variable diaphragm ltgpt s dictions, and the dark firaction ring is clearly seen. Inside the
(plane C); L3: imaging lens; Cam: movable camera (planes D and lypil, the intensity falls sharply, indicating the destive in-

(a): Schematic representation of the experimental setup. Vertical sqliference due to the good matching of the field strengthef th
is exaggerated for clarity. (b): Photograph of the experimental setup.qigracted beam phase shifted byadians and the unfiiacted
beam. For the larger mask, the residual is stronger, but well
apodized as expected.

3.2. Experimental protocol ) )
4.2. Results in the image plane

3.2.1. Adjustment of pupil size . . .
) pup Azimuthally averaged profiles of the coronagraphic and non

The focal mask is removed from the beam and the camera is doronagraphic images have been calculated, see Figs6@{a),
cated in pupil plane E. A wide Lyot stop aperture is chosen and 6(c). The non coronagraphic profile is compared with the
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Fig. 3. Set of pictures obtained in the pupil plane E. (a): Non coronagrapltipegil image. (b), (c) and (d): Coronagraphic exit pupil images
without Lyot stop corresponding to the mask radii of%6.1/D, 0.516.1/D and Q7411/D, respectively.

. .
(b) (© (d)

Fig. 4. Reconstructed images thanks to pictures taken in the image plane fiea¢ioli exposure times. All the images are normalized to the peak
of the un-coronagraphic image. The gray scale is logarithmic, rangimg £ (white) to 107 (black). (a): Non coronagraphic image. (b), (c) and
(d): Coronagraphic images with Lyot stop corresponding to the makkafe0.4551/D, 0.516.1/D and 07411/D, respectively.

(d)

@

Table 1. Angular separations of the intensity peak and first five bright rings of\thedi ffraction pattern.

Intensity F'bright 2%bright 3% bright 4" bright 5" bright
peak ring ring ring ring ring

0.00 164 268 370 471 571

Angular separation
in /D

theoretical Airy pattern, indicating a very good correspiamce. we averaged the intensity of the coronagraphic image over
This comparison turned out to be useful in optimizing thegma an annulus of widthi/D. Theoretical results are plotted as
analysis approach, allowing to understand some unexpecliegs, and experimental data are plotted as points. Allltesu
features of the camera such as exposure-time saturatisghdorare normalized with respect to the central intensity of the
shortest exposure times, leading us to implement a noaslinein-coronagraphed image, averaged in the same way.
exposure-time correction. The theoretical curves clearly show that the mask giving the
Theoretical coronagraph images were calculated usingethé s optimal peak attenuation, seen here to reach beyofiddb@s
analytic method based on matrix Fourier transforms desdribnot correspond to the optimal performance in terms of cehtra
by Soummer et al. (2007). The measured coronagraphic profilethe field. At the 8 Airy ring, an improvement by a factor
corresponds well with the theoretical prediction down to af about 10 can be expected by increasing the mask radius
contrast of around 16, both for the 0.453/D mask (Fig. 6(a)) to around 651/D. The experimental measurements confirm
and the 0.518/D case (Fig. 6(b)). For the 0.741D case (Fig. this result in spite of some loss of performance in the case of
6(c)), however, the correspondence with theory is less godarger mask sizes. Indeed, as was already seen in Fig. Béa), t
Still, the contrast performance in the field is clearly betten measurements fit very well with theory for mask radii smaller
in the other cases. than 0554/D, with an average élierence between experimental
In order to investigate theffect of varying mask size, we haveand theoretical intensity less than 0.21 magnitudes, sele Pa
calculated the intensity at ftierent distances from the starFor larger masks, ffierences up to 1.7 magnitudes are observed.
plotted as a function of mask radius, both for theoretical an

measured profiles. Figure 7 displays these results. We donsi

ered six distances from the main optical axis, correspandin

to the central peak and the first five bright rings of the Airy

diffraction pattern (see Table 1). At each of these positions,
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Fig.5. Experimental and theoretical intensity profiles achieved in the re-imagpil plane C in the presence of the RRPM. Mask radii are
estimated to be.@551/D (a), 05164/D (b) and 07411/D (c), respectively. LS stands for Lyot stop. See text for a detailedrigi¢i®n of the
plot.

Table 2. Averaged diterence between the experimental and theoretical intensity valuestimedt mask radii. We exclude the central peak values
from the averages.

Mask radiusin 1/D 0294 0304 0338 0359 0455 0516 0645 0656 Q741 0851 Q930
Al in stellar magnitudes .02 021 006 007 007 009 167 172 154 154 166

5. Discussion and conclusion the high peak intensity and increased aperture size camesp
ing to the larger mask diameters. In particular, a family ludgts

The main goal of our experiment, demonstrating that impdovere observed along the vertical axis, probably due to iatea:

technology was capable of providing a significant improvdlections between the detector surface and the double detect

ment of coronagraphic performance compared with the algirwindow. These ghosts are invisible in the case of the smaksa

RRPM demonstrator of 1999, has clearly been reached. In périgs. 5b and c), but clearly seen both in the non-corondugcap

ticular, while the original experiment was limited to a pestk image (Fig. 5a) and in the large-mask coronagraphic imaige (F

tenuation of 16, we have measured attenuation as high as Zd). Deficiencies in terms of optical quality of the benclodis-

It is believed that the main improvement is in the mask profileome more important in the case of the larger mask size, where

where our device has been seen to have a very sharp edge. the entrance pupil was enlarged so as to reduce the focal rati

We have also provided a quantitative evaluation and exgmarim This stresses the optical setup both in terms of source nmiifp

tal demonstration of the apodizingfect expected for larger optical aberrations, and surface quality. Other error cesiin-

phase masks, as described by Ferrari et al. (2007), in spitectude mechanical stability and adjustment accuracy. Alliste

a deterioration of the experimental results for mask radgér ments are manual, with direct TV images as the only aid tmalig

than 0.551/D. We believe the main reasons for this deterioratioment. Slight misadjustments cause spillage of light batktine

are linked to features of our experimental setup, combinigtd wpupil, hence reduced coronagraphiiiaency.
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Fig. 6. Radial profiles of the experimental and theoretical images achieved jorélsence or not of the RRPM. Mask radii are estimated to be
0.4551/D (a), 05161/D (b) and 07414/D (c), respectively.
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are shown as lines, experimental values are shown as points. See text
for a detailed description of this plot.
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CORONAGRAPH FEASIBILITY STUDIES ON FRIDA

M. N’'Diaye!2, S. Cuevas!, K. Dohlen?

‘We propose a way to introduce stellar coro-
nagraphy within FRIDA (inFRared Imager
and Dissector for Adaptive Optics [AO] sys-
tem of the Gran Telescopio Canarias, GTC).
‘We represent the FRIDA coronagraph perfor-
mance that could be achieved. We also give a
few words about the usefulness and limits of
coronagraphy.

FRIDA is being designed to provide high quality
imaging in broad and narrow band, and spatially
resolved spectroscopy with the use of an Integral
Field Unit. The presence of a stellar coronagraph
inside its optical assembly would allow to reach
the direct imaging of faint objects close to brilliant
stars, like exoplanets or circumstellar disks, and a
spectral analysis of them.

The study is focused here on the main two focal
plane mask coronagraph: the Classical Lyot Coro-
nagraph (CLC, an opaque mask) and the Roddier
& Roddier Coronagraph (CRC, a 7 phase shifting
mask). GTC aperture is hexagonal so, to improve
the starlight extinction results, a inscribed circular
diaphragm is placed in the entrance pupil. Adding
an adequate Gaussian apodization mask to the
aperture allows the increase of the coronagraph
performance. It can be designed by means with a
doublet of lenses with the same refraction index
and where the divergent one is in an absorbing
neutral density glass characterized by the Optical
Density (OD). The presence of the telescope
secondary mirror shadow within the entrance
aperture, associated with the coronagraph focal
plane mask, makes appear a central illumination at
the coronagraph exit pupil center. To block these
undesired diffraction effects, an obscuration disk is
put in the corresponding plane.

The coronagraph configuration for FRIDA is illus-
trated in Figure 1 and the corresponding results in
Figure 2. Choosing OD = 0.10 for the Gaussian
apodization mask provides a star intensity decrease
by a factor 108 (or 15 magnitudes).

Hnstituto de Astronomia, UNAM, Apartado Postal 70-264
Ciudad Universitaria, 04510 México, D.F., México (mndiaye,
chavoc@astroscu.unam.mx).

2Laboratoire d’Astrophysique de Marseille, 2 place Lever-
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Fig. 1. Configuration for FRIDA optical assembly.
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Fig. 2. Plot in log scale of the axial image intensity
profile for a CRC with a Gaussian apodized centrally
obstructed circular aperture (dash dot) compared with
the Airy pattern (solid), the only apodized (dotted) and
the CRC (dashed) profiles. All profiles are normalized to
the central intensity of the Airy pattern and represented
at 2.2 um.

In the case of ground-based observations, corona-
graphs reduce the coherent part of the AO corrected
Point Spread Function (PSF) and Differential imag-
ing technique defeats the speckles noise in the PSF
halo. So, both combined in FRIDA are expected to
allow the study of faint companions.
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Abstract: In the context of high contrast imaging, the Apodized Pupil Lyot Coronagraph
(Soummer, 2005) is a combination of an apodization placed in the input pupil, an opague
mask in the following focal plane and a Lyot stop in the coronagraph exit pupil plane.
This diaphragm blocks the rejected starlight that is left outside the exit pupil. In thiswork,
we propose to remove this Lyot stop. Good attenuation of the star image intensity can be
reached. Furthermore, we add a Differential Imaging method to this coronagraph in order
to defeat residual speckles. This is the main noise source appearing in a star image,
obtained with a ground-based instrument equipped with Adaptive Optics system. This
configuration gives very promising results and could be applied on instruments in
progress, like FRIDA (inFraRed Imager and Dissector for the Adaptive optics system of
the Gran Telescopio Canarias).

Keywords: Infrared Astronomy, High angular resolution, Adaptive Optics

1. Introduction

1.1 Astronomical context

Extrasolar planets (or exoplanets) are planets orbiting a star other than the Sun. Interest for them has not
stopped increasing, since the first official exoplanet detection was redlized by Mayor and Queloz in 1995
[1], with radial velocity measurements. To date, the count of known exoplanet candidates stands at more
than 265 [2]. Almost of al these detections were done with indirect methods, and mainly the radial
velocity one. The next step consists of direct imaging these faint substellar companions.

Imaging these faint objects will allow reaching astronomical data about them, complementary to those
obtained with indirect detection. Their spectrum analysis will lead to identification of atomic and
molecular lines and provide to astronomers, information about their atmospheric chemical composition. It
will alow accessing to planetary companion mass, better understanding the planetary formation
mechanism [3] and calibrating atmospheric evolution models [4]. The eventua detection of bio-signals
(like water [H20], oxygen [02], ozone [O3]...) could bring elements of response about the presence of
life apart from the Earth [5].

However and until now, only one extrasolar planet has been imaged [6]. Imaging substellar companions
and extrasolar planetsin particular, isa very difficult task. To make terrestrial observations, ground-based
telescopes equipped with very efficient Adaptive Optics (AO) system are expected. Our terrestria
atmosphere distorts the wave fronts coming from stellar objects. AO alows correcting the aberrations
induced by the atmospheric turbulence. It aims at exploiting the diffraction-limited potential of ground-
based telescopes. Other techniques are required beyond AO system, to go on increasing the contrast at
small angular separations and allow imaging faint companions close to bright stars. Stellar coronagraphy
raises hope to reach this goal.
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1.2 Stellar coronagraphy

Stellar coronagraphy represents a first step to achieve high contrast imaging. Poeticaly, it consists of
eclipsing artificially an observed bright star allowing to see dim companions, thanks to an optical setup.
Concretely, the stellar coronagraph aims a decreasing the diffracted starlight intensity.

Several coronagraphic devices were proposed during the last decade. Let mention the Achromatic
Interfero Coronagraph [7, 8], based on the Michelson interferometer to create destructive interferences
and achieve bright star extinction. But, mayor part of the coronagraphic designs uses a focal plane mask
[9-13]. The mask is centered in the focal plane of the telescope aperture, where the on-axis bright star is
imaged. Moreover, it is designed to not alter an off-axis substellar companion. Coronagraphic masks can
be divided in two categories: the opaque mask that directly blocks the starlight contribution [9] whereas
the phase mask cancels the star with destructive interferences [10]. Another way consists in apodizing the
entrance pupil (an image of the telescope aperture) [14,15], to attenuate starlight intensity. Wings of the
on-axis bright star Point Spread Function (PSF) are then smoothed and can let appear an off-axis faint
companion. Apodized entrance pupils and focal plane mask can also be combined [16-19], to go on
increasing the image contrast.

Theoretically, all these coronagraphs achieve very good results and should work very well with space-
based instruments. However, coronagraph performance is limited in the case of ground-based instruments
equipped with AO. It is mainly due to the residual aberrations present within the star diffracted light.
They form a noisy background which prevents from detecting faint objects close to bright star and
represent a limitation for coronagraphy. Therefore, additional techniques are needed in order to make
direct detection of faint objects.

1.3 Differential Imaging method

Residual speckles result from the non perfect AO correction of wavefront aberrations, caused by the
atmospheric turbulence. They represent the main noise source and must be tackled in order to detect faint
objects [20]. To defeat them, several techniques were proposed recently.

The Angular Differential Imaging [21,22] consists of combining several images acquired at the same
time, but at different field angles to subtract quasi-static speckles. Theoretically, this technique gives
perfect results but in practice is limited by the quasi-static speckle time evolution. On the other hand, the
Simultaneous Spectral Differential Imaging (SSDI) [23] method uses two o three images, taken
simultaneoudly at different but close wavelengths. These images are spectrally rescaled before being
subtracted from one another, taking advantage of the wavel ength dependence of the speckles. Let mention
the spectral deconvolution method [24], which can be seen as a genera case of the SSDI technique.
Indeed, several frames of a stellar object are taken simultaneously and at different wavelength. They form
adata cube, in which images can be extracted to be recombined after wavelength rescaling.

In this paper, focus will be made here on the SSDI method. This process technique allows reducing
speckle noise and enhancing faint companions. Images are taken at two or three different wavelengths
that span a well-known resolved absorption line, in the spectrum of the substellar companion. For
instance, one can cite the methane (CH4) absorption break in H-band for brown dwarfs and Jupiter-like
planet [25]. Thus, after rescaling and subtraction between images, speckle noise is attenuated and the
substellar companion enhanced. No operation is applied to the faint object, since it is just present in one
of the two or three processed frames. SSDI method has already been experimented in laboratory and
planned to be apply on work in progress instruments, like Gemini Planet Imager [26] or SPHERE on the
Very Large Telescope [27]. The present study will focus on the SSDI application in FRIDA, the work in
progress instrument for the Gran Telescopio Canarias [28].

1.4FRIDA, a work in progress instrument for the GTC

FRIDA (inFraRed I mager and Dissector for the Adaptive optics system of the 10.4 m Gran Telescopio
Canarias [GTC]) is being designed as a diffraction limited instrument with broad and narrow band
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imaging and integral field spectroscopy (IFS) capabilities to operate in the wavelength range 0.9-2.5 um.
FRIDA will be ingtalled at the Nasmyth A platform behind GTCAO (the Adaptive Optics system of the
GTC). It will use diffraction-limited optics to avoid degrading the Strehl ratio (It represents the ratio
between the intensity peaks of the studied image and the perfect image that would provide the system, in
absence of any aberration) delivered by the GTCAO system in the near-infrared.

The 10.4m Gran Telescopio Canarias is currently being installed in the Observatorio del Roque de los
Muchachos on theisland of La Palma. The “standard seeing scenario” of this astronomical site assumes a
Fried parameter r0=0.15 m. (it defines the radius of coherence within an incoming wave front) and a
turbulent windspeed v=10 m-s* [29]. GTCAO is supposed to have a performance similar to an Adaptive
Optics system with the following deformable mirror and sub-aperture geometry: 21 actuators and 20 sub-
apertures placed across the long axis of the telescope pupil [30]. If wavefront sensor measurements are
considered perfect (ideal detector), the achieved Strehl ratio in H-band should be 0.607.

This should be the expected Strehl ratio delivered by the AO system to FRIDA. These characteristics
represent the initial constraints to image substellar companion with FRIDA. Upgrade paths are aready
planned for FRIDA to do high contrast imaging, since the introduction of a stellar coronagraph was
considered in the optical design.

1.5 Feasibility study to do high contrast imaging WRRIDA

Three coronagraphic configurations are proposed for FRIDA. The first one is the Classica Lyot
Coronagraph (CLC) based on the focal plane opagque mask [8]. The second option is the Classical Roddier
Coronagraph (CRC), which uses a n-phase mask [9]. Whereas the third solution thought for FRIDA is an
improvement of the Classical Lyot Coronagraph, with in addition an apodization placed in the entrance
pupil. Like CLC or CRC, Apodized Pupil Lyot Coronagraph (APLC) [19] uses a Lyot stop, a diaphragm
present in the re-imaged pupil plane to block the star diffracted light. Indeed, light present outside the
coronagraph exit pupil comes from the rejection done by the coronagraphic mask. Unfortunately, APLC
cannot be used in its traditional version for FRIDA, since mechanical constraints prevent from putting a
Lyot stop in its spectrograph pupil plane.

Therefore, we decide to study the APLC working without Lyot stop (APLC w/o LS). In Section 2, we
report its theoretical performance. We determine the coronagraphic gain reached with the APLC w/o LS
for two instrumental cases: the theoretical space-based telescope "GTC + FRIDA" and the ground-based
instrument "GTC + GTCAO + FRIDA". We evaluate the achieved performance and we consider the
intensity attenuation loss, induced by the absence of Lyot stop.

We follow this study, by simulating the combination "APLC w/o LS + Simultaneous Spectral Differential
Imaging method". The purpose is to quantify the star intensity attenuation that can be reached with this
association. The direct application is done for FRIDA in this paper. In section 3, we detail the main
results achieved for the ground based instrument "GTC + AO + FRIDA". The different results, presented
here, would alow evaluating which contrast can be achieved with this instrument.

2. Apodized Pupil Lyot Coronagraph, working without Lyot stop

2.1 Apodized Pupil Lyot coronagraph (APLC)

The Apodized Pupil Lyot Coronagraph (APLC) is an improvement, of the Classical Lyot Coronagraph,
proposed by R. Soummer (see [19]). APLC is a combination of an apodization placed in the input pupil,
an opague mask in the following focal plane and a Lyot stop in the coronagraph exit pupil. This
diaphragm is used to block the rejected starlight that is left outside the coronagraph exit pupil. Fig. 1
gives anillustration of the APLC optical setup. Optimization methods were proposed for APLC to alow
performance being rather insensitive to telescope designs [31]. APLC is being manufactured by the Lyot
project team [32] and planned to be included in several work in progress instruments, like the Gemini
Planet Imager (see [26]) or SPHERE, the planet finder instrument for the Very Large Telescope (see
[27]). An APLC is aso scheduled for EPICS, the planet hunter for the future European Extremely Large
Telescope [33]. Here, we consider the introduction of an APLC within the FRIDA optical assembly.
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Pupil Apodizer Coronagraph Mask Lyot Stop
L1 L2

Coronagraph entrance Coronagraph mask Coronagraph exit pupil Image plane
pupil plane plane plane

Fig. 1: Schematic illustration of the Apodized Pupil Lyot Coronagraph, with the respective images in each plane. From left:
images in the coronagraph entrance pupil plane A, before and after apodization of the pupil, images in the focal plane before and
after application of an opague mask, images in the coronagraph re-imaged pupil plane, before and after application of a Lyot stop
(diameter equal to 90% the entrance pupil diameter) and the coronagraphic image in the image plane D.

2.2 Apodized Pupil Lyot coronagraph, working withoubt gtop (APLC w/o LS)

In the case of FRIDA, the insertion of a classical APLC was made impossible, because of mechanical
constraints. Fig. 2 shows the FRIDA optica assembly in its Integral Field Spectroscopy (IFS) mode. If
the pupil apodizer can be inserted in the FRIDA first pupil plane and the opaque mask in the FRIDA
second image plane, the introduction of a Lyot stop is made impossible in its second pupil plane, in which
the FRIDA diffraction gratings takes place there. However, the entrance pupil apodizer concentrates the
on-axis star light on the opague mask. A proper choice of the apodization allows focusing a maximum of
star diffracted light on the coronagraphic mask. Hence, the amount of the star residual energy present in
the re-imaged pupil plane is not very significant inside, but also outside the exit pupil. One can wonder
how crucial the presence of the Lyot stop is and if its absence affects the APLC performance. To
reconsider the insertion of the APLC within FRIDA design, we decide to study the performance of this
coronagraph working without Lyot stop.

Telescope Collimator Image slicer Spectrograph CCD Camera
Aperture
1st focal plane 2nd focal plane 3rd focal plane
. —— 1st pupil plane 2nd pupil plane
- e 3
Pupil Opaque Mask
apodizer

A B e D
Coronagraph Coronagraph Coronagraph Coronagraph
entrance pupil focal exit pupil image
plane plane plane plane

Fig. 2: Simplified representation of the FRIDA optical assembly in IFS mode. In this scheme, the el ements of the Apodized Pupil
Lyot Coronagraph are inserted: the pupil apodizer is put in the 1% pupil plane, the opague mask in the second focal plane.
However, the Lyot stop cannot be introduced in the second pupil plane for some mechanical constraints (presence of the
spectrograph diffractive elementsin this plane).
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2.30Obtained results with this configuration, for FRIDA

Apodized Pupil Lyot Coronagraph working without Lyot stop (APLC w/o LS) is one of the adopted
coronagraphic configurations for FRIDA. We want to quantify the attenuation intensity reached in this
case. In Integral Field Spectroscopy (IFS) mode, FRIDA presents four systems of lenses (see Fig. 2 for a
schematic representation). In our study to come, we will consider our optica system free of aberrations.
In IFS mode, FRIDA should be able to work in low, intermediate and high power spectral resolution R.
We decide to focus this study on low spectral resolution (R=1500) in H-band (central wavelength of
observation: A=1.65um) and images are considered monochromatic.

GTC associated to afield rotator will provide a circular entrance pupil to FRIDA. Moreover, GTC central
obstruction size is equal to 12% of the primary mirror diameter. As we mention previousy, we do not use
Lyot stop at al. Three different radii were chosen for the opaque mask: 2.300/D, 2.80A/D and 3.15)A/D.
Apodizations are computed for these different mask sizes and entrance pupil geometry. The respective
apodizer throughputs are represented in Fig. 3. In the following sections, we quantify the coronagraphic
performance, first for the space-based instrument "GTC + FRIDA equipped with APLC w/o LS" and
furthermore for the ground-based instrument "GTC + GTCAOQ, the adaptive optics system of the GTC +
FRIDA equipped with APLCw/o LS".

- 100.1 1100.
“;" B0. -~ B0.
-% 60. 60.
‘E 40, 40.
g

6 20. 20.
= 0. 0.

Fig. 3: From left: Apodizer throughput computed for a 12% centrally obscured entrance pupil with the following radii 2.30A/D,
2.800/D and 3.150/D for the opague mask.

2.3.1 Attenuation intensity reached with APLC w/o LS: space-based instrument case.

Fig. 4 gives the coronagraphic PSF profiles, for different opague mask size, compared to the non
coronagraphic one. These simulation results are calculated in the case of the space-based instrument
"GTC + FRIDA equipped with APLC w/0 LS".

A theoretical gain can be reached, in stellar magnitudes: 1.53, 4.06 and 5.01, for the respective opaque
masks of radius 2.30A/D, 2.800/D and 3.150/D. These values are achieved at an angular distance of
4.00M/D from the main optical axis. These results show the efficiency of the APLC, in absence of Lyot
stop. APLC w/o LS succeeds in reaching star attenuation intensity. Moreover, its coronagraphic gains are
interesting for a space-based instrument, which could not insert aLyot stop in its optical assembly.
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Fig. 4: Plot, in stellar magnitudes, of the image intensity profile, obtained with an Apodized Pupil Lyot Coronagraph working
without Lyot stop (APLC w/o LS) inserted in FRIDA, for three different mask radii, compared to the non coronagraphic profile.
The wavelength of study chosen hereis A= 1.65um. These results are achieved for the space-based instrument "GTC + FRIDA".

2.3.2 Attenuation intensity reached with APLC w/o LS: ground-based instrument case.

Let also remind that we assume that GTC is equipped with its Adaptive Optics system (GTCAO). The
software CAOS (Case for Adaptive Optics System [34]) is used to simulate the starlight coming from
GTCAO and entering through FRIDA. So, APLC w/o LS installed within FRIDA receives AO corrected
wave fronts and they naturally contain residual errors, since the AO correction is not perfect. To carry out
this study, we work with 160 statistically independent phase screens and we choose the mean “standard
seeing scenario” of the ORM astronomical site for our analysis: ro= 15 cm at A= 0.5 um and a turbulent
velocity of 10 m-s™. We use an on axis-bright guide star at null zenith angle. The simulation considers the
following deformable mirror and sub aperture geometry: 21 actuators and 20 sub apertures placed across
the long axis of the telescope pupil. The wavefront sensor measurements are considered perfect (ideal
detector). The achieved Strehl ratio in H band is 0.607.

2.3.3 Discussion

In Fig. 5, we can observe the obtained results with APLC w/o LS for the ground-based instrument "GTC
+ AO + FRIDA". A theoretical gain can be reached, in stellar magnitudes: 1.44, 2.16 and 2.41, for the
respective opague masks of radius 2.30A/D, 2.80A/D and 3.150/D. These values are achieved at an angular
distance of 4.00/D from the main optical axis. Using APLC w/o LS for FRIDA remains interesting since
star brightness attenuation is realized. Moreover, we avoid detector saturation, in which the coronagraphic
image will be formed. The core and the first one or two bright rings of the star image are occulted by the
coronagraphic opague mask. Hence, we increase the FRIDA image dynamic range.
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Fig. 5: Plat, in stellar magnitudes, of the image intensity profile, obtained with an Apodized Pupil Lyot Coronagraph working
without Lyot stop (APLC w/o LS) inserted in FRIDA, for three different mask radii, compared to the non coronagraphic profile.
The wavelength of study chosen hereisA= 1.65um. These results are achieved for the ground-based instrument "GTC + GTCAO
+ FRIDA".

2.3.4 Toincrease the contrast: need to add a differential imaging method

However, the performance of APLC w/o LS is limited by the speckle noise. If we want to detect some
faint companions in the star vicinity, a combination of the stellar coronagraph with Differential Imaging
techniques is required. Residual speckles are the main source noise and the major obstacle for the direct
detection of substellar companions [20]. Simultaneous Spectral Differentia Imaging (SSDI) method
allows tackling these speckles present in the coronagraphic image [23]. In the next section, we propose to
give some first results about simulations of the association "GTC + GTCAO + FRIDA equipped with
APLC w/o LS + Simultaneous Spectral Differential Imaging method".

3. Addition of a Differential Imaging method

3.1lInterest and description of the Simultaneous SpéBifferential Imaging method

Simultaneous Spectral differential Imaging (SSDI) method aims to remove the speckle noise, the main
obstacle for the detection of substellar companions. We use the wavelength dependence of the residual
speckles to suppress them.

In its basic version (Simple Differential Imaging [SDI] method), SSDI consists of taking simultaneously
two star PSF images at close wavelengths. These images are precisely similar, except for known scale and
intensity factors. Image processing allows compensating these terms. Residual speckles are rescaded in
both images and reduced with a subtraction between the two frames. The predicted attenuation
corresponds to A2~2<sq,2 AMA, where cq,z is the wavefront phase variance and A\, the bandpass separation.
Double Differential Imaging (DDI) method is an improvement of the SDI one. It generaizes the
technique to three simultaneous images taken at close wavelengths. Three frames are combined in a
double difference, to strongly damp the residual speckle. It results atheoretical attenuation As~A%
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3.2Simultaneous Spectral Differential Imaging, a feesimethod with FRIDA

FRIDA should be able to provide a data cube of images, when it works in IFS mode. Indeed, thanks to its
Integral Field Unit Spectrograph, FRIDA should give several simultaneous and wide field images of the
observed stellar object at different wavelengths. Several image processing could be applied to extract new
astronomical data about the images. In particular, extracting three images at different wavel engths from
the FRIDA data cube will be possible. Therefore, applying SSDI method with FRIDA becomes
something realizable and realistic. Thus, high contrast imaging can be reached with FRIDA. Theideaisto
use three simultaneous coronagraphic images obtained with APLC w/o LS at different wavelengths. The
next step consists in combining them with the SSDI method. In the following section, we present the
simulation results obtained in this configuration. FRIDA is assumed to work in low spectral resolution
(R=AAX =1500). Let remind that images have a Strehl ratio S= 0.607.

3.3 Simulation results for FRIDA with the APLC w/o Ldhfiguration

3.3.1 Attenuation intensity reached in this case

Fig. 6 shows the obtained results when FRIDA is equipped with APLC w/o, in IFS mode. In this case, the
achieved star intensity attenuation is, in stellar magnitudes: 1.44 when we just use APLC w/o LS, 10.21
when the coronagraph is associated to SDI technique and 15.55 when the coronagraph is combined to
DDI method. These results are achieved at an angular distance of 4.0A/D from the main optical axis.
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Fig. 6: Plot, in stellar magnitude, of the image intensity profiles obtained with FRIDA equipped with APLC w/o LS, first alone,
after combination with SDI method and after combination with DDI method, compared to the non coronagraphic profile. The
opaque mask radius is r=2.30M/D (mask area delimited by the black vertical line). These results are obtained in presence of initial
wavefront errors (Strehl ratio:S=0.607). The wavel engths of study, chosen for this simulation, are ;= 1.6489 pm, A,= 1.6500 um
and A3= 1.6511 um (H-band).

3.3.2 Discussion

These attenuation values are in good agreement with the predictions. Attenuation of the coronagraphic
PSF is achieved, in stellar magnitudes: 8.76 for the SDI method and 14.10 for the DDI one (theoretical
values. 7.94 for SDI and 15.88 for DDI). These first results are encouraging for FRIDA to do direct
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detection of faint substellar companions. Of course, they deserve to be adjusted with other noise sources
fainter than the speckle contribution. SSDI methods were thought to defeat the residual speckles, the main
source noise and reach the photon noise limit. Its association with APLC w/o LS is promising. It will
allow FRIDA and other work in progress instruments doing high contrast imaging and detecting faint
substellar companions close to bright stars.

4, Conclusion

Apodized Pupil Lyot Coronagraph working without Lyot stop (APLC w/o LS) is a combination of an
apodization placed in the input pupil and an opaque mask in the following focal plane. In this APLC
configuration, the Lyot stop is removed. Indeed, little rejected starlight is left outside the coronagraph exit
pupil and can be let unblocked, as the Lyot stop used to do. This coronagraphic solution can prove to be
interesting for instruments, where no Lyot stop could be inserted. FRIDA, the work in progress
instrument for the Gran Telescopio Canarias (GTC), belongs to this category. We presented the results for
FRIDA equipped with APLC w/o LS and showed that it provides encouraging star brightness attenuation,
despite the absence of the diaphragm.

In addition, we added a Differential Imaging method, an image processing technique to defeat the residual
speckles. Indeed, the source noise is the main one appearing in the AO compensated images and prevent
from detecting substellar companions close to bright stars. First results are very promising. This technique
isfeasible with FRIDA, since this instrument will provide an image data cube thanks to its Integral Field
Unit Spectrograph. The observer will select two or three simultaneous images from this FRIDA data cube
and apply the appropriate SSDI method. Thus, doing high contrast imaging becomes feasible for the
combination "GTC + GTCAO + FRIDA equipped with APLC w/o LS + SSDI method" and for similar
work in progress instruments.

In the present work, only residual speckles were considered as a source noise. The next study to come will
present the anadlysis of the other noise sources (photon noise, common and non common path
aberrations...) for FRIDA. The interest is to make the most complete study for FRIDA and other work in
progress instruments.

It will help determining which kind of substellar companions could be detected and imaged, for FRIDA
equipped with APLC w/o LS (and stellar coronagraph in general) and SSDI method. It will be possible to
extend this study to future instruments, for instance EPICS, the planet hunter of the European Extremely
Large Telescope. With these future instruments, detection and characterization of brown dwarfs, Jupiter-
like planets and maybe terrestrial planets will become achievable for astronomical community in the next
two decades.
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Abstract: Gaussian Apodized Pupil Roddier Coronagraph (GAPRC) is an extension of
the Roddier & Roddier’s phase mask technique with prolate apodized circular aperture,
proposed by Soummer (2003). The apodization transmission function was obtained with
prolate spheroidal functions. Theoretically, the corresponding pupil apodizer allows
reaching perfect starlight extinction, in presence of circular apertures. In our
coronagraphic configuration, a Gaussian apodization is used instead of the prolate
spheroidal one. Very good star brightness attenuation is achieved with GAPRC.
Furthermore, we propose an optical device to build the Gaussian apodization. This device
is an afocal doublet of lenses, presenting the same refractive index and where the
divergent oneis on absorbing glass.

Keywords: Infrared Astronomy, High angular resolution, Adaptive Optics

1. Introduction
1.1 Astronomical and historical context

Detection and characterization of faint substellar objects are very difficult, but exciting challenges.
Imaging directly dim companions, like brown dwarfs or extrasolar planets, will provide data to raise
issues, unsolved by indirect detection. For instance, it will be possible to analyze and characterize the
chemical composition of the substellar companion atmosphere. This information will alow determining
the presence and amount of bio-signals, like water (H,O), ozone (Oz) or oxygen (O,), on a detected
extrasolar planet. On the other hand, answers will be obtained about mechanisms of planetary formation
[1]. Calibration of the atmospheric evolution models [2] will also be improved.

However, imaging faint substellar companions close to nearby bright stars is very difficult. The main
reason results from the difference of brightness between host stars and their orbiting companions. For
instance, contrast ratios of about 10° (infrared) to 10™ (optical) are expected between young stars of about
100 Myr and extrasolar giant planets [3]. It becomes necessary to decrease the starlight intensity to
enhance image of the faint companion. Optical devices are required to reach this goa. In that way,
coronagraphy is a very promising solution to achieve brightness attenuation of an observed star.

The solar coronagraph was invented in the early 30s by French astronomer Bernard Lyot [4]. Its objective
consisted in occulting the solar disk. In 1931, he took the first picture of the solar corona in absence of
Sun eclipse and in 1939 he recorded a movie named “les flammes du sol&{flames of the Sun). It dealt
with movements of the solar protuberances and could have been realized, thanks to its coronagraph and
somefilters.

Coronagraph has known resurgence recently. Indeed, astronomical community has realized that it could
help reducing the brightness of an observed star. For about ten years, many high contrast coronagraph
designs have been proposed.
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1.2 Stellar coronagraphy

Most of the coronagraphic concepts are reviewed and described in [5]. First of al, let mention the
“Interferometric” coronagraphs [6-9]. They look much like nulling interferometers. they rely on
interferometric combination of discrete beams derived from the entrance pupil. On the other hand, several
coronagraphs are based on the modification of the pupil complex amplitude, thanks to apodization of the
entrance pupil [10,11]. It alows yielding a star Point Spread Function (PSF), suitable for high contrast
imaging. Nevertheless, most of the stellar coronagraphs use a focal plane mask. The Classica Lyot
Coronagraph derives from the solar coronagraph invented by Lyot [4]: it uses an occulting mask. Indeed,
this mask takes place in the focal plane of the telescope aperture, where an on-axis bright star PSF is
formed. Furthermore, severa foca plane mask coronagraphs have been proposed [12-15]. Most of them
consist of changing the Lyot coronagraph opague mask, by a phase mask. Here, we mainly focus on the
n-phase mask, proposed by Roddier & Roddier in 1997 [12]. All the others focal plane phase masks
represent design improvements of this basic one.

Ideal monochromatic case is considered in the present study. The concept of the Classical Roddier
Coronagraph (CRC) was proposed by Francois and Claude Roddier in 1997 [12]. lllustration of its optical
assembly is given in Fig. 1. It consists of using a n-phase mask in the focal plane B of the telescope
aperture and the Lyot stop (a diaphragm) in the following coronagraph pupil plane C. Coronagraphic
image is therefore obtained in the re-imaged focal plane D. The n-phase mask is centered on the image of
an on-axis brilliant star. It introduces an optical path difference over half of the corresponding complex
amplitude. Therefore, destructive interferences are created. The non-masked and the masked star
diffracted light combine in the coronagraph exit pupil plane. It leads to starlight rejection outside the
coronagraph exit pupil. Thereafter, the rejected starlight present outside this re-imaged pupil plane C is
blocked by the Lyot stop. Hence, attenuation of star brightness is reached and visible in the coronagraph

image plane.
Coronagraph Mask Lyot Stop
L1 L2 L3
P N— — |
e
................................. Lcme——- {
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Coronagraph entrance Coronagraph mask Coronagraph exit pupil Image plane
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Fig. 1: Schematic illustration of the Classical Roddier Coronagraph, with the respective images in each plane. From left: imagein
the coronagraph entrance pupil plane A, images in the focal plane before and after application of a n-phase mask, images in the
coronagraph re-imaged pupil plane, before and after application of a Lyot stop (diameter equal to 90% the entrance pupil
diameter) and the coronagraphic image in the image plane D. Image contrast is increased in this figure in each frame for a better
vigibility.

To improve the performance of Roddier & Roddier's phase mask technique, the entrance pupil can be
apodized. A proper choice of the apodization transmission function leads to a perfect star image
extinction. R. Soummer showed that in the case of circular apertures, prolate spheroidal functions are
those which lead to the perfect extinction of an on-axis bright star image [16]. Their formalism, developed
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independently by Slepian [17] and Heurtly [18], is very sophisticated and does not carry out to direct and
simple analytic expressions. Therefore, the computation and fabrication of the corresponding apodization
can appear very complicated.

1.3Gaussian Apodization added to Roddier & Roddiefiage mask technique

The graph representation of a prolate spheroidal function is very close to the Gaussian one. Hence, we
propose to substitute the prolate spheroidal pupil apodizer by a Gaussian one in addition of the Roddier &
Roddier's phase mask technique. This change of apodization transmission function leads to a
coronagraph, named "Gaussian Apodized Pupil Roddier Coronagraph™ (GAPRC). This coronagraphic
configuration is an association of a Gaussian pupil apodizer placed in the input pupil (image of the
telescope aperture), a t-phase mask in the following focal plane and a Lyot stop in the coronagraph exit
pupil plane.

In section 2, we quantify the performance achieved by GAPRC inserted in a space-based instrument. We
do not achieve a perfect star extinction like in the case proposed by R. Soummer. Nevertheless, the
starlight attenuation results, achieved by GAPRC, remain very interesting.

On the other hand, we study the application of GAPRC in the ground-based instrument "Gran Telescopio
Canarias (GTC) + GTCAO (The Adaptive Optics [AQ] system of the GTC) + FRIDA (the future Infrared
imager and an Integral Field Unit Spectrograph for the GTC [19])". FRIDA was presented by S. Cuevas
during this AITA congress [20]. In section 3, we estimate the coronagraphic gain that could reach
GAPRC in presence of AO compensated images. Residual speckles are the main noise source, present in
this system. They represent a limitation for the coronagraph performance. To defeat this noise, we
propose to combine Simultaneous Spectral Differential Imaging (SSDI) method to GAPRC. We will
show that this association gives promising results for "GTC + GTCAO + FRIDA" to reach high contrast
imaging.

To conclude, in section 4, we propose an optica design of the Gaussian pupil apodizer. The device is an
afocal doublet of lenses, presenting the same refractive index and the divergent one is made on absorbing
glass. Some commercial glasses are proposed to alow realizing this Gaussian pupil apodizer for GAPRC.

2. Performance of Gaussian apodized Pupil Roddier Coronagraph
2.1Description of GAPRC
2.1.1 Focal plane n-phase mask with prolate apodized circular aperture

The Classical Roddier Coronagraph (CRC) [12] is an improvement of the Lyot coronagraph. It allows
achieving contrast ratios better than those initially reached with the opaque mask. Moreover, observations
can be done at smaller angular separation. Indeed, the n-phase mask diameter is smaller than the PSF core
size; whereas the opaque mask radius is usually greater than the second PSF bright ring one.

However, the n-phase does not lead to the perfect extinction of an on-axis bright star. Improvements of
the focal plane mask coronagraph were proposed [21,22]. They usually consist in adding an upstream
pupil apodizer to the focal plane mask coronagraph. The optimal transmission function for apodization
depends on the shape of the entrance pupil and the used mask. Soummer et a. [16] found the ided
solution for circular apertures. In the case of Roddier & Roddier's phase mask technique, prolate
spheroidal functions [17,18] are expected for the apodization transmission. Theoreticaly, the
corresponding pupil apodizer, added to the n-phase mask, allow perfectly canceling an on-axis star image.
Nevertheless, the complexity of their formalism leads us to look for similar functions. We have noticed
that graphical representation of the prolate spheroidal functionsis very close to the Gaussian one.

2.1.2 Changing the prolate spheroidal apodization for a Gaussian one

Hence, we decide to change the prolate spheroidal apodization by a Gaussian one. It simplifies the
numerical implementation of the apodization.
The transmission function T of the Gaussian pupil apodizer writes:
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T(r)=exp(—js]- M

r denotes the radia coordinate in the pupil plane, D the pupil diameter and o the absorption constant of
the pupil apodizer. The objective consists in finding the best value for o to reach the best starlight
attenuation. We consider for our study that D= 25 mm. Furthermore, we propose an optical design to
realize the pupil apodizer, as we will seein section 4.

In the following paragraph, we report the performance of the corresponding coronagraph: Gaussian
Apodized Pupil Roddier Coronagraph (GAPRC).

2.2Results for a space-based instrument
2.2.1 Description of the parameters

The present study of GAPRC is realized first for a space-based instrument. We choose to work with the
parameters of "GTC + FRIDA". FRIDA is an Infrared Imager and an Integral Field Spectrograph for the
GTC. FRIDA characteristics are described in details in [20]. We consider our present system free from
any aberration.

GTC diameter aperture is equal to 10.4 m. GTC centra obstruction size is equal to 12 % of the primary
mirror diameter. We decide to work in the near infrared, in H-band and in a monochromatic case (central
wavelength of observation 2=1.65 pm). GTC is associated to a field rotator. So, a circular entrance pupil
will be provided to FRIDA.

Thus, we work with a centraly obstructed circular aperture. Therefore, the secondary mirror shadow
appears in the entrance pupil (image of the telescope aperture). Its association with the focal plane phase
mask leads to a star diffracted light concentration at the coronagraph exit pupil center. Hence, the
coronagraph performance is limited by this central illumination. We propose to block it with an
obscuration disk at the coronagraph exit pupil center. Its size is relied on the diameter of the centra
obscuration, present in the entrance pupil.

2.2.2 Results, coronagraphic gain achieved by GAPRC

Fig. 2 gives the coronagraphic PSF profiles, obtained with GAPRC and CRC, compared to the non
coronagraphic one. In both cases, the n-phase mask radius is equd to 0.54A/D. For the Gaussian pupil
apodizer, we choose a= 0.233 m™.These simulation results are calculated in the case of the space-based
instrument "GTC + FRIDA equipped with GAPRC or CRC". A theoretical gain can be reached, in stellar
maghitudes: 4.72 and 12.00, for respectively CRC and GAPRC. These values are achieved at an angular
distance of 2.0M/D from the main optical axis. These results show an increase of the coronagraphic
performance reached with GAPRC: about 7 stellar magnitudes, in comparison with CRC.

2.2.3 Discussion

The addition of the Gaussian pupil apodizer allows Roddier & Roddier’s phase mask technique achieving
a substantial coronagraphic gain. These results are very encouraging in the case of application in a space-
based instrument. Indeed, they appear very promising for the direct detection of faint substellar
companions close to bright stars. In the following section, we will quantify the coronagraphic
performance of GAPRC in the case of the ground-based instrument "GTC + GTCAO (the Adaptive
Optics [AQ] system of the GTC) + FRIDA".
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Fig. 2: Plat, in stellar magnitudes, of the image intensity profile, obtained with Gaussian Apodized Pupil Roddier Coronagraph
(GAPRC) and Classica Roddier Coronagraph (CRC) inserted in FRIDA, compared to the non coronagraphic profile. The
wavelength of study chosen hereis A= 1.65um. These results are achieved for the space-based instrument "GTC + FRIDA".

2.3Results for the ground-based instrument:"GTC + GTCAFRIDA”
2.3.1 Characteristics and parameters of "GTC + GTCAO + FRIDA"

We repeat the previous study, but this time in the case of the ground-based telescope "GTC + GTCAO +
FRIDA". This time, we assume that GTC is equipped with its Adaptive Optics system (GTCAO) [23].
The software CAOS (Case for Adaptive Optics System [24]) is used to simulate the starlight coming from
GTCAO and entering through FRIDA. So, our coronagraph (CRC or GAPRC) theoretically inserted in
FRIDA receives AO corrected wave fronts. They naturally contain residua errors, since the AO
correction is not perfect. To carry out this study, we work with 160 statistically independent phase
screens. We aso choose the mean “standard seeing scenario” of the Observatorio del Roque de los
Muchachos (GTC astronomical site) for our anaysis. ro= 15 cm at A= 0.5 pm and a turbulent velocity of
10 m-s™. We use an on axis-bright guide star at null zenith angle. The simulation considers the following
deformable mirror and sub aperture geometry for GTCAO: 21 actuators and 20 sub apertures placed
across the long axis of the telescope pupil. The wavefront sensor measurements are considered perfect
(ideal detector). The achieved Strehl ratio in H band is 0.607. Let quantify the coronagraphic gain,
reached with this ground-based instrument equipped with GAPRC or CRC.

2.3.2 Results, good coronagraphic performance, and discussion

In Fig. 3, we can observe the obtained results with CRC and GAPRC for the ground-based instrument
"GTC + AO + FRIDA". A theoretical gain can be reached, in stellar magnitudes: respectively 2.56 and
3.29, both with a n-phase mask of radius 0.54A/D. For the Gaussian pupil apodizer, we go on working
with an absorption constant o= 0.233 m™. These values are achieved at an angular distance of 2.0A/D
from the main optical axis. Thistime, the gain obtained with GAPRC is not much better than with CRC:
lessthan 1 stellar magnitude. Similar star brightness attenuations are realized. However, in both cases, we
keep on avoiding detector saturation, in which the coronagraphic image will be formed. Hence, image
dynamic range isincreased.
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Fig. 3: Plat, in stellar magnitudes, of the image intensity profile, obtained with Gaussian Apodized Pupil Roddier Coronagraph
(GAPRC) or Classica Roddier Coronagraph (CRC) inserted in FRIDA, compared to the non coronagraphic profile. The
wavelength of study chosen here is A= 1.65um. These results are achieved for the ground-based instrument "GTC + GTCAO +
FRIDA".

2.3.3 Limitation due to residua specklesin AO compensated images

The achieved brightness attenuation is not good enough to hope observing substellar companions in the
star vicinity. Residua speckles limit coronagraph performance. They represent the main noise source
appearing in the AO compensated images [25]. Hence, speckle noise has to be defeated, if we want to
image dim companions.

A solution consists of using the Simultaneous Spectral Differential Imaging (SSDI) [26] method behind
the coronagraph process. In the next section, we propose to give some first results about simulations of
the association "GTC + GTCAO + FRIDA equipped with GAPRC + Simultaneous Spectra Differential
Imaging method".

3. Addition of Simultaneous Spectral Differential | maging method
3.1SSDI: a method to remove residual speckles
3.1.1 Principle and description of the SSDI method

Residual Speckles are the main noise present in AO compensated images [25]. They have to be tackled in
order to enhance the image of faint substellar companions.

Simultaneous Spectral Differential Imaging (SSDI) method [26] aims to remove the speckle noise. In its
basic version (Simple Differential Imaging [SDI] method), SSDI consists of taking simultaneoudly two
star PSF images at close wavelengths. These images are precisely similar, except for known scale and
intensity factors. Image processing allows compensating these terms. Residual speckles are rescaled in
both images and reduced with a subtraction between the two frames. The predicted attenuation
corresponds to A,~2c,” AMA, where 6,,” is the wavefront phase variance and A, the bandpass separation.
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Double Differential Imaging (DDI) method is an improvement of the SDI one. It generalizes the
technique to three simultaneous images taken at close wavelengths. Three frames are combined in a
double difference, to strongly damp the residual speckles. It results atheoretical attenuation Asz~A>.

3.1.2 Feasibility with FRIDA: data cube of images obtained with its IFU spectrograph

FRIDA should be able to provide a data cube of images, when it works in Integral Field Spectroscopy
(IFS) mode. Indeed, thanks to its Integra Field Unit Spectrograph, FRIDA should give several
simultaneous and wide field images of the observed stellar object at different wavelengths. Severa image
processing could be applied to extract new astronomical data about the images. In particular, extracting
three images at different wavelengths from the FRIDA data cube will be possible. Therefore, applying
SSDI method with FRIDA becomes something realizable and realistic. Thus, high contrast imaging can
be reached with FRIDA. The idea is to use three simultaneous coronagraphic images obtained with
GAPRC at different wavelengths. The next step consists in combining them with SSDI method. In the
following section, we present the simulation results obtained in this configuration. FRIDA is assumed to
work in low spectra resolution mode (R= AM/AA = 1500). Our coronagraphic Images will have a spectral
bandpass separation AX = 0.0011 pm. Let remind that images have a Strehl ratio S= 0.607.

3.2 Application post GAPRC
3.2.1 Results achieved for the association “GAPRC + SSDI” applied in FRIDA

Fig. 4 shows the obtained results when FRIDA is equipped with GAPRC, in IFS mode. In this case, the
achieved star intensity attenuation is, in stellar magnitudes: 3.29 when we just use GAPRC, 10.04 when
the coronagraph is associated to SDI technique and 15.14 when the coronagraph is combined to DDI
method. These results are achieved at an angular distance of 2.0A/D from the main optical axis.

arcsec
0.00 0.05 0.10 0.15 0.20 0.25 0.30
0 [ ~ C T T T T T T 100
X non coronogrophic profile =-=.=.=
L coronagrophic profile e
I L LN coronogrophic profile aofter SO = = = =
Sk, ¢ coronographic profile ofter DDI - - 1072
= kT % <38
L 'e = &+ "
é "-?J" "‘_;‘ 'L,‘ P
@ 10 = N o " TR REL LTIy S T 10.4
.o -—
2 [ 1% g
= A g
g L TS €
E 15 [~ ‘I ; L = 10-5 o
- L TS " Vs e e i
g \ L] \‘- L - - - - o o o
] . -
oFl Vv \ 10
250 L . . i 1071
0 2 4 6 8 10

_ _ _ ~ Distance from star (A/D) ) ] )
Fig. 4: Plot, in stellar magnitude, of the image intensity profiles obtained with FRIDA equipped with GAPRC, first alone, after
combination with SDI method and after combination with DDI method, compared to the non coronagraphic profile. The n-phase
mask radius is r=0.54\/D (mask area delimited by the black vertical line). These results are obtained in presence of initia
wavefront errors (Strehl ratio:S=0.607). The wavelengths of study, chosen for this simulation, are ;= 1.6489 pm, A,= 1.6500 um
and A3= 1.6511 pm (H-band).
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3.2.2 Discussion

Attenuation of the coronagraphic PSF is achieved, in stellar magnitudes: 6.75 for the SDI method and
11.85 for the DDI one (theoretical values. 7.94 for SDI and 15.88 for DDI). The performance of the
association "GAPRC + SSDI method" applied in ground-based instruments, like "GTC + GTCAO +
FRIDA", is promising to do direct detection of faint substellar companions. The present results deserve to
be adjusted with other noise sources fainter than the speckle contribution. SSDI methods were thought to
defeat the residual speckles, the main source noise and reach the photon noise limit. It would allow
FRIDA and other work in progress instruments doing high contrast imaging and detecting faint substellar
companions close to bright stars.

4. Afocal doublet of lenses as Gaussian pupil Apodizer
4.1 Description of the device

The Gaussian apodizer presents a transmission function, described in Eq. (1). The absorption constant
absorption used in our previous simulationsis o= 0.233 m™.

The Gaussian pupil apodizer transmits more starlight close to the pupil center and less at the pupil edge.
We propose to design the Gaussian apodizer with an afocal doublet of lenses. A schematic representation
is given in Fig. 5. Both lenses have to present the same refractive index to avoid adding optical
aberrations. Their thermal expansion coefficient must be equal, if lenses are stuck. Furthermore, the
divergent one is made with an absorbing neutral density glass, characterized by its Optical Density (OD).
The corresponding transmission function can be expressed as foll ow:

ODIn10xr?
Tdoublet(r) = eXF{_ ZRJ ) )

where R denotes the curvature ray of the divergent lens.
We can make an analogy with Eq. (1). It leadsto R= 2D and OD= o/ In 10. With our previous value of «,
we obtain OD=0.10 for the absorbing neutral density glass.
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Fig. 5: Thedoublet with al the parameters intervening in the calculus of the transmission function.

4.2 Feasibility with commercial glasses

Thisvaue OD istypica and can be found in the manufacturer glasses, depending on the wavel ength of
study. Commercial Glasses SCHOTT NG11® [27] or HOY A C500® [28] seems to be some interesting
solutions for the divergent lens, if we work in H-band.
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This Gaussian apodizer will be feasible if we find a convergent lens glass, with the same refractive index
and thermal expansion coefficient than the divergent lens glass. We will present the corresponding study
in afurther work.

5. Conclusion

Gaussian Apodized Pupil Roddier Coronagraph (GAPRC) proves to be a combination of a Gaussian pupil
apodizer in the entrance pupil plane, a n-phase mask in the following focal plane and a Lyot stop in the
coronagraph exit pupil plane. We propose to use Gaussian apodization instead of prolate spheroida one
for the input pupil. Indeed, graph representations of the Gaussian and prolate spheroidal functions are
very similar. Moreover, Gaussian functions are easier to compute. They are aso simpler for the
fabrication of the corresponding pupil apodizer. GAPRC gives very satisfying results, since it is applied
to a space-based instrument. Indeed, a 12.00-stellar magnitude attenuation of an on-axis star PSF is
expected. This result is achieved at an angular distance of 2.00/D from the main optical axis. However, in
the case of a ground-based instrument, the performance of GAPRC is limited by the residual speckles
appearing in AO compensated images. For the same angular distance, the coronagraphic gain is no more
3.29 stellar magnitudes. We have studied the case of "GTC + GTCAO + FRIDA" and noticed that
coronagraphic performances achieved with GAPRC are hardly better than those reached with the
Classical Roddier Coronagraph.

The residual speckle is the main source noise, and must be tacked to image faint substellar companions.
To defeat this noise, we propose to add the Simultaneous Spectral Differential Imaging method (SSDI).
We simulate the combination GAPRC + SSDI method applied on the ground-based "GTC + GTCAO +
FRIDA". The results are very encouraging, since an attenuation of theinitial PSF, is achieved: until 15.14
in stellar magnitudes. Of course, these results need to be adjusted with the other source noises. However,
the first approximation allows being optimistic. The possible detection and characterization of faint
substellar companions seems to be reachable with ground-based instruments.

Furthermore, we propose a design for the Gaussian pupil apodizer: an afocal doublet of lenses. Glasses
with the same refractive index and thermal expansion coefficient should be used for both lenses. The
divergent one has to be made with an absorbing neutral density glass. We have showed that with
commercia glasses, it should be possible to make this afocal doublet of lenses. The next step will be the
fabrication of the Gaussian pupil apodizer. We will detail it and the results in a future paper. GAPRC
could benefit to EPICS, the future planet hunter instrument for the European Extremely Large Telescope
[29]. This coronagraph configuration can represent a good option for the detection of substellar
companions and in particular, giant extrasolar planets.
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ABSTRACT

FRIDA will be an Infrared Imager and an Integral Field Spectrograph (IFS) for the 10.4m Gran Telescopio
Canarias (GTC). This instrument is scheduled to be installed in 2010, at the Nasmyth A platform of the GTC,
behind GTCAO (the Adaptive Optics [AO] system of the GTC). FRIDA design incorporates straightforward
upgrade paths for focal plane masks. In this work, we analyze the capability of FRIDA to provide high dy-
namic range images. Different coronagraphic configurations could be inserted within FRIDA optical assembly.
We quantify numerically their performance in presence of AO compensated wavefronts. Thereafter, numerical
simulations about the Simultaneous Spectral Differential Imaging® (SSDI) method are presented. This technique
aims to suppress the AO residual speckles and can be applied to selected frames of the data cube, provided by
FRIDA in IFS mode. Therefore, we estimate the starlight attenuation that could be reached with the association
“Coronagraph + SSDI method” for the ground-based instrument “GTC + GTCAO + FRIDA”.

Keywords: high angular resolution, coronagraphy, adaptive optics, image processing

1. INTRODUCTION
1.1 Direct detection & characterization of faint substellar companions

In the field of astronomical instrumentation, imaging substellar companions, like brown dwarfs or extrasolar
planets, represents a very exciting but challenging technical problem to overcome. For instance, a Jovian planet
is about 10 times fainter than its parent star at a wavelength A = 1.6 um. Increasing the image contrast
will allow to make appear such close-in objects which are initially drowned in the star scattered light. Thus,
new astronomical data about them can be reached to facilitate their characterization. The further analysis of
their spectrum will carry out to the identification of atomic and molecular lines and provide information to
astronomers about their atmospheric chemical composition. It will also allow to have access to the planetary
companion mass, better understand the planetary formation mechanism and calibrate the current atmospheric
evolution models.

Our terrestrial atmosphere distorts the wave fronts coming from stellar objects. Ground-based telescopes
are equipped with very efficient Adaptive Optics (AO). AO allows to correct the aberrations induced by the
atmospheric turbulence in order to exploit the diffraction-limited potential of ground-based telescopes. However,
other techniques beyond AO system are required to strongly attenuate the star diffracted light at small angular
separations and allow imaging of faint companions close to bright stars. Diffraction suppression systems and
image processing techniques constitute some of the promising solutions developed these past few years to reach
this goal. Indeed, they aim to increase the dynamic range of the images provided by “ground-based telescope
+ AO system” to downstream science instruments. In this contribution, we propose to focus us on the case of
FRIDA,? the future science instrument for the AO system of the GTC.

*E-mail: mndiaye@astroscu.unam.mx, chavoc@astroscu.unam.mx, Kjetil. Dohlen@oamp.fr
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Figure 1. FRIDA conceptual design

1.2 FRIDA: presentation and description

FRIDA? (inFraRed Imager and Dissector for the Adaptive optics system of the 10.4 m Gran Telescopio Canarias
[GTC]) is being designed as a diffraction limited instrument with broad and narrow band imaging and integral
field spectroscopy (IFS) capabilities to operate in the wavelength range 0.9 — 2.5 ym. FRIDA will be installed
at the Nasmyth A platform behind GTCAO? (the Adaptive Optics system of the GTC). It will use diffraction-
limited optics to avoid degrading the Strehl ratio delivered by the GTCAOQO system in the near-infrared. The
basic concept of FRIDA is shown in Fig. 1.

In the diffraction limited imaging mode, FRIDA will provide a comprehensive set of broad and narrow band
filters. The same detector (Teledyne Hawaii IT) will be used for Imaging and Integral Field Spectroscopy (IFS)
modes. Mode switching will be easily performed and the larger field of view in imaging mode (20.48x 20.48 arcsec?
and 40.96 x 40.96 arcsec?) will facilitate field recognition for the IFS mode, where the field of view is small. The
integral field spectrograph will provide a wide range of spectral resolutions, from low R ~ 1500 and medium
R ~ 4000 to high R ~ 30000, the latter is a unique capability of FRIDA among integral field spectrographs
operating in large telescopes with AO systems. Upgrade paths for high contrast imaging using Lyot or phase
masks and pupil apodizers have also been considered in the design.

1.3 GTCAO: characteristics and performance

The 10.4m Gran Telescopio Canarias is currently being installed in the Observatorio del Roque de los Muchachos
on the island of La Palma. The standard seeing scenario assumes a Fried parameter ro = 15cm at A = 0.5 um
and a wind velocity v = 10m - s~'. GTCAO, the adaptive optics system of the GTC,? will offer high-order
correction in the near-infrared while the tip-tilt correction will be provided by the secondary mirror of the GTC.
The AO system will initially operate with a single deformable mirror conjugated to the GTC pupil. Moreover,
GTCADO is planned to have a performance similar to the following deformable mirror and subaperture geometry:
21 actuators and 20 subapertures placed across the long axis of the telescope pupil. In addition, the system will
employ a Shack-Hartmann wavefront sensor. “GTCAO + FRIDA” will be mounted on fixed positions at the
Nasmyth station. However, they will not be attached to the GTC Nasmyth derotator. GTCAO will perform his
own field derotation, therefore the GTC pupil image will rotate in the FRIDA pupil planes. In the following,
the pupil masks are circular in order to not introduce a pupil rotator.

1.4 GTCAO simulations

In our following simulations, GTCAO is modeled with the CAOS software,* assuming the geometry previously
described for the system. Furthermore, the wavefront sensor measurements are supposed to be perfect (ideal
detector) and our simulations are made considering 189 phase screens, following the Kolmogorov statistics. We
achieve a Strehl ratio S = 0.552 at A = 1.57 um (methane absorption line in H-band). It corresponds to a resid-

ual wavefront variance O'Z, = 0.594 rad?, basing us on the Marechal approximation S ~ exp (fa?p) and where ¢
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denotes the wavefront phase term.

1.5 Upgrade paths & high contrast imaging for FRIDA

Since upgrade paths are scheduled for high contrast imaging, different coronagraphic designs could be inserted
within the FRIDA optical layout. Our goal consists in considering several coronagraphic configurations for
FRIDA and estimating the starlight attenuation they could respectively reach. Numerical simulations about
coronagraphy in presence of AO compensated wavefronts are given in Sec. 2. Thereafter, we investigate the
possibility of adding some image processing techniques to coronagraphy in order to remove the AO residual
speckles. Indeed, frames with very small bandpass separation A\ can be obtained with the data cube provided
by FRIDA in IFS mode. Thus, specialized observation schemes and post-processing algorithms can be considered
for FRIDA and constitute a promising solution to increase its image dynamic range. In Sec. 3, we present the
numerical results obtained with the combination of simultaneous AO coronagraphic images achieved at different
but close wavelengths. The contrast gain that FRIDA could perform will be quantified and we will discuss the
relevancy of the results.

2. AO CORONAGRAPHIC OPTIONS & PERFORMANCE FOR FRIDA
2.1 Stellar coronagraphy: review

The stellar coronagraph is an optical device which represents a first step to achieve high contrast imaging: it
aims to avoid detector saturation while reducing the star diffracted light. Several coronagraphic devices were
proposed during the last decade and a good review can be found in the literature.®> Our coronagraph feasibility
study for FRIDA will be focused on the following coronagraph configurations: the classical focal plane mask and
the apodized pupil mask coronagraphs.

Major part of the coronagraphic concepts are based on a mask centered at the telescope focal plane in which
an observed on-axis bright star is imaged. Moreover, the spot is carefully designed to not alter the image of
an eventual off-axis substellar companion. Coronagraphic masks can be split into two categories: on the one
hand, opaque masks directly block the starlight contribution whereas on the other hand, phase masks cancel the
star image by introducing destructive interferences. Furthermore, a Lyot stop takes place in the re-imaged pupil
plane to block the rejected starlight outside the geometric pupil. These configurations (focal plane mask + Lyot
stop) can be classified as the classical focal plane mask coronagraphs.

Another coronagraphic approach consists in apodizing the entrance pupil (a re-imaged telescope aperture)
to smooth the wings of an observed on-axis bright star Point Spread Function (PSF). This allows to increase
the contrast in the substellar companion search area. Entrance pupil apodizer and focal plane mask can also be
associated to decrease the intensity of the parent star image. These concepts (pupil apodizer + focal plane mask
+ eventually Lyot stop) can be classified as the apodized pupil mask coronagraphs.

2.2 The different coronagraph configurations for FRIDA

Fig. 2 gives a schematic representation of the FRIDA optical layout for coronagraph feasibility studies. This
simplified version of the FRIDA conceptual design (see Fig. 1) allows to establish where focal plane masks,
apodizations or diaphragms can be collocated. The observation of the FRIDA optical scheme enables the iden-
tification of three focal and two pupil planes for this GTC instrument. In Imaging mode, the camera takes
place in the 2" focal plane whereas in IFS mode, the detector is located in the 3" focal plane as shown in our
illustration. Furthermore, when FRIDA operates in IFS mode, the image slicer is present in the 2"¢ focal plane
while the Integral Field Unit spectrograph appears in the 2" pupil plane. Taking into account these mechanical
considerations, we can determine some feasible coronagraphic configurations for FRIDA.
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Figure 2. Schematic representation of the FRIDA optical layout for coronagraphy studies.

Our study is focused on coronagraphs using focal plane masks, Lyot stop and eventually pupil apodizers. On
the one hand, Lyot or phase masks can be inserted in the 1%¢ focal planes while introducing the Lyot stop in
the 1% pupil plane. On the other hand, apodization could be inserted in the 1% pupil plane, the coronagraphic
masks and pupil stop included respectively in the 2"¢ focal and pupil planes, in which the IFU and the spec-
trograph take place respectively. To avoid making FRIDA optical scheme more complicated at level of system
engineering, these last possibilities for coronagraphy were set aside. Therefore, this strongly reduces the number
of coronagraphic solutions for FRIDA. Indeed, even if a pupil apodizer could be inserted in the 1%¢ pupil plane,
unfortunately no mask and no Lyot stop could be added respectively in the 25 focal and pupil planes. This
stress eliminates the possibility of introducing a conventional Apodized Pupil Lyot or Phase Mask Coronagraph.®

Hence, we decide to consider four coronagraphic configurations for FRIDA. On the one hand, we present
the coronagraphic schemes adopted for FRIDA: the Classical Lyot Coronagraph (CLC, an opaque mask + Lyot
stop) and the Classical Roddier Coronagraph” (CRC, a Roddier & Roddier phase mask + Lyot stop). On the
other hand, we describe two feasible coronagraphic solutions for FRIDA: the Apodized Pupil Lyot Coronagraph®
(APLC) and the Stop-less Lyot Coronagraph? (SLLC) which is an APLC working without Lyot stop. In the
following section, we estimate the starlight attenuation that can be achieved by each one of these configurations.
The present approach is limited to FRIDA working in IF'S mode. In this study, we work with the characteristics
of GTC (diameter D = 10.4m) and the pupil is circular with a circular central obscuration (central obstruction:
12%) to avoid a pupil rotator (see Sec. 1.3).

2.3 Contrast gain reachable for each configuration: numerical results
2.3.1 Classical Lyot and Roddier Coronagraphs

FRIDA can be equipped with CLC or CRC since an opaque mask, or a Roddier & Roddier (R&R) phase mask,
and a Lyot stop can be inserted respectively in the 1%¢ focal and pupil planes of the optical assembly. These
coronagraph configurations are valid whatever the operating mode used for FRIDA. A schematic illustration
of FRIDA supplied with CLC or CRC is given in Fig. 3. The Lyot stop is composed of a diaphragm and an
obscuration disk to compensate the diffraction effects due to the telescope secondary mirror. The diameter of
the obscuration disk and the aperture size of the diaphragm are respectively equal to 0.12 and 0.90 times the
geometric pupil diameter. In our numerical simulations, we propose to estimate numerically the contrast gain
reached by CLC and CRC. We choose to work with an opaque mask and a R&R phase mask radius of respectively
r =2.30\/D and 0.55\/D.

Since we work in IFS mode, a monochromatic point source in H-band (A = 1.57 um) was considered here.
Fig. 4 represents on the left plot the intensity profiles obtained for FRIDA equipped with CLC or CRC and
on the right plot the 5o detectability graphs for each one of the previous intensity profiles. The numerical
simulations show that some star brightness attenuation can be reached, for instance, we obtain a contrast gain
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Table 1. Contrast gain reached with CLC or CRC configuration for FRIDA
Contrast gain in stellar mag. Am

Coronagraph mask, radius at an angular separation (in \/D):

20 | 40 | 6.0 | 80 | 10.0 | 12.0 | 20.0

Opaque mask, 2.30 \/D 0.84 | 0.59 | 0.16 | 0.05 | 0.11 | 0.03

R&R phase mask, 0.55\/D 2.25 | 1.54 | 0.75 | 0.15 | 0.09 | 0.14 | 0.06
Telescope Collimator Image slicer Spectrograph Camera

Aperture
1* focal plane 2 focal plane 3 focal plane
. ’ 17 pupil plane 2" pupil plane

1

T

|

—_—
Light propagation direction
Mask Lyot stop
A B o D
Coronagraph Coronagraph Coronagraph Coronagraph
entrance pupil focal exit pupil image
plane plane plane plane

Figure 3. Simplified representation of the FRIDA optical assembly in IFS mode. In this scheme, the elements of the
Classical Lyot or Roddier Coronagraph are inserted in the 1°* pupil and focal planes of FRIDA.

in stellar magnitudes: Am = 0.84 and 1.54 with respectively the opaque and R&R phase masks. These results
were calculated estimating the azimuth averaged intensity values, before and after coronagraphy, for the angular
separation 4.0 A\/D from the main optical axis. Table 1 summarizes the contrast gain results that can be reached
with CLC and CRC at a given angular distance from the the main optical axis.

2.3.2 Apodized Pupil and Stop-less Lyot Coronagraphs

Fig. 5 gives illustrations of the optical scheme of FRIDA equipped respectively with SLLC and APLC. For the
numerical simulations, we keep the same value of opaque mask radius than that previously used for the CLC
configuration: r = 2.30\/D. The corresponding pupil apodizer is represented in Fig. 6.

The intensity profiles achieved with SLLC and APLC for “GTC + GTCAO + FRIDA” can be observed on
Fig. 7 left plot and the 5o detectability graphs for each one of the previous intensity profiles on the right one.
These numerical results are achieved in presence of AO corrected wavefronts. A theoretical attenuation can be
reached, in stellar magnitudes: Am = 1.68 and 0.86 for respectively APLC and SLLC. These values are obtained
estimating the azimuth averaged intensity over a ring of radius 4.0 A\/D and width 1.0 A\/D. Table 2 summarizes
the contrast gain results that can be reached with SLLC and APLC at a given angular distance from the main
optical axis. It can be noticed that SLLC and APLC provide very encouraging results of attenuation, sometimes
better than those obtained with CLC. Unfortunately, within the FRIDA team, decision was taken to not conserve
these coronagraphic possibilities for FRIDA.
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Figure 4. Left: Azimuth averaged profiles of the non coronagraphic PSF and coronagraphic images obtained with CLC or
CRC alone, for a 12% centrally obstructed telescope (GTC case), considering a monochromatic point source in H-band
(A = 1.57wm). These results are obtained in presence of AO corrected wavefronts. Right: Profiles of the azimuth
standard deviation 50 of the normalized intensities I. Simulations are carried out with the characteristics of “GTC +
GTCAO + FRIDA”.

Table 2. Contrast gain reached with SLLC or APLC configuration for FRIDA
Contrast gain in stellar mag. Am

Coronagraph | at an angular separation (in \/D):
4.0 | 6.0 | 80 | 10.0 | 12.0 | 20.0

APLC 1.68 | 0.75 | 0.19 | 0.12 | 0.14 | 0.09
SLLC 0.86 | 0.51 | 0.10 | 0.04 | 0.07 | 0.05

2.4 Discussion

All these coronagraph configurations will allow to avoid detector saturation and provide a first interesting con-
trast gain for FRIDA. The previous tables indicate that CRC provides the best starlight attenuations. However,
the GTC focal ratio presents an average value f/17 and therefore, the R&R phase mask diameter will be 29.4 ym
at A = 1.57 um. This is a technological and challenging stress to overcome. APLC also constitutes a promising
solution for high contrast imaging, but this configuration was not kept. Indeed, during the FRIDA design devel-
opment, it was considered that the introduction of a pupil stop in the 2" pupil plane would make the FRIDA
scheme too complicated. This stress led us to consider a new coronagraphic scheme: SLLC. But, unfortunately,
some recent changes within FRIDA optical design did not allow any longer the insertion of masks in the 27¢
focal plane. At the moment, CLC constitutes the most viable coronagraph configuration for FRIDA.

Furthermore, coronagraph performance proves to be limited: the achieved attenuation values are too weak to
allow enhancing the images of eventual faint substellar companions. This is mainly due to the residual aberrations
present within the AO compensated wavefronts. They form a noisy background which prevents from detecting
faint objects close to bright star and represent a limitation for coronagraphy.'® Therefore, additional techniques
are required if we want to make direct detection of dim stellar objects.

3. AO RESIDUAL SPECKLE NOISE SUPPRESSION FOR FRIDA
3.1 Sources of speckle noise

Ground-based telescopes require very efficient Adaptive Optics (AO) systems to correct wavefront errors due to
atmospheric turbulence. Even with a downstream diffraction suppression system like coronagraphy, the faint
source detection for current 8-10 m class telescopes remains limited by residual speckles.!® These speckles are due



200 Chapter C. Publications

Telescope Collimator Image slicer Spectrograph Camera
Aperture
1% focal plane 2™ focal plane 3" focal plane
1% pupil plane 2" pupil plane

|

—_—
Light propagation direciion
Pupil Apodizer Opaque Mask
A B c D
Coronagraph Coronagraph Coronagraph Coronagraph
entrance pupil focal exit pupil image
plane plane plane plane
Telescope Collimator Image slicer Spectrograph Camera
Aperture
1* focal plane 2™ focal plane 3 focal plane
1% pupil plane 2™ pupil plane
s | |
—_—

Light propagation direclion

Pupil Apodizer Opaque Mask Lyot stop

A B c D
Coronagraph Coronagraph Coronagraph Coronagraph
entrance pupil focal exit pupil image

plane plane plane plane

Figure 5. Same as Fig. 3, but here, the Classical Lyot Coronagraph is replaced by the Stop-less Lyot Coronagraph (top)
or the Apodized Pupil Lyot Coronagraph (bottom).

to limitations in the AO correction system, corresponding to atmospheric turbulence residuals, and non-common
path instrumental aberrations. The atmospheric turbulence residuals are short-lived, with lifetime of a few to
a few hundred milliseconds.'? For total exposures times of tens of minutes, these speckles average down to a
smooth halo. Non-common path instrumental aberrations originate from the differential optical path between
wavefront sensor and science channels. They result in a mixture of static and slowly varying speckles, with
lifetimes comparable to the exposure time. The resulting image therefore consists of a smooth halo onto which
is superimposed a residual speckle pattern.
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Figure 6. Pupil apodizer throughput determined for a 12 % centrally obstructed circular aperture (GTC case) and for an
opaque mask radius: r = 2.30 \/D.
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Figure 7. Same as Fig. 4, but here, CLC and CRC are replaced by the Stop-less Lyot Coronagraph and the Apodized
Pupil Lyot Coronagraph. The opaque mask of radius 2.30 \/D is delimited by a vertical line.

3.2 Azimuth symmetric component removal and SSDI: methods to reduce speckle noise

Several methods were recently developed to attenuate the speckle noise!? and therefore, enhance faint substellar
companion images drowned in the bright star PSF. Here, we remind the principle of the Simultaneous Spectral
Differential Imaging® (SSDI) method: this is the technique we choose to compute for FRIDA. This image pro-
cessing method aims to reduce the AO residual speckles: it takes advantage of the chromaticity of the speckle
location while keeping intact image of the faint substellar companions. It consists in the combination of two or
three images taken at the same time and close wavelengths in the IFS mode. These simultaneous images are
selected in and out of a deep absorption feature of the companion spectrum (e.g. C'Hy in the H-band). After
scaling and subtracting the images, it results in a removal of the residual starlight while leaving the companion
light intact. A generalization of this technique was proposed.'® Here, we consider the SSDI technique as a
particular case of a proposed algorithm in the literature.*

A first image processing can be realized before the application of the SSDI method. It consists in removing
the azimuth symmetric component from the coronagraphic images.!> An azimuth average of a coronagraphic
image is estimated to obtain a radial profile. Thereafter, this calculated component is extended azimuthally to
obtain an image of the halo, which will be substracted from the coronagraphic image. This operation allows to
provide a halo free coronagraphic image and reach a first contrast gain to our coronagraphic images. The halo
free coronagraphic profile is obtained by averaging azimuthally the intensity of the halo free coronagraphic image.
This operation can be applied to three coronagraphic images taken simultaneously at three close wavelengths
before processing them with the SSDI technique.
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Figure 8. Left: Azimuth averaged profiles of the non coronagraphic PSF and images obtained with CLC and different
image processing techniques, for a 12% centrally obstructed telescope (GTC case), in H-band. Right: Profiles of the
azimuth standard deviation 50 of the normalized intensities I. The opaque mask of radius 2.30 \/D is delimited by a
vertical line.

In the following lines, we briefly review the SSDI formalism.! Let us name I;, Iy and I3 three halo free

coronagraphic images at A1, A2 and A3 in the coronagraphic image plane, rescaled and resized with respect to
the wavelength. The simple differential imaging (SDI) can be expressed by:

dio=1) — I, (1)
and the double differential imaging (DDI) can be written as:
dd = (I — I) — k x (I — I), (2)
with k = (S1 — S2)/(S1 — S3) and where S; denotes the Strehl ratio of the image I;.

3.3 Numerical results

Once removed the azimuth symmetric component, we compute the SSDI technique with halo free coronagraphic
images. The present approach is applied to the ground-based instrument we considered until now: “GTC +
GTCAO + FRIDA”. We make the following assumption: FRIDA is supplied with CLC and works in IFS
mode. FRIDA should provide a data cube of images at several wavelengths and it will be possible to select
those of our interest. Furthermore, FRIDA is supposed to work in its low spectral resolution mode (R ~ 1500).
Three CLC images are extracted from the FRIDA data cube in and out of one companion absorption feature,
at the respective wavelengths Ay = 1.5700 um (feature of the target’s object spectrum), Ao = 1.5710 wm and
A3 = 1.5720 pm. Thereafter, halo is removed from each of CLC frames. In the present simulations, we did not
rescale and resize the images because bandpass separations are very small compared with the array dimensions
with which we worked (1024 x 1024). The Strehl ratio values Si, S2 and Sz of the images, calculated with the
Marechal approximation, are respectively: 0.552061, 0.552472 and 0.552883 and therefore, k = 0.5.

Fig. 8 gives on the left plot, the azimuth averaged intensity profiles achieved after each step to reach high
contrast imaging and on the right plot, the 5 o detectability graphs for each one of the previous intensity profiles.
On the left plot, the profiles represent successively from the top: the AO corrected image, the CLC images before
and after removal of the azimuth symmetric component, and the halo free CLC images after application of SDI
or DDI technique. On the right plot, the 50 value gives us an idea about the detectability of a faint substellar
companion in presence of residual speckles. The achieved values remains faint enough to consider the different
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Table 3. Contrast gain reached with CLC configuration and additional image processing techniques for FRIDA
Contrast gain in stellar mag. Am

Profile at an angular separation (in \/D):
4.0 6.0 8.0 10.0 | 12.0 | 20.0
CLC profile 0.84 | 0.59 0.16 0.05 0.11 0.03
Halo free CLC profile 2.43 2.13 1.62 1.40 1.44 1.43

Halo free CLC profile after SDI | 9.64 | 9.04 | 873 | 8.44 | 842 | 835
Halo free CLC profile after DDI | 13.93 | 14.54 | 14.83 | 14.99 | 15.13 | 15.28

azimuth averaged intensity profiles as good representations of their respective images.

Fig. 8 left plot allows us to confirm that some additional intensity attenuations can be reached between the
halo free CLC profile and the same one after application of respectively SDI or DDI. With CLC, the removal of
the azimuth symmetric component and the application of the SDI or DDI technique, a contrast gain Am = 9.64
(with SDI) or 13.93 (with DDI) can be achieved. These values are obtained estimating the azimuth averaged
intensity over a range of width 1.0 A\/D centered around the angular separation of 4.0 \/D from the main op-
tical axis. Table 3 summarizes the contrast gain results that can be reached with CLC associated with image
processing techniques, at a given angular distance from the the main optical axis.

3.4 Discussion
3.4.1 Non common path instrumental aberrations

These first results are very encouraging for the direct detection of dim substellar companions close to bright stars.
However, in our numerical simulations, we consider AO residual speckles but quasi-static residual speckles were
not taken into account. Quasi-static residual speckles are due to the non-common path errors present within an
instrument. In the case of FRIDA, the phase errors are estimated to be equal to 50 nm what corresponds to a
variance of these quasi-static speckles 03,2 = 0.040 rad? at A\ = 1.57 ygm. In comparison, the variance of the AO
residual speckles is U?pl = 0.594rad?. Considering the optical aberrations present within FRIDA would naturally
carry out to a re-adjustment of the Strehl ratio of their images: S = 0.537 instead of 0.552 at A = 1.57 um.
The difference is negligible at level of image quality. Moreover, several techniques were developed these past
few years to overcome the quasi-static speckles: in particular, we can mention the Angular Differential Imaging.!®

3.4.2 A concrete case...

Simulations about the achievable contrast gain with “coronagraphy + image processing methods” are very promis-
ing. However, they have to be relativized: a comparison with the different noise source thresholds is required
to validate them. A more realistic analysis would allow to determine accurately the class of faint sources we
can hope to image. In the following approach, we decide to consider a more concrete case. It aims to give an
first idea about the potential of these techniques for FRIDA. Fig. 9 refers to Fig. 8 but here, the normalized
intensity values were replaced by those of a 4.60 mag star in H-band and are now expressed in amount of photons
(or photo-electrons). Furthermore, photon noise and readout noise thresholds were also added. A 1 hour time
exposure was considered to plot the different profiles and we assume that this total exposure time is split in 4
to allow dithering and for the sky subtraction.

The characteristics of the FRIDA detector!® allow to determine an image dynamic range Am = 10.75mag
for the GTC science instrument. In the context of high contrast imaging, we want to fully benefit from this
range of values. In FRIDA IFS mode at R = 1500 and working with fine scale (0.01 arcsec/pizel in the spatial
direction), the limiting magnitude (or readout noise) will be equal to 20.7, in presence of a bright natural guide
star. Hence, a 9.95mag star is the brightest one observable by FRIDA without risk of detector saturation, while
reaching the limiting magnitude. The interest of the coronagraph results in its ability to increase this value and
therefore, observe stars brighter than those of 9.95mag without detector saturation. The application of CLC
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Figure 9. Same as Fig. 8 but here, the normalized intensity values were replaced by those of a 4.60 mag star in H-band
and are now expressed in amount of photons. Furthermore, photon noise and readout noise thresholds were also added.

will mainly consist in reducing the PSF diffraction core. Here, since we consider a 4.60 mag star, CLC use will
imply a ~ 11 mag maximum of intensity as shown in Fig. 9.

We work in IFS mode at R = 1500 therefore, images present in the FRIDA data cube are separated by a
bandwidth AX ~ 1nm. In this mode, it is assumed that each slice projects to two pixels which can be identified
as a resolution element (resel). At R = 1500, the covered bands are H + K or equivalently 1.4 — 2.4 um in
bandpass and therefore, the width is equal to 1 um. Since the detector format is 2048 x 2048, we will obtain
1000 resel of bandwidth 1nm. In presence of CLC, the maximum number of photo-electrons is ~ 10® and the
maximum number of photo-electrons per exposure is 10°, thus, 1000 exposures are required to achieve the pre-
sented result. It gives an integration time ¢;,; = 3.6 s. Fig. 9 left plot allows to notice that with the association
“CLC + azimuth symmetric component removal + SDI”| it would be possible to reach the photon or readout
noise limit and maybe detect a 19 mag substellar companion close to a 4.6 mag brilliant star. At 4\/D from the
main optical axis, the limit is imposed by the photon noise and/or the read noise.

A quick comparison could be done with a previous study about AB Doradus A™ using some image processing
techniques but no coronagraph. AB Dor A and AB Dor C' are respectively a 4.6 mag star and its 9.6 mag low-
mass companion in K-band. Their angular separation is about 0.2 arcsec. The SINFONI AO system provided
a mean Strehl ratio S = 0.36. In our case, the parent star presents the same magnitude than AB Dor A but
in H-band and in our simulations, S = 0.55. Hence, the star halo presents a ~ 12mag threshold at 0.2 arcsec
instead of 10mag. So, an eventual 9.6 mag low-mass companion in H-band would be already detectable with
the simple AO system. The addition of coronagraphy and image processing methods would facilitate the en-
hancement of AB Dor C' or also allow to detect fainter companions at the same angular separation with FRIDA.
These predictions allow to be optimistic about the ability of FRIDA to provide high contrast imaging.

4. CONCLUSION

First numerical results of the association “coronagraph + image processing techniques” are promising for FRIDA.
Indeed, detector saturation can be avoided while reaching a first increase of the image contrast with a coron-
agraphic device. Furthermore, two or three coronagraphic images taken at the same time can be combined:
we can start removing the azimuth symmetric component for each one of them to achieve a first contrast gain.
Thereafter, SSDI technique can be applied to provide some additional starlight attenuation. An extension of the



C.2 Conference Proceedings 205

SSDI technique to more than three images was suggested'* and would carry out to a complete characterization
of an eventual dim stellar object. However, these first estimates constitute a first step and prove to be very
encouraging for FRIDA to do direct detection of faint substellar companions close to bright stars.
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