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Abstract

Planetary systems are born in circumstellar gas and dust disks surrounding Young Stellar
Objects (YSOs). To understand how planetary systems form, a detailed knowledge of
the structure and evolution of these disks is required. Although, this is almost well
understood for the regions of the disks observed with a spatial resolution of several
AUs, the structure of these disks probed at a few AU scale and especially inward of
1 AU remains a puzzle. In recent years, it has become possible to directly spatially
resolve the inner region of protoplanetary disks with optical interferometry technique.
The context of this thesis is a multi-wavelength investigation of the protoplanetary disks
evolution by determining their density distribution, their temperature distribution, the
size and composition of the dust components and finally the kinematics of the gas. I have
developed my thesis following three complementary wavelength domains: study of the
photosphere of the star and its nearby gaseous disk through visible interferometry, study
of the radial and vertical structure of the inner rim of a pre-transitional disk at fractions
of an AU through near-IR interferometry, and, the characterization of the disk regions

at a few AUs from the central star through spectroscopic and mid-IR interferometry.

To analyse the visible-, near- and mid-IR interferometric observations, I have focused
my attention on three well known sources, 51 OPh, HD 100546 and MWC 480 respec-
tively that they have not been observed in these wavelengths. Visible interferometric
observations can probe the photosphere of a resolved source in the continuum as well
as the geometry and the kinematics of the gaseous disk producing the Ha line or Ca 11
triplet line on sub-AU scale. These observations allow to derive the stellar parameters,
e.g, diameter, mass, temperature and to constrain the extension of the emission line
and to understand the physical process of the gas such as accretion/outflow mechanism
nearby the central star. Near-IR interferometric observations probe the hot gas and dust
distribution at a fraction of an AU from the central star and allow to understand the
kinematics of the gas as well as hot dust properties and its physical mechanism for the
disk evolution and planet formation. Mid-IR interferometric observations mostly probe
warm dust from the most inner region up to a few AU and allow to investigate the dust

properties and in their emission regime.
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Résumé

Dans ma these, j’étudie les environnements circumstellaires autour des étoiles jeunes
basé les observations interférométriques a haute résolution. Mon objectif est d’améliorer
notre compréhension de la structure et de 1’évolution des disques circumstellaires en
déterminant leur distribution de densité, leur distribution de température, la taille et de
la composition de la poussiere et la cinématique et de 1évolution du gaz. J’ai développé
ma these suivant trois domaines de longueur d’onde complémentaires: étude de la pho-
tosphere de I’étoile et de son disque gazeux a proximité grace a U'interférométrie visible,
étude de la structure radiale et verticale du bord intern du disque pré-transition a une
fraction d’'UA au travers de interférométrie infrarouge, et la caractérisation des régions
du disques entre des fractions d’'UA jusqu’a quelques UA de I’étoile centrale par spec-

troscopique et interférométrie du moyen infrarouge.

Pour analyser les observations, j’ai utilisé plusieurs types de modeles et d’outils numériques:
J’ai utilisé le logiciel d’ajustement de modeles LITpro2 développé par le Jean-Marie
Mariotti Center (JMMC) pour interpréter les données interférométriques visibles dans
le continuum. Pour interpréter les données interférométriques visibles des raies spec-
trale, j’ai utilisé un modele cinématique d’un disque équatoriale mince en expansion et
/ou en rotation. Ce modele a déja été utilisé pour certaines étoiles Be classiques et
décrite en détail par M. Delaa et al. (2011). J’ai utilisé avec succes un code de transfert
radiatif Monte-Carlo, MCFOST, pour modéliser la poussiere dans la structure interne
d’un disque de pré-transition et interpréter les données interférométriques en bande
proche infrarouge H. Jai développé une méthodologie pour calculer les observables in-
terférométriques a partir des images simulées de MCFOST. J’ai également développé un
outil de modélisation semi-analytique. Ces modeles simule I’émission de disque en sup-
posant différentes possibilités de géométrie et d’opacités de poussiere et ont comparé lles
données aux prévisions des modeles. Avec ces modeles, j’ai interprétér les observations

proche et moyen infrarouge.

Dans le chapitre 1, je détaille un apercu scientifique de l'origine des disques proto-

planétaires et de leur volution.

Le chapitre 2 décrit les bases de I'interférométrie, les quantités mesurables et présente des

techniques de modélisation utilisées pour analyser les observations interférométriques.

Dans le chapitre 3, je décris I’analyse des observations interférométriques d’une étoile

en rotation rapide 51 Oph. Dans ce travail, j’en déduisais, pour la premiere fois,
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I’extension et l'aplatissement de la photosphere de 51 Oph . En outre, en utilisant
des mesures spectro-interférométrique dans la raie H alpha, j’ai contraint la géométrie
et la cinématique de l'environnement circumstellaire et ai montré que 1’émission est

produite par une rotation képlérienne.

Dans le chapitre 4, je discute du bord intérieur du disque interne de pré-transition de
HD 100546. En utilisant des données PIONIER, uniques et un code de transfert radiatif
3D appelé MCFOST, je conclus que le bord intérieur du disque interne de cet objet
n’est pas lisse mais grumeleux. L’existence d’asymétrie dans le bord intérieur du disque
interne est évidente a partir du graphe de cloture de phase, qui ne peut étre reproduite

par les modeles de transfert radiatif symétriques.

Dans le chapitre 5, je décris la structure de la partie la plus interne du disque circum-
stellaire des étoiles Herbig MWC 480 combinant les données Keck proche infrarouge et
MIDI mid-IR. Je premier, pensé sur 'effet de la variabilité proche infrarouge sur la SED
et les visibilités Keck et MIDI. Je trouve que I’état maximum ou minimum luminosité
de MWC 480 affecte sur les visibilités en particulier I'un Keck. L’effet sur le SED est
significatif que pour les longueurs d’onde 2-20 ym. Pour I’état de luminosité maximale
dans le proche infrarouge, la valeur des visibilités Keck est inférieure de I’etat au mini-
mum un. Pour une visibilité MIDI, I’effet de la variabilité est moins importante que le
proche infrarouge visibilité d’un. Toutefois, pour I’état de luminosité minimale, le disque
dans le mi-IR est plus résolu que pour I’état un minimum. Dans ce chapitre, je propose
plusieurs modeles pour reproduire le SED, le Keck et les données MIDI simultanément.
Un modele de disque a deux composants comprenant un disque interne optiquement
mince et un disque externe optiquement épaisse peut reproduire mes données. Dans
un modele de disque composant, augmentant 1’émission IR quasi en explorant tous les
parametres libres jusqu’a 1’état de luminosité maximale était méme pas compatible avec
la SED dans les longueurs d’onde plus longues. En fait, le second composant du disque

contribue principalement a ’émission a des longueurs d’onde plus longues.

Dans le chapitre 6, de nouvelles observations pousse mon étude de particulier certains
récent Very Large Telescope Interferometer (VLTI) / données MIDI acquis en Décembre
2013 pour Herbig étoiles MWC 480. L’utilisation de modeles symétriques pour le disque
pourrait ne pas reproduire simultanément toutes mes données: la Spectral distribu-
tion d’énergie, les données du proche infrarouge interférometre Keck et les données de
Iinfrarouge moyen obtenu avec I'instrument MIDI. Afin d’expliquer toutes les mesures
et en supposant que la structure du disque de MWC480 n’a pas varié avec le temps,
I'utilisation de modeles asymétriques semble nécessaire. Plusieurs scénarios sont testés,
I'un étant la présence d’un élément lumineux azimutal, dans la partie intérieure du

modele du disque, fournit un bon ajustement des données.
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Enfin, dans le chapitre 7, nous résumons les principaux résultats discutés dans la these

et nous discutons d’éventuelles nouvelles observations.






Introduction

The aim of this thesis is to study the structure of circumstellar disks around YSOs.
Taking advantage of high spatial resolution interferometric observations I have focused
my attention on the gas and dust properties in the inner disk, at fractions of AU and

few AUs from the central star. The thesis is presented in five Chapters:

Chapter 2 describes the basics of intererferometry, the measurable quantities and a

presentation of the modelling techniques used to analyse interferometric observations.

In Chapter 3, I describe the analysis of interferometric observations of a fast rotating
star called 51 Oph. In this work, I derived, for the first time, the extension and flattening
of 51 Oph photosphere. Furthermore, using spectro-interferometric measurements in the
Ha line, I constrain the circumstellar environment geometry and kinematics and show

that the emission is produced in a Keplerian rotation.

In Chapter 4, I discuss the inner rim of the inner disk of pre-transitional disk of HD
100546. Using my unique PIONIER data and a 3D radiative transfer code called MC-
FOST, I conclude that the inner rim of the inner disk of this object is not smooth and
clumpy. The existence of asymmetry in the inner rim of inner disk is obvious from
the closure phase plot, which can not be reproduced by symmetrical radiative transfer

models.

In Chapter 5, I describe the structure of the innermost part of circumstellar disk of
Herbig star MWC 480 combining Keck near-IR and MIDI mid-IR data. I first, figured
out the effect of near-IR variability on the SED and the Keck and MIDI visibilities.
I found that the maximum or minimum brightness state of MWC 480 affects on the
visibilities especially the Keck one. The effect on the SED is significant only for wave-
lengths 2-20 pm. For the maximum brightness state in the near-IR, the value of the
Keck visibilities is less than of the minimum state one. For MIDI visibility, the vari-
ability effect is less significant than near-IR visibility one. However, for the minimum
brightness state, the disk in the mid-IR is more resolved than for the minimum state

one. In this Chapter, I propose several models to reproduce the SED, the Keck and

XXVI



the MIDI data simultaneously. A two-component disk model including an optically thin
inner disk and an optically thick outer disk can reproduce my data. In one component
disk model, increasing the near- IR emission by exploring all free parameters until max-
imum brightness state even was not consistent with the SED in the longer wavelengths.
In fact, the second component of the disk mostly contributes to the emission at longer

wavelengths.

In Chapter 6, new observations drives my study of particular some recent Very Large
Telescope Interferometer (VLTI)/MIDI data acquired in December 2013 for Herbig star
MWC480. The two-components disk model that we used to reproduce our previous
data in Chapter 5 could not reproduce simultaneously all my data : the Spectral Energy
Distribution, the near-infrared Keck Interferometer data and the mid-infrared data ob-
tained with the MIDI instrument. In order to explain all measurements and assuming
that the structure of the disk of MWC480 has not varied with time, one possibility is
to add an azimuthal asymmetry in the inner disk of MWC 480. Several scenarios are
tested, the one considering the presence of an azimuthal bright feature, in the inner

component of the disk model, provides a good fit of the data.

Chapter 7, summarizes the main results discussed in the thesis and we discuss possible

future new observations and developments.



Chapter

Scientific overview

The planets in our solar system are rotating around the sun since they have formed. But
this does not mean that their conditions have always been like they are now. They all
rotate around their host star in a roughly same plane and same orientation. This raises
several questions about how our solar system came into existence, how it has evolved
and how it will end up. Do all stars in the night sky have planets like the planets in our

solar system? If yes, how do they look like? Are some of them habitable like our earth?

To answer all these questions, we need a precise knowledge on physics of our solar
system as well as other stars and their circumstellar environment using a wide range of
observations with the highest resolution possible. But we are aware that the formation
and evolution of a system similar to our solar system can not be tracked with the short
human life. However, we know that star and planet formation is not something that
happened only in the past. In some specific regions in the sky star formation is expected
to occur. Stars are made of gas and they form from the Interstellar Medium (ISM) in
galaxies. In our galaxy, the material available for star formation is mostly observed as
molecular gas in the ISM located in giant clouds. These molecular clouds are low density
and cold (~ 10 K) and made of gas and dust where the gas dominates the mass (99 %)
(Birnstiel et al., 2010). Stars are expected to form when the gas and dust in the clouds

undergo gravitational collapse.

1.1 Star formation

A standard model of the star formation process from cold and relatively dense molecular
clouds (mostly Hs gas) can be divided into four phases (Shu et al., 1987). These phases

are illustrated in Fig. 1.1. The first phase or class, starts with collapsing a molecular

1



Chapter 1. Scientific overview 2

cloud when its density exceeds a certain critical value due to external factors, and
thermal and magnetic pressures can not balance against the gravitational force any
longer (Class 0, t=0, Fig. 1.1). In this class, the cold material radiates in the far-
infrared at a wavelength of around 300 pm, creating a Spectral Energy Distribution
(SED) that is very red in color. To conserve the angular momentum, the rotating core
is transformed into a young stellar object, which is surrounded by a disk-like structure
with an extended spherical envelope (Class I, Fig. 1.1). In this class, the luminosity
from the central star heats up the inner regions. These will start to emit in the near-
infrared, at wavelengths of roughly one micron. The thinner outer envelope still absorbs
a significant fraction of this light, re-emitting it at longer wavelengths. Therefore, the
SED of a class I source still peaks in the far-infrared, but has a significant contribution
in the near-infrared. In 10° years, the material in the envelope is accumulated in a
protoplanetary disk and the central star becomes visible (Class II, Fig. 1.1). In this
class, the star accretes from the disk and heating from the star will be the main source
of energy in the disk. The SED therefore peaks in the optical, where the star shines,
but a dominant near infrared excess from the disk remains and decreases roughly as a
power law from the mid infrared to millimeter wavelengths. In the last step, the disk
becomes mostly dissipated and shows only a partial emission from dust and almost no
gas ("debris-disc”, Class III , Fig. 1.1). In this class, the star and its planetary system
remain. Planets are too faint to be detected in the SED, but smaller bodies may collide

and generate a dusty debris disk that emits at IR.

The main work of the present thesis is to investigate the evolution and properties of dust
and gas in Class II objects surrounding intermediate mass stars (1.5 Mg - 4 Mg), i.e.,

Herbig AeBe stars, which are one class of Young Stellar Objects (Strom, 1972, YSOs).
There are different categories of objects that correspond to different types of YSOs:

1) Protostars are embryos of stars, which are receiving material from their infalling

molecular cloud core.

2) T Tauri stars have spectral types ranging from F-M and stellar masses of 0.08-2
Mg. T Tauri stars can be classified based on their accretion properties. In weak T
Tauri stars, material is no longer being accreted onto the star while classical T Tauri
stars are still actively accreting material. The equivalent width of Har is commonly used

to identify the presence of accretion/ejection.

3) Herbig Ae/Be stars have spectral types A-B and masses of 2-10 Mg . Frequently ob-
served emission lines in these stars are from hydrogen, oxygen, silicon, calcium, sulphur

and magnesium. The lines show time variability and complex profiles. The photospheric
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absorption features are fairly straightforward and the line strengths are consistent with
F, A and B main sequence stars. In this thesis, I study two of these sources.
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Ficure 1.1: Different phases of star and protoplanetary disks with typical SEDs. The

peak of IR emission shifts to short wavelengths as star and its disk start forming. This
figure is taken from the thesis of Mulders 2013.

1.2 Protoplanetary disk phase

Planets usually form during the protoplanetary disk formation in a star formation region,

for instance, Orion (See Fig. 1.2), and these disks are the main subject of this thesis.
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FIGURE 1.2: The disks around new stars in Orion nebula. Credit: C. R. O’Dell and
S. K. Wong (Rice U.), WFPC2, HST, NASA.

At the beginning phase of the disk evolution, circumstellar disks are characterized by
gas- rich disks with sub-micron dust grains and the gas mass to the dust mass ratio is
~ 100:1 (Birnstiel et al., 2010), similar to the characteristics of the interstellar medium.
With an abundance of gas close to the star, the accretion rate for protoplanetary disks
of Herbig Ae stars is initially high with typical rates of more than ~ 1078Myyr—!
(Pogodin et al., 2012). Since the disk extends from a sub-AU to the star to greater than
several hundred AU or more, the SED is characterized by strong levels of NIR to FIR
excess (Zuckerman, 2001). The disk material near the star (< ~ 1 AU) is characterized
by temperatures higher than about 500 —1000 K and the emission tends to peak in the
NIR. The warm dust further away from the star ( ~ 20 AU) emit with a peak in the MIR.
Disks in this phase of evolution are generally called protoplanetary disks. Since small
grains are mixed with the gas, and the disk is in hydrostatic equilibrium state, dusts
material can be kept at significant distances from the disk mid-plane. Fig. 1.3, shows
the SED versus wavelength for a Herbig star, whose emission in different regions of the
disk is plotted with different colors. This Figure has been plotted to give the reader an

idea about how the emission in different region of the disk varies with wavelength. The
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stellar contribution is well approximated by a black body with a temperature equal to
that of the stellar photosphere and dominates at shorter wavelengths (yellow color, Fig.
1.3). The inner disk contributes excess NIR emission (red color, Fig. 1.3). The outer
disk contributes excess MIR and FIR emission and peaks in the 10-50 pum region (blue
color, Fig. 1.3. The peak of MIR emission is not at 10 pm because the SED has been
plotted for an Herbig star with a pre-transitional disk. The concept of pre-transitional
disks will be explained at Sect. 1.7.1). The disk midplane is the coldest region and
contributes excess emission at the sub-mm and millimeter wavelengths (violet color,

Fig. 1.3).
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FI1GURE 1.3: An example of the SED for a Herbig Ae star plus circumstellar disk. This
figure is provided by M. Sitko, private communication.

1.3 Planet formation

Planets are not massive enough to form directly by a gravitational collapse like stars
except in gravitational instability scenario. The gravitational instability happens when
during bringing together the materials to form a structure, there are small irregularities
in the distribution of matter. In this case, those regions with more matter will have a
greater gravitational force on their neighboring regions and causes gravitational instabil-
ities The most massive planets that are placed far from their central stars (Marois et al.,
2008; Carson et al., 2013) may be an exception. However, most of the exoplanets discov-
ered have much lower masses and are found closer to their central stars. These planets
can form from the growth of microscopic dust grains to reach the size of terrestrial

planets (Weidenschilling, 1980). A giant plant can be formed through the core-accretion
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scenario (Pollack et al., 1996) if the rocky cores become massive enough to grow more
by pulling in gas from the surrounding disk. This process has been presented in Fig.
1.4. This growth range is usually subdivided into a number of steps, in which different
physics dominate the growth of dust (e.g. Chiang and Youdin, 2010; Morbidelli and
Nesvorny, 2012).

FI1GURE 1.4: Approximate size range spanned in the planet formation process. Indi-

cated below are objects found in the solar system, from left to right: an interplanetary

dust particle, an asteroids and a comet, a terrestrial planet (Earth) and a gas giant
planet (Jupiter). Figure based on C.P Dullemond’s lectures.

1. Sticking and coagulation: in this step, the typical size of ISM (~ 0.1 pum) dust particles

in the disk stick together and grow up to mm and cm sizes by collisional processes.

2. Radial-drift barrier: Growth of grains is difficult where grains are large to grow
by coagulation and small to grow by gravitational interaction. This barrier is called
radial-drift barrier (Laibe et al. 2012). One solution to overcome this barrier could be
the collective gravitational effect of a collection of particles. For instance, long lived-
structures in the gas such as vortices can trap a large number of particles and make

them to collapse to much larger bodies (Johansen et al. 2006).

3. Gravitational forces: as soon as the particles reach the km-size (planetesimals), the

gravitational forces cause them to grow up to Earth-size planetary rocky cores.

4. Gas accretion: in this step, the planetary rocky cores pull the surrounding gas and
modify the distribution of gas in the planet vicinity. Gravitational interaction between
the plant and the non-uniform gas produce torques that change the planet’s orbit. This
causes migration of a planet toward or away from the star. the direction of migration

depends on the mass of the planet and the local condition of the gas disk.

1.4 The radial structure of the disk

Similar to the planets in our solar system, in protoplanetary disks the gas and dust rotate

around their host star. The rotational velocity of the dust and the gas is given by the
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radial component of the equation of motion. The equation of motion, for non-magnetised
fluid is

1
—3+(7vr?=—;vp—V¢ (1.1)

where V is the fluid velocity, p the density, P the pressure and & the gravitational
potential. Considering a disk as a stationary symmetric flow around a central star as a
central gravitating mass and working in cylindrical coordinates, the radial component

of Eq. 1.1 is an expression of centrifugal balance

%_1%+GM*

r _;E r2

(1.2)

For duts, p=0, we find that the azimuthal velocity vy is simply the Keplerian velocity
v = \/GTW This is the velocity of the dust in the protoplanetary disk. For the
gas, its pressure in the disk decreases outwards (as surface density and temperature are
decreasing with distance from the central star). Therefore the term dP/dr in Eq. 1.2 is

negative, so that the velocity of the gas is sub-Keplerian.

This simple fact gives rise to significant differential motion between the dust and gas
since the dusts in keplerian rotation feel a head-on wind which slows them down. This
drag force makes a radial drift toward the central star on timescales as short as hun-
dreds of years for meter-size grains (Weidenschilling 1997). This timescale is even shorter
compared to the time scale of planet formation, i.e., few million years. However, Wei-
denschilling (1997) only applies to the Minimum Mass Solar Nebula (MMSN), in which
the critical size corresponds to metre-sized bodies and thus was called the radial-drift
barrier. Observed dusty disks are drastically different from the MMSN prototype (Laibe
et al. 2012, Laibe 2014). Several scenarios have been proposed to solve this problem.
One possibility is the presence of vortices in the protoplanetary disk. In this scenario the

vortices can concentrate solids in their centre and accelerate the growth process (Barge
& Sommeria (1995)).

Most of the disks accrete gas onto the central star, at a rate of roughly 1078 Mg /yr
(Solar masses per year) for classical T Tauri stars (Hartmann et al., 1998). This means
that during the disk lifetime, they accrete about one hundredth of a solar mass of gas,
a significant amount of the total disk mass by difinition. Since most of the mass of the
disk is in the outer disk, an efficient mass transport mechanism throughout the entire

disk is required.
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Assuming that the gas is in Keplerian orbits, material close to the star rotates faster
than gas or dust further out. The friction between the gas causes the gas to be spread
at different radius. The inner gas slows down while the outer gas speeds up. In order
to conserve angular momentum, the inner gas that was slowed down rotates in a closer
orbit, while the outer gas that was sped up will move to a farther orbit. The effect
of this transfer is that the gas will spread radially immediately in both directions, a

phenomenon called viscous spreading.

When the disks are geometrically thin, the equations describing the radial structure can
be decoupled from those describing the vertical structure. For a symmetric disk, the
evolution can be described in terms of the surface density X, which is the amount of
material in a column perpendicular to the disk per unit surface, at a certain distances
from the star, r and indicate how the mass of the dust is distributes along the disk.
The time-dependent evolution of the gas was first derived by Lynden-Bell and Pringle
(1974), who showed that a part of gas in a viscous disk accretes onto the star, while a
part at larger radii carries away the angular momentum. The evolution of the surface

density under the influence of a viscosity v at a time t is given by Pringle (1981):

Q _3 ﬁ 1/2ﬁ 1/2
= S == (r - [V S(r,t) 7 } (1.3)

If we know the boundary conditions of the surface density, we can determine the disk
evolution only by viscosity. From a theoretical point of view, the molecular viscosity
of the gas was not sufficient to explain the observed accretion rates and disk lifetimes,
therefore, another mechanism was needed. One of the mechanism proposed was the

ideas of Shakura and Sunyaev (1973).

In this case, the viscosity v has units [m?/s], i.e. a length scale [m] times a velocity
[m/ s|. Taking the pressure scale height of the disk h, as the maximum size of vertical
turbulence and the sound speed ¢, as their maximum velocity, the viscosity is given in
the form of Pringle (1981) by:

v=ahycs, (1.4)

where a < 1 is a dimensionless parameter that describes the whole strength of the
viscosity. Ruden and Pollack (1991) showed that the total viscosity rapidly diminishes
as the midplane optical depth decreases below a critical value, 7¢4ticqi- They considered
that if the optical depth is equal or less than this critical value, which was calculated

and obtained roughly 1.78, the viscosity vanishes.
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Looking at the steady state solution for an infinite disk, we can obtain a good estimate
of the surface density profile ignoring boundary conditions. If we assume that the
scale height and sound speed are described by power-laws, Eq. 1.3 can be solved in
analytical way. A steady-state disk ( % Y(r,t)=0, for a flaring disk that is matched
with observations with exponent of temperature law of q=0.5 with a sound speed of ¢4

o r7925 flaring surface of h, o r1?°  Sect. 1.5) results in X(r,t) o r~L.

Compared
to the surface density law in MMSN (Weidenschilling, 1997; Hayashi, 1981), i.e., 3(r, t)
oc 7719 the surface density in a-type viscosity decreases less steepy than MMSN. The
basic idea behind the MMSN is to use the structure of the solar system as we observe it

now to derive the structure of the disk from which the planets formed.

These «a disk models are reasonably successful in explaining disk observations. Looking
at accretion rates, and comparing disk lifetimes to sizes and radii, yields a typical value
of @ = 0.01 (Hartmann et al., 1998).

1.5 The vertical structure of the disk

Protoplanetary disks are mostly heated by the central star, thus their vertical structure
specifies the amount of radiation that the disks can absorb and re-emit. In the flat-disk
models, the effective temperature of the disk is set by the thermal balance between the
heating due to the influence of the stellar radiation and the black-body cooling, which
results in ¢ = 3/4 = 0.75 for the temperature profile T.¢s o< r~¢ (Pringle, 1981). This
kind of temperature profile makes a steep slope in the SED and a stronger emission at
short wavelengths. However, from observations of classical T Tauri stars, values of ¢ are
found lower in the range 0.5-0.65 (Beckwith et al., 1990). This causes a higher emission
at long wavelengths beyond the IR part of the SED (Fig. 1.5). In a flared disk, the
amount of far-infrared emission increases because of re-emission of a significant fraction

of the starlight is re-emitted by the dust particles at longer wavelengths.

The degree of flaring of the disk surface and the observational appearance of the disk

depends on the vertical structure of both gas and dust.

Assuming that there is no vertical motion in the disk, the hydrostatic equation states
that the difference in pressure (dp) between two levels (dz) is caused by the weight of
the layer of the fluid (mass x acceleration due to gravity=p dz X g), considering a unit

cross-sectional area (Fig. 1.6). Note that g depends on z (Eq. 1.5).

Let us consider the gas in the disk at a radius r from the star and at a height z above

the mid plane of the disk of density p(r, z). Assuming the gas is on a Keplerian orbit at
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Ficure 1.5: SED model and distance scale for a young protoplanetary flared disk.
This figure is taken from Karen Alicia Collins’s thesis, private communication.

a given radial distance r, in vertical direction, the gas only feels the vertical component

of the gravitational field of the star, given by:

GMez 920 2, (1.5)

r2 r

g:(r,z) =

where g, (r, z) is the gravitational acceleration in the z-direction, G is the gravitational

GM
constant, M, is the mass of the star and Q(r)= 3 * is the Keplerian frequency for a
r

body at the distance r from the star. To achieve equilibrium between the gravitational
force acting on a gas volume and the pressure gradient force in vertical direction, this
acceleration must be balanced by the pressure from the gas below it, minus the pressure

from the gas above it, i.e. the pressure gradient,

dp(r, z)
dz

= —g.(r,2) p(r, 2), (1.6)



Chapter 1. Scientific overview 11

COLUMN WITH UNIT
CROSS-SECTIONAL
AREA

_—— PRESSURE =p~+dP

| PRESSURE = p

/

FIGURE 1.6: The column with unit cross-sectional area. Credit: PHYS/EATS 3280.

where p(r, z) is the gas pressure.

Combined with the equation of state that relates the pressure to the density for an ideal

gas p(r, 2)=p(r, z) cs(r)?, and reordering variables, we find,

dp(r,z) _Qz(r) zdz
o) ) o

where ¢,(r) is the speed of the sound assumed independent of z, i.e. there is no vertical

temperature gradient.

[k T(r)
cs(r) = et (1.8)

where umg is the average mass of the gas, where p is the mean molecular weight and mg
is the mass of one hydrogen atom. k is the Boltzmann constant. Assuming isothermal
condition in the vertical direction of the disk for each radius, the temperature T(r) in
Eq. (1.8) follows a power-law in radial distance from the central star (See Eq. (5.1) of
Chapter. 5. Considering a flared disk with exponent of temperature law of q=0.5, ¢
will be proportioanl to 7~9%2%). Eq. (1.7) can be directly integrated to find the vertical

pressure and corresponding density structure of the gas (Pringle, 1981):

z

2
o(r,2) = poltr)eas <—2h()> , (1.9)

where h,(r) = cs(r)/Qui(r) is the pressure scale height. Considering Eq. (1.8) and

M.
Qr(r)=4/ %, one can write hy,(r):
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hp(r) =4/ CM (1.10)

hy(r) = (TT(T)> (;i) ’ (1.11)

where T, is the critical temperature which is a measure of the gravitational potential at
the surface of the star, T,=G M, p mp/kR, (Chiang and Goldreich, 1997).

We can rewrite hy(r) as:

N

Combining Eq. (1.11) and T'(r) from Eq. (5.1) of Chapter 5, gives the pressure scale
height :

1

i) = (5

(V)
VR
=
X | e
* |
[ I ok
SN———

Considering a flared disk with temperature law exponent of q=0.5, h;, will be propor-

tional to 7125,

It is convenient also to consider the atmosphere height h,(r), defined at the height where
the optical depth in the vertical direction is equal to 1. The optical depth is integrated

from infinity along the z direction toward the disk mid plane,

hr(r)
TA(r) = / dry =1, (1.13)
+00

kxp(r,z)dz =1, (1.14)

>,

~—~

=

N—

I
+ >
8\%

where k) is the mass absorption coeffitient and is equal to m a?/m assuming that the
absorption coefficient is 1 (See Sect. 1.6). 7 a? is the cross section of the dust grains
with radius a. m is the mass of one grain, m=4/3 = a3 Pgrain- Pgrain 18 the mass
density of the material composing the dust grain. Consequently, Eq. (1.14) could be

written as,

hr(r)
A (r) = Z / ! p(r,z)dz=1 (1.15)

a Pgrain
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Since there is no analytical solution to find h,(r) from Eq. (1.15), we solved the inte-
gration iteratively. p(r,z) in Eq. (1.15) comes from Eq. (1.9). It is linked to po(r), the
density in the mid-plane of the disk that is scaled to the surface density X(r):

%(r)

po(r) = Vor o) (1.16)

Y(r) in Eq. 1.16 is calculated from the integration on volume density in the vertical

direction, z, for each radial distance from the central star as follows:

X(r) = /000 p(r,z) dz (1.17)

In Chapter 6, we quantify and plot h,(r) and h, versus the radial distance for the specific
case of a Herbig star with the model characteristics of MWCA480.

1.6 Dust properties

Dust is one of the most important ingredients of the interstellar medium. Its mass is only
a small fraction: somewhere between 1% and 2%. But dust particles have radiative and
chemical properties that make them outstanding. From a chemical point of view, they
are important since they have surfaces and compared to gas phase chemical reactions can
happen much more easily. From a radiative transfer perspective they are important since
they have high continuum opacities. Also, dust extinction can protect specific regions of
the interstellar medium from ultraviolet photons, therefore, molecules are able to form

in those regions.

If we try to observe with infrared and millimeter-wave telescopes at arbitrary points in
the sky, the emission we obtain is mostly dominated by thermal emission from dust.
Molecular clouds seems to be black in IR wavelengths on the sky due to the dust ex-

tinction.

Mid-IR observations of the dust in protoplanetary disks, especially with the Infrared
Space Observatory and later with the Spitzer Space Telescope, have provided strong con-
straints on the dust properties in protoplanetary disks (e.g. Watson, 2009). The presence
of broad solid state features at 10 and 20 pm indicate the presence of (sub)micron-sized
amorphous silicate grains in the upper layers of protoplanetary disks (see Fig. 1.5).
They are mostly olivines ([M gFe]2Si04) and pyroxenes ([MgFe]SiOs3), and tend to be

magnesium-rich and iron-poor (Juhész et al., 2010).



Chapter 1. Scientific overview 14

1.6.1 Dust opacity

Dust determines the opacity in the protoplanetary disks. The disk geometry and the
opacity both are key factors to determine the temperature structure of the disk, the

SED and other observational quantities.

The dust opacity depends on the grain sizes, the chemical compositions, and the shapes
(e.g. Miyake and Nakagawa, 1993; Pollack et al., 1994; Draine and Allaf-Akbari, 2006).
In order to extract estimates from the near-IR to sub-mm/mm SED for the dust grain
sizes and the dust mass in the disks, assumptions on the chemical composition and shape

of the dust grains have to be made.

In this step, we focus on the typical astrophysical dust opacities. The most common
solids in space are silicates, carbonaceous materials and ices such as water ice, CO ice,
etc. These minerals can also be mixed, since small dust particles of a composition form

small aggregates of grains of different compositions. But this is still not well understood.

Another important parameter to estimate the opacity of the dust is the shape of grains.
Optical properties calculated using the Mie theory (Mie 1908), which assumes homoge-
neous, compact, spherical dust grains, often do not properly fit continuum observations.
The spherical symmetry causes resonances at certain scattering angles and in the spec-
tral energy distribution (SED), which are not observed in real disks (Min et al., 2007).
It is also possible to use other particle shapes, such as a distribution of hollow spheres
(Min et al., 2005). Their opacities mimic those of particles with an irregular shape, and
provide a better fit to the observed spectral features. Dust is likely present in the form

of aggregates, but computing their optical properties is computationally expensive.

In addition to the chemical composition and shape of grains, the grain size also is
important to determine the dust opacity. As it is unlikely to have all grains with equal
size within a circumstellar disk, a distribution of their dimension needs be considered.

A common way to do it is assuming the grain size distribution

n(a) xa ¥ Amin S a S Omax (118)

where the particle radius a is limited between a.,;;, and a,q,; value. In the ISM, a0 is
a few tens of Angstrom, a4, = 0.1-0.2 um, and v = 3.5 (Mathis et al. 1977, Draine &

Lee 1984, by analyzing extinction and scattering of starlight from the interstellar dust).

With such an ensemble of different particles (see Eq. 1.18), Miyake and Nakagawa (1993)

wrote the dust opacity as
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[ n(a)aky1(a)da
[ n(a)atda

Ky = (1.19)
where the integration is performed between the two limit values for a, and k) is the
opacity of the single particle (and depends on grain shape and chemical composition),

at a given wavelength .

If the radiation travels through a medium, a column density with length [ and cross
section S, the radiation then will be attenuated. The attenuation or extinction coefficient
of this column density characterizes how easily it can be penetrated by a beam of light.
A large extinction coefficient means that the beam is quickly ”attenuated” (weakened) as
it passes through the medium, and a small extinction coefficient means that the medium

is relatively transparent to the beam.

When a parallel beam passes through the column density, the beam will lose intensity
due to two processes: absorption and scattering. Absorption coefficient of this medium

is given Qgps(N), and scattering coefficient of this medium is given Qgeq(N).

The extinction coefficient, Qezt(A), of the column density is the sum of the absorption

coefficient and the scattering coefficient:

Qezt()‘) = Qsca()\) + Qabs()\) (120)

The absorption coefficient determines how far into a material light of a particular wave-
length can penetrate before it is absorbed, while extinction coefficient measures the total
loss of beam intensity, including scattering as well. The extinction coefficient is always
larger than the absorption coefficient, although they are equal in the idealized case of

no scattering.

If the particle is, for instance, a transparent sphere (e.g. a rain drop) with some index
of refraction, then virtually no light is absorbed, but the light is, through refraction
on the surface, redirected into another direction. In this case, the scattering coefficient
is greater than the absorption one. If, on the other hand, the dust particle is made
up of graphite, then only a small fraction of the incident light is scattered and most is

absorbed. Therefore, the absorption coefficient is greater.

According to Fig. 1.7, the effective cross-section of the grain (o, (\)[m?]) can be smaller
or larger than the geometrical size of the grain (A [m?]), related by its extinction coef-

ficient [dimensionless]. For extinction, we name the o4 () as gezt(N):
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ert(/\) = Qezt(A) A (121)

For absorption and scattering, o, is o4 and ose, respectively. So one can write,

Uabs()\) = Qabs(A) A7 O'sca()\) = Qsca()\) A7 Uext(A) = (Qabs()\) + Qsca(A)) A (122)

The amount and character of the scattering is expressed by

Usca(>\)
Uext()\)

Albedo is the reflecting power of a surface and it is changed from zero for a surface

Albedo(\) = <1 (1.23)

without reflection to 1 for surface with a perfect reflection.

In the following, I remind some of the practical relations modeling the interactions

between the light specific intensity I, and the dust properties.

Considering the column density with length [ and cross section S, if the optical effective
cross-section of each grain is g.z¢()\) (units m?), then assuming the beam travels through
the length dl, the total area of gains, which are encountered in the column density would

be Ngrains dS dl X Tegt(N). Ngrains (units m~3)is the number of grains in the length of

dl

In fact the fraction of attenuated radiation is proportional to the fraction of the area

blocked by the grain:

drly Ngrains AS dl Uemt()\)
K =9 dS = ngfrains O'emt(/\) dl (124)

7y defines the optical depth of a column density with length ! and cross section S and
for considered wavelength, A\. Consequently, one can write Eq. 1.24 in terms of optical
depth:

. dI)\ . ngmms dS dl Uext()\) . ‘
dry = I 7S = Ngrains Text(A) dl (1.25)

The optical depth describes how much absorption or scattering or extinction occurs when
light travels through a medium (for example, a planetary atmosphere or an interstellar

dust cloud composed of gas and dust particles).

Integrating Eq. 1.25 gives:
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I)\ = I)\70 6_7-)‘, (126)

where I ¢ is the initial specific intensity and I is the attenuated light passed through

a column density with optical depth of 7.

Combining Eq. 1.21 and Eq. 1.25 we have,

dry = Qext()\) A Ngrains dl, (127)
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FI1GURE 1.7: A schematic view of the absorption of the light by a grain. Credit from
ECES532 Biomedical Optics.

We can then rewrite Eq. (1.27) adding the mass of one grain, m,

dry = (Qext(A) A/m) m X Ngrains dl (1.28)

In Eq. 1.28, m X Ngpains is the density of the dust fluid, pg. Assuming the column density

is in vertical direction of a disk,

dry = (Qext(N) A/m) pg dz (1.29)

In this case, integrating Eq. 1.29 gives the vertical optical depth of the disk,

2 (1) = K5 Sause(r), (1.30)

where 7(r) is the vertical optical depth for each radius, ¥ g,s:(r) is the surface density

of the dust phase (see Eq. 1.17) and (Qezt(A) A/m) is the mass extinction coefficient,

t

kS or extinction opacity.
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The extinction opacity is the sum of absorption opacity and scattering opacity,

T G (1.31)

To evaluate the grain growth from observations of continuum emission from circumstel-
lar disks, opacity is useful to be considered. While the surface density X g,s:(7) is not
assumed to be dependent on the local conditions of the dust in the disks, x§** or /4‘}\1’5
or £5° include different factors: grains shape, size and chemical composition. Although
these factors have been deeply studied, which dust ensemble should be the most appro-
priate for protoplanetary disks is still today a great matter of study and depends on the
local conditions in the disk. In this thesis, in Chapters 4, 5 and 6, I will use the dust

opacity in my model.

Since in Chapter 4 the Mie theory is used in the radiative transfer code, MCFOST,
in the following, I give a short introduction of this theory reminding some basics on

scattering.

1.6.2 Dust scattering

In this section, the main objective is to calculate the scattering and absorption cross
sections at a given wavelength, for a particle of a given size and shape, made from a

given type of material.

Suppose an electromagnetic field interacts with a dust grain. If refraction happens, the

properties of the material are fully given by the complex index of refraction

m(\) = n(\) + ik()), (1.32)

where n(A) and k() are the real and the imaginary part of the complex index of refrac-
tion. One can interpret n and k as the scattering and absorption part of the refractive

index.

Another fundamental parameter is the ratio of the size of the particle over the wave-
length:
_ 2ma

z=— (1.33)

where a is the radius of the particle. This parameter is only well-defined for spherical
particles. Nevertheless, it gives a rough idea of how the particle size and the wavelength

compare. We can distinguish three regimes:
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FIGURE 1.8: Left: three different incident light with different wavelength,i.e., blue: 0.45

pm; green: 0.55 p and red: 0.65 p. Right-top: Scattering process for three different

incident wavelength (left part of figure) and for small grains much smaller than the

wavelength of incident light following Rayleigh scattering. Right-bottom: Scattering

process for three different incident wavelength (left part of figure) and for larger grain

sizes comparable to the wavelength of incident light following Mie theory (Mie 1908).
Credit: Visibility and Light Scattering in the Atmosphere.

e © < 1 (the Rayleigh regime): the particle is much smaller than the wavelength.
In this regime the scattering process is called Rayleigh scattering. In this case, the
light is scattered from small grains in short wavelengths, which the size of grain is

comparable to the size of wavelength of the incident light (see Fig. 1.8-right-top).

e x ~ 1: the particle size is similar to the wavelength. This is the most complex
regime, and requires the full solution of the Maxwell equations. In this case, the

grains are larger than Rayleigh phase (see Fig. 1.8-right-bottom).

e z > 1 (geometric optics regime): the particle is much larger than the wavelength.
This does not mean that its scattering is simple. The reflection on the surface and
refraction in the interior can still be quite complex, but it can be calculated using

for instance ray-tracing through the particle and the particle’s surface.

Calculating the scattering and absorption cross sections for all wavelength regimes is
complicated since it has to taken into account the radiative transfer in whole disk and
for all different dust shapes and compositions. For homogeneous dust spheres this was
first done in its full complexity by Gustav Mie (Mie 1908). This calculational method
is called Mie theory.
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1.6.3 Mie Theory

Understanding Mie theory is not an easy task. Here, I shortly discuss the basic idea
behind it since I use this theory in MCFOST code in Chapter 4.

We assume a plane electromagnetic wave with a wavelength A hits a sphere of radius a
with a complex refractive index m (See Eq. 1.32). The wave and the sphere interact
with each other and it causes the sphere to radiate electromagnetic waves of itself.
These waves are not isotropic in general. Isotropic scattering means that the wave will
be scattered the same way in all directions. We can expand the outgoing wave using
the vector spherical harmonics. The idea is the same as for expanding a scalar field in
spherical harmonics, but for a vector field. Like with spherical harmonics, this involves
Legendre polynomials and Bessel functions. The expansion coefficients are written as
an and b,, where n is the expansion index going from n=1 to n— oco. These a, and b,

are called the scattering coefficients.

Now, we expand the incoming plane wave into the same set of vector spherical harmonics.
The expansion coefficients are written as ¢, and d,,. The aim is to link a,, and b, (the
outgoing wave) to ¢, and d,, (the incoming wave). This can be done by applying the
usual boundary conditions for the electric and magnetic fields at the edge of the sphere

and for each value of n separately. The results is:

W o m U, (mx) ¥ (x) — U, (z) ¥, (mx)
" () € (2) — ) ) (ma)

(1.34)

Uy (mz) &, (z) —m &n(z) U7 (mz)

by = (1.35)

Where ¥ and ¢ are the Riccati-Bessel functions!

Since we know the full expansion of the outgoing wave, we can calculate the scattering

cross section:

27 o 2 2
Osca = =5 E 2n+1) (|an|” + |bn] (1.36)
k2 = ( )

where k = 27/ is the wave number of the incident wave. The full extinction coefficient

(scattering + absorption) is:

!The Riccati-Bessel function ¥, is also often written as §,, , and is given by U, () = xj,(z) in terms
of the spherical Bessel function jn(z).
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U
Oert = 73 D_(2n+ 1)Re(an + bn) (1.37)
n=1

From this one can calculate the absorption cross section as

Oabs = Oext — Osca (138)

1.7 Protoplanetary disk Models

The SED of a disk can be computed in first approximation assuming that each disk
annulus emits as a black body at the effective temperature T}, so that the observed flux

at any given wavelength A is given by the relation (Malbet et al. 2005):

Rout
Fy = % / By(Ty)(1 — e™™)2m r dr (1.39)
Rin

where R;, and R, are the inner and outer disk radii, D is the distance from the
observer, i is the disk inclination with respect to the line of sight (i=0 means face-on

disks), B, is the black body emission. The optical depth 7 is,

1
™ = DN 2alust(r) (140)

COS 1

Where k) is the total (gas+dust) opacity at the wavelength A and X 4,5(r) is the surface
density of the dust (see in details Sect. 1.6).

Chiang & Goldreich (1997, CG97) computed a radiative transfer model based on a flared
circumstellar disk, which explains the flaring geometry by means of vertical hydrostatic
equilibrium and provided a temperature profile with index ¢ = 0.5 and a SED at IR and
longer wavelengths. CG97 have been quite successful in the interpretation of observed
SEDs of disks around YSOs, and is still nowadays widely assumed as the starting base

for studies of those objects.

Afterwards, many improvements have been suggested. For instance, Dullemond et al.
(2001, henceforth DDNO1) proposed a model based on CG97 with some further imple-
mentations. The model DDNO1 was basically based on CG97, plus the addition of an
inner ’puffed-up’ rim. The idea of a puffed-up inner rim was proposed by Natta et al.
(2001) and developed further by DDNO1 for Herbig Ae stars, to account for the shape
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FIGURE 1.9: The Dullemond (Dullemond et al. [2001]) passive and flared disk model.

of the near-infrared excess of these stars (3-pm bump”). In the DDNO1 model, the
vertical structure of the circumstellar disk was set by a balance between disk gravity
and the pressure gradient created from the heating of disk material by stellar photons
(see. Fig. 1.9). One success of this model has been the correct prediction of the NIR
size- luminosity diagram for YSOs (Monnier & Millan-Gabet 2002, Millan-Gabet et al.
2007).

According to Fig. 1.9, the inner rim in the DDNO1 model casts a geometric shadow
on the region behind it, preventing it from receiving direct star light. The disk in
the shadow is heated by scattered photons from the rim edge and through radial heat
diffusion. The size of the shadow can be several AU depending on the rim geometry, the
mass of dust in the outer disk and dust grain properties in the outer disk. The shadow
corresponds to the terrestrial planet forming region in circumstellar disks inside/close

to the snow line.

When the outer disk is dominated by gas mass, the disk eventually emerges from the
shadow and 'flares’. The flared disk can be a few hundred AU in size and emits radiation

in the MIR and longer wavelengths (Fig. 1.9).

Although DDNO1 succeed to explain a variety of observations, the structure of the inner
rim was not explained. DDNO1 assumed that the inner rim is ’vertical’, and that its
photospheric height is controlled by radial heat diffusion behind the rim. This model is
not consistent with the near-IR emission of Herbig stars where their disks for instance
are face-on, for which the projection on the line of sight of the rim surface is null. (see.
Fig. 1.10).

Later, Isella & Natta (2005) investigated the shape of the illuminated face of the rim.

They found that the shape of the inner rim is dependent on their very large vertical
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FIGURE 1.10: The effect of inclination on a vertical rim. Credit from talk of C.P.
Dullemond.

density gradient. They concluded that the bright side of the rim is naturally curved,

rather than vertical, as expected when a constant evaporation temperature is assumed.

They showed that for a given star, the rim properties depend mostly on the properties of
the grains. Fig. 1.11 represents the shape of the inner rim as a plot of the photospherical
height H (when the optical depth to the stellar radiation is 1) versus the distance from the
central star for different values of e. The quantity e is the ratio of the mean Planck opacity
at the evaporation temperature to that at the stellar temperature. This plot shows that
the distance of the inner rim from the central star is dependent on the evaporation
temperature of the dust particles that have the highest evaporation temperature where
their opacity is enough for a very optically thick disk. In the model of Pollack et al.
(1994) of the dust in accretion disks, silicates have the highest evaporation temperature.

Fig. 1.11 has been plotted for astronomical silicates (Isella & Natta (2005)).
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FIGURE 1.11: Photospherical height H (when the optical depth to the stellar radiation

is 1) of the inner rim versus distance from the central star for different values of e. The

curves are plotted for a star with 7, = 10 000 K, M, = 2.5 Mg, L, = 47 Lg. This
figure is taken from Isella et al. (2005).

Fig. 1.12 shows the synthetic image of the curved and vertical rim plotted by Isella &
Natta (2005). Both vertical and curved rim emit most of their radiation in the near and
mid-IR. Contrary to the vertical rim (Fig. 1.12-right), for curved rims (Fig. 1.12-left)
the near-IR excess does not depend much on the inclination, being maximum for face-

on objects and only partially smaller for highly inclined ones. This is consistent with
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the observed near-IR between objects seen face-on and close to edge-on (Isella & Natta

(2005)).
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FIGURE 1.12: Synthetic images of the curved rim (left) the vertical rim (right) for
different values of inclination angles. This figure is taken from Isella et al. (2005)

Kama et al. (2009) studied the detailed physics of the inner rim using a radiative transfer
code. However, detailed study of inner rim needs also a hydrodynamical model. Kama
et al. (2009) showed that the inner rim could not be a sharp wall and it should be
rounded. They also showed that high surface densities and large silicate grains decrease

the rim radius.

In case a dust grain can not cool in every direction, its temperature increases because of
backwarming. The IR radiation that one grain emits can be absorbed by another grain.
This is the backwarming meaning. A dust grain in an optically thick region is immersed
in the IR emission, while a grain in an optically thin region receives only half of the sky
dust IR emission. In Kama et al. (2009), the backwarming factor is defined, i.e., Cpy

that is proportional to the square of the radius of the inner rim of the disk:

L 4
el T eoT! (1.41)

T
rim wa
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Eq. 1.41 is a result of equating the energy absorbed by a grain at a distance R,ipy,
from the central star with luminosity of L, and the energy emitted by a grain when the
temperature of the grain is Ty . € is the cooling efficiency and C},, is a quantity that

can be determined by solving complex radiative transfer (Kama et al. 2009).

In an optically thin environment for Cp,=1 grains have the smallest possible distance
from the central star. This value for Cy,, has been used by e.g. Monnier & Millan-Gabet

(2002) to determine the smallest distance of the grains from the central star.

T=1
Cow=1

‘optically thin*
rim radius

FIGURE 1.13: A schematic view of the inner rim of the disk. The colour map shows

the range of temperatures, from <300 K (dark regions) to >2000 K (white regions).

For Cy, = 1 where the disk is optically thin, dust starts condensing. Cp, = 4 (for a
classical rim) is a maximum backwarmed dust wall (Kama et al. 2009).

DDN2001 adopted Cp,, = 4 assuming a rim with optically thick vertical wall. This
shows how backwarming can change the distance of the rim from the central star. The

optically thin region in front of the rim is illustrated by Fig. 1.13.

1.7.1 Transitional and Pre-transitional Disks

Several disks have been recently detected with a notable deficit of flux in the near- and
mid- infrared (2 —20 pum) compared to disk of other Herbig stars, e.g. Bouwman et al.
(2003). The lack of near- and mid-infrared flux in these disks could be indicative of
the removal of the hot dust or warm dust close to the star which emits at near-IR and

mid-IR wavelengths respectively, and the presence of inner disk holes or gaps.

A few years ago, a new class of disk was identified. These disks are so called ”pre-
transitional disks” and they have gaps within their disks, which is different from the
inner holes observed in transitional disks (Espaillat et al. 2007b). In these disks there is
lack of mid-infrared flux (5 —20 pm) and significant emission beyond 20 pum (Fig. 1.14).
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To create the inner disk holes and gaps in transitional disks and pre-transitional disks
several mechanisms can be involved. These mechanisms could be due to planet forma-
tion, stellar companions, grain growth, magnetorotational instability (MRI) and photo-
evaporation. The MRI, grain growth and photoevaporation could not explain the gaps
seen in the pre-transitional disks around for instance LKCa 15. Based on disk clearing
theories, the planet formation is a more important factor to clear the inner disk of pre-
transitional disks. HD 100546 is such a pre-transitional disk, which will be discussed in

detail in Chapter 4.

FIGURE 1.14: A pre-transitional disk around young star, 2MASS J16042165-2130284.
Credit: The Graduate University for Advanced Studies, Japan.

1.8 Radiative transfer

As I mentioned in previous sections, dust plays an important role in the circumstellar
disk of YSOs. With high-angular resolution, the basic structural properties such as
size, inclination, and surface brightness of the circumstellar environments are now under
study. With high-resolution data, from optical to radio, a comprehensive study of the

dust can be done using radiative transfer (RT) codes.

Dust grains can efficiently absorb, scatter, and polarise the stellar light at short wave-
lengths, whereas at longer wavelengths the absorbed light is re-emitted by dust. The
amount of scattered and absorbed light is related to the geometry of the circumstellar
environment and the properties of the dust. The amount of absorbed radiation deter-
mines the temperature of the dust and defines the amount of radiation re-emitted at
longer, thermal wavelengths. To understand the structure and evolution of these dusty
disks, the evolution of dust grains and their properties, their temperature, or the density
profiles, it is very important to model the integrated fluxes, SED, and get the images at

different wavelengths and this requires solving radiative transfer problems.
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1.8.1 The radiative transfer problem

To solve the RT problem in a dusty disk, one should determine the specific intensity
1 ,\(7, W) at each point 7 and direction 7 at each wavelength \. By solving the sta-
tionary radiative transfer equation, one can obtain this intensity. For randomly oriented

dust grains, the radiative transfer equation is given with the Stokes formalism:

- —
dI)\(C;; n) _ Hf\xt(?) I)\ (777)
+ K32 (7) By (T(7)) Io (1.42)
1
AP / /Q S, (7.7, 1) I (7, 7) deY,

where Iy (7>, W) = (I,Q,U,V) is the Stokes vector, I is the total intensity, Q and U are

the linearly polarised intensities, and V is the circularly polarised intensity. /f“/\bs (7),

sca(?)

o ext ( —>) abs

and k§*(77) = kY (7) + /iica(?) are the absorption, scattering and extinction
opacities, respectively. S (7, ﬁwﬁ) is the 4 x 4 scattering matrix, which explains the
changes in the Stokes vector scattering the light from direction 7' to the direction 7. s
is the length along the direction of propagation. B (T(?)) is the Planck function and

Iy is the unitary Stokes vector, which shows an unpolarised emission of Iy = (1,0,0,0)%.

To obtain the dust thermal emission, one needs to set the dust temperature structure
T (7) taking into account the radiative equilibrium. Assuming dust in local thermody-
namic equilibrium and the radiation field as the only source of energy, the temperature

is calculated solving the following equation:

/OO K3 (7) By (T(7)) dX\ = /OO KOS (7) Ty dA, (1.43)
0 0

where Jy is the mean specific intensity.

Owing to the dust optical properties (m’j\bs , K34, S)) and sources of radiation (initial
conditions for Eq. (1.42)), the Eqgs . (1.42) and (1.43) can define the RT problem. Note
that the opacities can be dependent on the temperature, in this case solving Eqs. (1.42)

and (1.43) needs an iterative scheme.

Moreover, radiative transfer has an important role in the physics of the disk. It modifies
the density structure through hydrostatic equilibrium and affects the dust quantity and
its opacity.

2Since the dust particles are randomly oriented, the net dust thermal emission is not polarised.
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F1cURE 1.15: Propagating a photon package through a disk. A photon package prop-
agates through the disk until it exits from the grid. Credit: from thesis of G. D.
Mulders.

1.8.2 Monte Carlo radiative transfer: MCFOST

MCFOST is a 3D continuum and line radiative transfer code based on the Monte Carlo
method (Pinte et al. 2006). In a Monte Carlo method a probabilistic approach is taken
to solve the radiative transfer equation. The photon packets from the central star are
propagated through the disk to set its temperature (Fig. 1.15). Taking into account the
scattering, absorption and emission of the photon packets in the disk, the SED and/or

synthetic images are bulit.
MCFOST computes the temperature and the SEDs/images with a two-step processes:

-Step 1: determining the temperature distribution. When photon packets are produced
at the stellar photosphere, they propagate through the disk until they exit the grid.
By scattering, the orientation of the packet is changed but not its wavelength. By
absorption, packets are re-emitted at once but at a different wavelength, calculated
based on the temperature of the cell. For re-emission process, the temperature correction
method proposed is used by Bjorkman & Wood (2001). In this step, all photon packets
have a similar energy and are randomly scattered/absorbed within the disk. The concept
of mean intensity proposed by Lucy (1999) is used to decrease noise in the temperature

estimation for optically thin cases.

-Step 2: gives the SED and/or images from the temperature calculated in step 1. In
this step, the number of photon packets is assumed to be constant at all wavelengths.
This code uses a spherical or cylindrical grid, with an adaptive mesh filtering at the

inner edge to properly sample the inner radius of the disk.
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We used this code in order to reproduce our new PIONIER/VLTI data. This code is
used in Chapter 4. For a comparison with other 2D radiative transfer codes, see Pinte

et al. (2009).
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An introduction to optical /IR

interferometry

2.1 Why Spatial Interferometry?

Since the times of Galileo Galilei (1564-1642), astronomers have tried to increase the
size of their telescopes to improve the quality of the observations. A question might
come in mind: why and how does increasing the size of telescopes could improve the
quality of the observations. Let’s consider a single telescope. According to Fig. 2.1, the
diameter of the telescope is called ”D;”. We know that an ideal optical system would
image a point object perfectly as a point. However, due to the wave nature of light,
diffraction occurs, caused by the limiting edges of the system aperture stop. The result
is that the image of a point is a blurred spot, no matter the lens quality. This is the
diffraction blurred spot or Airy disk as is seen in the right part of Fig. 2.1, named in
honor of Lord George Biddel Airy, a British mathematician (1801-1892). The blurred
spot size is proportional to the wavelength, the diffraction effect can often become the
limiting factor. If the aperture of the lens is circular, approximately 84 % of the energy
from an imaged point is spread over the central disk surrounded by the first dark ring
of the Airy pattern. The angular diameter of this central disk, which is the Full Width
at Half Maximum (FWHM) of airy patern i.e, ”¢”, in radian is

A
=244— 2.1
o= 2447 (21)

Where \/D; is the angular resolution of the telescope. The angular resolution of a single

telescope is defined as ability to distinguish between two point sources. A smaller size

30
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detector

T
diameter (D,)

F1cURE 2.1: The image of an unresolved star looks like a blurred spot. Credit: talk
of J. Surdej in VLTI school.

of the airy disk causes a better image of the star in the sky. In order to decrease the
angular diameter of the airy disk, we need to work on shorter wavelength ranges or to

increase the size of telescope.

According to Fig. 6.2, increasing the diameter of the telescope from D; to Do the size

of airy disk decreases.

detector

e —
diameter (D,)

FIGURE 2.2: The image of an unresolved star still looks like a blurred spot. Credit:
talk of J. Surdej in VLTI school.

Telescope diameters have grown from Galileo’s telescope of a few centimetres to the
current 10-m class of telescopes represented by the Keck Telescopes and 8-m for ESO’s
Unit Telescopes. In all this time, the basic idea has not changed: the telescope as an
optical system produces an image in the focal plane that is taken as a representation
of the object shape. We see that the size of the telescope sets a limit on the spatial
resolution of the images. As there is a practical limit to telescope sizes, we can not

achieve resolutions beyond that limit.
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2.1.1 The Electromagnetic field

When we look at the field of radiation, we may represent it as being composed of
many trains of waves propagating with light velocity. For simplicity, we consider a
monochromatic wave train, which is linearly polarized and propagating along the z
direction. The electric field of such a radiation field can be represented by a cosine

function as following;:

E(z,t) =acos (2n(vt — z/)\)) (2.2)

where a is the real magnitude as is shown in Fig. 2.3, v is the frequency of the waves
and A\ is the wavelength. If we consider a position of the observer along the z axis, so
that assuming z=0, the radiation field only varies with time. In this case the distance
between two successive maxima (see Fig. 2.3) is defined as a period and one period is
equal to 1/v. Now if we freeze the time (t=0), then the electric field varies as a function
of distance. In this case, the distance between two successive maxima is one A. The
relation between A and the period (T) is very simple. During the time of wave period,

the light wavelength at the velocity of the light speed is:

A=cT (2.3)

The electric function, Eq. 2.2, can be written in complex notation as:

V(z,t) = Re(a exp [i2w(vt — z/N)]) (2.4)

The reason why we use the complex representation is that we can easily separate the

time and space variables:
V(z,t) = Re(a exp[—i2mwz/\| exp [i2mvt]) (2.5)

From now, we represent the electric field as a complex notation but at the end we

consider the real part of the equation. We can write Eq. 2.5 as:

V(z,t) = A expli2nvt], (2.6)

where A= a exp[—i27z/]\] is called the complex magnitude. Unfortunately in practice,
it is impossible to directly measure the amplitude variation (the wave pulsation) in the

optical wavelengths, because the frequency of the waves is too large at these wavelengths
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and there is no detector to respond that rapidly. Heterodyne methods allow this measure
in the mid-IR (see ISI Berekely interferometer) and in the radio wavelengths , it is
possible to measure the amplitude because the frequency is much lower than in the

optical.

V(t)

FI1GURE 2.3: A schematic of the electric wave propagation. I have plotted it.

What astronomers are currently able to measure for all wavelengths, is the intensity (I)
of the electric field, which is a time average of the quantity of the energy per second,
per cm?, per solid angle unit, i.e, < V2(t,2z) > or < V(t,2) x V*(t,2) >, V*(t, z) is the

conjugate of the electric field,:

+T
1
I =<V(t,z) x V*(t,z) >= oT / V(t,z) x V*(t, z)dt, (2.7)
-T

From Eq. 2.7, V(t,2z) x V*(t,z) will be equal to AA* where A* is the conjugate of
complex amplitude. Consequently, we will have:

I=AA* =| A= d?, (2.8)

where | A |? is the squared value of the modulus of the complex magnitude, which is

equal to the squared value of the real magnitude.
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2.1.2 The Young’s experiment

This is the classical diffraction experiment named after Thomas Young who conducted
it in 1802, providing the experimental vital element for the demonstration of the wave
nature of light. In its simplicity it is perfectly suited to explain the concept of stellar

interferometry.

A simple schematic of the experiment is shown in Fig. 2.4.

slit measurement
screen (A) screen (B)
A 3
= R
o : L
d A S o5
= p—
: ) =
MR PARREN LR ——c:
light . —
’ . _ —
source ) B
< 7 >

FIGURE 2.4: A scheme of the young’s experiment. Credit from teach astronomy web-
site.

A light source is positioned some distance behind a screen A which possesses a pair of
closely spaced narrow slits. Light emerges from the pinholes and spreads as spherical
waves; the waves overlap, and the interference pattern produced is projected on a mea-
surement screen B. As we showed in previous section, the measurable quantity of the

electric field on the screen B is the intensity, which is the squared real amplitude.

A simulation of the pattern of light which would be observed on the screen B is shown

in Fig. 2.5.

FIGURE 2.5: A simulation of the pattern of light on the screen B. Credit: Sebastien
Flament.
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One should see bright lines of light, where the light from the two slits constructively
interferes and the dark lines where the light destructively interferes. Let us assume that
the source produces a monochromatic (single-wavelength) wave which hits the two slits
at the same time, so that the peaks of the wave arrive at the two slits simultaneously.

The two waves are then said to be in phase with one another.

The distance L between the screens is large (Fig. 2.4), so that the paths of light from
pinholes P and Q to a point on the measurement screen are nearly parallel (see Fig.

2.6). The difference in phase can then be calculated as in Fig. 2.6.

36
Qo dsin 6

FIGURE 2.6: A schematic of pinholes. Credit from teach astronomy website.

Assuming the two paths meet at the observation screen, light emerging from pinhole Q
must travel a distance d sin 6 farther than light from pinhole P. Assuming monochromatic
light of wavenumber k=27/A, the light from the two pinholes arrives at the screen with

a relative phase difference:
2
¢ = Tﬂ'dsinQ, (2.9)

two waves are out of phase and produce destructive interference when phase is an odd

multiple of 7 | i.e.
2
%dsin& = @n+ 1), n=0123,.. (2.10)

and produce constructive interference when the phase is an even multiple of , i.e.
2m .
Tdsan =2nm, n=20,1,23,.. (2.11)

A little more geometry demonstrates that sinf ~ x/L, so that bright fringes occur at

positions
x=nL\d (2.12)

The distance between two successive bright fringes on the screen is given by:

Az = L)/, (2.13)
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when Axz/L = \/d is an angle is called the angular resolution of the instrument when
we discussed it in Sect. 2.1. According to Fig. 2.7 , the smallest angular separation of

a source, which can be observed by an instrument is the angular resolution.

FIGUrRE 2.7: A schematic of angular separation. Credit
http :/ Jwww.abovetopsecret.com/ forum /thread1072484/pgl.

The instrument could be the human eye, which has an angular resolution of 1 arcminute.

2.1.3 The Fizeau Interferometry

Perhaps the most basic technique of interferometry is Fizeau interferometry, named
after Hippolyte Fizeau (1819-1896), a French physicist who first suggested to use inter-
ferometry to measure the size of stars by masking the telescope aperture with two small
pinholes. According to Fig. 2.8, the light of a point star passing through the pinholes

would then interfere in the telescope focal plane.

FIGURE 2.8: A sketch of Fizeau Interferometry. Credit: talk of J. Surdej in VLTI
school.

If we cover the right hole, the left hole would be as a very small telescope with diameter

of for instance ”d”. In this case, an airy pattern with an angular size of 2.44 \/d will
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be formed in the detector plane. If we uncover the right hole and cover the left one, we
obtain the same airy pattern was formed in the same location by left hole in the detector

plane.

Now, if we uncover both holes, we expect to see only the superposition of two airy
disks. But according to Young’s experiment (see Sect. 2.1.2) in addition, we will obtain
interference fringes where the angular separation of the white fringes are A/B, whit B

the distance between the two holes.

Fizeau suggested the method to observe the close binaries. When the binary separation
is too small, the airy disks of the two stars would be superimposed each other, it is
equivalent to observing one single star, so that we can not resolve the binary. In this
case, interfering the coherent light causes bright fringes inside of the airy patterns.
Increasing the binary separation up to A\/2B, the fringes will disappear (see Fig. 2.9).

With this method, it would be possible to estimate the angular binary separation.

Fizeau then proposed the following equation that is defined the contrast of the fringes:

FIGURE 2.9: A sketch of Fizeau Interferometry. Credit: talk of J. Surdej in VLTI
school.

1 — L
C — max mn 2.14
Imax + Imin ( )
where I, and I;,4, denote the minimum and maximum intensity of the fringes. the
intensity I is measured by Eq. 2.7. According to Eq. 2.15, if the star is unresolved, then

the value of I,,;, would be close to zero. In this case the contrast goes to roughly 1 as

Fig. 2.10:
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F1cURE 2.10: A schematic of the contrast of the light. Credit: talk of J. Surdej in
VLTI school.

If the star is an extended source, then we resolve it. In this case I,,;, would be close to

Linaz, so that the contrast goes to zero as in Fig. 2.11:

FIGURE 2.11: A schematic of the contrast of the light. Credit: talk of J. Surdej in
VLTI school.

Due to insurmountable technical problems with the mechanical stability at larger pinhole

separations, spatial interferometry was abandoned in the late 1920’s.

The first successful measurement using the Fizeau’s principle was performed by Albert
A. Michelson and Francis G. Pease in 1920 determining the diameter of a Orionis to
0.047 arcsec. This was at a time when the smallest diameter measured with a full

aperture was about 1 arcsec, equivalent to the typical seeing value.

In terms of angular resolution, two small telescopes separated by B are equivalent to a

single large telescope of diameter B (Fig. 2.12).

This method is similar to the proposition of Fizeau to use a screen composed of two
holes on the top of a telescope (lens or mirror) as I explained before. However, in this
method, the baseline (B), which separates two telescopes is larger than the separated
distance between two holes (d) in Fig. 2.8. Therefore, the angular resolution of the
system (two telescopes), A/B, could be smaller than one using two holes, A\/d. The

larger the baseline, the more precise the measurement of the angular size of the objects.
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Recombiner
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F1GURE 2.12: The sketch of an interferometer. Credit: talk of J. Surdej in VLTI
school.

2.1.4 Light coherence

One of the important parameters of illumination sources is their coherence.

Coherence is a measure of the ability of wave functions to interfere the photons with

each other.

The theory of the light coherence gives the description in the statistical scenes of the cor-
relation of the electric field at different points in space. So far, in the Young experiment

we considered only monochromatic light.

Concerning the coherence of light waves, temporal coherence tells us how monochromatic

a source is.

Temporal coherence is a measure of the correlation between the phases of a light wave

at different points along the direction of propagation.

So far, we assumed pin-holes and point-like and monochromatic source. If we would
work with only monochromatic light, we would obtain very small amount of photons
from the star. In this part, instead of working in the monochromatic regime, we work
in the so-called quasi-monochromatic regime. The quasi-monochromatic means working

within a small spectral band around a specific wavelength, A or frequency, v

Let’s assume that our source emits waves in the range A + AX. Waves with wavelength
A and A+ A\, which at some point in space constructively interfere, will no longer con-
structively interfere after some optical path length I. = A\?/A); I. is called the coherence

length.

To calculate the coherence length, we start with the definition of the electric field from
Eq. 24 :
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A—AX
V(z,t) = / a(MNexp(i2m(ct/X — z/X))dN, (2.15)
A+AN
In Eq. 2.16, we add all the contributions within the small spectral range around A. In
this case V(z,t) will be:

V(z,t) = A(z, t)exp(i2mc/A(t — z/c)), (2.16)
where
A—AX
Az, t) = / a(MNexp(i2me((A — N ) /AN (t — z/c))dN, (2.17)
AAN

assuming that the real amplitude, a(\') is constant, so that a(\) =ag, we will have:

sin(—2mc(t — z/c) AN/ A2))
m(t —z/c) ’

A(z,t) = ag (2.18)

Freezing the time, i.e, ¢ = 0, the space variation of the complex amplitude in the z

direction will be equal to A?/A)\, which is called [, i.e, coherence length.
In Eq. 2.19, if we substitute A\ to Av, we will have:

sin(2rAv(t — z/c)))

A(z,t) = ag T ;

(2.19)

Eq. 2.20 shows that the complex amplitude varies in time with a frequency of Av, which

is much lower than the frequency of vibration v.

The time of coherence for a coherence length of I, is then 1/Av, which is the period of

a packet of the coherent light.

2.1.5 Complex degree of mutual coherence

In a further step, keeping the assumption of pin-holes of Young experiment, we assume
that the source is quasi-monochromatic and extended. According to the Fig. 2. 13, we
consider first a point source, which is at infinite distance of two similar pin-holes, P; and
P,. V1 and V5 are the electric waves in pin-holes P; and P, respectively. The observing
screen, ¢, is located at a specific distance of pin-holes. We wonder what the intensity of

the source in the quasi-monochromatic regime is at the location of q.
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V,(t) I, ?

+
P2l vyt)

F1cURE 2.13: A schematic of a simple interferometer for a point source. Credit: talk
of J. Surdej in VLTI school.

As we showed in Eq. 2.7, the intensity of light is the average of the electric field multiplied

by its conjugate. The intensity at the location of q is:

Ig =<V )Vq(t) >, (2.20)

where

V, = Vi(t) + Va(t — 1) (2.21)

In Eq. 2.22, 7 is the time difference between the light wave coming from the pin-holes

at the location of q and is called optical delay.

Consequently, combining Eq. 2.21 and 2.22 we have:

I, =< V" (t)Vi(t) > + < V5 (t—7)Va(t—7) > + < V" (t)Va(t—7) > + < Vi(t) V5 (t—7) >,

(2.22)
where the term of < Vi*(¢)Vi(t) > is equal to the intensity, I1, which is due to the hole
P;. Although the term of < V5 (t — 7)Va(t — 7) > has been translated by 7, since we
take the time average, it would be equal to the intensity Is, which is due to the hole Ps.
Since we assumed that pin-holes are the same size, so that the Vi(¢) and Va(t) are the

same as well. We conclude that:

L=I=1I (2.23)

In Eq. 2.23, we have additional terms of < V{*(t)Va(t — 7) > and < Vi(t)V5'(t — 7) >.
To find out these terms, we remind simply the relation of complex quantities. Suppose

that we have two complex quantities:

& =a1+1b1 and & = ag + ibg, (2.24)
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where a1 and ag are real parts of complex quantities and by and by are the imaginary

ones. Now the expression of £]&> + £1£5 will be equal to:

2Re(&162) = 2Re(£163) (2.25)

From Eq. 2.26, one can conclude that the terms of < Vi*(t)Va(t —7) > + < Vi(t) V5 (t —
7) > will be:
2Re(< VI (t)Va(t — 1) >) (2.26)

Consequently, I, in Eq. 2.23 will be:
I, =1+ 1+ 2IRe(y12(7)), (2.27)
where the expression of 2] Re(y12(7)) is the interference term of the light and ~y12(7) is:
Y12(7) =< Vi (O)Valt — 1) > /1, (2.28)

the quantity of y12(7) is the time average of the cross correlation product divided by the
intensity, which is called the complex degree of mutual coherence. This quantity gives

the idea of how light waves correlate between each other at two different places in space.

Combining Eq. 2.6 and Eq. 2.29, one can write:

y12(7) =< Al (2,t)As(z,t — T) > exp(—i27vT) /1, (2.29)

If the time difference between two beams is equal to zero, Eq. 2.30 will be:

’712(7’ = 0) =< AT(Z,t)AQ(Z’t) > /I, (2.30)

which can be written with their modulus as following:

| y12(7 = 0) |=|< AJ(2,t)A2(2,t) > /I | (2.31)

Now, if we take the modulus of vy12(7) from Eq. 2.30, we will have:

| y12(7) |=|< Al (2, 8)Aa(2,t — 1) > /1|, (2.32)

assuming that the time difference of two beams is much smaller than the time of coher-

ence, i.e, 7 < 1/Av, we can write:

| y12(7) [=] 12(7 = 0) |, (2.33)
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on the other hand, < Aj(z,t)Aa(z,t — 7) > /I can be written as:
< Al(z,t)Ag(z, t — 1) > [T =|< Al(2,t)Aa(z,t) > /I | exp(ifi2), (2.34)

where exp(if12) is a phase dependent factor between the two beams. Consequently, we

can rewrite Eq. 2.30 as:

Y12(7) =| y12(7 = 0) | exp(if1a — i27v7), (2.35)

Combining Eq. 2.28 and 2.36, one can write:
I, =2I(14 | y12(7 = 0) | cos(Bi2 — 27vT)), (2.36)

In this step, we are able to find out the expression of visibility defined by Fizeau (Eq.
2.15) using the intensity in Eq. 2.37. According to Eq. 2.37, L4, is equal to 27(1+ |
y12(7 = 0) |) and Iy is equal to 2I(1— | y12(7 = 0) |). Therefore, from Eq. 2.15 we

have:
_ Imaz — Imin _ 47 ’ '712(7— = 0) ‘
Imam + Imzn 41

=[y12(7 =0) |, (2.37)

which is an interesting result to relate an observable quantity to the complex degree
of mutual coherence. If we observe an unresolved object, i.e, I,,;,=0, the modulus of
complex degree of mutual coherence would be equal to 1. If we resolve an object, i.e,
Lmaz=Imin, the modulus of complex degree of mutual coherence would be equal to 0.
Indeed, there is a relation between the modulus of the complex mutual coherence and
angular structure of the source. In this part, we focus on establishing this relation

considering an extended source:

Van Cittern Zernike theorem: Let’s assume that considering two pin-holes, the
source is extended. In fact, the source is composed of several elements, which emit in
an incoherent way. According to Fig. 2.13, the electric field at hole 1 is called V;(¢) and
that at hole 2 is called V2(t). Now, we are wondering what would be the distribution
of the intensity in the screen ¢ for an extended source (see Fig. 2.14). To do that, we
need to evaluate the following expression of the complex degree of mutual coherence for

a time delay of 7=0 according to Eq. 2.36:

T2(r = 0) =< V" ()Va(t) > /1 (2.38)

To proceed from Eq. 2.39, we suppose that Vi(t) and Va(t), the electric fields, are
summation on all the surface elements visible from the hole number one and the hole

number two as following:
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N
t)=> Va(t) (2-39)
=1

N
=> V() (2.40)
=1
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}
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FIGURE 2.14: A scheme of the extended source with two similar pine holes. Credit:
talk of J. Surdej in VLTI school.

Now, we insert Eq. 2.40 and 2.41 into Eq. 2.39, then the following expression comes

out:

Y12(7 = 0) Z <V ) > +Z < 2(8) > /1 (2.41)
i#]

In Eq. 2.42, the first expression is summation of the electric fields for each individual
elements. In the second expression, which is summation of the electric field for i # 7,
all the elements are emitting like in incoherent way and the fringes are destructive, so

that we neglect the second expression.

Therefore, from Eq. 2.42 remains the following quantity:

N
m2(r=0) = < Vi(t)Vaalt) > /I (2.42)
i=1

In this step, we recall the expression of the electric field evaluated at the hole number

one and the hole number two coming from the source element i:

Vir(t,vrin/c) = (ai(t —rin/c)/rin) exp(2miv(t — ri1/c)) (2.43)

Via(t,vria/c) = (ai(t — ria/c)/ria) exp(2miv(t — rie/c)) (2.44)
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Where, a is the real amplitude, which depends on the time, t. We divided a by r;; in
Eq. 2.44, which is the distance between the hole number 1 and the surface element i just
to account for the dilution of the radiation field, because the intensity scales as square
of the modulus of amplitude, so we find out that it is in principle proportional to the
square of the distance. The complex exponential function in Eq. 2.44 depends on time
and the distance between hole number one and the surface element i. we have the same
for Eq. 2.45.

Therefore, the expression of Vi (¢, vri1/c)Via(t, vria/c) in Eq. 2.43 will have the following
product:

Va(t,vrin/e)Via(t,vria/c) =| ai(t — ri1/c) \2 /(ri1rie) exp(—2miv(ria — rin)/c)  (2.45)

In the squared real amplitude, we assume that r;1 is equal to ;2 since the distances from
the different parts of extended source to the detector is almost infinity. We can express
the quantity of | a;(t — r;1/c) |? as a function of the intensity of the source. In the
exponential function of Eq. 2.46, we have the difference between the distances between

the surface element of the source 7 and the hole number one and two.

As long as the difference between the two paths of the light, i.e, ;0 — ;1 is smaller than

the length of the coherence of the light (see Sect. 2.1.4):

| rio — 71 |< ¢/ Av = N2 /AN =1 (2.46)

and inserting Eq. 2.46 to the summation in Eq. 2.43 and then replacing the summation

by an integration one can write:

’)/12(7' = 0, (7"1'2 - 7"11)//\)) = /7{1(2€$p(—2ﬂi((7‘i2 — rﬂ)/)\))ds/f (2.47)

S
Where I(s)ds is equal to | a;(t — r;1/c) |* ds, the intensity of the source times by the
size surface element. Indeed, Eq. 2.48 is the theorem of Zernicke-van Cittert. The
Van Cittert—Zernike theorem is a formula in coherence theory, which states that under
certain conditions the Fourier transform of the degree of the coherency of the light in

the sky is equal to its complex visibility.
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The distance between the source and the interferometer is much much larger than the
separation between the two telescopes and also than the size of the source. Therefore,

we shall approximate the expression of Eq. 2.48 to have more precise results.

According to Fig. 2.15, we assume a source element ¢ located at coordinates (X', Y',
Z'") and with a distance Z' from an interferometer with two telescopes with one located

at P; with ( X, Y, 0) coordinates and another one at P, with ( 0, 0, 0) coordinates.

dSi El (Xs Y9 O)
. X
Pi (X, 9Y, 9Z,)
P2 (05 07 O)

FIGURE 2.15: A schematic of the extended source with two similar pin hols. Credit:
talk of J. Surdej in VLTI school.

With these coordinates, we must evaluate the expression of | r;2 —r;; | in the exponential
term of Eq. 2.48.

To do that, we start with r;; and replace it by the square root of the summation of the

square of the difference between all coordinates X, Y and Z as follows:

rin =V (X' = X)2+ (V' —Y)?+(2)?, (2.48)

which can be written as:

rn=ZV1+ (X' = X)?2+ (Y - Y)?)/(2)2, (2.49)

we use the Taylor series to simplify Eq. 2.50:

ria =21+ (X' = X)2+ (Y' = Y)?) /227, (2.50)
We calculate the same way for r;o:

ro=Z(1+ (X +(V)?)/22°), (2.51)

If we make the difference between the two distances ;1 and 7,2, we will have:
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| 71 — 72 |=| Pin — Pig |=| —(X2+Y?)/22' + (XX'/Z)+ (YY'/Z") |, (2.52)

Replacing £ = X'/Z' and n =Y'/Z', one can rewrite Eq. 2.53 as:

| 71 — 72 |=| Py — Pio |=| —(X%2+Y?)/2Z' + XE+ Y|, (2.53)

Replacing the Eq. 2.54 to the argument of Eq. 2.48, the complex degree of mutual

coherence would be:

exp(—2mi(XE+Yn)/N))dEdn
[ J 1€, n)dedn

712(0, X/X\, Y/X) = exp(—igay) / / 1&m) (2.54)

In Eq. 2.55, in the exponential function, exp(—i¢.y), ¢uy is the phase shift, which only
depends on the coordinates, X and Y. I(£,n) is the intensity as a function of two angular
coordinates of ¢ and 7, which are the angular size of the object in the sky. The only
parameters, which are free in Eq. 2.55 are X/\ and Y/A.

Dividing the intensity, 1(£,n), by the integration of the intensity of the stellar source,

the normalized intensity of the source will be as following:

(&) = 1€n)/ / / I(€',of)dé'dif (2.55)

We set u=X/\ and v=Y/A. Reminding that lambda over baseline, i.e, A\/X =\/B is
an angular quantity. The quantities of u=X/\ and v=Y/\ are inverse of this angular
coordinate. Therefore, the parameters of u and v represent angular space frequency,
which will define the u,v plane and they are correspond to B, and B,, i.e., projected

baselines respectively.

Setting u,v and using Eq. 2.56, the complex degree of mutual coherence would be:

12(0, u,v) = exp(—idyy) //I (&, n)exp(—2mi(u& + vn))dEdn (2.56)

From Eq. 2.57, we find out that the complex degree of mutual coherence is the Fourier
transform of the source brightness distribution, which has been normalized. Now, if we

take the modulus of v12(0, u, v), which gives the visibility quantity, it would be equal to
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the modulus of the Fourier transform of the intensity distribution of the source. Indeed,
~v12(0, u, v) contains the information on the angular structure of the source. If we do the
inverse Fourier transform, then one can find the normalized intensity of the source as

follows:

1(&m) = caplidu.) / / 120, u, v)eap(2mi(ué + v))d(wd(v)  (2.57)

For each observation and for a specific baseline length, we have information about one
direction of the object in the sky, which is correspond to one point in u-v plane. If we
observe with many u and v to have a rich u-v plane, then by inverse Fourier transform,

we may be able to find what is the distribution of the intensity of the source.

2.1.6 Visibility

Combining the beam of telescopes, the phase component of y12(0, u,v) is lost to atmo-
spheric turbulence and the only good measurable is the modulus of v12(0,u,v), i.e. V
(Eq. 2.38).

As an illustration, Fig 2.12-left shows the K-band visibility-amplitude curves as a func-
tion of projected baseline length for a Uniform Disk (constant surface brightness profile).
A reasonable approximation to the brightness distribution of a resolved star is the model
of an uniform disk. The Fourier transform of a symmetrical uniform disk is the first-
order Bessel function. The uniform disk is often the model to use when one wants to

extract a diameter from a visibility curve.

The visibility curve of a uniform disk model, which is a Bessel function, has several
zeros whose positions can be directly related with the diameter. If B; is the baseline
corresponding to the first zero, then the diameter in milliarcseconds is  ~ A\/Bj. Finding
the first zero is of course not mandatory, a x? minimization on a properly sampled
visibililty curve is the best way to get an accurate final result. According to Fig. 2.16-
left, at short baselines the source looks like a point and the visibility is high. As the
baseline increases and the sources begins to get resolved, the visibility drop. At long
baselines the Uniform Disk visibility shows ringing because of the presence of a sharp
outer edge. Any departure from the uniform disk model, caused for example by limb-
darkening or brightening or the presence of a hot spot, should mostly affect spatial
frequencies higher than the first null and therefore should require exploration of the
second lobe. In Fig. 2.16-right, we do show that the Fourier transform of a Gaussian
disk model is a Gaussian. In Figs. 2.17 and 2.18, we do represent the models of a few
Herbig stars observed during a large program made by J-P Berger with PIONIER/VLTI
(Lazareff et al. 2015 in preparation). In this plot, we do show the squared visibilities
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versus spatial frequency for each model. It is obvious that the visibility curve depends

on the size of object on the sky. As the object becomes more extended, the visibility

curve versus spatial frequency is less extended.
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FIGURE 2.16: Illustrative visibility curves versus spatial frequency for a uniform disk
(left) and a Gaussian disk (right). Credit: (Tannirkulam, 2008).

A measurement of fringe visibilities can thus be used to constrain surface brightness
properties of light sources in the sky and differentiate between various physical models.
Interferometers have been successful in measuring stellar diameters (Michelson & Pease
[1921]), determining binary orbits, probing the circumstellar environments of young as
well as evolved stars (McCarthy & Low [1975]; Millan-Gabet et al. [1999]), and imaging

of stars outside the solar system (Monnier et al. [2007]).

2.1.7 Phase

The phase defines properly the fringe location and it is very sensitive to the turbulence
of the atmosphere. The available optical/IR interferometers are not able to measure
directly the phase. This quantity is crucial for image reconstruction as it carries infor-
mation about the geometry, i.e. symmetry of the object. Usually an object is denoted
asymmetric when the shape is not centrally-symmetric. For example an ellipse is a sym-
metric shape, but an ellipse plus a off-center spot is not. A binary star with the two
objects having the same brightness is symmetric, if the brightness differs it is not. The
observations that uses only two apertures is able to preserve only the so-called differ-
ential phase (i.e. as an function of \). Three (or more) aperture telescopes (such as

AMBER, Astronomical Multi-BEam combineR; Petrov et al. 2007) provide a quantity
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FIGURE 2.17: Tlustrative visibility curves for a few Herbig stars (Lazaref et al. 2015
in preparation).

called the closure phase. In following sections, we briefly explain the differential phase

and closure phase quantities.

2.1.8 The differential phase

Differential phase is a powerful technique used to measure small phase variations as a

function of wavelength, due to sources with chromatic, asymmetric structures.

For marginally resolved objects, the differential phase, ¢()\), in a certain spectral line

channel is directly related to the photocenter displacement p of the line-emitting region
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Examples of visibility patterns 2
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FIGURE 2.18: Same as Fig. 2.18.

with respect to the photocenter of the continuum emission, as projected on the telescope

baseline:

p=—=—" (2.58)

In Fig. 2.20, we do represent a plot of rotational map of a Brvy emission line assuming
that the equatorial disk is in rotation (Kraus et al. 2011). In this case, the differential
phase is consistent with the expected signature for a Keplerian-rotating circumstellar
disk, where the photocenter of the blue and red-shifted line emission is displaced with

similar amplitude in opposite directions from the central star. In Fig. 2.19, a cartoon
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FIGURE 2.19: Spectro-interferometry uses spectrally dispersed interferograms (such as

the VLTI/AMBER R = 12, 000 interferogram from Kraus et al. (2011) shown here)

in order to detect phase differences between the continuum emission and the emission

within a spectral line. In first-order expansion, this differential phase ¢ correspond

to the photocenter offset p between the continuum- and line- emitting region. Credit:
Kraus et al. (2011)

explaining the effect of photocentric displacement on differential phase is plotted with

respect to the fact that the equatorial disk is in rotation.
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FIGURE 2.20: A cartoon explaining the effect of photocentric displacement on differen-
tial phase plot respect to the fact that the equatorial disk is in rotation. Credit: Kraus
et al. (2011)

The two operational instruments that offer this observing mode with sufficient resolution
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for detailed kinematical studies and measuring the differential phase are the near-infrared
VLTI/AMBER instrument (spectral resolution up to A/AX = 12 000, Petrov et al.,
2007) and the visual wavelength CHARA /VEGA instrument at the CHARA array (up
to A/AX = 35000, Mourard et al., 2012). The differential phase can also be studied at
low resolution with the MIDI instrument. In this case, it provides information on the

symmetry of the object.

2.1.9 The closure phase

The basic idea of the method of closure phase, introduced by Jennison (1958), is founded
on the principle that the sum of the observed phases around a close loop of at least three
baselines is equal to the sum of the intrinsic phases due only to the source, which is free
from the atmosphere effects. To understand this statement, we show in Fig. 2.21 a
configuration of three telescopes where, for each pair (i, j), the observed phase can be
expressed by the relation

Gij = ¢o,ij +0i — 0;, (2.59)

FIGURE 2.21: A cartoon of a configuration of three telescopes. Credit: Monnier et al.
2002.

where ¢ ;; is the intrinsic phase and 0;, ; are the phase shifts introduced by atmospheric
variations and/or instrumental errors at each telescope. Defining the closure phase as
the sum of the observed phases, B123=¢12+¢23+¢31, Eq. 2.60 implies that the terms 6;
cancel each other out with the result that the closure phase is equal to the sum of the

intrinsic phases:
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Bi23 = @12 + P23 + P31 = P0,12 + $0,23 + $0,31 (2.60)

To calculate the closure phase, we need to stay in the complex plane to avoid phase
wrapping. We compute what is called the Bispectrum, which is an averaged product of
all the complex coherent fluxes of triplet telescopes. Computing the phase of complex
quantity of the Bispectrum gives us the closure phase value, which is free of atmosphere

effects. The Bispectrum is:

Bispectrum =< 712713723 > (2.61)

The closure phase is the arctangent of the ratio of the real part to imaginary part of the

Bispectrum as following:

Real(Bispectrum,)

Closurephase = arctang( (2.62)

Imaginary(Bispectrum)
The triple product, the Bispectrum, is real if the source is symmetry. This implies that
for these types of sources the closure phase is either 0° or 180°. The closure phase
measures the amount of asymmetric flux in the target. Therefore one can also write the

closure phase as follows:

AsymmetricFlux

| Closurephase(radians) |~ (2.63)

SymmetricFlux
The amount of asymmetric flux should be based on the resolution of the baselines (Noth-
ing is asymmetric if the object is unresolved). For instance, for a resolved binary system,

the closure phase will be typically roughly the brightness ratio.

Let’s give an example. Suppose that we have a star and a spot. At low angular resolution,
the stellar disc dominants and the target looks centro-symmetric (See Fig. 2.22-left). In

this case, closure phase has small values close to zero.

FIGURE 2.22: Left: a star and a spot in low angular resolution. Right: a star and
a spot in high angular resolution. Credit: talk of C.A.Haniff in Michelson Summer
Workshop.
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At high angular resolution, the stellar disc is resolved out, and the off-center spot dom-

inates (See Fig. 2.23-right). In this case, the closure phases have larger values.

Let’s give another example. Consider the case of a binary star, in which the size of
the stars is the same. In this case, the visibility amplitude is a set of sinusoidal stripes

oriented orthogonal to the binary separation as in Fig. 2.24.

Visibility Amplitude
40
20

-40 -20 O 20 40
u

FIGURE 2.23: Visibility amplitude of the fringes. Credit: talk of C.A.Haniff in Michel-
son Summer Workshop.

In this case, the source is centro-symmetric and the closure phase is either zero or 180
degrees. In Fig. 2.25-top, we plot the visibility of a binary system with a flux ratio of
1 for three pairs of baselines. In Fig 2.25-bottom, we plot the closure phase, whose its
value is either 0 or 180 degrees.
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FIGURE 2.24: Top: the visibility curve for a binary system with a flux ratio of 1. Bot-
tom: the closure phase of this binary system. Credit: talk of C.A.Haniff in Michelson
Summer Workshop.

Now, we assume a binary stars with a flux ratio of 10. In Fig. 2.26-top, we do show that
the visibility of the binary system increases. This means that in this case there is more
coherent flux than binary with smaller flux ratio. In Fig. 2.26-bottom, we represent the
effect of flux ratio of the binary on closure phase. The closure phase becomes sensitive

to the flux ratio and make a departure from 0.
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FIGURE 2.25: Top: the visibility curve for a binary system with a flux ratio of 10. Bot-
tom: the closure phase of this binary system. Credit: talk of C.A.Haniff in Michelson
Summer Workshop.
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FicUrRE 2.26: The image of MWC 349. Credit: talk of C.A.Haniff in Michelson
Summer Workshop.

Consequently, the centro-symmetric targets have small or zero closure phases. Closure
phases with short baseline triangles have small or zero closure phases since the source is
not resolved. In contrast, closure phases with long baseline triangles have larger closure
phases especially when the symmetric flux is resolved out. We show two real examples
done by Tuthill et al. (2001) and Danchi et al. (2001). The first example is a YSO so
called MWC 349. In this case, the object is not resolved. In Fig. 2.27, we show the
image of this object and in Fig. 2.28, we represent the visibility and closure phase of

this object versus baseline.

The second example is another YSO called LKHa 101. In this case, we better resolve
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FIGURE 2.27: Top: the visibility versus baseline for MWC 349. Bottom: the closure
phase versus baseline. Credit: talk of C.A.Haniff in Michelson Summer Workshop.

the object. In Fig. 2.29, we show the synthetic image of this object and in Fig. 2.30,

we show the visibility and closure phase versus baseline.

LKHA 101 MEM Image
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FIGURE 2.28: The image of LKHa 101. Credit: talk of C.A.Haniff in Michelson
Summer Workshop.

Resolving the object, the visibility decreases and the departure of the closure phase from
zero increases. If non-zero closure phases are seen from a point source, this is indicative
of either non-closing baselines or baseline-dependent phase errors. We conclude that for

large closure phase signals to be measured, the target being observed must be resolved.



Chapter 2. An introduction to optical/IR interferometry 58

LKHA 101 VISIBILITY

0:8— ?‘!% ~

Visibility

(=]

o
T

",
-

F

1

o
a
ey

Bor ]
. ,_‘v
0.2} ¥ x> 4
[ -
0.0 . b
0 2 4 6 8

Baseline (meters)

LKHA 101 CLOSURE PHASE

@ 100
e
o
@
2 .
® 0
@ -
g or b
o
e
2
0-100':-
0 2 8

Longest Baseline in Triangle (meters)

FIGURE 2.29: Top: the visibility versus baseline for LKHa 101. Bottom: the closure
phase versus baseline. Credit: talk of C.A.Haniff in Michelson Summer Workshop.

One of the most valuable uses of closure phases in interferometry is to permit model-

independent imaging using visibility amplitude and closure phase data.

2.2 Interferometric facilities around the world

The intent of this section is to give a short overview of the instruments available around
the world for optical/infrared interferometric observations (Table 2.1). In the following,
we focus on the two main interferometers currently offered to the international commu-
nity: VLTI (Very Large Telescope Interferometer) and CHARA (Center for High Angu-
lar Resolution). Since VEGA /CHARA (Visible spEctroGram polAmiter; Mourard et al.
2009), PIONIER (Precision Integrated Optics Near Infrared ExpeRiment; Le Bouquin
et al. 2011) and MIDI (MID-infrared Interferometric instrument; Leinert et al. 2003)
were used to retrieve the data for this thesis, they will be described in more detail in

Sects. 2.2.1, 2.2.2, and 2.2.3, respectively.

VLTI is the ESO interferometer located on Cerro Paranal (Chile). It is equiped with 4
Unit Telescopes (UTs) with 8 m aperture and 4 Auxiliary Telescopes (ATs) with 1.8 m
aperture. It allows the combination of 2 up to 4 apertures. The instruments offered to
the community are AMBER and MIDI. AMBER (Petrov et al. 2007) is a 3-way beam
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TABLE 2.1: List of the instruments offered to the community or to be offered in the

future. In col. 1 is reported the acronym of the instrument; in col. 2 the facility where

the instrument is mounted; in col. 3 the number of apertures; in col. 4 the baseline

range in meter; in col. 5 the wavelength band of observation, and in col. 6 the spectral
resolution.

Working time Instrument Facility Apertures Baselines range Wavelength Resolution

Present PIONIER VLTI 4 8-130 H-band 30
Future GRAVITY VLTI 4 8-130 K-band 22,500,4000
Present AMBER VLTI 2-3 8-130 HK-bands  35,1500,12000
Past MIDI VLTI 2 8-130 N-band 30,230
Future MATISSE VLTI 4 8-130 LMN-bands 30,500,1500-2000
Present CLASSIC CHARA 2 30-300 HK-bands 30,10
Present CLIMB CHARA 3 30-300 HK-bands 10
Present VEGA CHARA 2-34 30-300 V-band 6000,30000
Present MIRC CHARA 6 30-300 HK-bands 30

combiner observing in the near-IR (H- and K-bands) with different spectral resolutions
(R =)A/AX =35, 1500, 12 000). PIONIER and MIDI will be discussed in more details
in Sect. 2.2.2 and 2.2.3 respectively.

Two second generation instruments are developed for VLTI: GRAVITY (Eisenhauer
et al. 2008), and MATISSE (Multi-AperTure mid-Infrared SpectroScopic Experiment;
Lopez et al. 2006). GRAVITY will combine 4 beams in the near-infrared and it will
offer imaging and astrometric modes. The spectral resolution will be R = 22 ;500 ,4000.
GRAVITY is expected to be started working for 2016. MATISSE will observe in the
LMN-bands with 4 telescopes and at low- to mid-spectral resolutions (R = 30, 500,
1500-2000 and also 3000-5000 in L&M bands). MATISSE will be started working for
2017.

CHARA (Center for High Angular Resolution Astronomy) is an array of six 1-meter-
telescopes for optical and infrared interferometry on Mount Wilson, California. It offers
15 different baselines with lengths ranging from 30 to 300 m. The instruments operating
on CHARA are: CLASSIC, CLIMB, MIRC (Michigan Infrared Beam Combiner; Mon-
nier 2006), FLOUR, PAVO and VEGA (Mourard et al. 2009, Visible spEctroGraph and
polArimeter;). The first two instruments observe in H- or K-broad band and combine 2
and 3 apertures, respectively. I will explain in details the VEGA instrument that I used

it in my thesis in Sect. 2.2.1.
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2.2.1 The VEGA Instrument

VEGA observes in the optical (480-850 nm) with very high spectral resolutions R =
1700 to 30000. It combines 2 to 4 telescopes. The medium (6000) and high (30 000)
spectral resolutions are well suited to perform kinematic analysis of the interferometric
signal, providing resolution of 60 and 10 km s~! respectively. These spectral resolutions
are best dedicated to the extraction of differential spectral information. Radiative winds
and fast rotating photospheres of hot stars can be probed efficiently with the medium
spectral resolution. Another interesting possibility is the presence of a polarimeter that

could be inserted into the beam. This gives new insight into many physical processes.

The low (1700) and medium resolutions are well suited for absolute visibility studies and

are also well adapted for the study of binaries or multiple systems.

2.2.2 The PIONIER Instrument

PIONIER (Precision Integrated—Optics Near—infrared Imaging ExpeRiment, Le Bouquin
et al. 2011) was commissioned at VLTI in Fall 2010. It is property of the Institute de
Planetology et d’Astrophysique de Grenoble (IPAG) and partners. The instrument is
optimised for imaging with its 4 way beam combiner working in the H band at low
resolution. PIONIER combines either beams from the 8.2-m Unit Telescopes or from
the 1.8-m Auxiliary Telescopes to provide visibilities of six different baselines, as well
as four closure phase measurements, simultaneously. PIONIER features low resolution
spectroscopic optics to measure at six different wavelengths within the H-band, increas-
ing the (u,v) coverage, or can work in broad band light for sensitivity enhancement on

faint targets.

2.2.3 The MIDI Instrument

MIDI was mounted on ESO/VLTI at Paranal (Chile). The conceptual design started
in 1997. This instrument is the result of the efforts of several European institutions,
and it detected the first fringes with the UTs on December 12, 2002. This instrument
was decommissioned in the beginning of 2015, since the MATISSE instrument will be
started working in 2017. MIDI combines the light coming from two apertures (UTs or
ATs) using a two pupil- plane beam splitter. The wavelength range of observation is
the N-band (8, 13 um). Sixteen configurations are offered at the moment with a range
in baselines between 11 and 130 m. The observations are dispersed in wavelength and
two spectral resolutions are available: PRISM (R = 30), and GRISM (R = 230). The
instrument is (as of Sept. 2011) offered in two modes: high-sensitivity (HIGH SENS),
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science and photometry (SCI PHOT). In HIGH SENS mode the photometry is recorded
a few minutes after (or before) the fringes. This allows to observe fainter objects but is
less accurate. In SCI PHOT mode the photometric channels are recorded simultaneously
during the scanning of the fringes. The gain in accuracy in this mode is possible only

for targets brighter than 200 Jy.



Chapter

The peculiar fast-rotating star 51 Oph
probed by VEGA/CHARA

3.1 Abstract

Stellar rotation is a key in our understanding of both mass-loss and evolution of inter-
mediate and massive stars. It can lead to anisotropic mass-loss in the form of radiative
wind or an excretion disk. I wished to spatially resolve the photosphere and gaseous
environment of 51 Oph, a peculiar star with a very high, v sin i=26745 km.s~!(Dunkin
et al., 1997a) and an evolutionary status that remains unsettled. It has been classified
by different authors as a Herbig, a 8 Pic like, or a classical Be star. I used the VEGA
visible beam combiner installed on the CHARA array that reaches a submilliarcsecond
resolution. Observations were centered on the Ha emission line and in the neighbouring
continuum. Data have been reduced by Dr. Philippe Berio. I used the line modeling of
Stee et al. (1996). I succeed to derived, for the first time, the extension and flattening
of the 51 Oph’s photosphere. I found a major axis of 6.,=8.08+£0.70 R and a minor
axis of 0,,=5.664+0.23 R . This high photosphere distortion shows that the star is ro-
tating close to its critical velocity. Finally, using spectro-interferometric measurements
in the Ha line, T constrained the circumstellar environment geometry and kinematics
and showed that the emission is produced in a 5.6 + 2 R, disk in Keplerian rotation.
I conclude that from the visible point of view, 51 Oph presents all the features of a
classical Be star: near critical-rotation and double-peaked Ha line in emission produced
in a gaseous disk in Keplerian rotation. However, this does not explain the presence of
dust as seen in the mid-infrared and millimeter spectra, and the evolutionary status of

51 Oph remains unsettled.

62
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3.2 Introduction

The environment of young stars is formed by a dusty and gaseous circumstellar disk in
which the first stages of planet formation are thought to take place. Hence, building a
comprehensive picture of the physical mechanisms governing this formation requires the
understanding of the distribution and the evolution of both the dust and gas species.
The content and dynamics of the gaseous component, which dominates the total mass
of the disk, control the accretion-ejection processes and will define the final architecture

of forming planetary systems.

Many hot stars are observed to be rotating with equatorial velocities higher than 120
km s~! (Abt and Morrell, 1995; Abt et al., 2002). This fast stellar rotation can have
strong effects on the observed stellar shape and the intensity distribution (gravity dark-
ening). Some hot stars show emission lines in their spectra. These features indicate
a gaseous circumstellar environment surrounding these stars. The study of the stellar
photosphere and circumstellar environment of fast-rotating stars is limited by the lack
of spatial resolution of single telescopes. An important and reliable way to extract this
information is through long- baseline optical interferometry, which allows us to study
the detailed stellar surface properties and the close-by environment through emission
lines. Several rapid rotators have been studied using these techniques, including Altair,
Vega, Achernar, Alderamin, Regulus, and Rasalhague (van Belle et al., 2001; Aufden-
berg et al., 2006; Peterson et al., 2006; Domiciano de Souza et al., 2003; Monnier et al.,
2007, respectively).

This Chapter is dedicated to the study of 51 Oph: a rapidly rotating star with an age
of 0.3 Myr and a mass of ~4 Mg (Van den Ancker et al. 1998). This star appears
to be a peculiar source in an unusual transitional state. Compared with Herbig Ae/Be
stars, van den Ancker et al. (2001) and Meeus et al. (2001) confirmed by analyzing ISO
spectra that 51 Oph has more gas than other HAeBe stars. In addition, Malfait et al.
(1998) and Leinert et al. (2004) found that the dusty disk of 51 Oph is much smaller
(<2AU) than the disk of most HAeBe stars.

Compared with 8 Pic-like stars, 51 Oph does not exhibit a far-infrared-excess bump,
which is inconsistent with the presence of an outer dusty disk (Malfait et al., 1998a). Thi
et al. (2013) suggested a difference between 51 Oph and 3 Pic because the 51 Oph dust
grains can be primordial, while the dust grains in an exozodiacal ring around 5 Pic have
to be replenished. Furthermore, 51 Oph does exhibit an H,, line in emission, which is not
the case of 8 Pic stars. Berthoud (2008) and Tatulli et al. (2008) concluded that 51 Oph
is most likely a classical Be star surrounded by a compact gaseous disk. This scenario

agrees well with the following properties reported in previous studies: high rotational
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TaBLE 3.1: CHARA/VEGA observing log of 51 Oph. For the continuum observations,

the calibrators HD 150366 with the uniform disk angular diameter yp=0.28 + 0.02

mas and fyp=0.39 £ 0.03 mas for HD 163955 were used. For the observations in the

H, line, HD 170296 with 8yp=0.43 £ 0.03 mas was used. The predicted uniform disk

angular diameter (in mas) in R band were derived from the JMMC SearchCal software
(Bonneau et al., 2006).

Continuum H, line
Obs. time Telescopes Obs. time Telescopes
(UTC) conf. (UTC) (conf. )

2014-07-04 05:40 E2-S2-W2
2014-07-04 06:15 E2-S2-W2 || 2013-05-25 07:12 E1-E2
2014-07-04 06:49 E2-S2-W2 || 2013-07-28 03:39  S1-S2 (1)
2014-07-08 05:53 E2-S2-W2 || 2013-07-28 05:43 S1-S2 (2)
2014-07-08 06:18 E2-S2-W2 || 2014-05-02 10:04 W1-W2 (1)
2014-07-08 06:43 E2-S2-W2 || 2014-05-02 10:47 W1-W2 (2)

velocity, most of the near-infrared continuum emission arising from the gaseous disk,
and hot CO gas in a rotating Keplerian disk. However, the remaining presence of dust
around 51 Oph is not supported by this scenario and suggests that this star follows an

intriguing evolution scheme.

I here report new elements that lend credit to the hypothesis that 51 Oph is a Be star.
Hereafter, I present observations of 51 Oph with a spectro-interferometer operating at
visible wavelengths, the VEGA instrument (Mourard et al., 2009, 2011) installed at the
CHARA Array (ten Brummelaar et al., 2005). This unique combination of spectrally
and spatially resolved information allowed us to resolve the photosphere of the star and
to probe the kinematics of the gaseous component producing the Ha line on sub-AU

scales.

3.3 Observations and data processing

I collected data at the CHARA Array with the VEGA spectrometer recording spec-
trally dispersed fringes at visible wavelengths. Observations were performed around
the Ha line, between 630 and 670 nm, using the VEGA medium spectral resolution
(MR)(R=5000) to study the gaseous disk by combining three pairs of telescopes: W1W2,
E1E2, and S1S2. The observation log is given in Table 5.1. The source 51 Oph was
also observed in the continuum at 700 nm at MR using the triplet E2S2W2 to study its
photosphere. The (u,v) plane coverage corresponding to these data is presented in the

left panel of Fig. 3.1 in continuum and in the right panel in the He line.
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FIGURE 3.1: (u,v) coverage obtained for the observations of 51 Oph in the continuum
(left) and the in the He line (right).

Data were reduced by Dr. Philippe Berio. The data processing of VEGA is composed
of two parts. The data in the continuum are processed using the power spectral method
giving the squared visibilities (see Mourard et al., 2009, for details). For this analysis,
he used a spectral bandwidth of 15 nm. The processing of the data in the spectral line is
based on the cross-spectrum method, which provides differential visibilities and phases

across the line. This method was applied with a spectral bandwidth of 0.2 nm.
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FI1GURE 3.2: The normalized residuals between the continuum data and an elongated

disk model (top) and a uniform disk model (bottom) are represented for three pairs of
telescopes. The black points represent the residual average for each baseline.

3.4 Continuum emission: stellar photosphere

Stellar photosphere was modelled by Dr. Philippe Berio. He used the LITpro2 model-

fitting software for optical-to-infrared interferometric data developed by the Jean-Marie
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Mariotti Center (JMMC) to interpret our data. Fig. 3.2 shows that the elongated disk
model is more consistent with the data than the uniform disk model for the stellar
photosphere for the baselines S2-W2 and E2-S2: the mean of the residuals of S2-W2
and F2-S2 is not equal to zero for the uniform disk model. However, both models have
nearly the same normalized residuals for the baseline W2-E2. Fig. 3.3 shows the squared
visibility versus spatial frequency for an elongated disk model. According to Table 3.2,
we found the major axis, feq, the minor axis, 6,01, the elongated ratio, feq/6po1 , and
the major axis orientation, PA, using an elliptical model. Using Hipparcos 2007 data
(van Leeuwen, 2007) and calculating the distance from the parallax (d=124 +4 pc), we
derived an equatorial radius Req = 8.08 &= 0.7 Ry and a polar radius Ry, = 5.66 *+
0.23 Ry from 0.y and 6, , respectively. We assumed the continuum flux to exclusively
come from the central star. A comparison of the Ha emission line of 51 Oph with
classical Be stars shows that the intensity level of 51 Oph is low (only 1.2 time above
the continuum, see Fig. 3.4). The flux ratio between the disk and the central star is
therefore lower than in classical Be stars. In classical Be stars, this flux ratio in the
continuum is between 5 % and 20 % in the visible. We therefore assumed that the disk
contribution in the continuum is negligible. The fit of an elliptical model for the stellar

photosphere produces a reduced x? (x2) of 1.52.
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FicURE 3.3: The squared visibility versus spatial frequency. The red lines are ob-
servational data and black circules are related to an elongated disk model for star 51
Oph.
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TABLE 3.2: Best-fit parameters obtained from the elliptical model for the stellar pho-
tosphere. x?2 is the total reduced >

Parameter Value
Major axis of Ocq 0.6£0.05 mas
Minor axis of 001 0.42+0.01 mas
Elongated ratio (feq/0po)  1.45 + 0.12
Position angle (PA) 138 + 3.9°
% 1.52

3.5 Ha emission line

3.5.1 Qualitative analysis

The differential visibility and phase for the five baselines are plotted in Fig. 3.4. The
”S” shape of the phase variation clearly favors the hypothesis that the circumstellar
environment velocity field is dominated by rotation. Using either differential visibility
or phase, we can roughly determine the major-axis position angle in the plane of the

sky for a purely rotating disk knowing that:

* The more pronounced the ”V” shape of the visibility, the closer the baseline is to
the minor axis. The more pronounced ”W?” shape is related to a position closer to the

major-axis.

* For the same projected baseline length, the amplitude of the differential phase variation
through the emission line is zero if the baseline is aligned with the minor-axis and
maximal if aligned with the major-axis. This is true only if the disk is not fully resolved
by the interferometer. For larger baselines, the phase amplitude first saturates and then
drops, thus second order effects become visible causing the phase to lose its simple ”S”

shape.

According to Fig. 3.4, the visibility exhibits a drop in the emission line that is caused
by a variation of the circumstellar environment extension and relative flux between the
continuum and the line. The phase shows S-shaped variations in the line. This is
characteristic of a rotating equatorial disk, as described in Meilland et al. (2012). For
the longest baseline, W1W2 the disk is probably over-resolved, so that the differential
phase deviates from the S shape, as explained in (Meilland et al., 2012). The VEGA
spectrum of 51 Oph obtained during my observations exhibits an Ha emission line with
a double-peak similar to the spectrum found by Dunkin et al. (1997b), which reflects
the presence of the circumstellar disk. The Ha profile wings wth a sharp absorption in

the center show that the disk is seen nearly edge-on.
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3.5.2 Kinematic model

To model the wavelength dependence of the visibility, the differential phase and the
intensity profile of the Har line emission, I used a simple kinematic model of an expanding
and/or rotating thin equatorial disk!. This model has been developed by Stee et al.
(1997) and previously used for some classical Be stars, for instance, by Meilland et al.
(2011) and Meilland et al. (2012) and is described in detail by Delaa et al. (2011).

The star is modeled as a uniform disk, the envelope emission in the continuum and the
emission line has an elliptical Gaussian distribution with a flattening due to a projection
effect of the geometrically thin equatorial disk, i.e., f = 1/cos(i), where i the the object

inclination angle. The radial and azimuthal velocities are given by:

Vy = Vo + (Voo — V0) (1—2*)7 (3.1)

.\ P
V¢ - ‘/trot <_R*) (32)

For each spectral channel in the line an iso-velocity map projected along the line of sight
is then calculated and multiplied by the whole emission map in the line. Finally the
whole emission map for each wavelength consists of the weighted sum of the stellar map,
the disk continuum map and the emission line map within the spectral channel under
consideration. The map is then rotated by the major-axis PA, and scaled using the
stellar radius and distance. Finally, visibilities, differential phases, and closure phases
are extracted using two-dimensional fast-Fourier transforms (FFT). The free parameters

of the model can be classified into 4 categories:

1. The global geometric parameters: stellar radius (R,), distance (d), inclination angle

(i), and disk major-axis position angle (PA).

2. The global kinematic parameters: stellar rotational velocity (V,), expansion velocity
at the photosphere (1)), terminal velocity (V. ), exponent of the expansion velocity law
(7), and exponent of the rotational velocity law (). These parameters describe the

global disk kinematics and thus also should not depend on the observed line.

3. The disk continuum parameters: disk radius in the continuum (a.), disk continuum
flux normalized by the total continuum flux (F.). These parameters depends on the

observed wavelength. We neglect the contribution of the disk continuum emission in our

! As input of our model, we used a synthetic absorption in H, line calculated with the TLUSTY code
(Hubeny, 1998).
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TABLE 3.3: Best-fit parameters obtained from our simple kinematic model of the
circumstellar disk.

Parameter Value Remarks

Geometric parameters

Req 8.08 R This work (Sect 5.4)
d 124 pc (van Leeuwen 2007)
i 8077, deg This work

PA 1221'%? deg This work

Kinematic parameter
Viot 267 km.s ~1 (Dunkin et al. 1997a)
H, line parameters
aj 56 t2 R, This work

EW 5.01‘% A This work

X2 0.7

modeling and we assume that all continuum flux come from the central star. The disk

emission line parameters: disk radius in the line (a;) and line equivalent width (EW).

Consequently, I need a model with a total of 15 free parameters. To reduce the number

of free parameters assuming no expansion, I have finally decided:

e The star distance was calculated following van Leeuwen (2007),

e The equator stellar radius was derived from the fit of the elliptical model according

to Sect. 5.4 (in solar radius),

e We assumed that the disk is directly connected to the stellar surface, therefore the

rotational velocity (Vo) should be equal to the stellar rotational velocity, and

e We also assumed that the gaseous disk surrounding 51 Oph is Keplerian, so that

we set [, the rotation velocity law to -0.5.

The other four parameters, i.e., i, PA, a; and EW were left free.

For this target I computed several hundreds of models to constrain the free parameters,
determined the uncertainties, and tried to detect any degeneracy or linked parameters.
To reduce the number of computed models, I started with a qualitative estimation of
the parameters from our interferometric data (P.A., i, a;, and EW) and explored the
parameter space with decreasing steps to converge to the x? minimum (x2). The final
parameter values for the best-fit models are presented in Table 3.3. The corresponding

differential visibilities and phases are overplotted in Fig 3.4. The final reduced 2 is 0.7.
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F1GURE 3.4: Visibility and differential phase variations in the Ha emission line and

in the surrounding continuum obtained from our medium spectral-resolution (MR)

CHARA/VEGA observations (red). The best-fit kinematic model for this dataset is

overplotted in blue. The plot (right bottom panel) corresponds to the Ha intensity

profile. The top right panel of the figure shows the elliptical model for the central star
51 Oph and our kinematic model for a purely rotating disk.

The inclination angle found for the gaseous disk in our study is compatible with the
previous estimate of Thi et al. (2005), that is, 88°T2, and that of Tatulli et al. (2008),
82°f§’5. Moreover, the disk position angle that I derived, that is, 122052 , is also
compatible with that of Tatulli et al. (2008), 126013)5 , and is likewise consistent with
the angle found by Stark et al. (2009), 126°f8:‘i’5. Finally, the position angle of the
gaseous disk in our study also agrees well with the position angle found for the major
axis of the central star, that is, 1384+ 3.9°, showing that the disk is in the equatorial

plane.

3.6 Discussions

The first main result from our CHARA/VEGA observing campaign on 51 Oph is the
measurement of the highly flattened stellar photosphere. Assuming that the photosphere
distortion is due to the high rotational velocity of the star, the stellar rotational rate
can be inferred. Assuming a Roche model and for an edge-on star, a 1.4540.12 dis-
tortion corresponds to an angular rotation rate of €/Q.=0.99+0.02, or a linear one
of V/V.=0.964+0.1. Another method for deriving the rotational rate is to use the
mass and radius of the star and the measured vsini. The critical velocity is given

by V. = /GM,/R. = V/2GM, /3R, , where the e’ and ’p’ subscripts correspond to

Ayisuayyy
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the equatorial and polar values. Knowing the mass of 51 Oph, 4M¢ (van den Ancker et
al. 1998) and Req, 8.08R, the calculated critical velocity is 308 km s ~!. Neglecting
the stellar inclination angle, the rotational velocity of the star, that is, 267 km s ~! | is
86 % of the critical one in linear velocity. As the star might not be seen fully edge-on,
this represents a lower limit of the rotational rate. These two different methods give

coherent results, and it is clear that 51 Oph is very close to critical rotation.

Assuming critical rotation for a star with a rotational velocity of 267 kms~! and a polar
radius of R,=5.66+0.23 R, we can deduce a mass of 3.3+£0.1 M. This is 25% lower
than the estimate of van den Ancker et al. (1998), who assumed pre-main sequence
evolutionary tracks, that is, 4 Mg, and 15% lower than the estimate of van den Ancker
(2001), who assumed post-main sequence evolutionary tracks, that is, 3.8 M. Neverthe-
less, even if our measurement favors the post-main sequence hypothesis, the difference
between the two estimated masses is too small to conclude on the evolutionary status
of 51 Oph.

The second important result of our study is the direct measurement of the polar radius.
Considering the estimate of the effective temperature by Van den Ancker et al. (1998)
of 10000K, it is too high for the star to be classified as a main-sequence star. The
standard value for a B9.5V to AQV star is about 2.4-2.6 Rg. Accordingly, 51 Oph should
be classified as a giant star. This distance from the main sequence, which was already
found by Ancker et al. (1998), was used to compute the age, assuming that 51 Oph
was a pre-main sequence star still in the contraction phase. Nevertheless, as we stated
above, this value is also compatible with a post-main sequence star. The last main result
from our CHARA/VEGA observing campaign concerns the circumstellar environment
geometry and kinematics. We first note that the extension in the He line converted to
AU, 0.20+0.07AU, is compatible with the one found by Tatulli et al. (2008) in the K-
band CO lines using the VLTI/AMBER instrument, 0.151)-57 AU. This emission is also
lower than the dust sublimation radius of 51 Oph computed using Eq. 1 from Dullemond
and Monnier (2010), 1.17 AU (i.e., with T, y=10000 K, T,;;,=1500 K and R,=R,). This
means that the Ha emission and CO emission both are inside of dust sublimation radius.
With our kinematic model, we showed that the spectro-interferometric data in the Ha
emission line are fully compatible with a geometrically thin disk in Keplerian rotation.
The disk features are similar to those of the few classical Be stars studied with the
same instrument (Meilland et al. 2011, Delaa et al. 2011), even if the extension in Ha
is slightly smaller in the case of 51 Oph. On the other hand, the emission could come
from an accretion disk whose geometry and kinematics would not differ strongly from
the one of the excretion disk of classical Be stars. The main difference between the two
models would be the radial velocity, positive for the excretion disk and negative for the

accretion disk. However, this low radial velocity of about 0.1 to 1kms™! is negligible
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compared to the high rotational velocity in the disk and cannot be constrained in our

data.

Finally, from the visible point of view, 51 Oph presents all the features of a classical Be
star: critical rotation, double-peaked Ha line in emission, and a circumstellar gas disk of
a few stellar radii in Keplerian rotation. However, this does not explain the presence of
dust as seen in the mid-infrared and millimeter range, and the evolutionary status of 51
Oph still remains unclear. Nevertheless, even if 51 Oph were a pre-main-sequence star,
it would make a perfect progenitor for a classical Be star because it is very unlikely that
it will lose enough angular momentum to significantly slow down during its on-going

contraction phase.



Chapter

Probing the inner region of the
pre-transitional disk of HD 100546

4.1 Abstract

In this study, we focus our research on the sub-AU disk structure of the Herbig Be star
HD 100546 that shows evidence for a gap within the first 12 AU of its pre-transitional
disk. We seek a more detailed understanding of the radial and the vertical structure of
the inner rim of HD 100546. We obtained a large amount of new interferometric data us-
ing the PIONIER/VLTI instrument at H band. The essential part of the emission comes
from the hot dust in the innermost circumstellar disk. Combining the observational mea-
surements with photometric observations, we investigate the circumstellar environment
of HD 100546 by modelling the disk infrared emission using the 3D Monte-carlo radiative
transfer code MCFOST.

Building on previous work (Benisty et al. 2010 (B10); Tatulli et al. 2011 (T11)), we
refined a model of the inner astronomical units consisting two disk components separated
by a gap. We explored the parameter space in order to constrain the disk structure
quantitatively. Our large dataset allowed us to measure an inclination of 48° and a
position angle of 119°. We constrain an inner and outer radius of 0.25 AU and 4 AU
for the inner disk and an inner radius of 12 AU for the outer disk, which are consistent
with T11. The scale height of 6 AU at a radius of 100 AU for the inner disk and the
scale height of 12 AU for the outer disk are derived by our analysis. These quantities

are consistent with T11 as well.

73
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We successfully reproduced the SED (Spectral Energy Distribution) from the UV to the
milimeter range simultaneously with the visibilities in the near-IR (NIR) with our model

but not the closure phase.

The detection of non-zero closure phase at long baselines leads us to propose that the
inner rim of the disk of HD 100546 might not be smooth. The natural departure from
centro-symmetrical disk models ,i.e. inclined disk models or the sharp inner rim edge of
the disk can not explain the non-zero closure phase. We tested a hypothesis based on
the presence of a clumpy structure in the inner rim, which seems promising but requires

further investigations.

4.2 Introduction

HD 100546 is a Herbig Be star, which shows a range of phenomena suggesting it may be
the host of a planetary system in the early stage of its formation and evolution. Its age
is not well determined, but is likely to be in the range of 3.5-10 Myr. The lower limit
comes from Manoj et al. (2006) and the upper one from van den Ancker et al. (1997).
The old and new Hipparcos distances are 103fg pc (van den Ancker et al. 1997) and
97+4 pc (van Leeuwen 2007). HD 100546 and its environments have been extensively
studied over the last 20 years.

The disk around this star has a gap in gas and dust distribution inwards from approx-
imately 10-13 AU. This is confirmed by observational evidence including both SED
modeling and direct observations (Bouwman et al. 2003; Benisty et al. 2010; Tatulli
et al. 2011; Mulders et al. 2011; Grady et al. 2005a; Acke & van den Ancker 2006;
van der Plas et al. 2009). The large outer disk has been imaged using scattered light
observations (Pantin et al. 2000; Augereau et al. 2001; Grady et al. 2005b; Ardila et
al. 2007; Quillen 2006; Boccaletti et al. 2013; Avenhaus et al. (2014a)), and it exhibits

a multiple spiral arm structure.

Independent observations are indicative of the presence of at least two sub-stellar /planetary
objects. This makes this system the subject of intense study (see e.g. Bouwman et al.
2003; Acke & van den Ancker 2006; Quanz et al. 2013; Mulders et al. 2013; Brittain et
al. 2013, 2014; Walsh et al. 2014).

In particular, there have been several claims that a protoplanet is located in the outer
disk, at ~ 50 AU (Quanz et al. 2013; Currie et al. 2014; Quanz et al. 2015; Pinilla
et al. 2015), and another candidate in the disk gap at ~ 10 AU (Brittain et al. 2014;
Pinilla et al. 2015).
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TABLE 4.1: Log of long baseline interferometry observations. Our PIONIER /VLTI ob-
servations with ATs (P.I.: Berger 2012) were conduced in December 2012 plus January
and February of 2013.

Date Baseline B, [m] P.A. 7] Date Baseline B, [m] P.A. [°]
20121220 B2-D0 27 17 2012-12-22 C1-DO 18 9
A1-B2 10 85 B2-Cl1 9 6
C1-DO 18 16 A1-C1 16 42
A1-C1 16 52 A1-DO 33 23
B2-C1 9 18 A1-B2 9 71
A1-DO 32 34 B2-DO 27 8
2013-01-29  A1-KO 127/118 47/86 2013-02-01  JO-KO 42/44  -43/-35
A1-J3 110/123 64/29 A1-J3  120/117 43/51
J3-KO0 39/45 -55/-25 Al-G1 77/78  -85/-T7
2013-01-30  J3-KO 37/44 -61/-33 G1-J3  94/93  3/9
A1-KO 127/121 41/76 A1-KO 125/122 63/72
Al1-J3 125/115 23/54 GI-KO  71/69 29/-35
2013-02-17  DoO-I1 81 -37 2013-02-18  Gl1-I11 35 70
HO-I1 34 -5 DO-I1 82 -99
D0-HO 55 -56 GI-HO 48 26
G1-HO 44 39 DO0-HO 59 -80
GI1-11 32 -88 DO0-G1 65 -35
D0-G1 66 -16 HO-11 33 -21
20130219 DO-GL _ 67/53/58/62 -22/90/-72/-54 | 2013-02-20  DO-HO 62 76
G1-HO  45/50/51/51 35/-13/-1/11 DO-I1 81 -84
HO-IT  34/26/29/32 -10/-70/-55/-39 DO-G1 61 56
GIIl  32/42/41/38 85/19/34/51 G1-HO 51 10
DO-Il  81/77/80/82 -44/59/78/-81 G111 39 50
DO-HO  56/64/63/62 -65/40/58/78 HO-1 32 41

HD100546 has a ~ 2-45 pm spectrum measured by the Infrared Space Observatory
(ISO, Malfait et al. 1998). The spectrum shows similar features as comet Hale-Bopp
indicative of a large fraction of crystalline silicates especially forsterite. Mulders et al.
(2011) estimate a crystalline mass fraction of 40-60 %, located especially between 13
and 20 AU.

In this Chapter, we present new spectro-interferometric measurements obtained in the
H band using the PIONIER instrument installed on VLTI. We build a complete SED
from previously published photometric and spectroscopic data. Based on our extensive
and unique dataset, we revisit the disk morphology and focus mostly on the inner rim

of the inner disk to verify whether or not there is any asymmetry in this region.

4.3 Observations

The observations were performed with the PIONIER, 4-telescope beam recombiner in-
strument (Le Bouquin et al. 2011) using the four 1.8 m Auxiliary Telescopes (AT) of
the Very Large Telescope Interferometer (VLTI, Haguenauer et al. 2010) at the Paranal
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FIGURE 4.1: UV coverage of our PIONIER data.

Observatory of the European Southern Observatory (ESO). In total, 9 nights were al-
located to the object with short and long baselines configuration. For the long baseline
survey, 3 nights were observed, i.e., two nights in January 2013, two points at each
epoch, and, one night in February 2013, two points at each epoch. The remaining nights
were fully dedicated for the intermediate and short baselines measurements for single

point or number of points at each epoch (See Table 4.1).

The observation strategy consisted in interleaving the science target and observed cal-
ibrators. A typical observation sequence (5 blocks) was Calibrator 1 — Science Target
— Calibrator 2 — Science Target — Calibrator 1. The calibrators were chosen from the
JSDC catalog (Lafrasse et al. 2010) and selected to be unresolved single stars. The
calibrators have H-magnitudes that are usually a little brighter than the science targets.
Each block, either science or calibrator, was composed of 5 or 10 exposures, each of
which composed of 100 fringe scans, followed by the acquisition of the dark frame and
the internal, flat-fielded flux splitting ratio (Le Bouquin et al. 2011). Data were reduced
and calibrated with the dedicated PNDRS package (Le Bouquin et al. 2011). The fringe
measurements were dispersed over three spectral channels across the H band (1.6, 1.656

and 1.765 pm).

A summary of the observations used in this Chapter is given in Table 4.1 and the total

UV plane covered by the observations is shown in Fig. 4.1.
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FIGURE 4.2: First and second line: the measured visibility data at 1.6, 1.656 and
1.765 pm. Second line-right: the measured closure phase at 1.656 pym. Third line:
Observed spectral energy distribution of HD 100546. Plotted in black are the FUSE,
IUE, 2MASS, ISO-PHOT, ISO-LWS for wavelengths 0.1 — 0.2 pm, 0.2 — 0.35 um, 1.25,
1.65, 2.17 pm, 2.25 — 40 pm, 45 — 190 pum respectively. Over plotted in blue is the ISO-
SWS data for wavelengths 2.3 — 12 pum. Fourth line: A plot of visibility and closure
phase of AMBER data in H band (circles) and the best models (red solid lines) obtained
by Tatulli et al. (2011).
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4.4 Data description

4.4.1 Visibilities

In Fig. 4.2, we show the measured visibilities after data processing. They are plotted
against baseline, B. Our measured visibilities are plotted for three wavelengths, i.e., 1.6,
1.656 and 1.765 pm.

At baselines shorter than B ~ 10 m, visibilities have a value lower than 1, which can
be interpreted as the signature of extended, over-resolved emission. This is evidence for
an extended flux. In Fig. 4.2, we show the chromatic dependence of the visibilities. We
interpret the chromatic behaviour of the visibilities as a consequence of the varying flux
ratio between the star and the inner disk. H band emission is clearly resolved and showed
evidence for an asymptotic azimuthal variations which we interpret as the structure of

an extended flattened structure in addition to the star.

As we show in Fig. 4.2, compared to T11 data at H band, obtained with AMBER, the

number of our data points are larger, data are less scattered with smaller errorbars.

4.4.2 Closure phase

Besides the visibilities that probe the location of the inner rim and its dust properties,
we measure the closure phase for HD 100546. The closure phase can be related to
the departure from centro-symmetry of the object, in this study the NIR continuum
emission. The closure phase values are given in degree. In Fig. 4.2, we plot the measured
closure phase versus the maximum baseline. Our closure phase measurements do show a
significant departure from zero for maximum baselines greater than ~ 90 m. The closure
phase signal at longer baselines is about 10 — 15° at H band with the average error bars
up to ~ 5°. The precision of our measurements is significantly improved when compared

to T11. Note that we have more data points in closure phase than T11 as well.

4.4.3 The spectral energy distribution

We have extracted from the literature photometric measurements from the UV to the
far-Infrared wavelengths to produce a complete SED. FUSE is for wavelengths 0.1 — 0.2
pm, IUE for wavelengths 0.2 — 0.35 pm, 2MASS for wavelengths 1.25, 1.65 and 2.17 um,
ISO-PHOT for wavelengths 2.25 — 40 ym and ISO-LWS is for wavelengths 45 — 190 pm
(Martin-Zaidi et al., 2008; Valenti et al., 2003; Cutri et al., 2003; Abrahdm and Kun,
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2004; Clegg et al., 1996). We also over plot the ISO-SWS data (Malfait et al., 1998b)
in the SED (in blue color) for wavelengths 2.3 — 12 um (See Fig. 4.2).

4.5 Modeling

In this section, we describe the circumstellar environment of HD 100546 using a disk
model proposed first by Bouwman et al. (2003) and later refined by Benisty et al. (2010)
and Tatulli et al. (2011). In this model, the disk is composed of two components: inner
disk, gap and outer disk (See Fig. 4.3). We add a surface layer to the top layer of the
outer disk including small grains to better reproduce the SED as T11.

4.5.1 The radiative transfer code

We used the Monte Carlo 3-D radiative transfer code MCFOST to generate the disk
images and the SED (Pinte et al. 2006).

We consider that the disk is comprised of astronomical silicate grains (Draine & Lee
1984) for the inner and outer disk and amorphous olivine (Dorschnet et al. 1995) for the
surface layer above the outer disk. The structure of the disk is defined by power laws.

Therefore, the surface density and the scale height, i.e, ¥ and H, can be expressed by:

roo\P
Yy = Yi00AU (710()AU) (4.1)
r B
H, = Hipoav (100AU> (4.2)

Where Y1904y and Higgay are the values of the surface density and the scale height
at a radius of 100 AU, p is the surface density exponent and § is the flaring exponent.
The dust grain sizes, a, are distributed following a power law a~3° (ISM) ranging from
minimum and maximum sizes, amiy and apq, respectively. The total dust mass (Mgyst)

of the disk is fixed and is derived by its inner and outer radius (74, and 7oy).

We started from the parameters obtained by T11 to which we added the edge of the
inner rim. Our aim is to see if our data confirms the model and helps further refinements.
This parameter is a prescription to allow for a smooth density transition. The edge is
given in AU and defines the scale of density decrease. For edge=0 AU, the inner edge is

considered sharp and with an increasing edge, the inner rim gets rounded.

The model parameters can be classified into four categories:
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FIGURE 4.3: Schematic view of our best disk model that includes different zones: an
inner disk with micron-sized silicate grains, a gap, a massive outer disk with small
grains in an upper layer.

1) the stellar parameters;

2) the inner disk parameters: 7., Tout, scale height, flaring index, surface density

index, edge of inner rim;

3) the surface layer above the outer disk parameters: r,, rous, scale height, flaring

index, surface density index;

4) the outer disk parameters: 7;,, Tout, scale height, flaring index, surface density

index, edge of inner rim.

4.5.2 Methodology

To model the stellar flux, we consider photospheric models from the Kurucz grid of LTE
models (Kurucz 1979; Castelli & Kurucz 2004) providing a temperature of T=10500 K
(Van den Ancker et al. 1997), a log g of 4.0. We take a stellar radius of 1.54 R, a mass
of 2.4 Mg (Van den Ancker et al. 1997), and a non-zero extinction (A, ~ 0.2 — 0.3) for
HD 100546.

To interpret in a consistent approach all our observational measurements, we developed
a methodology. Since our data have been obtained using Auxiliary Telescopes (ATs) of
VLTI with a field-of-view of A/D ~ 240 mas = 25 AU, where D is the diameter of the
telescope, we are probing both the inner part of the disk and the extended scattered
light. We compute first the visibilities taking into account the telescope field-of-view for
three wavelengths 1.6, 1.656 and 1.765 pm. These visibilities are calculated by Fourier
transform of the images, which are generated by the MCFOST code at the specific

spatial frequencies sampled by the observations. Then, for each triplet of telescopes and
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TABLE 4.2: Best-model parameters. The best values of our model, which differ from
T11 are bold and the values in the Parenthesis have the best values found by T11. The
rest of parameters in the table are the same values as in T11.

Parameters Units Inner disk Surface layer outer disk
i [degree] 48 £6 (33 +11)
P.A. [degree] 119 + 14 (140 + 16)
Mgy [Mz] 0.5730% x10710 (1.75 x 10719 ) 2 4+ 0.6 x1077 (3 x 1077) 4.3x107*
Tin [AU 0.2570:92 (0.24 4 0.02) 1272(13) 1272(13)
Tout [AU] 4 50 500
Higo [AU] 6 12 12
B 1 0.5 1.125
p -1 -1 -1
Amin [m] 0.1 0.05 1
Umaz [m] 5 1 10 000

using the obtained complex visibilities for each baseline, we compute the closure phase

calculating the bispectrum (see Eq. 2.62, Chapter 2).

We computed several hundreds of models to constrain the parameters, i.e. i, P.A., r;,
and 7y of the inner disk, r;;, of the outer disk and the scale height of the inner and the
outer disk. Owing to the large number of free-parameters, an automatic model-fitting
method would have resulted in the computation of millions of models, which was not
within our possibilities. Therefore, we explored the parameters starting from an existing
solution based on a defined model reference and tried to narrow down the parameters

estimations. The best modeled parameter values are presented in Table 4.2.

In Fig. 4.4, we plot the y? for each parameter fixing other parameters. This figure is

plotted only to show our quantitative evaluation of each parameter.

4.5.3 Evaluation of sensitivity to parameters

To check the consistency of our modeling, we tried to determine the effects of all model
parameters on the visibility and the closure phase. Our simple approach was to vary
each parameter around the reference model values. Some of the parameters strongly
affect the visibilities and are consequently easily and unambiguously constrained with

only a few measurements with our data:

The mass of the inner disk has the most significant effect on the visibilities. In Fig. 4.5,

we represent the effect of the inner disk mass on the visibility and the closure phase.
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FIGURE 4.4: Plots of x? versus each parameter. y? minimizes for each parameter
assuming that other parameters are fixed.

Increasing the mass of inner disk, the visibility values decrease mostly for intermediate
and long baselines because of increasing incoherent flux in this region. Increasing the

mass also causes the closure phase to slightly increase for baselines greater than ~ 115m.

The mass of the surface layer above the outer disk affects the visibilities for all baselines.
As we show in Fig. 4.6, increasing the mass causes the visibility to decrease because of
increasing more uicoherent flux in the surface of outer disk . The mass of the surface

layer has no effect on closure phase.

The inclination angle (i) has a strong influence on the visibility at all baselines. In Fig.
4.7, we plot the visibilities and the closure phases for a limited range of inclinations
to demonstrate how varying the inclination influences our interferometric observables.
As we show in Fig. 4.7, increasing the inclination causes the visibility for all baselines
to decrease. Increasing the inclination causes more coherent flux because of scattering
in the inner disk, so that the visibility decreases. For the shorter baselines, increasing
the inclination causes more extended emission from the inner edge of the outer disk, so
that the visibility decreases. The closure phase does not seem to be dependent on the

inclination.

The major-axis position angle (PA) also has a significant effect on visibilities. Increasing

the PA, the visibility decreases for intermediate and long baselines (See Fig. 4.8).
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The inner radius r;, of the inner disk affects the visibility mostly for long baselines.
Increasing this value causes an increase in the visibility. This fact could be due to
decreasing the correlated flux of the inner disk (See Fig. 4.9). This parameter has no

effect on the closure phase,

The outer radius r,,: of the inner disk has a significant effect on the visibility at inter-
mediate and longer baselines. Increasing this value causes higher values for visibilities.

There is no effect on the closure phase (See Fig. 4.10).

The visibility decreases when increasing the scale height of the inner disk at 100 AU,
Hygp. Increasing Hygg causes the visibility to decrease down to ~ 0.25 for intermediate
baselines because the inner disk contributes more to the correlated flux (See Fig. 4.11).
Varying the scale height does not have an effect on the closure phase at the current

angular resolution.

The inner radius, r;,, of the outer disk significantly affects the visibility plot especially
for the shorter baselines. The outer disk emission contributes in our visibility as extended
emission. Therefore, the visibility is sensitive to the location of the inner radius of the
outer disk. Increasing the inner radius at constant scale height causes less extended
emission, so that the visibility values at short baselines increases (See Fig. 4.12). The

closure phase does not change with inner radius of the outer disk.

The scale height of the outer disk at 100 AU, Hjgg, has a significant effect in the short
baselines and a minor effect on the long baselines of visibility. Increasing the scale height
leads to more light being intercepted, so that the visibility decreases (See Fig. 4.13).

The closure phase does not change with this parameter.

To test the effect of the edge of the inner disk in the closure phase, we explore the
influence of the edge for 3 different values of the edge. According to Fig. 4.14, increasing
the edge does not seem to affect the closure phase. Increasing the value of the edge causes
the edge of the inner rim to become more rounded. In Fig. 4.14, we show the plot of
closure phase for the inner disk and for three different values of the edge of the inner

rim. We also plot the image of the inner disk for these three values.

4.5.4 Results

While our semi-quantitative approach leads us to define a model that fits the visibility
and the SED, we were not able to reproduce the closure phase data. Comparing the
model predictions with the plot of visibilities for three wavelengths at H band and the
SED, the models agree well with the entire set of data for all baselines and for all

wavelengths respectively (See Fig. 4.15).
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FIGURE 4.5: Top: Visibilities versus baseline for different masses of the inner disk and
bottom: Closure phase versus Maximum baseline for different masses of the inner disk
at A=1.656 pm.
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FIGURE 4.14: Top: The synthetic image of the inner rim of the inner disk for three
different values of the edge. Bottom: The effect of the edge of the inner rim of the inner
disk on the closure phase.

The natural departure from centro-symmetrical models could be due to the inclination.
If the disk is faced-on, there is no asymmetry in the brightness distribution. As the
disk gets inclined, this inclination may produce a natural asymmetry in the disk. In
Fig. 4.7, we show that the inclined disk models fail to reproduce the non-zero closure
phase for the long baselines. As we mentioned before, an edge value of zero creates a
sharp inner rim. For an inclined disk, this sharp inner rim could produce an asymmetry
as mentioned by Isella et al. 2015. However, Fig. 4.14 shows that even a sharp inner
rim with an edge value of zero can not produce any asymmetry to match our non-zero

closure phase at long baselines.
Inner disk properties:

We constrain the location of the disk inner edge at 0.25 AU from the central star. The
inner disk is composed of micron size astronomical silicate grains, which contribute to
the scattered light as an influential part of total H-band emission of the disk. Larger
grains need to be included, i.e., Gmq=5 pm, to survive at the inner edge of 0.25 AU
derived by the interferometric observations. Exploring the free parameters used in the
MCFOST code, we constrain the scale height of the inner disk at 6 AU, consistent with
B10 and T11. In order to reproduce the SED and the visibilities, we find a lower dust
mass of 0.5x10710 My, for the inner disk compared to T11 (Table 4.2). As we mentioned
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the interferometric observations (black crosses and error bars). Middle-right: Observed
spectral energy distribution of HD 100546 (black and blue lines) compared to our best-
model prediction (red solid line). Bottom-right: The synthetic image of HD 100546 at
A=1.656 um. This image has been plotted taking into account the Auxiliary Telescope’s
field of view of \/D 25 AU. The "kink” in the visibility plots at B ~ 10 m is a real
feature caused by the sharp inner edge of the outer disk as discussed in T11.
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before, the mass of the inner disk has an important effect on the visibility. We can not
reproduce the visibility if we keep the mass of the inner disk as in T11. As we show
in Fig. 4.4, 0.5x107!% M, is the best value to reproduce the visibility. Since our data
provide a good coverage of the spatial frequency (See Fig. 4.1), we are also able to
estimate the inclination and position angle of the inner disk. The values are i= 48 + 6°
and PA=119 + 14° respectively.

Gap and outer disk properties:

The extended emission of the outer disk is within the telescope field of view and not the
interferometer one. This affects the visibility profile at short baselines and decreases the
value of the visibility down to 0.8. In Fig. 4.15, the "kink” in the model visibilities at
B ~ 10 m is caused by the outer disk that has a sharp inner edge. We constrain the
value of 12 AU for the inner radius of the outer disk. T11 found a value of 13 AU and
suggest that the gap must end somewhere between 9 AU and 17 AU. The scatter in their
data did not allow them to estimate better the inner radius of the outer disk. We also
constrain a value of 12 AU for the scale height of the outer disk. We slightly reduced
the mass of the surface layer down to a value of 2x10~7 M, compared to the value set
by T11, i.e., 3x10~7 Mg to reproduce better the visibility mostly for intermediate and

shorter baselines as we show in Fig. 4.6

4.6 Do we have evidence for a clumpy structure?

As we demonstrated in previous section, the natural departure from centro-symmetrical
disk models caused by inclination effects on the radiative transfer of the sharp inner
rim edge of the disk can not explain the non-zero closure phase for long baselines (See.
Fig. 4.15). This fact leads us to propose that the inner rim of the disk of HD 100546
might not be smooth. Indeed, to match the closure phase, an asymmetry in the inner
rim is needed. This asymmetry could be a companion or a local dust concentration in
a clump. We propose that the presence of a clump of dust, related to planet formation
could generate such an asymmetry. This scenario is motivated by indirect evidence of
clumpiness in this star as revealed by photometric variability (Mendigutia et al., 2015;
Brittain et al., 2015).

To construct our model, we add to our best MCFOST simulation a clump of dust with
a fixed angular diameter of 2 mas characterized by its position angle and the distance

from the central star and its flux.

We explore the coordinate parameters for different values of the flux ratios to minimize

x%. In Fig. 4.16, we plot the x? surface map in terms of Right Ascension (RA) and
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TABLE 4.3: Best parameters of the clump of dust for 1.656 pm.

Parameter Value
Distance (AU) 0-251L8:8§

P.A. (°) 56713
Flux ratio  0.08590%

Declination (in mas) for the best flux ratio between the star and the clump at 1.656
pum. We over plotted the best inner edge of the inner disk in AU derived from our
interferometric data. The best values of the clump are presented in Table. 4.3. We find

a satisfying x2, i.e., 1.43. We illustrate our best model including the clump in Fig. 4.17.
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FIGURE 4.16: The plot of x? surface map in terms of RA and Declination in mas for

1.656 pm. The red narrow ring is the position of the inner rim constrained by our best

model without clump. The minimum ? in black color is related to the best position
of the clump. The white contour is indicative of the ¢2-1 boundary.

Results:

In Fig. 4.17, we show the effect of the clump on the visibilities and on the closure phase.
As we see in this figure, the visibility plots compared to the ones without the clump

have few bounces, which could be due to the effect of the clump.

For the closure phase, we see a significant effect in Fig. 4.17. Compared to Fig. 4.15,
closure phase values of our best model especially for longer baselines can be matched
with data with 10 — 15° deviation from zero. We could successfully reproduce the
closure phase, the visibilities and the SED simultaneously. The synthetic image of our

best model including a clump of dust is represented in Fig. 4.17.

If the clump has moved, knowing the period of its movement is of importance. With a

location of the clump found to be at 0.25J_r8:8g AU from the central star, and knowing
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the mass of the star M,=2.4 £ 0.1 Mg (Van den Ancker et al. 1997), the orbital period
of this clump can be estimated to T=0.38 £ 0.09 year. As we mentioned in previous
sections, the non-zero closure phase is mostly seen for long baselines greater than ~ 90
m. As we represented our data in Table 4.1, measurements at the long baselines greater
than 85 m were obtained in 3 days, i.e., 29/01/2013, 30/01/2013 and 01/02/2013. These
three days are less than the period of the clump, T=0.38 4= 0.09 year. This shows that
the clump can not be tracked by our observations and we can assume that during our

observations it has not moved.

4.7 Conclusion

We have validated a model of the inner structure of the HD 100546 pre-transitional disk
through a radiative transfer modeling of our new and unique PIONIER dataset. We
constrain the structure of the inner disk as well as provide more precise constrains on

the outer disk inner edge.

1) Exploring the parameters of MCFOST code, we obtained the best model comprising
of (i) an inner disk with a dust mass of ~ 0.5x10710 M, from ~ 0.25 AU to ~ 4 AU,

(ii) a gap from ~ 4 AU to ~ 12 AU,

(iii) a surface layer on the top of outer disk with a dust mass of ~ 2x10~7 M, extended
from ~ 12 AU to ~ 50 AU,

iv) a massive outer disk with a dust mass of ~ 4.3x10™% M, extending from ~ 12 AU
©
to ~ 500 AU.

This model reproduces the visibilities and the SED but not the closure phase for longer

baselines.

2) We show that the presence of a clump of dust can reproduce our closure phase
simultaneously with the visibilities and the SED. To minimize x?, we explored the free
parameters of the clump, i.e., the position angle and the distance from the central star,
for different values of the flux ratio between the clump and the central star. As a result,
we obtained a clump at a distance of O.25f8:8§ AU from the central star and a position

angle of 56fﬁ degree for the clump for a best flux ratio of 0.085.



Chapter

Study of the inner disk of the Herbig star
MWC 480

5.1 Abstract

The inner structure and properties (e.g., temperature, mass) of the circumstellar disk
of Herbig star MWC480 are studied by the stellar interferometry method used in the
infrared and are interpreted using semi-analytical models. From these models, the SED
was reproduced and the intensity map of the source was calculated. The intensity
map provides the input for modeling the Keck Interferometer (KI) data at near-IR
wavelengths and the mid-infrared instrument MIDI data at mid-IR wavelengths installed
on VLTI. We conclude that with our limited set of data, we can reproduce the SED,
the Keck and the MIDI visibilities using a two-component disk model. Furthermore,
we suspect that MWC480 has a transitional dusty disk. However, we need more MIDI

observations with different baseline orientations to confirm our modeling.

5.2 Introduction

Circumstellar disks around young stellar objects provide the physical conditions at the

origin of the formation of planets.

MWC480 (HD 31648, A2/3ep + sh) is an Herbig Ae star of 1.8 M, (Simon et al. 2000)
located at d = 137 £ 31 pc (van Leeuwen 2007). This star is one of the brightest Herbig
Ae stars at millimeter wavelengths (Mannings et al. 1997) surrounded by a Keplerian
disk (Mannings et al. 1997; Simon et al. 2000; Pietu et al. 2007). The existence of

99
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a disk around this star was first reported by Mannings et al. (1997). These authors
and Mannings and Sargent (1997) have mapped the thermal dust millimeter-continuum
and gaseous CO emission towards MWC480 and found that a circumstellar (CS) disk
surrounding the star has an extent of 85 AU (FWHM). The disk continuum emission
was resolved by Pietu et al. (2006). The IR excess of the object was investigated by
Sitko (1981) and Meeus et al. (2001). The dust disk can be studied in the infrared
domain through its infrared emission and the gas disk can be studied in spectral lines
since hydrogen in accretion flows or in the innermost regions of outflows can be ionized.
One of the hydrogen spectral lines which has special importance is the Bry line, that
is strongly correlated with accretion onto young stars (Muzerolle et al. 1998). In this
chapter, we report the first interferometric observations of MWC480 using the VLTI
instrument MIDI (Leinert et al. 2003), observing in the N band (8—13 pm). We simul-
taneously modeled the SED, the near-IR and mid-IR interferometric data of MWC480

to constrain the overall spatial structure of the inner disk region.

5.3 Observations

5.3.1 MIDI observations and data reduction

Using the instrument MIDI of the VLTI (Leinert et al., 2003) in operation at the ESO
Paranal Observatory, MWC480 has been observed during one night in 2007. This ob-
servation was carried out on the 4th of February 2007 in one run using the 8m Unit
Telescopes (UTs). The observations were performed using the prism as the dispersive
element giving a spectral resolution of R ~ 30 in the N-band. I reduced MIDI data by
help of Sebastien Flament and Alain Spang at Observatoire de la Cote d’Azur (OCA).
We obtained three fringe and photometry measurements for MWC480 using the HIGH-
SENS mode. In this mode, the photometry or total flux is measured just after the
fringe acquisition. In order to calibrate the visibility of the science target, we select
HD20644 as calibrator. This calibrator was selected from the MIDI calibrator list with
the SearchCal JMMC! tool. This tool provides a validated database for the calibration

of long-baseline interferometric observations (Bonneau et al., 2006).

MWC480 also was observed with the KI in 2007 by Eisner et al. (2009). We downloaded
the reduced data from the Keck Archive (See. Fig. 5.1). The peak in the Keck data,
which has higher visibility value is related to the Bry emission at 2.165um.

We show a summary of the observing log, containing the length and Position Angle
(P.A.) of the projected baselines in Table 5.1.

Yhttp:/ /www.mariotti.fr/
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The UV coverage of the interferometric observations is shown also in Fig. 5.1.

The calibration of the visibility measurements and total flux of MWC480 were per-
formed using the data-reduction software package named MIDI Interactive Analysis
(MIA) and Expert WorkStation 2(EWS). This software performs a coherent analysis of
dispersed fringes to estimate the complex visibility of the source. The method and the
different processing steps are described in Jaffe (2004). The calibrated visibilities were
then obtained by dividing each raw visibility measurement by the instrumental visibility

measured on the closest calibrator in time.

5.3.2 Spectroscopic observations

We tried to obtain the uncorrelated flux using VLTI/MIDI for wavelengths 8-13.5 pm.
In Fig. 5.1, we show this flux in the SED with pink color. To have the same date
observations with the interferometric observations in 2007 in the SED, we used the
SpeX data (SpeX is a medium-resolution 0.7-5.3 um spectrograph built at the Institute
for Astronomy (IfA), for the NASA Infrared Telescope Facility (IRTF) on Mauna Kea)
and the BASS data (BASS is a medium resolution 3-14 pm spectrometer) (Kusakabe
et al., 2012). We show these data in the SED with red color (See Fig. 5.1).

5.3.2.1 Variability

Sitko et al. (2008), Grady et al. (2010) and Kusakabe et al. (2012) reported the variability
of MWC480 in the near- and mid-IR emission. It is now well-established that the near-
IR and mid- to far-IR variability are often anti-correlated, at least in transitional disks
(Kusakabe et al., 2012). The most likely scenario is changes in the scale height of
the inner disk. This leads to changes in the shadowing of the outer disk so that the
illumination by the central star changes with time. This affects both the scattered light
by dust particles (e.g., Kusakabe et al., 2012) and thermal emission (e.g., Tannirkulam
et al., 2007). Kusakabe et al. (2012) do show that this variability in the near-IR is due to
the scale height variability of the dust disk at the sublimation radius, which can affects
the shadowing of entire disk. Sitko et al. (2008) also detect the mid-IR photometric
variability for MWC 480. As we mentioned above, in most cases of transitional disks,
the near- and mid- to far-IR variability are anti-correlated. For instance, if the scale
height of the dust disk at the sublimation radius is smaller than usual, which means

that the object is observed in its minimum brightness state in the near-IR, the outer

2The software package is available at http://home.strw.leidenuniv.nl/~jaffe/ews/index.html
and the software manual is available at http://home.strw.leidenuniv.nl/~jaffe/ews/MIA+EWS-
Manual/index.html
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TABLE 5.1: Log of observations. The MIDI observations come from a program prepared
by Di Folco et al. (2007), the Keck observations come from the Keck Archive with
program ID of "ENG’ by Eisner et al. (2007).

Instrument | Telescopes | Date B, [m] | P.A. [?]
MIDI UT2-UT3 | 2007-02-04 42.8 52°
KI/V2 K1-K2 2007-07-03 | 84.9 | 48°

disk is expected to be detected more in scattered light than in its maximum brightness
state (Kusakabe et al., 2012). According to Fig. 5.1, for the SED, we used the ISO data
obtained in 1998 for wavelengths 2.3-198 pum (Creech-Eakman et al., 2002). The ISO
data have almost less than 10% difference with the brightness state in 2007 data in the
near-IR according to Fig. 5 of Kusakabe et al. (2012). We used also the Spitzer data
for wavelengths of 3-198 pm by Houck et al. (2004). As we see in Fig. 5.1, these data
compared to other data we represent in this figure are in the maximum brightness state

in the near-IR.

Results According to Fig. 5.1, the total flux obtained by the MIDI observation in
2007 between wavelengths 8-13.5 um are almost consistent with the BASS data in 2007.
Since there were no data available for wavelengths 20-200 pm in 2007, we used the ISO
data from 1998, which have less than 10% difference with the brightness state in the
near-IR with 2007 data. As we mentioned above, the Spitzer data are in the maximum
brightness state in the near-IR of the SED and roughly a factor of 2 above the 2007
data. We over plotted these data only to show how the near-IR flux affects on the outer
disk. As we represent in Fig. 5.1, although the Spitzer data are a factor of almost 2
above the 1998 and 2007 data in the near-IR, for wavelengths ~ 4-8 pm, they are a
factor of roughly 2 below the 2007 and 1998 data for wavelengths ~ 8-15 pm.

5.4 Modeling

I developed and compared some semi-analytical models to study the circumstellar en-
vironment of the Herbig star MWC480 based on IDL program. The semi-analytical
models simulate the disk emission assuming different possible geometries and dust opac-
ities. The models allowed me to reproduce the KI and MIDI visibilities and the SED.
I explored a range of possible parameters describing the object including the size and

mass of the disk for example.

I constructed a disk model with a temperature gradient. The temperature decreases with
increasing radius. In my model, I computed the visibilities from the Fourier transforms

of the image for the star plus the disk at each wavelength. The star was modeld by
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FicUrRE 5.1: Top left: UV coverage for the two sets of observations; the red color
refers to B =42.8 m and blue color refers to B =84.9 m (as detailed in Table 5.1).
Top right: Measured N-band visibility of MWC480 (with error bars) as a function of
wavelength. Bottom left: Measured K-band visibility of MWC480 (with error bars,
which are selected for few points because of plenty of Keck data). Bottom right: ISO
data in 1998 between wavelengths 2.2 pm and 200 pm in gray color, averaged MIDI
uncorrelated spectrum in 2007 between wavelengths 8 pm—13.5 pym in pink color, SpeX
and BASS data in 2007 for wavelengths 0.8 ym—5.5 ym and 5.8 pm—14 pum respectively
in red color and Spitzer data in 2004 for wavelengths 4 pm-180 pum in green color.

a blackbody B)(7y). B, is the monochromatic intensity represented by the Planck
function. The star has an angular radius of a,=R,/d in radians, where d is the distance

of the star and R, is the stellar radius.

The total received flux is By(Ty) x (7 a?) expressed in Wm =2 m~!, where 7 a2 is the

solid angle of the star seen from the observer and T} is the stellar temperature.

The disk was also modeled by a black body emission B)[T'(r)], where T'(r) is the tem-
perature law according to the distance r to the star. In fact for an optically thick disk,
the disk will emit as a black body. However, as described below, the vertical optical
depth of the disk itself is related to the opacity of the dust material that has to be taken

into account. We adopted a power law form for 7'(r):
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T(r) =T, () (5.1

Tin

with ¢ ranging from 0.5 (flared irradiated disks) to 0.75 (flat irradiated disks), see e.g.,
Pringle (1981). T;,=Tj is the temperature of a free grain® located at r=r;, which is the

inner radius of the disk.

Equating the absorption and the emission of a grain with non-chromatic (gray) absorp-

tivity, one can calculate the T}, at r;, in Eq.(1):

1
Tm:Tg:T*<R*>2, (5.2)

27’m

when the disk is optically thick (we are interested in the optical depth in the vertical
direction, assuming the observer is looking nearly perpendicularly to the disk), then for
each surface area sgsp of the disk, the observer receives By[T(7)] X (sgisk/d?). The
quantity sgisk/d? represents the solid angle of each elementary surface area* of the disk
seen at the distance d. Defining 7, rout, T(r), X(r) and k) completely characterizes
the disk. 74y is the outer radius of the disk, k) is the opacity of the dust and X(r) is
the surface density law. The quantity By(7,)[1 — exp(—7a(r))] represents the general
expression of the brightness of the surface of the disk according to 7)(r), the optical
depth in the vertical direction (Beckwith et al., 1990; Dullemond et al., 2001). In this
case, the observer receives BA[T(r)] [I — exp(—7a(r))] (Saisk/d?). When the disk is

inclined by an angle i, this quantity becomes

BT )] [1 - eap (200 )] (2221) 53

cos(1)

The relation of 7)(r) with surface density and k) is described as below

(1) = X(r)ka (5.4)

We used the dust opacity from Fig. 3 of Thi et al. (2010), computed from Mie theory

=357 power law and with a minimum size

for a grain size distribution following the ”a
of 0.02 pm and three values of the maximum grain size (@mq>=[10, 50, 200] pum). The

power law form for 3(r) is described as

r

S(r) = () E (5.5)

7o

3A grain illuminated directly by the central star assuming no radiative exchange with other grains.
4The elementary surface area of the disk is defined by our pixel size in the images of our model.
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In the models of Dullemond et al. (2001) and Chiang and Goldreich (1997), ¥ has
been considered at » = 1 AU, while in e.g., Dutrey et al. (1998), Dutrey et al. (2011),
who used millimeter observations, ¥ is assumed to be defined from the outer radius of
the disk. Since we measured directly by long baseline interferometry, the dusts located
at the inner radius, we choosed to consider Y from 7;,. Therefore in our model, the

20 = Em and To=Tin gives

S(r) = Sim <T> -’ (5.6)

where p ranges from 1 (assuming constant mass accretion rate at constant viscosity) to
p= 1.5 as inferred for the MMSN (Minimum Mass Solar Nebula) (Weidenschilling, 1997)
and assumed often as a basis in other disk models (e.g., Chiang and Goldreich (1997);
Dullemond et al. (2001); Eisner et al. (2009)). X;, is related to the total mass amount
of the dust. The mass of the dust is given by

27 Tout
My = / / S(r) drdo (5.7)
0 Tin

Combining Eq.(5.6) and Eq.(5.7) gives

Ein

where

(1) = Tain (r) b , (5.10)

where
TXjin = Yinkx (511)
We modeled the circumstellar Bry emission by including additional flux at 2.165um

produced in the inner region of the disk as an optically thin isothermal gaseous disk.

The flux received from Brvy emission is calculated as

By [T(r)] [1 —exp (- () )] (3339> , (5.12)

cos(1)
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TABLE 5.2: The best parameters and their explored ranges for the one-component disk
model.

Parameters Best-Values |Explored Ranges|x?, otal
Mayst (@maz=10 pm) |2.4 x 10711 Mg | 10712..1077 M,
Maust (Amaz=50 pm) [0.5 x 10719 My | 107121077 M,
Maust (@maz=200 pm)| 10710 M 107121077 Mg, | 12.75

p 1.5 0.1...1.98
qa 0.5 0.4...0.9
Tin 0.27 AU 0.1..0.4 AU

where Sying/ d? represents the solid angle of each surface area of the ring of Bry emission

seen at the distance d.

To minimize the parameters of our model, we used the parameters of Eisner et al. (2009)
in order to reproduce the effect of Bry in the Keck visibility. Therefore, we assumed that
the emission arises from a gaseous ring with 7 ;,, ~ 0.08 and T'(r;,) ~ 3500K located in
rin = 0.07 AU. In our model, we assumed that the outer radius of the gaseous ring is 0.09
AU (Eisner et al., 2010), while in Eisner et al. (2009) the gaseous disk was extended
until the sublimation radius. In fact, the Brvy emission may even arise from a more
compact region, but we could not constrain such small size scales with the available

angular resolution and the limitation of our model.

5.4.1 Application to the one-component disk model

The excess in the infrared for MWC480 has been modeled by Eisner et al. (2007).
However, after considering a thick disk emission, a residual near-IR excess between ~
2-10 pm could not be explained. Eisner et al. (2009) then considered a gaseous disk
plus a shell of dust to reproduce the whole infrared excess including the near-IR. We

rather used an optically thin disk considering the temperature and surface density law
according to Eq. (5.1) and Eq.(5.6).

For the SED, we considered only the SpeX and BASS data in 2007 for wavelengths
0.8-14 pm and ISO data in 1998 for wavelengths 15-200 pym and an over plot of total
flux of MIDI data in 2007 for wavelengths 8-13.5 ym. In this model, the outer radius
is fixed to a value of 80 AU (Mannings and Sargent, 1997). To minimize the number
of free parameters, the inclination and P.A. of the disk have been kept unchanged with
respect to previous studies. We fixed the inclination of the disk to the value derived
from Simon et al. (2000), Piétu et al. (2006), Chapillon et al. (2012), namely i=37°. The
position angle was fixed to the average disk semi-major axis P.A. of 57° derived from

millimeter interferometry for an average of 5 CO and HCO+ transitions (Piétu et al.,
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2007) and the P.A. of the jet obtained by Grady et al. (2010). In this model, we have

four free parameters:

1) The dust mass for each maximum grain size Mgyst,
2) the surface density power-law exponent p,
3) the temperature power-law exponent q,

4) the inner radius 7,

- The effect of mass of the dust species:

The first important free parameter in our model is the total mass of the dust disk, M g,s¢-
For three maximum sizes of grains in a size grain distribution, @ymqe=10 pm, @yme:=50
pm and @0, =200 pum, we explored the total mass of the dust in the range ~ 10712~
10" My. We derived the best value for each maximum sizes of grains (See Table 6.2).
Increasing the mass of the dust further with respect to dmqz, is not consistent with the
SED in the range 2 pum to 10 pum, because larger masses cause an excess in the near-IR.
However, it can roughly reproduce the flux of the SED in the range 10 pym to 200 pm.
On the other hand, increasing the mass of the dust generates a decrease of the Keck
and MIDI visibilities. Our model is formed by an unresolved star and a resolved disk
surrounding. Increasing the dust mass increases thus the flux ratio of the disk to the
star. Therefore, the Keck and MIDI visibility values decrease and disk becomes more

resolved.

- The effect of the exponent of the surface density law, p:

The exponent of the surface density law, p, for a constant dust disk mass with respect
to the maximum grain size (See. Table 5.2) was explored in the range 1-2. The best
value we found was 1.5 as inferred for the protosolar nebula by Weidenschilling (1997).
Increasing this exponent, meaning that the dust surface density decreases with a steeper
slope, increases the flux of the SED just for the wavelengths from 1 ym to 13 ym. But
it does not have any strong effect at longer wavelengths. Besides, it decreases the Keck

visibilities and increases the MIDI visibilities.

- The effect of the exponent of the temperature law, q:

We have tested this exponent in the range 0.4-0.9. We derived the best value of ¢ = 0.5.
Increasing the exponent causes a decrease of the flux in the broad band SED especially

at longer wavelengths. The Keck and MIDI visibilities both increase.
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- The effect of the inner radius of the disk, r;,:

For a constant total mass of the disk with respect to the maximum grain size (See.
Table 5.2), we derived an inner radius of r;,=0.27 AU, which is comparable to the one
obtained by Eisner et al. (2009) for the dust sublimation radius. We explored this pa-
rameter in the range 0.1-0.4 AU. This parameter mostly affects the SED in the range
1-3 pm. Increasing 7;, causes less flux in the range 1-3 pm and a shift of the maxi-
mum flux towards longer wavelengths. Besides, increasing r;, causes a decrease of both
Keck and MIDI visibilities. But the effect of increasing r;, is more sensitive for the Keck

visibility than for the MIDI ones. At 2 um, the warm dust directly defines the inner rim.

As we explained in Chapter 3, to reduce the number of computed models, we started with
a qualitative estimation of our free parameters. We explored the parameters starting
from an existing solution based on a defined model basis and tried to narrow down the
parameter estimations. The range of values, which have been explored and the values
according to the best model are summarized in Table 5.2. The more sensitive parameters
with respect to the visibilities are ranked first in this Table. We calculated a reduced
x?, which corresponds to the best parameters can reproduce all our measurements. x?
is calculated by the sum of squared subtraction between the model and the data divided
by the squared of the error bars of the data. The reduced x2, x?, is the x? divided by
the number of degrees of freedom, which is the subtraction between the number of data
point and the number of free parameters. In Table 5.2, we show the x? for the best
parameters. Taking into account the SED in calculation of y?, we find a x2? equal to
12.75.
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FI1GURE 5.2: The synthetic image of MWC480 at A=10 pm for the one-component disk
model.



Chapter 5. Study of the inner disk of the Herbig star MWC 480 109

Keck 2007 visibility

10-19¢€ : T 10 :
E a_max=10 micron |3 M a_max=10 micron |]
i f a_max=50 micron |4 a_max=50 micron |]
. 10 3 a_max=200 mlcron; 0.8 [ a:max=200 micron |]
o~ E E S 1
e 107 2 o6l ;
T 10713 S 7 H—H l 0 ]
E y o
\éj 1074k = 0.4 1
107"°F 0.2
0.1 1.0 10.0 100.0 2.10 2.15 2.20 2.25 2.30
Wavelength(um) Wavelength(um)
MIDI 2007 visibility
1.0 : : : : :
a_max=10 micron ]
> 8 a_max=50 micron |
% 0.6 a_max=200 micron ]
o [
~ 0.4f :
0.2} ]

9.0 9.5 10.0 10.5 11.0 11.5 12.0
Wavelength(um)

FIGURE 5.3: One-component disk model. The effect of the maximum grain size (a¢max

= 10 pm, Amaer=50 pm and a;,q= 200 um) is compensated by an adjustment of the

dust mass: Mgyus=2.4x 10711 My, Mgus=0.5x 10719 My and My,,=10"1° Mg,

respectively. The black solid lines in plots represents the observational data. For the

SED, SpeX and BASS data for 0.8.-14 pm and ISO data in 1998 for 15-200 pum. MIDI
uncorrelated spectrum between 8-13.5 pym.

5.4.1.1 Results

The one-component disk model reproduced simultaneously the SED from wavelengths
2 pm to 8 pm and the Keck and MIDI visibilities as well. In fact, an optically thin disk
decreases the near-IR extra emission described in Eisner et al. (2007). In Fig. 5.2, we
show the synthetic image of this model. In Fig. 5.3, we represent the SED, the Keck
and the MIDI visibilities. According to Fig. 5.3, the maximum grain size of the dust has
a weak influence on the near-IR emission. On the other hand, there is a small effect on
the wavelengths 30-70 um in the SED. MIDI visibilities does not change for the three
maximum grain sizes. The maximum grain size of 50 and 200 pym are more consistent

with the SED (See. Fig. 5.3).

There is, however, one issue in this model:

The model presented a deficit of the emission at wavelengths 8-200 pm. We then may
need to use another component for the disk of MWC480 to compensate this lack of

longer wavelengths emission.
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TABLE 5.3: The best parameters and their explored ranges for the two-components
disk model for the maximum grain size of 200 ym

First component

Parameters Best-Values Explored Ranges
M gust 0.9 x 10719 M 102,107 M,
p 1.5 0.1...1.98
a 0.5 0.4...0.9

Second component

Parameters Best-Values Explored Ranges
M gust 1.25 x 1077 M, 1072...1077 M,
P 0.6 0.1...1.98
qa 0.5 0.4...0.9
Tin 52 AU 10...60 AU
X72“ total
7.45
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FIGURE 5.4: The effect of variability of the star in the near-IR in different brightness
state for the maximum grain size of 200 ym in one-component disk model .

In Fig. 5.4, we modelled the variabilities assumed to be caused by the scale height of

the inner disk. Different brightness state can be produced in the SED by modifying the

exponent of the surface density law, p for constant dust mass and inclination. The p

value is linked to the change of the scale height in the inner disk. The mid brightness

state corresponds to the best parameter we found for p for the one-component disk

model, which is almost consistent with the near-IR data in 2007. We show that the
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variability of the scale height in the inner disk affects especially the Keck visibilities.
In the maximum illumination state in the near-IR compared to mid and minimum one,
there is more flux for the wavelengths from 1 um to 13 pum. Besides, for the Keck
visibilities, the maximum state has a lower visibility value compared to the mid and
the minimum one, which means that the disk in the near-IR is more resolved for the
maximum state. For the MIDI visibilities, the effect of brightness variability in the
mid-IR induces a small change for the wavelengths 10-12 pym. Indeed, the disk in the

mid-IR is more resolved when the source is in its minimum brightness state.

Since the variability of the source in the near-IR affects the visibilities, it is very impor-

tant to use SED data that are taken at the same time as the interferometric observations.

However, even considering the variability in the near-IR as maximum or minimum illu-
mination state, the lack of emission in the SED in the longer wavelengths (A > 10-20

pum ) can not be explained by a one-component disk model.

5.4.2 Application to the two-component disk model

We found that using a second component in the disk of MWC480 is necessary since the
one-component model for the disk of MWC480 could not reproduce the longer wave-
lengths emission. We considered a second component for the disk. We assumed that
the first component is optically thin and the outer component is optically thick. The
cool dust in the outer component of the disk emits at longer wavelengths which can

compensate the lack of emission at longer wavelength in the SED.

The free parameters in this model are:

1) The total dust mass Mgy for the first component,

2) The total dust mass Mgy, for the second component,

3) the surface density power-law exponent p for the first component,
4) the surface density power-law exponent p for the second component,
5) the temperature power-law exponent q for the first component,

6) the temperature power-law exponent ¢ for the second component,
7) the inner radius r;, for the first component,

8) the inner radius ry, for the second component,

9) the outer radius 7,y for the second component
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We keep the inclination, P.A. and the outer radius of the disk identical to the values we

considered for the one-component disk model.
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F1cURE 5.5: The synthetic image of MWC480 at A=10 um for the two-components
disk model.

Since the two components of the disk are attached, then the outer radius of the first
component is equal to the inner radius of the second component. To minimize our free
parameters, we also keep the best value of the inner radius of the disk we found for the
one-component disk model r;, = 0.27TAU, which is comparable to the one obtained by
Eisner et al. (2009) for the dust sublimation radius. Since in the one-component disk
model, the maximum grain size of 200 pm is more consistent with the SED, we keep

this value for the two- component disk model.

We explored all remaining free parameters to find the best model corresponding to our
data. In Table 5.3, we summarize the best parameters. In Fig. 5.5, we show the
synthetic image of this model. In Fig. 5.6, we represent the SED, the Keck and the

MIDI visibilities for a maximum grain size of 200 pm.

In this model, we use the same method we used for the one-component disk model to
find the reduced y?2.

In Table 5.3, we show the reduced y? for the two-component disk model.

5.4.2.1 Results

The two-component disk model could reproduce the deficit of the emission at wave-
lengths from 10-200 pm and the Keck and the 2007 MIDI visibilities. Although, at 10
pm still we have a minor deficit of the flux compared to the observations. Decreasing

the inner radius of the second component less than 52 AU was not consistent with the
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SED and visibilities.

One thing we should emphasize here is that the total dust mass, dominated by the sec-
ond component, is about 1000 times smaller than the dust mass derived from continuum
millimeter measurements. Mannings and Sargent (1997) using millimeter observations,
found a dust mass of 2.4x 1074-2.9x 10~* M, whereas the dust disk mass derived in
our study is 1.25x 1077 My only. Studying MWC480 in the millimeter wavelengths
were done through continuum emittion of an optically thin medium (Mannings and Sar-
gent, 1997). By observing an optically thin medium, it is possible to have a direct and
real measure of the dust mass because we have access whole disk emission. We plot in
Fig. 5.7, the vertical optical depth at 10 um versus the distance from the central star
for the two-component disk model. According to Fig. 5.7, since the optical depth of
the first component is less than 1, then the value obtained for the mass of the dust is a
real estimate of the total amount of the dust in this component. The optical depth of
the second component of the disk is greater than 1. Increasing the mass of the dust for
the second component more than 1.25x 10~ Mg, which would contribute to the total
dust mass, does not change the SED and the visibilities. The best value found for the
dust mass of the second component in our model, indeed, is the minimum mass required
for the dust for this component. It is thus possible to have more dust in the second

component as well. .

We suspect that the disk around MWC480 may be a pre-transitional disk and the inner
parts are (almost) depleted of material. Fig. 5.8 shows that there is a discontinuity in
the transition between the two components of the disk of MWC480 in the surface density
from 4 x 1077 to 1.5 x 1073kg/m?>. In this figure, we compare the surface density of
MWC 480 with the MMSN and the surface density of the pre-transitional disk of HD
100546. We wanted to only show a comparison between the jump in the surface density
of MWC 480 and HD 100546 as a pre-transitional disk. Sitko (1981) noted that the
energy distribution of MWC 480 is similar to that of classical Ae Herbig stars (e.g., AB
Aur), except for the 9.7 pm silicate feature in the spectrum of MWC 480 being slightly
weaker. This may be related to starting depleting the dust in Mid-Infrared emission

region.

Tatulli et al. (2011) show the surface density jump between the two components of the
disk of HD 100546 is an order of ~ 10~%. However, the second component of HD 100546
considering the gap is located at 13 AU and the one MWC480 without gap is at 52 AU.
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FIGURE 5.6: Two-component disk model for the maximum grain size of 200 um. The

black solid lines in plots represents the observational data. For the SED, SpeX and

BASS data for 0.8.-14 pm and ISO data in 1998 for 15-200 pgm. MIDI uncorrelated
spectrum between 8-13.5 pm.

In the case of MW(C480, although the inner component compared to the second one has
significantly lower mass, there is no dip in the infrared emission of the SED. However,
Espaillat et al. (2012) figuring out the status of the disks around 14 stars, showed that
the dip in the infrared emission of SED of e.g., LRLL 37 is not obvious and on the other
hand a full disk could not reproduce its SED. So they conclude that this could be a
sign that LRLL 37 is a pre-transitional disk with a small gap that contains some small

optically thin dust in the inner component.

107 :
E Second Disk 1

10%F —_—

First Disk
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FIGURE 5.7: The vertical optical depth at wavelengths 10 pym versus the radius for
the two-components disk model. The dashed line shows the transition between the two
components.
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We may assume that in the inner component the dust dissipation has started.

According to Table 5.3, the value of the reduced x? for the two component disk models
is smaller than the one for one component disk model. Therefore, the two-component

disk model can better reproduce our data than one-component disk one.
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F1GURE 5.8: The surface density at wavelength 10 pm versus the radius for the two-
components disk model. The dashed line shows the transition between the two compo-
nents.

The only quantity that makes a difference between the two models is the SED especially

at longer wavelengths.

SED (W.m~—2)

FIGURE 5.9: The plot of SED for a two-layer disk model including a mid-plane com-
ponent. The bolded black line is observed data and thin black line is the best model.

5.5 Summary and perspectives

Using observations based on stellar interferometry in the mid-IR, we were able to resolve
the circumstellar emission around the Herbig star MWC480. We performed a coherent
modeling reproducing the SED and the visibility simultaneously. The modeling is based
on a semi-analytical approach using a temperature and surface density-gradient laws.
Our aim is to constrain the overall spatial structure of the inner disk region and explore

the possible multi-component structure of the disk to better understand the condition of
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disk structure in the inner region. In addition, we tried to use three different maximum
grain sizes in a size distribution assumed to be of interstellar dust comprising silicate,
probably amorphous and graphite composition (Laor and Draine, 1993). The maximum
grain size of 200 ym assumed in the distribution was more consistent with the SED of

the star. We conclude that:

- A two-component disk model could reproduce better the SED, the Keck and the
MIDI visibilities simultaneously. In the one-component disk model, increasing the
near-IR emission by exploring all free parameters was not consistent with the SED
in the longer wavelengths. In fact, the second component of the disk mostly con-
tributes to the emission at longer wavelengths. Then, the second disk component

in our modeling is necessary to reproduce all our measurements simultaneously.

- We suspect that the disk around MWC480 may be a pre-transitional disk since the
inner parts are (almost) depleted of material. The surface density distribution of
MWC480 shows a jump in the transition between the two disk components, which
is seen between disk components of many pre-transitional and transitional disks
around Herbig stars. In the SED in the mid-IR wavelengths of MWC480 there is
no significant dip. However, the dip in the infrared emission of e.g., LRLL 37 is
not obvious, although the disk around this star is considered as a pre-transitional
disk.

We tested a two-component disk model with an outer disk with the aim to repro-
duce the far infrared and milimeter wavelength contributions to the SED. This
cold (less than 100 K) outer disk component has an inner rim located at 52 AU
corresponding to an angular size of 0.37 arcsec. It does not contribute to the K
band and N band visibilities and therefore has no impact on our results based on
the visibility modelling. However our conclusions on the possible pre- transitional
nature of the MWC 480 disk (inner disk depleted in dust relative to the outer disk),
see Fig. 5.8, which are based on this two-component disk model, should be taken
with caution. Indeed, an alternative approach to reproducing the far infrared and
milimeter contributions to the SED is to consider the disk mid- plane emission. As
shown e.g. by Chiang Goldreich (1997), the cold midplane of the disk can be the
source of the far infrared and milimeter emission. We have tested this possibility
for MWC 480 by using a radiative transfer simulation based on the RADMC3D
code (Dullemond Dominik, 2004). The far infrared and milimeter contributions
of the SED (see Fig. 5.3) could be correctly reproduced by a two-layer disk model
including a mid-plane component that contains 95 percents of the total dust disk

mass that is comparable with our analytical model, which has 99 percent of its



Chapter 5. Study of the inner disk of the Herbig star MWC 480 117

mass in the outer disk (see Fig. 5.9). However, using two-layer disk model the

near IR flux could not be well-reproduced.

- Many authors showed that MWC480 presents a time variability in the SED in the
near-IR and mid-IR wavelengths. In this paper, first, we show that the total flux
of the MIDI observations in 2007 is almost consistent with the BASS data in 2007
in N band. Figuring out the effect of time variability of the star MWC480 in the
near-IR in our models, we found that the maximum or minimum brightness state
affects on visibilities, especially the Keck ones. The effect on the SED is significant
only for wavelengths 2-20 pm. For the maximum brightness state in the near-IR,
the value of the Keck visibilities is less than for the minimum state. For MIDI
visibilities, this variability in brightness in the near-IR is less significant. However,
for the minimum brightness state, the disk in the mid-IR is more resolved than
for the minimum state. Since variability of the star in the near-IR affects the
visibilities, it is very important to use the data, which are taken at the same time

as intereferometric observations.

- We are far from being able to claim that we fully understand the inner disk around
the MWC480. For a better understanding of its system, it is crucial to repeat
observations at near and mid-IR wavelengths. The MIDI observations have been

obtained with only one configuration and one orientation.
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The possible asymmetrical models for

explaining the inner disk structure of

MW(C480

6.1 Abstract

Studying the physical conditions structuring the young circumstellar disks is required for
understanding the onset of planet formation. Of particular interest is the protoplanetary

disk surrounding the Herbig star MWC480, which was discussed in Chapter. 5.

New observations are driving our study, in particular some recent Very Large Telescope
Interferometer (VLTI)/MIDI data acquired in December 2013. Our two-component
disks model could not reproduce simultaneously all our data : the Spectral Energy
Distribution, the near-infrared Keck Interferometer data and the mid-infrared data ob-
tained with the MIDI instrument. In order to explain all measurements and assuming
that the structure of the disk of MWC480 has not varied with time, one possibility is
to add an asymmetry in our two-component disks model. Several scenarios are tested,
the one considering the presence of an azimuthal bright feature in the inner component
of the disk model, provides a good fit of the data. However, other possibilities of the

centro-symmetrical models may also reproduce our MIDI data as well.
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TABLE 6.1: Log of long baseline interferometry observations. Our recent MIDI/VLTI

observations with ATs (P.I.: Ratzka 2013) were conduced in December 2013. Past

observations were made also with the MIDI instrument (P.I.: Di Folco) and with the
Keck Interferometer (Eisner et al., 2009).

Instrument Date Telescopes & Baselines | B, (m] | P.A. [°]
MIDI 2007-02-04 UTs: UT2-UT3 42.8 52°
KI/V2 2007-07-03 Keck1l-Keck2 84.9 48°
MIDI 2013-12-29 ATs: K0-J3 28.6 330°

6.2 Introduction

To introduce the Herbig star MWC 480, I refer the reader to the Sect. 5.2 of Chapter. 5.
Stellar interferometry is a key observational technique for the study of the inner region of
the protoplanetary disks. It provides an angular resolution level of a few milliarcseconds
that translates into sub-AU scales at the distance of MWC 480. Near- and mid-infrared
emission originating inside 20 AU was probed by the Keck Interferometer (Eisner et al.,
2009) and by our observations performed with the MIDI instrument at the VLTI. The

two instruments are complementary in terms of spectral coverage and spectral resolution.

The previous axisymmetric models of MWC480 were sufficient to explain the existing
observations acquired before December 2013 (Jamialahmadi et al., 2014) (see. Chapter.
5). However, considering the recent VLTI/MIDI observations of December 2013, taken
at a perpendicular baseline compared to the previous ones, two-components disk model
could not reproduce all the measurements. Several scenarios have been tested. One
possibility to explain all data is, adding another component as an azimuthal asymmetry
to the inner component of the disk assuming that the structure of the disk of MWC480
has not varied during two MIDI observations in 2007 and 2013. However, the centro-
symmetrical models are not excluded yet by our work on this star since it is impossible
to achieve this based on just few Interferometric measurements and without phase infor-
mation. Azimuthal asymmetries in the brightness maps could be generated by a stellar
companion, a wall-like emissive surface at the inner edge of the disk (Hashimoto et al.,
2011), dust trapping in a vortex (Barge and Viton, 2004), a disk warping (Flaherty and
Muzerolle, 2010), or even a spiral wave (Kraus et al., 2013). In this Chapter, Section
6.3 sammarizes the observations and the data processing. Section 6.4 describes our
semi-analytical models and the related results. Section 6.5 includes a discussion on the
modeling results and Section 6.6 summarizes our work and outlines some observational

perspectives to validate the existence of azimuthal asymmetries in the disk.
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6.3 Observations

6.3.1 MIDI observations

MWC480 has been observed in 2007 and in 2013 with the instrument MIDI of the
VLTI (Leinert et al., 2003) of the ESO Paranal Observatory. The first observation was
carried out on the 4th of February 2007 using two 8 m Unit Telescopes (UTs). The
second observation was made on the 29th of December 2013 using two 1.8 m Auxiliary
Telescopes (ATs). To explain the detailed observations and data reduction method, I
refer the reader to Sect. 5.3 of Chapter 5. A summary of the observing log, containing
the length of the projected baselines is shown in Table 6.1. The UV coverage of all the

interferometric observations is shown in Fig. 6.1.

In order to calibrate the visibilities of the science source, we used the calibration star
HD 50778 in 2013. This calibrator was selected from the SearchCal JMMC ! tool.

As we can see in Fig. 6.1, representing the MIDI visibility in 2007, the source is close to
being unresolved with a visibility level of 0.8. Furthermore, the visibility curve looks flat.
In contrast, the MIDI visibility with a shorter baseline obtained in 2013 is roughly 0.7
for the wavelengths 8.7-10 um, but for the wavelengths of 10-12 pym the source is more
resolved and the visibility curve does exhibit a progressive drop-off down to 0.3. For the
two different baseline orientations, which are almost perpendicular, these differences in

the MIDI visibilities could be due to an asymmetry in the disk around the star.

As we showed in Chapter 5, MWC480 also was observed with the Keck Interferometer
in the K band in the wavelengths range 2.08-2.33 pm (Eisner et al., 2009).

6.3.2 Spectroscopic observations with SpeX

We observed MWC 480 with the SpeX spectrograph on IRTF in parallel to the recent
MIDI observations. The SpeX observations were made on 11th September 2013 using the
cross-dispersed (hereafter XD) echelle gratings in both short-wavelength mode (SXD)
covering 0.8-2.4 um and long-wavelength mode (LXD) covering 2.3-5.4 ym (Rayner
et al., 2009). The data were reduced using the Spextool software (Vacca et al., 2003;
Cushing et al., 2004). Existing Spex data from 2007 by Sitko et al. (2007), second data

set to cover the epoch of the first MIDI measurement.

We obtained the uncorrelated flux for each MIDI observations in 2007 and 2013. Ac-
cording to Fig. 6.1, the total flux obtained by the MIDI observations in 2007 and 2013

"http:/ /www.mariotti.fr/
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FiGURE 6.1: Top: UV coverage for the three sets Interferometric observations.
Middle-left: Measured N-band visibility of MWC480 as a function of wavelength
in 2007 with spectral resolution of R=30. Middle-right: Measured N-band visibil-
ity of MWC480 as a function of wavelength in 2013 with spectral resolution of R=30.
Bottom-left: Measured K-band visibility of MWC 480 (the error bars are represented
for a few points only). Bottom-right: ISO data for wavelengths 2.3-198 pym in 1998
(gray color), SpeX data and BASS data for wavelengths 0.8-5.4 pym and 5.5-14 pm
in 2007 (red color), SpeX data for wavelengths 0.8-5.4 pm in 2013 (blue color), BASS
data for wavelengths 5.5-14 pm in 2011 (blue color), Allwise photometric data in 2013
for the three 4.15, 11.5, 22 um (orange red circle), the MIDI total flux for wavelengths
8-13.5 pum in 2007 (pink color) and in 2013 (green color).
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are similar. The BASS data in 2007 and 2013 are similar to the flux of MIDI data ob-
tained in 2007 and 2013 as well. In our previous study of MWC480, we figured out the
effect of variability on our model (see. Jamialahmadi et al., 2014). Although MWC480
is variable in near and mid-IR wavelengths according to previous studies, we obtained
nearly the same flux from 2007 and 2013 SpeX, BASS and MIDI observational data (see.
Fig. 6.1).

6.4 Modeling

To interpret in a consistent approach all our observations, we use the same model intro-

duced in Chapter 5 (Jamialahmadi et al., 2014).

A previous study (Jamialahmadi et al., 2014) (see. Chapter. 5), based on data not
including the recent 2013 MIDI visibility, has shown that a cylindrically symmetrical
disk model could explain consistently the SED, the Keck and the 2007 MIDI visibilities
simultaneously for the maximum grain size of 200 pm. Such a symmetrical model could
be comprised of a two-component disk with an inner optically thin disk compared to
the outer disk (See Fig. 5.6 of Chapter 5). I showed that a two-layer disk using a
radiative transfer code could also reproduce the Keck and the MIDI visibilities and the
SED for loner wavelengths. However, in this model the SED for the near-IR wavelengths
could not well reproduced. A two-component disk model appeared not to be anymore
consistent when taking into account the 2013 MIDI visibility (See Fig. 6.2). I explored
the free parameters of two-components disk model adding 2013 MIDI data. However,
there was not significant changes compared to the best values I obtained for previous
data. Therefore, I kept unchanged the best parameters I found for two-components disk
model for previous data. In Table 6.2, I show the best set of parameters I could identify
for this model, which although not providing a fit of the 2013 visibility, reproduce all
the other data. The reduced y? for this model is of 7.45. It is of interest to underline
that the flatness of the 2007 Keck and MIDI visibilities were mostly constraining the
flux ratio between a non-resolved disk component and an extended one, the second disk
component itself. Indeed the second disk component with its inner rim at 52 AU (See
Table 6.2) is fully resolved at the Keck and MIDI resolution. In this model we fixed the
inclination and the position angle of the disk to the value of i=37° and 57° respectively
(See. Chapter 5).

Taking into account the 2013 data, any attempt for a model adjustment with different
inner radius of the outer disk has failed. In Fig. 6.3, I plot the SED and visibilities for
different values of the inner radius of the outer disk. It can be noted that the 2013 MIDI
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FIGURE 6.2: The two-component disk model for a maximum grain size of 200 pm. See
caption of Fig. 5.6 of Chapter 5.

TABLE 6.2: The best parameters and their explored range for the two-component disk
model for a maximum grain size of 200 pm.

First disk component Second disk component
Parameters Explored Ranges Best-Values | Parameters Explored Ranges Best-Values
Myt 107121077 My, 0.9 x 10710 M Must 107121077 My, 1.25 x 1077 Mg,
P 0.1...1.98 1.5 P 0.1...1.98 0.6
q 0.4...0.9 0.5 q 0.4...0.9 0.5
Tin 0.4..0.9 AU 0.27 AU Tin 1...60 AU 52 AU

visibility is bringing strong constraints on the 'green line’ tentative model since the slope

on the visibility holds information on the inner rim size of the second disk component.

Inclination of the disk itself can produce natural asymmetry in the data. In Fig. 6.5,
I plot the inclined disk models from an inclination of zero degree to one close to 90
degrees. Inclination significantly changes the SED, the Keck and the MIDI 2007 visi-
bilities but it does not affect the MIDI 2013 visibility. Since all attempts of modeling
with two-components disk or natural asymmetrical models such as inclined disk mod-
els were unsuccessful, one additional component in the disk, generating an asymmetry
in its brightness maps is included in our study. However, other possibilities of centro-

symmetrical models may can reproduce our data. I consider that this component could
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FIGURE 6.3: The effect of varying the inner radius of the outer disk on the SED and
the visibilities. We assume an outer radius of the outer disk of 60 AU to speed up our

running computing time.
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the two-components disk model. The dashed line shows the transition between the two
components.
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FI1GURE 6.5: The effect of varying the inclination on the SED and the visibilities.

be a wall-like structure generated by the inner edge of the outer disk or a clump-like

structure located in the optically thin inner disk.

6.4.1 Azimuthally asymmetric models

Two-components disk model could not reproduce the SED, the Keck and the MIDI

visibilities simultaneously. Even inclined disk models with fix P.A. can not match our

data. For this reason, I consider in the following, two situations that produce possible

azimuthal asymmetries in the disk. In the two components of the disk model, we include:

- An atmosphere height increase at the interface between the two disks, which is

producing a crescent shape aspect when the disk is inclined.

or

- A clump of dust in the inner disk, that increases its optical depth, enhances locally

the disk brightness.
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FIGURE 6.7: Two-component disk model with a wall. The black solid lines in the plots
represents the observational data. See caption of Fig. 5.6 of Chapter 5.
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6.4.1.1 Two-component disk model with wall

A wall effect is generated at the inner edge of the second disk component due to a sudden
optical depth variation between the first component and the second component of the
disk. The inner disk edge of the second disk component is illuminated directly by the
central star. In Fig. 6.6, we represent how h,(r), the pressure scale height, and h,(r),
the atmosphere height vary with the distance from the central star. A sharp transition
of the surface density exist between the two disk components. Because of this transition,
a difference in the atmosphere scale height at the junction of the two disks is expected.
This difference in height produces a wall-like effect. In Sect. 1.3.2 of Chapter. 1, we
detail the derivation of the atmosphere scale height. From this derivation, we find an
atmosphere scale height of ~ 5 AU at the junction between the two disk components,

ie., 52 AU.

If the disk is inclined, the observer sees this wall as a crescent shape, which makes an
azimuthal asymmetry in the disk brightness map. Some authors have figured out the
effect of such a wall in their model. For instance (Hashimoto et al., 2011) consider an

asymmetrical structure in the inner edge of the disk around the Herbig star AB Aur.
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TABLE 6.3: The best parameters and their explored ranges for the two-component disk
model with clump for the maximum grain size of 200 pm. The quality of the model
fitting gives a x? ,,,,; for this model of 5.72

Parameters | Best-Values | Explored Ranges

dcy 6.5 AU 1-10 AU
ol 0.8 AU 0.1-2 AU

The wall would emit a black body radiation according to

dF) wait = Bx [Tw(rw)] [1 — exp <— TA(rw)ﬂ <(§7§)> ; (6.1)

cos(1)

where 7, is equal to inner radius of the outer disk component and T, is calculated

directly from Eq. (5.21) at ry,.

The inclination of the disk, i, has the effect to produce a crescent shape and to increase
the apparent optical vertical depth 7)(ry,) for the observer. According to Fig. 6.4, the
vertical optical depth at the inner edge of the second disk component is about 1 for a
face on disk increases as 1/cos(i). We use the best explored parameters obtained for
two-components disk model in Jamialahmadi et al. (2014) and summarized in Table 6.2.
The 2 additional parameters that are related to the wall, i.e., h(ry), Ty (rw) are derived
from Eq. 1.13 and Eq. 6.1 respectively. In Fig. 6.7, we present the SED, the Keck and
the MIDI visibilities, while the synthetic image of this model is shown in Fig. 6.9.

Due to the disk inclination, the wall is seen as a crescent shape but not much contrasted,
which produces as expected an azimuthal asymmetry in the image. However, as shown in
Fig. 6.7, this did not allow to reproduce all our measurements simultaneously, especially

the difference in slope and visibility level for the two MIDI measurements.

6.4.1.2 A two-component disk model with a bright feature

As T mentioned before, the inclusion of a bright feature along the direction of the 2013
baseline could produce an asymmetry that could explain the data. This feature could
be a companion or a local dust concentration in a clump. I test here a clump of dust
that may produce a significant effect in the modeled visibilities. The clump emission is
modeled considering an optically thick clump and a black body emission By[T¢i(dcr)],
where T is the temperature of the clump and d¢; is the distance of the clump from
the central star. For each surface area element of the clump, the observer receives

ds
dF)\,clump = B)\ [TCl(dCl)] (DC;Z) . (62)
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In this model, we set the parameters obtained for the best two-components disk model
of Jamialahmadi et al. (2014). We add 4 additional parameters, which are related to
the clump:

the P.A. of the clump,

the distance of the clump from the central star (d¢y),

the mass of the clump,

the radius of the clump (r¢;).

The P.A. of this clump is set to the P.A. of the baseline used in 2013, i.e. 330° (see
Table 6.1). Assuming that the clump is optically thick maximizes the contrast if the
optically thick clump is located in the first optically thin disk component. Consequently,

the parameters are limited to:

- the distance of the clump from the central star (d¢y),

- the radius of the clump (r¢;).

The distance d¢; constrains the temperature of the clump from Eq. 6.1.

I present in Table 6.3, the best-fit values obtained for the two clump parameters, as
well as the reduced x2. Fig. 6.8 presents the corresponding best-fit SED as well as the
best-fit Keck and MIDI visibilities. The synthetic image for this best-fit model is shown
in Fig. 6.9.

By offering more degree of freedom in the model, it appears that the inclusion of a dust
clump, in the inner region of the two-component disk model is a possibility to reproduce
the SED, the Keck and the MIDI visibilities simultaneously. As shown in Table 6.3, my
best-fit solution of the two-component disk model with a clump gives the smallest total

reduced x? among all the models I considered.

6.5 Discussion

One possibility to reproduce the SED and the near-IR and mid-IR interferometric data
of MWC 480 could be the existence of an asymmetric disk structure. However, I am

aware that with few interferometric measurements and no phase information is not
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FIGURE 6.9: The synthetic image of MWC480 at A=10 um. Top-Left: Two-
component disk model, Top-Right: Two-component disk model with wall, Bottom:
Two-component disk model with clump.

possible to fully exclude centro-symmetrical models. For instance, two clumps with the
star in between could have worked also to fit the data and would have preserved the

centro-symmetry of the model.

If the bright feature is a clump of dust and If the clump has rotated, knowing the period
of its movement is of importance. With a location of the clump found to be at 6.5 AU
from the central star, and knowing the mass of the star M,=1.8 M, (Simon et al., 2000),
the orbital period of this bright feature can be estimated to ~ 7 yrs. This 7 yrs is also

the time interval between the two MIDI observations.

The brightness ratio between the clump and its surrounding is nearly 2 x 103. The clump
optical depth is about 1 while the disk optical depth is of the order of 4 x 1073 at 10

pm and varies from 2 x 1073 to 3 x 1073 in the range 8-13 um.

A binary star can also cause an asymmetry in the disk. I tested this possibility with
my models. In order to resolve the disk in the direction corresponding the baseline

orientation in 2013 and to decrease the visibility down to 0.3, I need a companion that
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is bright enough in the N band. However, a stellar companion can be excluded due
to the SED. Only a clump is cool enough to contribute mainly at mid-infrared and at
longer wavelengths, i.e. without increasing the near-infrared flux significantly. A disk
warping and spiral waves can make asymmetries in the disk as well. For instance, a disk
warping was used by Kraus et al. (2013) to explain the asymmetries in the inner disk of
the star V1247 Orionis. In this chapter, I did not figure out the effect of disk warping
and spiral waves. I have plan to test these effects in the disk of MWC 480 as well.

6.6 Summary and perspectives

Using spectro-interferometry, I was able to resolve the circumstellar emission around
the Herbig star MW(C480. I performed a coherent modeling that aimed at reproducing
the broadband SED, and the Keck and MIDI interferometric data. The modeling is
based on a semi-analytical approach using a temperature and surface density-gradient
two-component disk. My aim is to constrain the overall spatial structure of the inner
disk region and explore the possible multi-component structure of the disk to better
understand the conditions of planet formation in the inner region. In order to explain
the existing measurements, I show that an azimuthal feature is one possibility to explain

the data. I concluded that:

- Two-components disk model is not consistent with new MIDI data in 2013 in spite

of exploring parameters.

- A two-component disk model with a wall-like emission at the inner rim of the outer
component, generated by a jump in the surface density at the interface between

the two components, could not reproduce all our measurements.

- A better agreement with all our data was finally obtained considering a bright fea-
ture such as a clump-like asymmetry in the inner component of the two-component

disk model. I found that this putative clump could be located at 6.5 AU.
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Conclusion and future work

In my thesis, I study the circumstellar environments surrounding YSOs based on high
resolution interferometric observations. My goal is to improve our understanding of
the structure and the evolution of the circumstellar disks by determining their density
distribution, their temperature distribution, the size and composition of the dust com-
ponents and finally the kinematic of the gas. I have developed my thesis following three
complementary wavelength domains: study of the photosphere of the star and its nearby
gaseous disk through visible interferometry (Chapter 3), study of the radial and vertical
structure of the inner rim of a pre-transitional disk at fractions of AU through near-IR
interferometry (Chapter 4), and the characterization of the disk regions at fractions of
AU and few AUs from the central star through spectroscopic and mid-IR interferometry
(Chapter 5 and 6).

To analyze the observations, I have used several types of models and numerical tools: I
used the LITpro2 model-fitting software developed by the Jean-Marie Mariotti Center
(JMMC) to interpret the visible interferometric data in the continuum. To interpret the
visible interferometric data in spectral lines, I used a kinematic model of an expanding
and/or rotating thin equatorial disk. This model has been previously used for some
classical Be stars and described in detail by Delaa et al. (2011). I successfully used a
Monte-carlo radiative transfer code, called MCFOST, to model the dust in the inner
structure of a pre-transitional disk and to interpret the near-IR interferometric data in
the H band. I have developed a methodology to compute the interferometric observables
from the MCFOST simulated images. I also developed a semi-analytical modeling tool.
These semi-analytical models simulated the disk emission assuming different possible
geometries and dust opacities and compared the model predictions with the data. With

these models I interpret the near-IR and mid-IR observations.

132
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7.1 The visible point of view

The analysis of visible interferometric observations of a young fast rotating star and its
gaseous disk is described in Chapter 3. The environment of young stars is formed by
a dusty and gaseous circumstellar disk in which the first stages of planet formation are
thought to take place. The dynamics of the gaseous component, which dominates the
total mass of the disk, control the accretion-ejection processes and will define the final

architecture of forming planetary systems.
In Chapter 3, we studied 51 Oph:

1) Stellar photosphere: in this study, we presented observations of 51 Oph with a spectro-
interferometer operating at visible wavelengths, the VEGA instrument installed at the
CHARA Array. This unique combination of spectrally and spatially resolved information
allowed to resolve the photosphere of the star in the continuum. We derived, for the
first time, the extension and flattening of 51 Oph photosphere. We found a major axis
of 0.q=8.08£0.70 Ry and a minor axis of 6,,=5.66+=0.23 Ry. We used the LITpro2

model-fitting software to interpret our visible interferometric data in the continuum.

2) Spectrum: the VEGA spectrum of 51 Oph obtained during our observations exhibited
an Ha emission line with a double-peak, which reflects the presence of the rotating
circumstellar disk. The Ha profile wings clearly show that the disk is seen nearly edge-

on.

Using spectro-interferometric measurements in the Ha line, we constrained the circum-
stellar environment geometry and kinematics and showed that the emission is produced
in a 5.6 £ 2 R, disk in Keplerian rotation. To do that, we used a simple kinematic
model of an expanding and/or rotating thin equatorial disk, which is described in detail
by Delaa et al. (2011).

7.2 The near- and mid-Infrared point of view

The analysis of near- and mid-IR interferometric observations are described in Chapter
4, 5 and 6. In these Chapters, I have focused my attention on two well known sources,
HD 100546 and MWC 480.

e In Chapter 4, I studied the inner region of the planet-hosting, pre-transitional
Herbig Ae/Be star HD 100546 using PIONIER/VLTI at H band responsible
to access the sub-AU scale from the central star, in which the accretion/ejection

processes as well as planet formation are taking place. I have developed a model
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based on a passive disk model using a 3D Monte-carlo radiative transfer code. We
revisited the disk morphology and focused mostly on the inner rim of the inner
disk to verify whether or not there is any asymmetry present in this region. I have
used the radiative transfer code called MCFOST and I have developed some of the
visualization tools to compute the interferometric observables, i.e., visibilities and

closure phase.

We successfully reproduced with our model the SED (Spectral Energy Distribu-
tion) from the UV to the millimeter range simultaneously with the visibilities in
the near-IR (NIR) but not the closure phase. The detection of non-zero closure
phase at long baselines leads us to propose that the inner rim of the disk of HD
100546 might not be "smooth”. The natural departure from centro-symmetrical
disk models ,i.e., inclined disk models or the sharp inner rim edge of the disk could
not explain the non-zero closure phase. We tested a hypothesis based on a clumpy
structure in the inner rim. We could in this case successfully reproduce the closure

phase, the visibilities and the SED simultaneously.

e In Chapters 5 and 6, I have studied MWC 480, a well studied peculiar Herbig
Ae star. A variable emission line spectrum of the object was first described by
Merrill et al. (1942). In Chapters 5 and 6, we investigated the inner structure and
properties (e.g, temperature, mass) of the circumstellar dust disk of Herbig star
MWC480 by near and mid-IR interferometry data and interpreted them using a
consistent modeling reproducing the SED and the visibility simultaneously based
on a semi-analytical approach using a temperature and surface density-gradient

laws.

Our aim was to constrain the overall spatial structure of the inner disk region and
explore the possible multi-component structure of the disk to better understand

the conditions of planet formation in the inner region.

In Chapter 5, we presented a two-components disk model could better reproduce
the SED and the Keck and the MIDI visibilities with one baseline. A one com-
ponent disk model was not consistent with the SED in the longer wavelengths by
exploring all free parameters. We suspected that the disk around MWC480 may
be a pre-transitional disk since the inner parts are (almost) depleted of material.
The surface density distribution of MWC480 showed a jump in the transition be-
tween the two disk components, which is seen between disk components of many
pre-transitional and transitional disks around Herbig stars. Many authors showed
that MWC480 presents a time variability in the SED in the near-IR and mid-IR
wavelengths. In this Chapter, we modeled the variabilities assumed to be caused

by the scale height of the inner disk modifying the exponent of the surface density
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law, p for constant dust mass and inclination. We showed that the variability in

the near-IR in the SED affects the near- and MIDI visibilities.

In Chapter 6, we showed that the best symmetrical two-component disk model of
Chapter 5 appeared not to be anymore consistent when taking into account our
new MIDI visibility, which was obtained in a perpendicular baseline orientation
compared to the previous MIDI data. Even inclined disk models could not repro-
duce the two MIDI visibilities at once. One possible solution is to add additional
component in the disk, generating an asymmetry in its brightness map. In this
study, in the two-component disk model, we first included an atmosphere height
increase at the interface between the two disks, which is producing a crescent shape
aspect when the disk is inclined. A wall effect is generated at the inner edge of the
second disk component due to the sudden optical depth variation between the first
component and the second component of the disk. Due to the disk inclination,
the wall is seen as a crescent shape but not much contrasted, which produces as
expected an azimuthal asymmetry in the image. However, this did not allow us to
reproduce all our measurements simultaneously, especially the difference in slope
and visibility level for the two MIDI measurements. Another component that can
produce asymmetry in the disk could be a bright feature in the inner disk with

increased optical depth, which enhances locally the disk brightness.

The inclusion of a bright feature along the direction of the baseline of our new
MIDI data could produce an asymmetry that could explain the data. This feature
could be a companion or a local dust concentration in a clump. In Chapter 6,
we tested that a clump of dust would produce a significant effects in the modeled
visibilities. This clump appears brighter than its environment because the optical
depth is less than one in the surrounding. This dust clump, in the inner region of
the two-component disk model, allowed indeed to reproduce the SED, the Keck
and the MIDI visibilities simultaneously. However, I am aware that with few
interferometric measurements and no phase information is not possible to fully
exclude centro-symmetrical models. For instance, two clumps with the star in
between could have worked also to fit the data and would have preserved the

centro-symmetry of the model.

7.3 Conclusions

In this thesis, I have demonstrated the power of interferometric technique to study the
properties of the circumstellar gas and dust disks surrounding YSOs from visible to

mid-IR spectral bands. Visible interferometric observations can probe the photosphere
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of a resolved source in the continuum as well as the geometry and the kinematics of
the gaseous disk producing the Ha line or Ca II triplet line on sub-AU scale. These
observations allow us to derive the stellar parameters, e.g, diameter, mass, temperature
and to constrain the extension of the emission line and to understand the physical
process of the gas near the central star. Near-IR interferometric observations, probe the
hot gas and dust distribution at a fraction of an AU from the central star and allow
us to understand the kinematics of the gas and its physical processes responsible for
the gas accretion on the star and the outflow mechanism, as well as hot dust properties
and its physical mechanism for the disk evolution and the planet formation. Mid-IR
interferometric observations mostly probe warm dust from the most inner region up to

a few AU and allow to investigate the dust properties and their emission regime.

Because of limitations of the available interferometers from the visible to the mid-IR,
direct observations of the inner gas and dust disk and study of the star itself have been
limited so far to the bright objects. In my thesis, I worked on few YSOs, which were

successfully observable with the current interferometers.

In the next section, I will discuss some ideas for future developments.

7.4 Future investigations

During my research, I faced some problems on either the modelling point of view, or the
observational point of view. However, they never prompted me to give up my curiosity
to better understand the initial condition of the planet formation. Instead, it raised
many open questions in my mind that attracted my attention. For some ideas, I tried
to write proposals to get observing time. However, a few of them are not carried out
yet. In the following, I describe briefly some critical view either for modeling either for
observations and the future developments aiming at improving the knowledge for each

of object I studied in this thesis.

e I start with a peculiar object I studied in Chapter 3 using VEGA/CHARA obser-
vations at visible wavelengths. This object is called 51 Oph. As I mentioned in
Chapter 3, the evolutionary status of this star is not well-known yet. We concluded
that from the visible point of view, 51 Oph presents all the features of a classical
Be star: critical rotation, double-peaked Ha line in emission, and a circumstellar

gas disk of a few stellar radii in Keplerian rotation.
My future plan for 51 Oph is in the following:

Understanding the origin and nature of the circumstellar disk orbiting 51 Oph is

of importance.
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Although from the visible point of view I concluded that this star could be a Be
star, I need more observations in the other spectral ranges to confirm or not my
conclusion. Recently, Thi et al. (2013) obtained continuum and line observations
of 51 Oph with the PACS instrument on board the Herschel Space Observatory
and continuum data at 1.2 mm with the IRAM 30 m telescope. They detected
a strong emission by atomic oxygen [OI] at 63 microns, which probes warm gas
using the Herschel Space Observatory. The [OI] emission at 145 microns, the [C II]
emission at 158 microns, the high-J CO emissions, and the warm water emissions
were not detected. They could well explain the continuum from the near- to the
far-infrared and the [OI] emission by the emission from a compact (R = 10-15
AU) hydrostatic disk model with a gas mass of 5 x 10 —6 M'®, 100 times that of
the solid mass. However, this model failed to reproduce the continuum millimeter
flux, which hints at a cold outer disk with a mass in solids of ~ 1076 M'®. This
outer disk could either be free of gas and/or is too cold to emit in the [OI] line.
A very flat extended disk model (R, = 400 AU) with a fixed vertical structure
and dust settling matched all photometric points and most of the [OI] flux. My
future plan is to submit a proposal to observe 51 Oph in the (sub)-millimeter with
ALMA, which would help me in constraining the cold gas and dust around this

star and thus be able to conclude the precise status of this star.

Since this star is a bright object in the visible, it could be definitely a good can-
didate to image it using VEGA/CHARA observations in different baseline length
and orientations to obtain a rich u-v coverage. I plan to propose this star to the
VEGA group in Nice to be ”imaged” with as many baselines as possible at visible
wavelengths. This will put more constrains on the extension of the gas and thus

the status of the star.

Since we could measure the flattening of 51 Oph, the estimation of the effective
temperature of the star in the equator and in the pole is of importance. The
effective temperature is an important parameter to characterize the central star
in order to better understand its evolutionary stage and the connection between
the star and the gaseous disk. To do so, I plan to use an interferometry-oriented
code (Domiciano de Souza et al. 2002). This code includes radiation transfer,
the von Zeipel law (T.5f o ggfzfg, , Tepr and gepy being the effective temperature
and gravity, respectively), and the Roche approximation (e.g. Roche 1837; Kopal
1987).

e In Chapter 4, I studied the inner region of the pre-transitional Herbig Ae/Be star
HD 100546 using PIONIER/VLTI in H band. As I mentioned before, this star

hosts at least two protoplanets located in the outer disk, at ~ 50 AU and another



Chapter 7. Conclusion and future work 138

candidate in the disk gap at ~ 10 AU. In this work, I mostly focus on the radial

and vertical structure of the inner rim of the inner disk.
My future plan for HD 100546 is the following:

Collecting a coherent set of data in different spectral regions will allow us to better
understand the inner rim edge structure of the inner and outer disk of HD 100546.
Combining PIONIER data with new MIDI data obtained by Panic et al. 2013 will
provide more constrains on the radial and the vertical structure and the shape of

the inner rim of the outer disk.

As T discussed in Chapter 4, the natural departure from centro-symmetrical disk
models ,i.e., inclined disk models or the sharp inner rim edge of the disk could
not explain the non-zero closure phase for long baselines. We proposed that the
presence of a clump of dust, related to planet formation could generate such an
asymmetry. Adding the clump in the inner disk of HD 100546, we could success-
fully reproduce the closure phase plot. If the clump has rotated, the estimation
of the period of the clump is of importance. We calculated the orbital period of
the clump with respect to the central star. Our three days observations with long
baselines are less than the period of the clump we obtained, T=0.38 + 0.09 year.
This shows that the clump can not be tracked by our observations. I would like
to submit a proposal for this star to be observed again with PIONIER and mostly
with intermediate and longer baselines to figure out whether or not I can track the

movement of the clump around the central star at different observations epoches.

e In Chapters 5 and 6, I studied the inner region of the protoplanetary disk around
the Herbig star MWC 480 at a few AUs. Taking into account the Keck observa-
tion with one baseline in K band and the MIDI observation with two perpendicular
baselines in N band plus SpeX spectrograph on IRTF data in the near-IR, we mod-
eled the circumstellar disk of this star based on a semi-analytical models developed
for symmetrical and asymmetrical dusty disk cases. We concluded that in order
to fit the visibilties simultaneously with the SED, we need to add a bright feature

along the same position angle that we observed our new MIDI data.

In our best model including a bright feature, there is still a deficit of 10 pm
emission. It does not seem that taking into account scattering, we would be able
to reproduce this deficit, since scattering has mostly effects in the near-IR flux.
Increasing the flux of the bright feature increases the flux at 10 gm but on the other

hand, the SED in the near-IR and the MIDI visibilities can not be reproduced.
My future plan for MWC480 is in following:

Gas within 1 AU of young stars may reside in protoplanetary disks, infalling

streams from inner disks onto the central stars, or in outflows. Observations of gas
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and dust on sub-AU scales can thus constrain the composition and dynamics of
inner disks, accretion flows, and outflows. The possible mechanism to explain all
the star-disk interactions such as stellar winds (Thomas 1999), accretion (Eisner et
al. 2009), disk wind (Tatulli et al. 2006) or hot gas (Tatulli et al. 2008) are still in
debate. Visible and near-infrared interferometry enables spatially and spectrally
resolved observations of sub-AU-sized regions of protoplanetary disks in nearby

star-forming regions to probe directly star-disk interactions.

I also plan to submit a proposal to observe a near-IR Bry line emission that is
a trace of accretion/wind with AMBER/VLTTI in high spectral resolution and for
two perpendicular triplets. Brvy has been observed with Keck and PTI each with
just one baseline in medium spectral resolution. Eisner et al. (2009) showed that
there is additional flux, and accompanying broad features in V2, at wavelengths
< 2.1 pym. They showed that adding a single-temperature ring with the opacity
of water vapor to the dust plus gas model of Eisner et al. (2009), they can fit this
additional flux at ~ 2.1 pm. But Najita et al. (2009) presented high resolution K-
band spectroscopy of MWC 480 and showed that the spectrum of this star except
for Brv is featureless. They concluded that the additional flux in the warmer side
of Brvy has another origin and not water vapor. Also, the Bry emission centroid are
blueshifted from its systemic velocities by -6.8 km s~! in high spectral resolution
compared to medium resolution. Therefore, these features motivated me to submit
a proposal to observe MWC 480 around Brvy emission using different baselines with
different orientations to figure out the origin of the additional flux at ~ 2.1 pum
as well as estimating more precisely the Bry extension and its kinematics taking

advantages of AMBER high spatial-spectral resolution.

Based on Keck observations at K band and MIDI observations at N band, we
show that any attempts at reproducing our data with symmetrical models have
failed. A hypothesis based on a bright feature added to our two-component disk
model at a few AUs from the central star was successful to match all data at
once. Reconstructing images of this disk with the upcoming second-generation
VLTI instrument MATISSE constitutes a unique perspective to further assess the
nature of the inner region of the disk around MWC480. MATISSE will recombine
up to four telescopes in the mid-IR (from 3 to 13 pm) and will thus provide a
more complete UV coverage with different baseline orientations, and, closure phase

measurements, that will be used to reveal unambiguously brightness asymmetries.
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Conclusion

Dans cette these, j’ai démontré la puissance de la technique interférométrique pour
déterminer les propriétés des gaz et des poussieres des disques circumstellaires autour
de jeunes objets stellaires du visible a la bande spectrale du mid-IR. Les observations
interférométriques visibles peuvent sonder la photosphere d’une source résolue dans le
continuum ainsi que la géométrie et la cinématique du disque gazeux produisant la
raie Ha ou la raie du triplet Ca IT a léchelle sous-UA. Ces observations permettent de
tirer les parametres stellaires, par exemple, le diametre, la masse, la température, et
de limiter I’extension de la ligne d’émission et de comprendre le processus physique du
gaz a proximité de ’étoile centrale. Les observations interférométriques dans le proche
infrarouge, sondent le gaz chaud et la distribution de la poussiére a une fraction d’UA
de I’étoile centrale et permettent de comprendre la cinématique du gaz et ses processus
physiques responsables de 'accrétion de gaz sur 1’étoile et le mécanisme de sortie ainsi
que les propriétés et le mécanisme physique de la poussiere chaude qui déterminent
I’évolution du disque et la formation des planeétes. Les observations interférométriques
dans l'infrarouge moyen sondent la plupart de la poussiere chaude de la région la plus
inté jusqu’a quelques UA et permettent ainsi d’étudier les propriétés de la poussiere et

dans leur régime d’émission.

En raison des limitations des interférometres disponibles du visible a 'infrarouge moyen,
les observations directes du gaz et de poussiere disque interne et ’étude de 1’étoile elle-
meéme ont été limités jusqu’ici aux objets lumineux. Lors de ma these, j’ai travaillé sur

quelques questions, que rendait possible ’observabilité avec les interférometres actuels.

J’analyse les observations interférométriques dans le visibles d’une jeune étoile a rota-
tion rapide, 51 Oph, dans le continuum et la raie d’émission Ha. Je voulais résoudre
spatialement la photosphere, et environnement gazeux de cette étoile. J'utilise la re-
combinaison de faisceaux visibles, VEGA installé sur le réseau CHARA, qui atteint
une résolution en dessous de milliarcseconde. J’en est déduit pour la premiere fois,
I’extension et I’aplatissement la photosphere de 51 Oph . J’ai trouvé un grand axe de
eq = 8.08£0.70 R et un petit axe de 0,,=5.6640.23 R, . Cette distorsion de la haute
photosphére montre que 1’étoile tourne pres de sa vitesse critique. Enfin, en utilisant
des mesures interférometriques dans la raie H«, a permis de contraindre la géométrie et
la cinématique de I’environnement circumstellaire et montré que 1’émission est produite
dans un disque de R, 5.2 £ 2 en rotation képlerienne . Dans le domaine visible, 51

Oph présente toutes les caractéristiques d’une étoile Be classique: rotation proche de la
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vitesse critique et un double pic Ha en raie démission produite dans un disque gazeux
en rotation képlerienne. Toutefois, cela n’explique pas la présence de poussiere, comme
on le voit dans le spectre infrarouge moyen et millimetrique, et le statut évolutif de 51

Oph reste non réglé.

J’analyse les observations interférométriques dans le proche infrarouge d’une étoile Her-
big Be HD 100546 qui montre les signes d’un interstice qui serait situé a l'intérieur des
12 premieres UA de son disque de pré-transitionnel. J’ai obtenu une grande quantité de
nouvelles données interférométriques de 'instrument PIONIER / VLTI en bande H. La
partie essentielle de 1’émission provient de la poussiere chaude situee plus a l'intérieur
du disque circumstellaire . En combinant les mesures d’observation interférométriques
avec les observations photométriques, j’étudie ’environnement circumstellaire de HD
100546 en modélisant ’émission infrarouge du disque en utilisant un code de transfert
radiatif Monte-Carlo 3D MCFOST. La détection d’'un cléture de phase différente de
zéro a longue ligne de base me conduit a proposer que le bord interne du disque de HD
100546 pourrait ne pas étre lisse. L’écart de symétrie entre le modele de disque centro-
symétrique, i.e., du modele d’un disque incliné ou le bord interne du disque abrupt ne
peuvent expliquer une cloture de phase différente de zéro. J’ai testé une hypothése basée
sur la présence d’un ”"blob” dans le bord interne, qui semble prometteuse mais nécessite

d’autres investigations.

J’analyse les observations interférométriques dans l'infrarouge moyen d’une étoile Her-
big Ae MWC 480. La structure interne et les propriétés (par exemple, la température,
la masse) du disque circumstellaire de I’étoile Herbig MWC 480 sont étudiés par le bi-
ais de l'interférométrie stellaire infrarouge et sont interprétées en utilisant des modeles
semi-analytiques. De ces modeles, la SED a été reproduite et la carte de 'intensité de la
source a été calcul. La carte d’intensité est fournie en entrée pour la modélisation a par-
tir des données de l'interférometre Keck (KI) dans la proche infrarouge et des données de
Pinstrument MIDI dans 'infrarouge moyen installé au VLTI en 2007. Je conclue qu’avec
mon ensemble limité de données, je peux reproduire la SED, les visibilités de MIDI et
du Keck en utilisant un modele de disque a deux composantes. De plus, je soupconne
que MWC480 possede un disque de poussiere de transition. De nouvelles données me
conduisent a étudié de particuliérement récentes données MIDI du Very Large Telescope
Interferometer (VLTI) acquises en Décembre 2013. L’utilisation de modeles symétriques
pour le disque pourrait ne pas simultanément reproduire toutes mes données: la dis-
tribution spectrale de I’énergie, les données proche infrarouge d’interférométre Keck et
celles dans l'infrarouge moyen de l'instrument MIDI en 2007 et 2013. Afin d’expliquer
toutes les mesures et en supposant que la structure du disque de MWC480 n’a pas

varié avec le temps, I'utilisation de modeles asymétriques apparailt nécessaire. Plusieurs
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scénarios sont testés, I'une d’eux considere la présence d’'un élément azimutal brillant

dans la composante interne du modele du disque fournit un bon ajustement des données.



Appendix

Papers

Published papers
My Chapter 3 and 5 have been published as following:

1) N. Jamialahmadi, Ph. Berio, A. Meilland, K.Perraut,... (2015) : The peculiar fast-
rotating star 51 Oph probed by VEGA/CHARA Astronomy and Astrophysics (A&A),
Volume 579, A81, July 2015

2) N. Jamialahmadi, B. Lopez, Ph. Berio, S.Flament, A. Spang (2014) Study of the inner
disk of the Herbig star MWC480 Astrophysics and Space Sience (AP&SS), Volume 355,
Issue 1, pp. 105-116

Submitted papers

My Chapter 6 has been submitted to Monthly Notice of the Royal Astronomical Socity
(MNRAS).

In preparation

My Chapter 4 will be submitten soon to Monthly Notice of the Royal Astronomical
Socity (MNRAS).
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