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Abstract

Interferometric observations
to analyze circumstellar environments

and planetary formation

Abstract: The dust- and gas-rich disks surrounding numerous pre-main-sequence
stars are of key interest for unveiling how planetary system are formed, and are the
initial conditions for planetary formation. Protoplanetary disks have a rich structure,
with di�erent physics, e.g., radiation, gravitation, electrostatic, magnetohydrodynam-
ics, playing a role in di�erent regions of the disk. They are under constant evolu-
tion, due to a combination of various physical and chemical processes, e.g., accretion,
photo-evaporation, gas-dust interactions, grain growth, and the potential interaction
with massive bodies forming within the disk. The overall disk structure, and hence its
observational appearance, is a good proxy for the ongoing processes.

The dynamic ranges involved span two to �ve orders of magnitudes on spatial
scales, orbital times, temperatures, and much more in dust- or gas-densities. The
extreme dynamic ranges involved in the structure and composition of these objects
mean that very di�erent observational techniques have to be combined together to
probe their various regions. This work makes use of new interferometric and spectro-
scopic measurements in the infrared, together with published mid-infrared images and
spectral energy distribution (SED) �uxes from UV to mm-wavelength, to instruct a
new comprehension of the well-known IRS-48 object, and uncover part of the delicate
balance of physical processes at stake.

This PhD reports the �rst direct imaging of the full extents of a polycyclic aro-
matic hydrocarbon and very small grains ring in a young circumstellar disk, presents
a revised model for the IRS-48 object to explain the rich and complex dust- and gas-
environment observed from near-infrared to centimeter wavelengths, and sets limits on
how much silicates grains, hence replenishment, is to be expected in the PAH and VSG
ring. Finally, the spectral type of the spectroscopic binary MWC-361 is tentatively
determined. This should lead to a precise characterization of the stellar parameters of
this binary, open a new window on the studying of the disappearance of the circum-
secondary disk of the binary, while the circumprimary disk is present.

The leitmotif throughout this thesis is the understanding of the last moments
of circumstellar disks, and the search for the processes which dissipate them. This
particular step of the disk-evolution is one the most mysterious to date, yet it sets
critical constraints on the by-product of circumstellar disks, exoplanets. Indeed, disk-
dissipation corresponds to the removal of the material available in the disk, de facto
setting an end to planetary formation.

Keywords: Disk dissipation � circumstellar disk � young stellar object
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Réesumé

Observations interférométriques pour l'analyse des environnements
circumstellaires et de la formation planétaire

Abstract:
La poussière et le gaz qui entourent beaucoup d'étoiles jeunes est d'un intérêt

critique pour comprendre la formation planétaire; ils représentent les conditions ini-
tiale de la formation planétaire. Les disques proto-planétaire ont une structure riche,
avec di�érents processus physiques à l'÷uvre dans di�érentes régions du disque. Les
grandeurs en jeu s'étalent sur 2 à 5 ordres de grandeur en échelles spatiales, période
orbitale, températures, et bien plus en ce qui concerne la densité de gaz et poussière.
Les variations extrêmes de ces paramètres clés impliqués dans la structure et la com-
position de ces objets implique nécessairement l'utilisation combinée de di�érentes
techniques d'observation.

Cette recherche se base sur l'utilisation de nouvelles données d'imagerie et de
masquage de pupille (SAM) en bandes K, L et M, de spectres entre 3 et 4 microns, en
plus d'images à 8.6 et 18.7 microns et de données de densité spectrale de �ux (SED)
issus de la littérature. Ces données des UV aux longueurs d'ondes millimétriques ont
permis de construire une nouvelle compréhension de l'objet IRS-48, et de mettre en
avant l'équilibre subtil des processus physiques en jeu.

Ce travail a permis d'imager pour la première fois l'intégralité spatiale d'un disque
composé d'hydrocarbures polycyclique aromatique (PAH) et de très petits grains
(VSG) autour d'un objet stellaire jeune. Il propose un modèle révisé pour cet objet
de faÃ�on à expliquer l'environnement riche et complexe de gaz et poussières observé
en proche infrarouge et en ondes millimétriques, et pose des limites sur la quantité
attendue de grains silicatés - synonymes de renouvellement du disque - qui peut se
trouver dans ce disque de PAH/VSG.

Une modélisation en transfert radiatif de la structure du disque et de la composi-
tion des grains converge vers un disque externe à 55 AU composé de grains classiques,
en plus d'un disque non-sédimenté de PAH et VSG dont les bords internes et externes
sont résolus: 11 et 26 AU. Une étoile plus brillante - donc plus large - associée à une
adaptation des courbes de rougissement permet d'expliquer les �ux observés dans le
proche-infrarouge: le disque très interne à l'étoile, à 1 AU environ, n'est plus néces-
saire. Les nouveaux paramètres stellaires permettent d'estimer un âge de 4.2 millions
d'années pour cet objet, beaucoup plus jeune que les estimations précédentes, et en
meilleur accord avec l'enviornnement direct de l'étoile et les statistiques de disper-
sion de tels disques. L'utilisation de clôtures de phase a permis de détecter deux
sur-brillances au sein du disque de PAH, dont la température de couleur correspond
à la température des grains de ce disque trouvée grâce au transfert radiatif. Une sur-
brillance suit une orbite circulaire sous-Keplerienne. Ce travail a permis de montrer
qu'une quantité limitée de grains classiques silicatés est localisée dans le disque de
PAH, avec un facteur de déplétion de 5-6 par rapport aux abondances classiques de
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poussière-à-PAH. Un compagnon d'environ 3 masses de Jupiter sur une orbite à 40
AU est compatible avec la nouvelle structure du disque et la précédente observation
d'une asymétrie de grain millimétriques.

Le disque d'IRS-48 est dépourvu de poussière dans ses premiers 55 AU, à l'exception
de 3.7×10−10 masses solaire d'une mixture de PAH neutres, ionisés, et de VSG. Ceci
place IRS-48 au stade �nal des disques de transition, lorsque la photo-évaporation
commence á dominer l'évolution du disque jusqu'á dispersion.

Mots-clés: Dissipation des disques � disques circumstellaires � objets stellaires
jeunes



vii

Acknowledgments & Foreword

This report presents research work carried out during a 37.5 month PhD Thesis
performed jointly (in the frame of a �cotutelle�) at the University of Sydney, in the
Sydney Institute for Astronomy (SifA), under the supervision of Professor Peter
Tuthill and at Observatoire de Paris, in the Laboratoire d'Etudes Spatiales et
d'Instrumentation en Astrophysique (LESIA), under the supervision of Astronome
Vincent Coudé du Foresto. The �rst half of this research period was spent in
Sydney (until March 2015); I spent the second half in Paris up until the oral defense
which took place on the 11th of October 2016 at L'Observatoire de Paris. This led to
the granting of the �joint PhD in Astrophysics� degree from both universities.

The �science� part on IRS-48 an MWC-361 was carried out mainly in Paris, while
the Sydney part mainly focused on instrumental and observational work. For the sake
of presenting a manuscript having a consistent story-line (this was a requirement),
the main body � chapter 3 � only focuses on the science of IRS-48. Other projects
and works are left in appendices, although they represent more work than that done
on IRS-48.

Unless speci�cally noted, every single line of code used in that work was designed,
written and tested by myself, in python: the interferometric data model-�tting, the
orbital-�tting, the vampires quickview, and many other utilities and plotting proce-
dures that I could not possibly �t in this section.

I thank Mike, Olli, Gael, Chris, Nic who all played a direct role in the CHARA
data I acquired on MWC-361. Vicente for teaching me LBI at CHARA and how to
prepare an observation on Mount Wilson, both logistically and technically.

Theo, Lazlo, Judith, Larry for showing me the labs and old telescopes at the
Mount Wilson Observatory and giving me much appreciated lifts to and from the
summit; more generally for all the work they put on Mount Wilson (among many
others).

Nem, Olivier, Garima from the Subaru Telescope for the work, hikes and fun at



viii

the summit. Although the work load up-there was quite insane (who would have
guessed that people actually go to Hawaii to work), they were always up for a beer, a
hike, a talk or weird cross-�t videos.

Stephen, Daniel, Guy for the wealth of information I learnt from our talks on
stellar parameters, PAH, interferometry.

Tricia, Geraldine, Alexis and all administrative ladies and gents who made this
incredible experience (o�cially) possible.

Sylvestre, Nuria, Christophe for observing IRS-48 and providing insightful com-
ments on the draft of the article.

Peter and Vincent who gave me the right amount of freedom (and guidance) in
their PhD directors role to help me access the private club of �Dr�.

I thank my parents and brother for their perpetual support in my crazy projects, as
well as all mates and colleagues from France and Australia who enormously contributed
to putting some fun into my PhD. Random keywords which will for sure ring bells for
the years to come: pork roll, Raglan, Astro-Grad-Beer talks, Manly beach, Le Central,
reduced χ2, PicSat, ... among many others.

Many people had various levels of implication and support in my Ph.D. If I were to
thank only two people, it would be Nick, a Kiwi post-doc who took time to read/hear
and profusely comment my manuscript and oral presentation when I critically needed
proo�ng (along with co�ees in Sydney & Paris and Mai-tais in Hawaii), and Aygul,
my wife, for her constant support and understanding.

And to �nally put some philosophy into this Ph.D (Doctor of Philosophy), here
is one of my favorite quotes (which becomes interesting once you look at it through
contraposition):

If you are out to describe the truth, leave elegance to the tailor.

Albert Einstein



Ne me trompé-je point, s'écria la Marquise, ou si je vois où vous me

voulez mener ? M'allez-vous dire �Les étoiles �xes sont autant de

soleils ; notre soleil est le centre d'un tourbillon qui tourne autour de

lui ; pourquoi chaque étoile �xe ne sera-t-elle pas aussi le centre d'un

tourbillon qui aura un mouvement autour d'elle ? Notre soleil a des

planètes qu'il éclaire ; pourquoi chaque étoile �xe n'en aura-t-elle pas

aussi qu'elle éclairera ?� Je n'ai à vous répondre, lui dis-je, que ce

que répondit Phèdre à Oenone : �C'est toi qui l'as nommé�.

Mais, reprit-elle, voilà l'univers si grand que je m'y perds ; je ne

sais plus où je suis, je ne suis plus rien. Quoi! tout sera divisé

en tourbillons jetés confusément les uns parmi les autres ! Chaque

étoile sera le centre d'un tourbillon, peut-être aussi grand que celui

où nous sommes ! Tout ce espace immense qui comprend notre soleil

et nos planètes, ne sera qu'une petite parcelle de l'univers ! autant

d'espaces pareils, que d'étoiles �xes ! Cela me confond, me trouble,

m'épouvante. Et moi, répondis-je, cela met à mon aise. Quand le ciel

n'était que cette voûte bleue où les étoiles étaient clouées, l'univers me

paraissait petit et étroit, je m'y sentais comme oppressé. Présente-

ment qu'on a donné in�niment plus d'étendu et de profondeur à cette

voûte en la partageant en mille et mille tourbillons, il me semble que

je respire avec plus de liberté, et que je suis dans un plus grand air,

et assurément l'univers a toute une autre magni�cence. La nature n'a

rien épargné en le produisant ; elle a fait une profusion de richesses

tout-à-fait digne d'elle. Rien n'est si beau à se représenter que ce

nombre prodigieux de tourbillons, dont le milieu est occupé par un

soleil qui fait tourner des planètes autour de lui. Les habitants d'une

planète d'un de ces tourbillons in�nis voient de tous côtés les soleils

des tourbillons dont ils sont environnés...

Entretiens sur la pluralité des mondes (1686), Bernard Le Bouyer de Fontenelle
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Never memorize something that you can look up.

Albert Einstein

This chapter will detail theories and facts on circumstellar disks; their structure,
their evolution and the key physical processes that drive their dispersal and planetary
formation. The aim is to bring all necessary disk-related information to be de�ned
for the chapters to come. It should be read as a condensed view of the state-of-the-
art, providing a wealth of references on the main disk topics. After bringing some
general context to the reader, this chapter will focus �rst on the initial conditions and
constraints that lead to disk formation, and later on the evolution and properties of
disks once the stars have formed. Finally, it will give the outline of this thesis.

1.1 Context

The dust- and gas-rich disks surrounding numerous Pre-Main-Sequence (PMS) stars
are of key interest for studying how planetary system are formed. Indeed, they are the
initial conditions for planetary formation and can be de�ned as gravitationally rotating
structures of gas and dust that surround young stars. The �rst Hubble Space Tele-
scope images of such objects in silhouette against the background light in the Orion
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Nebula (McCaughrean & O'dell 1996; O'dell & Wen 1994) and the subsequent obser-
vational and theoretical studies have spawned and fostered an enormous momentum
around such objects, leading to a better understanding of how they are formed, how
they evolve, what they look like, and how they are �nally dissipated. Even though
current models fail to explain the complexity of circumstellar disks and bind their birth
and evolution to the tremendous variety of observed planetary systems, a general un-
derstanding is achieved.

Protoplanetary disks are the remnants of the star-formation process which extracts
the most naturally the excess angular momentum of an original parent cloud as com-
pared to that of a single central-star. Similarly, debris disks are the remnants of the
planetary-formation process: gas-poor structures around older stars whose proper-
ties re�ect the collisional evolution of a population of small bodies such as comets or
asteroids (Wyatt 2008).

Like most extensive phenomena in astronomy, the evolution of such young circum-
stellar disks can hardly be observed in individual objects and hence must instead be
inferred from statistical studies of populations. Indeed, protoplanetary disks are persis-
tent: the typical disk-lifetime of a few million years relates to thousands of dynamical
times at 100 astronomical unit (AU) to millions of dynamical times at 0.5 AU (Haisch
et al. 2001). Furthermore, the problem is compounded by the fact that disks dissipate
quickly enough compared to the life-time of stars, such that only a small sample is
at reach in our neighborhood. Astronomers are left with a few hundreds of objects,
making di�cult the statistical study of their numerous properties.

Protoplanetary disks have a rich structure, with di�erent physics playing a role in
di�erent regions of the disk. A schematic representation of a typical object is shown
in Figure 1.1. The dynamic ranges involved span four to �ve orders of magnitudes on
the spatial scales (∼ 0.02 to 1000 AU), four to �ve in orbital times (∼ a month to
thousands of years), two to three in temperatures (∼ 20 K to �1000 K), and much
more in dust or gas densities. The extreme dynamic ranges involved in the structure
and composition of these objects means that di�erent observational techniques have
to be combined together to probe their various regions.

Long wavelength telescopes, far-infrared (FIR) and (sub-)millimeter, usually spa-
tially resolve regions outside of ∼ 20 AU while mid-infrared (MIR), near-infrared (NIR)
and visible light predominantly probe down to the �rst AU of such objects. In prac-
tice, however, because of current technical limitations (i.e. the extreme contrast-ratios
between the disk and the star), NIR and visible instruments can only probe outside of
several resolution elements, ∼ 8 AU, at low signal-to-noise ratio (SNR). High-energy
radiation such as ultraviolet (UV) or Xray are often associated highly-energetic accre-
tion mechanisms or corona physics, happening in the regions very close to the stellar
surface.

While spatially resolved observations give a direct localization of emitting regions,
allowing precise disambiguation of structures in the spatial domain, a somewhat similar
approach exists in the spectral domain through the analysis of the relative brightness
distribution of parts (or all of) the disk. The discovery of a medium-age sub-class of
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Figure 1.1: Schematic structure and spatial scales of a protoplanetary disk. Note
that the radial scale on the x-axis is not linear. Above the pictogram shows which
techniques can spatially resolve which scales. Below shows which kind of emission
arises from which parts of the disk. Originally in Dullemond & Monnier (2010).

young circumstellar disks, known as transition disks, characterized by a distinctive dip
in their infra-red spectral energy distribution (SED) suggests that a partially evacu-
ated gap exists in the inner region of the protoplanetary disk (e.g. Calvet et al. 2002).
The profound implications for studies of planetary formation have become increas-
ingly apparent with the con�rmation of the disk-gap architecture by (sub-)millimeter
measurements and optical interferometry (e.g. Andrews et al. 2011).

A number of mechanisms have been proposed to cause these gaps, including ex-
tensive grain growth (Dullemond & Dominik 2005), photo evaporation (Clarke et al.
2001), binarity (Ireland & Kraus 2008), and tidal barrier created by dynamical interac-
tion with low-mass disk objects (e.g. Bryden et al. 1999). These di�erent mechanisms
can be distinguished by studying the distribution of the gas and dust within the gaps:
a large (stellar) companion or photo-evaporation would almost completely evacuate
the inner regions while a less massive planetary companion would allow gas and small
dust grains to exist within its orbit (Lubow et al. 1999). Furthermore, in the latter
case, the measurement of the size and distribution of this material would allow the
orbit and mass of the planetary companion to be constrained.

While the physical processes are reasonably well understood for the regions of the
disk beyond about a few AU, the structure of the inner-disks remains a complete puzzle.
This is both because the complexity to observing such regions so close from their
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brighter host-stars is extremely challenging, and because the physics of this region,
where the disk becomes so hot that the dust starts to evaporate, is poorly understood.

With the advent of Infra-Red (IR) interferometry, it has become possible to spa-
tially resolve the innermost regions of disks, allowing a closer look at the �rst few AU,
down to the inner rim of dust. Analyzing unresolved spectroscopic observations jointly
with high-resolution IR interferometric data brings into life a new method to compre-
hend these complex objects. This work aims at observing such young circumstellar
disks using interferometric techniques in order to analyze their inner-disk shape and
composition.

1.2 Birth of Stellar Systems

The vast between stars is not �lled with emptiness. In this section, the reader will
be reminded the principles and constraints that govern the circumstellar disk around
young stars. It will describe why circumstellar disks are an inevitable step of star-
formation scenarios, and comment on major concepts such as the initial abundances
of gas and dust, the grain size-distribution law, or the various means of extracting
angular momentum accumulated from the initial cloud-collapse.

1.2.1 Origin of stellar systems

Large Inter-Stellar Medium (ISM) clouds are reported throughout our galaxy; invisible
to the naked eye on a dark-night sky, they are revealed best in radio wavelengths
or ultra-violet (although, technically, Aborigines and Columbian civilizations made
constellations out of the dark patches of the ISM in the milky way, e.g. the �Emu�).
A schematic view of our local galactic environment is shown in Figure 1.2.

What strikes at �rst is that most of the stars � and especially the star associa-
tions � are located outside the di�use HI regions, which take the shape of �laments
around �bubbles�. This current situation is the result of a previous large-scale star-
formation phenomena, of which the current molecular clouds, depicted in red, are the
still-active belated remainings. The most famous star-forming regions are named �Rho
Ophiuchus� (∼ 130 pc), �Taurus-Auriga� (∼ 140 pc), �Orion-Trapezium� (∼ 450 pc),
�Chamaeleontis� I and II (∼ 140, 200 pc), �Scorpius-Lupus� (∼ 150 pc) and �CrA� (for
Coronae Australis, ∼ 130 pc). A study by Kroupa (2002) showed that stars and star
clusters follow a universal mass function at birth; star-forming regions share the same
density patterns and scales.

HI regions consist of the simplest components to be found in the universe: neutral
atomic hydrogen (∼ 90%) in addition to local helium abundance and∼ 1% of small dust
grains made of a combination of hydrogen and other heavier elements. These clouds
are fundamentally inhomogeneous: gravitational or thermal instabilities and turbulent
compression (e.g. from shocks due to supernovae explosions) create complex structures
of �laments and blobs of over-densities. When involving a critical amount of gas called
Jean's mass MJ , these inhomogeneities can impart an initial angular momentum to
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Figure 1.2: Maps and legend showing the (�attened) neighborhood of the Sun. The
left map shows a 1600 light-years-side (490 parsec) square part, while the right one cor-
responds to the red-frame zoom and shows the inner 380 light-years-side (115 parsec)
square-portion. These maps corresponds to our current best guess of the interstel-
lar hydrogen and molecular gas structure, constructed from various observations and
deductions. High-density molecular clouds including the Aquila Rift surround star
forming regions, each shown in red. Most if not all stars named here can be seen with
the naked eye; many well known objects, such as the Dumbell Nebula or the Pleiades,
are also depicted. The electronic version of the Thesis provides a higher-resolution
version of these maps. Originally in Henbest & Couper (1994)

the surrounding region. Jeans (1902) showed that in such context, when gravitational
forces are larger than the internal pressure of a medium, a rotating cloud of gas starts
collapsing under its own weight, along its rotation axis. The characteristic length of
this region of gas is given by:

λJ =
( π

G ρ0

) 1
2
cS , (1.1)

where G is the gravitational constant, ρ0 is the initial density and cS is the speed of
sound in this medium. This length can be directly related to Jean's mass through
density: MJ ∝ c3

Sρ
− 1

2 , which is de�ned as the largest gravitationally stable gas-mass
under a given density and temperature (through cS). For a typical cold HI ISM region
with a temperature of 40 K and a density of 30 atoms per cm3, one �nds λJ∼ 10 pc
and MJ∼ 104 M�.
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The density increases as the collapse happens, which in turn decreases Jean's
critical-mass value: new sub-regions start to collapse within the initial gas-cloud. Af-
ter several steps of this gravo-turbulent fragmentation phenomena, density increases
to a point where all atomic elements bound to form molecules: from the initially large
atomic gas-cloud, many smaller higher-density cold molecular-gas clouds have formed.
Until there, the collapse remained isothermal and the gravitational energy was evac-
uated through radiation. Such cores typically possess a density of 103-104 atoms per
cm3, and display a temperature of ∼ 40 K, unchanged since the start of the collapse.
They show a characteristic Jeans length of λJ∼ 1 pc and a maximum mass of MJ∼ 100
M�. This value corresponds to the estimation of highest possible stellar mass.

At this stage, density reached a point where photons are no longer free to escape
the medium. The temperature hence increases with opacity; the collapse becomes
adiabatic. The further fragmentation of each core now mostly relies on turbulence, and
whether it can counter-act gravitation or not. When fragmentation does dominates the
energy budget, it continues and all sub-cores (or proplyds) tend to collapse individually,
forming a large cluster of low-mass stars. If turbulences decays before gravitation, the
core undergo a global collapse where competitive mass growth becomes pre-dominant.
In this scenario, low-mass objects may become ejected and as accretion stops, only a
few massive proplyd remain: this tends to create small clusters with high-mass stars.

One can easily show that the characteristic time for the gas-cloud to collapse,
based on the free-fall time for a particle on the periphery to reach the cloud center,
only depends on the cloud initial density; it is given by:

τJ =

√
3

32πGρ0
=

R3/2

√
8GM

, (1.2)

assuming a spherical distribution of total mass M and radius R. This qualitative result
ignores angular momentum and magnetic �elds, both of which will resist collapse and
hence lengthen the true collapse time. The free-fall collapse time given above should
be understood as a lower limit rather than a realistic collapse time calculation. For a
typical cold HI ISM region, this minimum characteristic time is of order a few million
years. See Section 3.7.2.4 for the discussion of the accretion of IRS-48.

The initial collapse phenomena highlights a few key ideas and principles that set
basis to the further study:

• Dust-to-gas mass ratio in the ISM averages 1%.

• Stars form in clusters because of the gravo-turbulent cascade fragmentation of
an initial large ISM gas-cloud.

• All stars in a cluster share approximately the same age and initial composition
(see Section 3.7.1 for a discussion on IRS-48 age).

• Complex molecules naturally form as temperature and density increase with
gravitational collapse.
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1.2.2 Birth of disks

As detailed in the previous section, the process of star and planet formation happens
with the fragmentation and collapse of a molecular gas-cloud. Note that for the sake
of conciseness, only a small amount of core principles will be detailed below; indeed,
in the bigger picture, there is enough complexity and terminology associated with
planetary formation to form its own �diskionary� (Evans et al. 2009a).

Initially, the mass is (relatively) homogeneously spread in each sub-region of the
gas-cloud, also called proplyds (for ionized protoplanetary disk/nebula). It is however
rapidly (∼ 10 to 30 thousands years) processed through a �attened accretion disk
inward onto the protostar in accretion bursts and outward through out�ows and jets.
At this stage arises the issue of angular momentum conservation as the proplyd shrinks
and �attens into a proto-stellar disk. The angular momentum contained in the rotation
of a central-star represents an extremely small fraction of that of a large-scale gas-cloud.
Would the mass be entirely concentrated in a central proto-star, no star could emerge
from it and light up because of the enormous centrifugal force tearing it apart.

There is hence a critical need for the dissipation of this excess angular momen-
tum from the very �rst beginning of the proplyd-collapse. As a matter of fact, it
can be calculated that the Sun contains more than 99.8% of the total solar system
mass; it however holds only 0.6% of the total angular momentum in the solar system.
Circumstellar disks are an inevitable, e�cient and natural consequence of angular mo-
mentum conservation during the formation of a star through gravitational collapse.
Other mechanisms also play an important part in the early collapse of a proplyd, like
jets or strong magnetic �elds; they are not covered in this work.

Eventually, as the star lights up, its radiation creates a strong negative-feedback
which disperses the remainings of the proplyd and terminates the stellar formation.
The accretion rate decreases and only a small amount of material persists in a thin
and self-shadowing disk perpendicular to the rotation axis of the stellar system. For
the stellar system to remain gravitationally stable, the disk mass is much lower, about
1% of the stellar mass (Williams & Cieza 2011). This mass-estimate observation is
valid from brown dwarfs to B stars, although there is a somewhat large dispersion of
± an order of magnitude (Natta et al. 2000).

Several high-density molecular clouds exist in the direct neighborhood of the Sun;
they host the most active star-forming regions currently studied. They coincidently
happen to be the same age, about one to two million years old with moderate disper-
sion, and at the same distance from Earth (∼ 120-150 parsec). Each of them contains
a few dozens to a few hundreds of Young Stellar Objects (YSO), providing a wealth
of statistical populations at the earliest stages of their evolution.

The transformation from a proplyd into a YSO with a gas- and dust-disk only takes
slightly more time from the initial impulse once taken out of the large-scale gas-cloud.
Key facts for this work are:

• Circumstellar disks are the most natural means to dissipate the excess angular
momentum from the star-forming gas-cloud,
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• The �nal collapse from a proplyd to a YSO only takes 30 to 40 thousand years,

• The gas- and dust-remnants surrounding the newly formed star take the shape
of a thin �attened and self-shadowed disk rotating with Keplerian velocity for
the dust, and slightly sub-Keplerian for the pressure-supported gas,

• Independently from the stellar type, a young disk averages 1% of the stellar mass,
with a factor of ten dispersion.

1.2.3 Stellar binarity

From the time the circumstellar disks are formed, many evolutionary path exist; the
sole purpose of which is extract excess angular momentum. Last section showed that
one of the most natural means to extract angular momentum from the initial collapse.
Stellar binarity (i.e. forming two low-mass stars orbiting each other rather than a single
central star) appears to be another excellent means of extracting it. An consequence
of this was shown by studies on Main-Sequence (MS) stars binarity, which highlighted
that binaries are extremely common, e.g. 53% among G dwarfs (Duquennoy & Mayor
1991).

Artymowicz & Lubow (1994) showed that binarity does not imply a complete
clearing of the circumstellar matter: for typical viscous disk parameters and a binary
system with semi-major axis a, the inner edge of the circumbinary coplanar-disk is
truncated at 1.8×a. Similarly, coplanar disks around each star (circumprimary disks)
are truncated at the outer edge at about a/2. They also show that higher eccentricities
lead to greater disk erosion (either inward or outward).

The detection of an over-abundance by a factor of two of binaries among the young
stars in Taurus when compared to the results for the MS-stars (Ghez et al. 1993;
Leinert et al. 1993; Reipurth & Zinnecker 1993) made it clear that binarity indeed is
the dominant mode of star formation. Further large-population studies by Duchêne
(1999) con�rmed that the Taurus members have a signi�cant binary excess of 2.8σ

compared to MS stars. This means that for this region and given the completeness of
the observations, no less than ∼ 95% of stars are multiple systems, assuming that the
orbital period distribution has the same shape as the MS binaries. Duchêne (1999) also
�nds a 1.6, 1.9 and 2.7σ binary excess for CrA and two di�erent star-forming regions
in Ophiuchus.

This shows that YSOs do indeed tend to have a binarity over-abundance compared
to MS stars, to a degree that is however still under discussion as underlined by Ratzka
et al. (2005). The reason is that the population samples studied are usually small
and biased towards the brightest stars (.10 magnitudes in K-band). Also, binary star
detection is mostly done through speckle imaging, that have lower detection limits of,
in best cases, ∼ 15 AU (for the considered 120-150 parsec dark clouds distances) and
∼ 0.1 �ux ratio (2.5 mag) between the primary star and its companions. The �ux
ratio detection limit leads to an intrinsic bias in binarity characterization, that cannot
be statistically corrected.
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The extraction of angular momentum is best achieved when forming heavy com-
panion(s) to the star. Key facts about binarity for this work are:

• YSOs tend to have a binarity over-abundance compared to MS stars, to a degree
still under discussion.

• Both circumprimary and circumbinary disk exist and have been observed; a
binary star does not imply immediate and systematic clearing of its circumstellar
material.

• A large-scale high-resolution and high-contrast measurements of YSO binarity
has yet to be done; it would allow a precise characterization of the orbital period
distribution.

1.3 Of Stars and Disks Evolution

Now that the scene is set on how and why circumstellar disks are an usual step in
stellar-formation, their evolution from primordial, hot and gas-rich disks to cold, col-
lisional and gas-poor debris remains to be addressed. In this section, the reader will
be reminded the main physical phenomena and critical properties of disks that drive
their evolution and eventually dispersal in a few million years. After focusing on means
to assess and classify the evolutionary stage of disks, the main disks properties and
parameters will be described. Finally, the physical processes at stake in disk evolution
will be detailed, to eventually conclude on the mechanisms of dispersal.

1.3.1 YSO classi�cation

There are many observational ways to characterize the disk evolution process once
the central star(s) became optically revealed. The most direct, measuring the disk,
stellar masses and disk age, would probably be ideal if only they were not extremely
hard to achieve and moreover, model-dependent. In practice, more practical means are
generally used, principally based on disk accretion signatures in the optical, or through
the distribution of warm circumstellar material in the IR. A IR-based classi�cation was
introduced by Lada & Wilking (1984), who showed that YSOs in Ophiuchus region
formed three distinct groups based on whether the emitted energy was rising in the
mid-IR, declining but with a notable excess over the blackbody stellar photosphere, or
with negligible IR excess. This was formalized later on by Lada (1987); Andre et al.
(1993); Greene et al. (1994) into �ve main classes (0-I-FS-II-III; FS stands for �at
spectrum) based on the slope of the SED between ∼ 2 and 25 µm,

αIR =
∆ log(νFν)

∆ log(ν)
=

∆ log(λFλ)

∆ log(λ)
, (1.3)

or the absence of 2 µm �ux in the case of class-0 YSOs.
Table 1.1 describes the main characteristics and approximate durations of disk

classes. This classi�cation underlines that the disk and the envelope both gradually
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Class αIR slope Mass properties Observational characteristics Duration
0 � Menv > M∗ > Mdisk No optical or NIR emission 10-30 Kyr
I > 0.3 M∗ > Mdisk ∼ Menv Optically obscured 0.5 Myr
FS 0.3 � -0.3 }

M∗/Mdisk∼ 100 1 Intermediate class-I and II }
2-3 Myr

II -0.3 � -1.6 Accreting disk, strong Hα and UV
III < -1.6 M∗/Mdisk �100 1 Debris disk, passive, no accretion
1Menv ∼ 0

Table 1.1: Classi�cation of young stellar objects. Durations represent the typical
phase duration, which can however greatly vary in individual disk cases. Adapted
from Greene et al. (1994); Williams & Cieza (2011).

dissipate with time. Consequently, the SED-IR signature of the object, dominated by
the dust of the disk, strongly decreases until only the star in�uence is left, as illustrated
in Figure 1.3.

On average, the embedded phases through class I last for about 0.5 Myr (Evans
et al. 2009b), however the surrounding envelope and strong proto-stellar out�ows can
hinder measurements of disk properties at these early times. After the embedded phase,
the median disk lifetime is 2 to 3 Myr, with very high dispersion (approximately from
1 to 15 Myr). Since the manner and the rate at which any individual star-disk system
evolves vary greatly, only large-population statistics can underline trends. A recent
large-scale study of 13 star-formation regions questions these durations and globally
increases them by a factor of two, showing once more that age determination of such
early-type star is a complex issue (Bell et al. 2013).

It is also important to note that the SED classi�cation does not give a unique
description of the amount and distribution of circumstellar material. In particular,
YSOs with edge-on disks are more embedded hence highly extincted and can be mis-
interpreted as less evolved objects: an edge-on class I can have characteristics of a
class 0 (Robitaille et al. 2006).

It was seen in Section 1.2.2 that, independently from the stellar type, a disk in the
longest phase of the circumstellar evolution, classes FS/II, averages 1% of the stellar
mass (with some dispersion). Disk structure does however appear to be dependent
on stellar mass, at least for the lower-mass stars regime. From SED analysis and �t-
ting, Sz¶cs et al. (2010) �nd that, given a star-forming region, very low-mass stars have
�atter disks than low-mass stars, consistent with a higher dust settling mechanism.
It is risky to make a direct comparison to higher mass A-B types PMS stars in other
regions, because of the di�culty in distinguishing initial conditions, from evolution due
to grain growth and settling. On the other side of the stellar spectra, O-type (>8 M�)
stars seem to be exceptions since no disks are detected at (sub-)millimeter wavelengths.
This may be due to very high photo-evaporation rates leading to an extremely short
disk lifetime, such that disks are nearly dissipated by the time an O-star is optically
visible, or due to an altogether di�erent star-formation mechanism (Zinnecker & Yorke
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Figure 1.3: Schematic overview of the di�erent evolutionary stages of
low/intermediate-mass star formation. The left column of the �gure is a pictorial
representation of the objects, the right column represents the SED of the correspond-
ing objects. Originally in Menu (2015).

2007).
A distinction in nomenclature exists between disks surrounding massive stars and

lower-mass stars. A-B types YSOs with circumstellar matter are called Herbig Ae or
Be stars, respectively. Analogs of these in the smaller mass range (<2 M�) � F, G,
K, M spectral type PMS stars � are called T Tauri stars (TTS). Several �avors of
TTS exist: classical (CTTS) and weak-lined T Tauri stars (WTTS), which correspond
closely (though not exactly) to class II and III YSOs, respectively.

Disk and star classi�cation allow to group objects to perform statistical analysis
and unveil trends in star- and disk-evolution mechanisms; key ideas are summed up
here:

• YSO classes, 0-I-FS-II-III, are based on the IR-excess slope between 2 and 25
µm.
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• This classi�cation does not account well for corner cases induced by observational
bias; a theoretical/modeling approach is often necessary.

• O-stars do not show disks.

• Among stars showing disks, A-B types PMS stars are called Herbig Ae or Be,
while F, G, K and M types stars are called T Tauri.

1.3.2 Protoplanetary disks and their properties

The classi�cation presented previously is an empirical law based on standard disk
morphology. In order to achieve a precise comprehension of individual objects, one
must dive into the characterization of the main disk properties, namely mass, dust
composition, radial and vertical density pro�les, among the most important ones.
They will be described in here-after. Although gas composition and structure play a
crucial role in disk evolution, it will not be addressed here given that the observations
in made in the frame of this work are not sensitive to such species.

1.3.2.1 Dust and PAH composition

Mathis et al. (1977) showed that, in order to reproduce the ISM extinction, graphite is
a necessary component, with a particle size distribution roughly power law in nature
n(a) ∝ a−p with an exponent p between 3.3 and 3.6, and sizes between 5nm and 1
µm. Other components, such as silicates, provide an improvement to the �t when
introduced with the same power-law and sizes in a somewhat narrower range, about
25nm-0.25 µm.

(Draine 2003) shows that an additional species, Polycyclic Aromatic Hydrocarbons
(PAH), exists in the ISM as the by-product of catastrophic destruction of carbona-
ceous grains; Geers et al. (2006) estimate a PAH-to-dust mass fraction of ∼ 6% using
carbon atoms to hydrogen nuclei abundances. The ISM composition is thought to
be the initial composition of disks, although there is a substantial processing of both
gas and dust as disk forms and evolves. For example, during the passage through
dark clouds to protoplanetary disks, molecules precipitate onto dust grain surfaces,
producing coating icy mantles (Bergin & Tafalla 2007). Therefore, the particle size
distribution exponent is expected to evolve with the disk. Evidence for further growth
to millimeter sizes follows essentially from the determination of the (sub-)millimeter
slope (refer to Section 1.3.3 for grain growth).

Dust dominates the opacity of protoplanetary disks and is the raw material for

planetesimals. The opacity of a disk scales as ∼ a
−1
2
min in the optically-thin regime

(i.e. low opacity). This means that nanometer- to a tens of µm-grains, extremely
abundant given the grain-size distribution of ∼ -3.5, will very rapidly generate a high
opacity and create optically-thick disk-structures. Dullemond et al. (2007) suggested
that extremely small grains, e.g. PAH, can �hide� a substantial amount of settled
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thermal silicate grains under conditions of low turbulence. Such phenomena could be
taking place in IRS-48, it is discussed in Section 3.5.5.

Silicates are often the main contributors to the IR-SED of protoplanetary disks.
They are identi�ed through broad spectral bands at 10 and 18 µm (Henning 2010)
and when compared to the ISM silicate grains, their spectral signature clearly show
a growth to sizes larger than µm. Interestingly, this is not the case for IRS-48, see
Section 3.4.7.

PAH have many speci�c NIR and MIR features (Tielens 2008), speci�cally at 3.3,
6.2, 7.7, 8.6, 11.2, 12.7, and 16.4 µm and show very clear imprints to the MIR spectra.
Since PAHs are easily excited by UV radiations even far away from the star, Maaskant
et al. (2014) show that the ionization state of the PAH emission can be related to the
disk structure up to tens of AU.

The combination of PAHs and amorphous/crystalline silicates of (sub-)micron sizes
was shown by Juhász et al. (2010) to be is su�cient to model the mid-infrared spectra
of protoplanetary disks. This however might not prove to be correct for special cases
for that IRS-48 precise SED and interferometric data modelling required the presence
of Very Small Grains (VSG) of carbon.

1.3.2.2 Mass

The estimation of disk masses is essentially based on the millimeter �ux of the dust that
maps the large-scale gas reservoir. The conversion to the total disk mass is however
based on several critical parameters: the dust-opacity, the dust-to-gas ratio and the
fraction of the mass contained in large dust-grains (a& cm). These characteristics of
disk are for now highly model-dependent, and the inferred masses su�ers considerable
uncertainties.

Indeed, as a rule of thumb, observations at a wavelength λ only constrain the
properties of dust grains out to a maximum size amax ∼ 3λ (Draine 2006). Only a
few disks have been detected beyond millimeter wavelengths, and thus we know little
about the general occurrence and distribution of centimeter- and larger-sized particles.
For a grain-size distribution n(a) ∝ a−3.5 (refer to 1.3.2.1), the total mass scales as

∼ a
1
2
max, and substantial mass may be undetected.
Disks of class II and beyond possess a small fraction of the central stellar mass, see

Section 1.2.2, their motion are therefore expected to be Keplerian for dust and slightly
sub-Keplerian for pressure-supported gas.

1.3.2.3 Radius and surface density

The disk outer radii are hard to measure because they are populated with cold, low-
density gaseous matter, which only weekly emits. They are still e�cient absorbers
however, and several imaging of such objects in front of bright HII region backgrounds
provided radii ranging from 50 to 200 AU for 22 Orion proplyds (Vicente & Alves
2005). Imaging disks at millimeter wavelengths allowed a precise estimate of the disk's
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material radial distribution: Piétu et al. (2005); Isella et al. (2007) found that pure
power laws could not reconcile rotational lines of CO and continuum images in the
outer regions. McCaughrean & O'dell (1996) found that an exponential decay at the
outer boundary as required to reproduce Orion proplyd silhouettes. To describe a
viscous accretion disk, a general consensus exists on using an exponentially tapered
pro�le of the form:

Σ(R) = CmassR
−γ exp

[
−
( R
Rc

)2−γ
]
, (1.4)

where Cmass = (2 − γ) ×Mdisk/(2πR
2−γ
c ) is a mass normalization constant, γ is the

surface density exponent that speci�es the radial dependence of the disk viscosity and
Rc is a characteristic radius, which sets limits to where the surface density begins to
steepen signi�cantly from a power law. However, as the disk does not have a sharp
outer edge, a physical disk size must be speci�ed in terms of an intensity thresh-
old. Andrews et al. (2009, 2010) show that a rough estimate of Rc may be obtained by
noting that about two-thirds of the total disk mass lies within it, which corresponds
to Rc ∼ 30− 200 AU most generally.

They also �nd a tight range of possible γ values from 0.4 to 1.0, and 〈γ〉 = 0.9. The
Eq. (1.4) naturally approximates a power law Σ ∝ R−γ for R � Rc. Negative values
of γ indicate decreasing surface densities as radius increases (for R < Rc), which may
be an important signature of disk evolution (see Section 1.3.3).

1.3.2.4 Vertical density pro�le

Protoplanetary disks are �ared with a vertical scale height that increases with radius.
Direct evidence for this phenomena can be seen in silhouette Hubble images of disks. A
passive circumstellar disk is assumed to be in vertical hydrostatic equilibrium, where
the the vertical component of the stellar gravity is supported by the vertical gas-
pressure gradient. Under geometrically thin disks and vertically isotherm assumptions,
this equilibrium leads to a vertical density pro�le such as:

ρ(z|R) = ρ(z = 0) exp

[
− 1

2

(
z

h

)2
]
, (1.5)

where h is the disk scale height; h varies with radius as h = h0(r/r0)β with β the
�aring exponent (β > 0, of order ∼ 1) and h0 the scale height at radius r0. More
advanced analytical solutions taking into account the stellar radiation that heats the
�ared surface of the disk-structure exist. However, the modern approach is to use
radiative transfer simulations which allow iterative determination of vertical density
and temperature from reprocessing of stellar photons interacting with the disk material.
Such tool will be used in Chapter 3 to infer the structure of its disk.
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1.3.3 Disk evolution

As depicted before, disks display temperatures, densities, radii, grain sizes, etc, that
span several orders magnitudes. For this reason, their evolution and shaping are driven
by many di�erent physical processes which are, directly or indirectly, all connected to
each-other. The main phenomena will be described below.

1.3.3.1 Viscous transport

The evolution of disks up to class-II is mostly driven by viscous transport, also known
as inward drift. It is also one of the most predominant reason for the �attening of disks
and accretion onto the star. Indeed, large dust grains are less coupled to the gas, simply
because of their high volume/surface ratio that favors inertial on pressure e�ects.
Their higher mass requires them to maintain Keplerian velocities in order to keep a
stable orbit. However, since the pressure-supported gas has a slight sub-Keplerian
orbital velocity, these larger dust grains experience a systematic drag, leading to a
gradual loss of angular momentum. This viscous e�ect happens both in the radial
and the vertical planes, as grains may have inclined orbits. Vertical viscous transport
is called dust settling and increases the density of dust in the interior of the disk.
The disk surface is left with the smaller and lighter dust particles, e�ectively leading
to a �attening of the disk through photo-evaporation and radiation pressure. Radial
viscous transport leads to a slow yet unswerving spiraling in and eventually accretion
on the star (Weidenschilling 1977). Obviously, turbulence shall be considered as a
strong mixing counter-e�ect to the smooth and hierarchically layering consequence of
viscous transport.

Viscous evolution models are broadly consistent with the observational constraints
for disks masses and sizes, and the decrease in accretion rate over time due to disk
depletion. This process has also a direct e�ect of spreading out the disk, as angular
momentum is conserved, hence transported outwards. Accretion as observed through
emission lines such as Hα, Brγ, and CaII can be successfully reproduced by magneto-
spheric accretion models (Muzerolle et al. 1998). However, a purely viscous disk does
not account for the large variety of SEDs and shapes: such phenomena is the main
component of a much larger and complex evolution involving several other important
physical processes.

1.3.3.2 Radiation e�ects

Through gravitation and radiations, the central star is by far the main source of energy
in the disk, and is the foremost driver of its evolution. With viscous transport and
dust settling, gas photo-evaporation is the physical process that a�ects disk during
the largest time of their existence. Photo-evaporation is driven by energetic photons
emitted by stars in the UV and X-ray spectra (λ < 6eV/(hc)), which ionizes and heats
the gas at the disk surface. The main and closest source of high-energy radiation
is mostly the host-star of the disk. However, it has been shown that (very) near-by
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massive stars in case of dense clusters may also have some impact on the outer-most
regions of circumstellar disks (Johnstone et al. 1998), e�ectively dissipating it on both
ends.

Combining both viscous transport and photo-evaporation physical processes led to
a �UV-switch� theory to explain the inner disk clearing observed in transition disks
and the so-called �two-times problem� (i.e. disk appear smooth and dense for a few
million years until the time where they are suddenly dissipated, in ∼ half a million
years):

1. At early stages of the disk evolution, the accretion rate dominates over the evap-
oration rate, and the disk undergoes standard viscous evolution: material from
the inner disk is accreted onto the star, while viscous transport provides replen-
ishment from the outer-disk reservoir.

2. After some time, as the outer disk is spread out and partly emptied from its
material � hence no longer able to supply the inner disk � the accretion rate
drops to ∼ 10−10 − 10−9. The inner disk remains, unsupplied, and it is swiftly
drained onto the star due to viscous transport, creating an inner cavity in the
disk.

3. This latter cavity implies that the disk is now split into an inner and outer disk.
The inner rim of the outer disk is exposed to the direct radiation of the star,
and rapidly photo-evaporates from inside-out, while the inner-rim subsists for a
short time until it is fully accreted.

While FUV photo-evaporation is limited to the �rst few AU of the disk, EUV and
X-rays are able to penetrate much deeper in disks, e�ectively heating them from the
inside up to tens of AU from the star.

Radiations of the star does also e�ect dust, in at least two possible ways. Radiation
pressure, often known as stellar wind, blows away the smallest dust particles (a.1 µm)
which are not sheltered by larger dust particles. This mostly happens at the surface
of disks, which was coincidently left with the smallest dust particles because of dust
settling. Like photo-evaporation, this tends to �atten and spread disks out. The
second case where radiation strongly a�ects dust happens much closer to the star, as
dust particles are dragged in by viscous transport, heated, and reach their sublimation
temperature. The gas produced may be equally accreted or photo-evaporated.

The stellar spectra and the nature of the grains are direct constraints to the
disk inner-radius location, wherein dust systematically sublimates. However, it is
expected that shadowing from larger dust grains (longer to sublimate) or carbona-
ceous grains (e�ective heat absorbers), may modulate the inner-rim radius and shape
of the disk (Isella & Natta 2005). As a consequence, NIR excess is very well correlated
to accretion and the presence of an inner disk (Hartigan et al. 1995). In the case of
IRS-48 it is proven that the inner-most disk is most probably dissipated, leaving no
other NIR excess than that produced by other species at a larger radii, see Section 3.5.
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1.3.3.3 Grain growth

Solid dust particles only account for an extremely small fraction of the total initial
mass of a disk, ∼ 1%. However, they dominate the opacity and are the cause for
gravitational disruptions in the disk in that they are the main constituents of massive
bodies. Grain growth and dust settling are closely related in that dust settling tends
to create layers of equal sized particles in a disk, favoring grain growth.

A range of ∼ 13 orders of magnitudes exists from sub-micron size grains to planets,
which grain growth, as a combination of many di�erent physical processes, can not
explain yet. Excellent reviews give much details about the processes at stake and issues
to be overcome in our comprehension (e.g. Chiang & Youdin 2010; Williams & Cieza
2011; Dr�a»kowska et al. 2014).

Key theories are able to explain growth from sub-microns to millimeters, and then
hectometer to planets. Several possible solutions have been proposed to account for
the formation of bodies up to meter-sizes, such as turbulent vortices (Heng & Kenyon
2010). However the problem known as the meter-size barrier is still unaddressed: such
bodies are expected to su�er from both destructive collisions and high drag leading
to rapid spiraling migration to inner regions of disks. However, phenomena such as
dynamical e�ects may provide a solution to the meter-size barrier, see Section 1.3.3.4.

1.3.3.4 Dynamical clearing

The previously exposed mechanisms can account for many observations. However,
apart from turbulent e�ects, they do not account for any azimuthally inhomogeneous
e�ects. Similarly, the previous dust density prescriptions exposed in 1.3.2.3 and 1.3.2.4
only account for radial or vertical variations of disk properties as a result of the dom-
inant gravity and radiation of the central star.

The gravitational e�ect of planets on debris disks was �rst reported by Chiang et al.
(2009) in Fomalhaut. Using the capability of high-resolution imaging of coronography
and large-scale gas and dust mapping ability of millimeter interferometry, indirect
disruptions of (supposedly) stellar binarity or planetary companions (which are in
essence identical, at least on the gravitational point of view) are �nally at reach of
our instruments. Large-scale asymmetries taking the appearances of dust-traps or
spiral features were reported �rst by Muto et al. (2012), van der Marel et al. (2013a)
or Christiaens et al. (2014). These results are an important milestone in that they
underline azimuthal asymmetries in the disk structure itself, and not asymmetries
consequent to a viewing angle of an axisymmetric structure.

Azimuthal variations are of great interest, given that they would highlight an ad-
ditional in�uence like a self-gravitating disk, or protoplanets. Disks are extremely
small compared to distances between stars, and beyond their embedded phase where
the in�uence of close-by proto-stars may still play a role for dense clusters, any dis-
ruptive encounter are highly unlikely. Also, by the time of class-II phase, where the
disk-mass represents ∼ 1% of the stellar mass, self-gravity in smooth disks is negli-
gible. Only protoplanets or over-densities are left to explain the observed azimuthal
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Figure 1.4: ALMA's best images of protoplanetary disks to date. These picture of
the nearby young stars TW Hydrae (left, 3 arcsec-size box) and HL Tau (right, 2
arcsec-side box) reveal the classic rings and gaps that signify planets are in formation
in these systems. Credit: Andrews et al. (2016) (left) and ALMA Partnership et al.
(2015) (right).

inhomogeneities.
Gravitation and turbulence, often coupled in gravo-turbulence, appear to be both

the cause and the consequence of azimuthal asymmetries in disks, in that they are the
only su�ciently energetic and intrinsically asymmetric phenomena that can create and
maintain large scales structures. Signi�cant progress has been made in the direction of
self-gravity planetesimal formation by Johansen et al. (2006); Cuzzi et al. (2008). In
particular, it was understood that turbulence and formation of planetesimals through
gravitation were not necessarily mutually-exclusive. The reason is that turbulence
can locally lead to large-scales over-densities as high as 80 compared to the normal
dust- and gas-density, and up to 1000 on smaller scales. Johansen et al. (2007) showed
that gravo-turbulence can lead to the formation of gravitationally bound clusters with
masses comparable to dwarf planets on timescales much shorter that the drift timescale,
e�ectively allowing to overcome the grain-growth meter-size barrier.

Such planetesimals are well known to carve rings and gap in disks, and generate
gravity waves like the ones observed on the edges of the rings of Saturn. The best
proof to date of such phenomena is depicted in Figure 1.4.

1.3.3.5 Dispersal and Lifetime

Transition disks were �rst identi�ed by IRAS as objects with a signi�cant dip in their
NIR and MIR spectrum leading to (almost) no NIR excess, while they still have clear
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and prominent FIR and millimeter excess (Strom et al. 1989). A large variety of
transition disks were discovered and many sub-names were invented to describe this
phenomena, mostly because of a lack of speci�c understanding of the particularities
that make each and every disk unique in its evolution, and also because of the irre-
pressible need to sort things into labeled boxes.

A more general approach gives a more generic de�nition, independent of the mecha-
nisms in action. Disks until class-II are characterized by their large outer-disk reservoir
providing an (almost) everlasting amount of material to be accreted onto the star, or
photo-evaporated; the opacity of an abundant dust easily hides azimuthal asymme-
tries. However, once the outer-material reaches a level of depletion that breaks the
delicate balance among the di�erent physical processes at stake, one of these mech-
anism starts dominating the physics of the disk. Indeed, even if the disk dispersal
starts from the very �rst times of a proplyd, it becomes evident only later, when its
radial or azimuthal smoothness appears broken. The �UV-switch� theory corresponds
to a dominating photo-evaporation leading to an inner-truncation of the disk, while
major gravo-turbulence lead to gravitational disruptions and vortices or active carving
of gaps by their by-product: planetesimals.

In a nutshell, transition disks are young and active circumstellar disks for which
inner-regions, associated to NIR or MIR emission, started showing a clearing mecha-
nism.

Wyatt et al. (2015) detail �ve observational facts in the evolution of circumstellar-
dust from a pre-transition stage to a debris-disk. Given the inherent chaos in disk-
evolution mechanisms, these should be taken as �ve (nearly independent) observable
evidences towards the making of a debris-disk, rather than a linear and chronological
process. They propose a classi�cation of A-type stars disks according to their 12 and
70 µm IR excess, marginalizing the (often-unknown) disk-age.

The relatively small number of observed transition disks suggests that the evolu-
tionary path through this phase is either uncommon or rapid. Given that no obser-
vation shows the presence of strong NIR- and MIR-excesses simultaneously with the
disappearance of FIR- and millimeter-excesses, and given that no physical process de-
tailed previously could explain it, one can reasonably state that NIR- and MIR-excesses
disappearance would tend to be the �rst hints of disk dispersal. Also, one could note
that no matter the disk structure and composition, the only immutable evolution-
ary process, photo-evaporation, will always eventually dissipate the disk inside-out
(i.e. from NIR to millimeter excess regions), naturally re-producing the transition disk
morphology of an inner-cavity.

We can state that transition disks may represent a common but relatively short
phase in the evolution of a circumstellar disk. The duration of the clearing will be
closely linked to the precise mechanism undergoing in each disk.

Disks lifetime and evolution timescales observed are critical parameters that im-
poses hard constraints on several mechanism of disks evolution, such as planetary
formation and disk dispersal through various processes. Early studies show that the
inner disk � hence accretion � is detected through NIR excess in 60 to 80% of stars
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younger than 1 Myr; no more than 10% of stars older than 10 Myr seem to possess
one (Strom et al. 1989). Studies on Upper Scorpius OB association (Carpenter et al.
2006; Williams & Cieza 2011) showed that ∼ 20% of 127 K- and M-stars are sur-
rounded by optically thick disks while none of 30 F- and G-stars showed such disk
for wavelength ∼ 16 µm, implying that primordial circumstellar disks are consumed
faster by a massive star. This result is con�rmed by Ribas et al. (2015) who show
that only 2% of M>2 M� stars aged >3 Myr show a protoplanetary disk. Median
disk lifetimes was estimated to be between 2 and 3 Myr, with an exponential decay of
2.5 Myr characteristic-time citepMamajek09. However, the estimation of stellar ages
su�ers from large uncertainties for such young and partially embedded objects; only a
general trend should be considered.

1.4 Aims of the Thesis' work

This thesis will focus on the observational study of protoplanetary disks using high-
angular-resolution techniques, in order to constrain the last steps of their evolution.

Over the last decade, the improvement of instruments sensitivity and resolution has
provided circumstellar disk-evolution theories with an unprecedented wealth of data.
The discovery of nearly four thousand planets has set valuable constraints on the �-
nal product of disk-evolution and planetary-formation. Sub-millimeter interferometric
imaging, i.e. ALMA, and the observation of rovibrational bands using high-resolution
spectroscopy is providing maps of the gas densities inside transition disks. The advent
of adaptive optics providing IR and visible interferometry with unprecedented stabi-
lization, it is possible to spatially resolve the innermost regions of disks down to the
inner rim of dust, and the sublimation radius. Softwares involving radiative transfer,
magnetohydrodynamics, accretion and dynamical provides unique tools to reproduce
observations. Yet, the modelling e�ort to jointly comprehend these disparate datasets
and encompass previous results is extremely challenging.

The aim of this work is twofold. First, by focusing on the in-depth observational
study of IRS-48, it is demonstrated how high-angular resolution data in the NIR/MIR
jointly analyzed with spectral energy distribution data, and provides Science with
critical information on the structure of the inner disk regions around young stars.
Such observations would not make sense without state-of-the-art radiative-transfer
modelling, allowing for the reproduction and interpretation of the observational data.
Such methods takes us to the limits of current observational and modelling capacities.
Second, in the attempt to extract the pith and marrow from several datasets, this
work proposes a set of new tools and methods for interferometrists to �t models to
complex interferometric data and extract robust con�dence domains out of parameter
estimation.

All of the new data used in this work comes from interferometers. Chapter 2 will
describe interferometry in its largest sense, including physics theory, interferometric
instrumentation, data acquisition, and model �tting. It is mainly based on personal
experience, as an observer, an interferometrist and a numerical analyst. Mostly qual-
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itative, the aim is not re-demonstrate the scienti�c roots of interferometry. Rather, it
provides a fresh view on some aspects of interferometry, observation or numerical anal-
ysis, and most importantly introduces new techniques, tools and methods speci�cally
developed for the particular needs of this work.

Chapter 3 is the main scienti�c contribution of this work. It brings some light
on a major and complex disk target, IRS-48, and analyzes it through the unique eye
of high-resolution interferometry to provide a new interpretation of it: a brighter a
younger central star with a later evolution-stage disk showing a dust-cleared inner
region up to 11 AU. This chapter makes intensive use of the information contained in
the �rst two chapters.

Appendix A is a preliminary and tentative modelling of the very-high resolution
optical interferometry data acquired on MWC-361, a spectroscopic binary. This object
is known to possess a large-scale circumbinary disk, in addition to a circumprimary
disk consistent with the sublimation-radius of the primary star; however no circum-
secondary disk was detected, no explanatory phenomena was found yet. Given the
complex intricacy of disks and stars at spatial scales of a few milli-arc-seconds, the
stellar parameters for both stars are still uncertain. This work proposes a solution to
the spectral types of both stars, which will open a new window on the object, allowing
precise modelling of its complex structure.
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Nature permits us to calculate only probabilities. Yet science has not collapsed.

Richard P. Feynman

This chapter describes interferometry in its largest sense, including most of the nec-
essary concepts required to acquire and analyze interferometric data: physics theory,
interferometric instrumentation, data acquisition speci�cities, and parametric model
�tting to the data. It is mainly based on personal experience, as an observer, an inter-
ferometrist and a numerical analyst. Mostly qualitative, the aim is not re-demonstrate
the scienti�c roots of physics. Rather, it provides a fresh view on some aspects of inter-
ferometry (Section 2.1 and 2.2), model �tting, and most importantly introduces new
techniques, tools and methods (Section 2.3) speci�cally developed for the particular
needs of this work.
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2.1 Physics of Interferometry

This section will begin with the philosophy and grounds of interferometry and atmo-
spheric turbulence, in order to present the physical concept and limitations behind
interferometry. It will end with the description of how to relate interferometric data
to the geometry of the observed object.

2.1.1 Size does not always matter

Over centuries, astronomers have relied on the increase of the diameter of telescopes to
improve the resolution of their observations. Telescopes grew from a few centimeters
at Galileo's times (1564-1642), to 8-10 m class telescopes since the 1990s. The angular
resolution of a telescope can be approximated by:

θ[rad] =
λ[m]

D[m]
, (2.1)

where λ is the wavelength used in the observation, D is the diameter of the (single)
telescope, and θ is the smallest spatial frequency that can be measured by the telescope.

Although astronomers would love to increase the telescope diameter endlessly to im-
prove the resolution of observations, many issues arise when working with high angular
resolution instruments, independently from the good will of the observer: atmospheric
movements, aberrations in the optics, engineering of the telescope, etc. While these
many factors limit the ultimate resolution of an instrument, by far the most dominant
part is wavefront perturbations caused by the Earth's turbulent atmosphere.

2.1.1.1 Atmospheric turbulence

The e�ect of atmospheric movements, at �rst order, can be modelled by the swift
movement of �atmospheric temperature-cells� through the air-column above the tele-
scope. Such cells are de�ned by a characteristic (angular) size, and by their �lifetime�
(related to the speed of the atmospheric cells in front of the telescope). The atmosphere
structure is such that one can simplify its main movement to a single high-altitude
layer of several hundreds of meters thick, related to jet-streams. Qualitatively, each
atmospheric cell has a speci�c temperature, slightly di�erent from the surrounding
ones. Given that the speed of the light-phase in a transparent media depends on its
temperature (through the index of refraction), light passing through an atmospheric
temperature-cell acquires a phase-delay, di�erent from the surrounding cells. This cre-
ates random delays, which when integrated over the atmospheric height, greatly a�ects
the light for ground-based astronomy.

One often uses r0 as a measure of the �strength� of turbulence, or more precisely
as to be the characteristic size of an atmospheric cell with Root-Mean-Square (RMS)
phase-errors of one radian. Since r0 scales as λ 6/5 (Kolmogorov 1941); visible and
NIR instruments will always su�er from a much larger turbulence than MIR or sub-
millimeter observations. In practice, this means that in the visible, a 10 m telescope
will display the same angular resolution as a ∼ 15 cm telescope.
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Figure 2.1: Measurement loss as a function of telescope diameter D (left) and inte-
gration time τ (right) normalized to r0 and t0. The ideal measured signal of unity is
reached for τ �t0 and D�r0. The numerically simulated curves can be approximated
in τ/t0 �1, D/r0 �1 and τ/t0 �1, D/r0 �1 regimes with a single-atmospheric cell
using Maréchal approximation and a random walk, respectively. Figures initially in
Buscher & Longair (2015).

Atmospheric movements a�ect the light in two ways: in amplitude (scintillation)
and phase. With the exception of very speci�c instrumental cases, the scintillation
e�ect of turbulence is negligible compared to the turbulent phase-errors they induce.
Neglecting scintillation is conventionally called the near-�eld approximation (Roddier
1981).

If an observer wishes to observe through turbulence without being a�ected by it, he
must � ideally � observe through a single atmospheric temperature-cell, during the time
t0 when it remains stable above the telescope. Hence, he must adapt both the diameter
of his telescope to achieve a satisfactory spatial-coherence of light (or phase-coherence),
and the integration time on his detector (i.e. temporal-coherence) to literally �freeze�
the turbulence state. This allows the observer to get a fully coherence beam of light.
Typical t0 in the visible is ∼ 3 milli-second (ms), and ∼ 36 ms at 4 µm, although,
similarly to r0, it varies greatly with weather condition and wavelength. r0 and t0 are
related, such that:

t0 × v = 0.314× r0 ∝ λ6/5 (2.2)

where v is the transversal wind speed above the telescope.
Buscher & Longair (2015) show the e�ect of integration time and the diameter

of the telescope on the �quality� of the measurement, see Figure 2.1. A �quality� of
∼ 90% is reached for integration times τ∼ 0.5 t0 (in�nitesimal r0), or a diameter of
D∼ 0.16 r0 (in�nitesimal t0); an observation is usually a trade-o� between these two
parameters in order to achieve a good light coherence.

When one talks of the coherence of light, one should consider the light as a wave.
The wavefront of a beam of light is an imaginary surface that represents the locus of
the photons (or waves) that show a constant travel-time since their emission (or more
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frequently, since the top of the atmosphere). Consequently, a wavefront has a constant
light-phase. In short, without turbulence, a wavefront is a sphere centered on the
emitter, which is seen to be (locally) �at when observed from far-enough. However, as
was seen, turbulence induces random phase-delays, hence time-delays, which scrambles
the initially �at wavefront. Although turbulence introduces random phase-errors and
dents the wavefront, it can still be assumed to be �at at small spatial scales <r0, and
stable during a short time <t0. One can observe through turbulence to achieve a fully
coherent beam of light, i.e. constant phase, with a telescope of diameter D�r0, and
with an integration time τ �t0.

2.1.1.2 So why build bigger?

There are several reasons why building bigger telescopes, in spite of turbulence.
First, many astronomical observations are not seeing-limited in that they require

a large �eld of view and a high sensitivity rather than a high angular-resolution (e.g.
surveys): building a bigger telescope increases the photon-collecting area of the instru-
ment, directly increasing the limiting magnitude of the observations.

Second, new technologies such as Adaptive Optics (AO) � and the very new de-
velopments of Extreme-AO systems � can compensate for (some) of the atmospheric
turbulence and the optical aberrations in the optics, which directly increases the spa-
tial and temporal coherency of the observation. This technology makes possible the
use of 8-10 m class telescopes to their nearly-full resolving power � at least in the NIR
where the AO correction is the most accurate �.

2.1.1.3 Interferometry, how?

We have seen that, with a small-enough telescope (possibly with an AO system) and a
short-enough integration time, an observer could obtain a nearly fully-coherent beam
of light through the atmosphere and to the telescope. This means that the phase-
error induced by turbulence will be nearly constant over the whole mirror of this
telescope. Consequently, one could build two telescopes arbitrarily far from each other,
and observe nearly constant phase-errors on each of the two telescope mirrors. With a
system (e.g. �fringe tracker�) able to compensate for the rapidly varying di�erence of
constant phases between the two telescopes, at a frequency higher than t−1

0 , one could
coherently combine the light of two telescopes pointing at the same target. This is the
principle of interferometry.

While a single telescope acts as a two dimensional detector able to sample the
spatial domain very e�ciently in both RA and DEC axes (whose e�ciency depends
on the plate-scale of the detector), a single telescope as part of an interferometer acts
as a single-pixel photometric receiver, from which the light is re-combined to that of
other telescopes in the interferometric array. In this con�guration, the two telescopes
situated far from each other can be modeled as two segments of a single very large
mirror.
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The bene�t of interferometry is that, while the angular resolution of a single tele-
scope was limited to its diameter, the resolution of an interferometer depends on the
�equivalent diameter� of this very large mirror containing the mirror-segments. This
distance between both telescopes is called the baseline. Moreover, since interferometry
makes use of the phase information of light and not just its amplitude, the resolution
criteria bene�ts from an additional typical 0.5 improvement:

θInterferometry[rad] ∼ 0.5× λ[m]

B[m]
, (2.3)

where B is the baseline, as seen from the target (i.e. not the ground-distance, but the
projected baseline). An interferometer made of two telescopes of D=1 m located 50 m
apart have a typical resolution of ∼ 0.001 arcsec (∼ 1 milli-arcsec (mas)), rather than
∼ 0.05 arcsec (50 mas), in the visible.

The disadvantage of interferometry is that it samples the Fourier domain, instead
of the spatial domain, at as many point as the number of baselines in the array: a
two-apertures interferometer will only get a single Fourier-measurement on the source.
Also, similarly to single-dish telescopes, interferometry requires an exquisite precision
such that the travel-time of each beam of light in each arms of the interferometer
is identical, at a certain tolerance called the coherence-length. In non-interferometric
single-aperture telescopes, this is achieved with high-quality polishing of mirrors. How-
ever, for interferometers using several telescopes, one requires an additional layer of
complexity to track the target simultaneously on all telescopes in order to null the
path-di�erence through each arm of the interferometer; the precision required is typ-
ically of order several λ (i.e. 5 µm in the visible) when telescopes are located tens of
meters from each-other.

2.1.2 Physics at stake

Interferometry uses the wave-properties of light, however one must also consider light
as grain, i.e. photons, to illustrate the concept of coherence-length. Photons are quan-
tum beasts, touched by non-locality: they cannot be detected in two (or more) places.
Interferences are only achieved with coherent light, or between photons coherent be-
tween each-other. In nature, coherent sources of photons (like lasers) are excessively
rare (this is not true at very short timescale, of order THz or more, because photons
arising from thermal emission are emitted in packets; intensity interferometry is the
illustration of it); this means that photons must interfere with themselves.

Detectors in the visible or in the infrared do not run fast enough to measure the
full electric �eld of light (wave frequencies of order femto-seconds); they only measure
a time-averaged intensity of this �eld. Hence, for λ .400 µm one must make light
interfere �rst, and measure only then the interference patterns.

One can see each photon as a pulsed wave function, or a pulsed-wavefront, going
through all telescopes of an interferometer simultaneously. When the path-di�erence
of this wavefront through all arms of an interferometer is smaller than the coherence-
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Figure 2.2: Single-photon camera recording of photons from a double slit illuminated
by very weak laser light. Left to right: single frame, superposition of 200, 1 000, 50 000
and 500 000 photons. One sees the fringe pattern of a double-slit experiment appear as
more and more interfering photons are recorded. Initially in Dimitrova & Weis (2008).

Figure 2.3: Optical scheme of Young's slits experiment.

length, it will reach the detector through each arm at the same timestamp. Under this
condition only will the pulsed wave function overlap with itself, and interfere.

In case of interference, the probability distribution function of the location of the
photon-count on the detector is the pattern of fringes. Dimitrova & Weis (2008) de-
signed an experiment to easily illustrate (e.g. in a classroom) the wave-particle duality
of photons in interferometry. Figure 2.2 shows the interference pattern of a two-slits
setup (i.e. Young's slits), for an increasing amount of photons detected.

In order to set out the main physics interferometry equations, let us �rst consider a
two-telescopes (or two-apertures) interferometer, similarly to the Young's holes, which
will be simpli�ed to a one-dimensional problem using slits instead. The light-source is
located far-enough to consider a �at wavefront at the slits. The light is monochromatic
of wavelength λ, the distance between the slits and the detector is L, the distance
between the two slits is B, as shown in Figure 2.3, their width is considered in�nitely
small.

The intensity at a location M depends on its coordinate x, and the timestamp of
observation t. We consider a �at wavefront arising from an in�nitely small source S,
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de�ned by its electrical �eld:

V (S, t) = A exp
(
− j2πc

λ
t
)

(2.4)

with A the wave amplitude (taken to be 1) and c the speed of light in vacuum. The
detector will only be sensitive to the time-averaged intensity of this �eld, i.e. time-
averaged squared-modulus. One can de�ne the intensity observed at location M, times-
tamp t and during ∆t, arising from each or both sources, respectively, to be:

Ii(M) =
〈∣∣V (Si, t− τi)

∣∣2
〉

∆t

I12(M) =
〈∣∣V (S1, t− τ1) + V (S2, t− τ2)

∣∣2
〉

∆t

(2.5)

with τi the travel-time of the wave between the slit i and the location M on the detector.
When expending the square of I12(M) in Eq. (2.5), and using τ=τ2-τ1, t0 = t − τ1,
and the mutual coherence factor Γ of the source at S1 et S2 de�ned to be:

Γ12(τ) =
〈
V (S1, t0 − τ)× V ∗(S2, t0)

〉
∆t
, (2.6)

one gets:
I12(M) = I1(M) + I2(M) + Γ12(τ) + Γ ∗12(τ)

= I1(M) + I2(M) + 2Re
(
Γ12(τ)

)
.

(2.7)

We introduce the normalized mutual coherence factor γ12 to be:

γ12(τ) =
Γ12(τ)√

Γ11(0) ∗ Γ22(0)
. (2.8)

S1 and S2 being identical, one has Γii(0)=ISi and Ii(M)=I(M). Hence one obtains:

γ12(τ) =
Γ12(τ)

I(M)
, (2.9)

and:
I12(M) = 2 I(M)

[
1 +Re

(
γ12(τ)

)]
. (2.10)

Using Eq. (2.4) into Eqs. (2.6) and (2.5), and into Eq. (2.9), one gets,

γ12(τ) = exp
(
− j2πc

λ
τ
)

(2.11)

and �nally:

I12(M) = 2I(M)
[
1 + cos

(2πB

λ
x
)]

(2.12)

with Bx=cτ the path-di�erence of light between both sources and M, considering
L�B, x, variables as in Figure 2.3.
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This intensity pattern as a function of x is depicted on the right-most side of
Figure 2.3. It is a pattern that alternates bright and dark regions: fringes. The
distance between two successive bright regions is given by:

li =
λL

B
(2.13)

which, when li �L, can be re-written similarly to Eq. (2.3) de�ning the typical reso-
lution of an interferometer:

li
L

=
λ

B
∼ arctan

( li
L

)
∼ θ. (2.14)

The 0.5 factor di�erence comes from the fact that the resolution criteria is taken to
be half the fringe separation. However, this is not a strict de�nition, and in case of
small errors on measurements, the resolution of the interferometer is e�ectively only a
fraction of 0.5λ/B.

Once having measured fringes with the detector, one must undergo heavy numerical
analysis to produce a �measurement� that can be related to the science-object observed.

2.1.3 Fourier and spatial domains

The Zernike-Van Cittert theorem (van Cittert 1934) builds the mathematical frame-
work to treating resolved sources as the superposition of unitary point-like sources.
This theorem, demonstrated by Born & Wolf (1980) and later by Goodman (1985) on
a purely statistical basis, is considered to be the basis of modern interferometry:

If the typical dimension of the quasi-monochromatic source as well as the detector

size are small compared to the distance between the source and the detector, the

complex coherence factor is the spatial Fourier transform of the source intensity,

normalized to the total source intensity.

In other words, the complex visibility Ṽ12 of a source seen through two identical
apertures with spatial separation (u,v) is:

Ṽ12 =
FT
[
I(α, δ)

]
(u, v)∫∫

source I(α, δ)dαdδ
(2.15)

where I(α, δ) is the intensity map of the source projected onto the right-ascension
(α) and declination (δ) coordinates on the sky, and (u, v) are the conjugated spatial
coordinates in the Fourier domain, expressed in spatial length ≡[meter] or in spatial
frequencies (or cycles) ≡[m/λ ]. Ṽ is indirectly measured from the fringe pattern
acquired by the detector. Indeed, one measures the squared-modulus (VIS2) and the
phase of the complex visibility, although the phase is usually altered by turbulence
and cannot be used as-is, see Section 2.2.2 for a post-processing get-around.

These results are fundamental since they demonstrate that measuring a visibil-
ity from fringe patterns is equivalent to measuring the intensity distribution of the
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source in the Fourier domain, independently from the point-spread-function (PSF) of
the apertures. This highlights that interferometry naturally provides a �deconvolved�
measurement of the geometry of the observed object, and that the theoretical res-
olution of an interferometric measurement is possibly well beyond the λ/D criteria.
However, Eq. (2.15) is not invertible because of sparse (u,v) sampling; this means that
the processing of the data is naturally cumbersome and requires to be done in the
Fourier domain.

2.2 Targeted Overview of Interferometry Instrumentation

The philosophical and technical grounds for interferometry have been exposed in the
previous section, showing how such technique can access spatial frequencies far larger
than that of a single-dish telescope. In practice, the observer must adapt the use of
interferometers to the reality of an observation and account for polychromatic light,
non-in�nitesimal apertures, residual phase errors, etc. This following section will de-
tail the caveats of non-ideal interferometry physics, introduce the concept of closure
phase which allows self-calibrated observations and �nally present two types of modern
interferometry at observatories where data was acquired in the frame of this work.

2.2.1 Non-ideal interferometry physics

If one believes Eq. (2.12), fringes are an in�nitely repeating pattern. In reality, the
wavelength is not monochromatic, and the width of the slits is not in�nitely small.
Both these factors tend to smear the fringes out, hence diminish their contrast, or
visibility.

One must therefore consider a spectral domain ∆λ centered on λ. The physics of
interferometry allows us to use the superposition principle on Eq. (2.12). Such double-
slits experiment will produce a superposition of fringes arising from each in�nitely
small wavelength bandwidth δλ taken in ∆λ. Such fringes sum up incoherently on the
detector and, apart from the position x=0, they will generate a blurred fringes pattern;
their contrast will be progressively diminished as x increases. This phenomena is called
bandwidth smearing.

We can de�ne a distance from x=0 from where the fringes reach a certain blur-
threshold where they start overlapping. This distance is the coherence length lc de�ned
by:

lc =
λ2

∆λ
. (2.16)

The fact that the source is not point-like is accounted by the term I(M) in
Eq. (2.12). Instead of unity, this term will be replaced by an expression of x.

Figure 2.4 shows the e�ect of bandwidth smearing and non-in�nitesimal aperture-
size on the interference pattern, in case of an interferometer composed of two apertures
of 1 m diameter. One can see that the �rst di�raction null, corresponding to the
envelope, is located at ∼ 950 mas (out of view for the bottom plot), corresponding to
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Figure 2.4: E�ect of bandwidth smearing and non-in�nitesimal aperture-size on the
interference pattern. Figure obtained for two apertures of diameter 1 m, located 10
m from each other (top) or 170 m (bottom), for λ = 3.8 µm and ∆λ = 0.62 µm
(corresponding to Lp �lter on the Very Large Telescope (VLT)). The black curve is
the average of all color-coded curves; it is the intensity-signal to be expected on the
detector.

1.22λ/D having D=1 m the diameter of each aperture. The �rst null of the interference
pattern is located at ∼ 40 mas (∼ 2.3 mas for the bottom plot), corresponding to half
the peak-to-peak distance, given by Eq. (2.14): 0.5λ/B having B=10 m (170 m for the
bottom plot) the distance between the two apertures.

The black curve is the average of all other color-coded curves, and represents the
expected signal to be measured on the detector. One sees that beyond the coherence
length of ∼ 480 mas (∼ 30 mas for the bottom plot), the general shape of the fringes
changes to a pseudo-cyclic incoherent mixing of the di�erent color-contributions (the
red and blue curves start over-lapping). It is from this black signal that the interfero-
metric squared-visibility (VIS2) is measured.

The direct consequence is that bandwidth smearing and aperture sizes should be
taken into account while processing interferometric data. Indeed, the processing of
interferometric data must simultaneously combine the knowledge and modelling of
both the instrument and the astrophysical object. This will be addressed in Section 2.3.

2.2.2 Closure phases

We have seen in the previous section that both phases and squared-visibilities can
be retrieved through the intensity of the fringes on the detector. Phases show non-
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ϕ31 = ϕ31, real + α3 − α1

ϕ23 = ϕ23, real + α2 − α3

ϕ12 = ϕ12, real + α1 − α2

ϕ31 + ϕ23 + ϕ12 = ϕ31, real + α3 − α1

+ ϕ23, real + α2 − α3

+ ϕ12, real + α1 − α2

ϕ31 + ϕ23 + ϕ12 = ϕ31, real + ϕ23, real + ϕ12, real

(2.17)

Figure 2.5: Left: Schematic showing the construction of closure phases as each base-
line produces a phase signal ϕ a�ected by random phase-errors α arising from both
apertures contributing to the baseline.
Right: Proof of the canceling of random error terms arising from the atmospheric
phase screen when summing phases along a closing triangle.

constant errors for telescopes having a diameter D>r0 (i.e. all modern telescopes):
phase measurements cannot be directly stacked coherently to increase the SNR. The
loss of phase-information has serious consequences, indeed the Fourier phase infor-
mation from the interferometer fringes encodes non-centrosymmetric details. Hence,
without this information, one can only achieve centrosymmetrical characterization of
targets.

If one considers interferometric arrays of three or more apertures, one can measure
closure phases as described in Jennison (1958); Monnier (2000). As Figure 2.5 depicts,
closure phases are based on the fact that each baseline of an array produces a phase
signal a�ected by random phase-errors arising from both apertures contributing to
the baseline. When summing such deteriorated phases from three baselines forming a
closing triangle (hence closure phase), the phase-error terms cancel-out and a pseudo-
phase information is retrieved, una�ected by turbulence or even some instrumental
systematics.

Although additional information is retrieved out of the observables, the intrinsic
nature of this triple-phase-combination makes this data complex to apprehend. Indeed,
closure phases (T3) possess certain properties which both are their greatest strength,
and their weakness:

1. The closure phases are independent of all telescope-speci�c phase errors. The
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Table 2.1: Phase information contained in the closure phases.

N apertures # T3 # VIS2 # independent T3 Phase recovery
3 1 3 1 33%
4 4 6 3 50%
7 35 21 15 71%
10 120 45 36 80%
13 286 78 66 85%
18 816 153 136 89%
21 1330 210 190 90%
29 3654 406 378 93%

measurement of non-zero closure phases from a point source result from having
non-closing triangles or phase delays after splitting beams.

2. Closure phases are not sensitive to an overall translation of the image.

3. The closure phases of an object with point-symmetry are always 0 or 180◦. De-
tection of other angles implies the object's intensity distribution is skewed.

4. A non-resolved object has no closure phase signal.

Also, the number of independent closure phases measured is lower than that of
VIS2, which means that a full characterization of the amplitude+phase parameters
at all (u,v) coordinates of the Fourier domain is not achievable. Indeed, for a N-
apertures array, there are �N choose 3� T3 (N(N − 1)(N − 2)/6) and �N choose 2�
VIS2 (N(N − 1)/2). The number of independent closure phases is however only �N-1
choose 3� ((N −1)(N −2)/2), equivalent to holding one aperture �xed and forming all
possible triangles with that aperture. Table 2.1 illustrates these quantities for di�erent
aperture counts.

Because T3 are robust to turbulence, they allow high-contrast capability without
the inevitable �blind-spot� of other techniques such as coronography. Le Bouquin &
Absil (2012) showed that one could expect to measure a contrast of ∼ 6 magnitudes
for T3 errors of ∼ 0.25◦ when stacking �ve di�erent observation position angles. For
simple sources such as binary stars, modelling of the closure phases can be used to
reach unprecedented precision in parametrized models. For more complicated objects,
the ability to measure even a limited number of closure phases will lead to new astro-
physical insight, before true interferometric �imaging� becomes standard practice.

The measurements of squared-visibilities and closure phases can be achieved
through two main interferometric techniques: Long-Baseline Interferometry (LBI)
which produced the data used in Appendix A, and Sparse-Aperture Masking (SAM),
also called Non-Redundant-Masking (NRM), which produced the data used in Chap-
ter 3.
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Figure 2.6: Schematic showing the principle of delay-lines in LBI.

2.2.3 Long-baseline interferometry

LBI is what looks most like �classical� interferometry nowadays, although the �rst
interferometer, 6 m baseline, built by Michelson in 1890 was somewhat closer to SAM
technique given that only one telescope was used. Long-Baseline interferometers are
composed of several telescopes � each telescope being an aperture � which are controlled
simultaneously to point at and track the same target; each telescope might bene�t from
an AO system, in order to increase the performance of interferometers having D�r0.
LBI has theoretically no limit to the longest baseline: it reaches 640 m for the Sydney
University Stellar Interferometer (SUSI) in the visible, and up to ∼ 2 km for the
Atacama Large Millimeter/submillimeter Array (ALMA).

Because of the rotation of the Earth, the projected baseline-lengths between tele-
scopes vary slightly but predictably as a function of time. A system called delay-lines
shown in Figure 2.6 compensates for it, in order to keep the simultaneity of the wave-
front through all arms of the interferometer. Delay-lines are able to introduce a delay
which can be nearly as long as the longest baseline of a LBI array, leading to the very
large sizes of beam recombination facilities. Note that if the modelling of the telescope
locations, their pointing and the sky-rotation is accurate, the delay-lines obey to a
fully-deterministic displacement.

One of the best example of LBI is probably the CHARA array, see Figure 2.7,
located on the Mount Wilson, near Los Angeles, California, whose telescopes surround
the 100-inches telescope used by Michelson. Each telescope of the CHARA Array (ten
Brummelaar et al. 2005) is a light-collecting mirror of 1 m in diameter, with base-
lines from 34 to 330 m. Light from the individual telescopes is conveyed through
vacuum tubes to a central beam synthesis facility in which several instruments are
able to collect and combine the light in di�erent ways: from two to six telescopes,
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Figure 2.7: Schematic showing the CHARA array six 1 m-telescopes on top the Mount
Wilson observatory.

with none to a maximum of 30 000 spectral resolution, in wavelengths from 0.6 µm to
K-band (2.18 µm). Data was acquired at the CHARA Array using PAVO instrument,
a two-telescopes interferometer with thirty-height wavelength channels between 0.63
and 0.881 µm (Ireland et al. 2008), in order to characterize the spectral types of the
spectroscopic binary MWC-361, see Appendix A.

2.2.4 Sparse-aperture masking

Sparse-Aperture-Masking (SAM, or Non-Redundant Masking: NRM) is an observa-
tional technique in which a single mirror is transformed into a multi-pupil Fizeau
interferometer. A mask placed in the pupil plane of the telescope transforms the usual
Airy point-spread function (PSF) of the full-pupil into a pattern made of multiple
fringes. Implemented by Baldwin et al. (1986) and developed by Tuthill (1994), this
technique provides the bene�ts of high-angular resolution (0.5λ/D criteria) without
the cost and complexity of LBI. Indeed, while delay-lines were required in LBI to
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achieve a precise wavefront synchronization from all interferometric arms, the primary
mirror of the telescope in SAM technique naturally and very precisely synchronizes
the wavefront from all apertures (also called pupils). Typically, the wavefront RMS
error arising from mirror-polishing is 20 nm (for the VLT), which represents λ/50 at
1 µm.

The longest baseline of a SAM observation is inherently limited to the diameter of
the primary mirror of the telescope. The Large Binocular Telescope (LBT) currently
provides the longest NRM baseline, ∼ 22 m, until Extremely Large Telescopes (ELT)
are commissioned (up to 39 m for the E-ELT). SAM technique does not show e�ects
of baseline-projection with the rotation of earth, although it does show sky-rotation if
the telescope has an alt-azimuthal mount.

While the Fourier-sampling of a LBI depends on the location of its telescopes, that
of NRM depends on the location of the holes in the mask. They shall be as dense as
possible to provide a good (u,v) coverage. However, in order to avoid overlapping of
the sampling-patches in the Fourier domain, the size of the holes must decrease with
the number of holes. Figure 2.8 illustrates this e�ect; on a 8.2 m telescope, a 7-holes
mask has 1.1 m diameter apertures maximum (∼ 14% throughput) but only 0.37 m
for a 18-holes mask (∼ 4% throughput). A 7-holes mask will be 2.1 mags less sensitive
than a full telescope aperture (10% obstructed), and 3.5 mags for a 18-holes mask.
In practice, the observer must ideally adapt the mask used to the target observed, in
order to get the best compromise between (u,v) coverage and sensitivity.

Although LBI uses longer baselines than SAM, hence bene�ts from higher res-
olution, the largest LBI observatory recombines �only� six apertures in the case of
CHAMP and MIRC at the CHARA array. Since the interferometric UV coverage (i.e.
the number of independent T3 or VIS2 measurements) increases as the square of the
number of apertures, SAM masks provide a 1.4 (7-holes) to 10 (18-holes) times denser
UV sampling than the largest LBI observatory.

Thanks to the use of closure phases, NRM shows a unique high-resolution capability
combined with a high-contrast capacity, able to precisely explore of the inner-most
regions of targets. This represents a critical strength over full-pupil imaging. Chapter 3
makes use of SAM data obtained at the VLT .

2.3 Processing Interferometric Data

Interferometric data is only sparsely sampling the Fourier domain, especially in LBI.
For this reason, and because the phase information is only partly measured, no in-
verse Fourier Transform is possible from the interferometric (Fourier) domain to the
spatial domain. When the (u,v) coverage of an observation is high, as a rule of thumb
∼ 100 measures at di�erent position angles and baselines, one can intend an image
reconstruction. Otherwise, one should proceed with building parametric-models from
a-priori knowledge of the source and evaluate their likelihood given the interferometric
data; i.e. Bayesian inference.
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Figure 2.8: Masks in the pupil plane (left column) and their corresponding UV coverage
in the Fourier plane (right column) for a 7-holes mask (top row) and a 18-holes mask
(bottom row). The throughput of the 7-holes mask is ∼ 14% (4% for the 18-holes
mask), while typical throughput of a telescope is 70%-97% taking into account the
central obstruction and spiders.
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Having such highly-structured data forces the scientist to treat the observables as
�proper measurements� with error-bars, rather than �turn-key� data. As an illustration
of this, one image of 258*258 pixels (66 564 measurements) used in the next chapter
contained the same (if not less) information as four position angles of 21 VIS2 points
(84 measurements): the information density of interferometric measurements is much
larger than that of classical imaging.

This section will details how to build a interferometric parametric-model (Sec-
tion 2.3.1) in order to perform a mathematical optimization of its parameters using
the maximum likelihood estimator (Section 2.3.2). It will later discuss the importance
of error-bars in this �tting process (Section 2.3.3) and in order to compare the �tness
of di�erent models to explain the data (Section 2.3.4), and �nally present a few tools
available to do so.

2.3.1 Parametric �tting

In order to �t the interferometric data, most commonly VIS2 and T3 data, one can
postulate a model de�ned by a combination of set- and free-parameters. One then need
to search for a particular value of the free parameters that maximizes the likelihood
of the model given the data. Such model of complex visibility Ṽmodel is in practice
composed of several unitary-models of complex visibility Ṽi, which can each comprise
none, one or several free parameters each. As an example, a binary model would be
composed of two point-source unitary models.

2.3.1.1 Coordinates system

All unitary models are � at least � de�ned by three parameters: their location along
RA and DEC axes, and their �ux. Given that the Fourier-Transform (FT) is shift-
invariant, one must set the RA-DEC parameters of (at least) one unitary model, as
well as the �ux of (at least) one of the unitary models to set a reference. I.e. �tting a
binary star requires two point-source unitary-models, the RA-DEC and �ux of the the
primary star are arbitrarily set to (0,0) and 1 respectively, and the three parameters
of the companion star are left free for �tting.

The central location
−→
L of a unitary model on the sky, along RA (West to East)

and DEC (South to North) axes, is expressed in angular units:

−→
L = δ

−−−−→
North+ α

−−−→
East. (2.18)

For m unitary models sorted from the brightest to the faintest, one has:

−→
L1 =

−→
0

−→
Li = δi

−−−−→
North+ αi

−−−→
East, with i ∈ [2,m]

(2.19)

where the location of the brightest unitary model is set to the center of the �eld, by
convention.
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The location
−→
H of h interferometric apertures projected on the sky along North

and East axes is expressed in meters:

−→
Hi = xi

−−−−→
North+ yi

−−−→
East, with i ∈ [1, h]. (2.20)

However, the interferometrist is interested in the b=h(h-1)/2 baselines
−→
B , which

are the separation between each two apertures of the interferometer, in meters:

−→
Bi =

−→
Hj −

−→
Hk, with j ∈ [1, h], k ∈ [j + 1, h]

= ui
−−−−→
North+ vi

−−−→
East, with i ∈ [1, b].

(2.21)

Given the symmetry in the de�nition of a baseline, the baseline length Bi and angle
B̂i are de�ned as:

Bi = ‖−→Bi‖ =
√
u2
i + v2

i , with i ∈ [1, b]

B̂i = arctan(
vi
ui

), with i ∈ [1, b],
(2.22)

such that the modulus of the complex visibility (i.e. interferometric VIS2) is point-
symmetrical, and its argument point-anti-symmetrical (i.e. T3):

‖Ṽu,v‖ = ‖Ṽ−u,−v‖
arg
(
Ṽu,v

)
= − arg

(
Ṽ−u,−v

)
.

(2.23)

2.3.1.2 Complex visibilities of a model

We have seen in Section 2.1.3 that the complex visibility of a source is the spatial FT
of its intensity map, normalized to its total intensity. Using the linearity of FT, one
can generalize this de�nition: the complex visibility of m unitary models is the sum of
the spatial FT of each of their intensity maps, normalized to the integrated intensity
of all unitary models. In other terms:

( m∑

i=1

fi

)
× Ṽtot =

m∑

i=1

[
fi × Ṽi

]
=

m∑

i=1

[
fi × FT

(
Ii
)]
, (2.24)

for m unitary models of spatial intensity map Ii, complex visibility Ṽi and integrated
�ux fi =

∫∫
Ii.

The FT of a unitary model with intensity map Iα,δ whose central-location is
−→
L =

(α,δ), can be re-written using the shift property of the FT:

FT (Iα,δ) = FT (I0,0)× exp
(
− 2πj(ξxα+ ξyδ)

)
, (2.25)

with ξx=u/λ and ξy=v/λ being the spatial frequencies in which (u,v) are the baseline
lengths along α and δ axes, and λ the wavelength.
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In the general case and using the latter result, the complex visibility Ṽ of a unitary
model shifted of

−→
L can be written:

Ṽ = FT (Iα,δ) = FT (I0,0)× exp
(
− 2πj

−→
L · −→B
λ

)
. (2.26)

where · is the scalar product of the unitary model location vector
−→
L (Eq. (2.19)) with

the baseline
−→
B (Eq. (2.21)).

Therefore, the total complex visibility Ṽtot of a model made of m unitary models
is:

( m∑

i=1

fi

)
× Ṽtot =

m∑

i=1

[
fi × FT (Ii 0,0)× exp

(
− 2πj

−→
Li ·
−→
B

λ

)]
, (2.27)

Table 2.2: Parametric representation and analytical
expression of the FT of several simple unitary mod-
els

Unit. model Parameters FT (I0,0)

Point Source α, δ, �x 1
Circle α, δ, �x, r J0(2πrν)
Uniform Disk α, δ, �x, φ 2×J1(πφν)×(πφν)−1

Gaussian Disk α, δ, �x, σ Gaussian(πσν)

1. ν =
−→
B
λ

2. Gaussian(x) = exp
(
− 2 ∗ x2

)

3. Ji are Bessel functions of the �rst kind, of ith

order.

Some simple unitary models possess an analytic FT, shown in Table 2.2; they
allow a very fast �tting of a model to the data. Some other analytical unitary models
exist, such as exponential or power-law radial decrease, for the sake of conciseness
they are not detailed here. Note that the Point-Source, Circle, Uniform Disk and
Gaussian Disk unitary models can be sheared into two-dimensional ellipsoids using
two additional parameters: an aspect ratio ρ, and a position angle θ.

2.3.2 Mathematical optimization

Given that the Eq. (2.27) is not invertible, one must use numerical methods to �nd the
optimal values of the free parameters. In this work, Monte Carlo (MC) randomized
algorithms are used to perform the �tting activities. A randomized algorithm is an
algorithm that employs a degree of randomness as part of its logic. Such algorithms
show a tremendous increase of e�ciency to �nd optimal values over classical deter-
ministic algorithms, e.g. �computational grids�. While a Las Vegas algorithm (e.g.
genetic) always terminates with a correct result in a bounded amount of time, a MC
probabilistic algorithm (e.g. Markov-Chain, �MCMC�) will have a chance of producing
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an incorrect result, depending on the random input, or fail to produce a result either
by signaling a failure or failing to terminate.

However, the critical advantage of a MC technique is that it provides probabilistic
uncertainties together with the simulation result; this is not the case of Las Vegas
algorithms that only �nd the �best solution in the time it was given�.

The emcee1 (Foreman-Mackey et al. 2013) library is used; it is a pure-Python imple-
mentation of Goodman & Weare (2009) A�ne Invariant Ensemble sampler to optimize
� either minimize or maximize depending on the expression � the quality-function of
the �t. This technique is based on a Markov-Chain Monte Carlo (MCMC) algorithm,
although more e�ective in case of badly scaled or highly skewed distributions.

The quality-function of the �t is the log-likelihood of the model given the data,
expressed in its most general form as:

lnL = −0.5×
∑

i

[(
Datai −Modeli

)2

σ2
i

− ln
(2π

σ2
i

)]
, (2.28)

where the index i iterates over each (u,v) coordinates-set of a dataset, and σ is the
error-bars on the data. When such error-bars are known, one can simplify this latter
expression into

lnL = −
∑

i

(
Datai −Modeli

)2

σ2
i

, (2.29)

since the term ln(2π/σ2
i ) is constant, hence does not a�ect the convergence of the

optimization.
For each iteration, or �step�, this quality-function is evaluated, and the step is

accepted � or not � depending on whether it brought an improvement compared to the
latest step (note that there is also a probability to accept a worse step). The results
of such MCMC simulation shall be interpreted using histograms of the step-locations
in order to determine the most probable parameters values/domains. The Python
package corner (Foreman-Mackey 2016)2 provides a so-called �corner� or �triangle�
view for such simulations; used within the MCres3 wrapper, they o�er a quick and
convenient toolbox to view, �lter, zoom in and out on local minima. These corner
plots will be abundantly used throughout this work; Figure 2.9 provides guidelines to
the reading and comprehension of such plots.

The latter representation of a MCMC simulation is extremely convenient in that it
displays the �covariance matrix� of the simulation, from which the con�dence domains
can be calculated.

2.3.3 Errors and con�dence domain

Con�dence-domain of the model parameters play a critical role in science-modelling
and in model comparison. However, the quality of the con�dence domains calculated

1https://github.com/dfm/emcee
2https://github.com/dfm/corner.py
3https://github.com/ceyzeriat/MCres

https://github.com/dfm/emcee
https://github.com/dfm/corner.py
https://github.com/ceyzeriat/MCres
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Figure 2.9: Example Corner plot obtained with MCres and corner from �tting a
parametric 2D-Gaussian disk to interferometric data using SOIF package. The free-
parameters are disk_cr, disk_sig, disk_rat and disk_th which correspond to the
disk contrast ratio (to the central star), its semi-major axis (in mas), the semi-axes
ratio (major/minor) and the semi-major axis position angle (in radian). The one-
dimensional histograms show the variances of each parameter, indicated in the x-axis
labels. Dashed-lines show the 16th, 50th (i.e. median) and 84th percentiles. The two-
dimensional histograms show the covariances of each two parameters; e.g. the bottom
left subplot shows how the disk position angle (y-axis) varies with the disk contrast
ratio (x-axis). The gray-shaded areas surrounded by thin black lines represent the 0.5,
1, 1.5, and 2-sigma domains. The blue lines represent the most probable values of the
parameter estimation.
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for the parameter estimation directly linked to the quality of estimation of error-bars
on the data. Monte-Carlo simulations provide error-estimations which su�er from
heavy biases in case of under- or over-estimation of the error-bars on the data. The
next sections will introduce a statistical framework to implement a corrective term on
the error-bars, and optimize it simultaneously with the model parameter-estimation.

2.3.3.1 Error-bars estimation

The error estimation of interferometric data is extremely challenging, due to the in-
trinsic nature of the measurements that go through heavy data-reduction. Systematic
errors are calibrated using several PSF-references thanks to the observation pattern
�Calibrator�Science Target�Calibrator�. Random errors are estimated from the scatter
on the data. However, possibly large systematic errors remain even after calibration.
The reason for this is a variation of experimental conditions between the measurements
on the PSF-reference(s) and the science target: either turbulence (i.e. AO correction),
airmass, position on the detector, position angle (i.e. angle-dependent aberrations
in the optics), etc. For these reasons, one can assume that, in the general case, the
error-bars calculated from random variations are under-estimated.

As an example, let's build a test-signal hereafter called �real�, of shape:

Φ(x, a, b) = exp(−ax)× sin(bx) (2.30)

and set the �real� values of a=0.5, b=3. The n=51 sampling points xi are drawn
uniformly in x ∈[0,6] at which data values with error-bars are generated following:

Datai = Φ(xi, areal, breal) +N (µ = 0, σ =
√

0.12 +N (µ = 0.3, σ = 0.05)2)

Errorbarsi = 0.1
(2.31)

where N (µ = 0, σ = 1) is the normal distribution of mean=0 and standard devi-
ation=1. Each data-point at the sampling xi equals the real value of the example
function Φ(xi, areal, breal), with an additional noise. This noise is the realization of a
normal distribution of mean=0, and of standard deviation being the quadratic compo-
sition of a random error=0.1 (i.e. the error-bars on the data), and a random systematic
error with the probability-law N (µ = 0.3, σ = 0.05). That is, the error-bars are widely
underestimated of a factor 3±0.5. Figure 2.10 shows the �real� test-model and the
data, as well as the MCMC parameter-estimation of a and b.

The result of the simulation give a parameters estimation for a=0.434±0.025 and
b=2.956±0.035, while the �real� values were 0.5 and 3, respectively. One sees that,
although the parameter estimation is reasonably close from the real values, the con�-
dence domains are critically under-estimated. Indeed, one sees on Figure 2.10 that the
real values of a and b fall well outside the 2-sigma region of the con�dence-domain,
which correspond to an occurrence of ≤4.5%. This simulation failed to give a robust
estimation of the parameters a and b.
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Figure 2.10: Left: illustration of the real signal, sampling points and data values
with widely underestimated error-bars. Right: Corner plot of the MCMC parameter
estimation for the data shown in the left sub-plot. The red lines represent the real
values of a and b, while the blue lines represent the maximum-likelihood scenario.

NB: although one cannot conclude on the reliability of the parameter estimation
with a single trial, this preliminary illustration depicts rightfully the general result
that will be detailed in the following sections.

2.3.3.2 Modelling errors-bars

A thorough treatment of the variance-covariance matrix of T3, for example, requires
at least as many independent measurements of each target as independent T3 (Ireland
2013), which is in practice not feasible. Instead, the variance-covariance matrix can be
modeled (Kraus et al. 2008), or an additional error-term can be tuned in quadrature
(i.e. sum of variances) to the error estimation on the data in order to normalize
the reduced chi-squared value of the �tting to the expected value, given the sample
size and the number of parameters in the model (Hinkley et al. 2011). However, the
nonlinear form of the complex visibility expression to evaluate, see Eq. (2.26), makes it
mathematically impossible to determine the number of degrees of freedom; the reduced
chi-square can not be used to compare models (Andrae et al. 2010), see Section 2.3.4,
nor used as a tuning reference.

Rather than tuning the additional error-term using reduced chi-square, the new (to
my knowledge, this method has not been used or published yet) statistical method pre-
sented below allows to �t it together with the free-parameters of the model according
to a maximum likelihood estimation.

The σ2
systematic term is added to the errors-bars σ2

i,random of the data in the full
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Figure 2.11: Corner plot of the MCMC parameter estimation for the data shown in
Figure 2.10 left sub-plot. The red lines represent the real values of a and b, while the
blue lines represent the max-likelihood scenario.

log-likelihood expression, in Eq. (2.28):

lnL = −0.5×
∑

i

[ (
Datai −Modeli

)2

σ2
i,random + σ2

systematic

− ln

(
2π

σ2
i,random + σ2

systematic

)]
, (2.32)

in order to globally account for errors-correlation and uncalibrated systematic errors.
One assumes here that these errors terms are independent and identically distributed.
For convenience, one de�nes the total variance σ2

i,total (or σ
2
i,tot) to be:

σ2
i,total = σ2

i,random + σ2
systematic = σ2

i,rnd + σ2
sys. (2.33)

In essence, this approach consists of increasing the known errors on the data, which
would otherwise produce extremely high residuals or chi-square values. The critical
di�erence is that this method uses a maximum likelihood estimator to perform the
�tuning� of the additional variance term, given that the errors-bars on the data are
underestimated. The convergence of such method is possible due to the fact that the
two terms in the sum of Eq. (2.32) have an opposite dependence on σsystematic; the
balance of these two terms ensures the success of the maximum-likelihood estimation
of the free-parameters.

Importantly, the amount by which the error-bars are increased is not a-priori set
or a-posteriori �ne-tuned: it is left free to take the most likely value.

2.3.3.3 Con�dence-domain estimation

Figure 2.11 shows a MCMC parameter estimation on the same sampling points and
data values as Figure 2.10, using the additional �tted variance term σ2

systematic.
The simulation yields the estimation of a=0.44±0.09 and b=2.96±0.13, while the

�real� values are 0.5 and 3, respectively. One sees that the parameter estimation of
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a and b falls between the 0.5 and 1-sigma iso-contours, instead of falling well outside
the 2-sigma area in the simulation made without the additional error term. One
should also notice that the maximum-likelihood estimation of the parameters is not
signi�cantly modi�ed while �tting the additional error term: the MCMC converges to
a=0.44±0.09, b=2.96±0.13 (with) and a=0.434±0.025, b=2.956±0.035 (without).

Figure 2.12 compares the data with the result of the parameter-estimation, with
and without the adding of the error term. The �tting exercise was reproduced two
hundred times: one sees that the Root-Mean-Square (RMS) of the residuals normalized
to the error-bars, de�ned as:

Residuali =
|Datai −Modeli|

σi,total
, (2.34)

are of order 45±8 for the �tting exercise without the additional variance term. However
they equal 1±0.003 when incorporating σ2

systematic, meaning that the there is no major
under- or over-�tting of the dataset given its new error-bar.

This technique allows to scale the error-bars of a dataset according to a maximum-
likelihood estimation performed simultaneously with the model-parameters �tting. An
interesting consequence of this method is that RMS of the residuals equals unity, as
highlighted in Figure 2.12. This e�ect is not due to any a-posteriori regularization,
rather, it is a natural consequence of such error-�tting technique. This study highlights
that is one were to �t a model with wrong error-bars, he would �nd execrable chi-
squared values or residuals and might conclude that the model is wrong. This leads us
naturally to model comparison, as to be the selection of the most-suited among several
to explain the data.

2.3.4 Model comparison

A convenient method to compare parametrized models and select the most �t or
most probable is based on the usage of reduced chi-square. However, as seen in Sec-
tion 2.3.3.2, it is in practice not possible to determine the number of degree of freedom
in the case of a non-linear model. As a consequence, it is not possible to calculate the
chi-square value of a �t.

Several alternative to chi-square exist, among which the Bayesian Information Cri-
teria (BIC) developed by Schwarz (1978) on the bases of Bayes factor and Bayesian
inference. It is de�ned as:

BICModel = 2 (k ln(n)− lnLModel), (2.35)

where k is the number of free parameter in the model and n the sample size. The
presence of k weighted with the sample size ensures that the more simple models will
be preferred (to a certain extent) over more complex models: Occam's razor. The
lower the BIC, the better the model performs. However, the BIC su�ers from two
main limitations (see Liddle (2007) for further discussions on the use of Information
Criteria in Astrophysics):
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Figure 2.12: Left column: Results of the �t without the additional error-term. Right
column: Results of the �t with σsystematic. Top row: Visualizations of the most likely
model (green line), data (red dots) and model-�tting uncertainty arising from the
con�dence domains on the parameters estimated (black-shaded area). Middle row:
�Data versus model� views for all sampling points with 1-sigma error-bar ellipses, the
45◦ green line shows the �perfect� case where model=data. For a satisfactory �t (i.e.
not under- or over-�tting), most ellipses should �touch� the green line. Bottom row:
Histograms of the RMS of residuals computed for 200 model-�tting simulations.
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Table 2.3: Interpretation of ∆BIC and Likelihood-Ratio tests made using the BIC.

∆BIC Evidence against higher-BIC model LR against hight-BIC model
0 to 2 Unde�ned 1:1 to 3:1
2 to 6 Positive 3:1 to 20:1
6 to 10 Strong 20:1 to 150:1
>10 Very Strong >150:1

• its root-hypothesis is only valid for a sample size n much larger than the number
k of parameters in the model,

• it cannot handle high-dimensional model selections as e�ciently as variable or
feature selection.

One measures the BIC value from the maximum-likelihood value obtain for the
parameter-set which performed best: lnLModel |max. The relative probability of dif-
ferent models against each-other or against the null hypothesis is obtained from Like-
lihood Ratio Tests (LR-Test) in its most general formalism:

LRModel/control = exp

(
BICcontrol −BICModel

2

)
, (2.36)

where �control� is the model used as a reference point to evaluate the probability of
�Model�, see Table 2.3 for example-values of LR-tests. One often uses the �null� model,
i.e. no detection, as a reference for measuring the (relative) likelihood of a model. In
interferometric data, a �null� hypothesis is equivalent to having VIS2 =1 (unresolved
single star) and T3 =0 (no asymmetry).

One should note that a model comparison can only be performed on the same
dataset. The use of the BIC and the LR-test in its most general form allows for
model-comparison between models which are not hierarchically encapsulated, e.g. one
can compare a Gaussian-disk model with a uniform-disk model, even if all Gaussian-
disk parameters are not a sub-set of the uniform-disk parameters.

2.3.5 Tools at disposal

Apart from LitPRO4, part of the JMMC Optical Interferometry suite, very few (if not
none) o�cially released and tested tools are available for model-�tting interferometric
data with the speci�cities of optical-IR wavelengths, such as closure phases. LitPRO
�tting-kernel is provided with a graphical unit interface, i.e. a �click-button� interface,
highly inconvenient. It cannot be scripted, does not let the user choose the �tting
algorithm, or access the results and graphs for further processing. Moreover, in order
to work, it requires an active Internet connexion. Indeed, the �ts are not performed
on the user's machine, but on a distant server (i.e. the data and model is sent to that

4http://www.jmmc.fr/litpro_page.htm

http://www.jmmc.fr/litpro_page.htm
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server). The �tting-kernel is proprietary code and could not be accessed and edited or
improved for the needs of this work.

A pure-Python �tting library was developed, Software for Optical Interferometry
Fitting (SOIF )5, which can be installed using pip install soif from any terminal.
It works with the standard anaconda Python distribution (2.7 or 3.5 version); a couple
of additional libraries are automatically added with the SOIF install.

It provides analytical parametric model-�tting of interferometric data; here are its
main features:

• Loading and merging of any number of �les under the OIFITS standard (Pauls
et al. 2005; Duvert et al. 2015), containing any data types (VIS2, T3, phases,
visibilities and triple-product amplitudes (i.e. closure-amplitudes)) taken at any
(u,v) coordinates and at any wavelength. E.g. long-baseline interferometry
squared-visibilities taken in K-band can be merged with SAM R-band closure
phases dispersed over N wavelength-channels.

• * Filtering of this data according to the target ID, the time of acquisition, the
wavelength or an arbitrary data-index. This later feature proved particularly
useful for GRAVITY data which outputs several tables of the same data type in
the same �le (calibration and science channels).

• Quick visualization of the data.

• Building of a model that can be composed of any number of unitary-models to
be chosen from a default list (point source, uniform disk, Gaussian, etc).

• * New unit-models can be easily added to this list and provided they satisfy
some constraints, they will fully bene�t from all other features of the library.

• * Loading of custom brightness maps treated as �background image� out of which
the complex visibility is computed at the (u,v) point of the data. E.g. incor-
porating as a set background, a complex disk image obtained from radiative
transfer, see Section 3.6.

• Each parameter from any unitary-model can be constrained to a value, or left free
for �tting between a lower- and a upper-bound. E.g. �tting a binary-star with
two point sources when the �ux ratio is known and shall not be �tted requires
to constrain the contrast ratio and leave only two free parameters: the angular
separation and the position angle of the companion.

• Possibility to set a black-body temperature rather than a contrast ratio in order
to determine the relative brightness of unitary-models (still under testing).

• * For each of the free parameter, one can choose a prior distribution among uni-
form (default), Je�rey (i.e. logarithmic), normal, triangle, or write any custom
one.

5https://github.com/ceyzeriat/soif

https://github.com/ceyzeriat/soif
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• * Any free parameter can be spectralized. This means that instead of a single
value, it will become a list of N free parameters, N being the number of unique
wavelengths contained in the data. E.g. a binary-star modeled with two point
sources is usually described with its λ-averaged contrast ratio, its angular separa-
tion and its position angle. If the data contains 10 wavelength channels and the
contrast ratio parameter is spectralized, this means that the �t will now happen
on 2+10 free parameters in order to account for a varying contrast ratio with
wavelength. This feature is still under testing.

• * Angular parameters are wrapped at 2π by default, or any other custom value.

• In order to optimize the simulation time, the (anti-)symmetry of the (u,v) �eld
is taken into account such that only unique (U,V,wavelength) sets are processed,
providing a tremendous speed-up. E.g. a 10-holes mask produces 45 baselines
and 120 T3 triangles (i.e. 360 (u,v) coordinates). However, only 45 (u,v) points
are unique and will be calculated, not 360+45 if �tting both T3 and VIS2. A
parameter setting the number of signi�cant digits can be used to avoid rounding
or machine precision errors on U, V and wavelength values.

• * The �t is done using emcee MCMC optimization algorithm. This �tting pro-
cedure can be replaced with any other MC algorithm, provided the input and
output parameters can be adapted.

• * The default likelihood function can be replaced with a custom one in order to
apply a speci�c weighting to di�erent sets of data or data types.

• Post-processing tools to explore and analyze local minima through the library
MCres.

• * Full access to the raw MCMC results, and any other simulation or graph values
or results.

• * Includes the �tting of the additional variance term presented in Section 2.3.3.2,
in order to estimate robust con�dence domains.

• * Includes tools for model comparison such as likelihood ratio-test vs. null hy-
pothesis, as presented in Section 2.3.4.

• *? Multi-threaded, based on emcee, although multi-threading provides a signi�-
cant speedup for likelihood functions taking more than ∼ 1 sec to process.

• * Display of progress bars to inform the user of the current simulation progress.

• Saving and loading of the simulation results.

• * Open source library under GNU General Public License v3 or later (GPLv3+),
and open to constructive contribution, comments and feedback.
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In short, it does everything what LitPRO does, with many additional features
noted with a �*� in the previous list. Note that SOIF is not o�cially released yet, and
does not bene�t from a user's manual and tutorials yet.

A broad picture of interferometry was brushed, incorporating most of the necessary
concepts required to acquire and analyze interferometric data: physics theory, inter-
ferometric instrumentation, data acquisition speci�cities, and parametric-model �tting
to the data. Section 2.1 illustrated that interferometry is the answer to accessing res-
olutions which are out of reach of single-dish telescopes, although it also su�ers from
atmospheric turbulence. Section 2.2 focused on some instrumental aspects of interfer-
ometry, presenting several techniques and observables together with their speci�cities.
Section 2.3 described part of the numerical and statistical background required to
process interferometric data, and introduced a novel �tting tool.
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Your assumptions are your windows on the world. Scrub them o� every once in a

while, or the light won't come in.

Isaac Asimov

IRS-48 is known to be a young transition disk in the ρ Oph region located at 120
pc. It shows a major asymmetric dust-trap at 55 AU, believed to arise from a massive
planet on an inner orbit. Interestingly, IRS-48 is one of the most well-characterized
transition disk: gas densities and temperatures were measured throughout the disk,
dust in the outer-disk was imaged from near-infrared to centimeter wavelengths. Yet,
the inner 20 AU remain poorly constrained. This chapter brings some light on this
major and complex disk target, and analyzes it through the eye of high-resolution
interferometry. It reveals the �rst fully-resolved PAH-ring around a star both younger
in age than previously thought, and showing a later-type transition disk than previ-
ous measurements, questioning which of the main disk-dissipation processes currently
dominates its evolution. This chapter makes intensive use of the information contained
in the �rst two chapters; callbacks links will lead the reader to the information when
necessary.

3.1 Introduction

IRS-48 is a spectacular transition disk candidate where the delicate balance of dynam-
ical clearing, photo-evaporation and radial drift of grains is currently questioned. Also
referred as 2MASS J16273718 − 2430350, GY 304 or WLY 2 − 48, it is an highly
extinct A0+4

−1 star, part of the ρ Oph cloud L1688; Table 3.1 sums up its main data.

First listed in Wilking et al. (1989), it shows a substantial far-infrared and mil-
limeter excess without near-infrared counter-part, pointing towards a classi�cation as
transition disk (see Section 1.3.1). Since the �rst resolved images obtained by Geers
et al. (2007a) in the near- and mid-infrared, and the �rst evidence of Polycyclic Aro-
matic Hydrocarbon (PAH) emission lines in Geers et al. (2007b), IRS-48 has been an
object of interest and mysteries. While their 8.6 through 11.3 µm images showed high
and unresolved PAH �uxes, the 18.7 µm image uncovered a purely thermal and asym-
metric outer-disk from a radius of 55 AU. Using the VLT-CRIRES spectrograph to
observe the 4.7 µm CO fundamental rovibrational band, Brown et al. (2012a) imaged
a 30 AU thin ring. Additionally, they solve the spectral-type puzzle of the central star
and set a luminosity of 14.3 L� combined with an extinction of Av =11.5, positioning
the object on a � suspiciously old � 15 Myr evolutionary track (see Section 1.3.3.5).



3.1. Introduction 55

Table 3.1: Main literature data of ρ Oph IRS-48

Parameter Value Reference
Stellar position α2000 =16h27m37.s18 B14

δ2000 =-24◦ 30′35.3′′

Distance 120 pc L08
Inclination i = 50◦ G07, B14
Systemic velocity vlsr = 4.55 km s−1 vdM13
Position angle PA = 96◦ G07, B14
Stellar type A0+4

−1 B12
Stellar Temperature 9000±550K B12

B14=Bruderer et al. (2014), L08=Loinard et al.
(2008), B12=Brown et al. (2012a), vdM13=van der
Marel et al. (2013b)

Subsequent ALMA and VLA observation at 0.44, 1.3, and 8.8 mm carried by van
der Marel et al. (2013b, 2016) unveiled a millimeter-grains asymmetry at a radius of
63 AU, in the southern extents of the disk. They postulate a planet of 10 MJup located
at ∼ 18 AU triggering a vortex-shaped dust-trap. Further work on PAH by Maaskant
et al. (2014) using unresolved spectral energy distribution data, revealed that the near-
and mid-infrared spectrum of IRS-48 is dominated by a mixture of neutral and ionized
PAH, that they postulate to arise from an extended region between the inner-most
disk at 1 AU to the outer-disk at 55 AU.

Most recent studies by Bruderer et al. (2014) showed that a single gas-depletion
in the inner disk could not explain the complex �ux pro�les of 12CO and C17O lines
measured by ALMA with a resolution of ∼ 30 AU. They proposed a slight gas depletion
at ∼ 20-50 AU in addition to a complete depletion inside 20 AU. Follette et al. (2015)
report the �rst re�ected light H- and Ks-band direct images of the disk outside 55 AU,
and question the abundance of the innermost-disk at ∼ 1 AU using SED modelling,
although their �t su�ers from over-luminous silicate features in the 9-18 µm window
(see Section 1.3.2.1).

A number of mechanisms have been proposed to cause gaps in proto-planetary
disks, including extensive grain growth (Dullemond & Dominik 2005), photo-
evaporation (Clarke et al. 2001), binarity (Ireland & Kraus 2008), and tidal barrier
created by dynamical interaction with low-mass disk objects (e.g. Bryden et al. 1999).
These di�erent mechanisms can be distinguished by studying the distribution of the
gas and dust within the gaps: a large (stellar) companion or photo-evaporation would
almost completely evacuate the inner regions while a less massive planetary companion
would allow gas and small dust grains to exist within its orbit (Lubow et al. 1999).
Furthermore, in the latter case, the measurement of the size and distribution of this
material would allow the orbit and mass of the planetary companion to be constrained.

Key grain-coagulation theories (Williams & Cieza 2011, for a review) are able
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to explain growth from sub-microns to millimeters, and then hectometer to planets.
Several possible solutions have been proposed to account for the formation of bodies
up to meter-sizes, such as turbulent vortices (Heng & Kenyon 2010). Another mystery
regarding grain-coagulation exists for the smallest grains, that can arguably be consid-
ered as large molecules: PAH, and in a lesser extent, Very Small Grains (VSG). It has
been argued that PAH either may take part in the dust coagulation process (Dulle-
mond et al. 2007) or are replenished by mixing processes in the disk (Siebenmorgen &
Krügel 2010). However, observational evidence of the role of PAH in these processes is
not conclusive and it is presently unclear how important these routes are. The ques-
tion remains whether these very small particles take part in grain-coating, in the main
grain-growth process � and their presence in many disks are to be explained by some
replenishment process(es) �, or if their intrinsic properties prevents them to � and their
absence in many disks are to be explained by some other assimilation process(es) �.
Gorti & Hollenbach (2008) �nd that the abundance of PAH and small grains in disks
is critical to the temperature pro�le. Indeed, they show that if some PAH are present,
their contribution to disk heating via grain photoelectric emission can be larger by a
factor of ∼ 2 than Xray heating at r∼ 10 AU.

3.2 Observations and Data Reduction

This section will detail the di�erent types of data used in this chapter and present the
de-reddening routines used in order to prepare the SED data to �tting.

3.2.1 Observation strategy

In this work, new data sets are used, acquired using the instrument NaCo (abbreviation
for Nasmyth Adaptive Optics System (NAOS) & Near-infrared Imager and Spectro-
graph (CONICA)) commissioned on the Very Large Telescope (VLT) at the Paranal
Observatory of the European Southern Observatory (ESO). This data was acquired in
di�erent near-infrared bands and at four epochs over a two-years period ; these sets
are detailed in Table 3.2. At that time, NaCo was integrated at the Nasmyth platform
of the UT4 8.2 m-telescope. This instrument was used in Sparse-Aperture Masking
(SAM) and full-pupil imaging modes. For both modes, given the large reddening of the
target (>16 mag in the visible), the NaCo built-in infrared wavefront sensor was used
to run the Adaptive Optics (AO) correction, increasing the r0 of the observation well
above the diameter D=8.2 m of the telescope (see Section 2.1.1.1). Observing IRS-48
(declination -24◦30'35.03") at the VLT (latitude -24◦37'31.5") has this particularity
that the target will almost hit zenith. This also means that the �eld rotation is small:
the position angle of measurements has a low diversity through time and date, except
for a 180◦ rotation at transit.
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Table 3.2: Observations made with NaCo

Date Band Calibrators Cal. Seq.(1) Observation ID
14 March 2011 Ks(1,2) Elia 2-35 & 2-37 4 086.C-0497(A)
14 March 2011 Lp(1,2,3) Elia 2-37(1,2) 4 086.C-0497(A)

Hip 86311(3)

14 March 2011 Mp(1,2) Elia 2-15 2 086.C-0497(A)
1 Sept. 2011 Lp(1) Elia 2-37 2 087.C-0450(B)
6 March 2012 Lp(1) Elia 2-37 3 088.C-0527(A)
25 March 2013 Lp(1) Elia 2-37 & 2-11 4 089.C-0721(A)

(1): SAM, (2): Full-pupil image, (3): Spectra
A calibration sequence (cal. seq. in the headline, also called �bracket�) is
a unitary interferometric measurement, following the observation pattern
�Calibrator�Science Target�Calibrator�
Single-frame exposition time is 0.4 sec for both SAM and imaging modes.

3.2.2 Direct imaging and Spectroscopy

At epoch 1, full-pupil images were acquired in Ks-, Lp- and Mp-bands, as well as
spectra between 2.87 and 4.11 µm, with Raverage ∼ 800. The Lp-band image is
displayed in Figure 3.1 both with and without PSF-subtraction. One can easily see
the East-West elongated nature of the circumstellar emission, at ∼ 100 milli-arcsecond
(mas), as well as an asymmetry in the disk semi-major axis; the Western extension is
∼ 1.15 times brighter than the Eastern one. However, the ∼ 100 mas spatial scale is
similar to the resolution criteria λ/D=96 mas at these wavelengths, which enormously
complexi�es the use of these images.

The slit of the spectrograph was orientated along the East-West direction as dis-
played in the latter Figure. The pixel-scale of the detector is constant over the whole
spectra: 1.6 Å ×2.7 mas. The slit height is 86 mas; given the short scale extents of the
disk and the high inclination (∼ 50◦), one expects a large contamination of the disk
at the stellar position (assumed to be located at the peak intensity in the spectra).
Similarly, given the ∼ 50 mas full-width-half-maximum of the PSF, one expects a large
contamination of the star in the disk. To minimize the stellar contamination on the
disk, the spectral-data was only used at the �rst null of the star, 1.22λ/D∼ 115 mas.
The PSF-reference image shows a very low stellar-�ux contamination in the null, ∼ 3%
of the peak-�ux; this highlights the high-strehl ratio of the observation.

The spectra in Figure 3.1 shows the �ux of the disk � taken at the �rst stellar null �
relative to the peak �ux of the spectra. One can see very strong PAH emission features
at 3.3 µm, characteristic of neutral PAH: in this emission line the disk-to-peak contrast
jumps by nearly a factor of two, compared to the disk-to-peak continuum contrast.
Note that this emission line is not recorded in the interferometric data or full-pupil
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Figure 3.1: Full-pupil image in Lp-band (top left), and PSF-subtracted (top right) in
normalized �ux (peak of the un-subtracted image). The 86 mas slit height is overlaid
in red, while the black dashed-lines lying at ∼ 115 mas illustrates the �rst null of the
central star, at 1.22λ/D. The displayed spectra show the disk-spectra taken at the East
and West stellar-nulls, divided by the spectra taken at the peak intensity. Prominent
PAH emission is seen from the disk at 3.3 µm, and Brα from the star at 4.05 µm.
The same East-West asymmetry is seen as the one observed on the image, ∼ 15%.
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Table 3.3: NaCo �lters characteristics, interferometric 0.5 λ/D criteria and �eld of
view with respect to �lters at central wavelengths, given a target distance of 120 pc.

Ks Lp Mp
Central wavelength (µm) 2.18 3.8 4.78
Bandwidth (µm) 0.35 0.62 0.59

Smallest Baseline, 1.78 m
0.5 λ/D (AU) 15.2 26.6 33.5
Field of view radius (AU) 95 163 272

Longest Baseline, 6.43 m
0.5 λ/D (AU) 4.2 7.4 9.2
Field of view radius (AU) 26.3 45.4 75

images given that it is outside the Lp-band �lter bandpass, see Figure 3.1. Although
both East and West spectra are very similar in shape, the Western disk-extension is
constantly � at all spectrum wavelengths � 1.15 times brighter than its Eastern region.
The same West-East asymmetry was measured on the full-pupil image.

3.2.3 Near-infrared Sparse-Aperture Masking

The most interesting data sets are SAM data in that they o�er an angular resolution
down to a few tens of mas, equivalent to a few AU given the distance of 120 parsec,
as shown in Table 3.3, refer to Section 2.2.4 for SAM technique. Except for the
longest baselines of ALMA (&1 km), such resolution cannot be reached with any other
instrument nor any other NaCo mode (coronographic, full-pupil, etc). Moreover, new
extreme adaptive-optics (AO) systems such as SPHERE usually have their wavefront
sensors in the visible and cannot close the AO loop on this extremely extinct target
(>16 mag in the visible), which means that NaCo-SAM is the only instrument able to
observe IRS-48 at such resolution in visible or in the infrared (IR).

The observation strategy for SAM mode was designed to intertwine the science
target IRS-48 between two blocks on an interferometric calibrator, here Elia 2-35, 2-37
or 2-15, as detailed in Table 3.2. The mask used was a 7-hole non-redundant mask as
portrayed in Figure 3.2, with baselines ranging from 1.78 to 6.43 meters, allowing the
simultaneous measurement of 21 visibility-squared (VIS2) and 35 closure phases (T3,
among which 15 are independent), refer to Section 2.2.2. In full-pupil imaging mode,
the same calibrators were used to have PSF references.

The data was processed using the SAMP pipeline (Lacour et al. 2011). It includes
sky subtraction, bad pixel subtraction and fringe �tting. T3 and VIS2 measurements
are calibrated by the two calibrators for each bracket.

Calibration to PSF-reference help reduce systematic errors in the data, but hardly
corrects all of them. A �tting mechanism to account for that is speci�cally devel-
oped, refer to Section 3.6. The error-bars on the data are obtained from statistical
measurements on the data, which account for random errors. They average ∼ 0.5◦ in
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Figure 3.2: Left: 7-hole mask used in SAM mode, with baseline from 1.78 to 6.43 m
and throughput 14% versus 97% for the unmask-but-obstructed VLT telescope.
Right: UV coverage of the observations of IRS-48. Epochs 1, 3 and 4 were acquired
in March, before transit while epoch 2 was acquired in September, after IRS-48 had
transited. The low UV rotation between epochs 1, 3 and 4 is due to the fact that 1)
the target hits zenith under this latitude which naturally reduces its position angle
diversity, and 2) the same observing schedule was followed during all observing run
meaning that IRS-48 was observed at a similar elevation.
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Table 3.4: Previously published photometry and spectra of ρ Oph IRS-48.

Wavelength(s) Instrument Reference
(µm)

0.43, 0.64 NOMAD Z05
0.65, 0.8 Hydra E11

1.2, 1.6, 2.2 2MASS C03
3.4, 4.6 WISE W10
3.6, 4.5 Spitzer IRAC vK09
5.9-36.9 Spitzer IRS MC10
60-181 Herschel PACS F13
450 ALMA vdM13
850 SCUBA A07

880, 1300 SMA B12b
Z05=Zacharias et al. (2005), E11=Erickson et al. (2011), C03=Cutri et al. (2003),
W10=Wright et al. (2010), vK09=van Kempen et al. (2009), MC10=McClure et al.
(2010), F13=Fedele et al. (2013), A07=Andrews & Williams (2007), B12b=Brown

et al. (2012b), vdM13=van der Marel et al. (2013b)

Lp-band and ∼ 1.7◦ in Ks- and Mp-band for T3, and 0.03, 0.05 and 0.14 in Lp-, Mp
and Ks-bands for VIS2.

3.2.4 Spectral Energy Distribution

In addition to the multi-wavelength interferometric data listed above, IRS-48 SED
�uxes were compiled from the literature. All data is listed in Table 3.4 with the
corresponding references. As can be seen, the photometry from literature has a broad
coverage from visible-blue to mm wavelengths. No detection in the ultraviolet exist
because of the very high extinction of the source; measurements in cm-wavelengths
are discarded given that they trace cold and large-scale structures outside the region
of sensitivity and interest of the observations. For the �tting exercise, the errors on
photometry �uxes were assumed to be of 5% if not speci�ed in the literature.

The correction of the interstellar extinction was made according to the method
described in Section 3.2.5. An overview of the SED �uxes is portrayed as a black thick
line in the Figure 3.3 of the Section 3.2.5.

3.2.5 De-redenning �uxes

Although all �uxes in the literature are available corrected from the interstellar
reddening-extinction, it is chosen to apply speci�c extinction correction on raw �uxes,
in order to be able to vary the reddening parameters at will. The extinction curves
used are that of Cardelli et al. (1989), improved by O'Donnell (1994) work in the vis-
ible; they are parametrized with Rv� the reddening slope � and Av� absorption in V
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band � such that Av ≡ Rv × E(Bmag − Vmag).

EV (Rv, λ) =





0.574
λ1.61

− 0.527
Rv λ1.61

, for λ ≥ 0.91 µm

ϕ1(λ−1 − 1.82) + ϕ2(λ−1−1.82)
Rv

, for λ ∈ [0.3, 0.91] µm,

ϕ3(λ−1) + ϕ4(λ−1)
Rv

, for λ ∈ [0.17, 0.3] µm,

with

ϕ1(x) = 1 + 0.17699x− 0.50447x2 − 0.02427x3 + 0.72085x4

+ 0.01979x5 − 0.77530x6 + 0.32999x7

ϕ2(x) = +1.41338x+ 2.28305x2 + 1.07233x3 − 5.38434x4

− 0.62251x5 + 5.30260x6 − 2.09002x7

ϕ3(x) = 1.752− 0.316x− 0.104

(x− 4.67)2 + 0.341

ϕ4(x) = −3.090 + 1.825x+
1.206

(x− 4.62)2 + 0.263

The de-reddened �uxes φ are obtained from the red-�uxes φred, Av, and EV (Rv, λ)

following:

φ = φred × 10

(
Ev(Rv,λ)×Av

2.512

)
. (3.1)

Figure 3.3 shows the e�ect of de-reddening on the IRS-48 data. One sees that the
Rv parameter a�ects the extinction slope between λ ∼ 0.4 µm and ∼ 1 µm, while the
Av parameter corrects for the amount of �ux depletion, i.e. the SED slope between
UV- and MIR-�uxes. One sees that Rv mostly impacts the extinction correction for
wavelength below ∼ 5.5 µm; above that threshold its e�ect is ≤5%. Rv values near
3.1 model the standard di�use interstellar extinction while Rv ∼ 5.0 is found in some
dense clouds Cardelli et al. (1989). The reddening correction is negligible (≤5% e�ect)
above λ ∼ 16.5 µm.

3.3 VIS2 morphology

Given the complexity of interferometric data and cumbersomeness of radiative transfer,
one must �rst evaluate the characteristic values of quantities encoded into the data.
In this section, we use simple analytic morphological models to explore the VIS2.

3.3.1 VIS2 data

The VIS2 measurements are not sensitive to asymmetries, essentially because of their
relatively large error-bars, ∼ 0.03 or ∆V IS2/V IS2∼ 20% in average in Lp-band.
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Figure 3.4: Overview of Lp-band VIS2 data at epoch 1, de-projected for a disk-
inclination of 50◦.

Hence, they encode a point-symmetrical smooth disk-structure and inform on high-
level morphology such as position angle, contrast ratio, and inclination of the disk.

In Lp- and Mp-bands, see Figure 3.4, VIS2 lower than unity at the smallest base-
lines and decreasing steadily to their plateau-value at medium-length baselines (& 3

meter) clearly show that light-emitting regions are being resolved in the interferomet-
ric �eld of view of the instrument: .26.6 AU and .33.5 AU for Lp- and Mp-bands
(see Table 3.3). The SOIF library (see Section 2.3.5) is used to get an estimate of
the contrast ratio to the star, the characteristic disk size, the position angle (PA,
measured East from North) and the inclination (i , 0◦ ≡ face-on and 90◦ ≡ edge-on).
Di�erent models are compared: a two-dimensional Gaussian, Uniform Disk, Gaussian
Disk-di�erence, and a Uniform Disk-di�erence (hereafter �Uniform Ring�), in addition
to the central point-source unitary model. The unitary disk model is centered on the
star; the stellar �ux is set to unity as a reference.

3.3.2 Morphological models

The 2D-Gaussian and Uniforms Disks unitary models are detailed in Table 2.2. The
Uniform Ring unitary model is analytically calculated to be a �large diameter� Uniform
Disk minus a �small diameter� Uniform Disk, which both share their other parameters.
The aim of that unitary model compared to a Circle or a Uniform Disk, is to provide
a ring-like structure with a width and no �ux in the center. A Uniform Ring has one
parameter more than the Uniform Disk: the �width� of the ring (i.e. the di�erence in
diameters between both Uniform Disks). A Gaussian Disk-di�erence unitary model
follows the same principle as the Uniform Ring, except that it provides a ring-like
structure with smooth edges.

To carry out this coarse �t, it is here assumed that in these bands the disk has
a point-symmetry and that it is seen with an inclination given by the inverse cosine
of its semi-minor & major axes ratio. To estimate the contrast ratio, the PA of the
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Table 3.5: Ranges for the free-parameters displayed in Table 3.6.

Parameter Range
CR (�ux−1

∗ ) [0.1,10]
PA (◦) [0,180[
Diamin (AU) [1,30]
Diamout (AU) [1,60]
Incl. (◦) [0,70]

disk and its semi-axes. The ranges for each free-parameter are shown in Table 3.5.
It is checked that while �tting, only one global minimum is found inside the ranges.
Ks-band is discarded given that the very large error-bars would not set meaningful
morphological constraints.

3.3.3 Morphological results

The detailed results are as listed in Table 3.6. Figure 3.5 shows a corner-plot typically
obtained in that exercise. Independent �tting of Lp- and Mp-bands at di�erent epochs
and using several unitary models to simulate the disk, give consistent results: the PA

averages ∼ 93◦, while the inclination is ∼ 54◦.
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Figure 3.5: Corner plot obtained with MCres from �tting a parametric 2D-Gaussian
disk to interferometric data using SOIF package, corresponding here to the �tting of
the Lp-band data at epoch 1. The free-parameters are disk_cr (contrast ratio to the
central star), disk_sig (semi-major axis in mas), disk_rat (major/minor axes aspect
ratio) and disk_th (position angle in radian). Refer to Section 2.3.2 for how to read
this graph.
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Table 3.6: Lp- and Mp-bands maximum likelihood parameter estimation to the VIS2
data, for Gaussian Disk, Gaussian Disk-di�erence, Uniform Disk, and Uniform Ring
models. The contrast ratio (CR) is de�ned such that CR*fdisk=f∗. Ranges for this
parameter estimation are displayed in Table 3.5.

Gaussian Disk
Param. Mp-ep1 Lp-ep1 Lp-ep2 Lp-ep3 Lp-ep4
CR (�ux−1

∗ ) 0.41± 0.03 0.49± 0.01 0.48± 0.02 0.49± 0.01 0.47± 0.01

PA (◦) 97± 4 93± 2 88± 2 91± 2 91+3
−2

SMA1 (AU) 16.0± 0.8 13.7± 0.3 14.9± 0.7 14.0± 0.3 14.0± 0.3

Incl. (◦) 58± 3 53+1
−2 57± 3 55+1

−2 55± 1√
〈res.2〉 1.01 1.00 0.99 0.97 1.01

〈res.〉 0.01 0.04 0.01 0.02 0.02

Gaussian Disk-di�erence
Param. Mp-ep1 Lp-ep1 Lp-ep2 Lp-ep3 Lp-ep4
CR (�ux−1

∗ ) 0.42± 0.05 0.51± 0.02 0.49± 0.04 0.51± 0.04 0.49± 0.02

PA (◦) 97± 4 93± 3 86± 3 91± 2 93+2
−3

SMA1
in (AU) 1.3+4

−0.1 1.5+1
−0.1 1.4+2

−0.2 1.6+1.5
−0.1 1.6+1.3

−0.1

SMA1
out (AU) 16.0± 4 13.6± 1.2 15.0± 2 14.1± 1.7 14.1± 1.6

Incl. (◦) 58+2
−3 52.5± 1.5 57± 3 55+1

−2 55± 1√
〈res.2〉 1.03 1.00 0.99 0.99 1.00

〈res.〉 0.03 0.01 0.04 -0.02 0.03

Uniform Disk
Param. Mp-ep1 Lp-ep1 Lp-ep2 Lp-ep3 Lp-ep4
CR (�ux−1

∗ ) 0.47± 0.04 0.54± 0.02 0.53± 0.04 0.54± 0.02 0.51± 0.02

PA (◦) 98± 5 97+3
−6 86+5

−3 95± 5 95± 4

Diam (AU) 57± 3 48± 2 56± 5 48± 2 49± 2

Incl. (◦) 56± 4 51.5± 1.5 56+3
−5 52+3

−1 52.5± 2.5√
〈res.2〉 1.01 1.00 0.99 0.99 1.00

〈res.〉 -0.02 -0.02 -0.01 -0.02 -0.03

Uniform Ring
Param. Mp-ep1 Lp-ep1 Lp-ep2 Lp-ep3 Lp-ep4
CR (�ux−1

∗ ) 0.48± 0.05 0.55± 0.03 0.52± 0.04 0.54± 0.02 0.51± 0.02

PA (◦) 98± 5 96± 5 86± 4 95± 5 95± 4

Diamin (AU) 2+4
−1 0.8+3

−0.1 1+4
−0.1 1.5+2.5

−0.7 1+3
−0.2

Diamout (AU) 28± 5 24± 3 27± 5 24± 3 24± 3

Incl. (◦) 56± 3 52± 2 59± 4 52+3
−2 52.5± 2√

〈res.2〉 1.03 0.99 1.00 1.00 1.00
〈res.〉 0.00 -0.02 -0.03 -0.04 -0.02

SMA≡Semi-Major Axis
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The plateau-value of the VIS2 gives an estimation of the contrast-ratio between
the resolved- and unresolved-�ux in the object. The unresolved �ux is emitted by
regions inside the resolution angle: not only the host-star but also the inner-most
regions of the disk, up to ∼ 7 AU (Lp-band) and ∼ 9 AU (Mp-band), for the longest
baseline. The resolved �ux is emitted by the disk regions located in the region between
the resolution angle and the interferometric �eld of view. The contrast ratio in Mp-
band in ∼ 0.42 for the Gaussian Disk unitary models and ∼ 0.48 for the Uniform
Disk unitary models, meaning that the integrated �ux from the resolved-disk is more
than two times brighter than the unresolved-�ux. The contrast ratio in Lp-band is
∼ 0.48 and ∼ 0.53 for Gaussian and Uniform Disk unitary models, respectively. The
disk is consistently 15% brighter in Mp-band than in Lp-band, which is qualitatively
compatible with the fact that the star is fainter at 4.78 µm (Mp) than 3.8 µm (Lp),
by a factor of 2.4 when one assumes a 9250 K black-body. The discrepancy between
the Gaussian and the Uniform Disk models is due to the di�erence in �ux structure
for these models, see Figure 3.6. These contrasts obtained with the visibilities � which
are in essence themselves contrasts � put a very hard constraint on the relative SED
of the resolved- and unresolved-�ux.

The characteristic size of the disk cannot be simply compared between the models,
for the same �ux-structure reason that made the contrast-ratio estimation vary slightly.
Figure 3.6 shows the �ux pro�les for the four models used in the �tting exercise, as
well as their Fourier Transform (FT), over-plotted with all-epoch un-projected data in
Lp-band: this shows the general quality of the �t. The two-dimensional Fourier plane
model for the Gaussian Disk is displayed for the Lp-band in Figure 3.7. The values of
best semi-axes cannot be mapped easily to a ring inner-cavity radius or width. They
give however an estimate of the location of the resolved-�ux: about 10 to 20 AU from
the star. One can notice that the characteristic sizes all four disk models increases by
a factor of 1.16 in average between Lp- and Mp-band. This evolution of the radius
with wavelength is typical of an extended and resolved structure whose temperature
decreases with radius, hence emits further in the infrared and at larger radii.

One sees that the Gaussian Disk unitary models show a �at VIS2 curve for baselines
&3 m while Uniform Disk models have an oscillatory e�ect � called hereafter �wiggle� �,
due to the �at �ux pro�le and the sharp truncature of the disk unitary model. Also, one
could notice that the Gaussian Disk-di�erence unitary model is an elegant analytical
solution that approximates best a physical model of a disk since it incorporates a
cleared innermost area near the star, a bright maximum corresponding to the inner-
rim of the disk, and a steeply decreasing �ux pro�le.

No signi�cant epoch-related variation exist in the parameter estimation results from
Table 3.6; this denotes that the high-level disk-structure does not change drastically
with time. A mean inclination and position angle are obtained, i =54 ±3◦, and PA

=93 ±4◦ from the previous �tting results. This is consistent with the literature values,
i =50◦ (Geers et al. 2007a; van der Marel et al. 2013b; Bruderer et al. 2014), and PA

=96◦ (Geers et al. 2007a; Bruderer et al. 2014).
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Figure 3.6: Top: Flux pro�le shown as a cut in the semi-major axis, for the four
models used in the morphological �t, at epoch 1 and in Lp-band.
Bottom: Fourier transform of the four models, cut in the semi-major axis, at epoch 1
and in Lp-band. All-epoch unprojected-data over-plotted. Gaussian Disk and Gaus-
sian Disk-di�erence models are perfectly superimposed, which is also the case for the
Uniform Disk and Uniform Rings models.
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3.4 Radiative Transfer Model

In order to jointly analyze the data in Ks-, Lp-, Mp-bands together with the SED
�uxes, a radiative transfer model shall be build in order to reproduce such observables
from a parametrized disk-model.

3.4.1 MCFOST software

MCFOST, a parallelized 3D radiative transfer code based on a Monte-Carlo
method (Pinte et al. 2006), is used to perform radiative transfer calculations. MC-
FOST outputs SED �uxes and monochromatic images when given an input parameter
�le, e.g. Appendix C.

The IRS-48 disk contains PAH which are modelled as to be outside the outside
Local Thermodynamic Equilibrium (LTE). Indeed, they have very small masses i.e.
thermal inertia; their temperature vary greatly (from ∼ 150 to ∼ 1500) with time,
depending on their last photon absorption. Their temperature is de�ned as a prob-
ability distribution function depending on the UV-radiation �eld of the star. This
phenomenon of quantum heating is incorporated into MCFOST and was benchmarked
and validated by Camps et al. (2015).

MCFOST includes several built-in disk-models: a disk, an disk with outer tapered-
edge, a spherically symmetric envelope and a debris disk. The input parameters for
these models are read out of the input parameter �le. It also include several atlases
of pre-computed stellar spectra (from 3000 to 10000 K, citetHauschildt99, and from
3500 to 50000 K, Kurucz (1979)).

It proceeds in several steps:

1. Calculates iteratively the temperature map of the dust and gas in each cell of the
model-grid, taking into account the symmetries of the disk (and independently
from the viewing angles),

2. Calculates the SED for the viewing inclination (and azimuth, when the disk is
not centro-symmetrical), using the temperature map

3. Calculates the synthetic images for a given wavelength and at the viewing angles,
using the temperature map

3.4.2 alpha model

The disk structure presented in Bruderer et al. (2014) is taken over. Given the promi-
nence of PAH in the SED of IRS-48, the results of Maaskant et al. (2014) work on
ionized PAH in several young disks are merge into this latter model. A disk-structure
in three parts is obtained:

1. an inner-most dusty disk between 0.4 and 1 AU

2. an outer dusty disk between 55 and 160 AU
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Table 3.7: alpha model parameters of the radiative transfer of IRS-48.

Parameter alpha model
Stellar parameters

Temperature 9250 K
Luminosity 14.3 L�
Distance 120pc
Rv 5.5
Av 11.5
Global disks parameters

Inclination 50◦

PA 96◦

Scale height 10 AU
Ref. radius 60 AU

Parameter alpha model
Inner-most disk PAH-disk Outer-disk

Rin 0.4 AU 1 AU 55 AU
Rout 1 AU 55 AU 160 AU
Flaring exp. β 1.3 1.3 1.3
Surface density exp p -1 -1 -1
Grain-size power-law -3.5 � -3.5
Dust Mass 8.0×10−12 M� 8.0×10−10 M� 1.0×10−5 M�
Silicate grains Mass 1% � 70%
Carb. grains Mass 99% � 30%
Neutral PAH Mass � 50% �
Ionized PAH Mass � 50% �
Grain sizes a 0.03 - 30 µm 5 Å 0.03 - 4000 µm

3. a PAH disk in-between, from 1 AU to 55 AU.

For the sake of simplicity, this disk model is called the alpha model.
After a few minor adjustments, the �t to the SED literature data is remarkable,

see Figure 3.8. Its main parameters can be seen in Table 3.7. However, neither this
model nor any small variation of it explains the VIS2 data in either Lp- or Mp-band,
see Figure 3.9 for Lp-band. This highlights the degeneracy of SED-�tting exercises.

Indeed, the inner dust-disk between 0.4 and 1 AU emits very strongly in NIR, while
the PAH grains further out are much dimmer. This creates a very high unresolved-
�ux (inner-disk and star) compared to the resolved-�ux from the PAH in the ∼ 9-55
AU region. Hence, the inner regions of the alpha model disk pictured on Figure 3.10
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Figure 3.8: SED of IRS-48 obtained from the alpha model. The �t is remarkable and
explains the photosphere of the star, the NIR-excess, the PAH emission features and
the outer-disk SED-bump centered on 20 µm.

appear spatially too small, mostly unresolved. The resulting visibilities are close to
unity: much larger than the VIS2 data at all baselines. Given the di�erence of the
VIS2 values, the resolved-�ux depletion is estimated to ∼ 2.7 for baselines &3 meter.

The only solution to make such model �t the VIS2 is to incorporate a very high
�ux in the ∼ 9-35 AU region � and in this region only �, to make up for the contrast
ratio of ∼ 0.48 in Lp-band (∼ 0.42 in Mp-band, see Table 3.6) between the unresolved
and resolved �uxes.

This implies changing fundamentally the structure, hence the nature, of the disk
around IRS-48.

3.4.3 Fitting strategy

The VIS2 data in Lp-band is merged between all epochs, since they did not show
epoch-related variation; the Mp-band is taken at epoch 1, and the SED �uxes are
taken from the literature (refer to Table 3.4). Ks-band from epoch 1 are discarded
given that their large uncertainties would not set meaningful constraints on the disk
structure.

The �tting of the SED is performed �inside-out�, or �in increasing wavelengths�, so
that constraints and parameters obtained from �tting interior structures can remain
(mostly) unchanged when �tting structures located further away from the star.

A satisfactory grid resolution is found to be Nz=100 and Nradial=150 (log-scale),
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Figure 3.9: Comparison of the VIS2 values as a function of baseline between the VIS2
data in Lp-band (blue 1-sigma error-bar markers) and the corresponding alpha model
(red markers). VIS2 data values span [0.1, 0.57] at [max, min] baselines while VIS2
calculated from the model-image shown in Figure 3.10 span [0.75,0.9] respectively.
Residuals, pictured in the bottom sub-plot, are excessively high (+4 to +11 sigma).
This means that the alpha model is far too small, and appears spatially unresolved.
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Figure 3.10: Normalized Lp-band synthetic image obtained from the radiative transfer
on the alpha model. This image was obtained out of �fteen sub-images generated at
wavelengths linearly spread in the Lp-bandpass. Due to its proximity to the central
star, the inner- and PAH- disks appear much brighter than the outer-disk from 55 AU.
Note that the color-scale is highly not linear (�uxes to the power of 0.1).
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after analyzing the temperature gradients between consecutive cells in the grid. Given
the central-symmetry, Nθ is not de�ned (or =1). MCFOST allows to over-sample the
�rst cell of a disk in the radial coordinate, in order to properly sample high variations
of temperatures in the inner-rim of a disk. This parameter is set to Nradial, in=10.

For the purpose of measuring visibilities on the MCFOST images at the precise
(u,v) coordinates corresponding to that of the data, one must calculate the full numer-
ical FT instead of using the Fast-Fourier Transform (FFT) routines and interpolate at
the (u,v) coordinates. The FT is calculated at the spatial coordinates (u,v) and the
wavelength λ using:

FT (I(α, δ))(u, v) =
∑

x

∑

y

I∑
I
× exp

(
− 2πj

u αx,y + v δx,y
λ

)
, (3.2)

where I is the over-sampled MCFOST image to calculate complex visibilities on, and
(α,δ) represents the angular-coordinates in radian of each pixel in I at index (x,y).
This double integration is re-evaluated for each (u,v) sampling coordinate.

In order to simulate polychromatic images and replicate the e�ect of bandwidth
smearing, �fteen images linearly spaced within the bandwidth ∆λ of the �lter are
generated. Given the linearity of the FT, the total FT is the sum of the �fteen FT of
each image, or identically the FT of the sum of all images.

However, calculating the FT on each �fteen images is cumbersome: one must sum
the images �rst, and in such a way that the ratios α(x, y)/λ and δ(x, y)/λ in the
FT expression, see Eq. (3.4.3), are conserved over a variation of λ. To do so, the
Field-Of-View (FOV) of each sub-image generated at a wavelength λsub is set to be

FOVλ, sub = FOVλ ×
λ

λ, sub
, (3.3)

where FOVλ, the �eld-of-view at the central wavelength, is chosen to display the
full interferometric �eld-of-view (see Table 3.3) in a constant width of 1001 pixels;
i.e. FOVλ = 1001γλ. The plate-scale γ is typically 2.7 to 4.5 mas/px for the central
wavelength of Lp- and Mp-bands, respectively. This technique however produces a
�polychromatic image� that does not represent the real polychromatic view of the
object; instead, it is a mathematically-convenient image to perform a faster FT on a
sum of synthetic sub-images.

3.4.4 Initial con�guration and assumptions

Axial-symmetry perpendicular to the plane of the disk is assumed, as well as plane
symmetry above and below the plane of the disk. The standard �ared disk prescription
(Shakura & Sunyaev 1973) is adopted, described in cylindrical coordinates (r, z) such
that the density pro�le is given by:

Σ(r, z) = Σ0 r
p exp

(
− 1

2

(
z

h

)2
)
, (3.4)
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where Σ0 is a density-normalization constant, p is the surface density exponent, and h
is the disk scale height, refer to Section 1.3.2.4; h varies with radius as h = h0(r/r0)β

with β the �aring exponent (β > 0, of order ∼ 1) and h0 the scale height at radius
r0. This is a built-in disk-model in MCFOST. The outer tapered-edge disk is not used
because the VIS2 data can not constrain it over a classical disk, since it is not sensitive
to the outer-regions of the disk, further than ∼ 90 AU.

The SED shape shows that IRS-48 consists of � at least � two main disk-
components: an outer and extended disk beyond ∼ 55 AU radius, and a closer one,
that emits most of the PAH light, as found by Maaskant et al. (2014). The VIS2
data does not constrain well the outer disk which mostly lies outside its �eld of view.
Hence, the simplest axi-symmetrical �tting solution consistent with the literature is
systematically adopted, while the e�ort is focused on �tting the inner regions.

Similarly to the alpha model, a three disk-components model is adopted: two dusty
inner- and outer-disks and an additional disk composed of Very Small Particles (VSP)
in between. For each of them, the inner radius, outer radius and total dust mass are
free parameters. As an initial step, the parameters �scale height� and ��aring exponent�
are shared between all three disks.

Other parameters such as the surface density exponent, the grain minimum and
maximum sizes, the ratio between carbonaceous (from Li & Greenberg 1997) and
silicate (from Draine & Lee 1984) grains, the ratio between ionized and neutral PAH
and the grain-size power-law index or the disk inclination are left-aside for the initial
�tting exercise and set to standard values from IRS-48 and disk literature.

Several parameters of the outer-disk are not �tted, given that the narrow-FOV
VIS2 data in the NIR can not constrain them. They are set to the latest literature
values:

• �aring exponent=0.67 (van der Marel et al. 2013b),

• the inclination=50◦ (Geers et al. 2007a; van der Marel et al. 2013b; Bruderer
et al. 2014),

• the surface density exponent=-1 (Andrews et al. 2013),

• the inner-rim radius=55 AU (Geers et al. 2007a),

• the silicate over carbonaceous grains mass-ratio=70/30 (prescriptions span 85/15
in Wood et al. (2002), 45/55 in Kim et al. (1994); 80/20 in Maaskant et al.
(2014)),

• the min=0.03 µm, max=4000 µm grain sizes (van der Marel et al. 2013b),

• the e�ective temperature of the central star=9250 K, mid-way between Follette
et al. (2015) work (9500K) and Brown et al. (2012a) work (9000K).
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3.4.5 Exploratory �tting

When the radiative transfer of the IRS-48 model is set to a low resolution � Nradial=100,
Nz=70 � the simulation takes ∼ 130 sec to output the modelled SED, and the Lp- and
Mp-band synthetic images. This makes impossible the usage of MCMC techniques
to �t the full model, which typically require several hundred iterations for each free-
parameter in the model.

The exploratory �tting is carried using a coarse grid, where the three-disks model
is simpli�ed to its bare minimum. Only �ve parameters are kept:

• the stellar luminosity at [15, 27, 42, 51] L�,

• the inner-most disk mass at [8×10−12, 8×10−13, 0] M�,

• the inner-radii of the PAH-disk at [1, 6, 11] AU,

• the outer-radii of the PAH-disk at [55, 40, 26] AU,

• the disk-mass of the PAH-disk at [8×10−8, 6×10−8, 4×10−8] M�,

while the extinction parameters Av and Rv are obtained a-posteriori from a chi-squared
�t of the SED �uxes .5 µm. Each �rst value of the parameter ranges above correspond
to the alpha model. The inner- and outer-radii of the inner-most disk are set to 0.4
and 1 AU respectively (alpha model).

The grid simulation was carried over the 324 models. The di�culty in evaluating
the best-�tting model is to combine and balance the chi-squared values of the three
di�erent data-types � Lp-band VIS2, Mp-band VIS2 and SED �uxes � into a global
quality-function that converges to the truly best disk without bias.

In practice, such a quality-function can not be obtained easily � or even at all �,
for di�erent reasons such as (non-exhaustively):

• the fact that error-bars are not consistently set and normalized between the
di�erent types of data,

• the inhomogeneous density of information, i.e. the data-density per wavelength
or (u,v) coordinates, needs regularization to �evenly� weight data-points between
each other,

• incorporating complex scienti�c constraints on the �tted parameters values,
based on an a-priori implementation of the disk-evolution theories,

• the need for changing the model as �tting is undergoing, e.g. adding/removing
a type of dust-grains, swapping from a classical disk to a tapered-edge disk.

Rather than �ne-tuning such function, a general approach is chosen: for each of
the Lp-band VIS2, Mp-band VIS2 and SED �uxes data-types, the chi-squared are
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Figure 3.11: Modi�ed corner-plot showing the results of the coarse-grid exploratory
�tting, where the �ve �tted parameters are labeled �M inner disk� (inner-most disk
mass in M�), �L*� (Stellar luminosity in L�), �Rpah in� (inner-radius of the PAH-disk
in AU), �Rpah out� (outer-radius of the PAH disk) and �Mpah� (PAH-disk mass in
M�). The red lines and squares correspond to the values of the alpha model.

normalized between 0 (best chi-squared of the grid for that data-type) and 1 (worst),
and the global quality-function is de�ned as:

Quality = χ2(Lp V IS2) + χ2(Mp V IS2) + 2× χ2(SED fluxes), (3.5)

where the SED �uxes chi-squared is calculated in log scale and per wavelength-decade,
for wavelengths .7 µm in order to exclude the �uxes of the model which may be
a�ected by the (not �tted) outer-disk.

Rather than focusing on the best-graded model, in order to overcome the bias
introduced by the quality-function, the best 15% (in the de�nition of Eq. (3.5)) of the
324 models are kept for statistical analysis, i.e. the �fty best-�tting models. To make
sure that the quality-function does not introduce a bias large enough to compromise
the statistical analysis, it is checked by eye that these �fty models provide a satisfactory
�t. The results of this statistical analysis is shown in Figure 3.11.

One sees that the occurrence of models taking the values of the alpha model,
corresponding to the red color, is very low. For instance, there was no disk-model
graded in the best 15% that showed a dense inner-most disk (8×10−12 M�), and 80%
of the 50 best models do not show any inner-most disk at all. The two-dimensional
histogram picturing the stellar luminosity versus the inner-most disk mass shows that
90% of the 50 best models show a stellar luminosity larger than that of the alpha

model.
One can however note that the best chi-squared value measured on the SED data

only, is obtained for the parameters corresponding to the alpha model. While the SED
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data pushes towards a three-disks model for IRS-48, the simultaneous �tting of high-
resolution VIS2 data converges to a two-disks model, where a brighter stars produces
most of the NIR �uxes, de facto diminishing the need for an inner-most disk.

3.4.6 Inner-most Region and Star

Another way to qualitatively demonstrate the latter result, is to consider that VIS2
data gives stringent constraints on both the �ux ratio between the unresolved �ux
(inner-most disk and star) and resolved �ux (further than ∼ 9 AU). To correct for the
resolved-�ux depletion of about a factor of 2.7 compared to the unresolved-�ux (see
Section 3.4.2), one can either

1. decrease the inner-most disk opacity to decrease the unresolved �uxes

2. increase the PAH disk opacity further than 9 AU to increase the resolved �ux

Option 2) would immediately lead to a dramatic over-brightness of the main PAH emis-
sion features between 4 and 15 µm, with no (or few) degrees of freedom to compensate
for it (i.e. structural parameters such as �aring exponent, scale height, etc).

Option 1) would automatically lead to an under-�tting of the NIR �ux. This can
easily be corrected by increasing the brightness of the star, de facto decreasing the
amount of dust-related NIR-excess needed in the �t. Indeed, as discussed by Follette
et al. (2015), a hotter and especially larger star questions the existence of a third
inner-most disk in the ∼ 1 AU area from the star where this disk was usually needed
to account for the 1-3 µm IR excess.

The �tting constraints are released by allowing the stellar luminosity to vary be-
tween 10 and 100 L�. This implied adding two additional free parameters to tune the
extinction of the target in order to �t the photometric �uxes measured in the visible
and NIR (Rv taken in [4.0− 10.0] and Av taken in [10.0− 15.0]).

3.4.7 Very Small Particles disk

The morphological �t of a simple two-dimensional Gaussian showed that the charac-
teristic location of the resolved �ux should lie in a region between 10 and 20 AU. The
PAH disk is a natural candidate to account for this �ux, since previous work showed
that the cavity up to ∼ 55 AU was not depleted of such grains (Geers et al. 2007a;
Maaskant et al. 2014). This however means that the bright inner rim of the PAH disk
must be fully resolved, i.e. further than ∼ 7 to 10 AU, in order to account favorably
to the contrast ratio between unresolved and resolved �ux. A direct consequence one
expects is the decrease of the over-abundant unresolved emission in the alpha model.

This e�ect is seen on Figure 3.11 in the two-dimensional histogram that pictures
the co-variance of the PAH-disk inner-radius and the inner-most disk mass, where 70%
of the best disk models show both 1) no inner-most disk and 2) a PAH-disk inner-radius
at 6 AU or further (34% at 6 AU and 36% at 11 AU).
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The MIR SED does not show any bump peeking at 9.5 and 18.3 µm, characteristic
of silicate grains smaller than ∼ 2 µm. It does instead show a clear deep at 9.8 µm,
de facto eliminating any major silicate grains contribution to the MIR �ux. Hence, it
was decided not to incorporate any small or classical grains in the cavity between the
inner- and outer-disks, between 1 and 55 AU.

To model the very small particles, the prescription of Natta et al. (1993) is followed
and a mixture of carbonaceous VSG and PAH with a ionized/neutral fraction parame-
ter is used, from Li & Draine (2001); Weingartner & Draine (2001); Draine & Li (2007).
For conciseness, Very Small Particles (VSP) will be used instead of PAH&VSG. Fol-
lowing the classi�cation of Tielens (2008) (Table 2), the following grains sizes are set:
amin=4 Å and amax=10 Å for PAH (ionized and neutral), amin=10 Å and amax=30 Å
for VSG (referred as PAH clusters and VSG in their table). The grain size power-law
index for PAH and VSG is set to -4 (Tielens 2008); only the relative abundances of
these three species are left as free parameters for �tting. Finally, these VSP are as-
sumed to be quantum heated by UV stellar-�ux, i.e. outside Local Thermodynamic
Equilibrium (LTE), see Section 3.4.1.

3.5 Resulting Structure

The �t, initialized as detailed in the previous section, was performed. A manual
exploration of the parameters was carried in order to identify the most impacting
ones. The �t is later re�ned using low-dimensional grids. Such coarse grids ensure a
full exploration of a small subset of the entire parameter space. Verifying smoothness
for the outputs of the modelling over these small grid-subsets allowed us to interpolates
the results and thus minimize the processing time for these grids. The �nal convergence
was achieved by eye; as will be explained in a later section. Note again that the VIS2
data is mostly blind to the outer-disk; the solution found represents the simplest
centro-symmetrical structure that satis�ed the SED �uxes.

3.5.1 General results

This best solution is obtained for a scenario where the innermost disk (0.4-1 AU) has
such a low mass that it does not contribute to IRS-48 �ux in any wavelength. The new
IRS-48 model is hence composed of two disk-elements: a VSP-only disk between 11
and 26 AU and an outer-disk from 55 AU, as portrayed in the Lp-band model-image
(see Figure 3.12). The star has a higher luminosity L∗=42 L�, leading to a larger
radius R∗=2.5 R� than previously reported. The main parameters of the solution are
listed in Tables 3.8 and 3.9, where they are compared to that of the alpha model.
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Figure 3.12: Lp-band model-image normalized to the stellar-�ux, obtained from the
radiative transfer on the new model. This image was produced out of 15 sub-images
generated at wavelengths linearly spread in the Lp-bandpass. The inner-disk between
11 and 26 AU appears much brighter in Lp-band than the outer-disk from 55 AU. Two
cavities appear, one inside 11 AU and another one between 26 and 55 AU.
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Table 3.8: Best-�t and alpha model parame-
ters of the radiative transfer of IRS-48. Part
I: star- and global disk-parameters

Parameter alpha model New model
Stellar parameters

Temperature 9250 K 9250 K*
Luminosity 14.3 L� 42 L�
Distance 120 pc 120 pc*
Rv 5.5 6.5
Av 11.5 12.9

Global disks parameters
Inclination 50◦ 50◦ *
PA 96◦ 96◦ *
Scale height 10 AU 14 AU
Ref. radius 60 AU 60 AU *

*=set-value parameter
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Table 3.9: Best-�t and alpha model parameters of the radia-
tive transfer of IRS-48. Part II: inner-most, VSP- and outer-
disks parameters

Inner-most disk
Rin Inner 0.4 AU �
Rout Inner 1 AU �
Flaring exp. β 1.3 �
Surface density exp p -1 �
Grain-size power-law -3.5 �
Total dust mass 8.0×10−12 M� �
Silicate grains mass 1% �
Carb. grains mass 99% �
Grain sizes a 0.03 - 30 µm �

VSP-ring
Rin Inner 1 AU 11 AU
Rout Inner 50 AU 26 AU
Flaring exp. β 1.3 0.6
Surface density exp p -1 -0.1
Grain-size power-law � -4*
Total dust mass 8.0×10−10 M� 3.7×10−10 M�
VSG mass 0% 25%±15
VSG sizes � 10 - 30 Å *
Neutral PAH mass 50% 65%±15
Ionized PAH mass 50% 10%±10
PAH sizes 5 Å 4 - 10 Å *

Outer disk
Rin 55 AU 55 AU *
Rout 160 AU 250 AU
Flaring exp. β 1.3 0.67*
Surface density exp p -1 -1*
Grain-size power-law -3.5 -3.5*
Total dust mass 1.0×10−5 M� 9.0×10−6 M�
Silicate grains mass 70% 70%*
Carb. grains mass 30% 30%*
Grain sizes a 0.03 - 4000 µm 0.03 - 4000 µm *

*=set-value parameter

Figure 3.16 shows the SED for both models with their respective interstellar ex-
tinction. The new model provides the same �t quality as the alpha model, it matches
very closely all the main features of the SED: the photosphere of the star, the NIR-
excess, the PAH emission-features and the outer-disk. Most importantly, it improves
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Figure 3.13: Diagram showing the Lp-band VIS2 data at all epochs, the calculated
squared-visibility from the alpha model-image (green) and those of the new model
(blue) as a function of the un-projected baselines in meter (disk inclination of 50◦).
Most residuals for the new model span ±1 while they exceed +4 for the alpha model.

dramatically the �t on the VIS2 data, which it explains entirely: Figures 3.13, 3.14
and 3.15 show the comparison between the VIS2 data in Ks-, Lp- and Mp-band and
both models.

3.5.2 Central star

The solution of a L∗=42 L� star with a 3.7×10−10 M� mass VSP-ring and no inner-
most disk (0.4-1 AU) is a complex and precise balance between the �t to the SED and
to the VIS2 data. Indeed, the NIR SED requires either 1) a brighter star than the alpha
model, or 2) a similar star with an inner-most disk to account for a large NIR-excess.
The VIS2 data however pinpoints a precise contrast ratio between the resolved VSP-
ring and the unresolved star and inner-most disk together. Adding even the smallest
inner-most disk-mass creates an excessive NIR emission which must be compensated
with a large increase of the VSP disk-mass to �t the contrast ratio encoded into the
VIS2 data. Such an increase however dramatically over-estimates the PAH emission
features between 5.5 µm and 18 µm. This strongly pushes to a solution with no
inner-most disk inside the VSP-ring, as seen in Section 3.4.5.

A brighter star accounts for most of the NIR �ux, it can not however be too bright
and account for all of it up to the �rst PAH features at 5.5 µm, since the VIS2 data at
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Figure 3.14: Same as Figure 3.13 but for Ks-band VIS2 data. Although the Ks-band
data is much noisier, the new model still does provide an improvement over the alpha
model.
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Figure 3.15: Same as Figure 3.13 but for Mp-band VIS2 data.
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Figure 3.16: SED and photosphere of IRS-48 obtained from the alpha model (green
line) and the new model (blue line). Both explain the photosphere of the star (although
with di�erent extinction parameters), the NIR-excess and the outer-disk SED-bump
centered on 20 µm.
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2.18 (Ks), 3.8 (Lp) and 4.78 µm (Mp) constrains very precisely the shape and contrast
of the extended emission in the NIR. Solutions with a brighter (dimmer) star than
L∗=42 L� in combination with a smaller (larger) VSP-ring mass than 3.7×10−10 M�
would be compatible with the VIS2 data and the NIR SED. However, they would
underestimate (overestimate) the PAH features in the MIR SED.

One sees this trend on Figure 3.11, in the subplot depicting the two-dimensional
histogram between the inner-radius of the PAH ring and the stellar luminosity: as the
stellar luminosity increases, the inner-truncation of the PAH-disk goes away from the
star.

Given an e�ective temperature and a luminosity, one can � with minor degeneracy �
estimate the radius, age and mass of a Young Stellar Object (YSO) using, e.g., the Siess
et al. (2000) evolutionary models. With grids such as shown in Figure 3.17, the
best-�tting stellar parameters for IRS-48 are found to be ∼ 2.5 M�, ∼ 2.5 R� and
∼ 4.2 Myr; all parameters are listed in Table 3.10 with a comparison to previous
literature. Figure 3.17 shows that the age estimate is robust to a change of luminosity
and e�ective temperature. Indeed, a YSO of T=9250+100

−400 and L=42+5
−3 yields a similar

age-estimation, between 4.1 and 4.5 Myr. The age estimate is much younger than
the 8 or 15 Myr previously inferred. This partly solves the evolutionary puzzle on
the presence of a disk. Refer to Section 3.7.1 for a discussion on the age of IRS-
48. The time-evolution of the e�ective temperature and luminosity for YSOs of 2.0
M� (Follette et al. 2015), 2.2 M� (Brown et al. 2012a) and 2.5 M� (new model) is
shown on Figure 3.18.

Table 3.10: New stellar model for ρ Oph IRS-48 central star.

This work Follette+ 2015 Brown+ 2012
T (K) 9250 9500 9000
R (R�) 2.5(1) 1.8 1.4
L (L�) 42 23.6 14.3
Age (Myr) 4.2(1) 8 15
M (M�) 2.5(1) 2.2 2.0
Av 12.9 12.0 11.5
Rv 6.5 (4.0) 5.5
Ak (1.8) 1.5 (1.6)

(1) according to Siess et al. (2000) YSO evolutionary
models.

To compensate for the higher stellar luminosity, the interstellar extinction was
increased to Av =12.9 and Rv =6.5. This means that IRS-48 is 1.4 V-magnitude more
extinct, and with a more gray Rv than the extinction inferred in Brown et al. (2012a)
(Av =11.5 and Rv =5.5). This con�rms and reinforces the substantial presence of dust
grains of large sizes (>1 µm) in the line of sight (Kim et al. 1994; Indebetouw et al.
2005), typical of star-forming regions such as Ophiuchus. An equivalent value of Ak
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Figure 3.17: IRS-48 age (color-coded) as a function of a luminosity L (y-axis) and e�ec-
tive temperature Te� (x-axis), using the Siess et al. (2000) YSO evolutionary models.
The black star symbol represents the new IRS-48 stellar parameters. White regions
correspond to a combination of e�ective temperature and luminosity that do not match
any YSO model; dark red areas correspond to regions that led to an excessively old
YSO model (>20 Myr). This latter e�ect is due to the degeneracy of determining the
YSO radius, mass and age from the e�ective temperature and luminosity only. Using
this grid-solution, the age of IRS-48 is estimated to 4.2 Myr.
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Figure 3.18: Luminosity versus e�ective temperature loci from Siess et al. (2000) YSO
evolutionary models, for a 2.0, 2.2 and 2.5 M� young star. The stars light up as a cold
and luminous body (top-left area of the graph), and follow a locus to the right-hand
side. The black circles split the loci in equal durations of 1 My (from 1 Myr to 5, 9
and 11 Myr for the 2.5, 2.2 and 2.0 M� stars, respectively). The stellar parameters
inferred in the new model fall on the 2.5 M� locus, at an age of ∼ 4.7 Myr. The
discrepancy in age estimate with the previous grid-estimation is due to the fact that
the locus presented here was pre-computed for a 2.5 M� YSO as an input parameter,
while the estimation from the luminosity and e�ective temperature led to an estimate
of 2.53 M�. Note that this high correlation between YSO mass and age does not a�ect
the best-�tting mass and ages estimates from Table 3.10 given that they are both
independently obtained from Te� and L.
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=1.8 is consistent with that of ∼ 1.6 read on the low spatial-resolution extinction map
computed by Lombardi et al. (2008). One should note that their Ak estimate for this
particular Ophiuchus core-region su�ers from high discrepancy; this is thought to be
due to the varying depth into the molecular cloud of their sample targets.

The radiative modelling shows that its ∼ 50◦ inclination is not large enough to
extenuate the stellar �ux like observed in the case of edge-on disks. There is no extinc-
tion due to the circumstellar disk itself, all extinction is due to interstellar extinction
most of which arises from the local molecular cloud of ρ Oph, see Figure 1.2.

3.5.3 Very Small Particles ring

This new model consists of a smooth centro-symmetrical and optically thin VSP-only
ring between 11 and 26 AU. It is responsible for all of the IR-excess until ∼ 13 µm,
where the outer disks starts dominating the dust-emission. In the �tting exercise, the
VIS2 data constrained mostly the structure of the VSP-ring, while the MIR-SED PAH
emission features constrained the relative abundance of the PAH grains and VSG. The
VSP density tops at ∼ 1×10−17 kg.m−3 (see Figure 3.19). It is ∼ 2 orders of magnitude
higher than typical interstellar medium, consistent with the fact that planetary disks
show higher material densities.

3.5.3.1 Ring composition and mass

The total VSP-ring mass found is 3.7×10−10 M� (1.2×10−4 MEarth). PAH species
dominate the VSP-ring with a total mass of 2.8×10−10 M� (75%) and a neutral fraction
of 85%±15, compared to the VSG mass of 0.9×10−10 M� (25%). Although Maaskant
et al. (2014) did not include VSG, the new model mass and neutral fraction values
are both roughly consistent with their work (7.7×10−10 M� and 54% respectively).
Their higher mass compensates for their fainter star. As found in Natta et al. (1993),
carbonaceous VSG have a nearly �at spectrum in the NIR and MIR wavelengths; they
provide a signi�cant amount of the NIR �ux needed by the VIS2 and the SED data,
while the relative amount of ionized and neutral PAH are responsible for the shape of
the PAH emission-features.

In order to study the relative abundance of the three species of the PAH disk
� namely VSG, neutral and ionized PAH �, one can simulate various VSP-ring com-
positions using a simulation grid. The total VSP-disk mass is left to 3.7×10−10 M�.
The composition of the three species is scanned from 0 to 100%, with the constraint
that the three composition sum up to 100%; this leads to sixty-six models.

Similarly to the exploratory �tting in Section 3.4.5, a (biased) quality-function is
de�ned identical to Eq. (3.5). The statistics of the most-probable models is obtained
from the best third (seventeen models); a check by eye ensured that all models �t
closely the data. The results are shown on Figure 3.20, which displays the histogram
of the mass fraction of the three species.

One sees from Figure 3.20 that the composition of VSG converges to 25%±15, and
that of neutral and ionized PAH to 65%±15 and 10%±10 respectively, corresponding
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Figure 3.19: Map showing the PAH dust density [kg.m−3] in log10 scale, in a cut
perpendicular to the plane of the disk. Iso-contours on the map are shown at the
levels of the color-bar ticks. The densest region of the VSP-ring spans from 11 to 20
AU with an average height of ∼ 5 AU above the mid-plane. The ring shows a smooth
and nearly �at density structure with increasing radius due to the high surface density
exponent of -0.1.



3.5. Resulting Structure 93

0 20 40 60 80 100
Fraction of PAH-disk mass (%)

R
e
la

ti
v
e
 o

cc
u
rr

e
n
ce

neutral PAH
ion PAH
VSG

Figure 3.20: Histogram of the mass of VSG, neutral and ionized PAH in the VSP-ring,
as a fraction of the total VSP-ring mass (3.7×10−10 M�). The statistics is obtained
from the best seventeen of a simulation grid of sixty-six models spanning all possible
three-components compositions of the VSP-disk, with 10% granularity.
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to a PAH-neutral fraction of 85%±15.

3.5.3.2 Surface density exponent p

The �t to VIS2 data favors high values of the surface density exponent p (see Sec-
tion 1.3.2.3), best at -0.1, similarly to what Carmona et al. (2014) �nd inside the
cavity of another transition disk. This is due to the fact that VIS2 data required an
homogeneous VSP-ring density to reduce the slope of the radial brightness pro�le.
Indeed, a surface density exponent near -1 would create a very bright inner-rim and
a steeply decreasing brightness pro�le. Such a con�guration creates a relatively small
VSP-ring which could not explain the extended structure encoded into the VIS2 data.
Classical dusty-disk prescriptions of p ∼ [-0.8,-1.3] mostly model viscous transport of
the dust inwards because of gas friction, spiraling in and eventually accreting on the
star (Weidenschilling 1977). This prescription for classical grains does not apply to
PAH, and VSG: they remain coupled to the gas, both radially and in height, because
of their very small mass (Tielens 2008).

3.5.3.3 Scale-height h60AU & Flaring exponent β

The relatively high scale-height h60AU=14 AU compared to 8 AU from Bruderer et al.
(2014) or 10 AU from Follette et al. (2015) and the low �aring exponent β=0.6 were
needed to account for the aspect ratio (along RA and DEC axes) of the disk (see
Section 1.3.2.4). A high value of h60AU was naturally favored in order to increase the
VSP-ring surface facing the star, to increase the PAH emission for a given PAH-mass.
Indeed, PAH grains are quantum heated through strong UV radiation from the star.
Even though this ring is optically thin in most wavelengths, τUV is of order 0.5 in the
mid-plane (Figure 3.21). This means that a signi�cant fraction of the PAH emission
comes from the disk surfaces, either the inner-rim or the top layers.

3.5.3.4 Inner-rim and outer-radius

The extent of the VSP-ring are well-constrained, particularly the inner-rim radius. The
VIS2 data imposes a contrast ratio and a precise brightness pro�le on the �t. Given the
low optical thickness in the wavelengths of VIS2 data, see Figure 3.21, the brightness
pro�le is closely related to the grain density pro�le. Moving the inner-rim closer to the
star breaks very rapidly the adequate brightness pro�le, creating a too small and too
bright ring to match the VIS2 data. Moving the inner-rim further away from the star
strengthens the �rst bounce (previously called �wiggle�) of the Fourier pattern of the
VSP-ring (similarly to the �visibility bounce� of a uniform disk (see Figure 3.6), such
that visibilities at spacial frequencies & 5m increase back to values &0.2, incompatible
with the data. Under the current assumptions, the inner-rim radius is known at ∼ 1
AU.

An extended VSP-ring helps smoothing out the visibility-bounce at large spatial
frequencies, inherent to a disk-like structure. For this reason, the outer-rim radius can
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Figure 3.21: Optical thickness τ taken in the mid-plane as a function of wavelength for
the VSP-ring and the outer-disk. One recognizes the PAH lines from the VSP-ring and
the two silicates bumps of the outer-disk at 9.2 and 18 µm. The VSP-ring becomes
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Figure 3.22: Map showing the temperatures (Kelvin) of the neutral PAH dust (left)
and of the outer-disk grains (right), in a cut perpendicular to the plane of the disk. Iso-
contours on the map are shown at the levels of the color-bar ticks. Compared to neutral
PAH, ionized PAH grains and carbonaceous VSG follow a very similar temperature
distribution, but with lower temperatures bounds: Tmax∼ 1100K and Tmin∼ 400K
for ionized PAH and Tmax∼ 550K and Tmin∼ 250K for VSG

hardly decrease below its best value of 26 AU. The higher-limit is somewhat looser:
it mainly depends on the VSP mass, which is strongly constrained by the MIR-SED.
Given the high surface density exponent p, the outer-rim cannot increase substantially
without incorporating an excessive amount of VSP grains, hence MIR �ux. Its location
is known at ∼ 4 AU under current assumptions.

The resulting disk temperature is shown in Figure 3.22 for neutral PAH grains.
Because of the close proximity to the star, the time between two successive absorptions
is lower than the relaxation time of the PAH grains. In this case, MCFOST treats
quantum heating as �quasi-equilibrium� and an average temperature can be de�ned
consistently, i.e. low dispersion on the temperature probability distribution. The
temperature reaches particularly high values for neutral PAH grains, Tmax∼ 1500K
and Tmin∼ 600K. Ionized PAH grains and carbonaceous VSG follow a very similar
temperature distribution, with lower temperatures due to their di�erence in electrical
charge, mass and structure: Tmax∼ 1100K and Tmin∼ 400K for ionized PAH and
Tmax∼ 550K and Tmin∼ 250K for VSG.

3.5.4 Outer disk

As previously highlighted, the interferometric data is mostly blind to the outer-disk,
and is not sensitive in any case to the southern asymmetry observed with ALMA in
mm-wavelengths. The simplest centro-symmetric disk model to satisfy the FIR and
mm-wavelength SED was systematically adopted.

This centro-symmetric approach is however not void of meaning. Indeed, the outer
disk is optically thin in its emission window (for wavelengths & 13µm, τ in the mid-
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plane <10−1, see Figure 3.21). Hence the precise azimuthal location of grains (az-
imuthally asymmetric or not) only plays a secondary role in �tting the SED.

In order to satisfy the mm-wavelength SED, the outer-radius of the disk is found at
∼ 250 AU, similarly to Maaskant et al. (2014) (225 AU), although SED �tting is not
very sensitive to this parameter. For that disk extend, the total mass of the outer-disk
in the MCFOST model is 9×10−6 M� (3 MEarth) for grains between 30 nm and 4 mm,
with a grain-size power law of -3.5. This mass is similar although lower than Bruderer
et al. (2014) (1.6×10−6 M�, 5.3 MEarth) and 9 MEarth found by van der Marel et al.
(2013b) for the same grain-size distribution and bounds.

The discrepancy with the latter 9 MEarth estimate can be explained with that fact
that it was obtained from the integrated 685Ghz ALMA �ux, biased by the fact the
authors used a lower temperature, T=60K at 60 AU, than what is currently observed
in the new model. Indeed, the new star is brighter, hence heats the outer-disk more
e�ciently: as seen in Figure 3.22, the inner-rim temperature peaks at Tdust=148 K at
55 AU.

One can update their dust mass calculations with the values of the new model to
�nd τ685GHz=0.14 for T=140K at 60 AU, using their expression

Fν = Ω×Bν(Tdust)× (1− exp−τν ). (3.6)

When one integrates over the whole disk-model the optical thickness at ν=685Ghz
(λ=440 µm), one �nds τ685Ghz=0.19, closely consistent with the previous 0.14 found
independently using ALMA �ux. Using Mdust = 21 × τ685Ghz

√
amax from Draine

(2006); van der Marel et al. (2013b) and under the same hypothesis, one �nds Mdust=3
MEarth for τ=0.14 and 4 MEarth for τ=0.19. Both are consistent with the outer-disk
dust mass in the radiative transfer model (3 MEarth).

Figure 3.23 shows the comparison between imaging data taken at 4.78 µm (Mp-
band), 8.6 and 18.7 µm, and model-images generated at the corresponding wave-
lengths. Geers et al. (2007a) noted that the 8.6 µm image is mostly unresolved, with
most �ux arising from PAH in the inner 30 AU, while the 18.7 µm image is highly re-
solved, with most �ux arising from the inner rim of the outer-disk located at ∼ 55 AU.
Although 8.6 and 18.7 µm images were not included into the model �tting � only SED
�uxes were �tted at these wavelengths � the new model can reproduce the observed
disk-structure accurately at these wavelength.

3.5.5 Classical Thermal Grains in the VSP-ring

Figure 3.24 compares intensity pro�les along the semi-major axis of the observed and
modelled disks at 18.7 µm. Several models were computed, where the amount of
thermal grains (silicates (70%) & carbonaceous (30%)) with sizes between 0.3 and 300
µm (mass power index of -3.5), are introduced in the VSP-ring as settled material (one
�fth of the VSP-ring scale-height: h60AU=14/5 AU). Although the axi-symmetrical
new model cannot obviously reproduce the eastern asymmetry, it shows a distinctive
dip at the star location, corresponding closely to the 18.7 µm observed image.
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Figure 3.23: Synthetic-images (left and middle columns) and data-images (right col-
umn) at wavelengths 4.78 µm (Mp-band, top row), 8.6 µm (middle row) and 18.7
µm (bottom row). Left-column images are shown in arbitrary �ux (the central-star
being removed). Synthetic-images in the middle column are convolved with a 8.2 m
telescope PSF and shown in the same color-scale of the observed data-images seen on
the right column. Middle and right columns color-scale are �uxes per square-arcsec,
normalized to the total �ux of the disk, i.e. fraction of the total disk surface brightness.
Data-images are taken from this work (Mp-band) and Geers et al. (2007a) (8.6, 18.7
µm). Iso-contours are overlaid at the color-bar tick-values.
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Figure 3.24: Cuts along the semi-major axis of the data-image (thick black line) at
18.7 µm and of the synthetic-images at the same wavelength and computed for an
increasing amount of Classical Thermal Grains (CTG) in the VSP ring (0, 1, 5 and
10 MV SP worth of CTG). Each �ux-pro�le is normalized to the integrated �ux of the
disk in each image.

When the amount of classical thermal-grains increases, the inner-ring becomes
brighter due to the e�ciency of silicates grains to radiate at 18-19 µm. The central
dip progressively disappears until the �ux-pro�le is nearly �at, for a thermal-grains
mass of ∼ 10 MV SP .

Note that the VIS2 data �tting was not a�ected by the adding of Classical Thermal
Grains (CTG), which emit a negligible amount of �ux in Ks-, Lp- and Mp-band.
Indeed, the emission of such CTG is mostly visible through the emission �bumps� of
the silicate grains, at ∼ 9.5 and 18 µm. Until 5 MV SP worth of CTG in the VSP-ring,
the �t to the SED do not show any variation. From 10 MV SP however, the model starts
to clearly over-estimate the SED �uxes between ∼ 8 and 15 µm. Refer to Section 3.7.3
for a discussion.

3.6 Closure phases morphology

T3 are especially robust to atmospheric turbulence and optical aberrations, see Sec-
tion 2.2.2. They are however in essence only sensitive to asymmetries: a point-
symmetrical structure would lead to null T3 signal. As a consequence, an equal-
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brightness binary star would not produce any T3 signal either.
In the data, T3 at all epochs vary between -12 and +9◦ in Lp-band, -18 and +15◦

in Mp-band, and slightly less in Ks-band. This highlights that strong asymmetries
exist in the IRS-48 disk, at all wavelengths and epochs. T3 calculated on the radiative
transfer model-image in all bands merely reach 0.5◦; a disk alone does not explain the
T3 data.

3.6.1 Modelling

N point-sources are �tted to the T3 data in order to highlight the main locations of the
asymmetries in the disk. Such simplistic models allow analytical, hence fast, �tting to
the data.

Six analytical models are used: from one to three point-sources in addition to the
central star, either with or without the disk modeled with MCFOST. The central star
is set as a reference to a �ux of 1 and in the middle of the �eld. Each point source
is described with three parameters: 1) angular separation to the central-star within
[20, 300] mas, 2) position angle (East of North) within [0, 360]◦, 3) relative �ux within
[ 1
200 , 1] stellar �ux.

The disk is scaled and has its �ux normalized with respect to that of the central
star. It is treated as a �background image� on which T3 are measured at the (u,v)
coordinates of the data. Complex visibilities from each unitary model-object are added
together and T3 values for the global model are obtained from the phases of the
complex visibilities at the (u,v) coordinates of each T3 triangle.

The complex visibility Ṽ at the (u,v) coordinates and for wavelength λ for N point-
sources is obtained from Eq. (2.27):

(
1 +

N∑

i=1

fi

)
Ṽ = 1 +

N∑

i=1

fi exp
(
− j2π

λ
(U δi + V αi)

)
, (3.7)

where λ is the central wavelength of the band. δi, αi are the angular separation
and position angle (projected along declination and right ascension axes) of the ith

point-source with respect to the central star, and fi is its the �ux ratio.
The error-bars on the data are scaled using an additional variance, �tted together

with the model, as presented in Section 2.3.3.1.
In order to compare models, the BIC as described in Section 2.3.4 is calculated at

the maximum likelihood of each model-�tting. The relative probability of all models is
computed with respect to the null hypothesis: a unique central star without any disk
using. The LR-test is carried from Eq. (2.36):

LRModel/null = exp

(
BICnull −BICModel

2

)
=

1

n3N

LModel |max
Lnull

, (3.8)

where N is the number of point-sources in the model.
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3.6.2 Results

The relative probability is computed for all models on each of the six datasets; it is
tabulated in Table 3.11. All six datasets except Lp-band epoch 3 favor the 2 point-
source model rather than the 0, 1 or 3 point-source models, and all models favor
the presence of a disk over a disk-less star (with the exception of Ks-band epoch 1
where the relative probabilities of a star with and without a disk are nearly identical).
Since the �ts on all T3 datasets were performed independently, there is a very clear
statistical signi�cance for a model that comprises the disk and two additional point-
sources. Note that given the relatively low �ux from the point-sources compared to
that of the central star and the disk altogether, the additional two point-sources do
not impact signi�cantly the �t of the radiative transfer disk model on the VIS2 data.

Finding the most probable model among several does not however ensure that the
�t, hence the model, is satisfactory. Table 3.12 shows that the additional systematic
error σsystematic in Ks- and Lp-band is ∼ 0.8◦, and reaches 4◦ in Mp-band. These
uncalibrated systematic errors are consistent with previous performance and slightly
worse than SPHERE-SAM mode (∼ 0.5◦, SPHERE SAM commissioning team, pri-
vate conversation). This table also shows that on all datasets, the RMS of residuals
calculated using σi,total is very close to unity, meaning this model does not under- or
over-�t the T3 data. The average of residuals is only a fraction of unity, which denotes
only a slight deviation from normally distributed residuals.

The results for the maximum likelihood parameter estimation for the favored model
with a disk and two point-source are tabulated in Table 3.12. Although point sources
were free to take any positions and �uxes, the parameter estimation locates both point
sources at a consistent spot through all epochs and wavelength. The �rst point-source
is ∼ 105 mas on the west of the star with a contrast ratio of ∼ 3.3 mag in L-band;
the second point-source location is somewhat noisier due to its proximity to the star
although still consistently found at ∼ 45 mas on the north-east with a contrast ratio
of ∼ 2.5 mag in L-band. These locations correspond closely to the inner-rim of the
50◦ inclined VSP-disk.

3.6.3 Point-sources characterization

Fitting point-sources to T3 data is equivalent to �nding the photo-center of asym-
metrically emitting regions; it does not constrain their size nor shape. Instead of
point-sources, additional �ts were carried using uniform-disks, Gaussian blobs and
two-dimensional Gaussian blobs, see their de�nitions in Table 2.2. However, the data
was not able to constrain well the additional parameters: the point-sources are mostly
unresolved (i.e. spatial extension .3 AU).

3.6.3.1 Color-temperatures

The color-temperature of both point-sources at epoch 1 was determined using their
contrast ratios in Ks-, Lp- and Mp-bands. A black-body behavior was assumed, con-
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Table 3.11: Logarithm of the relative probability for each model and all datasets with
respect to the null hypothesis of a single unresolved star without disk. The highest
value the better. A negative value tells that the model performs worse than the null
hypothesis. Bold values highlight the most probable model for each of the dataset.
The relative probability values for di�erent datasets cannot be compared between
each-other.

Model NULL 1PS 2PS 3PS
Ks epoch 1, n=60

S � -1.16 4.68 -0.70
S+D 0.01 -1.36 4.64 -0.02

Lp epoch 1, n=60
S � 84 178 166

S+D -0.46 96 223 223
Mp epoch 1, n=30

S � 12.4 12.2 4.6
S+D -2.8 15.1 15.3 10.2

Lp epoch 2, n=30
S � 32 72 65

S+D -0.25 38 108 87
Lp epoch 3, n=45

S � 52 113 131
S+D -0.21 60 146 185

Lp epoch 4, n=60
S � 51 176 227

S+D 0.06 59 215 210

NULL≡ Null hypothesis i.e. single star without disk
D≡Disk model-image in the corresponding band
PS≡Point source model-object.
All models including the null hypothesis incorporate the additional error-variance pa-
rameter.
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Table 3.12: Top Table: Overview of the quality of the T3 data �t, for all datasets.
The maximum likelihood estimation of the additional error term (col. 2) is close to
the average data random errors of the data (col. 1), leading to a total resulting error
(col. 3, see Eq. (2.33)). The RMS of residuals remains close to unity while its average
close to zero.
Two Bottom Tables: Maximum likelihood estimation of the point-sources param-
eters for the most probable model, consisting of two point-sources in addition to a
central star with the disk found in the radiative transfer of VIS2 data �tting, for all
datasets.

Data set 〈σi,rnd〉 (◦) σsys. (◦) 〈σi,tot.〉 (◦) RMS(res.i) 〈res.i〉
Ks epoch 1 1.6 0.86± 0.17 1.82 0.97 0.35

Lp epoch 1 0.27 0.68± 0.17 0.73 1.01 0.20

Mp epoch 1 1.9 4.0± 0.6 4.5 1.00 0.10

Lp epoch 2 0.44 0.63± 0.23 0.77 0.97 −0.21

Lp epoch 3 0.25 0.86± 0.11 0.89 1.00 0.18

Lp epoch 4 0.26 0.97± 0.11 1.0 1.00 0.26

First Point-Source
Data set Sep. (mas) PA (◦) ∆mag
Ks epoch 1 69± 5 16± 8 4.8± 0.3

Lp epoch 1 41+9
−3 41± 4 2.7± 0.5

Mp epoch 1 39± 9 52± 12 1.8+1.0
−0.6

Lp epoch 2 34+15
−2 47± 4 1.8+1.7

−1.0

Lp epoch 3 39+10
−2 44± 4 2.3+0.7

−0.5

Lp epoch 4 50± 4 43.3± 1.1 2.72± 0.22

Second Point-Source
Data set Sep. (mas) PA (◦) ∆mag
Ks epoch 1 101± 4 281± 4 4.9± 0.3

Lp epoch 1 105± 2.5 270.3± 1.1 3.35± 0.12

Mp epoch 1 89± 11 269± 4 2.9± 0.3

Lp epoch 2 111± 2.5 275.1± 1.3 3.20± 0.20

Lp epoch 3 109± 3 276.5± 1.3 3.40± 0.05

Lp epoch 4 119± 4 284.6± 1.1 3.25± 0.06
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strained by the e�ective temperature and the radiating surface, assumed circular and
de�ned by its radius. emcee was used to maximize the likelihood of the temperature
parameter T taken in [100, 10000] K and the logarithm of the radius parameter R
taken in [0.1, 40] R�.

The maximum-likelihood color-temperature found for the �rst point-source is
∼ 1350 K, see Figure 3.25. However, one-sigma error-bars yield several hundreds
of Kelvin because of large error-bars on the point-source contrast ratios obtained with
T3 data. Still, this temperature corresponds closely to PAH-temperatures found with
radiative transfer modelling at the unprojected point source location, ∼ 12.5 AU; refer
to Figure 3.22 for temperature maps.

The second point-source shows a somewhat lower temperature, most likely of
∼ 1000 K. Here again, one-sigma errors-bars yield several hundreds Kelvin: from
600 to 1300 K, refer to Figure 3.25.

3.6.3.2 Orbital movements

Due to its close proximity to the star, ∼ 0.5λ/Bmax, the angular separation of the
second point-source is particularly degenerate with its contrast ratio. However, the
position angle remains mostly una�ected and shows no signi�cant angular movement
with epochs. Discrepancy on the epoch 1 locations of the second point-source between
the di�erent bands may be due to several factors, given that �tting T3 data only gives
the location of the photo-center of an asymmetrically bright region. First, this location
may change with wavelength due to the intrinsic nature of the asymmetry: a clump
of segregated grains, an arm of material showing decreasing temperatures as it spirals
out from the star, or visual e�ects of optical depth, opacity and shadows. Second, the
data � i.e. the sample size and the error-bars � allowed to �t only two point-sources.
This second point source may however well be the (poorly de�ned) photo-center of a
more complex system of asymmetries, unresolved by the data.

The �rst point-source in Lp-band shows a clear rotational movement through dif-
ferent epochs. This movement is unlikely related to the (u,v) �eld rotation which shows
a much smaller variation over the four epochs (min-max ∼ 2◦); also, this movement is
not monotonic with epochs. The point-source movement is compatible with a circular
orbit in the VSP-disk and in the same direction as the gas kinematic found by Brown
et al. (2012a); Bruderer et al. (2014). If one assumes a circular orbit, the origin of the
over-brightness is located at a radius of ∼ 14.2 AU, and a height of ∼ 3.5 AU (see
paragraph below). This over-brightness location corresponds to the densest region of
the VSP-ring in the radiative transfer modelling, as Figure 3.19 tells. However, the
nature of the over-brightness is not clearly constrained. It may either be 1) an orbiting
over-density of VSP material, or 2) a luminosity and opacity e�ect: the central star
may be shifted from the center of the disk due to the presence of a massive companion,
hence irradiate asymmetrically the inner-rim of the VSP-ring.

Figure 3.26 shows the Lp-band point-source location in the disk as well as two
circular-orbit solutions. The �rst solution is an orbit with a semi-major axis of a=14.2
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Figure 3.25: Corner-plots of the color-temperature �ts for each point-source. First
point-source is on top, second one is on bottom. The correlation between both pa-
rameters is very large as seen in the two-dimensional histogram. Radii and e�ective
temperature are not well-constrained because of the large errors on contrast ratios of
the point-sources.
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Figure 3.26: Locations of the �rst point-source in Lp-band through the four epochs
(noted 1 to 4). Red and yellow ellipsoids are 1- and 2-sigma uncertainties for these
locations, respectively. The background image represents the Lp-band model-image
of the radiative transfer disk, and is shown in linear scale; the star was subtracted.
Purple, red and blue lines represent a circular orbit of semi-major axis a=14.2 AU for
a body located 3.5 AU above the mid-plane, in the mid-plane and 3.5 AU below the
mid-plane, respectively. The black line represents a 14◦ inclined circular orbit with
same a.
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AU. It lies �at 3.5 AU above the mid-plane (hence inclination ∼ 0◦). This suggests
that either the clump of material producing the over-brightness is mostly pressure-
supported, or that only the top layer of it is detected. This latter option implies
that the center of mass and the photo-center of the clump are not co-located; this is
not consistent with the low optical thickness of this disk (Figure 3.21). The second
solution is an inclined orbit, i=14◦, with a similar semi-major axis, a=14.6 AU. This
latter solution would suggest that the over-brightness arises from a clump of material
and that it is mostly gravity-dominated in its orbital movement around the star.

In both orbital solutions, the over-brightness moves at a sub-Keplerian velocity:
8.1 km.s−1 in average over the four epochs (similar values are obtained for other
intervals, between epochs 1-3 and 3-4); the total orbital period at this pace is ∼ 52
years. The theoretical Keplerian velocity at such distance given the stellar mass is
ν =

√
G×m∗/r=12.5 km.s−1.

Dullemond et al. (2007) suggested that PAH and VSG do not settle compared to
classical thermal grains as soon as the disk shows some turbulence. The VSP species in
the inner-ring do not have a su�cient density to have a pressure-supported behavior;
they are expected to be highly coupled to the gas given their very low mass and sizes.
Although previous works modelled a gas-depletion in the �rst ∼ 20 AU, it is likely
that some gas is still present in this ring, in order to provide the �structure� that holds
and supports the PAH and VSG movement.

3.7 A new interpretation of IRS-48

The previous chapters highlighted major changes in the central star of IRS-48, esti-
mated to be brighter and younger, and in the disk morphology: the inner-most disk
at ∼ 1 AU no longer exists, a tenuous ring of PAH and VSP is stable between 11-26
AU and shows movement over a two-year period, and the outer-disk mass is decreased
to 3 MEarth. This section will discuss some of the consequences of these �ndings.

3.7.1 Age and nature of the disk

Finding a brighter star, hence younger (4.2 Myr), partly solves the evolutionary puzzle
on this target.

First, the discrepancy between the molecular Ophiuchus cloud age of ∼ 1 Myr
(Luhman & Rieke 1999) and the stellar age is widely decreased, even though a fair
di�erence remains that cannot be explained to date. IRS-48 might have been part of
an earlier star-formation episode in Ophiuchus, as postulated by Brown et al. (2012a).
This however does not seem consistent that star-forming regions tend to show similar
age and initial compositions, see Section 1.2.1.

Second, although all disks are unique in their evolution, the median disk lifetimes
of 2-3 Myr (see Section 1.3.3.5) strongly pushes IRS-48 towards a 4.2 Myr than a 8 or
15 Myr transition disk. Indeed, IRS-48 clearly displays several of the �ve �transition
observational facts� presented by Wyatt et al. (2015) (see Section 1.3.3.5):
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• a total depletion of dust in the innermost-region, (their stage 1)

• a partial depletion of mm-size grains; the modelled Mdust∼ 3-4 MEarth is only a
factor of a few over the proposed 1 MEarth limit, (their stage 2)

• a total processing of hot dust up to 11 AU, while only a minimal amount (1.2 to
7×10−4 MEarth, depending on CTG, see Section 3.5.5) of hot dust exists between
11 to 26 AU, (their stage 3)

• a partial gas depletion inside 55 AU, and possibly total depletion inside ∼ 20
AU, (their stage 4)

This implies that the evolutionary stage of IRS-48 is more advanced than what was
previously thought, in the middle of its transition. When one places IRS-48 into a
larger disk sample, see Figure 3.27, one sees that its 12 µm excesses pins it down to
the edge of the luminous-NIR-excess group of disk-objects (top-left sub-plot of the
latter �gure).

IRS-48 shares many similarities with HD 141569, a disk believed to be on the verge
of becoming a debris-disk (Wyatt et al. 2015): 5 Myr B9.5 star, detection of extended
CO gas, bright PAH emission, 0.7 M� of sub-mm dust, warm disk-component at ∼ 17-
50. HD 141569 however show a lower IR-excess at 12, 22 and 70 µm than IRS-48:
HD 141569 is most probably slightly ahead of IRS-48 in the process of transiting to a
debris-disk.

Third, a younger age for IRS-48 together with a later disk-evolution stage is consis-
tent with the fact that massive stars erode their disk at a larger pace than solar-type
stars, as highlighted in Section 1.3.3.5.

3.7.2 Disk morphology, stellar binarity and planetary formation

3.7.2.1 30 AU CO gas-ring

Brown et al. (2012a); Bruderer et al. (2014); van der Marel et al. (2016) �nd a ∼ 30
AU CO-ring with small radial extent, compatible with a Keplerian velocity for a 2.0
M� star with an inclination of 50◦. In addition, they �nd a gas-depleted region inside
∼ 20-25 AU.

Although the VIS2 data is blind to gas � consequently the new model does not
incorporate any gas structure � the new IRS-48 model and the later disk-evolution
stage postulated remain qualitatively compatible with these previous �ndings. Indeed,
a photo-evaporation-dominated disk would show a clear depletion of gas and dust in
the inner tens of AU. The VSP-ring from 11 to 26 AU acts as a very e�cient shield of
UV-radiation, e�ectively protecting gas further out from aggressive photo-evaporation.
A thin ring of gas at 30 AU� and potentially as close as 26 AU � appears to be a
consistent consequence of such con�guration.

Gas around young stars should rotate with a sub-Keplerian velocity rather than
Keplerian, as highlighted by Williams & Cieza (2011) to being the root-cause of the



3.7. A new interpretation of IRS-48 109

Figure 3.27: Ratio of the total observed �ux to stellar �uxes (i.e. IR excess), at 12 (top-
left, WISE), 22 (top-right, WISE) and 70 µm (bottom-right, Spitzer & Herschel), as
a function of age. Bottom-right shows the IR excess at 12 µm as a function of the
IR excess at 70 µm, where the age of the target was marginalized. Filled blue circles
are detections; open light circles are upper limits; red dots correspond to IRS-48 (new
model) and green dots to the alpha model. Initially in Wyatt et al. (2015), their Figure
1; valid for A-type stars.
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meter-barrier mystery in planetary formation and grain-growth theories. Brown et al.
(2012a) �nd a 2 M� in the alpha model from the hypothesis that the 30 AU CO-
ring possesses a Keplerian-rotation; this however is a lower limit. The brighter star
(hence heavier ∼ 2.5 M�) of the new model is consistent with this �nding; it virtually
increases the theoretical Keplerian velocity expected at 30 AU from 7.7 to 8.6 km.s−1.

3.7.2.2 VSP-ring inner truncation, binarity

Ghez et al. (1993); Leinert et al. (1993); Reipurth & Zinnecker (1993) detect an over-
abundance by a factor of two of binaries among the young stars in the Taurus region
when compared to the results for the Main Sequence (MS) stars. Although further
studies with larger populations slightly lower this over-abundance, it appears clear
that YSOs have a binarity over-abundance compared to MS stars, to a degree that is
however still under discussion as underlined by Ratzka et al. (2005); see Section 1.2.3.

Our data resolves a somewhat sharp truncation of the inner-rim at 11 AU. Besides
photo-evaporation and accretion, a stellar companion with semi-major axis of order
a few AU would reproduce such truncation located at 11 AU (Artymowicz & Lubow
1994). No observation already performed in the visible or infrared, had the sensitivity
to resolve such binary system. According to the YSO evolutionary models of Siess
et al. (2000), a K0-type star (5400 K) of 4.2 Myr has a luminosity of about 7.5 L� and
a mass of ∼ 2.2 M�. This luminosity remains small compared to that of IRS-48 (42
L�): any stellar-type cooler than K0 would remain a nearly invisible companion for
visible and infrared instruments, especially at ∼ 25 mas typical spatial separations.

An indirect way to detect late-type companions is to check if such A-type stars
emit in Xray. Stelzer et al. (2006b,a) show that, given that A-type stars are not
expected to have a corona and emit Xray, a high-energy emission from these stars
is generally associated to late-type binarity. In the case of IRS-48, neither ROSAT
and XMM archive data nor Chandra (Imanishi et al. 2001) showed Xray emission at
this location. Although soft Xray would be absorbed by interstellar absorption, hard
and extreme ones should be detected. Indeed, several very young stars (even Class I)
are detected in Xray in the core-region of ρ Oph by Ozawa et al. (2005). Given the
completeness of several Xray studies as showed in their Figure 6, and the Av =12.9
mag for IRS-48, a 4.2 Myr old companion with Teff &3000 K (M6 star and brighter)
should already have been detected around IRS-48 using Xray.

Also, a heavy companion, &1 M� (corresponding to a star brighter than ∼ K6
stellar type on the 4.2 Myr isochrone) would reveal its presence through its mass, and
the Keplerian velocities �eld it imposes on its circumbinary disk. Brown et al. (2012a)
�nd a 2 M� to explain a Keplerian rotation of a gas-ring at 30 AU. Although this mass
is lower-limit given that the gas-ring must have a sub-Keplerian velocity, IRS-48 does
not likely have a bright and massive secondary star, which would set the total binary
mass at above ∼ 4 M�.

IRS-48 is most probably not a binary star. However, one (or several) low-mass
companion with M.0.5 M� and L.0.01 L� would be qualitatively compatible with
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Xray non-detection, CO 30 AU rotational velocity, and with the new model; it would
provide a plausible explanation to the 11 AU VSP-rim truncation.

3.7.2.3 26-55 AU cavity

Both the presence of the outer-rim of the VSP-ring and the inner-rim of the outer-disk
require the existence of an explanatory phenomenon. Based on the mm-asymmetry
observed in the southern part of the disk, a 2 M� star and Hill radius estimates, van
der Marel et al. (2013b) suggested the presence of a planet at 17-20 AU with M&10
MJup.

Dodson-Robinson & Salyk (2011) �nd that the outer edge of the gas-cavity created
by a planet is expected at ∼ 5 Hill radii rH , de�ned by:

Mp/M∗ = 3× (rH/ap)
3. (3.9)

Pinilla et al. (2012) �nd that for planets 1<MJup <3, the dust would accumulate at
7 rH from the location of the planet. When one carries similar �rst-order Hill radius
estimates with the disk-structure of the new model and a higher-mass star, one can
speculate a Mp∼ 3.5 MJup planet at a radius of ap∼ 40 AU. With these values, one
obtains a dust-bump at 63 AU corresponding to the mm-dust asymmetry (van der
Marel et al. 2013b), and at 17AU (at the center of the VSP-ring of the new model).
One also �nds gas densities peaking at 26 and 56 AU, possibly corresponding to the 30
AU CO ring and the inner rim of the outer disk, at 55 AU (all radii given as distances
from the star). A schematic picture of the new IRS-48 disk morphology is showed on
Figure 3.28.
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3.7.2.4 Accretion

Accretion was estimated at ∼ 3×10−9 M�/yr by Salyk et al. (2013); Follette et al.
(2015) using Paβ and Brγ lines. This non-negligible accretion rate raises the question
of the origin of such material, and seems well over-estimated compared to the available
material in the alpha model (where one �nds 8.0×10−12 M� dust in the inner-most
disk, and 8.0×10−10 M� PAH until 50 AU), or in the new model (0.37 to 2×10−9 M�
VSP at 11-26 AU, depending on the amount of �hidden� CTG). Moreover, the disk
was found to be partially gas-depleted inside 55 AU and fully depleted inside ∼ 20
AU, which puts a very hard constrain on how much material is to be found in the �rst
tens of AU, available for accretion.

Replenishment of dust and gas from the outer disk, or collision of large dust grains,
may be possible scenarii to explain the accretion value found. However the replenish-
ment process seems too small to explain the current structure. Indeed, one can estimate
the dust- and gas-mass that should be detected inside the outer-disk through the free-
fall time of a particle of dust from the inner-rim of the outer-disk, at R=55 AU using
(see Section 1.2.1):

tff =
R3/2

√
8GM∗

. (3.10)

The numerical value gives tff=15 years for a 2.5 M� star, and tff=1.3 year for a
particle located at 11 AU.

Given the ∼ 3×10−9 M�/yr accretion rate, and the fact that a particle may take
∼ 14 years between the inner-rim of the outer-disk at 55 AU and that of the VSP-disk
at 11 AU, one should detect ∼ 14*3×10−9=4×10−8 M� worth of available material
for accretion in the 11-55 AU region. Such amount is only attained with a VSP-ring
containing 5 MV SP worth of CTG, and a gas-to-dust ratio of at least ∼ 20.

This estimation is however very conservative in that the free-fall time are only
a strict minimum estimate. One indeed expects viscous friction with gas, i.e. the
CO ring at 30 AU, angular momentum and magnetic �elds to considerably increase
the time required for an outer-disk particle to replenish the inner-ring. Also the loss
of accretion material in photo-evaporation, grain-growth or radiation pressure is not
taken into account.

Unless some extremely e�cient channeling of material through the action of a
companion is taking place, the accretion rate is over-estimated. In this case, the IRS-48
disk-dissipation is undoubtedly dominated by stellar-e�ect such as photo-evaporation
and radiation pressure.

3.7.3 PAH and VSG evolution

3.7.3.1 Abundance of VSP vs. CTG

Dullemond et al. (2007) suggested that PAH and VSG do not settle well compared to
classical thermal grains, and found that, under conditions of low turbulence, strong



114 Chapter 3. IRS-48

PAH emission-features can �hide� a substantial amount of settled thermal silicate
grains.

It was indeed possible to add up to �ve times the mass of the VSP-ring worth of
settled classical thermal grains the VSP-ring, without a�ecting the VIS2 data nor the
SED �ts. Adding more of these grains in the close vicinity of the star a�ects the MIR
emission in such a way that the 18.7 µm model-image does not display the central
dip with two bright spots at ±55 AU from the star like the data-image (Figure 3.23).
Instead, a contiguously bright region lies along the whole semi-major axis of the disk.
This result shows that the VSP-ring most probably does not contain more thermal
grains than 5×MV SP∼ 2×10−9 M� ∼ 6e-3 MEarth.

The presence of PAH in many circumstellar disks reveals that in these objects the
dust coagulation process was apparently not e�ective enough to remove these species
from the disks, or that some other process continuously replenishes PAH grains (Dulle-
mond et al. 2007). Out of theoretical and laboratory works, Jochims et al. (1994)
showed that the largest and most regular PAH species are extremely stable to destruc-
tive radiations, i.e. photo-evaporation. Indeed, large PAH of 20-30 carbon atoms will
preferably relax through PAH emission in bands rather than photo-fragmentation. As
a comparison, one of the most stable PAH species, circumcoronene C54H18, has a
typical size of 4.87 Å. PAH used in the new model span 4 to 10 Å (20 to 100 carbon
atoms); VSG span 10 to 20 Å (100 to 1000 carbon atoms), see Tielens (2008): the PAH
species in the new model are expected to be extremely robust to photo-evaporation.

Geers et al. (2006) �nd a PAH-to-dust mass fraction of 6% based on the abundance
of 5×10−5 carbon atoms locked in PAH molecules per H nuclei. Tielens (2008) (Table
2) reports an abundance of 29×10−6 Carbon nuclei locked up in grains smalled than
30 Å, per H nuclei. If one updates the VSP-to-dust estimate using a ISM gas-to-dust
ratio of 100:1, assuming that gas is predominantly composed of H nuclei, and that
PAH and VSG are mostly C atoms, one �nds a VSP-to-dust mass fraction of 3.5%.
The new model shows a VSP-to-dust mass fraction >20% (since MCTG<5×MV SP ),
in the VSP-ring. This highlights a depletion of a factor at least ∼ 5-6 of the classical
dust grains to very small particles ratio, compared to the ISM value, in spite of grain
growth processes expected in young disks.

3.7.3.2 VSP disappearance vs. creation rates

In order to understand the VSP-ring, one shall study the disappearance rate of VSP
through grain-growth, radiation pressure or inward drift/accretion, versus the rate of
some replenishment process, e.g. the collisional destruction of larger grains or inward
drift from an outer reservoir.

There is presently little experimental data on the size distribution resulting from
sub-micrometer grain-grain collisions. Tielens (2008) report that theoretical studies on
grain-grain collisions result in a mass distribution with power index of∼ -3.3. Although
the minimum size is not constrained in this later study, given the layered structure
of graphitic materials it is expected that the smallest fragments likely are small, two-
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dimensional structures (e.g. PAH-like molecular species). Further processing by atomic
reactions, as well as UV processing, may then quickly transform these species into
compact PAH (Tielens 2008). In the frame of interstellar medium shocks, (Jones
et al. 1996) calculate that the catastrophic destruction (i.e. complete destruction of
the grains, rather than cratering) of a 1000 Å grain by a 50 Å grain needs a critical
velocity of approximately 75 km.s−1; larger grains need larger collisional energy. They
also conclude that interstellar grain-growth processes shall be much more e�cient than
catastrophic destruction in order to explain the observation that most of the interstellar
dust comes in grains larger than ∼ 1000 Å.

The orbiting velocity of the �rst point-source in the VSP-ring around IRS-48 is
∼ 8.1 km.s−1, and the Keplerian velocity at that distance is 12.5 km.s−1 for the 2.5
M� star (see Section 3.6.3.2). Moreover, A0 stars do not generally show strong winds
or emit high-energy radiations like B-type stars. It seems very unlikely that IRS-48
possesses a high catastrophic collision rate within its VSP-ring at 11-26 AU. It is
therefore expected that PAH and VSG cannot be replenished easily through grain-
grain collisions in the VSP-ring, despite the possible co-located reservoir of classical
thermal grains up to �ve times the mass of VSP.

The radiation pressure estimate of the star can be achieved by calculating the
stellar constant W∼ 45,000 W.m−2 at 1 AU. The radial acceleration from radiation
pressure produced on a particle at radius r is obtained with ap=W Seff c−1.r−2, with
Seff the e�ective cross-section of the particle and c the speed of light in vacuum. It is
found to be 39 (resp. 42, 17) times larger than the gravitational potential (G.M∗.r−2)
on the neutral PAH particles (resp. ionized PAH, VSG). This probably shows that
the inward drift of such small particles is very low given the high wind from the
central star. The previous star with radius 1.8 R� shows a somewhat lower but still
overwhelmingly strong radiation pressure compared to gravitational potential: 16, 17
and 7 times larger in average for neutral, ionized PAH and VSG, respectively.





Chapter 4

Conclusion & Perspectives

The �paradox� is only a con�ict between reality and your feeling

of what reality �ought to be�.

Albert Einstein

The improvements of instrument sensitivity and resolution over the last decade
have provided circumstellar disk-evolution theories with an unprecedented wealth of
data. ALMA, adaptive optics, NIR and visible interferometry have revolutionized
the precise study of individual targets. This work makes use of new interferometric
and spectroscopic measurements in the infrared, together with published mid-infrared
images and spectral energy distribution (SED) �uxes from UV to mm-wavelength, to
instruct a new comprehension of IRS-48, a young stellar object in the ρ Oph region
known to possess an active circumstellar disk, and uncover part of the delicate balance
of physical processes at stake.

The �rst chapter detailed theories and facts on circumstellar disks; their structure,
their evolution and the key physical processes that drive their dispersal and planetary
formation. The aim was to bring all necessary disk-related information to be de�ned
for the chapters to come. It described general context on disks, the initial conditions
and constraints that lead to disk formation, and the evolution and properties of disks
once the stars have formed.

The second chapter brushed a broad picture of interferometry, incorporating most
of the necessary concepts required to acquire and analyze interferometric data: physics
theory, interferometric instrumentation, data acquisition speci�cities, and parametric-
model �tting to the data. Interferometry was illustrated to be the answer to accessing
resolutions which are out of reach of single-dish telescopes, although it also su�ers from
atmospheric turbulence. Instrumental aspects were presented through the speci�cities
of several techniques and observables. A large fraction of this chapter was dedicated to
the understanding and processing of the interferometric data, and introduced a novel
�tting tool.

The main science chapter reports the �rst direct imaging of the full extents of a
polycyclic aromatic hydrocarbon and very small grains ring in a young circumstellar
disk. It also presented a revised model for the IRS-48 object in order to explain the
rich and complex dust- and gas-environment observed from near-infrared to centimeter
wavelengths. This models allows the setting of limits on how much silicates grains,
hence replenishment, is to be expected in the polycyclic aromatic hydrocarbon and
very small grains ring, leading to a paradox on the sustainability of such disk.
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Radiative transfer modelling of the disk-structure and grains compositions con-
verges to a classical-grains outer-disk from 55 AU with a revised mass of 3 M�,
combined with an unsettled VSG & PAH-ring, where the inner- and outer-rim are
resolved: 11 and 26 AU. A brighter (42 L�) hence larger (2.5 R�, 2.5 M�) central-star
with modi�ed extinction parameters (Av =12.9 and Rv =6.5) accounts for the near-
infrared �ux observed in the SED: no inner-most disk at the ∼ 1 AU scales is needed.
The revised stellar parameters place this system on a 4.2 Myr evolutionary track,
much younger than the previous estimations, and in better agreement with the sur-
rounding region and disk-dispersal observations. Using the closure-phases technique,
two over-luminosities are found in the VSP-ring, at color-temperatures consistent with
the radiative transfer simulations. One follows a sub-Keplerian circular orbit in the
VSP-ring at a semi-major axis of ∼ 14 AU.

This work combined to previous Xray observations shows that the IRS-48 system
is most probably not a binary star although it may however possess a companion that
satis�es both constrains on mass (.0.5 M�) and luminosity (.0.01 L�).

The IRS-48 disk is found to be mostly void of dust-grains in the �rst 55 AU and
shows that only very few settled thermal silicates can be co-located with the VSP-ring
at 11-26 AU, with a depletion factor of at least ∼ 5-6 compared to classical interstellar
dust-to-VSP abundances. The new morphology shows that 3.7×10−10 solar-masses
(1.2×10−4 MEarth) of a mixture of ionized and neutral PAH, and VSG, is located the
VSP-ring and possibly up to 2×10−9 solar-masses (6.1×10−4 MEarth) of additional
classical thermal grains. This raises the question of whether accretion is still playing
a dominant role in this object, or if IRS-48 is closer to the �nal evolution-stage of
transition disks than previously estimated, when photo-evaporation dominates the
disk evolution and eventually causes swift dispersal.

More than anything, the fact that the VSP-ring was observed to be consistently
similar at a radius between ∼ 11-26 AU through the four epochs of observation span-
ning two years time, highlights that it is governed by a complex balance of physical
processes. In order to remain observationally in-place, it must either be

1. Constantly replenished with high e�ciency (see Section 3.7.2.4) from the outer-
reservoir outside 55 AU, and possibly channeling triggered by the postulated 40
AU companion.

2. Kept in place as-is through:

• the gravitational shepherding from additional companion(s) inside 11 AU,

• the coating of large grains � una�ected by radiation pressure � by PAH
molecules,

• the substantial presence of gas in the VSP-ring despite the � somewhat
medium-SNR � non-detection of previous studies.
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4.1 Perspectives

In order to better understand this object, several dedicated observations could be
attempted. First, high-resolution imaging or interferometry in the 10-20 µm window
in order to superseed previous imaging data would allow a precise characterization of
the silicate content of the VSP-ring. Such information would set a strict constraint on
how much classical thermal grains this ring possesses and give critical information on
the inner-disk material available for accretion.

Second, long baseline interferometry measurements of the inner-most regions of
the IRS-48 system, to be carried in the NIR where the extinction is only moderate,
compared to visible wavelength, could con�rm the probable non-binarity of IRS-48 and
investigate on the inner-most disk, found to be already dissipated. Such information
would allow a direct characterization of the inner-system of IRS-48, and set constraints
on the sublimation radius and on-going accretion.

Third, high-resolution ALMA observations with baselines longer than one kilometer
can image IRS-48 down to a few AU. Characterizing the gas content in the inner 20
AU of IRS-48 is necessary to pin down the evolutionary stage of this object on its
transition to becoming a debris-disk. This will e�ectively provide valuable information
on a statistically poorly-populated process.

Fourth, SAM observations with NaCo, using a mask with higher (u,v) coverage than
that of the current seven holes mask will give reach and unprecedented information
on the structure of the VSP-ring. It will �rstly allow an epoch-tracking of the two
over-luminosities found in the VSP-ring to instruct their nature. Secondly, it will
make possible the use of image reconstruction algorithms which are an independent
and complementary method to the parametric-modelling of interferometric data.

Last, high-contrast coronographic techniques could search for the possible 40 AU
companion (between 200 and 350 mas given the inclination). This could open whole
new possibility to model the dynamical evolution of the IRS-48 disk.

This work showed that the new model of IRS-48 is believed to be one candidate of
a very rare population of transitions disks at a medium evolutionary stage. The better
understanding of the evolution of disks and eventually dispersal can at this stage only
be achieved through a better and in-depth characterization of individual objects.
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Il faut bien s'arrêter quelque part, et pour que la science soit possible, il faut

s'arrêter quand on a trouvé la simplicité.

Henri Poincaré
This part is a preliminary and tentative modelling of the very-high resolution op-

tical interferometry data acquired on MWC-361, a spectroscopic binary. This object
is known to possess a large-scale circumbinary disk, in addition to a circumprimary
disk consistent with the sublimation-radius of the primary star; however no circum-
secondary disk was detected, no explanatory phenomena was found yet. Given the
complex intricacy of disks and stars at spatial scales of a few milli-arc-seconds, the
stellar parameters for both stars are still uncertain. This work proposes a solution to
the spectral types of both stars, which opens a new window on the object, allowing
precise modelling of its complex structure, and understanding of why only the primary
still shows a circumstellar disk.

The data was acquired by myself, remotely from Meudon observing station on
June, 16 2016, after several unfruitful observing runs (one remotely from Sydney, one
locally at Mount Wilson), see Appendix F.

A.1 Introduction

MWC-361, also referred as HD 200775, is a massive YSO and a quadruple stellar-
system, located at 320±51 pc (Benisty et al. 2013). It consists of a spectroscopic
binary (Millan-Gabet et al. 2001, separation ∼ 18 mas in average, orbital period ∼ 3.6
years), a third companion at 2.5 arcsec (Pirzkal et al. 1997), and a fourth companion
at 6 arcsec (Li et al. 1994). The two distant companion will be discarded in this study
given their angular distance to the spectroscopic binary.
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Using spectral features, Hernández et al. (2004) classi�ed this binary as a Herbig
Be star of spectral type B0-3, with a total luminosity of 15 000 L�; they �nd the
best-�tting extinction at Av ∼ 3, Rv ∼ 5.0. However, because of the large uncertainty
on the age of the system, the fundamental parameters of the individual sources remain
highly uncertain, although it is likely that at least one of the two is an early Herbig
Be star that dominates the spectrum (Benisty et al. 2013).

Monnier et al. (2006) determined the astrometric orbit (i ∼ 65◦, e∼ 0.3, a∼ 15.2,
details in Table A.4) and found a H band �ux ratio of 6.5±0.5 (currently updated to
1.6±0.3 from unpublished data, John Monnier, private conversation). They supposed
that the secondary star is unresolved, and �tted the primary surrounded with a uniform
disk of diameter 3.6±0.5 mas.

Based on the radial velocities of the photospheric lines, Alecian et al. (2008) �nd a
mass ratio secondary/primary of 0.81±0.22. Although they derive similar masses and
e�ective temperatures(Mp∼ 10 M and 18 600±2 000 K); the discrepancy between the
observational properties suggests that the two stellar components must have grown
and evolved di�erently.

Using the VEGA spectrograph at the CHARA Array (see Section 2.2.3), Benisty
et al. (2013) resolved Hα emission on the scale of a few mas and showed that the equiv-
alent width of the Hα lines increased at periastron, later con�rmed by Bisyarina et al.
(2015). The photo-center of the Hα excess was located near the primary star, slightly
o�-center and opposite to the secondary star location. The resolution criteria 0.5λ/B
of their observations is however ∼ 2.5 mas, the Hα excess emission was marginally
resolved and no precise characterization could be achieved.

Monnier et al. (2009) �nd in the MIR images obtained with the Keck, a large halo
containing 45% of the 10.7 µm �ux with a north-south elongation, consistent with
the ascending node of the orbital parameters. Using Subaru Telescope MIR images,
Okamoto et al. (2009) con�rms that this halo is the remnant of a circumbinary disk,
with an inner-rim located at 159±25 AU, up to 20 times the semi-major axis of the
binary, indicating a large gap in the system.

While the circumbinary disk is mostly evacuated, recent NIR images obtained
by the authors of Monnier et al. (2006) con�rm the presence of a circumprimary
disk. Interestingly, only the primary star shows such disk, which con�rms their initial
hypothesis (Monnier et al. 2006) that the secondary is unresolved, and that only the
primary shows resolved �ux.

Given that it was already measured in H band, in order to pin down the spectral
type of both components one needs a �ux ratio between the two components in a
second wavelength.

A.2 Observations and data reduction

Data was acquired at the CHARA Array using PAVO instrument, as part of a YSO
proposal (see Appendix F). PAVO is a two-telescopes interferometer with thirty-height
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Table A.1: Observations made with PAVO, on June, 16 2015.

ID Target Time (mn) Azimuth (◦) Elevation (◦) Fringes Baseline (m)
tracked (s)

1 HD 204770 0.0 10.5 56.3 120 97.5696
2 MWC-361 6.5 4.5 55.9 120 103.0395
3 HD 204770 20.6 7.0 56.9 120 101.2664
4 MWC-361 26.8 1.1 56.1 120 105.3986
5 HD 204770 33.1 4.8 57.2 120 103.1152
6 MWC-361 41.2 358.7 56.1 36 106.5688
7 HD 197950 52.6 353.1 57.1 120 107.6437
8 MWC-361 59.3 355.7 55.9 120 107.4407
9 HD 204770 65.1 359.0 57.4 120 106.4188

wavelength channels between 0.63 and 0.881 µm (Ireland et al. 2008). The data was ac-
quired on June, 16 2015, after several other unfruitful and/or weathered-out observing
nights in 2013 and 2014.

The observation strategy for PAVO was designed to intertwine the science target
MWC-361 between two blocks on an interferometric calibrator, here HD 204770 and
HD 197950, as detailed in Table A.1. A technical issue while observing calibrator 2
(HD 197950) between acquisition ID 2 and 3, forced to fall-back to calibrator 1 (HD
204770). Di�culty to �nd and track fringes during the third observation of the science
target (ID 6) led to an earlier interruption of the integration (36 s of cumulated fringes
integration instead of 120 s), in order to keep the position angle diversity as low as
possible.

The MWC-361 binary at this date was expected to have an angular separation of
∼ 12 mas, at a position angle of ∼ 165◦. The measurement of the binary parameters
required the usage of a baseline of at least ∼ 10 m, ideally 20 m. However, using a
longer baseline would result in the measurement of not only the binary, but also of the
respective diameters of both companions. Such measurement is at the limit of PAVO
capabilities.

Indeed, while the target is bright in the IR, with a H band magnitude of 5.44, the
interstellar extinction causes the target to be much dimmer at PAVO wavelengths: a R
band magnitude of 6.8. This means in practice that the fringes will be harder to track,
leading to the necessity to stay longer on target. Figure A.1 shows the calibrated
data as a function of the spatial frequencies. One sees the typical �wave� pattern
arising from the binarity of the object. One important note is that this �wave� pattern
evolves very quickly with time because of sky rotation: one sees a �crest� wave-pattern
(position angles 1 and 3) and �trough� (position angles 2 and 4); the period is ∼ 35
mn.

All acquisitions on MWC-361 were time-boxed such that one either observes for
3 mn maximum (for minimal sky-rotation), or acquires 120 sec of �tracked� fringes
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Figure A.1: VIS2 data measured with PAVO, as a function of the spacial frequencies.
The third position angle acquired su�ered from high noise and calibration issue due
to the di�culty to �nd and track fringes during the data acquisition.

(i.e. when the fringe-tracker (precisely a group-delay for PAVO) is able to stabilize the
fringes on the detector, and the visibility measurement can be performed), whichever
is shortest. During the third acquisition, only 36 sec of tracked-fringes were acquired in
7 mn time. For this reason, the third position angle data is much noisier compared to
the others, see Figure A.1. It is discarded in the data-processing. Figure A.2 illustrates
the expected VIS2 values for the binary con�guration at the epoch of observation, as
a function of the (u,v) �eld; similarly to Figure A.1, it highlights the extreme timing
constraint on the acquisition.

The data processing was carried using the standard PAVO pipeline. The calibration
of MWC-361 was done using HD 204770 (spectral type B7, diameter Φ=0.198 mas) and
HD 197950 (A8, Φ=0.339 mas); diameters were obtained with SearchCal1, maintained
by the JMMC. These calibrators were chosen to be as close as possible in coordinates,
brightness and spectral type to MWC-361.

1http://www.jmmc.fr/searchcal_page.htm

http://www.jmmc.fr/searchcal_page.htm
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A.3 VIS2 modelling and spectral types

The maximum VIS2 values at 1.35 and 1.55 Mλ equals 0.8, see Figure A.1. They
correspond to the �envelope� of the oscillation signal due to the binary. This envelope
can be modelled in di�erent ways, and in all cases it is caused by either an over-resolved
structure (�at decrement envelope) or a marginally-resolved structure (top-part of a
�Gaussian�-like envelope).

The simplest unitary-model which can reproduce this decrement is a �at back-
ground value, i.e. a fully over-resolved structure introducing a constant VIS2 decre-
ment over the spatial frequencies of the data. In order to perform a preliminary
exploration, a simple model is used: it is composed of two point-sources in addition
to a constant background. The contrast ratio between each unitary-model is assumed
constant over the spectral range.

The initial hypothesis and �tting results are shown in Table A.2; the average and
RMS of residuals are 〈residuals〉=-0.04 and RMS(residuals)=1.007, respectively, see
Section 2.3.3. Figure A.3 shows the comparison between the VIS2 data, and the model
�tted. The fact that the red lines is the furthest from the data can be explained by 1)
calibration issues on the data, or 2) using a background unitary-model to account for
the VIS2 decrement, while the decrement is only ∼ 0.15 on the �crest� of the binary
wave recorded on the red line, i.e. not �at decrement. Hypothsis 1) is supported by
the fact that the red data records a �trough� of the binary wave, i.e. the detector was
measuring a �null� which created a very low photon-count on the detector; a VIS2
mis-calibration might have introduced a systematic e�ect.
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Table A.2: Initial (2PS+Back column) and black-body (2UD+Back) �t parameters
for MWC-361 spectroscopic binary.

Parameter Unit Range 2PS+Back. 2UD+Back.
Prim. Ang.Sep. mas � 0 * 0 *
Prim. PA ◦ � 0 * 0 *
Prim. CR Arb. Unit � 1 * 1 *
Prim. diam. mas � � 0.159±0.011 (3)

Prim. Te�. K � � 18600 *
Sec. Ang.Sep. mas [1,30] 11.82±0.04 11.83±0.05
Sec. PA ◦ [0,180] 165.2±0.2 (1) 165.2±0.2 (1)

Sec. CR FPrim/FSec [1,15] 1.98±0.09 (2) 1.97±0.08 (2)

Sec. diam. mas � � 0.155±0.019 (3)

Sec. Te�. K [9000,19000] � 13200+1000
900

Back. CR FPrim/FBack [1,15] 5.85±0.25 7.23±0.4
σsystematic � [0,0.1] 0.023±0.006 0.022±0.006
* : set values
(1) VIS2 degeneracy, 165.2◦ and 345.2◦ are both possible solutions, although
the orbital �tting in next section showed that only 165.2◦ is valid.
(2) VIS2 degeneracy, 1.98 and 1.98−1 are both possible solutions.
(3) Obtained from the e�ective temperature, R band total magnitude (extinction
corrected) and respective brightness of unitary models (i.e. contrast ratios),
assuming black-body behavior.
CR≡Contrast Ratio, ie. (relative �ux)−1. CR=Fprim/Fsec.

The binary parameters are determined with great precision, and are independent
of the particular choice of unitary-model which accounts for the max-VIS2 decrement.
However, assuming that the stars are unresolved by the data is not accurate. Indeed,
a rough approximation of the stellar diameters can be achieved using the known R
band magnitude of the target, the respective contrast ratio of the unitary models and
their e�ective temperatures, assuming a black-body behavior.

For this, one estimates the R band magnitudes of the primary and secondary stars
using Contrast Ratio (CR) into the relations:

Rmagprimary = Rmagobject − 2.5 ∗ np.log10
( 1

1 + CR−1
secondary + CR−1

back

)

Rmagsecondary = Rmagobject − 2.5 ∗ np.log10
( CR−1

secondary

1 + CR−1
secondary + CR−1

back

)
,

(A.1)

where Rmagobject is the total R band magnitude of the object, corrected for extinction
(2.2 mag in average within the R bandwidth, given Av =3.0 and Rv =5.0). One yields
∼ 0.15 mas for an e�ective temperature of 18600 K (primary) and ∼ 0.13 mas for 15000
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K (∼ secondary). The VIS2 decrement due to marginally resolving the photosphere
of both companion of is ∼ 0.05

The R band magnitude estimation requires to assume that the total R band �ux
arises solely from both companions and the �background�, i.e. that PAVO shows an
interferometric �eld of view larger than the object-extension. The background �ux in
R band may either be stellar �ux refracted by gas or dust, or high-temperature thermal
emission from dust; in both cases, for this background �ux to play a signi�cant role
in the total R band magnitude budget, the circumstellar material causing it must
be in the very close vicinity of the binary (e.g. the circumprimary disk located at
∼ 2-5 mas). Given that PAVO's interferometric �eld of view is Bλ 2/∆λ ∼ 74 mas,
assuming that the VIS2 data �sees� all of the R band �ux is an acceptable hypothesis,
and the inferred R band magnitudes of each component of the model are expected to
be well-constrained.

A new global-�t is performed, where the two companions are replaced by uni-
form disks. A black-body behavior is assumed for the stars, which states that their
magnitudes, apparent diameters and e�ective temperatures are mutually constrained.
Note that since the angular diameters are considered, the distance to the system is
marginalized and does not appear in the calculations. Their diameters are processed
as preliminary steps of each MCMC-iteration, using their �MCMC-proposed� contrast
ratio (i.e. respective brightness hence Rmag) and e�ective temperatures. Two hypoth-
esis are used in the �t: the expected total brightness in R band is 6.8 magnitudes (5.6
after correction for extinction), and the contrast ratio between the companions in H
band is 1.65±0.3 (John Monnier, private conversation).

The e�ective temperature of the primary is set to 18600 K (Alecian et al. 2008),
while the e�ective temperature of the companion is left free for �tting, together with
its angular separation, contrast ratio and position angle. The diameter of the two
uniform disks are also left free for �tting.

The initial hypothesis and results of the �tting are tabulated in Table A.2, and its
corner-plot is shown in Figure A.4. The average and RMS of residuals are 〈residuals〉=-
0.04 and RMS(residuals)=0.996, respectively, see Section 2.3.3. One sees that the
binary parameters are nearly identical to the exploratory model with two point-sources
and the background, and well within the exploratory model con�dence domains. The
black-body uniform-disk diameters are found to be 0.159±0.011 mas and 0.155±0.019
mas for the primary and secondary, respectively. Their radii are estimated to 5.5±1.0
R� and 5.3±1.1 R� given a distance of 320±51 pc.

According to this method, the spectral type of the binary is B7±1. This spectral
type estimate depends on several hypothesis:

• The primary e�ective temperature of 18600 K,

• The H band contrast ratio of Fprim/Fsec=1.65±0.3,

• The R band extinction-corrected magnitude of 5.4,
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• The fact that the brightest star in H band (primary) is also the brightest in R
band.
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Figure A.2: Expected VIS2 values (color-coded) of the spectroscopic binary system at
the epoch of observation, as a function of the (u,v) coordinates in meter (top and right
axes) or in spatial frequencies (bottom and left axes). The red curve shows the (u,v)
sampling as a function of time through the night as the sky rotates, for the central
wavelength of PAVO. The four red straight lines show the (u,v) sampling of a single
observation at a given time, with PAVO spectral dispersion. The red-end of PAVO
sensitivity (0.881 µm) samples lower spatial frequencies (i.e. (u,v) coordinates closer
to (0,0)); the blue-end (0.63 µm) samples higher spatial-frequencies (i.e. the outer end
of the red straight line). The time increment between two successive red lines is 20
mn. This �gure highlights the fact that the VIS2 value measured by PAVO on this
object varies on very short time-scale, and thus must be measured as fast as possible.
Image obtained with Aspro2 (JMMC, http://www.jmmc.fr/aspro_page.htm).

http://www.jmmc.fr/aspro_page.htm
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Figure A.3: MWC-361 VIS2 data (dots and error-bars) and the maximum-likelihood
model (lines) for the model made of 2 point-sources and a background; residuals span
±2.
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Figure A.4: Corner-plot of the �t for the model with two black-body uniform disks and a constant background. Refer to
Section 2.3.2 for how to read this graph.
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Table A.3: Astrometry positions used in the �t

MJD Sep (mas) PA (◦) Source
50981 17.9±2.60071827 2.7±9.6 Monnier06
51085 18.0±1.11305287 9.4±9.75 Monnier06
52811 11.9±4.3280936 73.0±14.84 Monnier06
52971 8.2±1.37182453 134.8±19.36 Monnier06
53162 11.4±1.21020537 171.6±12.96 Monnier06
53349 3.9±1.1414786 239.8±26.26 Monnier06
53545 12.8±0.81418582 348.3±8.8 Monnier06
57190 11.83±0.05 165.2±0.2 TW

A.4 Fitting of orbital parameters

The binary parameters obtained in the previous section are used in an orbital �tting
exercise, in addition to the astrometric measurement obtained by Monnier et al. (2006).
The binary positions are listed in Table A.3. The data spans ∼ 4.5 orbital period (6209
days, 17 years (exactly!)), since the �rst measurement on June, 17 1998. This enables
a substantial re�nement of the orbital parameters, even though only one data point is
added to the previous measurements.

Both position angles found in the VIS2 modelling (PA=165.2◦ and its point-
symmetry at PA=345.2◦) fall reasonably close to the known orbit, see Figure A.5:
none of these two locations can be a priori discarded. In order to remove the degener-
acy, two orbital �tting, one with each location, is performed, and the consistency of the
results is compared to the orbital parameters in the literature. While the PA=165.2◦

is fully compatible with the literature parameters and provides an improvement over
several values, the �t with PA=345.2◦ fails to converge. The degeneracy is solved; the
value PA=165.2◦ is adopted.

A �tting-code based on a MCMC-sampler (emcee library) is used, and allows to
�t directly the orbital parameters, namely the semi-major axis (a), the eccentricity
(e), the inclination (i), the argument at periapsis (w) and the ascending node (O).
The sixth and last independent orbital parameter �tted is called �d3M�: the distance
(in pc) to the cube divided by the total mass of the system (Mp+Ms) in M�. This
parameter is de�ned as:

T =
distance3

Mp +Ms
=
√
d3M × 10−9 × a3, (A.2)

where T is the orbital period in years and (a) the semi-major axis in mas. Using
this parametrization allows to marginalize the orbital period T, the time at periapsis
tperi and the distance, and combine them together with the total system-mass. This
approach however forbids the use of radial velocities data in the �t, which require
another orbital parametrization.
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Figure A.5: Sky chart of the astrometric positions, see Table A.3, and best-�t of the
orbital solution, see Figure A.6 and Table A.4. The black crosses are the astrometric
locations of the secondary star with respect to the primary and the yellow ellipses the
one-sigma error location. The red dots are the corresponding orbital locations from the
best-�t orbit (green line). The black triangle and dotted-line represent the periastron
of the orbit; the purple dot is the point-symmetry of the 17, June 2016 astrometric
location, for which the orbital �tting does not converge.

Figure A.6 shows the corner-plot of the result of the orbital �tting. Parameters
d3M and semi-major axis show a high correlation due to their intrinsic de�nition, see
Eqn. (A.2); other parameters are mostly independent from each-others. The new orbit
is found to be fully consistent with previous literature, see Table A.4, and brings further
improvements on the determination of the inclination, semi-major axis, eccentricity
and ascending node, and the con�rmation of Bisyarina et al. (2015) values for the
orbital period, time at periapsis and argument at periapsis.

From the �tted parameter d3M=3.95×106±0.33×106 and the distance d=320±51
pc, one can get back to the total system mass using Eqn. (A.2). It is estimated
to Mp+Ms=7.0+6.5

−2.3. This value is slightly lower than Benisty et al. (2013) (9.8 M�)
and Alecian et al. (2008) (9.2 M�), although consistent within the one-sigma con�dence
domains.

Applying the mass ratio of 1.23±0.08 (Benisty et al. 2013) yields Mp=3.85+3.6
−1.3

M� and Ms=3.15+2.9
−1.05 M� for the primary and secondary, respectively. One needs a
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distance of 335 pc � well within the distance con�dence level � to obtain a total system
mass of 9.5 M� and match previous literature values. One can say that the d3M value
�tted from astrometric position is fully consistent with the mass and distance estimates
of the MWC-361 system.
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Table A.4: Orbital parameters of MWC-361.

Symbol B15 B13 A08 M06 P04 TW
Method RV RV, lines Synth. spectrum Astrometry RV Astrometry
Period (days) T 1361.3±2.2 1433±17 1412±54 1377±25 1341±23 1360±9
Time at periapsis (JD)(1) tperi 49241±14 48962±55 48991±152 49152±90 49149±87 49217±35
Semi-major Axis (mas) a � 15.9±0.7 16±9 15.14±0.7 � 15.2±0.4
Inclination (◦) i � 66±7 48+17

−13 65±8 � 65.5±4.0
Eccentricity e 0.295±0.025 0.3±0.02 0.32±0.06 0.3±0.06 0.29±0.07 0.31±0.04
Argument at peri. (◦) ω 234±4 224±1 216±12 224±16 203±22 232±6
Ascending node (◦) Ω � -7.7±6 � -0.2±7.6 � -2±4
Mass ratio Mp/Ms 1.21 1.23±0.08 (0.81± 0.22)−1 � � �
Primary mass (M�) Mp 0.8 (3) 5.37±1.9 (3) 6.8±3.3 (3) � � 3.85+3.6

−1.3
(2)

Secondary mass (M�) Ms 0.7 (3) 4.4±1.7 (3) 5.5±2.8 (3) � � 3.15+2.9
−1.05

(2)

Total mass (M�) Mt=Mp+Ms 1.5 (3) 9.8±3.6 (3) 12.5±7 (3) � � 7.0+6.5
−2.3

B15=Bisyarina et al. (2015), B13=Benisty et al. (2013), A08=Alecian et al. (2008), M06=Monnier et al. (2006), P04=Pogodin
et al. (2004), TW=This Work
RV≡Radial Velocities
(1) JD-2400000
(2) Calculated with Mp/Ms=1.23±0.08
(3) Recalculated for i =66◦, given their respective mass ratio
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A.5 Perspectives

This work proposed a model to understand the LBI data on June, 16 2016 obtained
from PAVO at the CHARA Array observatory. It is composed of two black-body
uniform disks and a background �ux which accounts for the ∼ 0.2 VIS2 decrement and
binary wave signal encoded in the data. Is proposed a solution to the spectral types
of the two stars. This will allow a precise characterization of the stellar parameters,
including the age of the system. This will open a new window on the object, allowing
precise modelling of its complex structure and better understanding of why 1) only
the primary still shows a circumstellar disk, 2) the Hα emission on the scale of a few
AU and centered on the primary varying subsequently with the orbit.





Appendix B

Thoughts on Instrumentation

I have had the chance to work on instrumentation and observation proposals for the
�rst year and a half of my PhD, and actively took part in several engineering runs at
the SUBARU Telescope in Hawaii, and observing runs on the CHARA Array either
remotely or at the Mount Wilson Observatory, near Los Angeles. This work does not
�t in the dust-, planetary-formation- and disk-storyline of this manuscript; I include
it nonetheless in an appendix. Working on Vampires instrument (PI: Peter Tuthill,
concept and design: Barnaby Norris; refer to Appendix E for the description article), an
observing mode of the new Extreme AO system of the SUABRU Telescope, SCExAO.
I learnt that there are many ways to build an instrument right, but there is even more
possibilities to build it wrong. I witnessed and/or took part a few of them and will
report the essence of some lessons-learnt.

B.1 Big data handling

Most of the time, interferometry relies on short-exposures to freeze the turbulence:
this produces a lot of raw data. A typical 512*512 pixels detector produces 0.5 Mb
single-frames when the data is saved as unsigned 16-bits integers. A typical 20 ms
exposure-time setup will produce 180 000 frames per hour (usually stored in �cubes� of
several hundreds of frames), which corresponds to 88 Gb per hour. In these conditions
and including calibration and engineering tests during daylight, a successful observing
run � which generally spans several nights � generates at least 500 Gb of data per
night/day 24 hours period.

This raises the questions of storage and archival of data since most observatories
hold public data-archival services, and of the means to transfer this data to a faster
machine on which to perform the data-reduction.

Indeed, a consequence of the Zernike-Van Citter theorem stating that the visibility
of the fringes is linearly related to the Fourier transform of the fringes, see Eq. (2.15).
The direct consequence is that interferometric data requires heavy data-processing. A
Fast-Fourier-Transform (FFT) operation on a 512*512 pixel image takes ∼ 32 ms to
perform on a single CPU � longer than the typical integration time �. However the
FFT step is only one of the many steps of a long pipeline of data-reduction (bad pixel
and cosmic rejection, �at-�elding, rotation of image due to sky rotation, summation,
etc).

Moreover, this crude CPU-time estimation does not account for the human in-
tervention during data-reduction. This intervention is extremely necessary, especially



140 Appendix B. Thoughts on Instrumentation

in engineering, so that one can 1) check the quality of the data and make sure the
measurement is consistent, 2) control the correct processing of the data (no code is
bug-proof), 3) extract the required science or engineering outputs from the raw-data.

Interferometry produces a lot of raw data, on which the processing is extremely
cumbersome. Having a robust process and code to reduce the data is utmostly manda-
tory.

B.2 Code recipes

A �black-box pipeline� might be adequate for a mature instrument, where only one or
few di�erent observing modes are o�ered and a lot of data has already been processed
and published to compare and cross-check the consistency of any new data-cube being
processed. Such end-to-end pipeline is however not appropriate for any other case.

The Gemini Planet Imager (GPI) team talks about data-reduction �recipes where
each step of it � an �ingredient� � is an elementary operation on a frame, i.e. �at-
�elding, correcting dispersion, rotating, etc. Each of these elementary steps is coded
into a function taking inputs and outputs that are standardized, hence recognized and
understood by other elementary steps functions.

This approach combines the short-term needs of the engineering phase, when the
processing of the data requires a lot of �exibility and trial-and-error, and the long-
term coding of a pipeline which re-uses of the elementary �ingredient� functions in the
adequate order. There might be a small overhead of creating functions rather than
copy-pasting bits of code in a kilometer-long script, however this rather small time
invested in (half-decent) coding will pay o� as soon as the kilometer-long script needs
to be modi�ed to cover another processing need.

Another utmostly necessary everyday tool, is code version control. Developing
the control-software of an instrument, or its processing �ingredients�, is a complex
and time-consuming task, which is often shared between several people, and several
computers. During an engineering run, many IT issues arise and one often need to
reboot, re-install, or swap computers to perform new tests. Being able to try di�erent
versions of the same code, reverting to an earlier version, developing new features
without breaking the latest stable version, merging the contributions of several people,
or easily importing the code on a fresh install or computer are among the daily tasks
of a instrumentation scientist, for which version control is critical.

Many di�erent systems exist, such as Git, SVN, Mercurial, etc. Git is a recent yet
fully-featured system, which brings key bene�ts over others. First, it is decentralized,
meaning that the Git system will still be able to save, merge or create branches if
the developer is, e.g., sitting on a plane without internet access. Second, it is in
essence optimized for branching and merging, whereas SVN best works for a single
incremental version of a code. Finally, it comes with countless logistic advantages,
such as 1) automated (de-)registering of (deleted) new �les, 2) simple and powerful
�le-ignoring rules and the possibility to have user-speci�c ones (vs. team-global one),
3) a �clean� command to optimized branch-memory usage, etc.
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B.3 Information management

The data-reduction requires to know many acquisition parameters (e.g. timestamp,
integration time, camera gain, instrument mode, �lter wheel position, focus, etc) as
well as some telescope or observatory parameters (RA-DEC, airmass, �eld de-rotators,
weather conditions, etc). For many obvious clarity and robustness reasons, these
critical acquisition parameters must lie in the same �le as the data they correspond
to, not a separate text- or log-�le. However, some camera sofware development kits do
not allow the instrument control-program to take over the recording of a frame, and
its saving to the disk. This makes it in practice impossible to add such acquisition
parameters in the header of the data before it is saved to the disk.

B.3.1 Headers of FITS

The code snippet below takes advantage of the FITS library of Python language,
which do not require to read the whole existing �le to append data to it: it
adds the acquisition parameters at the end of the �le, once it has already been
saved. This code is able to append 100 acquisition parameters in the form of
PARAM_i: value_i / comment_i into a 800 Mb data-�le in 60±15 ms time. It

can be used both as a Python function, or as a command-line bash script. The raw
data is usually recorded as a cube of hundreds of single frames, meaning that only
one �le every many seconds is generated; under these conditions, the processing time
needed to add the acquisition parameters to a data-�le is negligeable.

Usage in bash command-line (provided that the �le �add�tsheader� containing the
code is in the PATH):
>>> addfitsheader ./datafile.fits "TARGET:IRS-48&TINT:60&GAIN:12& \

TEMP:-34:Temperature of the Camera"

or
>>> addfitsheader ./datafile.fits TARGET:IRS-48 TINT:60 GAIN:12 \

"TEMP:-34:Temperature of the Camera"

Usage in Python:
>>> addfitsheader("./datafile.fits", "TARGET:IRS-48& \

TINT:60&GAIN:12&TEMP:-34:Temperature of the Camera")

or
>>> addfitsheader("./datafile.fits", ['TARGET:IRS-48', \

'TINT:60', 'GAIN:12', 'TEMP:-34:Temperature of the Camera'])

#!/ usr /bin /env python

from numpy import array
try :
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from astropy . i o . f i t s import open , PrimaryHDU , Header
except ImportError :

from py f i t s import open , PrimaryHDU , Header

de f _number( s ) :
t ry :

r e turn f l o a t ( s ) i f ' . ' in s e l s e i n t ( s )
except :

r e turn s

de f add f i t sh eade r ( f i l ename , args , CARDsep='& ' , VALsep= ' : ' ) :
""" args ~ 'CARD: va l : comment 1&CARD2: va l2 : comment 2& . . . ' " ""
f l n = open ( f i l ename , mode='append ' )
hd = [ ]
i f not ha sa t t r ( args , "__iter__") : args = args . s p l i t (

CARDsep)
f o r item in args :

dum = ( item + VALsep∗2) . s p l i t (VALsep)
hd . append ( (dum [ 0 ] . s t r i p ( ) . upper ( ) , _number(dum [ 1 ] .

s t r i p ( ) ) , dum [ 2 ] . s t r i p ( ) ) )
f l n . append (PrimaryHDU( data=array ( [ 0 ] ) , header=Header (hd) ) )
f l n . f l u s h ( )

i f __name__ == '__main__' :
from sys import argv
add f i t sh eade r ( f i l ename=argv [ 1 ] , a rgs=argv [ 2 : ] )

B.3.2 Logging

Telescope systems (pointing, weather conditions, AO, etc) broadcast their status into
logs. While acquisition parameters are set by the observer and can be recorded only
once per data-cube, a lot of planned and un-planned events can happen during the
acquisition of a cube. A logging system is among the very �rst things an instrument
should implement, particularly in the engineering phase where the occurence of un-
planned events is far larger than that of planned ones. This is particularly relevant
for instruments which provide simultaneous observing modes such as SCExAO, that
may send interfering or even clashing commands. Such information is critical when
processing data as it gives clues on why and how some frames might look inconsistent
or noisier.

The code snippet below provides a simple and robust system-wide logging mecha-
nism for both control-software and human-comments; it was implemented on SCExAO
in its engineering phase. It is based on three bash script (two for writing, one for
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reading) which accept input paramters; they should be called from within the control-
softwares or used by observers to log the status of their observing.

Bash scripts I developed, which implement a simple and robust system-wide logging
mechanism for both control-software and human-comments. Each log entry takes ∼ 20
ms to write; it should not be used for high-frequency logging. For robustness and safety
reasons, the script checks the existence of the folder and log �le for each entry, and
creates them if they do not exist. The script could be slightly fastened by removing
these checks, however this would defeat the purpose of having a fully-robust logging
mechanism.

The user needs to de�ne a base-folder for the logging, using
logdir=/path/to/the/logging/folder/.
The script will create a subfolder �YYYYMMDD� (base on UT time) within this
logging-folder, in which to record the logs. When creating a log-entry, one must give
two input paramters: the text to log, and the logging-key, i.e. the system from which
originates the log-line (control-software of the instrument, human-comment, controle-
software of AO, etc). The logging-key is limited to 10 characters. The log-line will be
stored in
/path/to/the/logging/folder/YYYYMMDD/logging-key.log,
together with a date and timestamp in the format
YYYY/MM/DD HH:MM:SS.SSSSSSSSS key log-line.
The logging-key is added to the log-�le so that log-�les can be concatenated together
and sorted on timestamp without loosing the information on the system from which
the log-line originates.

The main logging script is logdo which takes two parameters: the logging-key and
the log-line. A convenience script log is provided for the human-comments, it takes
only one parameter: the log-line; the logging-key is forced to �human� (hence, then
human-comments are stored in �human.log�). A script to display the logs in real-time,
logdisp, takes one input parameter: the logging-key, which points to the log-�le to
eavesdrop. These scripts shall obvisouly be in the PATH of the machine where they
are called.

Usage of log
>>> log This is a log-line that will end in human.log

Will produce the line:
2016/07/14 10:17:58.586123044 human This is a \

log-line that will end in human.log

in the human.log �le.

Usage of logdo
>>> logdo camera Taking a pretty image

Will produce the line:
2016/07/14 10:21:05.167564497 camera Taking a pretty image

in the camera.log �le.
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Usage of logdisp
>>> logdisp camera

Will print:
10:21:05 -Taking a pretty image
and stay on hold, ready to print further log-lines as they are recorded to the
camera.log �le. Note that
>>> logdisp *

will print the log-lines for all logs.

Content of �le logdo:

#!/bin /bash
l o g d i r=/path/ to / the / l ogg ing / f o l d e r /$ ( date −u +'%Y%m%d ' )
mkdir −p $ l o gd i r
touch $ l o gd i r /$1 . l og | | e x i t
t o l og=$ ( echo ${@:2} | sed −e " s / / /")
p r i n t f "%s %−10s %s \n" "$ ( date −u +'%Y/%m/%d %H:%M:%S.%N' ) " "

$1" " $ to l og " >> $ l o gd i r /$1 . l og

Content of �le log:

#!/bin /bash
logdo human "$@"

Content of �le logdisp:

#!/bin /bash
l o g d i r="/home/ gschworer /$ ( date −u +'%Y%m%d ' ) "
i f [ $# −eq 0 ] ;
then f i l e d i s p="$ l o gd i r /human . l og "
e l s e f i l e d i s p="$ l o gd i r /$1 . l og "

f i
t a i l −q −f $ f i l e d i s p | sed −e " s /[0−9/]∗ / ` p r i n t f "\033[33m

" ` / ; s /\ . [0−9]∗ [ a−zA−Z0−9]∗ ∗/ ` p r i n t f "\\033[0m − \\033[34m
" ` / ; s /$ / ` p r i n t f "\\033[0m" `/"
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Figure B.1: Screenshot of the Vampires quickview software. Top-left panel relates
to paths, ssh access and �le-�lters. Top-right panel shows the list of data-�les, it is
eavesdropping the folder where the data is being saved. Middle-right panel relates
to display and quick-processing options. Bottom-right panel shows the quickview log.
Bottom-left panel shows single-frames; this image shows two interference patterns
because of the use of a wollaston prism, in order to measure polarization.

B.4 Quickviewing

A software allowing the instrumentalist to preview the data acquired, measure statistics
on it, and apply basic data-reduction routines is necessary to perform so-called �sanity
check� on the data, while it is acquiring. This is especially true for interferometric
data which is highly-structured, hence not directly understandable, unlike a classical
image, and needs some pre-processing before being human-analyzed. Without it, the
observer is blind to issues that may compromise a large slice of data if not immediately
detected and �xed. Additionally, with the help of logs, a quickview software provides
some statistics on the frames in order to diagnose the origin of the problem.

Figure B.1 shows the quickview software I developed in Python during my instru-
mental work of the �rst half of my PhD. It automatically checks for new data-cubes
and performs simple operations on them, such as calculate the power-spectrum, or the
statistics (see Figure B.2). On this latter Figure, one sees on the FWHM bottom-left
sub-plot that the FWHM value undergoes a cyclic drift of period ∼ 1 sec. This was
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Figure B.2: Statistics on a data-cube calculated by the quickview program. All plots
show a parameter as a function of the frame number in the data-cube (or as a function
of time, given the integration time of 18 ms per frame). Top- and middle-left plots
show the displacement in x, y and d=

√
x2 + y2 of both interferograms (see bottom-left

panel on Figure B.1). Bottom-left plot shows the FWHM of each blob. Bottom-right
plot shows the background mean and standard deviation values. Top-right and middle-
right plots show the sum and max of the frame after background removal.
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found to correspond to the calibration of the deformable mirror of the extreme-AO
system, which required to imprint shapes on the deformable mirror such that the PSF
reference star splits in a varying amount of speckles. During this calibration phase,
taking any data is worthless (apart from the deformable mirror calibration data).





Appendix C

MCFOST input �le

Example of a MCFOST input-�le.

2 .20 mcfost v e r s i on

#Number o f photon packages
20000.0 nbr_photons_eq_th : T computation
5e2 nbr_photons_lambda : SED computation
20000.0 nbr_photons_image : images

computation

#Wavelength
450 0 .05 3000 .0 n_lambda , lambda_min , lambda_max [

mum] Do not change t h i s l i n e un l e s s you know what you are
doing

T T T compute temperature ? , compute sed ? , use d e f au l t
wavelength g r id f o r ouput ?

IMLup . lambda wavelength f i l e ( i f p r ev ious parameter i s
F)

F F sepa ra t i on o f d i f f e r e n t c on t r i bu t i on s ? , s t oke s
parameters ?

#Grid geometry and s i z e
1 1 = c y l i n d r i c a l , 2 = sphe r i c a l , 3 = Voronoi

t e s s e l a t i o n ( t h i s i s in beta , p l e a s e ask Christophe )
150 100 1 10 n_rad ( l og d i s t r i b u t i o n ) , nz ( or

n_theta ) , n_az , n_rad_in

#Maps
601 601 <img_au> gr id (nx , ny ) , s i z e [AU]
18 1 1 MC : N_bin_incl , N_bin_az
50 .3 50 .3 1 F RT: imin , imax , n_incl , c ente red

?
0 0 1 RT: az_min , az_max , n_az ang l e s
121 .0 d i s t anc e ( pc )
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2 .0 d i sk PA

#Sca t t e r i ng method
0 0=auto , 1=gra in prop , 2= c e l l prop
1 1=Mie , 2=hg (2 imp l i e s the l o s s o f

p o l a r i z a r i o n )

#Symetr ies
T image symmetry
T c en t r a l symmetry
T ax i a l symmetry ( important only i f N_phi

> 1)

#Disk phys i c s
1 0 .0 1 .0 dus t_se t t l i ng (0=no s e t t l i n g , 1=parametric

, 2=Dubrulle , 3=Fromang ) , exp_strat , a_strat ( f o r
parametr ic s e t t l i n g )

F dust r a d i a l migrat ion
F subl imate dust
F hydos ta t i c equ i l i b r i um
F 0 .8 v i s c ou s heat ing , a lpha_v i s co s i ty

#Number o f zones : 1 zone = 1 dens i ty s t r u c tu r e +
correspond ing gra in p r op e r t i e s

3

#Density s t r u c tu r e
1 zone type : 1 = disk , 2 = tappered−

edge disk , 3 = envelope , 4 = deb r i s disk , 5 = wal l
8e−10 10 .0 dust mass , gas−to−dust mass r a t i o
14 60 .0 2 s c a l e height , r e f e r e n c e rad iu s (AU) ,

unused f o r envelope , v e r t i c a l p r o f i l e exponent ( only f o r
d eb r i s d i sk )

1 0 50 300 Rin , edge , Rout , Rc (AU) Rc i s only used
f o r tappered−edge & deb r i s d i s k s (Rout s e t to 8∗Rc i f
Rout==0)

1 .3 f l a r i n g exponent , unused f o r enve lope
−1 −1 su r f a c e dens i ty exponent ( or −gamma

f o r tappered−edge d i sk or volume dens i ty f o r enve lope ) ,
u sua l l y < 0 , −gamma_exp ( or alpha_in & alpha_out f o r
d eb r i s d i sk )

1 zone type : 1 = disk , 2 = tappered−
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edge disk , 3 = envelope , 4 = deb r i s disk , 5 = wal l
1e−05 100 .0 dust mass , gas−to−dust mass r a t i o
14 60 .0 2 s c a l e height , r e f e r e n c e rad iu s (AU) ,

unused f o r envelope , v e r t i c a l p r o f i l e exponent ( only f o r
d eb r i s d i sk )

30 .0 0 .5 100 .0 300 Rin , edge , Rout , Rc (AU) Rc i s only
used f o r tappered−edge & deb r i s d i s k s (Rout s e t to 8∗Rc
i f Rout==0)

1 .3 f l a r i n g exponent , unused f o r enve lope
−1 −1 su r f a c e dens i ty exponent ( or −gamma

f o r tappered−edge d i sk or volume dens i ty f o r enve lope ) ,
u sua l l y < 0 , −gamma_exp ( or alpha_in & alpha_out f o r
d eb r i s d i sk )

1 zone type : 1 = disk , 2 = tappered−
edge disk , 3 = envelope , 4 = deb r i s disk , 5 = wal l

8e−12 100 .0 dust mass , gas−to−dust mass r a t i o
14 60 .0 2 s c a l e height , r e f e r e n c e rad iu s (AU) ,

unused f o r envelope , v e r t i c a l p r o f i l e exponent ( only f o r
d eb r i s d i sk )

0 . 4 0 1 .0 300 Rin , edge , Rout , Rc (AU) Rc i s only used
f o r tappered−edge & deb r i s d i s k s (Rout s e t to 8∗Rc i f

Rout==0)
1 .3 f l a r i n g exponent , unused f o r enve lope
−1 −1 su r f a c e dens i ty exponent ( or −gamma

f o r tappered−edge d i sk or volume dens i ty f o r enve lope ) ,
u sua l l y < 0 , −gamma_exp ( or alpha_in & alpha_out f o r
d eb r i s d i sk )

#Cavity : everyth ing i s empty above the su r f a c e
F cav i ty ?
15 . 50 . height , r e f e r e n c e rad iu s (AU)
1 .5 f l a r i n g exponent

#Grain p r op e r t i e s
2 Number o f s p e c i e s
Mie 1 1 0 .0000 0 .5 0 .0000
PAHionProDiMo . dat 1
2
0.000487 0.000487 3.50000 1

Mie 1 1 0 .0000 0 .5 0 .0000
PAHneuProDiMo . dat 1
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2
0.000487 0.000487 3.50000 1

1 Number o f s p e c i e s
Mie 2 1 0 1 .0 0 .9 Grain type (Mie or DHS) , N_components ,

mixing ru l e (1 = EMT or 2 = coat ing ) , poros i ty , mass
f r a c t i on , Vmax ( f o r DHS)

d l s i_opct . dat 0 .7 Opt ica l i n d i c e s f i l e , volume f r a c t i o n
ac_opct . dat 0 .3 Opt ica l i n d i c e s f i l e , volume f r a c t i o n
1 Heating method : 1 = RE + LTE, 2 = RE +

NLTE, 3 = NRE
0.03 2000 .0 3 .5 100 amin , amax [mum] , aexp , n_grains (

l og d i s t r i b u t i o n )

1 Number o f s p e c i e s
Mie 2 1 0 1 .0 0 .9 Grain type (Mie or DHS) , N_components ,

mixing ru l e (1 = EMT or 2 = coat ing ) , poros i ty , mass
f r a c t i on , Vmax ( f o r DHS)

d l s i_opct . dat 0 .01 Opt ica l i n d i c e s f i l e , volume f r a c t i o n
ac_opct . dat 0 .99 Opt ica l i n d i c e s f i l e , volume f r a c t i o n
1 Heating method : 1 = RE + LTE, 2 = RE +

NLTE, 3 = NRE
0.03 30 .0 3 .5 100 amin , amax [mum] , aexp , n_grains ( l og

d i s t r i b u t i o n )

#Molecular RT s e t t i n g s
T T T 15 . lpop , laccurate_pop , LTE, p r o f i l e width

(km. s^−1)
0 .2 v_turb ( de l t a )
1 nmol
co@xpol . dat 6 molecu lar data f i l ename , level_max
10 .0 200 vmax (km. s^−1) , n_speed
T 1 . e−6 abundance . f i t s . gz c s t molecule abundance ? ,

abundance , abundance f i l e
T 3 ray t r a c i ng ? , number o f l i n e s

in ray−t r a c i ng
1 2 3 t r a n s i t i o n numbers

#Star p r op e r t i e s
1 Number o f s t a r s
9250 .0 1 .8 2 .0 0 .0 0 .0 0 .0 F Temp, rad iu s ( s o l a r rad iu s ) ,M

( s o l a r mass ) , x , y , z (AU) , i s a blackbody ?
Kurucz9250 −3.5 . f i t s . gz
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0 .0 2 .2 fUV , slope_fUV





Appendix D

Sparse-Aperture Masking @ Home

At the end of the building 5 in Observatoire de Paris, one �nds a 10 m dome built in
the 1930es, see Figure D.1. The 60 cm Schmidt telescope inside is on an equatorial
mount; it can be used through the Astronomical Association1 of the Observatoire de
Paris.

I initiated a Sparse-Aperture Masking project within this association. The aim
was to reproduce such masking experiment as amateur astronomer, with the most
limited means. The camera used is a Nikon D3200 with 6016×4000 photosites, each
being a square of 3.85 µm. Like all color DSLR, it has a Bayer Matrix in order to
recover the color information for the �usual use�, see Figure D.2. This 6016×4000
pixels camera (24 Mpx) only has 6 Mpx sensitive to red, 6 Mpx to blue and 12 Mpx
to green. The illusion of �color� is only created in (automatic) post-processing of the
raw image. However, this is an issue with interferometry, because each pixel will be
alternatively sensitive to blue, green or red. Fringes being wavelength-dependent, the
�nal �color-interpolated� image would be nothing more than a wavelength smear.

In order to overcome this issue, we read images as �raw� �les, where each photosite
photon-count is accessible separately, and generate four di�erent images: a red, blue,
and two green �monochromatic� layers, which can be processed separately. In some
ways, the Bayer matrix replaces here the need for a monochromatic �lter.

Given the focal length of 9 m, and the photosite size of 3.85*2 µm (*2 because
only one photosite every two is sensitive to a given wavelength), one can not properly
sample baselines longer than 23 cm for wavelengths of 0.42 µm. This prevents us from
using the full 60 cm aperture of the telescope. We decide to discard the blue layer of
the Bayer matrix (blue wavelengths are also more a�ected by turbulence), and work
with the green and red layers only; this gives us the possibility to sample baselines
up to 28 cm. In order to use the full aperture of the telescope, one would need to
use a black and white camera with a pixel size of ∼ 4 µm, and use an additional
monochromatic �lter to avoid a too large bandwidth smearing.

First, a mapping of the defaults of the primary was achieved, with the main con-
clusion that pigeons should not be allow in the dome. A �ve-holes mask is designed
(see Table D.1) such that the longest baseline is within the 28 cm limit, and that all
the holes fall on a usable area of the optics, see Figure D.3.

The mask is mounted in front of the telescope using the spider of the secondary
mirror. The size of the holes is set to 2.5 cm as being a trade-o� between sensitivity
and spatial coherence of the light.

1http://clubastro.obspm.fr/

http://clubastro.obspm.fr/
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x (cm) y (cm)
0 0
0 -6
-5.19 -3
-5.19 9
5.19 9

Table D.1: Holes coordinates for the �ve holes mask.

Figure D.5 shows the PSF of the mask (focused) where on sees the �rst Airy ring,
and unfocused where one sees the �ve holes of the mask creating fringes in their Airy
rings. One notices here the chromaticity of fringes and speckles.

An sequence is acquired, with maximum ISO and an integration time of 20 ms
(1/50e). The post-processing consists of reading the raw frames, splitting the Bayer
matrix layers, and adding the modulus of the Fourier Transform of each layer, in order
to display a power-spectrum. Figure D.6 shows a comparison between the measure
power-spectrum of Vega, and the theoretical one.

One sees that most spatial frequencies are visible on the measured power-spectrum.
A slight elongation of the spots suggests bandwidth smearing � the green �ler of the
Bayer matrix has a bandwidth ∼ 0.15 µm �. A visibility loss as baseline increases
suggests a bad focusing or a high turbulence. Dispersion (i.e. higher visibility loss
on a speci�c direction) is also visible; indeed, at this time and date, the target was
at ∼ 50◦ elevation. Given the dynamic range between the central spot and the other
ones compared to the theoretical power-spectrum, one can suppose that turbulence
dramatically a�ected the observation. As a reference value, an aperture size of 2.5 cm
produces ∼ 10% of visibility loss for r0 =15 cm.

The next step would be to 1) use a black and white camera with higher quantum
e�ciency in order to be able to sample baselines up to 60 cm (although this defeats
the purpose of doing SAM with the most limited means), and 2) observe a binary star
and try to measure the binary parameters, although a �rst check in the Washington
Double-Star catalog displayed only a few possible targets, due to sensitivity constraints.
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Figure D.1: Dome and telescope �Table equatoriale� by night, with Orion constellation,
and light pollution from Paris.

Figure D.2: Bayer matrix, which illustrates that all �pixels� (here called �photosite�)
of a DSLR are not sensitive to all colors.
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Figure D.3: Five holes mask design (black disks) and usable area of the optics (red).
One sees the spiders and the secondary mirror.
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Figure D.4: Mask mounted behind the spider of the secondary mirror, and made of
simple cardboard. This mask is a prototype of a 6-holes mask.
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Figure D.5: PSF and non-focused PSF showing the separate mask holes.

Figure D.6: Measured (left) and theoretical (right) power spectrum of the mask. The
central spot of the measure was arti�cially removed in order to reduce the dynamical
range of the image.
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ABSTRACT

The Subaru Coronagraphic Extreme Adaptive Optics (SCExAO) instrument is a multipurpose high-
contrast imaging platform designed for the discovery and detailed characterization of exoplanetary
systems and serves as a testbed for high-contrast imaging technologies for ELTs. It is a multi-band
instrument which makes use of light from 600 to 2500 nm allowing for coronagraphic direct exoplanet
imaging of the inner 3 λ/D from the stellar host. Wavefront sensing and control are key to the
operation of SCExAO. A partial correction of low-order modes is provided by Subaru’s facility adap-
tive optics system with the final correction, including high-order modes, implemented downstream
by a combination of a visible pyramid wavefront sensor and a 2000-element deformable mirror. The
well corrected NIR (y-K bands) wavefronts can then be injected into any of the available corona-
graphs, including but not limited to the phase induced amplitude apodization and the vector vortex
coronagraphs, both of which offer an inner working angle as low as 1 λ/D. Non-common path, low-
order aberrations are sensed with a coronagraphic low-order wavefront sensor in the infrared (IR). Low
noise, high frame rate, NIR detectors allow for active speckle nulling and coherent differential imaging,
while the HAWAII 2RG detector in the HiCIAO imager and/or the CHARIS integral field spectro-
graph (from mid 2016) can take deeper exposures and/or perform angular, spectral and polarimetric
differential imaging. Science in the visible is provided by two interferometric modules: VAMPIRES
and FIRST, which enable sub-diffraction limited imaging in the visible region with polarimetric and
spectroscopic capabilities respectively. We describe the instrument in detail and present preliminary
results both on-sky and in the laboratory.
Subject headings: Astronomical Instrumentation, Extrasolar Planets
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1. INTRODUCTION

The field of high-contrast imaging is advancing at
a great rate with several extreme adaptive optics sys-
tems having come online in 2014, including the Gemini
Planet Imager (GPI) (Macintosh 2014), the Spectro-
Polarimetric High-contrast Exoplanet REsearch instru-
ment (SPHERE) (Beuzit et al. 2008), and the focus of
this work, the Subaru Coronagraphic Extreme Adaptive
Optics (SCExAO) system which join the already running
P1640 (Dekany et al. 2013). These systems all share a
similar underlying architecture: they employ a high order
wavefront sensor (WFS) and a deformable mirror (DM)
to correct for atmospheric perturbations enabling high
Strehl ratios in the near-infrared (NIR) (> 90%), while a
coronagraph is used to suppress on-axis starlight down-
stream. The primary motivation for such instrumenta-
tion is the direct detection of planetary mass companions
at contrasts of 10−5–10−6 with respect to the host star,
at small angular separations (down to 1–5 λ/D) from the
host star.

The era of exoplanetary detection has resulted in
∼ 1500 planets so far confirmed (Han et al. 2014).
The majority of these were detected via the transit
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technique with instruments such as the Kepler space
telescope (Borucki et al. 2010). The radial velocity
method (Mayor & Queloz 1995) has also been prolific
in detection yield. Both techniques are indirect in na-
ture (the presence of the planet is inferred by its effect
on light from the host star) and hence often deliver lim-
ited information about the planets themselves. It has
been shown that it is possible to glean insights into at-
mospheric compositions via techniques such as transit
spectroscopy (Charbonneau 2001), whereby star light
from the host passes through the upper atmosphere of
the planet as it propagates to Earth, albeit with limited
signal-to-noise ratio. The ability to directly image plan-
etary systems and conduct detailed spectroscopic analy-
sis is the next step towards understanding the physical
characteristics of their members and refining planetary
formation models.

To this end, so far < 50 substellar companions have
been directly imaged (see Fig. 3 in (Pepe et al. 2014)).
The challenge lies in being able to see a companion, many
orders of magnitude fainter, at very small angular sepa-
rations (< 1”), from the blinding glare of the host star.
Indeed, the Earth would be > 109× fainter than the
sun if viewed from outside the solar system in reflected
light. Although these levels of contrast can not be over-
come from ground based observations at small angular
separations (< 0.5”), it is possible to circumvent this
by imaging the thermal signatures instead and targeting
bigger objects. Indeed, all planets imaged thus far were
large Jupiter-like planets (which are brightest) detected
at longer wavelengths (in the near-IR H and K-bands and
the mid-IR L and M-bands) in thermal light (a subset of
detections include (Kraus & Ireland 2012; Lagrange et
al. 2009; Marois et al. 2008)). To overcome the glare
from the star which results in stellar photons swamping
the signal from the companion, adaptive optics systems
(AO) are key (Lagrange et al. 2009). Although angular
differential imaging is the most commonly used technique
for imaging planets thus far (Marois et al. 2008), coro-
nagraphy (Lafreniere et al. 2009; Serabyn et al. 2010a)
and aperture-masking interferometry (Kraus & Ireland
2012) have also been used to make detections. With

the direct detection of the light from the faint compan-
ion itself, spectroscopy becomes a possibility and indeed
preliminary spectra have been taken for some objects as
well (Barman et al. 2011; Oppenheimer et al. 2013).

In addition to planetary spectroscopy, how disks evolve
to form planetary systems is a key question that re-
mains unanswered. Thus far coronographic imagers like
HiCIAO at the Subaru Telescope have revealed intri-
cate features of the inner parts of circumstellar disks us-
ing polarization differential imaging (under the SEEDS
project (Tamura et al. 2009)). These solar-system
scale features include knots and spiral density waves
within disks like MWC758 and SAO 206462 (Grady et
al. 2013; Muto et al. 2012). How such features are
affected by or lead to the formation and evolution of
planets can only be addressed by high-contrast imag-
ing of the inner parts (up to 15 AU from the star) of
such disks. To address the lack of information in this
region, high-contrast imaging platforms equipped with
advanced wavefront control and coronagraphs are push-
ing for smaller inner working angles (IWA). In the limit
of low wavefront aberrations, currently achieved with AO

systems operating in the near-IR, coronagraphs are the
ideal tool for imaging the surrounding structure/detail as
they are unrivaled in achievable contrast. Both the con-
trast and IWA are dependent on the level of wavefront
correction available. With wavefront corrections typi-
cally offered by facility adaptive optics (AO) systems on
5–10 m class telescopes (∼ 30 − 40% in H-band) pre-
vious generations of coronagraphic imagers, such as the
Near-Infrared Coronagraphic Imager, NICI on the Gem-
ini South telescope (Artigau 2008) were optimized for an
IWA of 5−10 λ/D. However, with extreme AO (ExAO)
correction offering high Strehl ratio and stable point-
ing, GPI and SPHERE have been optimized for imag-
ing companions down to angular separations of ∼ 3 λ/D
(> 120 mas in the H-band). SCExAO utilizes several
more sophisticated coronagraphs including the Phase In-
duced Amplitude Apodization (PIAA) (Guyon 2003)
and vector vortex (Mawet et al. 2010), which drive the
IWA down to just below 1λ/D. At a distance of 100 pc,
the PIAA/vortex coronagraphs on SCExAO would be
able to image from 4 AU outwards (approximately the
region beyond the orbit of Jupiter). Further, in the case
of the HR8799 system the IWA would be 1.6 AU (the dis-
tance of Mars to our Sun) making it possible for SCExAO
to image the recently hypothesized 5th planet at 9 AU
(mass between 1-9 Jupiter masses) (Gozdziewski & Mi-
gaszewski 2014) if it is indeed present as predicted.

Despite the state-of-the-art IWA offered by these coro-
nagraphs in the near-IR, the structure of disks and the
distribution of planets at even closer separations than
1 λ/D will remain inaccessible with coronagraph tech-
nology alone. This scale is scientifically very interesting
as it corresponds to the inner parts of the solar system
where the majority of exoplanets have been found to date
based on transit and radial velocity data (Han et al.
2014). To push into this regime SCExAO uses two vis-
ible wavelength interferometric imaging modules known
as VAMPIRES (Norris et al. 2012) and FIRST (Huby
et al. 2012). VAMPIRES is based on the powerful
technique of aperture masking interferometry (Tuthill et
al. 2000), while FIRST is based on an augmentation of
that technique, known as pupil remapping (Perrin et al.
2006). Operating in the visible part of the spectrum, the
angular resolution of these instruments on an 8-m class
telescope approaches a territory previously reserved for
long baseline interferometers (15 mas at λ = 700 nm)
and expands the type of target that can be observed to
include massive stars. Although the modules operate
at shorter wavelengths where the wavefront correction is
of a lower quality, interferometric techniques allow for
sub-diffraction limited imaging (10 mas resolution using
λ/2D criteria as conventionally used in interferometry)
even in this regime, albeit at lower contrasts (∼ 10−3),
making optimal use of the otherwise discarded visible
light. Despite the lower contrasts aperture masking in-
terferometry has already delivered faint companion de-
tections at unprecedented spatial scales (Kraus & Ireland
2012). Each module additionally offers a unique capabil-
ity. For example the polarimetric mode of VAMPIRES is
designed to probe the polarized signal from dusty struc-
tures such as disks around young stars and shells around
giant stars (Norris et al. 2012, 2015) at a waveband where
the signal is strongest. This is a visible analog of that
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offered by the SAMPol mode on the NACO instrument
at the VLT (Lenzen et al. 2003; Norris et al. 2012;
Tuthill et al. 2010). FIRST on the other hand offers the
potential for broadband spectroscopy and is tailored to
imaging binary systems and the surface features of large
stars. Such capabilities greatly extend SCExAO beyond
that of a regular ex-AO facility.

Finally, with a diffraction-limited point-spread-
function (PSF) in the near-IR, and a large collecting
area, SCExAO is ideal for injecting light into fiber fed
spectrographs such as the Infrared Doppler instrument
(IRD) (Tamura et al. 2012). In addition, this forms the
ideal platform for exploring photonic-based technologies
such as photonic lanterns (Leon-Saval et al. 2013) and
integrated photonic spectrographs (Cvetojevic et al.
2012) for next generation instrumentation.

The aim of this publication is to outline the SCExAO
instrument and its capabilities in detail and offer some
preliminary results produced by the system. In this vein,
section 2 describes the key components of SCExAO while
section 3 highlights the functionalities and limitations
of the instrument. Section 4 outlines plans for future
upgrades and the paper concludes with a summary in
Section 5.

2. THE ELEMENTS OF SCEXAO

In order to understand the scientific possibilities and
limitations of the SCExAO instrument, it is important
to first understand the components and their function-
alities. To aid the discussion a system level diagram of
SCExAO is shown in Fig. 1, and an image of the instru-
ment at the Nasmyth platform is shown in Fig. 2. A
detailed schematic of the major components is shown in
Fig. 3. The components and functionalities of SCExAO
have been undergoing commissioning as will be outlined
throughout this publication. A summary of the commis-
sioning status of each mode of operation or module of
SCExAO can be found in Table 9.

The main aim of SCExAO is to exploit the well cor-
rected wavefront enabled by the high order WFS to do
high-contrast imaging with light across a broad spec-
trum: from 600 nm to 2500 nm. As such there are
a number of instrument modules within SCExAO that
operate in different wavebands simultaneously while the
coronagraph is collecting data. This hitchhiking mode
of operation enables maximum utilization of the stellar
flux, which allows for a more comprehensive study of each
target.

2.1. SCExAO at a glance

The SCExAO instrument consists of two optical
benches mounted on top of one another, separated by
∼ 350 mm. The bottom bench (IR bench) hosts the
deformable mirror, coronagraphs, and a Lyot-based low
order wavefront sensor (LLOWFS) while the top bench
(visible bench) hosts the pyramid WFS, VAMPIRES,
FIRST and lucky imaging (see Figure 3). The benches
are optically connected via a periscope.

The light from the facility adaptive optics system
(AO188) is injected into the IR bench of SCExAO and is
incident on the 2000 element deformable mirror (2k DM)
before it is split by a dichroic into two distinct channels:
light shorter than 940 nm is reflected up the periscope
and onto the top bench while light longer than 940 nm

is transmitted. The visible light is then split by spectral
content by a range of long and short pass dichroics which
send the light to the pyramid WFS (PyWFS) and visi-
ble light science instruments. The PyWFS is used for the
high order wavefront correction and drives the DM on the
IR bench. The VAMPIRES and FIRST modules utilize
the light not used by the PyWFS. Lucky imaging/PSF
viewing makes use of light rejected by the aperture masks
of VAMPIRES.

The IR light that is transmitted by the dichroic on the
IR bench propagates through one of the available coro-
nagraphs. After the coronagraphs, the light reflected by
the Lyot stop is used to drive a LLOWFS in order to
correct for the chromatic and non-common errors (such
as tip/tilt) between the visible and IR benches (Singh et
al. 2014). The light transmitted by the coronagraphs is
then incident on the science light beamsplitter which de-
termines the spectral content and exact amount of flux to
be sent to a high frame rate internal NIR camera as com-
pared to a science grade detector such as the HAWAII
2RG in the HiCIAO instrument and soon to be commis-
sioned CHARIS. The internal NIR camera can then be
used to drive various coherent differential imaging algo-
rithms.

2.2. Detailed optical design

The instrument is designed to receive partially cor-
rected light from the facility adaptive optics system,
AO188 (188 actuator deformable mirror). The beam
delivered from AO188 converges with a speed of f/14.
Typical H-band Strehl ratios are ∼ 30 − 40% in good
seeing (Minowa et al. 2010). The beam is collimated by
an off-axis parabolic mirror (OAP1, f = 255 mm) creat-
ing an 18 mm beam. Details of the OAPs can be found
in section 6. The reflected beam is incident upon the 2k
DM, details of which are in section 3.1.1. The surface
of the DM is placed one focal length from OAP1 which
conjugates it with the primary mirror of the telescope
(i.e. it is in a pupil plane). Once the beam has reflected
off the DM it is incident upon a fixed pupil mask which
replicates the central obstruction and spiders of the tele-
scope (see Fig. 5), albeit slightly oversized. This mask is
permanently in the beam (both on-sky and in the labo-
ratory) so that response matrices collected for the var-
ious wavefront sensors with the internal light source in
SCExAO can be used on-sky as well. It is positioned as
close to the pupil plane as possible (∼ 70 mm away from
the DM) and forms the primary pupil for the instrument.
The image/pupil rotator in AO188 is used to align the
telescope pupil with the fixed internal mask when on-sky
(i.e. SCExAO operates with a fixed pupil and rotating
image when observing).

Immediately following the mask is a dichroic beam-
splitter (50 mm diameter, 7 mm thick) which reflects
the visible light (< 940 nm) and transmits the IR
(> 940 nm). In the transmitted beam path, there is
a mask wheel after the dichroic which hosts numerous
masks including the shaped pupil coronagraphic mask.
The automated mounts for the phase induced amplitude
apodization (PIAA) coronagraph lenses are adjacent to
the mask wheel. They too were placed as close to the
DM pupil as possible. The PIAA lenses themselves will
be described in detail, for now it is important to note
that they can be retracted from the beam entirely. A
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Fig. 1.— System level flow diagram of the SCExAO instrument. Thick purple and blue lines depict optical paths while thin green lines
signify communication channels. Dashed lines indicate that a connection does not currently exist but it is planned for the future. Box fill
indicates commissioning status. Solid boxes: commissioned, graded boxes: partially commissioned, white background: not commissioned.

Fig. 2.— Image of SCExAO mounted at the Nasmyth IR platform at Subaru Telescope. To the left is AO188 which injects the light into
SCExAO (center) and HiCIAO is shown on the right. The FIRST recombination bench is not shown for visual clarity.

flat mirror is used to steer the light onto OAP2 which
focuses the beam (f = 519 mm). A variety of corona-
graphic focal plane masks, used to suppress the on-axis
star light are housed in a wheel which also has three axes
of translation in the focal plane (the masks are outlined
in sections 3.2). OAP3 recollimates the beam to a 9 mm
diameter beam (f = 255 mm). A wheel with Lyot plane
masks is situated in the collimated beam such that the
masks are conjugated with the pupil plane. The Lyot
wheel can be adjusted in lateral alignment via motor-
ized actuators. Light diffracted by the focal plane mask
and reflected from the Lyot stop is imaged onto a non-
science grade (i.e. relatively high noise), high frame rate
detector which is used for low order wavefront sensing.
The light transmitted by the Lyot stop is next incident
upon the inverse PIAA lenses (detailed in 3.2). They are
mounted on stages which allow motorized control of the
lateral positioning and are conjugated to the PIAA lenses
upstream and can also be retracted from the beam en-
tirely. OAP4 and OAP5 reimage the telescope pupil for

the HiCIAO/CHARIS camera. On its way to the camera
the beam is intercepted by the science light beamsplitter
which is used to control the flux and spectral content sent
to a high frame rate internal NIR camera and the facility
science instruments. Detectors in a high-contrast imag-
ing instrument are amongst the most important com-
ponents and therefore the performance of those used in
SCExAO is summarized in Table 1.

The light directed to the internal NIR camera passes
through a filter wheel for spectral selectivity. The con-
tent of the filter wheel and the science light beamsplit-
ter wheels are reported in Table 2. An image is formed
on the internal NIR camera via a pair of IR achromatic
lenses (see Section 6 for details). The sampling and field-
of-view on this and other cameras is summarized in Ta-
ble 3. The internal NIR camera is mounted on a trans-
lation stage allowing it to be conjugated to any location
between the focal and pupil planes.

The light reflected by the dichroic on the bottom bench
(which splits the visible and IR channels) is directed to-
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Fig. 3.— Schematic diagram of the SCExAO instrument. Top box (left): Portable calibration source layout. Top box (right): FIRST
recombination bench. Middle box: layout of the visible optical bench which is mounted on top of the IR bench. Bottom box: IR bench
layout. Dual head green arrows indicate that a given optic can be translated in/out of or along the beam. Orange arrows indicate light
entering or leaving the designated bench at that location.

wards a periscope which transports it to the upper bench.
An achromatic lens (50 mm diameter, f = 500 mm) is
mounted in the periscope to reimage the pupil onto the
top bench. A wheel hosts a range of dichroic beamsplit-
ters at the focus of the beam on the top bench to se-

lect the spectral content to be directed towards the Py-
WFS (named WFS beamsplitter, content listed in Ta-
ble 2). The light reflected is collimated by an achro-
matic lens (f = 200 mm) and the pupil image is located
on a piezo-tip/tilt mirror used to modulate the PyWFS.



6 N. Jovanovic et al.

Table 1. Detector characteristics used within SCExAO.

Detector Technology Detector size Pixel size Read-out Full frame Operating Manufacturer
Name (pixels) (µm) noise (e−) (Frame-rate (Hz)) Wavelengths (nm) (Product name)

Internal InGaAs 320 × 256 30 114 170 900 − 1700 Axiom Optics
NIR (CMOS) (OWL SW1.7HS)

camera
LOWFS InGaAs 320 × 256 30 140 170 900 − 1700 Axiom Optics
camera (CMOS) (OWL SW1.7HS)

HiCIAO/ HgCdTe 2048 × 2048 18 15 − 30 < 3 850 − 2500 Teledyne
CHARIS (CMOS) (HAWAII 2RG)

PyWFS Si 2560 × 2160 6.5 1.2 100 350 − 1000 Andor
(previous) (sCMOS) (128 × 128 ) (1700) (Zyla)

PyWFS Si 240 × 240 24 < 0.3 2000 350 − 1000 Firstlight Imaging
(current) (EMCCD) (120 × 120) (3700) (OCAM2K)

Lucky Si 512 × 512 16 < 1 35 300 − 1000 Andor
imaging (EMCCD) (iXon3 897)

VAMPIRES Si 512 × 512 16 < 1 56 300 − 1000 Andor
(EMCCD) (iXon Ultra 897)

FIRST Si 512 × 512 16 < 1 31.9 300 − 1000 Hamamatsu
(EMCCD) (ImagEM C9100-13)

Note. — The values in the table are taken from manufacturer specifications/measurements. Values in parenthesis indicate the sub-
framed (previous PyWFS) or binned (current PyWFS) image size and corresponding frame rate used. Read-out noise quoted for EMCCDs
is with gain applied. Quantum efficiencies for these detectors are shown in Table 7.

The reflected beam is routed to focusing optics which
form a converging beam with F/# = 40 (a combination
of achromatic lenses with focal lengths of f = 400 and
f = 125 mm are used for this). A double pyramid prism
shaped optic (Esposito et al. 2010) is placed at the fo-
cus of the beam such that the vertex is on the optical
axis. An image of the resulting four pupils is generated
via one additional lens (f = 300 mm) on the detector.
The PyWFS is discussed in more detail in section 3.1.2.

The light which is not directed to the WFS is split be-
tween two modules: VAMPIRES and FIRST. The basic
optical layouts are outlined here and details in regards
to specifics, including calibration and performance are
given in other publications (Huby et al. 2012; Norris
et al. 2015). For engineering purposes a grey beamsplit-
ter is used to divide the light between VAMPIRES and
FIRST (50/50), but can be swapped for several other
optics if the science demands it (contents of the VAM-
PIRES/FIRST splitter wheel are shown in Table 2).

The light transmitted by the splitter is used by the
VAMPIRES module. It is first collimated (by BRTL2)
and then passes through a series of optics including a
liquid crystal variable retarder (LCVR), pupil masks,
and spectral filters before being focused by a combi-
nation of a converging and diverging lens onto a low
noise detector. A polarization beamsplitter, consisting
of a polarizing beam cube and 3 right-angled prisms is
placed in the beam after the final focusing lens and is
used to spatially separate the two orthogonally polar-
ized components on the detector. The VAMPIRES mod-
ule combines aperture masking interferometry with po-
larimetry. The sparse aperture masks are housed in the
pupil wheel where an assortment of masks with various

throughputs and Fourier coverage can be found (please
see Norris et al. (2015) for details). The module oper-
ates on 50 nm bandwidths of light selected within the
600–800 nm range, via a set of spectral filters in order to
maintain fringe visibility, while maximizing the signal-
to-noise ratio. At 650 nm VAMPIRES can achieve an
angular resolution of 8.4 mas (Fizeau criteria) and has a
field-of-view in masking mode which ranges from 80 mas
to 460 mas depending on the mask selected (larger fields-
of-view, ∼ 1–2” are possible in normal imaging mode, no
mask). Rather than simply blocking the unwanted light
from the pupil, the masks are reflective mirrors with
transmissive sub-apertures so that the unwanted light
is redirected to a pupil viewing camera (PtGrey, Flea,
FL3-U3-13S2M-CS) which allows for fine alignment of
the masks with the pupil. The pupil viewing mode of
VAMPIRES is only used when aligning the masks. To
utilize the light when pupil viewing is not being used a
mirror is translated into the beam to direct the light to
the Lucky imaging module/point spread function (PSF)
viewer (described in detail in 3.3).

The high angular resolution imaging capability of
VAMPIRES is boosted by an advanced polarimetric ca-
pability. This gains its strength from the multi-tiered
differential calibration scheme which is utilized. Firstly,
two quarter wave plates (HWP) mounted in front of the
periscope on the bottom bench can be used to com-
pensate for the birefringence induced by the mirrors
in AO188 and SCExAO. The setting of these plates is
done by careful calibration beforehand. Fast polariza-
tion modulation (∼ 50 Hz) comes from the LCVR which
is switched between every image. The analyzer splits
the signal into two distinct interferograms on the de-
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Table 2. Filter and beamsplitter wheel contents.

Slot Internal camera filters Science light beamsplitters Wavefront sensor beamsplitter VAMPIRES/FIRST splitter

1 Open AR-coated window (900 − 2600 nm) Open Silver mirror
2 T=y-band T,R = 50% (900 − 2600 nm) Silver mirror T,R = 50%, 600 − 950 nm
3 T=J-band T = 10%, R = 90% (900 − 2600 nm) T,R = 50%, 600 − 950 nm T < 700 nm, R > 700 nm
4 T=H-band T = 90%, R = 10% (900 − 2600 nm) T < 650 nm, R > 650 nm T > 700 nm, R < 700 nm
5 50 nm bandpass T > 90% (1400 − 2600 nm), T < 700 nm, R > 700 nm AR-coated window

at 1600 nm R > 95% (900 − 1400 nm) (600 − 950 nm)
6 - T > 90% (1900 − 2600 nm), T < 750 nm, R > 750 nm Open

R > 95% (900 − 1900 nm)
7 - Gold mirror T < 800 nm, R > 800 nm -
8 - - T < 850 nm, R > 850 nm -
9 - - T > 750 nm, R < 750 nm -
10 - - T > 800 nm, R < 800 nm -
11 - - T > 850 nm, R < 850 nm -

Note. — The values in the table are based on the final measurements made by the manufacturer. T-Transmission, R-Reflection.
AR-anti-reflection. Note item 5 and 6 of the science light beamsplitter have not been delivered yet.

Table 3. Plate scale and field-of-view.

Detector Sampling Field-of-view (”)
(mas/pixel)

Internal NIR 12.1 ± 0.1 4 × 3
camera
HiCIAO 8.3 ± 0.1 > 10 × 10
VAMPIRES (M) - 0.08–0.46
VAMPIRES (NM) 6.0 2 × 1
FIRST - 0.1

Note. — All values in this table were measured off-sky by mov-
ing the calibration source laterally in the input focal plane (AO188
focal plane) and determining this motion in pixels on the detector.
This motion is converted to a plate scale based on the knowledge of
the AO188 plate scale which is well known to be 1.865 ”/mm. This
method yields consistent values to those obtained by looking at as-
trometric binaries. M-with aperture masks, NM-no masks. Range
of field-of-view is dependent on choice of mask. Please see Norris
et al. (2015) for more details.

tector with orthogonal polarizations. Finally, a HWP
positioned in front of AO188, used for HiCIAO polari-
metric imaging in the NIR, was determined to work well
in the visible and is used as the main polarization switch-
ing component in VAMPIRES. The quarter wave plate
(QWP) before the aperture mask wheel and the polarizer
on the bottom bench are used for calibrating the polar-
ization systematics with the internal calibration source
and can be swung into the beam when off-sky (they are
not used on-sky). For more details about the nested dif-
ferential calibration procedure please refer to Norris et
al. (2015).

The light reflected by the beam splitter is sent to the
FIRST module. It is collimated before entering a polar-
izing beamsplitter cube. The main beam is reflected at
90◦ onto a 37 element segmented mirror (Iris AO (Helm-
brecht 2011)) which is conjugated to the pupil plane.
A QWP placed between the polarizing beamsplitter and
the segmented mirror is used to rotate the polarization so
that the beam passes through the cube when reflected off
the segmented mirror. A beam reducing telescope com-
presses the beam so that a single segment of the mirror

has a one-to-one correspondance with a micro-lens in the
micro-lens array (MLA) used for injecting into the bun-
dle of single-mode polarization maintaining fibers (see
Fig. 3). This architecture allows the segmented mirror
to fine tune the coupling into each of the fibers with small
tip/tilt control. Currently 18 of the 30 available fibers (2
sets of 9 fibers each) are used and they transport the light
to a separate recombination bench (see Fig. 3) where the
interferograms are formed and data collected. A descrip-
tion of the recombination bench is beyond the scope of
this work. The instrument offers an angular resolution of
9 mas at 700 nm with a 100 mas field-of-view (∼ 6λ/D
in radius). In addition, broadband operation from 600–
850 nm, with a spectral resolving power of 300, offers a
new avenue to maximizing data output while using stan-
dard bispectrum analysis techniques (and hence preci-
sion/contrast) while simultaneously allowing spectra to
be collected.

FIRST has had several successful observing campaigns
on close binary stars at Lick Observatory. It has now
made the move from the Cassegrain focus of the Shane
telescope to the gravitationally invariant Nasmyth plat-
form of Subaru Telescope, which minimizes mechanical
flexure and hence instrumental instabilities. A more
comprehensive description of the instrument including
the recombination bench, how it works and the initial
science results is presented in Huby et al. (2012, 2013).

Despite all the advanced wavefront control, interfer-
ometers and coronagraphs in SCExAO, the performance
of the system is highly dependent on the stability of
the PSF. Vibrations can plague high-contrast imaging
testbeds via flexure, windshake of mirrors, or moving
parts (cryocoolers for example). For this reason sev-
eral key efforts have been made to address PSF stability
in SCExAO. Firstly four elastomer-based vibration iso-
lators (Newport, M-ND20-A) are used to support the
SCExAO bench at the Nasmyth platform. These elas-
tomers have a natural frequency 9 − 12 Hz and are used
to damp high frequency mechanical vibrations from the
surrounding environment. Secondly, the mounts for the
OAP-based relay optics in the instrument were custom
made from a single piece to minimize the drift of the
PSF. Finally, the mounting scheme for the HiCIAO cry-
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ocooler was rebuilt such that the pump was connected to
the dewer by springs and metal bellows only (soft con-
nections with low spring constants for maximum damp-
ing). This reduced the tip/tilt jitter observed on the
NIR internal camera by a factor of 10 at 10 Hz and up
to 100 at a resonant frequency of 23 Hz (Jovanovic et
al. 2014a). These steps have improved overall PSF
stability against long term drifts and vibrations above
a few Hz. However, there are small residual resonances
which will be addressed with a linear quadratic Gaussian
(LQG) controller (Poyneer et al. 2014) implemented to
the LLOWFS loop in future.

2.3. Internal calibration

An important feature of any high-contrast testbed is
the ability to internally calibrate it off-sky. The SCExAO
instrument can be aligned/calibrated with its internal
calibration source. The source can be seen in Fig. 3
and consists of a standalone box which houses a su-
per continuum source (Fianium - Whitelase micro) for
broadband characterization, and two fiber coupled laser
diodes (675 nm and 1550 nm) for alignment. The light
from the super continuum source is collimated and passes
through a series of wheels which house neutral density
filters for both visible and IR wavelengths as well as a
selection of spectral filters. The light is coupled into
an endlessly single-mode photonics crystal fiber (NKT
photonics - areoGUIDE8) which transports the light to
the SCExAO bench. The fiber is mounted on a trans-
lation stage and can be actuated into the focus of the
AO188 beam (see Fig. 3) when internal calibration is
performed or the instrument is not at the telescope. The
endlessly single-mode fiber is ideal for this application as
it offers a diffraction-limited point source at all operating
wavelengths of the super continuum source and SCExAO
(600 − 2500 nm).

The effects of atmospheric turbulence can also be sim-
ulated. This is achieved by using the DM to create a
large phase-screen with the appropriate statistical fluc-
tuations. A single-phase screen Kolmogorov profile is
used where the low spatial frequencies can be attenu-
ated, to mimic the effect of an upstream AO system like
AO188. A 50 × 50 pixel sub-array (corresponding to the
actuators of the DM) is extracted from the larger phase
screen. By scanning the sub-array across the phase map,
a continuous and infinite sequence of phase screens can be
generated. The amplitude of the RMS wavefront map,
the magnitude of the low spatial frequency modes and
the speed of the sub-array passing over the map (i.e.
windspeed) are all free parameters that can be adjusted.
This simulator is convenient as it allows great flexibility
when characterizing SCExAO modules. Note that due
to the limited stroke of the DM (which is discussed in
section 3.1.1), the turbulence simulator cannot be used
to simulate full seeing conditions but provides a level
of wavefront perturbation that is representative of post
AO188 observing conditions. Finally, although the sim-
ulator can provide turbulence with the correct spatial
structure pre or post AO, it does not take into account
the temporal aspects of the correction provided by an
upstream AO system (i.e. AO corrects low temporal fre-
quencies leaving only higher frequencies).

2.4. Instrument throughput

To plan observing schedules and determine the lim-
itations of the instrument, the throughput was accu-
rately characterized. As SCExAO has many branches,
Tables 4 and 5 summarize the measured internal sys-
tem throughput for each. Although not explicitly listed,
the throughputs include all flat mirrors required to get
the light to a given module. In addition Table 6 high-
lights the measured throughputs of the optics upstream
from SCExAO which includes the effects of the atmo-
sphere, telescope, AO188 HWP, atmospheric dispersion
compensator (ADC), AO188 optics as well as HiCIAO.
To determine the total throughput to a given detector
plane of the instrument, one should first use Table 2 to
select the appropriate beamsplitter, and then find the
corresponding throughput for that branch from Table 4
or 5. This value should then be multiplied by the rele-
vant throughputs in Table 6. To convert to photoelec-
trons, the quantum efficiencies for the detectors used in
SCExAO are listed in Table 7. Finally, the throughputs
of the focal plane masks used for the coronagraphs are
not shown in Table 4 as they are specifically designed
to attenuate the light. Indeed, the throughput of these
masks depends on the distance from the optic axis and
for this we refer the reader to literature such as Guyon
(2005).

From the tables we can determine the throughput to
several focal planes within SCExAO as an example of
the system performance and a demonstration of how to
use the tables. One commonly used observing mode in-
volves directing the majority of the post-coronagraphic
light towards HiCIAO for H-band imaging. In this case
one would select the 90% transmitting beamsplitter in
the science light beamsplitter wheel (Slot 4 from Ta-
ble 2). In this case the throughput of SCExAO would
be 9.4% to the internal NIR camera and 58.2% to Hi-
CIAO (from Table 4). To determine the total through-
put from the top of the atmosphere, one would need to
multiply the SCExAO throughputs by those listed for the
atmosphere (97%), telescope (92%), HWP (94%), ADC
(92%), AO188 (79%) and HiCIAO optics/filters (78%)
by those listed in Table 6, which yields values of 4.5%
and 27.7% respectively. From here one would need to
take into account the losses of the focal plane and Lyot
masks which are coronagraph specific. Finally, it is pos-
sible to use the quantum efficiencies listed in Table 7 to
convert the throughput of the instrument into the num-
ber of photoelectrons on the HiCIAO detector for a given
magnitude target.

In addition to flux at the detector plane, the through-
put to the primary wavefront sensor is a useful piece of in-
formation for appropriate target selection. Since the Py-
WFS does most of its sensing at 850–900 nm, one could
operate with an 800 nm short pass filter in the wavefront
sensor beamsplitter wheel (slot 7 from Table 2). The
throughput of SCExAO to the WFS detection plane with
this splitter would be 48.7% in the z-band (from Table 5).
The associated throughput as measured from the top of
the atmosphere would be 23.2% (including the z-band
throughputs from Table 6). This relatively low through-
put is attributed to the fact the PyWFS is a long way
downstream of the telescope and even within SCExAO.
In the future, if SCExAO were to be rebuilt, one could
imagine moving the WFS to be the first element after
the telescope and ADC which would no doubt improve
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Table 4. Throughput of the various arms of the IR channel
of SCExAO measured in the laboratory from
the internal calibration source.

Path (elements) Band Throughput (%)

From calibration
source input to....

Internal NIR camera
(OAPs, DM, SLB2) y 35.3
(OAPs, DM, SLB3) y 60.6
(OAPs, DM, SLB4) y 4.5
(OAPs, DM, SLB7) y 71.1
(OAPs, DM, SLB2) J 27.2
(OAPs, DM, SLB3) J 53.7
(OAPs, DM, SLB4) J 5.9
(OAPs, DM, SLB7) J 50.4
(OAPs, DM, SLB2) H 32.8
(OAPs, DM, SLB3) H 56.2
(OAPs, DM, SLB4) H 9.4
(OAPs, DM, SLB7) H 63.4

Facility science instruments
(OAPs, DM, SLB1) y 72.1
(OAPs, DM, SLB2) y 34.9
(OAPs, DM, SLB3) y 7.6
(OAPs, DM, SLB4) y 67.2
(OAPs, DM, SLB1) J 66.9
(OAPs, DM, SLB2) J 33.4
(OAPs, DM, SLB3) J 6.2
(OAPs, DM, SLB4) J 60.5
(OAPs, DM, SLB1) H 65.2
(OAPs, DM, SLB2) H 31.8
(OAPs, DM, SLB3) H 5.0
(OAPs, DM, SLB4) H 58.2

Single-mode injection
(OAPs, DM, FIB) J 77.0
(OAPs, DM, FIB) H 78.3

Components in isolation
(PIAA+binary Mask+IPIAA) y 53.2
(PIAA+binary Mask+IPIAA) J 52.2
(PIAA+binary Mask+IPIAA) H 52.5

Note. — OAPs-refers to off-axis parabolic mirrors used to relay
the light, DM-The window and mirror of the DM, SLB-science
light beamsplitter, the number designates the slot (see Table 2),
FIB-Fiber injection beamsplitter.

the throughput by a factor of 2 at least. This would al-
low the PyWFS to operate with high performance on a
1 magnitude fainter star.

3. THE FUNCTIONALITIES OF SCEXAO

Key to the successful implementation of a high perfor-
mance coronagraph or interferometer for high-contrast
imaging is a wavefront control system to correct for both
atmospheric as well as instrumental aberrations. Wave-
front control comprises two primary components: sensing
and correction. The former is taken care of by a wave-
front sensor, a device designed to map the spatial profile
of the phase corrugations while the latter by an adaptive
element such as a DM. In this section we describe how
the elements of SCExAO function.

3.1. Wavefront control

3.1.1. Wavefront correction

Table 5. Throughput of the various arms of the visible
channel of SCExAO measured in the laboratory
from the internal calibration source.

Path (elements) Band Throughput (%)

From calibration
source input to....

Pre-WFSBS
(PTTB) R 57.8

I 65.4
z 65.6

PyWFS camera
(PTTB + PyWFS optics R 43.0
WFSBS 2) I 47.1

z 47.6
(PTTB + PyWFS optics, R 20.5
WFSBS 3) I 23.0

z 25.2
(PTTB + PyWFS optics, R 42.4
WFSBS 4, 9, 10 or 11)
(PTTB + PyWFS optics, I 49.1
WFSBS 4, 5, 6 or 7)
(PTTB + PyWFS optics, z 48.7
WFSBS 4, 5, 6, 7 or 8)

VAMPIRES camera
(PTV + WFSBS 3) R 12.6

I 15.3
z 15.2

(PTV + WFSBS 5, 6, 7 or 8) R 25.3
(PTV + WFSBS 8) I 27.5
(PTV + WFSBS 9, 10 or 11) z 30.6)

FIRST input
(PTF + WFSBS 3) R 12.6

I 15.3
z 13.4

(PTF + WFSBS 5, 6, 7 or 8) R 27.1
(PTF + WFSBS 8) I 29.0
(PTF + WFSBS 9, 10 or 11) z 28.6

Note. — OAP1-refers to the first off-axis parabolic mirror used
to relay the light, DM-The window and mirror of the DM, WFSBS-
Wavefront sensor beamsplitter, the number designates the slot (see
Table 2), BRTL1-beam reducing telescope lens 1 which is located
in the periscope. Path to top bench (PTTB): OAP1, DM, dichroic,
QWP ×2, periscope mirrors, BRTL1. Path to VAMPIRES (PTV):
OAP1, DM, dichroic, QWP ×2, periscope mirrors, BRTL1 & 2,
50/50 BS and focusing lenses. Path to FIRST (PTF): OAP1, DM,
dichroic, QWP ×2, periscope mirrors, BRTL1, 50/50 BS and col-
limating lens. Note the throughput is only quoted to the input
of FIRST. Also, the throughput of the aperture masks for VAM-
PIRES were not included, please see Norris et al. (2015) for these
values.

The deformable mirror is the proverbial heart of any
adaptive optics system. The 2k DM used in SCExAO
(Figure 4) is manufactured by Boston Micromachines
Corporation based on MEMS technology. The DM is
enclosed in a sealed chamber in order to control its en-
vironment. The critical parameter to control is the hu-
midity level and is kept below 20% as advanced aging of
MEMS actuators has been observed when high voltages
(180 V is the maximum that can be applied), required to
actuate individual elements, are applied in a moist envi-
ronment (Shea et al. 2004). A desiccant is used to filter
the compressed air of moisture. A circuit monitors both
humidity and pressure and is setup to interlock the power
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Table 6. Throughput of the atmosphere, telescope,
AO188 HWP, atmospheric dispersion compensator (ADC),
AO188 optics and HiCIAO as a percentage.

Band Atmos. Tele. HWP ADC AO188 HiCIAO

R 91 82 93 95 68 -
I 96 75 95 95 69 -
z 97 79 95 95 69 -
y 98 80 94 95 72 -
J 95 91 96 94 77 87
H 97 92 94 92 79 78
K 92 93 92 70 82 82

Note. — The atmospheric transmission in R, I, Z bands is
estimated from Buton et al. (2012). The throughput of the at-
mosphere in the y, J, H and K bands assumes an airmass of 1.5
and precipitable water vapor content of 1.6 mm (data taken from
Gemini Observatory website) (Lord 1992). The throughput of the
telescope is calculated from the reflectivity of the material used for
the coating and does not include effects like diattenuation from M3
for example. The throughput for the HWP and ADC were mea-
sured on-sky. The throughputs for R, I, Z, and y band for AO188
have been calculated from materials. J, H and K band throughputs
for AO188 were measured.

Table 7. Quantum efficiency as a function of waveband
for the detectors in SCExAO as a percentage.

Detector R I z y J H K

Internal NIR camera - - - 58 73 73 -
LOWFS camera - - - 58 73 73 -
HiCIAO/CHARIS - - - - 46 68 68
PyWFS (current) 98 96 77 - - - -
Lucky imaging 93 74 47 - - - -
VAMPIRES 93 74 42 - - - -
FIRST 91 70 42 - - - -

Note. — Values were taken from manufacturer specifications.

to the DM based on these two metrics (see Section 6).
The chamber window is optimized for transmission

across the entire operating range of SCExAO, 550 −
2500 nm (anti-reflection coated, IR fused silica). The
DM’s silicon membrane is gold coated and hosts 2000
actuators within the 18 mm diameter beam (there are
others outside the pupil but they are not connected).
The membrane is bonded to the ∼ 250 µm square-shaped
actuators which are on a pitch of 400 µm. This means
that there are 45 and 45.5 actuators across the 18 mm
beam in the vertical and horizontal directions respec-
tively. The number of actuators across the DM defines
the highest spatial frequency components which can be
probed/controlled by the DM and hence the region of
control in the focal plane. For our case the 45 actuator
pupil diameter means that the fastest modulation that
can be Nyquist sampled by the DM consists of 22.5 cycles
across the diameter. This means that spatial frequencies
out to 22.5 λ/D from the PSF can be addressed, which
defines the radius of the control region in the focal plane
(0.9” in H-band, highlighted in Fig. 5). Figure 5 shows
the surface of the DM, where the 5 dead actuators (ac-
tuators that cannot be modulated) are clearly visible.

Fig. 4.— 2k DM mounted in the SCExAO instrument. The gas
supply lines to the sealed chamber can be seen along with the gold
surface of the DM itself. Inset: The map applied to the DM in
order to compensate for the DM surface figure. The map shows
the magnitude of the modulation of the actuators in microns. The
window is 50 actuators in diameter corresponding to the function-
ing region of the DM. The map required to flatten the DM surface
is dominated by the Zernike which represents astigmatism.

Fortunately, it was possible to position three of the actu-
ators behind the secondary or outside the pupil and one
is partially blocked by the spiders of the telescope, leav-
ing only one dead segment in the illuminated pupil. Dead
segments compromise the maximum contrast achievable
post coronagraph as they diffract light and hence the 1–
2 illuminated for SCExAO is close to ideal. Note, most
coronagraph Lyot stops currently installed in SCExAO
do not mask out the actuators, but there are plans to
include such masks in the future. In addition the resolu-
tion of the DM can be qualitatively examined in Fig. 5
where a bit map image of the PI, Guyon’s face and the
bat symbol have been imprinted in phase. The camera
used to capture the image is not conjugated to the plane
of the DM so that phase information gets recorded as
amplitude information on the camera. The resolution of
the images generated by the DM demonstrates the high
level of sophistication MEMS technology has reached.

The surface of the unpowered DM is not flat. The
inset to Figure 4 shows the voltage map that needs to be
applied to obtain a flat DM in units of microns of stroke,
known as a flatmap. The distortion of the surface of
the DM is clearly dominated by astigmatism. Images
of the PSF of SCExAO taken without and with the flat
map applied are shown in the top left panels of Fig. 5.
The image without the flatmap is consistent with the
presence of strong astigmatism. The PSF post flatmap
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Fig. 5.— Top row: PSF of SCExAO at 1550 nm with the unpowered DM surface (left). Strong astigmatism is clearly visible. An image
of the instrument PSF taken with the optimum flat map applied with linear (middle-left) and logarithmic (middle-right) scaling. The
image is diffraction limited and numerous Airy rings can be seen. Image with several artificial speckles applied (right). The dashed ring
designates the edge of the control region of the DM corresponding to a radius of 22.5 λ/D or 900 mas at 1550 nm. Second row: Pupil
images showing the unmasked surface of the DM with 5 dead actuators (left), the internal spider mask in place masking several actuators
(middle-left), an image of the PI Guyon (middle-right) and the bat symbol (right). These two images demonstrate the resolution of the
DM. Bottom row: Image of the PSF taken in the laboratory with a laser at 1550 nm, after the conventional PIAA lenses (left), with the
IPIAA lenses (middle-left) as well as with the achromatic focal plane mask (AFPM) (1.9 λ/D IWA) (middle-right). (right) An image with
the PIAA, IPIAA and AFPM is shown taken on-sky on the night of the 25th of July 2013 with the full H-band.

is diffraction-limited. It is clear that the maximum stroke
required for correction near the edges approaches 0.5 µm.
This means that 25% of the 2 µm stroke of the actuators
is used up to flatten the DM.

3.1.2. Wavefront sensing

Wavefront correction within the SCExAO instrument
comes in two stages: low spatial and temporal frequen-
cies are partially corrected by AO188 prior to being in-
jected into SCExAO where a final correction including
higher order modes is implemented. In good seeing con-
ditions AO188 can offer 30− 40% Strehl ratios in the H-
band. The high-order wavefront correction, which is the
focus of this section is facilitated by a pyramid wavefront
sensor (PyWFS). The PyWFS is chosen because of its
large dynamic range and its sensitivity properties (Guyon
2005). In its standard implementation, a tip/tilt mirror

modulates the location of the PSF in a circular trajec-
tory which is centered on the apex of the pyramid. This
implementation has been used to correct seeing-limited
light to Strehl ratios as high as 90% in very good seeing
on LBTAO (Esposito et al. 2011) and MagAO (Close et
al. 2013). By removing modulation however, the range
over which the sensor responds linearly to aberrations
is greatly reduced. Hence to utilize a PyWFS without

modulation the wavefronts must be partially corrected
by another sensor initially. With AO188 providing such
a correction upstream, this implementation is possible
with the PyWFS on SCExAO. SCExAO incorporates a
piezo-driven mirror mount (shown in Fig. 3) to provide
the modulation functionality, with the driver carefully
synchronized to the frame rate of the camera. The im-
plementation allows for continuous changes of the mod-
ulation radius (see Fig. 6). Such an architecture enables
the possibility to start with a modulated PyWFS that
has a larger range of linearity and slowly transition to a
non-modulated sensor for maximum sensitivity and the
highest Strehl ratio, as wavefront errors are gradually
reduced.

The PyWFS has undergone laboratory and initial test-
ing on-sky. In its initial format it exploited a micro-lens
array instead of a pyramid optic as it was easier to ob-
tain (pyramid optics need to be custom made). How-
ever, it was determined that although small micro-lenses
have good inter-lens quality, which keeps diffraction ef-
fects at a minimum, they have a limited field-of-view
which limits their use with modulation. On the other
hand, larger micro-lenses remove this limitation but the
inter-lens quality is poor and results in strong diffrac-
tion. Hence it was not possible from the 2 micro-lens ar-
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rays tested to simultaneously obtain a large field-of-view
and low diffraction (there may indeed be micro-lenses
on the market that can achieve both) (Clergeon 2014).
For this reason a dedicated pyramid optic was obtained.
The pyramid optic presented here is a double pyramid,
as shown in Figure 6 and is a replica of the one used on
MagAO (Close et al. 2013; Esposito et al. 2010). The
pyramid optic segments the PSF and generates 4 images
of the pupil on the camera (see Fig. 6). The OCAM2k
from FirstLight imaging (see full specs. in Table 1), is
used as the detector and is capable of photon counting,
with low read noise, high frame rate, and low latency
(< 1 frame) which enables the correction of high tempo-
ral frequencies and allows operation on faint guide stars.
To facilitate full speed PyWFS loop operation (limited
by camera frame rate), fast computations are required
and for this a bank of GPUs is utilized. Details of the
control loop architecture for the PyWFS are beyond the
scope of this work. Here we focus on the recent perfor-
mance of the loop.

In laboratory testing, the PyWFS successfully closed
the loop with modulation (amplitude of 1.7 λ/D) on up
to 830 modes. Our modal basis consisted of linearly-
independent modes obtained by singular value decompo-
sition of an input basis consisting of 5 Zernike coefficients
(tip, tilt, focus, astigmatisms) and the remainder Fourier
modes (sine waves) up to a given spatial frequency of
the DM. Non-orthogonality between input modes was
addressed by rejecting (not controlling) low-eigenvalue
modes. This basis set was chosen purely for convenience.
This was achieved with the turbulence simulator generat-
ing 300 nm RMS wavefront error maps with a wind speed
of 5 m/s and the low order spatial frequencies scaled to
30% of the Kolmogorov power spectrum value to sim-
ulate upstream low order wavefront correction. Light
with wavelengths between 800 and 940 nm was used for
the tests and the loop was run at 1 kHz. The Strehl
of the images captured by the internal NIR camera was
measured in the open and closed-loop regime and the re-
sults depicted in Fig. 6. The average Strehl in the open-
loop regime was 23% which is consistent with the value
predicted from Marechal’s approximation (Hardy 1998)
(22.7%) given 300 nm of wavefront error at 1550 nm.
When the loop is closed on 830 modes, the Strehl im-
proved to > 90% on average confirming that given real-
istic post-AO correction, the PyWFS can indeed achieve
extreme AO performance as required.

The non-modulated mode was also tested with the tur-
bulence simulator in the laboratory. However, due to the
smaller linear range of the sensor without modulation the
amplitude of wavefront errors was reduced. For the pur-
poses of the test it was set to 60 nm (windspeed 5 m/s
and low order Kolmogorov frequencies set to 30%). The
loop was successfully closed at 1.5 kHz on the turbulence
simulator on 1030 modes (which include 5 Zernikes). In
this regime, it was clear that the speckles in the halo
surrounding the PSF were held very static. The loop
speed is constantly being improved by optimizing the
code and removing delays. An operational speed as high
as 3.5 kHz with minimal delay should be possible in the
near future. Since the WFS detector operates in photon-
counting mode, the loop will be able to run at full speed
(3.5 kHz) even on faint targets (I-mag ∼ 10) albeit at
lower loop gain. Fainter targets still will require lower

Fig. 6.— (Top left) A side view of the double pyramid. A
very shallow angle (∼ 1◦) is required which is hard to produce so
two steeper pyramids are used such that the cumulative effect of
refraction between them is equivalent to a single shallower sloped
pyramid optic (Esposito et al. 2010). Below this a front view
of the pyramid is shown. The circles represent the PSF position
without modulation (red spot) and with modulation (orange spot).
The green arrow shows the path of the PSF across the front face
of the pyramid optic when modulation is applied. (Top right) An
image of the four pupils generated by the pyramid optic taken
with modulation applied. (Bottom image) Strehl measured for the
internal source with 300 nm RMS wavefront error applied to the
turbulence simulator and the PyWFS loop open and then closed.
NB, the Strehl ratio calculation procedure has a limited accuracy
of about 5− 7% when the Strehl ratio is > 90%. Hence values > 1
are possible in this regime as shown in the above chart and should
simply be interpreted as regions of high Strehl, with no emphasis
put on the exact value.

loop speeds. An optimal modal gain integrator will also
be implemented soon.

Thus far the PyWFS has undergone some initial on-sky
testing and has performed well on up to 130 modes (with
modulation, 1.7 λ/D radius). However as the speed of
the loop was the same as AO188 (i.e. 1 kHz) and there
were less modes than are corrected by AO188 a negli-
gible improvement in Strehl was observed. Most of the
gain came in the form of reduced tip/tilt jitter which
was clearly visible in long integration time images. With
further improvements in the AO loop code, the PyWFS
should perform as demonstrated in the laboratory more
recently, on-sky.

Non-common path and chromatic low-order errors be-
tween the visible PyWFS and the IR coronagraphs, are
measured with the LLOWFS on the IR channel. The
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LLOWFS utilizes the light diffracted by the focal plane
masks of the coronagraphs (discussed in detail in sec-
tions 3.2), which is otherwise thrown away. A reflec-
tive Lyot stop is used to direct the diffracted light to
the LOWFS camera (Singh et al. 2014). In this way
a reimaged PSF formed on the camera can be used to
drive low-order, including tip/tilt, corrections by look-
ing at the presence of asymmetries in the image. It has
been tested thoroughly both in the laboratory and on-
sky. Indeed it was used on-sky in conjunction with the
vector vortex coronagraph on Vega, on the nights of the
14/15th April, 2014, and produced residual RMS tip/tilt
wavefront errors of 0.01λ/D (Singh et al. 2015).

In addition to the PyWFS and LLOWFS we are testing
other wavefront sensing techniques. One such technique
is known as focal plane wavefront sensing which exploits
eigenphase imaging techniques (Martinache 2013). The
focal plane wavefront sensor relies on establishing a rela-
tionship between the phase of the wavefront in the pupil
plane and the phase in the Fourier plane of the image.
Although it has a limited range of linearity (∼ π radians),
which means that the wavefront must first be corrected
to the 40% Strehl ratio level before this sensor can be
utilized, it can boost the Strehl ratio to > 95% in the
H-band by correcting low order modes. In addition, it
operates just as effectively in the photon noise regime
and is extremely powerful as non-common path errors
are eliminated. This wavefront sensor is currently under
development and has been successfully tested on both
the internal calibration source, in which case the aberra-
tions due to the internal SCExAO optics were corrected
as well as on-sky, where the static aberrations due to
the telescope, AO188 optics and SCExAO were all cor-
rected. Some additional detail of this work can be found
in Martinache et al. (2014a).

3.1.3. Coherent speckle modulation and control

As a booster stage to the primary wavefront control
loops, SCExAO makes use of coherent speckle modula-
tion and control to both measure and attenuate resid-
ual starlight in the instrument’s post-coronagraph fo-
cal plane. The 2k DM actuators are used to remove
starlight from a pre-defined region, referred to as the dark
hole (Malbet et al. 1995). Active modulation, induced by
the 2k DM, creates coherent interferences between resid-
ual speckles of unknown complex amplitude and light
added by modifying the DM’s shape (this component’s
complex amplitude is known from a model of the DM re-
sponse and the coronagraph optics). By iterating cycles
of measurement and correction, starlight speckles that
are sufficiently slow to last multiple cycles are removed
from the dark hole area. This approach, developed and
perfected in the last 20 yrs (Borde & Traub 2006; Co-
dana & Kenworthy 2013; Give’on et al. 2007; Guyon
et al. 2010; Malbet et al. 1995), is well suited to high-
contrast imaging as it effectively targets slow speckles,
which are the dominant source of confusion with exoplan-
ets. It also allows coherent differential imaging (CDI), a
powerful post-processing diagnostic allowing true sources
(incoherent with the central starlight) to be separated
from residual starlight (Guyon et al. 2010). Compared
to passive calibration techniques, such as angular differ-
ential imaging, CDI offers more flexibility, and achieves
faster averaging of speckle noise. This is especially rele-

vant at small angular separations, where ADI would re-
quire very long observation time to achieve the required
speckle diversity. An example of a pair of speckles being
generated by a periodic corrugation applied to the DM
and used for starlight suppression is shown in the top
right inset of Fig. 5.

In SCExAO, coherent speckle control is implemented
as discrete speckle nulling: the brightest speckles are
identified in the dark hole region, and simultaneously
modulated by the 2k DM, revealing their complex am-
plitudes. The 2k DM nominal shape is then updated to
remove these speckles, and successive iterations of this
loop gradually remove slow and static speckles. While
discrete speckle nulling is not as efficient as more op-
timal global electric field inversion algorithms, it is far
easier to implement and tune and thus more robust for
ground-based systems which have much larger wavefront
errors than laboratory testbeds or space systems. This
approach has been validated on SCExAO both in the
laboratory (Martinache et al. 2012) and on-sky (Mar-
tinache et al. 2014b) and is a means of carving out a
dark hole on one side of the PSF to boost contrast in
that region. A recently taken image demonstrating the
successful implementation of speckle nulling without a
coronagraph on RX Boo is shown in the lower panel of
Fig. 7. The region where the nulling process was per-
formed is outlined by the dashed white line and spans
from 5−22.5 λ/D. An image without the nulling applied
is shown in the top panel of Fig. 7 for comparison. This
result was obtained on the 2nd of June 2014 in favorable
seeing conditions (seeing < 0.7”). The nulling process
reduced the average flux over the entire controlled area
by 30% and by 58% in the region between 5 − 12 λ/D,
where the nulling was most effective. With better wave-
front correction and the use of a coronagraph, the im-
provement in the contrast will grow.

The current limitations to achieving high-quality
speckle nulling on-sky are: wavefront correction, readout
noise and loop speed. As high sensitivity cameras in the
NIR are currently limited in regards to maximum frame
rate (the Axiom cameras used are amongst the fastest
commercially available at the time of writing), it is not
possible for the active speckle nulling algorithm to pur-
sue atmospherically induced speckles as they change from
frame-to-frame. Hence, the current implementation of
speckle nulling on SCExAO aims at removing the static
and quasi-static speckles induced by diffraction from the
secondary and spiders as well as optical aberrations. For
this reason it is important to have a high level of atmo-
spheric wavefront correction on-sky so that the persistent
speckles due to static and quasi-static aberrations can
be easily identified. As the speckles are ∼ 1000× fainter
than the PSF core, a magnitude limit for speckle nulling
of 3–4 in the H-band is imposed by the current cam-
eras used due to the high readout noise (114e−). This
places a severe limitation on potential targets of scientific
interest. To alleviate these issues SCExAO is acquir-
ing a Microwave Kinetic Inductance Detector (MKID)
which is a photon counting, energy discriminating NIR
array (Mazin et al. 2012). The MKID array will offer
almost no readout noise or dark current and is capable
of high frame rates (> 1 kHz). This enables speckle
nulling to be performed on fainter more scientifically rel-
evant targets and for non-common speckles due to chro-
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Fig. 7.— Top: RX Boo with no speckle nulling applied. Bottom:
RX Boo with speckle nulling performed on the region enclosed by
the white dashed line. Each image is a composite of 5000, 50 µs
frames which have been shifted and added together. Each panel has
a square root stretch applied to it and the maximum and minimum
values are clipped for optimum viewing contrast.

matic dispersion in the atmosphere to be corrected for
the first time, allowing for a significant improvement in
detectability of faint companions. As the developmental
time for the MKID array is several years, speckle con-
trol is being tested with a SAPHIRA (SELEX) array of
avalanche photodiodes in the interim (Atkinson et al.
2014).

In contrast to speckle suppression, the addition of arti-
ficial speckles to the focal plane image can be utilized for
precision astrometry when the on-axis starlight has been
suppressed post-coronagraph. Further, by modulating
the phase of the speckles during an exposure they can
be made incoherent with the speckles in the halo offering
superior astrometric performance. In addition, by care-
fully calibrating the flux ratio between the PSF core and
speckles it is also possible to use these speckles for pho-
tometry and hence retrieving the contrast of companions
as well (Martinache et al. 2014b). As opposed to diffrac-
tive grids utilized by other high-contrast imagers (Wang
et al. 2014), the adaptive nature of the DM allows the

Table 8. Details of SCExAO coronagraphs.

Coronagraph type Inner working angle Waveband(s)
(λ/D)

PIAA 1.5 y-K
PIAACMC 0.8 y-K

Vortex 2 H
MPIAA + Vortex 1 H

MPIAA + 8 Octant 2 H
4 quadrant 2 H

Shaped pupil 3 y-K

speckle position, and brightness to be carefully tailored
to each science case.

3.2. Coronagraphs

The advanced wavefront control techniques utilized on
SCExAO build the foundation for high-contrast (10−5–
10−6) imaging of faint companions with the onboard
coronagraphs. The coronagraphs available in SCExAO
are listed in Table 8. The performance of the corona-
graphs used in SCExAO is limited by the level of wave-
front control achieved. The PIAA/PIAACMC and the
Vortex offer the lowest IWA and highest throughput but
are more sensitive to wavefront error. On the other hand
the shaped pupil has a larger IWA and lower throughput
but is less sensitive to residual wavefront error. Hence,
the coronagraphs available are designed to span a large
range of residual wavefront error and should be chosen
accordingly.

The two key coronagraphs are the Phase induced am-
plitude apodization (PIAA) and the vector vortex types.
PIAA refers to the act of remapping a flat-top pupil to
a soft edged pupil in order to remove the diffraction fea-
tures associated with a hard edged aperture (i.e. Airy
rings) (Guyon 2003). These diffraction features make it
difficult to suppress all of the light via a coronagraphic
mask in the focal plane without blocking a close, faint
companion. A combination of aspheric lenses are used
to achieve the remapping in SCExAO and are referred to
as PIAA lenses. SCExAO offers several types of remap-
ping lenses. The first type is referred to as the conven-
tional PIAA design and was presented in Lozi et al.
(2009). Conventional PIAA lenses offer the most aggres-
sive remapping, eliminating the secondary and convert-
ing the post-PIAA pupil into a prolate spheroid (a near-
Gaussian which is finite in extent). An image depicting
the remapping process between the two PIAA lenses in
the laboratory is shown in Fig. 8, while a radial profile
of the apodization function is shown in Fig. 9.

To complete the softening of the edges of the beam a
binary mask is used which has a radially variant atten-
uation profile. Note that the binary mask is used, to
reduce the demand on the curvature changes across the
aspheric surfaces of the PIAA lenses and it is possible to
eliminate it at the expense of increased manufacturing
complexity of the PIAA lenses. As outlined in Guyon
(2003), once the on-axis star has been suppressed with a
focal plane mask, it is important to reformat the pupil
to its original state in order to preserve the field-of-view.
This can be done by using another set of PIAA lenses in
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Fig. 8.— Picture of a visible beam being apodized by the con-
ventional PIAA lenses in the laboratory (side view). The image is
taken between the two lenses. The beam enters from the left of the
image where the intensity across the beam is uniform except for
the faint part in the middle of the beam (behind the secondary)
and at the right hand side of the image, the beam is concentrated
in the middle (i.e. apodized).
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Fig. 9.— The figure shows a comparison of the radial apodization
profiles of the various PIAA lenses as compared to the Subaru
telescope pupil. The PIAA (green line) pulls the light inwards most
aggressively, almost entirely removing the secondary and softens
the edges of the beam. The PIAACMC (pink line) pulls some of
the light inwards but does not entirely remove the presence of the
secondary or soften the edges completely. The MPIAA (blue line)
removes the presence of the secondary but does not soften the edges
at all.

reverse and the ensemble of lenses are referred to as the
inverse PIAA lenses (IPIAA). The position of the PIAA
and inverse PIAA lenses can be seen in Figure 3. Due
to the low material dispersion of CaF2, the conventional
PIAA lens design used in SCExAO is achromatic across
the NIR (y-K bands). However, an appropriate focal
plane mask must be chosen to achieve this. If an ordi-
nary opaque mask is used, then the size of the mask is
wavelength dependent, and so is the IWA. To circumvent
this issue, SCExAO uses focal plane masks that consist of
a central cone surrounded by a ring of pits periodically
positioned around the cone, made from a transmissive
material on a substrate which refracts rather than re-
flects the on-axis star light (Newman et al. 2015). In
this way a variable focal plane mask which is achromatic
across H-band can be achieved. In addition, since the
light is strongly diffracted outwards by the focal plane
masks, it can be redirected towards the LLOWFS via a
reflective Lyot mask (Singh et al. 2014).

Despite the fact that the conventional PIAA offered in
SCExAO has an IWA of 1.5 λ/D, due to the aggressive
remapping which causes an abrupt phase step in the cen-
tral part of the beam post-PIAA, the contrast at 1.5 λ/D
is limited to 1 × 10−5 and is very sensitive to tip/tilt.

To alleviate these issues a modified version of the PIAA
coronagraph can by used. It is referred to as the PIAA
complex mask coronagraph (PIAACMC) and is outlined
in greater detail in Guyon et al. (2010). The major dif-
ference is that the PIAA lenses used for the PIAACMC
are less aggressive which means the remapped pupil has
soft edges but the secondary is still present as shown in
Fig. 9. The lenses themselves are in the same mounts as
those for the PIAA so they can be replaced on the fly.
The focal plane mask is now replaced with a partially
transmissive, phase shifting mask which is manufactured
via electron beam etching. The IWA of the coronagraph
can be tuned by varying the opacity of the focal plane
mask and in the limit when the mask is fully transmis-
sive, the IWA is minimized at the expense of sensitivity
to tip/tilt. Nonetheless, the PIAACMC offers a contrast
of 1 × 10−6 at 1 λ/D, is less sensitive to tip/tilt than
the PIAA and is fully achromatic from y-K band. It is
scheduled to be installed and commissioned in the near
future.

A third and final type of PIAA is used to remap the
pupil into a flat top without a central obstruction for an
8-octant coronagraph which is discussed in the following
section (Oshiyama et al. 2014). The lenses are referred
to as MPIAA lenses and reside in the same mounts as the
other two. Despite the remapping these optics are not
apodizers as the pupil retains its hard edge post remap-
ping. A comparison of the various apodization schemes
is shown in Fig. 9.

Other coronagraphs include the vortex (Mawet et al.
2009, 2010), 4-quadrant (Rouan et al. 2000), 8-

octant (Murakami et al. 2010) and shaped pupil (Car-
lotti et al. 2012) versions. The vortex, 4-quadrant and
8-octant coronagraphs are phase-mask coronagraphs as
opposed to occulting coronagraphs and consist of two
primary elements; a focal plane and Lyot stop mask. All
focal plane masks are situated in a wheel in the focal
plane while the Lyot stop masks are located in the Lyot
mask wheel and the positions of both are shown in Fig. 3.

The vortex coronagraph in SCExAO uses a H-band
optimized, topographic charge 2 focal plane mask. This
mask is constructed from a birefringent liquid crystal
polymer material, i.e. a waveplate where the optical axis
(fast axis) orientation is spatially dependent and in this
case a function of the azimuthal coordinate (Mawet et
al. 2009). Although an IWA of 0.9 λ/D is achievable
with an unobstructed pupil with non-manufacturing de-
fects, it is limited to 2.0 λ/D with the pupil geometry
at the Subaru Telescope. However, the vector vortex on
SCExAO could be used in conjunction with the MPIAA
lenses to circumvent this issue and regain the inherent
IWA. The vector vortex mask is more achromatic than
a scalar mask and hence can operate across the full H-
band (Mawet et al. 2009). As the nulling process is
based on interference of light from different parts of the
mask, best performance is achieved with higher Strehl ra-
tios and stable centering of the PSF on the mask (5 mas
tip/tilt error or below in this case).

The 8-octant coronagraph focal plane mask employed
on SCExAO is based on photonic crystal technol-
ogy (Murakami et al. 2010). It consists of 8 triangular
segments that comprise half-wave plates where the opti-
cal axes of a given segment is always orthogonal to its two
nearest neighbors. This creates a π phase shift between
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adjacent segments for the transmitted beam which de-
structively interferes in the reimaged focal plane to null
out the on-axis star. The 8 octant itself is not achro-
matic but broadband operation can be realized by plac-
ing a polarizer and analyzer before and after the mask
respectively (Murakami et al. 2008) (note this is also true
for the vortex coronagraph). This coronagraph exploits
the pupil-reformatting MPIAA lenses described above to
achieve an IWA of ∼ 2 λ/D and offers very high-contrasts
at these angular scales. Similar to the vector vortex it
is also sensitive to tip/tilt and hence active control is
preferred mode of operation.

The 4-quadrant focal plane mask is a scalar mask which
consists of segments that phase shift the light by π with
respect to the neighboring segments. Although a per-
fectly manufactured 4-quadrant mask could offer an IWA
of as low as 1 λ/D if used in conjunction with the MPIAA
lenses mentioned above, the mask in SCExAO has man-
ufacturing defects and so can not achieve such perfor-
mance. The 4-quadrant in SCExAO is a prototype which
serves its purpose for internal testing only.

The Lyot stop masks for the vector vortex, 4-quadrant
and 8 octant coronagraphs are designed to reflect rejected
light towards the LOWFS camera for fine tip/tilt guid-
ing which is discussed in the subsequent section. The
vector vortex and 4-quadrant Lyot stop masks consist
of a replica mask to the Subaru Telescope pupil geome-
try with slight modifications. Both masks have a slightly
oversized secondary and spiders for better rejection, how-
ever, the 4-quadrant has a square secondary instead of a
circular one. On the other hand, as the secondary is elim-
inated thanks to the MPIAA lenses, then the Lyot stop
for the 8-octant is simply a slightly undersized circular
aperture.

Finally, shaped pupil coronagraphs can also be tested
on SCExAO. These coronagraphs are located in the pupil
plane mask wheel and any focal or Lyot plane masks
required are placed in the appropriate wheel. For further
details please see Carlotti et al. (2012).

3.3. Lucky Fourier Imaging

An important element of all adaptive optics systems is
a real-time PSF monitoring camera. This is depicted as
the Lucky imaging camera in Fig. 3, the specifications of
which are listed in Table 1. Currently a narrowband of
light (∼ 30−50 nm) is steered towards this camera from
the pupil plane masks of VAMPIRES and the PSF im-
aged. The camera runs at a high frame rate, sub-framed
and collects images rapidly which are primarily used for
monitoring the PSF. The frames can subsequently also
be used for traditional lucky imaging. However, a more
advanced version of this technique named Lucky Fourier
Imaging is commonly utilized (Garrel et al. 2012). The
technique relies on looking for the strongest Fourier com-
ponents of each image, and then synthesizing a single im-
age with the extracted Fourier information. In this way
diffraction-limited images at 680 nm of targets like Vega
(bottom image in Fig. 10) and Betelgeuse have been syn-
thesized in 2” seeing (Garrel 2012). This is clearly an
extremely powerful tool and we propose to advance this
imaging capability by adding multiple spectral channels.

3.4. Fiber injection unit

Fig. 10.— Top image: Vega in 2” seeing at 680 nm. Bottom
image: Synthesized image of Vega at 680 nm in the presence 2” see-
ing. Image was reconstructed from a 1% selection of Fourier com-
ponents across the 104 frames collected. A diffraction-limited PSF
with a FWHM of 17 mas is obtained post-reconstruction (note: the
scale of the bottom image differs from the top one). The data was
acquired on the 5th and 6th of February, 2012.

In addition to direct imaging, long baseline interferom-
etry and high precision radial velocity both stand to gain
significantly from a stable and 90% Strehl PSF on an 8-m
class telescope. For example, long baseline interferome-
ters like the Optical Hawaiian Array for Nano-radian As-
tronomy (OHANA) combine beams from multiple tele-
scopes once it has been transported to the combination
room via single-mode optical fibers (Woillez et al. 2004).
However, coupling efficiently into single-mode fibers is
no mean feat, but with access to a stable PSF with 90%
Strehl, it can be achieved. Indeed this is already being
exploited for the purposes of nulling interferometry on
P1640 (Serabyn et al. 2010b). Once the light has been
coupled into a single-mode fiber, it could be used as an
alternative feed for a conventional multimode fiber-fed
spectrograph. The non-temporally and spatially varying
PSF provided by a single-mode fiber can be used in pre-
cision radial velocity measurements to eliminate modal-
noise, a limiting factor in achieving high precisions. For
these reasons we are developing a single-mode injection
unit on the SCExAO platform.

To inject light into the fiber, it is tapped off with
a retractable dichroic on its way to focus after OAP2
(see Fig. 3). A dichroic which reflects y, J and H-short
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Table 9. Commissioning status of SCExAO modes of
operation and modules.

Module/mode Commissioning status
(completion date)

Wavefront control
LLOWFS Complete
SN Complete
PyWFS Partially complete (fall 2015)
PyWFS+LLOWFS Partially complete (fall 2015)
SN+PyWFS+LLOWFS Incomplete (late 2015)

Coronagraphs
PIAA Complete
Vortex Complete
4 quadrant Complete
Shaped pupil Complete
PIAACMC Incomplete (fall 2015)
MPIAA+Vortex Incomplete (late 2015)
MPIAA+8 octant Incomplete (fall 2015)

Visible imagers
VAMPIRES Complete
Lucky imaging Partially complete (late 2015)
FIRST Incomplete (late 2015)

NIR fiber injection Complete

NIR science imagers
CHARIS Expected delivery early 2016 (mid 2016)
MKID Expected delivery late 2016 (2017)

Note. — + signifies that these modes/modules are operating
in conjunction, SN-speckle nulling, PIAA will be replaced by the
PIAACMC.

bands is currently used for this. An achromatic lens
(f = 10 mm) is used to adjust the F/# of the beam
before it is injected into the fiber which sits atop a stage.
The 5-axis stage allows for XYZ translation via precise
stepper motor actuators and course alignment of tip/tilt.
The stage can be scanned through focus to maximize cou-
pling into the fiber. A further advantage of implementing
such a module on SCExAO is that we can use the conven-
tional PIAA lenses to more closely match the intensity
distribution of the collection fiber and hence boost the
coupling to a theoretical value of 100%. To make this
useful on-sky, this injection system relies on the PyWFS
delivering a high Strehl beam. The fine tip/tilt control is
provided by the LLOWFS by using the transmitted H-
band light. This unit is currently operational and may be
utilized by instruments such as the high precision spec-
trograph IRD for the survey it will undertake (Tamura
et al. 2012). In addition, by developing such a unit,
it becomes possible to exploit numerous other photonics
technologies on-sky (Cvetojevic et al. 2012; Marien et
al. 2012). The injection unit is described in more detail
in Jovanovic et al. (2014b).

4. COMMISSIONING STATUS AND FUTURE EXTENSIONS

SCExAO is clearly a complex instrument with modules
at various stages of commissioning. Table 9 summarizes
the commissioning status/plan of the various modes of
operation and modules of SCExAO.

Table 9 shows that the integral field spectrograph
known as CHARIS will replace the HiCIAO imager from
mid 2016. This instrument segments the focal plane with

an array of micro-lenses, before dispersing each PSF and
then reimaging onto a detector (see Table 1) (Peters et
al. 2012). This allows for spatially resolved spectral
information albeit at low resolving powers. Such an in-
strument has three key advantages. Firstly, background
stars in a given image can quickly be identified. Secondly,
owing to the fact that the instrument operates over a very
broadband (J-K bands), the presence of a planet can be
inferred by detecting the fixed speckle within a spectral
data cube. Finally, low resolution spectra of gas giants
can be taken enabling the atmospheres of these planets
to be constrained and better understood (Brandt et al.
2014; McElwain et al. 2012). Indeed, presently oper-

ating integral field spectrographs such as OSIRIS at the
Keck Telescope, the units in P1640 and GPI have been
used to characterize the atmospheres of known planetary
systems like HR8799 (Barman et al. 2011; Ingraham et
al. 2014; Oppenheimer et al. 2013).

Although not included in the table, it has been pro-
posed to outfit the IR arm of SCExAO with a polarimet-
ric mode of operation to study scattered dust in circum-
stellar disks. This mode known as polarization differ-
ential imaging (PDI) has been hugely successful for the
HiCIAO imager (Grady et al. 2013), and we aim to pre-
serve this capability while offering a superior IWA. This
IR polarimetric mode will complement the one of VAM-
PIRES offered in the visible, albeit on different spatial
scales.

5. SUMMARY

The SCExAO instrument is a versatile high-contrast
imaging platform which hosts advanced wavefront con-
trol systems, IR coronagraphs and visible interferome-
ters, that are ideal for imaging at < 3 λ/D (solar-system
scales). The extreme adaptive optics system delivers the
necessary wavefront correction to be able to push detec-
tion limits for ground-based observations at small an-
gular separations and interferometer precisions. Such
instruments will be critical to understanding the inner
structure of circumstellar disks and planetary systems
and how they form. In addition, they will provide the
appropriate avenue to collecting spectra from planetary
candidates and determining their physical properties for
the first time. Further, the SCExAO platform is an ideal
testbed for demonstrating and prototyping technologies
for future ELTs and space-missions. SCExAO is the only
high-contrast imager of its kind and will be uniquely po-
sitioned to contribute to exoplanetary science.

6. APPENDIX

6.1. Off-axis parabolic mirrors

All OAPs in the SCExAO instrument were manufac-
tured via diamond turning of aluminum and overcoating
with gold, are 50 mm in diameter and were designed to
work at a nominal off-axis angle of 17◦. OAPs 1, 3, 4,&
5 have a f = 255 mm while OAP2 has a f = 519 mm.
Although, there is no data on the wavefront error of
these optics, each optic was initially used to form an im-
age in the visible and it was determined from this that
the RMS wavefront error was < λ/20 at 630 nm over a
20 mm beam size corresponding to that which is used in
SCExAO.



18 N. Jovanovic et al.

6.2. Internal NIR camera lenses

The focusing lenses for the science camera include a
f = 150 and 50 mm converging, achromatic doublet
which are AR-coated for the NIR region (1 − 1.65 µm).
The distance between the lenses is set to be just larger
than the sum of their focal lengths so that a slow beam
is formed (F/# = 65).

6.3. Deformable mirror environmental controls

An interlock system which monitors the environmental
conditions in the DM chamber (pressure, humidity) was
put in place to prolong the life of the DM as they are
known age rapidly in high humidity environments (Shea
et al. 2004). A low pressure regulator (Fairchild-M4100)
was used to offer fine control of the injected dry air pres-
sure to the DM chamber at the < 1 psi level (with respect
to ambient). The pressure is set to 0.4 psi above ambient
when operating and monitored by a precise pressure sen-
sor (FESTO - SDE1). Such low-pressure differentials are
used so that the chamber does not deform significantly
and hence induce any extra errors to the wavefront. A
1 psi pressure differential relief valve is used as a hard
limit in case of over pressure in the circuit. The humid-
ity in the circuit is measured with a moisture probe (Ed-
getech - HT120). The alarms for both the pressure and

humidity sensors are used to control the power supplied
to the DM electronics. When the humidity is below 15%
and the pressure between 0.2−0.8 psi, the DM electronics
will be powered and the actuators can be driven. How-
ever, if the humidity rises above 15% and/or the pressure
goes above 0.8 psi or below 0.2 psi, then the alarms on
the sensors will trigger a relay switch, to which the DM
electronics are connected to, to trip and cut the power
to the DM. As a final level of reassurance, a low flow
rate (250 mL/min) flow controller is connected to the
end of the line to insure that there is a very slow flow
over the DM membrane and no turbulence in the cham-
ber. A rapid flow could tear the thin silicon membrane
(3 µm) and or cause turbulence in the chamber which
would be equivalent to seeing. The window to the cham-
ber is 50 mm in diameter, made from a 12 mm thick
piece of IR fused silica which is AR-coated across the
operating range.

We are grateful to B. Elms for his contributions to
the fabrication of parts for the SCExAO rebuild. The
SCExAO team thanks the Subaru directorate for funding
various grants to realize and develop the instrument.

Facilities: Subaru.
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ABSTRACT

Context. Polarimetry is one of the keys to enhanced direct imaging of exoplanets. Not only does it deliver a differential observable pro-
viding extra contrast, but when coupled with spectroscopy, it also reveals valuable information on the exoplanetary atmospheric com-
position. Nevertheless, angular separation and contrast ratio to the host-star make for extremely challenging observation. Producing
detailed predictions for exactly how the expected signals should appear is of critical importance for the designs and observational
strategies of tomorrow’s telescopes.
Aims. We aim at accurately determining the magnitudes and evolution of the main observational signatures for imaging an exoplanet:
separation, contrast ratio to the host-star and polarization as a function of the orbital geometry and the reflectance parameters of the
exoplanet.
Methods. These parameters were used to construct polarized-reflectance model based on the input of orbital parameters and two
albedo values. The model is able to calculate a variety of observational predictions for exoplanets at any orbital time.
Results. The inter-dependency of the three main observational criteria – angular separation, contrast ratio, polarization – result in a
complex time-evolution of the system. They greatly affect the viability of planet observation by direct imaging. We introduce a new
generic display of the main observational criteria, which enables an observer to determine whether an exoplanet is within detection
limits: the Separation-POlarization-Contrast diagrams (SPOC).
Conclusions. We explore the complex effect of orbital and albedo parameters on the visibility of an exoplanet. The code we developed
is available for public use and collaborative improvement on the python package index, together with its documentation. It is another
step towards a full comprehensive simulation tool for predicting and interpreting the results of future observational exoplanetary
discovery campaigns.

Key words. planets and satellites: atmosheres, planets and satellites: detection, methods: obsevational

1. Introduction

Observational technologies for detecting the light reflected from
an exoplanet are reaching a level of precision that makes direct
imaging of exoplanets a realistic possibility in about the coming
decade. Because of the very challenging contrast ratio between
exoplanets and host-stars in the optical, there is great interest
in differential methods, such as polarimetry, to deliver an ex-
tended reach to imaging instruments (Hough et al. (2006), Keller
(2006), Schmid et al. (2006)). Built upon previous detections
of polarized signals from exoplanets Berdyugina et al. (2008),
Wiktorowicz (2009), Lucas et al. (2009), Berdyugina et al.
(2011), the polarimetric imaging modules that are currently be-
ing integrated on the 10m class telescopes (SPHERE-ZIMPOL
on the VLT Thalmann et al. (2008), GPI on Gemini Wiktorowicz
et al. (2012), and VAMPIRES on SUBARU Telscope Norris
et al. (2015)) promise to achieve a differential polarized con-
trast down to approx10−6 in the visible or near- infrared. It is
therefore an opportune moment to produce detailed predictions
for exactly how the expected signals should appear, which will
be of critical importance for the designs and observational strate-
gies of these instruments. We aim at accurately determining the
magnitudes and evolution of the main observational signatures
as a function of the basic parameters of the exoplanetary system:
the star-exoplanet orbital parameters and the optical properties

of the planet. We incorporate the complexity arising from effects
such as polarization based on Rayleigh scattering. Additionally
and as a first-order observability estimator, the absolute flux in
photon per unit time and surface received from the exoplanet tar-
get is computed assuming a black-bodied star. We finally provide
a querier and parser of the http://exoplanet.eu/ exoplanet
database for searching and importing any star-planet target.

Several models were already developed to predict the light
signature of an exoplanet as it should appear to an observer, for
example see Cahoy et al. (2010), Buenzli & Schmid (2009), or
for the case of Earth-like planets with varying atmospheric pa-
rameters, see Karalidi & Stam (2012) and Zugger et al. (2010).
However, to the best of our knowledge, the inter-dependency of
the main observational criteria is never taken carefully into ac-
count. The relative evolution of angular separation, polarization,
and contrast ratio is of critical importance because their respec-
tive maxima do not occur at the same time in the general case:
this makes the best-case scenario for detection very unlikely. We
correct for this by showing the relative evolution of the angu-
lar separation, contrast ratio, and polarization as a function of
the orbital and reflectance parameters of the planet. The findings
resulting from this integrated treatment highlight dependencies
that are much more complex than previously reported. The three
main observational criteria – angular separation, contrast ratio,
and polarization – in general do not exhibit a strong positive cor-
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relation and must be analyzed separately to determine the direct
visibility of a potential planet target.

2. Model

We developed a polarized reflectance model. Its algorithm relies
on the orbital parameters of the exoplanet and the linear combi-
nation of two albedo values; it is briefly described below.

As our prime observables are in any event differential be-
tween the star and exoplanet (such as the contrast ratio) or in-
herent to the planet (such as the polarization fraction), absolute
fluxes are not described in detail. A simple black-body model-
ing of the host stars is used to give a first-order idea on the ab-
solute fluxes that are expected from a exoplanet. For the sake of
conciseness, “polarization” is used instead of “polarization frac-
tion”.

2.1. Orbital parameters

Each exoplanet orbit is defined by the usual parameters listed in
Table 1. Note that the shape of the orbit as seen by the observer
is solely defined by e, i, and ωp.

Symbol Name Unit
T Period days
tp Time at periapsis Julian date
a Semi-major axis AU
e Eccentricity ∅
i Inclination to the observer degrees
ωp Argument of periapsis degrees
Ω Longitude of ascending node degrees

Table 1. Orbital parameters for an exoplanet. i=90◦ corresponds
to an edge-on orbit (transiting), i¿90◦ corresponds to a retrograde
orbit.

The phase angle of the exoplanet and the distance between
the star and the planet are obtained from these orbital parame-
ters. The phase angle αis defined as the vector angle between the
star, an exoplanet, and the observer, as seen from the exoplanet.
It is 0◦ when the planet is at full phase (superior conjunction) and
180◦ when the exoplanet is at new phase (inferior conjunction,
transiting).

2.2. Rayleigh scattering polarization

For the sake of conciseness, in the following discussions we use
the quantity called phased albedo, which is defined as the prod-
uct of the phase function and the geometric albedo of a planet,
for a given wavelength:

Aα(α) = Ag · φ(α) =
I(α)
πF

, (1)

for an incident flux πF, with I(α) the emerging flux from a body
at the phase angle α. It represents the fraction of the incident
irradiance that is reflected by the planet when it is seen at phase
angle αby the observer, so that EPlanet, out = Aα(α) · EPlanet, in,
with E being the spectral irradiance arriving at or leaving the
planet.

The polarization induced by an exoplanet on a reflected
beam of light is described by many different models, such as
Mie, Rayleigh, or Raman scattering. It is assumed here that sin-
gle Rayleigh scattering is the predominant source of polarization
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Fig. 1. The geometric albedo Ag,Rayleigharising from single-
scattering as a function of the Rayleigh single-scattering albedo
wR.

in planetary atmospheres. This is a good approximation as long
as Mie scattering (and especially the primary rainbow polariz-
ing effect of liquid droplets in clouds, see Bailey (2007) remains
lower than Rayleigh scattering. This scenario is usually achieved
for wavelengths shorter than approximately 1µm, which also cor-
responds to the most favorable wavelengths for Rayleigh polar-
ization measurements of scattered light, as it is function of λ−4.
Integrated over the stellar disk, the flux from the star can be con-
sidered to be unpolarized (Kemp et al. (1987). Hence, only the
light from the exoplanet carries polarization.

The results of Madhusudhan & Burrows (2012) for the
Stokes parameters Q/I and U/I were adopted as input data to
carry out more polarization and reflectance computations. Their
model assumes an unresolved semi-infinite homogeneous atmo-
sphere (hence cloud free), dominated by Rayleigh scattering.
The atmosphere is assumed to be spherical, which is a satis-
factory assumption when the planetary rotation remains slow.
Given the strong depolarizing effect of multiple scattering, they
used the single-scattering albedo as a unique reflectance param-
eter from which a geometric albedo Ag,Rayleigharising from the
Rayleigh single-scattering albedo was calculated; their result is
reproduced in Figure 1.

Stokes-V is found to be zero for Rayleigh scattering in planet
atmospheres. Hence, the degree of polarization PzRayleigh is de-
fined by

PzRayleigh =

√
Q2

out + U2
out

Iout
, (2)

and it depends on the phase angle αof the planet and
the single-scattering albedo wR, which represents the amount
of absorption versus scattering in a given atmosphere. The
existing literature provides solutions to several phase func-
tions. Madhusudhan & Burrows (2012) provided an analyti-
cal solution for scattering models for Lambertian, Rayleigh,
isotropic, and asymmetric scattering. Zugger et al. (2010) ad-
dressed the liquid surface scattering model. Some phase func-
tions are reproduced in Figure 2. Given the symmetry of the
phase angle αalong the orbit, only α = [0, 180]◦ values are repre-
sented. The illuminated fraction values are also plotted for com-
parison.
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Fig. 2. Phase functions φas a function of phase angle αfor sev-
eral scattering models. The illuminated fraction is also displayed
(thick line). The Rayleigh-scattering model corresponds to a
vectorial Rayleigh phase matrix.

Rayleigh and Lambertian surface models follow the same
general S-curve shape between zero flux and full flux. A
Lambertian or Rayleigh planet is faint at small αbecause the il-
luminated fraction fI is small, hence fewer photons are reflected.

2.3. Polarized and unpolarized albedo

It is now apparent that clouds and condensates are very com-
mon in planet atmospheres. An atmosphere solely described by
a single-scattering albedo could only take into account Rayleigh
scattering of the atmosphere in the optically thick case, which
is quite restrictive. Indeed, clouds, rocky surfaces or liquid sur-
faces do not follow Rayleigh scattering, but they often strongly
contribute to the reflectivity of the exoplanet.

In this section we describe a novel approach to the re-
flectance properties of an exoplanet atmosphere to include ef-
fects of a greater atmospheric variety.

We assumed that any non-Rayleigh single-scattering from
the atmosphere follows Lambertian scattering. This assumption
is discussed below. A planet is better defined by two combined
albedo quantities:

– a total geometric albedo Ag,Totalthat represents the total frac-
tion of incoming irradiance reflected by the exoplanet, taking
into account all scattering processes,

– a Rayleigh single-scattering albedo wR that represents the
fraction of incoming irradiance that is scattered by the atmo-
sphere according to Rayleigh single-scattering alone, from
which arises a Rayleigh geometric albedo Ag,Rayleigh. Only
this part of reflected light carries a defined degree of polar-
ization in this model. This albedo can be approximated by
the single-scattering albedo of the exoplanet multiplied by
the fraction of Rayleigh-scattered emerging light.

These albedo values can be added linearly so that

Ag,Total = Ag,Lambertian + Ag,Rayleigh. (3)

Following this, we can express the outgoing irradiances us-
ing the phased albedo Aα:

Aα,Rayleigh = φRayleigh · Ag,Rayleigh (4)

Aα,Total = φLambertian · (Ag,Total − Ag,Rayleigh)
+ φRayleigh · Ag,Rayleigh. (5)

The total emerging spectral irradiance of the exoplanet
ITotal,out including thermal emission is

ITotal,out = ERayleigh,out + ELambertian,out + EThermal,out. (6)

Note that this thermal emission is much weaker than the reflected
light from the host-star unless the exoplanet is a hot Jupiter and
the observing wavelength lies in the infrared. Below, we assume
that EThermal,out is negligible for λObs . 1µm.

The different Stokes parameters and polarization degree can
be easily obtained with

Q/I =
( Q

IRayleigh,out
) · Ein · Aα,Rayleigh

ITotal,out
(7)

U/I =
( U

IRayleigh,out
) · Ein · Aα,Rayleigh

ITotal,out
(8)

V/I = 0 (9)

PzTotal =
PzRaylgeigh

1 +
Aα,Lambertian

Aα,Rayleigh

, (10)

where Q/IRayleigh,out and U/IRayleigh,out are the Stokes ratios from
the Rayleigh-scattering polarization section of this model; they
are used to calculate PzRaylgeigh using Equation 2.

According to previous sections, the following complete re-
lation for the exoplanet reflected irradiance, given the host-star
surface irradiance, is

EPlanet,Distance = ES tar,S ur f ace · ( R∗
rorbit

)2 · (RPlanet

d
)2 · Aα, (11)

where R are radii. The observer-exoplanet distance is here ap-
proximated by the distance observer-star d. The contrast ra-
tio CRbetween a planet and its host-star is then obtained from
Equation 11:

CR = (
RPlanet

rorbit
)2 · Aα. (12)

We highlight here that the polarization of the exoplanet
PzTotal and the contrast ratio CRdo not depend on the incom-
ing irradiance from the host-star, they are intrinsic to the planet.
However, they are strongly dependent on the observation wave-
length λObsthrough Rayleigh single-scattering and geometric
albedo, even though for clarity of notation, λ was not explicitly
written in the relations.

Thanks to the separation of the contributions from the dif-
ferent scattering processes on an exoplanet, an original model
for planetary polarized reflectance has now been set up. It yields
the phased albedo Aα, which indicates the fraction of reflected
irradiance from an observed planet, as a function of geometric
albedo Ag, phase angle α, and Rayleigh single-scattering albedo
wR. While αcan be easily determined as described in the orbital
computations part of the model, the albedo parameters Agand
wRdepend on factors too numerous to be modeled here: they
therefore need prior computation. If Agand wRare obtained sep-
arately, the albedo and phase functions previously defined are
successful in describing the emerging irradiance that is reflected

3
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by a planet. Its most accurate results are obtained for wave-
lengths shorter than approximately 1µm unless thermal emission
and Mie scattering are also added to the model.

We assumed a polarized-reflectance model that incorporates
Rayleigh and Lambertian scattering as two linear scattering phe-
nomena. The approximation made is that any scattering that
does not relate to Rayleigh single-scattering is assumed to be
Lambertian. As a consequence, a beam of light undergoing
multiple-Rayleigh scattering or a combination of Lambertian
and Rayleigh scattering is assumed to be multiple Lambertian
scattered. This approximation mainly affects the angle at which
a photon emerges from the exoplanet and in turn the phase-
function of integrated emerging light. In our model, this inte-
grated phase function is a linear combination of Rayleigh and
Lambertian phase functions. Adding these second-order scatter-
ing phenomena to the computation of the integrated phase func-
tion adds terms to its computation: a multiple Rayleigh phase
function term and a coupled Rayleigh-Lambertian phase func-
tion term. We assumed that these second-order phase functions
are similar to the Rayleigh and Lambertian phase functions,
which differ only slightly (see Figure 2). Furthermore, we as-
sumed that the weight of these additional phase functions in
the computation of the integrated phase function is smaller than
Rayleigh single-scattering and Lambertian single or multiple
scatterings. Note also that the lower the albedo values, the less
likely multiple-scattering becomes and the smaller the errors in-
duced by this approximation.

The results were benched-marked against several other mod-
els providing photopolarimetric curves as a function of one or
several orbital parameters, such as models developed by Buenzli
& Schmid (2009), Madhusudhan & Burrows (2012), Fluri &
Berdyugina (2010), and Zugger et al. (2010). The locations of
the polarization peaks and minima were reproduced with very
good agreement; they mostly depend on the phase functions and
the processing of orbital parameters. The intensity of the polar-
ization peaks were reproduced with good accuracy; they mostly
depended on the fine-tuning of the two albedo values. More
specifically, the shift of the polarization peak to phase angles
greater than 90◦ reported in the last bench-mark reference was
also observed.

2.4. Model completeness

The calculation code that implements this model takes up to 11
input parameters and N orbital positions for which the calcula-
tions are performed. It generates N-element vectors for up to 11
output parameters, listed in Table 2. Table 3 shows the mapping
between the input and output parameters, where the input pa-
rameters are listed as column headers and output parameters are
row headers of Table 3.

In the way the code is written, the only mandatory input is
the eccentricity, the inclination, and the argument at periapsis.
When compared with exoplanetary detections reported in the lit-
erature, these three orbital parameters are rarely known with any
precision. This is currently the case for 132 exoplanets out of
the 1790 (≈7.4%, source: http://exoplanet.eu/). However,
where more complete data exist, reasonably good estimates can
be made.

Output Name Unit
α Phase angle degrees
fT Period fraction since last periapsis %
ν True anomaly degrees
rorbit Star-planet distance AU
θ Angular separation with star arcsec
date Julian Date JD
CR Contrast ratio with star ∅
Pz Polarization degree %
ΦPz Polarization angle degrees
ϕNorth Angle with the north degrees
υorb Apparent orbital velocity mas/hour

Table 2. Output parameters from the calculation code. Their pro-
cessing depends on the availability of input parameters, refer to
Table 3. “mas” stands for milli-arcsecond.

e, i, ωp a d T tp RP, Ag wR Ω

α, fT , ν x
rorbit

1, θ1

date 1 x x
date 2 x x x
rorbit

2, θ2 x x x
CR1 x x
CR2 x x x
Pz, ΦPz

1 x x x
ΦPz

2 x x x x
ϕNorth x x
υorb x x x x x

1 relative values
2 absolute values

Table 3. Mapping between the input (columns) and output
(lines) parameters of the model. An “x” indicates that the given
input parameter(s) is required for computing that output parame-
ter(s). Example: calculating the relative angular separation (line
4) and the absolute contrast ratio (line 7) only requires six input
parameters: e, i, ωp, a, RPlanet, and Ag.

3. Results

3.1. SPOC diagrams

An important tool introduced here is the Separation-
POlarization-Contrast (SPOC diagram) which presents all
the useful information to enable an observer to evaluate whether
a planet target is observable at given instrumental limits and
how this signal will evolve with orbit and time. Perhaps most
importantly, in the event of a detection, SPOC diagramsprovide
a powerful mechanism to constrain exoplanet properties given
observational imaging data.

Figure 3 shows an example of a SPOC diagramapplied
to Alpha Centaury Bb, an Earth-mass planet discovered in
2012 Dumusque et al. (2012) that was later debated Hatzes
(2013). Its probable orbital parameters are shown in Table 4.
The exoplanet was discovered with the radial velocities method,
hence its inclination and argument of ascending node are un-
known. For i, values in [15, 35, 60, 85]◦were explored, whereas
Ωwas neglected because it does not change the shape of the or-
bit: it only defines a rotation of the orbit locus as seen by an
observer along the line of sight (i.e., it is only useful for project-
ing the exoplanet location around the star onto RA-DEC axes).
Its radius was calculated from its mass·sin(i) = 0.0036 ·MJupiter
assuming the same density as Earth, which leads to M = [4.42,
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2.00, 1.32, 1.15] MEarth and R = [1.64, 1.26, 1.10, 1.05] REarth
for the four previous i. In this example, the light from objec-
tAlpha Centaury A received by the exoplanet is neglected be-
cause it is roughly 2.105 fainter than that from Alpha Centaury
B. Reflectance parameters were chosen to be similar to those of
a Venus-like planet (Ag=0.67, ωp=0.85) in V-band.

Set T [day] ωp [◦] a [AU] e tp [JD]
Cenα,0 3.2357 0 0.04 0 55280.17
Cenα,0.34 3.2357 246 0.04 0.34 55282.53

Table 4. Two sets of probable orbital parameters for Alpha
Centaury Bb, see section 9 of the supplementary information
of Dumusque et al. (2012). The inclination is choosen from [15,
35, 60, 85]◦, which leads to M = [4.42, 2.00, 1.32, 1.15] MEarth
and R = [1.64, 1.26, 1.10, 1.05] REarth respectively (assuming
Earth density).

In Figure 3, Cenα,0.34 is shown with i=15◦. This figure dis-
plays the polarization encoded with color, while the two axes
plot the separation against contrast ratio; finally, a set of differ-
ent markers give temporal information. The first striking feature
of the plot is that the exoplanet does not run a “back and forth”
locus in the separation-contrast ratio phase diagram. This is be-
cause the apparent symmetry of the orbit is broken. When the
orbital parameters iand eare non-zero and ωpis different from
[0,90,180,270]◦, the geometry of the orbit as it appears to the
observer has no symmetry. In other words, the star is not at a fo-
cal point of the apparent elliptical locus of the orbit. Note that the
semi-major axis adoes not play a role in the shape of the orbit;
it acts as a simple scaling factor. The photon flux on the right-
hand side y-axis is given in photons per collecting-area per hour,
integrated over V-band. It was calculated assuming that Alpha
Centaury B is a black-body, Te f f = 5214 and Mv = 1.33. The
collecting area is 51.7m2, which corresponds to a diameter of 8.2
meter with a central obstruction of 2% (same as VLT telescopes).

Figure 3 shows that the lowest and highest contrast ratios
are reached close to the maximum and minimum phase angle
(black and white disks). This corresponds to the inferior and su-
perior conjunction of the exoplanet with its star. We note that
the periapsis and apoapsis are not reached at these phase angle
extrema because of the non-null value of ωp, which re-orients
the orbit with respect to its host star. Polarization reaches two
maxima near α=90◦(the limit between the shaded and the bright
area in the bottom left subplot of the same figure). This is linked
to the fact that polarization is observed from Rayleigh scatter-
ing, which has a peak polarization for 90◦. However, in the case
of non-entirely Rayleigh planets, the peak polarization occurs at
slightly different phase angles.

An even more interesting diagram is shown in Figure 4. It
represents the apparent orbital motion in mas per hour plotted
against the angular separation as x-axis and the polarized con-
trast ratio as y-axis. The apparent orbital motion is found to be
an important factor to take into account here because the period
of Alpha Centaury Bb is only 3.24 days: it reaches 1.8 to 3.5 mas
per hour, which limits the observer to a few hours of exposures,
depending on the plate scale of its detector. The photon flux is
extremely high as a result of the brightness of the star (1.3mag
in V) and the large bandwidth of the V filter (550 ± 44nm). The
SPHERE-ZIMPOL performance curve for 1h exposure time us-
ing a V-filter with the double-difference polarization calibration
was added to the plot (see Fig. 4 in Roelfsema et al. (2014)).
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Fig. 3. SPOC diagramfor Cenα,0.34 with i=15◦, see Table 4, as-
sumed to be Venus-like regarding its reflectance parameters. It
represents the polarization values as gray scale, plotted against
the angular separation and the contrast ratio axes. The exo-
planet’s orbit is therefore displayed in a separation-contrast
phase diagram. The wavelength is the V-band. The “x” indi-
cates the position of the exoplanet at an arbitrary observation
time. The ‘diamond indicates the position of the planet one
sixth of the orbital period T later (giving the forward direction
of time). The 10 plus signs indicate the evolution of the planet
along the curve; they are linearly spaced in time. The empty and
filled triangles are periapsis and apoapsis: rmin = 0.026AU and
rmax = 0.054AU. The empty and filled circles are minimum and
maximum phase angle: αmin = 75◦ and αmax = 105◦. The bot-
tom left panel shows the orbit as seen by the observer, where the
shaded area corresponds to the portion of the orbit that is behind
the plane of the paper. The dashed lined corresponds to the limit
of the same instrument sensitivities as in the preceding example.
The right-hand side y-axis is given in photons per VLT collect-
ing area per hour integrated over V-band. Two successive plus
signs correspond to 7h46min.

It shows that this instrument could observe Alpha Centaury Bb
during ≈ 35% of its orbit if i=15◦. Longer integrations could
increase the sensitivity at the expense of larger apparent orbital
motion on the detector, which will significantly limit the angular
differential imaging (ADI) processing capability.

Figure 5 shows SPOC diagramsfor the two sets of orbital
parameters Cenα,0.34 and Cenα,0, and for all four i.

This figure shows that for higher orbital inclinations, the ra-
dius inferred from the orbital velocity profile decreases, which
leads to a smaller reflecting surface and consequently, a lower
contrast ratio. The effect of eccentricity is clearly seen: curves
for Cenα,0 all run a “back and forth locus” because of their or-
bital symmetry. Eccentric orbits display an increasingly complex
shape as the inclination increases: this is due to the projection of
the orbit locus on the sky as an observer would see it.

We refer to Appendix A for more detailed studies of diverse
SPOC diagramsthat are based on known exoplanets.

3.2. Separations and contrast ratios for the solar system

An interesting illustration of the usefulness of the SPOC dia-
gramsis provided by our solar system as viewed by an external
observer.
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Planet Diameter to Earth a[AU] e i[◦] ωp[◦] Ag

Mercury 0.382 0.3870 0.205 7.00 77.45 0.142
Venus 0.948 0.7233 0.006 3.39 131.53 0.67
Earth 1 1.000 0.016 0.00 102.94 0.367
Mars 0.532 1.523 0.093 1.85 336.04 0.170
Jupiter 11.2 5.203 0.048 1.30 14.75 0.52
Saturn 9.44 9.537 0.054 2.48 92.43 0.47
Uranus 4.00 19.19 0.047 0.76 170.96 0.51
Neptune 3.88 30.06 0.008 1.76 44.97 0.41

Table 5. Planetary and orbital parameters for the planets of the solar system, in the V-Band. Source: http://nssdc.gsfc.nasa.
gov/planetary/factsheet/. Inclinations is this table are measured from the plane of the ecliptic.
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Fig. 4. Same caption as Figure 3 except that it represents the
apparent orbital motion in mas per hour as gray scale, plotted
against the angular separation and the polarized contrast ratio
axes. The red dotted line corresponds to the SPHERE-ZIMPOL
performance for 1 hour exposure (observability domain being
above the line).
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Fig. 5. Contrast ratio versus angular separation plots for both or-
bital parameters of Alpha Centaury Bb as described in Figure 3
and for inclinations in [15, 35, 60, 85]◦. Dotted lines correspond
to e=0 and ωp=0◦and full lines to e=0.34 and ωp=246◦. A color
version is available in the online journal.

Figure 6 gives the contrast-separation diagram for the plan-
ets of the solar system, whose parameters are listed in Table 5.
In this figure, polarization is not shown (for clarity). It displays
values for two different angles of inclination for the observer,
0◦and 45◦. The observational wavelength is visible light. Note
that no rings were modeled for Saturn; they are anticipated to
have a variable effect on both contrast ratio and polarization (see
discussion in Sect. 3.3).

Note that the angular separation of Earth to the Sun is
≈ 1arcsec when the ecliptic inclination is 0◦, consistent with
the definition of a parsec. Earth’s average angular separation de-
creases as the orbit appears more inclined to the observer.

Figure 6 highlights the strong dependency of the contrast ra-
tio and angular separation on inclination, argument at periapsis,
and eccentricity. Mercury especially, but also Mars and Saturn
do not follow a “back and forth locus” because the symmetry of
their orbit as it appears to the observer is broken.

Venus is seen to be the second brightest planet in the solar
system (for a ringless Saturn). Significantly brighter than Earth,
but fainter than Jupiter. A rule of thumb can explain this eas-
ily: Venus receives twice as much solar flux as Earth and has an
albedo nearly twice as high. Because the diameters of the two
planets are close to each other, they present almost the same re-
flective area (Venus has ≈90% of that of Earth): Venus is there-
fore on average nearly four times brighter than Earth to an ex-
ternal observer. The same rules can be applied to compare the
relative brightness of Jupiter and Venus’: Jupiter is only twice
as bright as Venus to the observer. The same rule of thumbs can
explain the surprising faintness of Mars, Uranus, and Neptune.
They show a relatively small reflective area because of their dis-
tance to the Sun, which makes them receive little flux; further-
more, Mars has a significantly low albedo. Note that these com-
parative values are averaged over the entire orbits.

Finally, this same figure highlights once more that focusing
the discussion on averaged contrast ratios and separation is fu-
tile: depending on the respective configuration of the planets,
Earth might easily become the brightest planet in the solar sys-
tem at some epochs. As an example, let us consider the case
when the observer sees the Solar System with an inclination of
45◦. Figure 7 shows the contrast ratios of Jupiter, Venus, and
Earth as a function of time during a whole Jovian orbit.

It can be calculated that, during the Jovian revolution (11.9
years):

– CR(Earth) ¿ CR(Venus) for 2.55 years (21.53% of TJup),
– CR(Earth) ¿ CR(Jupiter) for 1.04 years (8.82%),
– CR(Venus) ¿ CR(Jupiter) for 3.16 years (26.61%),
– Venus is the brightest of the 3 planets for 3.11 years

(26.16%),
– Earth is the brightest of the 3 planets for 4.83 months

(3.39%),
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Fig. 6. Contrast-separation diagram for the planets of the solar system as seen from 1pc distance in visible light. Small black curves
correspond to an inclination of the ecliptic of 0◦(observer reference frame); colored curves show the solar system at an inclination
of 45◦. Note that both axes have logarithmic scales. A color version is available online.
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Fig. 7. Evolution of the contrast ratio to the Sun for Venus,
Jupiter and the Earth, during an entire Jovian revolution (11.9
years).

– Jupiter is the brightest of the 3 planets for 8.36 years
(70.44%),

where CR stands for contrast ratio. These values become
28.28%, 18.89%, 32.14%, 30.30%, 4.83%, and 64.86% respec-
tively when the observer sees the solar system at an inclination of
75◦. Note also that for an inclination of 45◦, Mercury is brighter

than Jupiter during 1.75% of TJup. This duration increases to
11.62% for an inclination of 75◦.

Despite the large variability in apparent brightness, it re-
mains true that all solar system planets are extremely challeng-
ing: Earth’s relative magnitude to the Sun is about ≈ +23mag,
at best. Gas giant planets at the snow line such as Jupiter do not
always offer dramatic gains in observability, as might naively be
thought.

3.3. Effect of extensive planetary rings

Rings were not included in this model. To do so would at least
double the number of parameters describing a planet (exoplanet
obliquity, obliquity at periapsis, ring radii (inner and outer), re-
flectance parameters, etc). The ring orientation to the observer
is critical for determining reflected light from the host-star.
Beyond the model of our own solar system, there is little ob-
servational data to constrain the speculative range of ring prop-
erties. However, their presence around an exoplanet would sig-
nificantly change the observable properties of planets. Rings can
either act as reflectors with a potential polarized enhancement
or obstruct of the exoplanet illumination or irradiance, depend-
ing on their apparent inclination to the star, the observer and
their polarized-reflectance characteristics. Both reflection and
obstruction effects are coupled for extensive systems of rings
that project shadows onto the exoplanet atmosphere. We refer
to Dyudina et al. (2005) or Arnold & Schneider (2006) for a
more detailed discussion of the impacts of rings on light curves.
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3.4. Distinguishing radius and albedo with polarization

Knowing both the contrast ratio (or absolute flux) of the planet
and its polarization degree, preferably at several orbital posi-
tions, allows the observer to distinguish between several atmo-
spheric models of the atmosphere and finally determine its ra-
dius and albedo. For a given exoplanet atmosphere and the same
unpolarized flux measured, a planet with large radius and low
albedo will exhibit a higher polarization degree than a small
exoplanet with high albedo. We refer to the relation between
peak polarization and single-scattering albedo in Madhusudhan
& Burrows (2012). Such radius-albedo measurements were car-
ried out in Berdyugina et al. (2008) and Berdyugina et al. (2011).

4. Conclusions

4.1. Model and calculation code

We have constructed a model to fully describe the emerging ra-
diation field from an exoplanet with given orbital geometry and
reflectance parameters. This model aclculates the three main ob-
servables that are relevant for direct imaging of an exoplanet:
polarization, contrast ratio, and angular separation as a function
of date. A key strength of this model is the relatively restricted
number of free input parameters despite the complex processes
addressed. Only 3 of these input parameters – eccentricity, incli-
nation, and argument of periapsis – are mandatory for perform-
ing a first assessment of the variability over time of the exoplanet
observability.

The calculation code developed is available for pub-
lic use and collaborative improvement on the python pack-
age index https://pypi.python.org/pypi under “ex-
ospoc”, together with its documentation. This code is imple-
mented on the http://exoplanet.eu/ exoplanet database
(see Schneider et al. (2011)), where SPOC diagramsare accessi-
ble in the exoplanet information sheets at the link “Observability
Predictor”.

4.2. SPOC diagrams

We have introduced a novel tool - the SPOC diagram. It high-
lights the interdependency of polarization, contrast ratio, and an-
gular separation to the host star for an input exoplanet and gives
the observer critical information for predicting expected exo-
planetary signal from a minimum set of parameters. The com-
plex shape of the SPOC diagramcurves highlights the fact that
in the general case (inclination higher than ≈10◦), the critical
observables strongly depend on the geometry of the orbit as it
appears to the observer. As a consequence, we stress that re-
stricting consideration to values averaged along the entire orbit
for angular separation, contrast ratio, or polarization may be a
misleading oversimplification in many applications. An illustra-
tion of this is that an external observer would report Earth to
be the brightest of the eight planets for a significant fraction of
random observations.

The variation of the main observational criteria is critical
in timing a direct observation of an exoplanet. This variation
mainly relies on the combined effect of the inclination, the ec-
centricity and the argument of periapsis, hence the shape of the
orbit as it appears to the observer. This latter parameter has a
surprisingly important role to play in the visibility prediction for
a planet in acting to either amplify or cancel the effects of incli-
nation and eccentricity over the contrast ratio and angular sep-
aration values over time. The albedo parameters only shifts the

lowest and highest values of the contrast ratio; however they do
not significantly change the span of its minimum and maximum.
The planet radius, semi-major axis and, observer-host-star dis-
tance parameters simply scale all observables to higher or lower
contrast ratios and angular separations.

The simultaneity of the maxima of three main observational
criteria can also be studied with SPOC diagrams. The simultane-
ity of contrast ratio and polarization (or of contrast ratio and an-
gular separation) maxima is unlikely (or very unlikely) in the
tCR,max ± (20% of T ) temporal window. Therefore, the best-case
scenario for detection, maxima of contrast, separation, and po-
larization, is extremely unlikely.
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Appendix A: Observability predictor examples
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Fig. A.1. Contrast-separation diagram for V-band reflectance pa-
rameters (no polarization information added for clarity reasons)
showing the famous HR 8799 exoplanetary system with its four
confirmed candidates. The planet e was assumed to be the same
size as the three other planets (1.2RJupiter). All four planets but
planet d follow a “back and forth” locus because of their null ec-
centricity. Despite their large reflecting area, the contrast ratios
are extremely low because of their distance to the host star.
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Fig. A.2. SPOC diagram for HD 80606 b, for which all orbital
parameters are known down to a very high accuracy. The very
high eccentricity (0.93) of this transiting planet gives a peculiar
phase diagram. The higest contrast ratio is not reached at periap-
sis because of the combination of i, e, and ωporbital parameters.
Photon count is given per hour per VLT collecting area. The re-
flectance parameters were assumed to be Jupiter-like, in V-band.

9



MNRAS 447, 2894–2906 (2015) doi:10.1093/mnras/stu2529

The VAMPIRES instrument: imaging the innermost regions of
protoplanetary discs with polarimetric interferometry

Barnaby Norris,1‹ Guillaume Schworer,1,2 Peter Tuthill,1 Nemanja Jovanovic,3

Olivier Guyon,3 Paul Stewart1 and Frantz Martinache4

1Sydney Institute for Astronomy, School of Physics, Physics Road, University of Sydney, NSW 2006, Australia
2LESIA, Observatoire de Paris, Section de Meudon, 5 place Jules Janssen, F-92195 Muedon, Cedex, France
3National Astronomical Observatory of Japan, Subaru Telescope, 650 N. AOhoku Place, Hilo, Hawaii 96720, USA
4Laboratoire Lagrange, CNRS UMR 7293, Observatoire de la CÃ´te dAzur, Bd de lObservatoire, F-06304 Nice, France
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ABSTRACT
Direct imaging of protoplanetary discs promises to provide key insight into the complex
sequence of processes by which planets are formed. However, imaging the innermost re-
gion of such discs (a zone critical to planet formation) is challenging for traditional ob-
servational techniques (such as near-IR imaging and coronagraphy) due to the relatively
long wavelengths involved and the area occulted by the coronagraphic mask. Here, we
introduce a new instrument – Visible Aperture-Masking Polarimetric Interferometer for
Resolving Exoplanetary Signatures (VAMPIRES) – which combines non-redundant aperture-
masking interferometry with differential polarimetry to directly image this previously inac-
cessible innermost region. By using the polarization of light scattered by dust in the disc
to provide precise differential calibration of interferometric visibilities and closure phases,
VAMPIRES allows direct imaging at and beyond the telescope diffraction limit. Integrated
into the SCExAO (Subaru Coronagraphic Extreme Adaptive Optics) system at the Subaru
telescope, VAMPIRES operates at visible wavelengths (where polarization is high) while
allowing simultaneous infrared observations conducted by HICIAO. Here, we describe the
instrumental design and unique observing technique and present the results of the first on-sky
commissioning observations, validating the excellent visibility and closure-phase precision
which are then used to project expected science performance metrics.

Key words: instrumentation: high angular resolution – instrumentation: interferometers –
instrumentation: polarimeters – techniques: interferometric – planet-disc interactions –
protoplanetary discs.

1 IN T RO D U C T I O N

The mechanism by which planets are formed within circumstellar
discs is a key question in current astronomy. Flattened, cool discs of
gas and dust surround most low-mass stars for their first several mil-
lions of years of existence, during which they gradually dissipate
via photoevaporation, mass outflow, assimilation by the star, and
condensation into planetisimals and eventually planets (Williams &
Cieza 2011). Of particular interest are so-called transition-discs –
protoplanetary discs exhibiting a partially evacuated gap, first iden-
tified via a distinctive dip in their infrared spectral energy distribu-
tions (e.g. Calvet et al. 2002). An exciting possibility is that these
gaps are indicative of planetary formation (Bryden et al. 1999) and
detailed observational characterization is of particular importance.

�E-mail: bnorris@physics.usyd.edu.au

Although our understanding of the evolutionary processes in-
volved is incomplete, in recent times spatially resolved observa-
tions have provided great insight into the structure and evolution
of such protoplanetary discs, including the gaps, knots, and other
density modulations that provide evidence of planetary formation.
Sub-millimetre observations have resolved the inner cavities of tran-
sition discs (Andrews et al. 2011), as has long-baseline optical
interferometry (Olofsson et al. 2011). Furthermore, infrared obser-
vations using coronagraphy and polarimetry have revealed fine sub-
structure within protoplanetary discs. Spiral arms and complicated
asymmetrical structure has been imaged using these techniques in
several discs, such as those surrounding AB Aurigae (Fukagawa
et al. 2004; Hashimoto et al. 2011) and MWC 758 (Grady et al.
2013).

While such infrared observations are extremely productive, the
imaging of the innermost region (within ∼100 mas) is highly chal-
lenging, due to the high contrast and angular resolution required as

C© 2015 The Authors
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well as the area occulted by the coronagraphic mask in traditional
coronagraphs. However, this inner region is critical for the under-
standing of disc structure and planet formation (Williams & Cieza
2011). The main disc inner rim, the partially evacuated cavity (such
as that characteristic of transition discs), and an inner-disc may all
lie within this region. Here, we introduce a new instrument, the Vis-
ible Aperture-Masking Polarimetric Interferometer for Resolving
Exoplanetary Signatures (VAMPIRES), specifically designed to
directly observe this key inner region. Using a unique combina-
tion of aperture-masking interferometry and differential polarime-
try, VAMPIRES will directly image the structure of the inner disc
region in scattered starlight at visible wavelengths, revealing rim
structure, disc geometry, and asymmetric density perturbations be-
traying the presence of an accreting planetesimal. Furthermore, po-
larimetric measurements reveal the distribution of dust grain sizes
and species. Integrated into the SCExAO (Subaru Coronagraphic
Extreme Adaptive Optics) system (Guyon et al. 2011; Jovanovic
et al. 2013) at the Subaru 8 m telescope, it will enable observations
at the telescope diffraction limit. The observational parameter space
explored by VAMPIRES is distinct from – and complementary to –
that of a coronagraphic polarimetric imager; it has no limitation on
inner working angle (limited only by its resolving power, around
10 mas) and offers diffraction-limited imaging of this inner region
while being robust against seeing and imperfect AO correction.

The remainder of this section will outline the technical back-
ground to the technique employed by VAMPIRES. Section 2 will
describe the instrument itself. Section 3 describes the unique triple-
differential interferometric calibration used by VAMPIRES. The
results from the first on-sky observations are presented in Section 4.
A qualitative demonstration of the expected data from science obser-
vations is given in Section 5 and a summary is included in Section 6.
Appendix A explains the calibration procedure used for residual in-
strumental polarization not removed during the differential process.

1.1 Non-redundant aperture masking

Non-redundant aperture masking (Readhead et al. 1988; Tuthill
et al. 2000), segments the pupil of a single telescope into a number
of sub-apertures by placing an opaque metal mask with a carefully
designed pattern of holes at a pupil plane upstream of an imaging
instrument. This causes a diffraction pattern to form on the de-
tector, with each set of fringes corresponding to a particular pair
of sub-apertures (holes) in the aperture mask. Thus, each pair of
sub-apertures forms a baseline of a Fizeau interferometer, with the
visibilities and phases recovered by Fourier analysis of the diffrac-
tion pattern.

The key to the technique’s performance is that the layout of sub-
apertures must be non-redundant – that is, the vector separation of
every hole pair must be unique. This allows for the noise-process
arising from seeing to be largely eliminated (see Readhead et al.
1988 for more detail). The power (or squared visibility) recorded for
fringes on any baseline is intrinsically robust against phase errors
caused by seeing, and this observable alone provides powerful con-
straint for diffraction-limited imaging from terrestrial telescopes.
However, visibilities do not preserve any of the phase information
of the image. Ideally, the phases recorded for each baseline would
also be utilized, however these are completely dominated by random
error from seeing. However, an alternate observable – the closure
phase (Baldwin et al. 1986) – can be derived, which in the limit of
small sub-apertures and short exposures, is immune to the effects
of seeing. When starlight entering each sub-aperture is corrupted
by a random phase error, then by taking the sum of phases around

three baselines forming a closing triangle, phase errors cancel out
and the resultant observable, the closure phase, is a function only of
the source intensity distribution. The use of non-redundant mask-
ing along with these two observables has been highly successful in
producing diffraction-limited, high-contrast images of such targets
as stellar surfaces and atmospheres of evolved stars (Haniff et al.
1987; Tuthill, Haniff & Baldwin 1999a; Woodruff et al. 2008), dusty
plumes surrounding Wolf–Rayet stars (Tuthill, Monnier & Danchi
1999b) and, most recently, protoplanetary discs (Eisner et al. 2009;
Huélamo et al. 2011), and even suspected sub-stellar companions
undergoing formation within (Arnold et al. 2012; Kraus & Ireland
2012).

Both visibilities and closure phases are subject to systematic er-
rors arising from imperfections and instabilities in the instrumental
point spread function (PSF). To combat this, the conventional ap-
proach in interferometry is to interleave observations of the science
targets with observations of a calibrator star, usually an unresolved
point-source (or sometimes an object with well-known structure).
The calibrated visibilities are formed from the ratio of the science
target’s visibilities to those of the calibrator star, and the calibrated
closure phases are the difference between those of the science and
calibrator stars. The success of this calibration assumes that aberra-
tions encountered by the calibrator star are a good statistical repre-
sentation of those for the science target. This can be a poor assump-
tion if the two are at different airmasses or if conditions change
between observations.

Current masking interferometry programmes usually deploy the
aperture-mask in a beam corrected by an adaptive optics system.
For such experiments (Tuthill et al. 2006), the AO system acts as
a fringe-tracker, stabilizing the fringe phase so that visibility infor-
mation is preserved for exposure times longer than the atmospheric
coherence time (a fraction of a second). The precision calibration
provided by non-redundant masking then allows the PSF of the
AO-corrected imaging system to be accurately calibrated.

1.2 Astronomical polarimetry

Polarimetry and polarimetric imaging are well-established tech-
niques in astronomy. Earlier polarimetric studies measured the
overall polarization of light from a star using a polarimeter with
a single pixel detector such as a photomultiplier tube (e.g. Hall &
Mikesell 1950; Hiltner 1956; Gehrels & Teska 1960; Mathewson &
Ford 1970). These instruments had polarization precisions as good
as 0.01 per cent when used over narrow bands, with subsequent
developments extending this precision to wide bandwidths (e.g.
Tinbergen 1973.) Later, imaging polarimeters were developed that
could measure the polarization of a spatially resolved field, using
both photographic (Woltjer 1957) and electronic (Scarrott et al.
1983) methods. General-purpose imaging instruments on 8 m tele-
scopes such as NACO on the VLT and AO188/HICIAO on the
Subaru telescope offer polarization modes, wherein the emphasis
is on polarimetric differential imaging (PDI) – using the difference
in polarization between starlight and scattered light to solve the
contrast-ratio problem of imaging circumstellar discs – rather than
high polarization precision (which is of the order of 1 per cent for
NACO (Witzel et al. 2011). Newly developed polarimeters such as
SPHERE/ZIMPOL (Thalmann et al. 2008) promise sensitivities of
the order of 1 part in 105.

As in conventional imaging, all these polarimeters operate by
forming an image of the science target on an array detector (such as
a CCD), but with the addition of polarization optics which convert
the polarization properties of the signal into intensity variations. In
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the simplest case, this could be an analyser (linear polarizer), but in
practice more complex systems are used to achieve the desired sen-
sitivity and mitigate the effects of systematic errors resulting from
instrumental polarization. Dual beam methods (where orthogonal
polarizations are measured simultaneously using a polarizing beam-
splitter) are often used, originally designed to improve polarimetric
precision by removing the effect of seeing (Hiltner 1951). A related
technique, channel switching (where polarizations are switched up-
stream with a rotating half-wave plate, HWP, or similar) is often
used in combination with dual beam methods (Appenzeller 1967).
Here, the channel-switching device is placed as far upstream as
possible (before polarization-modifying elements just as mirrors
and filters) allowing these systematic errors to be cancelled. Using
either or both of these techniques, the differences or ratios of the
intensities in the channels can be used to mitigate the effects of
seeing and of instrumental polarization (Bagnulo et al. 2009).

High-precision instruments may use fast polarization switching
(using a liquid crystal device or similar) to modulate the polariza-
tion on time-scales equal to or faster than atmospheric turbulence
(Tinbergen 1973). Initially restricted to use with single-pixel de-
tectors, advances have subsequently allowed this technique to be
used with array detectors via some form of de-modulation at the
detector, using an optical demodulator (Stenflo & Povel 1985) or
an on-detector charge-shuffling technique (Thalmann et al. 2008;
Bazzon et al. 2012). A particular challenge is the changing instru-
mental polarization at the Nasmyth focus of modern alt-az tele-
scopes due to the changing angle of the M3 mirror with respect
to the Nasmyth platform – a challenge that can be addressed by
using a rotating compensator plate system (Tinbergen 2007). In all
cases, proper characterization of and calibration for instrumental
polarization is necessary.

In terms of exoplanet and protoplanetary disc studies, single-
pixel polarimeters rely on detecting the small perturbations made
to the overall polarization of the stellar system by the presence
of a planet or other asymmetric body. They therefore need to be
extremely sensitive to small polarizations; even systems with a
close-in giant planet are expected to exhibit polarizations of only
10−5 or so (Seager, Whitney & Sasselov 2000). However, if the
planet or disc is spatially resolved (as in an imaging polarimeter),
then a much lower polarimetric sensitivity is required, assuming
the surface polarization of the object is high. This methodology
has been used successfully in the imaging of protoplanetary discs
and the sub-structure therein, including around AB Aurigae (Per-
rin et al. 2009), HD100546 (Quanz et al. 2011) and HD142527
(Avenhaus et al. 2014), in which fractional (surface) polarizations
from several per cent up to several tens of per cent were observed in
the near-IR. These adaptive optics observations provided imaging
of the disc to within an inner working angle of (in the best case)
100 mas from the star.

1.3 A new approach: polarimetric differential non-redundant
masking

The VAMPIRES instrument is based upon a recent extension to
the aperture-masking technique: polarimetric non-redundant mask-
ing, initially demonstrated using the NACO instrument on the VLT
to image the dust shells around asymptotic giant branch stars
(Norris et al. 2012). This technique – and the VAMPIRES in-
strument – leverage the aforementioned switching and modulation
methods from conventional polarimetry and recast them in an inter-
ferometric context. In contrast to proposed methods for full Stokes
optical interferometry (Elias 2001), we take a different, differential

approach. Rather than calibrating the instrumental transfer func-
tion using a nearby reference star, this technique instead records
two orthogonal polarisations of the science target simultaneously.
Differential polarized observables can then be extracted by cali-
brating these observations against one another. In practice, extreme
care must be taken to avoid systematic errors which would other-
wise overwhelm the science signal – see Sections 2 and 3. This
technique offers three distinct advantages in imaging circumstellar
regions which emit even a modest degree of polarized flux.

First, it allows direct observations of polarized circumstellar
structures at very small separations from the star, at contrasts which
are unachievable with conventional non-redundant masking. Dusty
structures such as mass-loss shells and circumstellar discs scatter
unpolarized light from their host star, a process which yields a po-
larized signal. The differential polarimetric observables produced
by this technique describe the spatially resolved polarized intensity
distribution, allowing faint, polarized structures to be clearly im-
aged in isolation despite the immediate proximity of the very bright
(but unpolarized) stellar photosphere.

Secondly, imaging data for the two orthogonal polarizations are
recorded simultaneously, as opposed to many minutes apart for
more conventional stellar interferometry (the time taken to slew
from science target to reference star). For the interferometric cali-
bration, this is a profound difference. Rather than attempting cal-
ibration of the statistical properties of the telescope–atmosphere
transfer function, starlight recorded simultaneously traversed iden-
tical optical paths (with the exception of a small instrumental leg
immediately prior to the detector discussed later). Exact, frame-by-
frame calibration then makes it possible to eliminate errors arising
from temporal-variation such as seeing, imperfect AO correction,
changing airmass, and flexure of the optics.

Thirdly, the polarimetric data produced can reveal important in-
formation about the scattering medium. By using multiwavelength
studies of the degree of fractional polarization, quantities such
as dust grain size and even chemical makeup can be accurately
constrained.

It is also important to compare polarimetric aperture masking
to conventional imaging polarimetry. The key distinction in tech-
nique is that the differential calibration – performed by subtraction
or division of intensities in conventional polarimetry – is instead
performed in the Fourier domain by the calibration of interfero-
metric visibilities. The goal of this technique is analogous to that
of PDI – to exploit the difference in polarization between a star
and the surrounding circumstellar dust (such as a protoplanetary
disc) to overcome the contrast ratio problem and directly image the
circumstellar region.

However, the parameter space in which polarimetric aperture
masking operates is quite distinct from that of conventional polari-
metric imaging/PDI. High-contrast, high angular-resolution imag-
ing polarimeters generally employ a coronagraph to block out the
light from the star to help achieve the desired contrast ratio between
star and disc. This technique is thus limited by the coronagraph’s
inner working angle, with the two newest instruments – SPHERE
and Gemini Planet Imager (GPI) – having an inner working angle
of ∼100 and ∼200 mas, respectively (Martinez, Aller-Carpentier &
Kasper 2010). This puts the innermost regions of circumstellar discs
– critical for proper understanding of the planetary formation pro-
cess – out of reach for conventional imaging polarimeters. A polari-
metric aperture-masking instrument such as VAMPIRES, however,
has an effective inner working angle limited only by its resolving
power, approximately 10 mas (with a field of view of only ∼300
mas). Additionally, the spatial resolution of an imaging polarimeter
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The VAMPIRES instrument 2897

is limited by the performance of its adaptive optics system, while
aperture masking can provide diffraction-limited performance even
with high levels of wavefront error. Thus, this technique can explore
a unique parameter space, unreachable with – but complementary
to – conventional imaging or imaging polarimetry.

In the comparison between conventional polarimetry and po-
larimetric aperture masking, it is also important to note that the
residual systematic errors in the differential visibilities (as shown in
Section 4.1) do not represent the absolute polarization precision of
the instrument. Rather, they arise from the difficulties in precisely
calibrating visibilities common to all optical interferometry. Con-
ventional aperture masking exhibits errors in calibrated visibilities
of the order of 5–10 per cent (Monnier et al. 2004), while the po-
larimetric technique described here produces errors more than an
order of magnitude better than this (see Section 4.1).

Polarimetric non-redundant masking offers one other advantage
over a conventional imaging polarimeter: the Fourier transform of
each interferogram is normalized with respect to the zero-baseline
power, so the resulting visibilities are not a function of the total
flux in the channel. This means that the derived observables are
intrinsically immune to many forms of instrumental polarization
systematic error, such as differing levels of transmission through the
two channels of the polarizing optics. This automatically sidesteps
a large fraction of instrumental challenges arising in more orthodox
polarimeters, with the remainder being calibrated as described in
Appendix A.

2 THE VA MPIRE S I N ST RU ME N T

VAMPIRES is a purpose-designed instrument for performing po-
larimetric differential non-redundant masking. It is integrated into
the SCExAO Extreme-AO system at the 8 m Subaru telescope,
first tested on-sky in 2013 July. The concept grew from experience
with the SAMPol mode commissioned by our group on the NACO
instrument at the VLT (Norris et al. 2012) which enables near-
infrared polarimetric masking interferometry. However, the new
purpose-built VAMPIRES instrument offers a number of major ad-
vantages. While SAMPol relies on a strategy of slow-switching
(every few minutes) of an HWP to swap polarization channels and
thereby calibrate non-common path error, VAMPIRES features a
fast-switching liquid-crystal variable retarder (LCVR) which al-
lows channel switching every ∼10 ms. This is part of a three-tiered
differential calibration scheme that demonstrated on-sky polarized
visibilities calibrated to a precision of 1 part in 103 and polarized
closure phases calibrated to a fraction of a degree, as detailed in
Section 4.

A Wollaston prism (first tier) provides simultaneous measure-
ments of orthogonal polarizations, allowing precise calibration of
all time-varying components (e.g. due to seeing) but introduces non-
common path errors. The fast-switching LCVR (second tier) works
in concert, calibrating non-common path errors and variability on
time-scales longer than the switch time. Finally, an HWP (third tier)
which is placed further upstream calibrates out residual instrumental
polarization and non-common path error of all optics downstream,
particularly the non-ideal performance (e.g. chromaticity) of the
LCVR. The entire instrument has been designed with precision
instrumental polarization calibration in mind, incorporating a po-
larization state injector and rotating quarter-wave plate (QWP) for
instrumental characterization.

Whereas NACO/SAMPol operates in the near-infrared J − K
bands, the visible/IR region (from 0.6 to 1.0μm) explored by
VAMPIRES exploits the fact that the degree of polarization induced

by scattering is a strongly rising function with shorter wavelengths.
At the limit of small particle sizes, this can be seen in the λ−4

term in Rayleigh scattering. Moreover, at shorter wavelengths, the
dependence of scattering cross-section on particle-size (for Mie
scattering) is more pronounced, allowing greater discrimination
between grain sizes. Stronger scattered-light signals yield more
benign contrast ratios between circumstellar material and bright
unpolarized host stars, allowing a wider range of astrophysical tar-
gets to be observed. Furthermore, wavelengths shorter than 1μm
are favoured from the perspective of detector technology as sen-
sitive, relatively inexpensive EMCCD cameras are available pro-
viding rapid-exposure frames that are essentially free of readout
noise.

VAMPIRES operates in a ‘hitch-hiker’ mode, taking data con-
currently with infrared observations. The SCExAO system delivers
wavelengths longer than 1μm to its coronagraphs and IR science in-
struments (such as the HICIAO camera). Meanwhile, wavelengths
shorter than 1μm are routed to a second ‘visible’ optical bench
where the available band is further divided between SCExAO’s
pyramid wavefront-sensor (PyWFS), VAMPIRES, and potentially
other instruments. Therefore, VAMPIRES offers the opportunity
to perform polarimetric aperture-masking observations simultane-
ously with HICIAO imaging during observations of protoplanetary
discs and other suitable targets, delivering a supporting data stream
without cost in additional observing time.

The parameter space explored by VAMPIRES is highly comple-
mentary to that of coronagraphs. VAMPIRES can deliver extremely
high angular resolutions (of the order of 10 mas) over a limited field
of view (∼300 mas depending of choice of mask and wavelength).
Thus, the outer working angle of VAMPIRES complements the
inner working angle of traditional coronagraphs, which typically
have occulting spots of a few hundred milliarcseconds (Grady et al.
2013). VAMPIRES small inner working angle (effectively defined
by the telescope diffraction limit) is in line with SCExAOs core
mission of small inner-working angle wavefront control and coro-
nagraphy, as implemented by its PIAA coronagraph (Guyon et al.
2010, whose inner working angle is as small as 50 milliarcseconds
in the near-infrared). This inner region also plays into the nature
of expected astrophysical signals, in which scattered starlight is
expected to exhibit a strong fall-off with disc radius.

Although the primary design driver for VAMPIRES is the differ-
ential polarized masking mode, the instrument does allow a more
versatile set of observational configurations. For example, it is en-
tirely possible to treat VAMPIRES as a standard masking interfer-
ometer and employ a separate PSF reference star (as in Section 1.1).
This would then deliver standard complex visibility imaging data
(rather than polarization-differential data), enabling normal inter-
ferometry science to be performed and sacrificing the exceptional
differential calibration. The outcome of operational testing of this
mode is briefly discussed in Section 4.2. An even more straight-
forward operational mode is to employ VAMPIRES as an imaging
polarimeter. Reconfiguring so that the mask is removed from the
beam, and an image-plane field stop deployed to prevent polarized-
field overlap, then rapid exposure differential imaging polarimetry
data can be recorded. However, the focus of this paper is on the
novel interferometric polarimetry and further discussion of these
more orthodox strategies is limited.

2.1 Instrument design description

A schematic diagram of the instrument is given Â in Fig. 1.
VAMPIRES is integrated into the SCExAO extreme adaptive optics
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2898 B. Norris et al.

Figure 1. A schematic diagram of VAMPIRES as configured on-sky in 2013 July, with all items relevant to the VAMPIRES beam train shown. Operation
of each sub-system is described in the text. Abbreviations: M – Mirror; L – Lens; OAP – Off Axis Parabola; DM – Deformable Mirror; Dicr.M – Dichroic
Mirror; HWP – Half-wave plate; BRT – Beam Reducing Telescope; LCVR – Liquid-Crystal Variable Retarder; LCC – LCVR Controller; TC – Temperature
Controller; Cam – Camera; QWP – Quarter-Wave Plate; Depolz – Depolarizer; OAP col. – OAP Collimator; Lin polz – Linear polarizer. In an alternative
configuration, the HWP can be replaced with a pair of QWP to allow birefringence to be corrected as needed.

system which consists of two optical tables mounted one above the
other, with the lower bench dedicated mainly to the near-infrared
channel and the upper bench dedicated to the visible. The beam path
from the telescope and AO 188 system passes into SCExAO, where
high-order AO correction takes place. Wavelengths shorter than
1μm are split off via a long-pass dichroic mirror and sent to the top
‘visible’ bench via a periscope and beam-reducing telescope (BRT).
VAMPIRES’ HWP is mounted in a Newport CONEX-AG-PR100P
piezo-motor rotation stage which is positioned in the reflected beam
immediately after the dichroic mirror and prior to the periscope
mirror. This places it as far upstream as possible, sampling the
greatest possible number of optics which could potentially induce
instrumental polarization and therefore delivering the best possi-
ble calibration via channel switching (see Section 3). The HWP is
a custom-designed achromatic wave-plate manufactured by Casix,
with λ/2 retardance from 600 to 1000 nm. An alternative config-
uration is also being investigated wherein the HWP is replaced by
two QWP. In this case, moving the QWPs together rotates the po-
larization as per the HWP, but moving one QWP relative to the
other allows birefringence in the system to be compensated for.

The beam diameter at the HWP is 18 mm, but this reduces to
7.2 mm as it travels to the top bench through a periscope that also
contains a BRT which consists of a Thorlabs AC508-500-B lens
and AC508-200-B lens. A band-pass dichroic mirror is placed at
the focus of the BRT to divert part of the spectrum to SCExAO’s
PyWFS. This dichroic can be exchanged under automated con-
trol to select the band directed to the PyWFS, and hence also the
complementary band entering VAMPIRES. The BRT re-images the
telescope pupil on to the non-redundant aperture mask. The aperture
masks available are shown in Fig. 2, and are located in a custom
wheel (mounted on a CONEX-AG-PR100P rotation stage) allow-
ing masks to be changed at will. Factors governing choice of mask
can be complicated, but often boil down to achieving the best bal-
ance between Fourier coverage and throughput for a given science
target. Following the mask, a wheel populated with filters ranging
from 600 to 800 nm with bandwidths of 50 nm is used to select the
observing band.

Next, the beam encounters the LCVR, a Thorlabs LCC1111T-B
device controlled by a Thorlabs LCC25 liquid crystal controller. The
LCVR acts as variable wave-plate, switching its retardance between
30 nm and λ/2 depending on the applied voltage. This switching
takes place rapidly, with a rise time of ∼10 ms and fall time of
∼250μs. The retardance is also a function of temperature, and
specified values are required for successful calibration. Therefore,
the temperature of the device is actively controlled (using a Thor-
labs TC200 temperature controller) to a temperature 45◦C (higher
temperatures allow faster switching times). The two orthogonal po-
larizations are then separated using a custom-designed Wollaston
prism (manufactured by Altechna), and focused on to the detector
using a pair of lenses (Thorlabs AC254-200-B and ACN254-075-
B) in a telephoto configuration. The detector is an Andor Ixon 897
Ultra EMCCD camera.

The system is controlled by custom software written in MATLAB

on a LINUX-based Intel i7 computer. This software allows control
and scripting of all aspects of data acquisition (interfacing with
the EMCCD camera, Arduino, and LCVR controller) as well as
reconfigurable optomechanics. The software allows control of all
functions via single graphical user interface, allowing simple remote
operation and permitting the automation of lengthy calibration pro-
cedures.

A separate sub-system allows off-line characterization of the
LCVR and calibration of residual polarization errors throughout the
internal instrumental optical path. A calibration source (common to
SCExAO and VAMPIRES) can remotely inject a simulated tele-
scope beam into SCExAO with a specified polarization state. This
consists of a supercontinuum source coupled into a single-mode fi-
bre via a Thorlabs DPU-25-B achromatic depolarizer to remove any
prior intrinsic polarization. The light is then collimated and passed
through an achromatic linear polarizer (Thorlabs LPVIS100-MP)
mounted in a CONEX-AG-PR100P rotation stage to allow linear
polarized light at any specified orientation to be injected. A QWP
(Thorlabs AQWP10M-980), also in a rotation mount, is also moved
into the beam allowing a complete Mueller matrix of the instrument
to be constructed as described in Appendix A.
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The VAMPIRES instrument 2899

Figure 2. The non-redundant aperture mask designs installed in VAMPIRES (top) and their corresponding Fourier coverage (bottom). Masks with a greater
number of holes boast better Fourier coverage at the expense of throughput. Masks are all non-redundant (the vector separation of all hole pairs is unique),
with the exception of the annulus mask (right). This is doubly redundant, sacrificing non-redundancy for high throughout and full Fourier coverage. The gaps
in Fourier coverage for this mask are due to the missing portions of the annulus needed to screen out the secondary-mirror supports (spiders).

As described in Section 3, VAMPIRES employs three tiers of dif-
ferential calibration, one of which is rapid channel switching using
the LCVR. This requires alternate frames acquired by the camera to
have the incident beam polarization rotated by 90◦, thus swapping
the state probed by the two Wollaston channels. Due to the high
acquisition rate and short integration times used (∼17 ms in order
to maintain high visibilities despite residual seeing after AO cor-
rection), it was not possible to directly control the LCVR switching
and camera exposures using the computer, due to the non-realtime
operating system and variable USB latency. Instead, the timing sig-
nals were generated by a dedicated Arduino Uno microcontroller.
When a data acquisition cycle is initiated at the computer, the de-
sired timing parameters and commands are sent to the Arduino. The
Arduino sends the appropriate timing signals based on its internal
clock (via 5V TTL pulses) to the LCVR controller and camera. The
computer software and Arduino remain in communication to allow
further user interaction. Other settings, such as the desired LCVR
voltages, temperature, camera readout patterns, and gain, are sent
directly to the devices over USB cables.

3 D IF FERENTIA L DATA A NA LY SI S

They key to VAMPIRES’ performance is its differential measure-
ment process, which is based on a calibration strategy adapted from
conventional masking interferometry (see Section 1.1). However,
rather than employing a separate PSF reference star, calibration is
performed between Fourier observables extracted from images in
simultaneously recorded orthogonal polarizations. This differential
multitiered calibration process removes most sources of spatially
and temporally dependent systematic error, producing a purely po-
larimetric set of observables.

Because calibration takes place on Fourier domain observables,
the first step is the extraction of the two interferograms arising from

each Wollaston channel in every camera frame to be windowed and
Fourier transformed. The visibilities are then extracted from the
power spectrum, and accumulated over a data cube (corresponding
to a given LCVR and HWP state) consisting of around 200 frames.
The bispectrum (the triple-product of the complex amplitudes of
three baselines forming a closing triangle) is also accumulated,
and the argument of the accumulated bispectrum gives the closure
phase. For the non-redundant aperture masks, the complex visibility
data are extracted at the uv coordinates corresponding to the set of
known baselines formed by the mask. For the partially redundant
annulus, discreet baselines are not present, so instead the Fourier
domain is sampled uniformly while avoiding the regions of low
power associated with gaps in the annulus (covering the secondary-
mirror support structures as depicted in Fig. 2).

An overview of the calibration process is depicted in Fig. 3.
The Wollaston prism allows measurements of orthogonal polariza-
tions to be taken simultaneously and calibrated against each other,
resistant to time-varying errors but subject to non-common path
error. Conversely, the fast channel-switching LCVR allows the two
channels of the Wollaston prism to be switched, and calibration
performed between channel-switched states. This removes the ef-
fect of non-common path in the Wollaston, although with switching
time-scales longer than τ 0 (the atmospheric coherence time, due
to seeing) it is subject to some time-varying error. The calibration
of these two calibrated quantities against one another – forming a
second tier of calibration – provides resistance against both these
error types. Finally, channel-switching of the bulk of the instrument
takes place via a rotating HWP upstream. This calibrates out spa-
tially dependent systematic errors due to the intervening optics. The
rotating HWP also allows both linear Stokes parameters (Q and U)
to be measured by rotating the polarization 45◦.

For example, the visibilities from the two channels of the
Wollaston prism (VCh1, VCh2) may be calibrated against one another
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2900 B. Norris et al.

Figure 3. A pictorial depiction of our three-tiered calibration procedure.
Calibration is performed between orthogonal polarizations rather than be-
tween a target and PSF calibrator star, to yield a polarimetric differential
observable. The star in the black squares represents the interferogram as it
appears on the detector. The ‘H’ or ‘V’ next to the black square indicates
whether this polarization is Horizontal or Vertical, as determined by the
combination of LCVR state, HWP position, and Wollaston prism channel.
The top-most image is denoted ‘horizontal’ for purposes of demonstration.
A series of divisions of visibilities create the final differential observable
whilst systematic errors are cancelled out; an analogous process is performed
with the closure phases using differences rather than ratios.

to produce
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This is repeated but with polarizations rotated by 90◦ using the
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This is repeated for all other states and HWP positions, as depicted in
Fig. 3, resulting in a final, calibrated VHoriz/VVert observable cleaned
of almost all temporal and non-common-path errors. The same
process takes place for the closure phases, but with differences
rather than ratios, to produce a final calibrated CPHoriz − CPVert.
Note that the ‘horizontal’ and ‘vertical’ polarization angles referred
to here are arbitrary (ultimately mapping to a known position angle
on sky), and conceptually represent any two orthogonal states. The
entire process is repeated for both Stokes Q and U by offsetting the
angle of the HWP.

4 O N- SKY R ES ULTS

The VAMPIRES instrument was tested on-sky in 2013 July during
SCExAO engineering time which allowed the calibration precision
to be measured under real observing conditions. These tests were
conducted with the standard AO 188 system. The system config-
uration at the time had relatively low throughput, with the visible
beam being split between several different instruments both spec-
trally and with a 50/50 grey beam-splitter. Therefore, we expect the
precisions shown here to improve in subsequent observations. The
goal is to demonstrate differential visibility precision of the order
of 10−3 (or 0.1 per cent).

4.1 On-sky differential visibilities and closure phases

Two unresolved bright stars, Vega and Altair, were observed as part
of the SCExAO engineering schedule, while the VAMPIRES instru-
ment was able to obtain simultaneous observations in the visible.
This provided an ideal test of VAMPIRES’ calibration precision,
since these point-source1 stars should ideally exhibit a polarized-
differential visibility of 1.0 on all baselines, and zero closure phases.
This also allowed the evaluation of VAMPIRES’ multiple tiers of
differential calibration, both individually and in combination.

The results of observing Vega with the 18 hole mask at
λ = 775 nm (FWHM = 50 nm) with a total integration time of
109 s are shown in Fig. 4. The standard deviation of the differential
visibilities is seen to increase with successive tiers of differential
calibration. The Wollaston prism in (a) removes time-varying er-
rors (e.g. due to seeing) so small random-errors are reflected in
the error-bars, but non-common path error leads to large (up to
10 per cent) systematics. Conversely, the LCVR (b) removes non-
common path error but is subject to time-varying error, resulting in a
mean of ∼1 but large random error. Double-differential calibration
(c) with the LCVR and Wollaston mitigates both time-varying and
non-common path error. Triple-differential calibration (d) with the
HWP further removes static systematic errors (such as those aris-
ing from instrumental effects, and non-uniform retardance across
the aperture of the LCVR due to thermal gradients). The resulting
differential visibilities have a standard deviation of 4.2 × 10−3,
which is approaching our desired performance levels. At this point,
the precision is limited by random noise processes (such as pho-
ton and Electron Multiplying (EM) gain noise) and would improve
with longer integrations. It should also be noted that these data
were taken without the Extreme-AO correction anticipated from
SCExAO in the future, which will lead to further improvement
(increased fringe visibility and hence increased signal/noise). A
similar observational sequence on Altair was conducted with the 9
hole mask (which trades more sparse Fourier sampling for the gain
of higher throughput) at λ = 750 nm (FWHM = 40 nm). Here, the
triple-differential visibilities had a standard deviation of 2.4 × 10−3.

The annulus mask was also tested while observing Vega at
λ = 775 nm, but performed poorly due to a misalignment between
the mask and telescope pupil (due to chromatic effects upstream).
This mask is especially susceptible to such misalignments since
the annulus is oversized, relying on the edge of the telescope pupil
to define the outer edge of the masked aperture. One side of the
annular opening was almost completely occluded, causing large
errors at longer baselines (see Fig. 5). Performing the same analy-
sis considering only baselines with lengths shorter than 4 m, then

1 The known disc around Vega is significantly too large to be seen with
VAMPIRES.
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The VAMPIRES instrument 2901

Figure 4. The on-sky differential visibilities from an observation of Vega
at 775 nm with the 18 hole mask, showing the effect of different tiers of
calibration. Ideally, the visibility ratio should be unity on all baselines, since
the source is unresolved. Baseline azimuth is plotted on the horizontal axis,
while baseline length is represented by colour. The precision is seen to
increase with successive layers of calibration, as discussed in the text. Data
were taken without Extreme-AO correction.

the performance dramatically improves with the standard deviation
of the triple-differential visibilities dropping to 1.7 × 10−3 (see
Fig. 5b). VAMPIRES is being upgraded to allow complete remote
mask positioning and pupil viewing, eliminating the potential for
such a misalignment problem in future observations.

Multiple differential calibration was found to provide improve-
ments in closure-phase precision similar to those described for vis-
ibilities. For an unresolved star, the closure phases on all triangles
should be zero. Therefore, for the ensemble of all closure phases
should ideally have a mean of zero and standard deviation of zero.

Figure 5. The on-sky triple differential visibilities from Vega at 775 nm,
with the annulus mask. Due to a misalignment between the mask and pupil,
many longer baselines have extremely low visibilities, resulting in large
errors (panel a). If these affected baselines are eliminated by only plotting
shorter baselines, excellent precision (0.17 per cent) is observed (panel b).

A set of histograms of closure phases (for the same Vega obser-
vation as in Fig. 4) at varying levels of differential calibration are
given in Fig. 6. As found for the visibilities, the precision – repre-
sented by a small mean and width of the distribution – improves
with increasing levels of calibration. With the full triple-calibration
applied, the closure-phase distribution has a standard deviation of
0.◦72 and a mean of 0.◦009. However, examination of the random
error for each triangle (based on the error encountered across the
set of all integrations) is large compared to the standard error of
the ensemble of closure phases, indicating that statistical errors set
the present limitation and precision will improve further with larger
volumes of data.

4.2 Non-polarimetric on-sky results

As previously mentioned, VAMPIRES can also operate in a non-
polarimetric mode, wherein it works the same way as conventional
aperture masking (albeit at shorter wavelengths). In this case, sig-
nals from orthogonal polarization channels are simply combined
together, thus discarding the polarization information. Calibra-
tion was now performed with respect to a separate observation
of an unresolved reference star. During the 2013 July observations,
VAMPIRES had the opportunity to observe χ Cygni, an S-type star
expected to be spatially resolved, and the binary star η Pegasi.

χ Cygni was observed by VAMPIRES with the 18 hole mask at
λ = 750 nm, and was resolved, allowing its angular diameter to be
measured. The V magnitude was ∼6 at time of observation,2 and to-
tal integration time was 54 s. No polarized signal was detected from
this target during these observations within the sensitivity achieved
in this observation (differential visibility precision of ∼2 per cent
due to the relatively short integration time and faintness of the

2 Observations from the AAVSO International Database, http://www.
aavso.org.
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2902 B. Norris et al.

Figure 6. Histograms of the on-sky differential closure phases recorded
on Vega (same data as presented in Fig. 4), showing the effect of different
calibration levels. Since the star is unresolved, ideally both the mean and
standard deviation would be zero.

target). However, non-polarimetric measurements were made us-
ing the previously observed star Altair (discussed above) as a PSF
reference, although this was not an ideal calibrator since it was
observed at a different airmass and time of the night. Despite this,
accurate complex visibility data were recovered, constraining a uni-
form disc fit yielding a diameter of 32.2 ± 0.1 mas. This is in close
agreement with the literature values tabulated in the CHARM2 cat-
alogue (Richichi, Percheron & Khristoforova 2005), which gives
the uniform disc diameter as 32.8 ± 4.1 mas in V band.

The binary system η Pegasi was observed with the 18 hole mask
at λ = 775 nm, again for a total integration time of 54 s. Vega was

again used as a calibrator (with the same reservations). The binary
was detected, and its separation and position angle constrained.
A Monte Carlo simulation was used to determine the statistical
confidence of the detection, which was found to be better than
99.9 per cent. The separation was measured to be 48.9 ± 0.6 mas.
This is consistent with the predicted separation based on the orbital
parameters measured by Hummel et al. (1998) of 49.9 mas. The
slight discrepancy is probably a result of imperfect knowledge of the
mapping between the sky and instrumental field orientations, which
is presently based only on values from the optical system model.
Further studies of several stellar systems with known structure are
planned to precisely calibrate both orientation and plate scale of
VAMPIRES. The contrast ratio was measured to be 3.55 ± 0.06
mag, again in good agreement with the value measured by Hummel
et al. (1998) of 3.61 ± 0.05 mag.

5 SI M U L AT E D DATA A N D P E R F O R M A N C E
P R E D I C T I O N S

The differential Fourier visibilities (e.g. VHoriz/VVert) obtained from
VAMPIRES are not directly equivalent to the differential intensities
(or fractional polarizations) obtained in techniques such as polar-
ized differential imaging. Rather, the magnitude of each of these
differential visibilities (i.e. of their departure from VHoriz/VVert = 1)
describes the amount of correlated polarized flux at the corre-
sponding spatial frequency, and the differential closure phases de-
scribe the corresponding phase. Since these quantities are less in-
tuitive than polarized intensities, simulated VAMPIRES data have
been produced using a radiative transfer model of a representative
flared axisymmetric protoplanetary disc, in order to give a quali-
tative example. This particular model demonstrates the ability of
VAMPIRES to precisely observe the inner rim of such discs.
The model was created using the HYPERION radiative transfer code
(Robitaille 2011) using a parametric density function, with a power-
law surface density profile and Gaussian vertical structure (Andrews
et al. 2011). The disc density is given by

ρ(R, z, φ) = ρ0

(
R0

R

)β−p

exp

(
−1

2

(
z

h(R)

)2
)

, (6)

where

h(R) = h0

(
R

R0

)β

. (7)

Parameters were set to typical values, with an inner radius of 25
au and an outer radius of 300 au, and a disc mass of 0.01 M�, from
which ρ0 is calculated automatically. The surface density exponent
p was set to −1 and the scaleheight exponent β set to 1.125. H100,
the scaleheight of the disc at 100 au, was set to 20 au. The inclination
and position angle are 57◦ and 30◦, respectively. The model disc
surrounds an A0-type star with Teff = 9000 K. The dust in the disc is
a mix of silicate and carbon species based on the KMH distribution
(Kim, Martin & Hendry 1994). The observational wavelength is
800 nm and the disc is placed at a distance of 500 pc.

Polarized images produced by the HYPERION code, together with
the corresponding polarized differential visibilities, are shown in
Fig. 7. In this model scenario, starlight scattered by the inner wall
dominates, and the VAMPIRES data are seen to be extremely sensi-
tive to the structure of the inner region. A strong modulation of the
differential visibilities as a function of azimuth and baseline length
is apparent in Fig. 7(c). Along with the associated differential clo-
sure phases (not plotted here), these encode the detailed polarized
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The VAMPIRES instrument 2903

Figure 7. A modelled protoplanetary disc at 500 pc (see Section 5) and the derived VAMPIRES data for λ = 800 nm. (a) Image of the inner region of the
disc, shown with a non-linear intensity mapping, in four polarizations: horizontal H and vertical V corresponding to Stokes Q, while H45 and V45 are the two
orthogonal polarizations rotated 45◦ corresponding to Stokes U. (b) The differential power spectra for the two pairs of orthogonal polarizations. (c) Expected
differential visibility signals as seen by VAMPIRES with an 18 hole mask.

structure of the inner 100 mas or so. If more complex structures
were present, such as asymmetrical clumps or an inner disc, they
would be clearly evident in these signals.

The on-sky sensitivity of VAMPIRES has been quantified based
on laboratory testing, wherein flux levels matching various stel-
lar magnitudes were used along with simulated atmospheric turbu-
lence. The turbulence was simulated by reproducing a AO-corrected
Kolmogorov screen (based on typical seeing and wind speeds) via
active modulation of the wavefront using the 2K deformable mirror
within SCExAO. Visibility precisions of the order of 10−3 were re-
liably obtained for targets as faint as fourth magnitude using the 18
hole mask for integration times of 15 min (plus overhead for wave-
plate switching), or 5.5 mag in 1 h integration. For fainter targets, a
mask with higher throughput is advantageous. The laboratory test
data indicated that the 9 hole mask will achieve this precision in
1 h for 6.5 mag stars and the 7 hole mask will achieve it in 1 h for
eighth magnitude. The annulus should theoretically achieve order
10−3 precision in 1 h integration for stars as faint as 8.5 mag; how-
ever, as discussed in Section 4.1, this is currently only realized on
the shorter (<4 m) baselines due to pupil alignment drift, a prob-
lem that is currently being addressed. Additional overhead must be
allowed for due to time taken for wave-plate switching – this can
be anywhere between 25 and 100 per cent of the integration time
depending on switching frequency.

The representative model presented in this section has differen-
tial visibilities with an average magnitude (deviation for unity) of
approximately 2 per cent. With the demonstrated on-sky precision
using the 18 hole mask of 0.4 per cent, the VHoriz/VVert of each base-
line can be measured to 5σ . However, the actual uncertainties on
a fitted model would be much smaller due to the relatively small
number of free parameters involved.

6 SU M M A RY

By combining non-redundant aperture-masking interferometry with
differential polarimetry, the VAMPIRES instrument will directly
image the innermost region of protoplanetary discs, providing criti-
cal insight into the processes of disc evolution and planet formation.
Non-redundant aperture masking provides diffraction-limited per-
formance by way of the established interferometric visibility and
closure-phase observables. VAMPIRES’ triple-differential polari-
metric calibration strategy exploits the polarization of scattered
starlight, utilizing simultaneous differential measurements with a
Wollaston prism, fast channel-switching with an LCVR and slow-
switching with a rotating HWP to better remove instrumental
systematics. The resulting signal encodes the resolved, polarized
structure of the inner disc. These observables are largely immune
to the effects of instrumental polarization, with the remainder being
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2904 B. Norris et al.

removed by precise calibration of the instrumental Mueller matrix
using an in-built characterization system.

VAMPIRES records data at visible wavelengths (where polar-
ization from scattering is typically higher) in a hitch-hiker mode
that does not affect simultaneous science operation of other (in-
frared) instruments. On-sky demonstrations of the VAMPIRES in-
strument yielded a differential-visibility precision approaching 10−3

and closure-phase standard-deviation better than 1◦. Limitations to
both performance metrics are presently provided by restricted sta-
tistical sample size and therefore further improvement is expected
with longer on-sky integration times. Precise visibilities and closure
phases will be used to accurately constrain disc models, and to detect
the presence of asymmetries and density enhancements which re-
veal the presence of embedded gravitating companions. The instru-
ment is now integrated into the SCExAO system and is ready for its
first science observations, planned for mid to late 2014. Eventually,
the instrument will be largely autonomous and capable of entirely
remote operation, allowing simultaneous measurements with stan-
dard facility instruments SCExAO/HICIAO when required.
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A P P E N D I X A : C A L I B R AT I O N O F
I N S T RU M E N TA L PO L A R I Z AT I O N

The differential calibration of VAMPIRES mitigates the effect of
many instrumental polarization effects. Moreover, since the visibili-
ties for each polarization channel are normalized with respect to the
total flux in that channel, simple diattenuation has no effect on the
measured observables (unlike the case for standard polarimetry).
However, this does not take into account cross-terms in the instru-
mental Mueller matrix (which describes the polarization properties
intrinsic to the instrument and how they alter each of the Stokes
parameters of the incoming light (Goldstein 2011)). Q → U and
U → Q mixing will lead to incorrect measurement of the relative
magnitude of Stokes Q and U measurements. The Q ↔ V and
U ↔ V cross-terms are even more problematic – since VAM-
PIRES does not measure Stokes V, it thus appears to the instrument
that part of the Stokes Q and U components have ‘disappeared’,
leading to an underestimation of the magnitude of the polariza-
tion. Since VAMPIRES itself is behind the pre-existing systems
AO 188 (which includes a k-mirror image rotator) and SCExAO,
significant instrumental polarization cannot be avoided, and instead
must be mitigated by careful calibration and the tripe-differential
measurement process.

To resolve these problems, a careful full characterization of the
instrumental Mueller matrix is performed immediately before or
after astronomical observations, which is then used to correct data
during processing. This characterization procedure is fully auto-
mated and can be performed remotely. First, a linear polarizer on
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The VAMPIRES instrument 2905

a rotation stage is driven into the beam upstream of the SCExAO
optical path, and a rotating QWP is positioned immediately before
the Wollaston prism inside VAMPIRES – see Fig. 1. Any residual
polarized structure in the light incident upon the linear polarizer is
removed by first passing it (as a large-diameter beam) through an
achromatic wedge depolarizer, allowing an arbitrary linear polar-
ization to be generated. Alternatively, the halogen flat-field lamp,
linear polarizer and HWP which already exist within the AO188
adaptive optics system may be used to inject the linearly polar-
ized reference, which has the advantage of characterizing the optics
within AO188 itself as well. By using the Wollaston prism as the
analyser, a rotating-polarizer/rotating-compensator+fixed-analyser
(RP/RCFA) type Mueller matrix polarimeter (Hauge 1980) is cre-
ated. Data from such a setup can specify the first three columns of
the Mueller matrix of the instrument. While the fourth column can-
not be determined, if the assumption is made that the astrophysical
source has a negligible circular polarization component, then the
missing fourth column is inconsequential.

If the QWP and linear polarizer are rotated synchronously such
that the angle of the QWP is three times that of the polarizer, then the
first three columns of the Mueller matrix can be directly determined
by Fourier analysis of the resulting intensity variation (Hauge 1980).
Alternatively, to provide more physical insight into the origin of the
polarization effects, a polarization model of the instrument can be
created, and then fine-tuned by fitting it to the measured calibration
data (Witzel et al. 2011). In this case, the Mueller matrix of the
instrument is created by combining the Mueller matrices of the
individual components, with the appropriate rotations. The linear
polarizer (and the Wollaston prism channels), with their polarization
axis at angle θ , are represented by the matrix MLP:

MLP = M−1
r(θ ) × MLP(h) × Mr(θ ), (A1)

where × signifies matrix multiplication, MLP(h) represents the matrix
of an ideal horizontal linear polarizer, i.e.

MLP(h) = 1

2

⎛
⎜⎜⎜⎜⎝

1 1 0 0

1 1 0 0

0 0 0 0

0 0 0 0

⎞
⎟⎟⎟⎟⎠

(A2)

and Mr(θ ) is the rotation matrix in Stokes space for angle θ :

Mr(θ ) =

⎛
⎜⎜⎜⎜⎝

1 0 0 0

0 cos 2θ sin 2θ 0

0 − sin 2θ cos 2θ 0

0 0 0 1

⎞
⎟⎟⎟⎟⎠

. (A3)

Similarly, the Mueller matrix for a wave-plate (retarder) can be
represented as

MWP = M−1
r(θ ) × MWP(h) × Mr(θ ), (A4)

where Mr(θ ) is as before and MWP(h) is the matrix of a wave-plate
with retardance φ:

MWP(h) =

⎛
⎜⎜⎜⎜⎝

1 0 0 0

0 1 0 0

0 0 cos φ sin φ

0 0 − sin φ cos φ

⎞
⎟⎟⎟⎟⎠

. (A5)

Combinations of these matrices can represent VAMPIRES’ HWP,
LCVR, and Wollaston prism, as well as the linear polarizer and

QWP used for calibration. Instrumental polarization arises mostly
from reflections off various mirrors in the system. Reflections from
a metallic mirror cause both a change in transmission between
linear polarization components and a change in phase between these
components. The Mueller matrix for a metallic mirror can thus be
constructed by combining the matrices for a partial-linear polarizer
with a wave-plate, resulting in the following matrix (Clarke 1973):

M = 1

2

⎛
⎜⎜⎜⎜⎝

r⊥ + r‖ r⊥ − r‖ 0 0

r⊥ − r‖ r⊥ + r‖ 0 0

0 0
√

r⊥r‖ cos δ
√

r⊥r‖ sin δ

0 0 −√
r⊥r‖ sin δ

√
r⊥r‖ cos δ

⎞
⎟⎟⎟⎟⎠

,

(A6)

where r⊥ and r‖ are the coefficients of reflection for the perpendic-
ular and parallel polarizations, respectively, and δ is the retardance
between the components. For each metallic surface in the VAM-
PIRES optical model, these values are in turn calculated from the
metal’s known complex refractive index ñ2 using the amplitude
Fresnel equations (where ñ1 ≈ 1 is the refractive index of air).
The complex amplitudes of the perpendicular and parallel reflected
components, respectively, are given by

r̃⊥ = ñ1 cos θi − ñ2 cos θt

ñ1 cos θi + ñ2 cos θt
(A7)

r̃‖ = ñ2 cos θi − ñ1 cos θt

ñ1 cos θt + ñ2 cos θi
, (A8)

where θ i is the angle of incidence and θ t is nominally the angle of
transmission, and is calculated using Snell’s law, but in the case of
a metallic reflection it is complex. The coefficients of reflection are
then simply

r⊥ = |r̃⊥|2, r‖ = |r̃‖|2 (A9)

and the relative retardance is just

δ = arg (r̃⊥) − arg (r̃‖). (A10)

A Mueller matrix for the entire instrument is thus created by com-
bining the matrices of all polarizing elements, with the appropriate
rotations. Using the Levenberg–Marquardt algorithm (or a simple
parameter grid), a fit of the model to the measured calibration data
is performed, in which the free parameters are the complex refrac-
tive indices of the metallic surfaces (starting at the tabulated value3

for the specific metal comprising the mirror coating). This fitting
process also allows the dichroic mirror (of poorly known reflec-
tion characteristics) to be characterized. To reduce the number of
free parameters, the SCExAO focusing mirror and the DM (which
are both in the same plane of reflection) are combined into one
component.

Finally, the instrumental polarization contribution from the tele-
scope itself and the AO 188 system must be taken into account.
In principle, it should be straightforward to probe this portion of
the optical system with observations of polarized standard stars,
but until such data can be obtained, detailed optical modelling must
serve. Fortunately, a precise ZEMAX model of the system was made
available to us, yielding precise knowledge of position and angle
of all optical surfaces. Alternatively, the contribution from AO 188

3 Complex refractive indices obtained from http://refractiveindex.info/. Op-
tics suppliers unfortunately do not provide this level of characterization.
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can be measured by using its own flat-field lamp, linear polarizer
and HWP. Exploiting this, an accurate matrix Mtel can be calculated
using the methods discussed above.

Thus, a final Mueller matrix for the instrument is constructed:

MVAMPIRES = MWoll × MQWP × MLCVR × MPerM2

× Mr(θPer) × MHWP × MPerM1

× MOAP+DM × MLP × Mtel, (A11)

where each matrix term incorporates its appropriate rotation matrix.
MOAP+DM represents the combined in-plane mirrors on the bottom
bench, MPerM1&2 are the periscope mirrors, Mr(θper) is the beam ro-
tation of the periscope and MWoll the Wollaston prism, which in
fact exists in two instances (with ±45◦ rotations corresponding to
the two channels). The calibration polarizer and wave-plate (MQWP

and MLP) are included for fitting the model to the calibration data.
An alternative configuration under investigation replaces the HWP
with a pair of QWP, which allows the polarization to be rotated (as
with the HWP) but also the system birefringence to be compensated
for (by differential rotation of these wave-plates). In this case, the
MHWP term above is replaced by two MQWP terms.

A sample Mueller matrix for the instrument is given below –
in this case, the matrix for the instrument at 775 nm in the dual-
QWP configuration, for zero polarization rotation, Wollaston prism
ordinary beam and LCVR retardance set to π/2.

M =

⎛
⎜⎜⎜⎜⎝

1 −0.026 −0.062 −0.015

−0.022 0.706 0.225 −0.668

0.059 0.130 −0.973 −0.189

0.026 −0.693 0.045 −0.717

⎞
⎟⎟⎟⎟⎠

. (A12)

Substantial off-diagonal terms are seen (while noting that this ma-
trix includes the beam rotation by the periscope between benches),
and as described in Section 3 the bulk of these effects are mitigated
by the triple-differential measurement process and the inherent ro-

bustness of interferometry against diattenuation (since the signal
in each polarization channel is normalized with respect to the total
flux in that channel). (This full matrix, however, is still used for
correction during data reduction to ensure any residual effects are
calibrated for.) The effect of birefringence is most strongly seen
in the Q ↔ V terms rather than the U ↔ V terms, due largely to
the rotation of the beam by the periscope. This matrix includes the
contribution of AO 188, which makes a sizeable contribution to the
instrumental polarization due to its image rotator (k-mirror).

Polarized light of Stokes vector S incident on the telescope is
transformed by the instrument to emerge as S′, where

S ′ = MVAMPIRES × S. (A13)

To determine the signal measured by the camera (which only mea-
sures intensity), we apply the detector operator D, which is the row
vector [1, 0, 0, 0]. The intensity measured is then

I = D × MVAMPIRES × S. (A14)

To correct for instrumental polarization in the intensity domain,
the inverse instrumental Mueller matrix M−1

VAMPIRES could simply be
applied to the measured Stokes vector. However, VAMPIRES’ cali-
bration precision relies on immediately transforming each frame of
fringes into the Fourier domain and conducting all subsequent op-
erations in this domain, making such a strategy impractical. There-
fore, rather than applying the instrumental polarization correction
to the data, instead we apply MVAMPIRES directly to the astrophysi-
cal model (e.g. a radiative transfer model) or image reconstruction
before fitting to the data, which is the technique we will employ in
future science observations.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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F.1 Notes on individual proposals

F.1.1 PAVO @ CHARA, Binarity and Circumstellar Matter in For-
mation of Bright Intermediate Mass Stars

The PAVO @ CHARA, YSO proposal was granted two nights (June 12-13, 2015: tech-
nical issues leading to CHARA Array shutdown; some data was �nally acquired on
June 16, 2015 during a generously granted backup-night as �secondary observer�). This
2015 proposal is an updated resubmission of the 2014 YSO proposal (PI: Schworer)
which was granted four nights (September 15-16 2014: weathered out and poor see-
ing/technical issues, December 7-8 2014: weathered out). The 2014 YSO program was
itself an updated resubmission of the 2013 YSO (PI: Tuthill) which was granted two
nights (November 9-10, 2013: technical issues, bad weather and observation of a target
of opportunity (novae)).

F.1.2 GPI @ Gemini South, Mapping the dust in planet-forming
disks using polarimetric masking interferometry

Accepted as part of a 4-days commissioning + science observation run from March,
28 to 31 2015. It was canceled at the last minute because �oods and mud�ows in the
Atacama desert cut the roads to go to the telescopes https://en.wikipedia.org/

wiki/2015_Northern_Chile_floods_and_mudflow. PI: Schworer.

F.1.3 SCExAO @ SUBARU Telescope, A high-angular-resolution
study of the inner regions of proto-planetary discs

Refused due to unusually high competition in this category this round. PI: Schworer
(even though, for proposal submission technical reasons, the PI in the document is
Julien Lozi, sta� member of the SUBARU Telescope).

F.1.4 NACO&SPHERE @ VLT, Detecting circum-planetary discs
around young stars with SPHERE/ZIMPOL and NACO/SAM

Accepted in semester 95A, the NACO observations could not be done due to NaCo
technical failures. The proposal was resubmitted in semester 97A (same NaCo issues),
and in semester 98A where it was accepted again to perform the remaining NaCo
observations (currently pending). PI: Mendigutia-Gomez.

https://en.wikipedia.org/wiki/2015_Northern_Chile_floods_and_mudflow
https://en.wikipedia.org/wiki/2015_Northern_Chile_floods_and_mudflow
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Summary of Requested Observing Run(s)

1
2015 – Submission Deadline: 19 Jan 2015, midnight EST (Monday night)– Submit to proposals@chara-array.org

Run
Optimal

No. of
Nights

Minimal
No. of
Nights

Optimal
Dates

Acceptable
Dates

Beam
Combiner

Telescopes

1 3-4 
(depending 

on night 
duration)

2 Mid-Jun => Mid-Jul Beg-Jun => Mid-Aug PAVO Any W.S.E. 
Triangle

 

Proposal Title – Binarity and Circumstellar Matter in Formation of Bright Intermediate Mass Stars.

Is this a new or continuing project? – continuing 

P.I. Name - G Schworer PhD Research? – yes

Co-P.I. Names - P. Tuthill, M. Ireland, R. Morgan, V. Coudé du Foresto

Abstract -  The Herbig Ae/Be stars are believed to be the high-mass analog of the T Tauri stars: 
systems still undergoing active accretion and with a host of unexplored and compelling astrophysics 
including jet launch, inflow, winds and (potentially) planetary system assembly. To date, there have 
been a handful interferometric observations made with sufficient angular resolution to image the 
immediate (~several R*) circumstellar environment. Such an endeavor requires the full resolution of 
the CHARA array operating in the visible, as delivered by the PAVO instrument. Here we propose to 
continue a first pilot study, targeting a handful of the brightest Herbig stars, to widen this new 
observational window. Our primary scientific target is the known binary MWC 361 for which a first 
flux ratio was measured with PAVO. Taking more robust measurements, at different epochs, will pin 
the spectral types of both components, resolving the major source of uncertainty in the models. In 
addition, we propose to explore the immediate circumstellar environments of a small sample of 
Herbigs which are within reach of PAVO’s superior sensitivity. This will settle the (often contentious) 
question of binarity among these much-studied objects, and will prospect for the signatures of 
circumstellar matter associated with the ongoing accretion and wind phenomena known to be driven by 
physical processes operating at these spatial scales.

Unacceptable Observing Dates (for non-astronomical reasons) – N/A

Observing Participants - P. Tuthill, M. Ireland, R. Morgan, V. Coudé du Foresto



2
2015 – Submission Deadline: 19 Jan 2015, midnight EST (Monday night)– Submit to proposals@chara-array.org

Scientific Justification - 
In contrast to the case for low-mass stars, which are commonly accepted to form in the gravitational 
collapse  of  a  dusty  cloud,  the  formation  of  massive  stars  remains  an  area  of  active  debate.  The 
difficulty arises from a set of related circumstances: the objects are intrinsically rare, therefore distant 
and the key physics happens on a short timescale whilst the star is still heavily embedded within their  
nascent molecular clouds.  Within this scenario,  Herbig Ae/Be stars, which are believed to be very 
young  objects  of  intermediate  mass,  form a  critical  bridge  with  the  lower-mass  Herbig  Ae  stars 
exhibiting much common phenomenology with the low-mass T Tauri stars (Vink et al. 2005), whereas 
the Herbig Be stars are similar to the more embedded massive young stellar objects (MYSOs; e.g. 
Drew et al. 1997). To make significant headway understanding the physics governing formation across 
the mass scale, it is necessary to (1) probe the (circum-) stellar environments at small scales, where 
many important features for the further evolution such as discs, outflows and binaries are found; and 
(2)  survey  objects  at  the  epoch  of  formation,  where  dynamical  configurations  remain  in  their 
primordial state.

Dramatic  recent  progress  in  the  understanding  of  stellar  and planetary  system assembly  has  been 
driven, in part, by the availability of the first resolved image data at spatial scales sufficient to reveal 
the action taking place in the immediate stellar environment. Such observational campaigns, almost 
entirely in the infrared, have delivered truly revolutionary astrophysics, such as the establishment of 
the size-luminosity  relationship  (Monnier  et  al.  2005)  and the understanding that  the inner  rim of 
circumstellar disks is set by dust sublimation physics (Tuthill et al. 2001). In the optical, serious work 
has  only  very  recently  commenced,  with  important  exploration  of  the  emission-line  wind  by 
differential interferometry across spectral lines by VEGA/CHARA (e.g. Rousselet-Perrault et al., 2010) 
at <100m baselines.

Our primary target, MWC 361, is a known binary which now, thanks to recent MIRC observation, has 
an exquisitely-well  constrained orbit  (Figure 1).  Given the obvious compelling nature of finding a 
young system such as  this  in  which  there  is  the  potential  to  obtain  model-independent  mass  and 
distance directly from interferometry, it is therefore critical to remove all remaining degeneracies in the 
interpretation. The outstanding one of these is the spectral type of each component; a result notoriously 
difficult  to  extract  from the  blended spectrum.  Given that  the  infrared  flux  ratio  has  been tightly 
constrained by MIRC and IOTA, all that remains to pin the temperature of both component stars is our 
requested second flux ratio measurement in the optical with PAVO.

The wider sample of Herbig Ae/Be stars requested below encompasses a list  of 8 of the brightest 
examples available to CHARA (in order, (AB Aur), (MWC 480), (HD 45677), (MWC 158), MWC 
614, MWC 275, MWC 239 and MWC 361 – targets in brackets are only observable in winter). Of 
these, new detections of binarity have recently been reported in three (AB Aur, HD 45677, MWC 158) 
in a widely cited paper (Baines et al. 2006) utilizing a long-slit spectroastrometry method. However, 
few of these objects have been unambiguously confirmed with follow-up long baseline interferometry. 
In addition to determining the state of binarity, we also aim (somewhat more speculatively) to explore 
our data for signatures of gas in the immediate circumstellar environments. To do this we will exploit  
PAVO’s ability to deliver multi-wavelength Fourier imaging data, including closure phases, and search 
for subtle differential signals corresponding to likely emission lines in the gas.





Object Catalog – Double click on the table below and enter relevant data on the Excel spreadsheet. Click outside 
the table when completed.

RA RA RA Dec Dec Dec
HD Obj/Cal V mag K mag (hr) (min) (′) (″)

142983 Obj 4.87 4.83 15 58 11.36 -14 16 45.68
163296 Obj 6.85 4.78 17 56 21.29 -21 57 21.87
179218 Obj 7.4 6 19 11 11.25 15 47 15.63

200775 Obj 7.4 4.6 21 1 36.92 68 9 47.8

(sec.xx) (º)

4
2015 – Submission Deadline: 19 Jan 2015, midnight EST (Monday night)– Submit to proposals@chara-array.org



5
2015 – Submission Deadline: 19 Jan 2015, midnight EST (Monday night)– Submit to proposals@chara-array.org

Status of Unpublished Data (Detail your intentions and schedule regarding any unpublished data you 
already have in hand. Because of observing time pressure, a record of productive use of prior data will 
play a determining role in scheduling decisions.) - 
Same YSO program in 2014:
Sept and Dec runs - 2*2 nights runs (small amount of good data on primary science target obtained due 
to weather, see below)

New observation time with new baselines on 5 targets already observed (among which MWC 361, the 
primary science target), and 2 new targets (HD142983, HD179218) should lead to good quality 
publications.

If you observed at CHARA in 2014, how successful were those observations?
Observations made for the same program:
On-site observing: 16-17 Sept 2014 – first night was median, second night mostly weathered out 
(primary science target unobservable during the clear part of the night)
Remote observing: 8-9 Dec 2014 – first night was weathered out, second night some (low quality) data 
acquired
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F.1.5 TAC report

Referee 1: 3.00

This project has the potential to answer a lot of questions about the nature of Herbig
Ae/Be stars. Some explanation describing the expected results when characterizing
the circumstellar environments would have been helpful.

Referee 2: 3.75

Goal to observe Herbig binaries with PAVO to determine �ux ratios in the visible and
explore circumstellar environments. Well describes science plan and motivation.

Referee 3: 3.00

The proposal aims to continue a PAVO campaign to observe intermediate mass binaries
with circumstellar discs. The prospect of interferometric observations of YSO's to the
optical is exciting, with potential for high impact CHARA results, making the science
case very compelling. The project is new and hence the acquisition of additional data
is justi�ed. There is some concern, however, that the proposal relies rather heavily on
PAVO 3-telescopes visibility and closure phase calibration capabilities, which have so
far not been demonstrated (in particular given the faintness of the most of the targets).
More detailed comments about the feasibility of these observations with PAVO would
help to strengthen this proposal.

Referee 4: 2.60

Pilot study of binarity of Herbig stars. Interesting proposal on measuring the �ux
ratio between MWC-361 components. Are we sure that this �ux ratio is stable over
the orbit?
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Subaru Telescope
National Astronomical Observatory of Japan

Semester S15B
Proposal ID S15B0165N
Received 03/10/2015

Application Form for Telescope Time

(Normal+Intensive Programs)

1. Title of Proposal

A high-angular-resolution study of the inner regions of proto-planetary discs

2. Principal Investigator

Name: Lozi Julien

Institute: NAOJ

Mailing Address: 650 North A Ohoku Place, Hilo, 96720, HI, USA

E-mail Address: lozi@naoj.org Phone: +1-808-934-5949

3. Scientific Category
Solar System Normal Stars Extrasolar Planets ⋆ Star and Planet Formation

Metal-Poor Stars Compact Objects and SNe Milky Way Local Group

ISM Nearby Galaxies AGN and QSO Activity QSO Abs. Lines and IGM

Cosmology Gravitational Lenses Proto-Clusters and Galaxy Environment

Clusters of Galaxies High-z Galaxies(LAEs, LBGs) High-z Galaxies(others) Miscellaneous

4. Abstract (approximately 200 words)

Intense interest has been focused upon a handful of young stellar objects believed to be in a transitional state between em-
bedded Class II pre-main-sequence stars and more evolved Class III systems hosting a debris disk: the so-called transition
disks. The confirmation of the disk-gap architecture revealed by sub-millimetre measurements and optical interferometry
has inspired a number of mechanisms to explain these gaps: extensive grain growth, photo evaporation, binarity and
most excitingly a tidal barrier created by dynamical interaction with low-mass disk objects (such as exoplanets). These
different mechanisms can be distinguished by studying the distribution of the gas and dust within the gaps. We propose
here to make a multi-wavelength survey in the Visible and Near-Infrared of 9 of the most promising transition disk
candidates, using a novel differential polarimetric observing mode which offers unique science reach and a high contrast
detection threshold at the required spatial scales.

5. Co-Investigators

Name Institute Name Institute

Guillaume Schworer U. Sydney + Obs. de Paris

Barnaby Norris Saitama Univ.

Thayne Currie NAOJ

Peter Tuthill University of Sydney

Nemanja Jovanovic NAOJ

Olivier Guyon NAOJ

Garima Singh NAOJ

Tomoyuki Kudo NAOJ

Motohide Tamura NAOJ

Timothy Brandt Institute for Advanced Study

Sylvestre Lacour Paris Obs.

Vincent Coude du Foresto Paris Obs.

6. Thesis Work
⋆ This proposal is linked to the thesis preparation of Guillaume Schworer

Long-Baseline Interferometry and Non-Redundant Masking observations to understand planetary formation

7. Subaru Open Use Intensive Programs
This is a proposal for Intensive Programs.
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8. List of Applicants’ Related Publications (last 5 years)

Norris, B., et al. (2015), The VAMPIRES instrument: imaging the innermost regions of protoplanetary discs with
polarimetric interferometry, MNRAS, 447, 3.
Jovanovic, N., et al. (2014), Development and recent results from the Subaru coronagraphic extreme adaptive optics
system, Volume 9147, id. 91471Q.
Norris, B., et al. (2012), A close halo of large transparent grains around extreme red giant stars, Nature, 484, 7393.
Cheetham, A., et al (2015) Near-IR imaging of T Cha: evidence for scattered-light disk structures at solar system scales,
MNRAS in press.
Huelamo, N., et al. (2015) High-resolution observations of the outer disk around T Chamaeleontis: the view from ALMA,
A&A, 575, 5
Rizzuto, A.C., et al. (2013) Long-baseline interferometric multiplicity survey of the Sco-Cen OB association, MNRAS,
436, 1694
Absil, O., et al., (2013) A near-infrared interferometric survey of debris-disc stars. III. First statistics based on 42 stars
observed with CHARA/FLUOR, A&A, 555, 104
Cieza, L., et al., (2013) Sparse Aperture Masking Observations of the FL Cha Pre-transitional Disk, ApJ, 762, 12
Biller, B., et al., (2012) A Likely Close-in Low-mass Stellar Companion to the Transitional Disk Star HD 142527, ApJ,
753, 38
Tuthill, P., et al. (2010), Sparse aperture masking (SAM) at NAOS/CONICA on the VLT, Volume 7735, id. 77351O.

9. Condition of Closely-Related Past and Scheduled Observations
Please fill in here, if this proposal is a continuation of (or inextricably related with) the previously accepted proposals. This is to

describe what kind of relevant/similar proposals have existed in the past. If your scheduled observation exists, please describe it.

Proposal ID Title (may be abbreviated) Observational condition Achievement (%)

S14B-035 (abridged) Searching for Planets in Disks with SC bad weather 0

S15A-112 Directly Imaging Exoplanets/Asteroid Belts With S TBD TBD

10. Post-Observation Status and Publications
Please report the status or outcome of your main Subaru observations carried out in the past. All observations relevant to this

proposal should be included here. Similarly, all those within last 3 years with which you were involved as P.I. must be reported.

Year/Month Proposal ID PI name Status: data reduction/analysis Status: publication

2009-2014 SEEDS M. Tamura published 35 refereed publications

11. Experience
The observing team includes PIs from all SCExAO, HiCIAO and VAMPIRES instruments. This team is highly experienced in
performing observations with the Subaru telescope, and specifically with all modules and modes supported by extreme Adaptive
Optics. Over the design, testing and commissioning phases of SCExAO and VAMPIRES instrument, our team has performed many
engineering observations, and are therefore familiar with the operation, limitations and unique data analysis methods required.
More broadly, members of this team have spent the majority of their careers building advanced instrumentation at a range of
modern large observatory facilities, including VLT, Gemini and Keck, and therefore have wide experience across observational and
instrumental astronomy, allowing optimal risk-mitigation when turning a capability with entirely novel performance to the skies
for first science, as proposed here.
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Title of Proposal

A high-angular-resolution study of the inner regions of proto-planetary discs
12. Observing Run

Instrument #Nights Moon Preferred Dates Acceptable Dates Observing Modes

SCExAO+NGS-AO 0.5 any 1st-21th August 1st Aug. - 5th Sept. imaging/VAMPIRES+HiCIAO

SCExAO+NGS-AO 0.5 any 1st-21th August 1st Aug. - 5th Sept. imaging/VAMPIRES+HiCIAO

SCExAO+NGS-AO 2 any 1st-23rd November 15st Oct. - 15th Dec. imaging/VAMPIRES+HiCIAO

2nd choice: SCExAO alone is capable of achieving our goals: this proposal is not appropriate for Gemini or Keck time exchanges.

comments:

Total Requested Number of Nights 3 Minimum Acceptable Number of Nights 2

13. Scheduling Requirements Request Remote Observation at Hilo at Mitaka

14. List of Targets
Target Name RA Dec Magnitude (Band)

HD 163296 (1) 17 56 21.29 -21 57 21.87 R = 6.86, H = 5.531

HD 169142 (1) 18 24 29.78 -29 46 49.37 R = 8.2, H = 6.911

MWC 361 (1) 21 01 36.92 68 09 47.76 R = 6.8, H = 5.44

HD 179218 (1) 19 11 11.25 15 47 15.64 R = 7.25, H = 6.65

49 Cet (1,2) 01 34 37.78 -15 40 34.90 R = 5.6, H = 5.528

MWC 480 (2) 4 58 46.26 29 50 36.98 R = 7.76, H = 6.26

MWC 758 (2) 5 30 27.53 25 19 57.98 R = 8.3, H = 6.56

AB Aur (2) 4 55 45.85 30 33 4.29 R = 6.96, H = 5.06

HD 45677 (2) 6 28 17.42 -13 03 11.14 R = 8.11, H = 6.34

alf Ari (cal) 02 07 10.406 +23 27 44.703 R = 1.15, H = -0.52

Altair (cal) 19 50 46.999 +08 52 05.956 R = 0.62, H = 0.24

Sirius (cal) 06 45 08.917 -16 42 58.017 R = -1.46, H = -1.33

Our target selection consists of two sets referred as (1) and (2) in the target listing above. It groups 9 well-known young stellar
objects having active circumstellar discs. With the addition of southern targets to be observed by GPI this semester, a large
sample of young discs will be observed, at various stages of youth. The statistical weight of such a sample size will enable the study
disk-gaps as a new object class, immediately enabling unique studies of the diversity of cavity architectures.
PSF calibrators (denoted (Cal)) are unresolved targets required for PSF characterization, employed in the calibration of interfer-
ometric data for VAMPIRES. For HiCIAO images, they should allow us to obtain the total intensity maps (Grady, Currie et al.
2015 in prep). Calibrators have been selected to be somewhat brighter than targets to minimise calibration time. No known bias
is known to be introduced by such a choice.



(Page 4) Proposal ID S15B0165N

15. Observing Method and Technical Details
Please describe in detail about instrument configuration, exposure time, required sensitivity, and so on.

Our proposal exploits the ability of SCExAO to perform simultaneous observations in the infrared and visible. The observing
strategy and basic configuration for the various modules is given below.
AO188: Since all targets are much brighter than R = 16.5, AO-188 will be used in natural guide star mode referenced on the
target itself. Even though some extended structure surrounds them, the contrast ratio is high (of order 100:1 or 1000:1) so that
AO-188 should treat them as point-source for NGS purposes. (Nonetheless we do have the known morphologies’ FWHM available
if required by the operator). There is no minimum Strehl requirement as such since science can be performed in poor conditions if
necessary (see Section 17). Targets are not within 30◦ of the moon on most of the suitable nights.
SCExAO PIAA coronagraph: The coronograth will be used to suppress the stellar PSF while maintaining high contrast
measurements with a narrow inner working angle in the NIR. HiCIAO will directly benefit from high order correction provided by
SCExAO.
SCExAO Low-order WFS: This will be operated in the normal mode, to provide both precise alignment of the coronagraphic
focal-plane mask and fringe stabilisation in VAMPIRES.
SCExAO High-order WFS: The high-order Py-WFS will be used to enhance the PSF for NIR imaging and to stabilise the
fringes in the VAMPIRES interferometer (a similar role to low-order WFS). We understand this module is offered in shared-risk
mode, and our science will proceed without this module (albeit with potentially reduced sensitivity).
HiCIAO: HiCIAO will be used in Direct Imaging mode, using Y-, J- and H- band filters. Our observing time request is mostly
driven by the requirements of VAMPIRES, as even very short HiCIAO observations of bright targets are contrast limited. In each
filter we will take 150 1.5s exposures (225s on source), resulting in 21 minutes of observing time, including read-out time, per
filter. This sequence will be repeated multiple times for targets where multiple VAMPIRES masks are used. This will result in a
sensitivity in J-band of 15 mag.arcsec−2 , with contrast better than 10−5 at 1” from the central star after PSF subtraction.
VAMPIRES: VAMPIRES will be operated in non-redundant mask mode. All 5 filters (650 nm to 775 nm) and both the 9Hole and
annulus masks are requested for, respectively, high calibration precision and extensive fourier coverage. Standard 0.018 s exposure
times and fast Frame Transfer timing mode will be used, with standard four-position waveplate sequence. A VAMPIRES data-block
(8 sets of 4 HWP angles) takes 22 minutes. Total time on target is determined both by absolute brightness and also the requirement
for a sufficient amount of sky rotation on a single data-set to mitigate baseline-dependant systematics. Since VAMPIRES filter
or mask changes are instant, changes are interleaved between data sub-sets. Each target will be observed following the pattern:
3(filters) x 22 minutes x 2 sets = 132 mins per data-set. Brightest targets will be observed with 2 masks (9holes and annulus) while
faintest ones only with one. These observing block times have been demonstrated to produce a 5σ visibility precision of 5 × 10−3

on a single baseline. Total time requested is based on the observation of the 9 requested targets (4 with 2 masks and 5 with only
1 mask), 3 filters, as well as 2 PSF calibrators per night and finally allowing 15 minutes AO overhead per target.

16. Instrument Requirements Specify the number of masks (MOIRCS/MOS) or the set of filters to use (S-Cam and HSC).

These observations are built around the AO188+SCExAO AO systems, using the coronagraph and VAMPIRES modules of SCExAO
and the HiCIAO NIR imager. AO188 is required to track targets and provide wavefront correction, SCExAO for its coronagraphic
modes and high-order wavefront correction, VAMPIRES for high angular resolution polarimetric interferometry (for inner circum-
stellar region imaging and dust-grain property analysis) and HiCIAO for NIR imaging of the circumstellar extended sctructure.

17. Backup Proposal in Poor Conditions (specify object names)

In poor conditions, observations of the most promising targets can proceed with reduced AO and ExAO performance. The
conventional imaging modes of HiCIAO will be used (without the advanced coronagraphy). VAMPIRES will continue to operate
successfully, however the integration time will need to be increased to achieve adequate signal/noise ratio. This will necessitate a
reduction in the number of targets observed, but good science will still be produced.

18. Public Data Archive of Subaru
If your targets have already been observed by Subaru in the past, please describe why you need to observe them again.

Several targets have been observed by SUBARU before, however SCExAO offers completely new capabilities. VAMPIRES and
HiCIAO explore spectral and contrast-ratio ranges, inner working angles and polarimetric differential modes that have not been
explored by any telescope. This program does not replicate any program with public or proprietary data.

Yes, I have checked SMOKA.⋆

19. Justify Duplications with the HSC SSP (for HSC proposers)



An ultra-high-angular-resolution polarimetric study of the innermost regions of
proto-planetary discs (Science Justification)

Science background and aim
In recent years, intense interest has been focused upon a handful of young stellar objects believed to be in a transitional
state between embedded Class II pre-main-sequence stars and more evolved Class III systems hosting an already old
debris disc. These objects, known as transition discs, are characterized by a distinctive dip in their infra-red SED
which suggests that a partially evacuated gap exists in the inner region of the protoplanetary disc (e.g. Wahhaj et
al. 2007). The profound implications for studies of planetary formation have become increasingly apparent with
the confirmation of the disc-gap architecture by sub-millimetre measurements (e.g. Perez et al. 2014) and optical
interferometry (e.g. Oloffson et al. 2011, Benisty et al. 2009). A number of mechanisms have been proposed to cause
these gaps, including extensive grain growth (Dullemond & Dominik 2005), photo evaporation (Clarke et al. 2001)
and binarity (Ireland & Kraus 2008), however most exciting for exoplanetary science is the potential for such systems
to arise from the tidal barrier created by dynamical interaction with low-mass disc objects (e.g. Bryden et al. 1999,
Papaloizou et al. 2007). These different mechanisms can be distinguished by studying the distribution of the gas
and dust within the gaps. For example, a large (stellar) companion or photoevaporation would almost completely
evacuate the inner regions while a less massive planetary companion would allow gas and small dust grains to exist
within its orbit (Lubow et al. 1999). Furthermore, in the latter case, the measurement of the size and distribution of
this material would allow the orbit and mass of the planetary companion to be constrained (Andrews et al. 2011).

Here, using an innovative new observational technique we propose to characterize the inner-most
regions (within 100 mas) of 5 of the most favorable targets which show evidence of a young and active
transition disc, at slightly different stages. This region – unexplored in conventional observations due to the
limited inner-working-angle of traditional coronagraphs – is of critical importance to the understanding of planetary
evolution. For nearby systems this lies within the snow-line and corresponds to inner-solar-system scales. Simulations
constrained by representative disk models show that our data will enable us to recover the first polarized dust density
imaging of these important inner regions of the discs (see Figure 1 for example data). A wealth of topical astrophysics is
directly addressed by this, including the presence of sub-structure (e.g. density waves) within the discs, the geometrical
extent of cavities, and the critical dust density profiles (both vertical and radial). This campaign lays the groundwork
for future detailed multi-wavelength imaging, enabling full characterization of the dust grain size as a function of spatial
position in the disc. This proposal builds upon our successful legacy of non-redundant masking discoveries in this
area and extends it with the implementation of 1) a differential polarimetric-interferometric observing mode offered
by SCExAO/VAMPIRES in the red-visible light and 2) a very-high contrast capability offered by SCExAO/HiCIAO
(using the PIAA coronagraph) in the near-infrared, which can both run simultaneously. We therefore have substantial
experience in construction of experiments to exploit these complex modes.

VAMPIRES as an explorer of the inner-most scattering regions
Directly imaging the faint, tenuous dust in the disc which exists in such close proximity to the bright central star
has proven to be observationally challenging in the near-infrared, with previous direct imaging efforts relying on the
thermal emission from the disc and/or conventional coronagraphs with limited inner-working-angle. Here, however,
using SCExAO/VAMPIRES we employ an entirely new technique. Using non-redundant masking and high acquisition
speeds, we perform interferometric observations of the targets to produce precise visibilities and closure phases. By
exploiting the polarisation of the starlight scattered by dust grains in the disk, we effectively suppress the unpolarised
flux from the central star and also provide an unprecedented level of calibration precision for the interferometric
observables, resulting in diffraction-limited imaging of the dust distribution, with an inner-working-angle limited only
by the angular resolution (∼ 8.5 mas). By operating at shorter wavelengths (650 to 775nm), where the scattered signal
is strong, we can achieve angular resolutions ∼3 times higher than images of thermal emission, as good as ∼8.5 mas
(Fizeau criteria). Furthermore, since scattering is a strong function of dust grain size and wavelength, observations at
3 wavelengths within the 600-800 nm window will yield a first-order measurement of the dust grain size as a function of
spatial position in the disc, providing critical insight into the planetary formation process and groundwork for future
many-wavelength measurements. We have successfully demonstrated this technique in observations of the dust shells
surrounding AGB stars (Norris et al., 2012, Nature), wherein we observed the circumstellar shells and placed accurate
constraints on the size of the shells and the size of the constituent dust grains.

HiCIAO as a NIR dusty structures probe
While VAMPIRES takes advantages of polarimetry and interferometry to image to within < 10 mas of the host star,
HiCIAO will be used in coronagraphic mode, delivering high-contrast direct imaging of the disc further from the star.
Thanks to the extreme-AO system on SCExAO, HiCIAO will benefit from a 5 - 10 times improvement in contrast
ratio over AO-188 alone. The final contrasts for 1-hour integration time are expected to yield ∆H 5 × 10−6 and
10−4 at r = 600 mas and 200 mas, respectively, for 5-σ SNR level. The field-of-view in the NIR is perfectly
complementary to that of VAMPIRES, ∼80 to 460mas, depending mask choice. Thus, HiCIAO will 1) uncover
the more extended structure of the young disc targets in the NIR, allowing optimal spatial and spectral coverage,
and 2) provide VAMPIRES with critical boundary conditions in the range r = 0.04 to 0.2 arcsec to further constrain
model-fitting and 3) set good limits on young jovian planets at wide separations (e.g. 0.5-2 Mj at 25-50 AU).

Observation and Analysis
The primary observations delivered by this ambitious proposal will be linear Stokes imaging of the scattered polarized
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light in the inner disc and gap regions of our target sample (to within ∼ 10 mas of the star, as well as NIR images of
the structures beyond r = 0.2 arcsec. Our derived scattered-light distribution and NIR surface brightness will then
constrain (1) the distribution and (2) the grain size and composition of the dust in the inner regions of our sample of
transition discs. Features such as gaps, clumps and density waves will be clearly identified. The transition disc phase
represents a small fraction of the lifetime of a star, and relatively few are known. Our target list represents the closest
and brightest of these systems. Providing images of these targets at higher angular resolutions than previous studies,
represents a significant step forward in understanding their formation and evolution. Data analysis will be performed
using the suite of data analysis and modeling software written by the co-I research group in Sydney, specifically
designed to analyze this differential polarimetric non-redundant masking and NIR surface brightness data.

Case study of a typical disk target
Young stars exhibit a massive, dense disc at large radii, with our program targeting those at the transitional disc
phase, Sitko et al. (2008). Using CO line measurements obtained with ALMA on one of our primary targets, HD
163296, Rosenfeld et al (2013) demonstrated a vertical gradient in temperature, creating a cold midplane composed of
grains (from 150AU) and warm atmosphere composed of gas. Figure 1 (left panel) shows the result of their hydrostatic
modeling of such a complex disc.

a)

b) c)

0 7.22.4 4.8
Baseline Length (m)

Figure 1: Left: Temperature (color scale) and gas density structure (black contours; log ngas = [4, 5, 6, 7, 8, 9] cm−3) of
the hydrostatic model. The dashed red curves mark the photo dissociation boundaries, for σs = 5× 10−20 cm−2. The
lower red curve indicates the upper boundary of the cold midplane where the gas phase CO densities are reduced due
to freezeout onto grains. The solid yellow line shows the line of sight on the disc, the red-shaded area show VAMPIRES
field of view. For clarity, the HiCIAO field-of-view of was not added to the figure: it starts where VAMPIRES’ one
ends, r = 50 AU. Right: A modelled representative protoplanetary disk at 500 pc and the derived VAMPIRES
data for λ = 800 nm. a) Image of the inner region of the disk, shown with a non-linear intensity mapping, in four
polarisations: horizontal H and vertical V corresponding to Stokes Q, while H45 and V45 are the two orthogonal
polarisations rotated 45◦ corresponding to Stokes U. b) The differential power spectra for the two pairs of orthogonal
polarisations. c) Expected differential visibility signals as seen by VAMPIRES with an 18 hole mask.

Benisty et al (2009) used VLTI AMBER in K and H bands and showed a significant deviation from point-symmetry,
revealing an asymmetry in the very inner disc (0.1-1.5 AU unprojected). This deviation may possibly be caused by
an inner rim at ∼0.5 AU, or any asymmetric brightness distribution, such as a symmetric flared disc with a stellar
contribution that is off-centered by a few percent of the inner disc radius with respect to the disc. A well-constrained
model could not be obtained due to the lack of high-resolution interferometric (u,v) coverage.

Previous measurements reported in Fukagawa et al (2010) using a 1 arcsec coronagraph with CIAO on SUBARU
Telescope, reported contrast ratios Lscat/Ltotal of the order 5 × 10−4 for several of our targets, in scattered light at
1.6 µm for the extened outer ring . Due to the large r−2 increase in stellar flux at closer separations and the mostly
gray spectra of Herbig and T-tauri stars (Schneider et al 2003, Weinberger et al 2002), such discs will be well within
VAMPIRES’ demonstrated sensitivity of 10−3 in R-I bands. In addition, Figure 1 shows that a higher gas density is
to be expected in the inner part of the disc, allowing a larger scattering cross-section, hence more favorable contrast
ratio in reflected light. For example, HiCIAO will be able to image HD 163296 disc from 25AU and VAMPIRES from
1.5 to 50AU, in several narrow-band filters from 0.6 to 0.8 µm and in several NIR bands, where no other instrument
was ever able to produce simultaneous and consistent observations.

Key Scientific Return
With our uniquely incisive study of our selected sample of transitional disks, this program will 1) constrain the
prevalence and spatial scales of gaps in protoplanetary disks, 2) help differentiate between competing models of
physical mechanisms of disk feature formation (and potentially planetary evolution), and 3) constrain the dust grain
size and species, and their spatial distribution throughput the disk. Answering these questions will provide key insights
into ongoing debate on mechanisms for planetary system assembly.
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F.1. Notes on individual proposals 219

F.1.6 TAC report

In the assigned category of your proposal, "Star & Planet Formation" and "ISM", 5
proposals were approved for time allocation out of 15 proposals. (Grouping of similar
categories was done by TAC. Combination of categories may vary from semester to
semester depending on the number of submitted proposals in each category.)

Your proposal was ranked in the top 1/3 among 10 unsuccessful proposals in this
category group. Although we could not ful�ll your wish this time given the limited
amount of telescope time available, we would like to encourage you to try again on the
next occasion. The averaged scores of your proposal rated by referees, and comments
by referees and TAC if any are given below for your reference.

Referees Scores:

Overall relative score (normalized and averaged) [10(top)�0(last)]: <S> = 6.0
Absolute scores for 4 check points (averaged) [3(high)-1(low)]

• <a1> = 2.8 (Scienti�c importance/Originality)

• <a2> = 2.4 (Clarity of scienti�c justi�cation)

• <a3> = 2.4 (Feasibility to achieve the proposed goal)

• <a4> = 2.8 (Use of telescope capability)

Scoring Description:
Each referee is asked to assign the rank value r (1 for the highest and N for the lowest)
for each of the N proposals which he/she sees, by sorting them according to the order of
priority (as judged from a comprehensive point of view). And this rank (r) is converted
to the score (S) as S = 10 - 10(r-1)/(N-1) (i.e., S = 10.0 highest priority and S = 0.0
for the lowest). These score values from each of the referees are averaged to make the
�nal score <S>. Meanwhile, a1, a2, a3, and a4 are the "absolute" grades, for which
any of A(high=3), B(middle=2), or C(low=1) are given by referees in terms of the
four check points.

Referee Comments:

1. The proposers request 3 nights of SCExAO observations to probe the inner disk
regions of 9 stellar targets. As this uses new instrumentation, it is somewhat
higher risk, but also has a potentially very high reward as it will explore a rela-
tively unexplored region of these disks, so the potential for unforeseen discoveries
is high. The large angular dynamic range which will be observed (from ∼ 10 mas
with VAMPIRES to a few hundred mas with HiCIAO) is a compelling feature.
The complexity of the data analysis appears daunting, but the large team ap-
pears experienced enough to deal with it.

2. The authors propose to utilize a new technique to obtain close insight of the
inner region of transition disk that was unreachable with previous observational
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methods. The advantages of the new technique and expected scienti�c outcomes
are described in detail so that I am convinced that their proposed observations
are vetch much worth conducting.

3. It is an interesting and unique proposal to see the innermost region of transitional
disks.

4. This observation potentially give meaningful contribution to our understanding
of disk evolution.

TAC Comments:
The scienti�c case is made strong and the observations are feasible. We wish we could
allocate 2 nights as requested, but could not do so unfortunately, due to unusually
high competition in this category this round. We strongly encourage the PI and the
team to re-submit next round. A reviewer is a little concerned that the data analysis
of SCexAO is challenging. Please be well prepared by the next semester.
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OBSERVING PROGRAMMES OFFICE • Karl-Schwarzschild-Straße 2 • D-85748 Garching bei München • e-mail: opo@eso.org • Tel. : +49 89 320 06473

APPLICATION FOR OBSERVING TIME PERIOD: 95A

Important Notice:

By submitting this proposal, the PI takes full responsibility for the content of the proposal, in particular with regard to the
names of CoIs and the agreement to act according to the ESO policy and regulations, should observing time be granted.

1. Title Category: C–4
Detecting circum-planetary discs around young stars with SPHERE/ZIMPOL and NACO/SAM.

2. Abstract / Total Time Requested

Total Amount of Time: 0.7 nights VM, 0 hours SM

The increasing number of known exoplanets contrast with the lack of robust detections of proto-planets around
young stars. We aim to detect disks around forming sub-stellar companions surrounding two best-candidates,
young intermediate-mass (Herbig Ae/Be) stars. NACO will be used to detect the dusty counterpart in the
near-IR, by image reconstruction using Sparse Aperture Masking (SAM). SPHERE will be used to observe the
gaseous counterpart by detecting the Hα (un-polarized) emission from planet accretion using ZIMPOL. The
combination of both instruments will allow to confirm and improve previous detections (for HD 142527),
as well as to provide the strongest observational support for possible new companions (HD 142527 and HD
100546). This is feasible by covering a wide wavelength range (from the optical to the near-IR), at a
similar high contrast and spatial resolution (a minimum ∆mag ∼ 5 at ∼< 30 mas).

3. Run Period Instrument Time Month Moon Seeing Sky Mode Type
A 95 SPHERE 0.3n may n 0.8 PHO v

B 95 NACO 0.4n may n 0.8 PHO v

4. Number of nights/hours Telescope(s) Amount of time
a) already awarded to this project:
b) still required to complete this project:

5. Special remarks:

This is a pilot study aiming to test the combined capabilities of SPHERE/ZIMPOL and NACO/SAM to provide
robust detections of forming sub-stellar companions around two best-candidate young stars.

6. Principal Investigator:
Ignacio Mendigutia, I.Mendigutia@leeds.ac.uk, UK, School of Physics and
Astronomy,The University of Leeds

6a. Co-investigators:

R.D. Oudmaijer School of Physics and Astronomy,The University of Leeds,UK

G. Schworer LESIA,,F

N. Huélamo Centro de Astrobiologia (CSIC-INTA),E

P. Tuthill University of Sydney,School of Physics A28,AU

Following CoIs moved to the end of the document ...
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7. Description of the proposed programme

A – Scientific Rationale: Planets are formed in circumstellar disks around low and intermediate-mass young
pre-main sequence (PMS) stars (classical T Tauri -CTT, and Herbig Ae/Be -HAeBe, respectively). While there
is debate on the specific process and timescale of their formation, there is consensus that planetary systems
should be completely formed before ∼ 10 Myr, when circumstellar disks are dissipated (Haisch et al. 2001, ApJ,
553, L153). Therefore, planetary accretion rates of ∼ 10−10-10−9 M� yr−1 are necessary to form planets of
∼ 1-10 MJ on that timescale. Indeed, theoretical works indicate that protoplanets grow from circumplanetary
accretion disks, providing estimates on different parameters such as the planet accretion rate decay with time,
evolution of the dust disk temperature, and others (see e.g. Sabrham & Boley 2013, ApJ, 767, 63; Zhu, 2014,
ApJ, preprint arXiv:1408.6554, and references therein). Despite the increasing number of observations regarding
already formed planets around MS stars (e.g. http://exoplanet.eu/catalog/), there is a lack of robust detections
of proto-planets around PMS objects. The observational characterization of gas and dust circumplanetary disks
is therefore crucial to test our understanding of planet formation. The advent of the new instrument
SPHERE, combined with the capabilities of NACO, provide the necessary tools for a robust
detection of both the accretion (gas) and dust properties of circumplanetary disks in young PMS
stars.

Most sub-stellar (planetary) companion candidates have been detected through spatially resolved observations
in the near-IR -mainly from Sparse Aperture Masking (SAM)/NACO, coming from dust condensations around
a few PMS stars (Húelamo et al. 2011, A&A, 528, L7). Many of these detections surround central HAeBe stars
(e.g. Quanz et al. 2013,ApJ, 766, L1; Biller et al. 2014, ApJ, 792, L22; Reggiani et al. 2014, ApJ, 792, L23),
since their higher brightness and relative disk sizes compared with CTTs make them the ideal candidates for
high spatial resolution observations. In addition, detections of specific dust structures in circumstellar disks
have been associated with ongoing planetary formation (e.g.; Boccaletti et al. 2013, A&A, 560, A20). Given
it well tested performance, we will use SAM/NACO to characterize the dusty counterpart of disks
surrounding sub-stellar companions. It is noted however that the detection of dust condensations or
structures cannot be considered themselves as solid proofs of ongoing planet formation, since those could have
different origins like background sources, scattered light from disk features, stellar companions, and others (see
e.g. Comerón, 2012, A&A, 537, A97; Quanz et al. 2013). In principle, polarimetric analysis are not helpful in
these cases, since the dust in disks around sub-stellar companions does not have a strong enough polarization
signature distinctive from the surrounding circumstellar disk (e.g. Zapatero Osorio et al. 2011, ApJ, 740, 4). A
defining characteristic of circumplanetary disks is the presence of accretion, which is the second
ingredient for their characterization.

Observations of circumplanetary accretion disks have been claimed mainly from spatially resolved Hα excess
emission (Zhou et al. 2014, ApJL, 783, 1). Therefore, the Hα emission is not only a quantitative accretion
tracer for CTTs (Muzerolle et al. 1998, AJ, 116, 455) and HAeBe stars (Mendigut́ıa et al. 2011, A&A, 535,
A99), but has also been proposed to be the best tracer of ongoing planet formation (Close et al. 2014, ApJL,
781, L30). The only object with a characterization of both a near-IR dust condensation (through NACO/SAM,
Fig. 1, Biller et al. 2012, APJL, 753, L38) spatially coincident with an excess of optical emission in Hα (through
MagAO, Fig. 2, Close et al. 2014) is the late-type HAeBe star HD 142527 (Mendigut́ıa et al. 2014, ApJ, 790,
21), which can be considered the most robust detection of a circumplanetary disk to date. A main objection
is that an Hα excess spatially coincident with a dust condensation could also be optical light reflected (i.e.,
not related with circumplanetary accretion), since there is no guarantee that the emission arises directly from
the dust condensation. The new instrument SPHERE provides the way to circumvent this problem by using
ZIMPOL polarimetric imaging with a narrow Hα filter: an excess of Hα emission coming from an
accretion circumplanetary disk should be unpolarized, in contrast with reflected, polarized light. The spatial
resolution achieved this way is the same as with NACO/SAM aperture masking in the near-IR.

B – Immediate Objective: This pilot study aims to combine the capabilities of SPHERE/ZIMPOL
and NACO/SAM to simultaneously detect possible gas and dust circumplanetary disks around two HAeBes
selected to be best candidates to host sub-stellar companions (Sect. 11). SPHERE/ZIMPOL differential
polarimetric imaging in Hα will provide direct information on possible ongoing planetary accretion. Image
reconstruction through NACO/SAM at ∼ 4 µm will provide information on the dusty counterpart of the
possible circumplanetary disks. Both instruments are complementary not only in the wavelength
range covered, from the optical to the near-IR, but also in their high contrasts and similar
spatial resolutions (A minimum of ∆mag ∼ 5 at ∼< 30 mas). Spatially coincident detections with
both instruments will constitute the best proof of ongoing sub-stellar (planetary) formation.
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7. Description of the proposed programme and attachments

Fig. 1: Taken from Biller et al. (2012): L’ band χ2 surface as a function of RA and DEC around HD 142527,
obtained from the best fit binary model to the closure phases. the minimum indicates the position of the
companion (∆ mag ∼ 5), at 88 ± 5 mas (13 ± 2 AU at 145 pc). the red contours correspond to 3σ and 5σ
error bars in the detection. It is noted that these results were obtained from the “7 holes” mask, which provide
strongly model-dependent results. We aim to improve the detections by using complete image reconstruction
from the “18 holes” mask.

Fig. 2: Taken from Close et al. (2014): Hα Angular differential imaging around HD 142527. The 10.5σ
detection (∆ mag ∼ 6) is spatially close with the one by Biller et al. (Fig. 1), indicated here with a green
circle (note that observations were not simultaneous). The Hα detection is inconsistent with a background star
position (white circle).
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8. Justification of requested observing time and observing conditions

Lunar Phase Justification: The observations can be taken in bright time.

Time Justification: (including seeing overhead)
SPHERE: We plan to use ZIMPOL in polarimetric mode (”P1”, without derotation), with the narrow-band Hα
filter. The goal is to obtain a minimum contrast of ∼ 5 magnitudes at the closest distance from the star (around
30 mas), and higher contrasts at longer distances (up to ∼ 9.5 mag at ∼ 100 mas). This way we can confirm
and improve the previous detections for HD 142527, and find similar ones for HD 100546. To achieve this goal,
the ESO Exposure Time calculator (ETC) provides exposure times of ∼ 1+1 hours for HD 142527 and HD
100546. The R-magnitudes in Sect. 11, a median seeing (0.8-1.2 arcsecs), and ”1.2fastPOL” DIT were assumed.
According with the manual, ∼ 30 mins overheads should be considered for each star, including telescope preset
and AO loop closing. Therefore a total of ∼ 3h is required with SPHERE/ZIMPOL.

NACO: In this case we will use SAM aiming to carry out image reconstruction with the filters NB3.74 and
NB4.05. The sources are bright enough to use of the 18-holes mask. In addition, those bands are more important
than others at shorter wavelengths, in order to disentangle the nature of possible sub-stellar companions (Zhu,
2014). The manual provides exposure times of ∼ 10 s for both HD 142527 and HD 100546 (L mag ∼ 4, see Sect.
11), to obtain peak counts of ∼ 250 with each filter. The ETC indicates that SNR above 200 are obtained in
this way. The observing time is dominated by the overheads. Our previous experience with SAM indicates that
typically 2 hours time per target yields a well calibrated dataset, taking into account the overheads of telescope
slewing time and optical settings of adaptive optics and dithering. Therefore, a total of ∼ 4 hours is required
with NACO/SAM.

8a. Telescope Justification:

This proposal requires the highest spatial resolution and contrast in the optical and the near-IR, for which the
use of ZIMPOL/SPHERE and SAM/NACO is necessary.

8b. Observing Mode Justification (visitor or service):

SPHERE/ZIMPOL observations can be carried out both in visitor and service mode. Only visitor mode is
offered for NACO/SAM.

8c. Calibration Request:

Standard Calibration
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9. Report on the use of ESO facilities during the last 2 years

Mendigut́ıa et al. ”Multi-epoch observations of intermediate-mass pre-main sequence stars: accretion rates and
accretion tracers.” XShooter-VLT-088.C-0218. Observations completed at the beginnig of 2013. Data reduced
and under analysis, partial results published.

Oudmaijer et al. ”HD 100546: Star and planet formation at the same time - zooming in on the gas properties
inside the gap.” AMBER-VLT-092.D-064. Data reduced. Paper to be submitted.

Norris et al. ”Sparse Aperture Masking Polarimetry of Massive Young Stellar Objects”. 091.C-0806 SAMpol,
weathered out.

9a. ESO Archive - Are the data requested by this proposal in the ESO Archive
(http://archive.eso.org)? If so, explain the need for new data.

The data requested in this proposal is not available in the ESO archive. SPHERE is offered in P95 for the first
time. 18-holes mask NACO/SAM data is not available for the stars in the sample.

9b. GTO/Public Survey Duplications:

10. Applicant’s publications related to the subject of this application during the last 2 years

Ilee et al. 2014, MNRAS (accepted, see arXiv:1409.4897): Investigating the inner discs of Herbig Ae/Be stars
with CO bandhead and Br Gamma emission

Mendigut́ıa et al. 2014, ApJ, 790, 21: Stellar parameters and accretion rate of the transition disk star HD
142527 from X-Shooter

Lacour et al. 2014,IAUS, 299, 119: Probing protoplanetary disks with Aperture Masking

Ellerbroek et al. 2014, A&A, 563, A87: Relating jet structure to photometric variability: the Herbig Ae star
HD 163296

Mendigut́ıa et al. 2013, ApJ, 776, 44 Accretion Variability of Herbig Ae/Be Stars Observed by X-Shooter HD
31648 and HD 163296

Mendigut́ıa et al. 2013, AN, 334, 129: Comparison between accretion-related properties of Herbig Ae/Be and
T Tauri stars
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11. List of targets proposed in this programme

Run Target/Field α(J2000) δ(J2000) ToT Mag. Diam. Additional
info

Reference star

AB HD 100546 11 33 25.4 -70 11 41.2 6 6.7;4.0 B9

AB HD 142527 15 56 41.9 -42 19 23.3 6 8.3;3.9 F6

Target Notes: Both stars are probably the strongest candidates hosting sub-stellar companions. The relevant
R and L magnitudes are indicated in column 6 (L-magnitudes are bright enough to use 18 holes coronograph
in SAM), the spectral types in Col. 8.

HD 142527 has detections of a sub-stellar companion from Hα and near-IR aperture masking, and several details
were given in the figures above and references therein. We aim to confirm and improve previous detections,
also providing different epoch measurements that could serve to constrain a possible orbit around the central
star (During the time elapsed between the data shown in Fig. 1 and new observations in 2015, the possible
companion would have completed 10% of a ∼ 33 years orbit).

Similarly, several reports provide circumstantial evidence of the presence of possible sub-stellar companions at
several AUs from HD 100546 (e.g. Bouwman et al. 2003, A&A, 401, 577; Acke, B. & van den Ancker, M.E.
2006, A&A, 449, 267; Quanz et al. 2013, ApJ, 766, L1; Mulders et al. 2013, A&A, 557, A68; Brittain et al.
2013, ApJ, 767, 159; Brittain et al. 2014, ApJ, 791, 136; Walsh et al. 2014, ApJ, 791, L6). In this case we aim
to actually detect the possible companion(s), or provide upper limits within our spatial resolution and contrast.

- 6 -



12. Scheduling requirements
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13. Instrument configuration

Period Instrument Run ID Parameter Value or list

95 SPHERE A ZIMPOL-P1 None/N-Ha/FastPol
95 NACO B SAM IR-WFS 18holes mask, NB3.74 and

NB4.05 filters.

- 8 -



6b. Co-investigators:

...continued from Box 6a.
S. Lumsden School of Physics and Astronomy,The University of Leeds,UK

B. Norris University of Sydney,School of Physics A28,AU

A. Cheetham University of Sydney,School of Physics A28,AU

- 9 -



230 Appendix F. Proposals

F.1.7 TAC report 95A

Good pilot study to combine the capabilities of SPHERE/ZIMPOL and NACO/SAM
to simultaneously detect gas and dust in circumplanetary discs around two Herbig
AeBe stars. HD142527 is probably well justi�ed as a target because it has the H-alpha
emission already observed. The other source is less justi�ed. Overall, it is not clear if
this is a con�rmation programme rather than giving new science

Run A (SPHERE): Alloc: 1x0.6H1 Ranking: This run has been ranked in the 2nd
quartile of all runs at this telescope. Pressure: in Period 95 the number of requested
nights on UT3 exceeded the available time by a factor of 2.7 . Scheduling comments:
This run is approved conditionally to the e�ective possibility of o�ering SPHERE in
VM during the �rst three months of the semester.

Run B (NACO): Alloc: 1x0.8H1 Ranking: This run has been ranked in the 2nd
quartile of all runs at this telescope. Pressure: in Period 95 the number of requested
nights on UT1 exceeded the available time by a factor of 3.9.

F.1.8 TAC report 98A

This proposal is a resubmission of a former accepted proposal that could not be exe-
cuted due to NaCo technical failures. The aim is to detect and characterize circum-
planetary disks around two known young proto-planets. The panel acknowledges
the high scienti�c value of detecting and characterizing circum-planetary (or circum-
secondary) disks and the compelling combined use of (existing) SPHERE/ZIMPOL
and (future) NaCo/SAM observations. The applicants mention a "sub-stellar" de-
tected object concerning HD142527. However, all recent results point towards a M-
dwarf (0.2 Msol, Biller et al. 2012; 0.13 Msol, Lacour et al., 2015); the advantage of
new observations using the 18-holes SAM mask over the existing 7-holes ones is not
clearly explained.



GEMINI OBSERVATORY AU-2012B-???
observing time request summary

Semester: 2015A Observing Mode: Classical Gemini Reference: 
 
Instruments: GPI
 
Time Awarded: NaN Thesis:  Yes  
 
Band 3 Acceptable: No  

Title: Mapping the dust in planet-forming disks using polarimetric
masking interferometry

Principal Investigator: Guillaume Schworer
PI institution: University of Sydney, Sydney Institute for Astronomy School of

Physics A28 NSW 2006, Australia
PI status: Grad Thesis
PI phone/e-mail:  / guillaume.schworer@obspm.fr
Co-Investigators: Anthony Cheetham: University of

Sydney, a.cheetham@physics.usyd.edu.au
Peter Tuthill: University of Sydney, p.tuthill@physics.usyd.edu.au
Barnaby Norris: University of Sydney, b.norris@physics.usyd.edu.au

Partner Submission Details  (multiple entries for joint proposals)

 PI Request NTAC Recommendation
Partner Lead Time Min Reference Time Min Rank
Australia Schworer 1.0 night 1.0 night NaN NaN 

Total Time 10.0 hr 10.0 hr 0.0 hr 0.0 hr

Abstract

Intense interest has been focused upon a handful of young stellar objects believed to be in a transitional
state between embedded Class II pre-main-sequence stars and more evolved Class III systems hosting a
debris disk: the so-called transition disks. The confirmation of the disk-gap architecture revealed by sub-
millimetre measurements and optical interferometry has inspired number of mechanisms to explain these
gaps: extensive grain growth, photo evaporation, binarity and most excitingly a tidal barrier created by
dynamical interaction with low-mass disk objects (such as exoplanets). These different mechanisms can
be distinguished by studying the distribution of the gas and dust within the gaps. We propose here to make
a pilot study in the Near-Infrared of 7 of the most promising transition disk candidates, using a novel
differential polarimetric observing mode which offers unique science reach and a high contrast detection
threshold at the required spatial scales.

TAC Category / Keywords

Galactic / Polarization, Planetary systems, Pre-main sequence stars, Formation, Dust



GEMINI OBSERVATORY AU-2012B-???
observing time request summary

Scheduling Constraints

These observations would need to be executed in May, June or July to ensure all targets are observable
within one night.



Gemini Observatory Mapping the dust in planet-forming disks
using polarimetric masking interferometry

Section 1 Page 3

Observation Details (Band 1/2)

Observation RA Dec Brightness Total Time
(including
overheads)

HD 139614 15:40:46.382 -42:29:53.548 8.47  B  Vega, 8.24  V  Vega,
8.20  R  Vega, 8.00  I  Vega,
7.80  Y  Vega, 7.67  J  Vega,
7.33  H  Vega, 6.75  K  Vega

1.4 hr

Conditions: CC Any, IQ Any, SB Any/Bright, WV Any
Resources: GPI Non Redundant Mask J Wollaston
 
HD 100453 11:33:05.576 -54:19:28.538 8.09  B  Vega, 7.79  V  Vega,

7.80  R  Vega, 7.50  I  Vega,
7.20  Y  Vega, 6.95  J  Vega,
6.39  H  Vega, 5.60  K  Vega

1.4 hr

Conditions: CC Any, IQ Any, SB Any/Bright, WV Any
Resources: GPI Non Redundant Mask J Wollaston
 
HD 98800B 11:22:05.288 -24:46:39.050 10.06  V  Vega, 8.38  R  Vega,

8.20  I  Vega, 7.50  Y  Vega,
6.40  J  Vega, 5.75  H  Vega,
5.59  K  Vega

1.4 hr

Conditions: CC Any, IQ Any, SB Any/Bright, WV Any
Resources: GPI Non Redundant Mask J Wollaston
 
HD 163296 17:56:21.288 -21:57:21.870 7.00  U  Vega, 6.93  B  Vega,

6.85  V  Vega, 6.86  R  Vega,
6.80  I  Vega, 6.50  Y  Vega,
6.20  J  Vega, 5.53  H  Vega,
4.78  K  Vega

1.4 hr

Conditions: CC Any, IQ Any, SB Any/Bright, WV Any
Resources: GPI Non Redundant Mask J Wollaston
 
HD 150193A 16:40:17.923 -23:53:45.179 9.69  U  Vega, 9.32  B  Vega,

8.79  V  Vega, 8.41  R  Vega,
8.00  I  Vega, 7.50  Y  Vega,
6.95  J  Vega, 6.21  H  Vega,
5.48  K  Vega

1.4 hr

Conditions: CC Any, IQ Any, SB Any/Bright, WV Any
Resources: GPI Non Redundant Mask J Wollaston
 
HD 141569 15:49:57.748 -03:55:16.343 7.22  U  Vega, 7.20  B  Vega,

7.12  V  Vega, 7.00  R  Vega,
7.00  I  Vega, 6.90  Y  Vega,
6.87  J  Vega, 6.86  H  Vega,
6.82  K  Vega

1.4 hr

Conditions: CC Any, IQ Any, SB Any/Bright, WV Any
Resources: GPI Non Redundant Mask J Wollaston
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HD 100546 11:33:25.441 -70:11:41.236 6.71  B  Vega, 6.30  V  Vega,
6.70  R  Vega, 6.60  I  Vega,
6.50  Y  Vega, 6.43  J  Vega,
5.96  H  Vega, 5.42  K  Vega

1.4 hr

Conditions: CC Any, IQ Any, SB Any/Bright, WV Any
Resources: GPI Non Redundant Mask J Wollaston
 



Gemini Proposal

Scientific Justification
 

In recent years, intense interest has been focused upon a handful of young stellar objects believed
to  be  in  a  transitional  state  between  embedded  Class  II  pre-main-sequence  stars  and  more
evolved Class III systems hosting a debris disk. These objects, known as transition disks, are
characterized by a distinctive dip in their infra-red SED which suggests that a partially evacuated
gap exists in the inner region of the protoplanetary disk (e.g. Calvet et al. 2002, ApJ, 568, 2). The
profound implications for studies of planetary formation have become increasingly apparent with
the confirmation of the disk-gap architecture by sub-millimetre measurements (e.g. Andrews et
al. 2011, ApJ, 732, 42) and optical interferometry (e.g. Oloffson et al. 2011 A&A, 528, L6). A
number  of  mechanisms  have  been  proposed  to  cause  these  gaps,  including  extensive  grain
growth  (Dullemond  & Dominik  2005),  photo  evaporation  (Clarke  et  al.  2001)  and  binarity
(Ireland & Kraus 2008, ApJ, 678, L59), however most exciting for exoplanetary science is the
potential for such systems to arise from the tidal barrier created by dynamical interaction with
low-mass  disk  objects  (e.g.  Bryden  et  al.  1999,  Papaloizou  et  al.  2007).  These  different
mechanisms can be distinguished by studying the distribution of the gas and dust within the gaps.
For example, a large (stellar) companion or photoevaporation would almost completely evacuate
the inner regions while a less massive planetary companion would allow gas and small  dust
grains  to  exist  within  its  orbit  (Lubow  et  al.  1999).  Furthermore,  in  the  latter  case,  the
measurement of the size and distribution of this material would allow the orbit and mass of the
planetary companion to be constrained (Andrews et al. 2011). 

This proposal builds upon our successful legacy of non-redundant masking discoveries in this
area  and  extends  it  with  the  implementation  of  a  differential  polarimetric  observing  mode.
Directly imaging the faint, tenuous dust in the disk which exists in such close proximity to the
bright central star has proven to be observationally challenging, with previous direct imaging
efforts relying on the thermal emission from the disk. Here, however, we make use of the fact
that starlight scattered by dust grains in the disk can become highly polarized. By combining the
high angular resolution afforded by sparse aperture masking with differential  polarimetry, the
unpolarized flux from the central star effectively cancels itself out, leaving a strong signal from
which a  high resolution dust  density  map can be recovered  (See Figure 1).  By operating  at
shorter  wavelengths  (J  band),  where  the  scattering  signal  is  strong,  we can  achieve  angular
resolutions 3 times higher than images of thermal emission. ∼ Furthermore, since scattering is a
strong function of dust grain size and wavelength, observations at multiple wavelengths we can
measure the dust grain size as a function of spatial position in the disk, providing critical insight
into the planetary formation process.

We have successfully demonstrated this technique in observations of the dust shells surrounding
AGB stars (Norris et al., 2012, Nature, 484), wherein we observed the circumstellar shells and
placed accurate constraints on the size of the shells and the size of the constituent dust grains
(see Figure 1). Here, we propose a pilot study of 7 of the most favorable known transition disk
objects. Simulations (Figures 1-4) imply that our data will enable us to recover the first polarized
dust density map of such disks. A wealth of topical astrophysics is directly addressed by this,
including the presence of sub-structure (e.g. density waves) within the disks, the geometrical
extent of cavities, and the critical dust density profiles (both vertical and radial).  This campaign
lays the groundwork for future multi-wavelength imaging, enabling full characterization of the
dust grain size as a function of spatial position in the disk.
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Fig. 1: The differential polarized observable obtained from a) an AGB star (W Hya) with a circumstellar dust shell
and b) a star with no dust (2 Cen) from a previous observing campaign using the polarimetric aperture masking
interferometry technique. The ratio of orthogonally polarized visibilities are plotted as a function of baseline
azimuth (x axis) and baseline length (colour).  The signal  for a bare star is 1 everywhere (bottom) but when
scattered by circumstellar dust shell it becomes strongly polarized (top) as a function of the azimuth. The periodic
sinusoidal variation seen here is characteristic of a spherically symmetric scattering shell. Models fitted to this
data at several wavelengths allowed shell geometry and grain size to be determined (Norris et al. 2012, Nature,
484). A similar method will be applied to the observations of transition disks proposed here.

Fig. 2: Simulated data from a simple model transition disk. The signal is more complex than for a spherical shell.

Fig. 3: Polarized differential visibilities for the transition disk 49 Cet, from 1 hour of observing during June∼
2012 SAMPol observations. Data show the characteristic modified sinusoid of scattering by a dusty circumstellar
region. Uncertainties in the longest baselines (orange & red) are large due to the low visibilities at these baselines,
and will benefit from increased total integration time. Model fitting enables determination of disk geometry and
density.

Fig. 4: Intensity image from a radiative transfer model of HD 142527 fitted to its SED. Full Stokes images are
produced for fitting to SAMPol observations, which will allow the inner disk region to be accurately defined.
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Experimental Design
 

The primary observations delivered by this ambitious proposal will be linear Stokes images of
the polarized light in the inner disk and gap regions of our target sample. Our derived scattered-
light distribution will then constrain (1) the distribution and (2) the grain size and composition of
the dust in the inner regions of our sample of transition disks.

The transition disk phase represents a small fraction of the lifetime of a star, and few are known.
Our target list represents the closest and brightest of these systems. Providing images of these
targets at higher angular resolutions than previous studies represents a significant step forward in
understanding their formation and evolution.

The angular scales we wish to explore are inaccessible through coronagraphy, due to the size of
the occulting spot, and the disk structures and properties are best investigated through polarized
differential quantities. To observe these systems, we will use the GPI Non Redundant Masking
(NRM) mode,  in  combination  with  polarimetry.  This  technique  was  pioneered  with  notable
success by our team at the NACO instrument on the VLT, where it was used to explore the
properties of dust shells around AGB stars (Norris et al., 2012, Nature, 484). We therefore have
substantial experience in construction of experiments to exploit this complex mode. 

In brief, simultaneous polarization-differential imaging is delivered by use of a Wollaston Prism
which splits starlight into orthogonal polarization states on-chip. The near-identical optical paths
for the two states leads to a high degree of calibration precision, and what small non-common
path errors there are are accurately measured and compensated by a channel-switching scheme
which  uses  a  half-wave  plate  upstream  to  periodically  swap  the  input  states.  This  (fairly
orthodox) polarimetry setup is then reformulated in an interferometric context with the use of an
aperture mask, leveraging its proven ability to deliver unsurpassed imaging fidelity for spatial
structures  in  the  limited  range  between  about  half  and several  diffraction-limited  resolution
elements from a bright stellar core (e.g. Huelamo et al. 2011 A&A 528, L7).

Data  analysis  will  be  performed  using  the  suite  of  data  analysis  and  modeling  software
specifically designed to analyze this differential polarimetric non-redundant masking data written
by our research group in Sydney. The standard GPI pipeline will be used for extraction of the
two polarization channels from the raw images.

Precise measurement of these relatively small polarization signals requires correct calibration of
the residual systematic errors arising from GPI’s instrumental polarization that remain even after
the double-differential process. The instrumental polarization characterisation by Wiktorowicz et
al.  (2014,  SPIE,  9147-305)  should  be  sufficient  for  our  purposes.  As  is  normal  for  NRM
observations, we require observations of point source calibrator stars with no polarized structure
during the night, and have factored this into our requested time.

Finally  we  emphasize  that  these  targets  are  observed  here  in  a  mode  which  provides
complementary data to that obtained with the standard GPI coronagraphs, and is exempt from the
GPI campaign target list duplication policy.
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Technical Description
 

This program will employ the 10-hole Non-Redundant mask installed within the GPI instrument.
The  applicant  list  on  this  proposal  includes  all  members  of  the  GPI  team  responsible  for
commissioning  this  specific  NRM  mode.  Masking  interferometry  is  the  most  successful
demonstrated technology with which to explore the relevant region of contrast-separation space.

With the benefit of extensive data both from laboratory testing and on-sky data, key elements of
this  observational  mode  at  GPI  have  been  fleshed  out  to  the  point  where  we  are  able  to
confidently predict operational parameters and limitations. This characterization also extends to
the use of the polarimeter as described in the sections above.

The fractional polarization of our targets is greatest at short wavelengths, but the performance of
the GPI AO system also declines  here.  Observing in  J  band provides a reasonable trade off
between the expected signal and instrument performance.

Our simulated disk+star systems (Figures above), imply that measuring differential visibilities at
the 1% level should be sufficient to image our targets. From on-sky performance of the GPI
NRM mode, this level of performance should be provided by 24 exposures in each of 4 half-
wave plate rotations.

Using previous on-sky data, we predict exposure times of between 1.45 and 20 seconds for our
targets in J band. Including 20 seconds of frame write-out overhead between exposures and 15
minutes  for  acquisition,  we  expect  to  need  0.75-1.25  hrs  per  target.  For  our  7  targets  and
including 2 calibrator stars, this gives a total observing time of 10 hours, or 1 night.

Due to the incomplete commissioning of the GPI NRM mode, it is offered only for classical
observing, allowing no constraints on observing conditions.

Band 3 Plan
 

This program is not suitable for band 3.

Classical Backup Program
 

This program as specified is suitable for poor conditions.

Justify Target Duplications
 

The GSA search revealed no duplicate observations.

See note in Experimental Design regarding duplication of GPI campaign targets.

Publications
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Tuthill et al. 2010, SPIE Conference Series 7735.

Norris et al., 2012, Nature, 484.

Use of Other Facilities or Resources
 

There are no non-Gemini related proposals.

Previous Use of Gemini
 

Reference Allocation % Useful Status of previous data

ITC Examples
 

No ITC exists for GPI.
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F.1.9 TAC report

The proposal spent a lot of space exhorting the bene�ts of non-redundant masking.
The proposers are advised that ATAC is composed of astronomers whose expertise tries
to span the full range of astronomy done with Australian facilities. However, it cannot
be expert in every part of astronomy, and every observing technique. In the case of
non-redundant masking a short description of the key elements (i.e. doing closure-
phase interferometry using baselines created by masking the 8m aperture) would have
made the technique clearer to some TAC members.

In the end, however, it is the science the technique enables that is important to
ATAC, rather than the technique itself. The proposing team should make sure to
concentrate on the science in justifying the proposal, rather than the technique.

It was agreed that we would schedule a night of commissioning, immediately fol-
lowed by your observations. We have scheduled these observations during the nights of
28 to 31 March 2015 (both inclusive). Scheduling 4 nights should give us su�cient time
to test the NRM mode as well as carrying out the observations. You are kindly invited
to attend these observations, which we believe will be important for their success since
we have very limited experience with the NRM mode of GPI.
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Résumé 
 
The dust- and gas-rich disks surrounding 
numerous pre-main-sequence stars are of 
key interest for unveiling how planetary 
system are formed, and are the initial 
conditions for planetary formation. 
Protoplanetary disks have a rich structure, 
with different physics, e.g., radiation, 
gravitation, electrostatic, magneto-
hydrodynamics, playing a role in different 
regions of the disk. They are under constant 
evolution, due to a combination of various 
physical and chemical processes, e.g., 
accretion, photo-evaporation, gas-dust 
interactions, grain growth, and the potential 
interaction with massive bodies forming within 
the disk. The overall disk structure, and 
hence its observational appearance, is a 
good proxy for the ongoing processes. 
 
This PhD reports the first direct imaging of 
the full extents of a polycyclic aromatic 
hydrocarbon and very small grains ring in a 
young circumstellar disk, presents a revised 
model for the IRS-48 object to explain the rich 
and complex dust- and gas-environment 
observed from near-infrared to centimeter 
wavelengths, and sets limits on how much 
silicates grains, hence replenishment, is to be 
expected in the PAH and VSG ring. Also, an 
improved astrometric orbit and the spectral 
type of the spectroscopic binary MWC-361 
are determined. This leads to a precise 
characterization of the stellar parameters of 
this binary, opening a new window on the 
studying of the disappearance of the 
circumsecondary disk of the binary, while the 
circumprimary disk is present. 
 

Mots Clés 
 
Interferometry, model-fitting, Bayes analytics, 
disk dissipation, circumstellar disk, young 
stellar object, IRS-48, MWC-361 

Abstract 
 
La poussière et le gaz qui entourent 
beaucoup d'étoiles jeunes est d'un intérêt 
critique pour comprendre la formation 
planétaire; ils représentent les conditions 
initiale de la formation planétaire. Les disques 
proto-planétaire ont une structure riche, avec 
différents processus physiques à l'œuvre 
dans différentes régions du disque. Les 
grandeurs en jeu s'étalent sur plusieurs 
ordres de grandeur en échelles spatiales, 
période orbitale, températures, et bien plus 
en ce qui concerne la densité de gaz et 
poussière. Les variations extrêmes de ces 
paramètres clés impliqués dans la structure 
et la composition de ces objets impliquent 
nécessairement l'utilisation combinée de 
différentes techniques d'observation. 
 
Ce travail a permis d'imager pour la première 
fois l'intégralité spatiale d'un disque composé 
d'hydrocarbures polycyclique aromatique 
(PAH) et de très petits grains autour d'un 
objet stellaire jeune. Il propose un modèle 
révisé pour cet objet de façon à expliquer 
l'environnement riche et complexe de gaz et 
poussières observé en proche infrarouge et 
en ondes millimétriques, et pose des limites 
sur la quantité attendue de grains silicatés qui 
peut se trouver dans ce disque. Aussi, une 
nouvelle orbite astrométrique ainsi que les 
types spectraux de la binaire spetroscopique 
MWC-361 sont déterminés. Ceci permet la 
détermination précise des paramètres 
stellaires de la binaire, rendant possible 
l’étude future des causes de la disparition du 
disque circumsecondaire, alors que le disque 
circumprimaire est toujours présent. 
  

Keywords 
 
Interférométrie, ajustement de modèles, 
analyse Bayesienne, dissipation des disques, 
disques circumstellaires, objets stellaires 
jeunes, IRS-48, MWC-361 
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