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Resolving the inner circumstellar disks of T Tauri and
Herbig Ae/Be stars with infrared interferometry

Jasmin Vural

Abstract

Circumstellar disks around young stellar objects (YSO) are a fundamental ele-

ment of star and planet formation. The inner disk regions of pre-main sequence

stars are hot enough for dust sublimation and a rim between dust-free and dusty

disk regions can form. This rim can influence the outer parts of the disk through

shielding of stellar radiation and its radius can reveal hints to the structure of

the very inner disk.

The nearest star-forming regions, which harbor YSO, are too far away to al-

low direct imaging of the inner disk regions. Only recently, it became possible

to resolve astronomical objects on spatial scales needed for the investigation

of the inner disk regions. The technique used for these high-angular resolution

observations is infrared interferometry, which combines the light from sev-

eral telescopes to create interferograms. The facility used in the projects of

this thesis is the Very Large Telescope Interferometer with the interferometric

instruments AMBER and MIDI, which operate in the near- and mid-infrared

(approximately 1.5 µm – 2.4 µm and 8 µm – 13 µm), respectively. With these

instruments, it is possible to determine the radius and shape of the disk region

emitting in the these wavelength regimes.

The dust typically present in circumstellar disks evaporates at around 1500 K

and hence, emits at near- and mid-infrared wavelengths, where it can be ob-

served with AMBER and MIDI. To obtain the characteristic size of the ob-

served emitting region, the interferometric data can be modeled with geomet-

ric ring models. The resulting disk radii are typically proportional to the stellar

luminosity, but can deviate from this proportionality due to different physi-

cal effects determining the disk structure in addition to the stellar radiation.

Taking into account as well the spectral energy distribution (SED) of the re-

spective star-disk system, temperature-gradient models give an estimate of the

disk properties like the inner radius of the dust disk, the radial temperature

distribution, and the inclination of the disk.

The projects presented in this thesis employ the described methods for stud-

ies of the inner disk regions of three different pre-main sequence stars: the

T Tauri star S CrA N, the Herbig Ae star V1026 Sco, and the Herbig B[e] star

HD 85567.
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S CrA N has a mass of 1.5 M⊙ and a luminosity of ∼2.3 L⊙. Its near-infrared

ring-fit radius is ∼0.11 AU and thus, approximately two times larger than ex-

pected. This large radius can be explained by taking into account backwarming

by the disk itself, which heats up the dust in addition to the stellar radiation and

lets the dust evaporate further outward. The temperature-gradient modeling of

SED, AMBER, and MIDI data indicates a two-component structure of the disk,

where the inner hot, ring-like component could be the puffed-up inner rim pro-

posed for Herbig Ae/Be stars.

V1026 Sco is a 1.8 M⊙ star with a luminosity of ∼11 L⊙ and is subject to the

UX Ori variability. The ring radius derived from the AMBER data is ∼0.18 AU.

Temperature-gradient modeling of the SED, AMBER, and MIDI data suggests

a disk that consists of two components, which are separated by an approxi-

mately 1 AU-wide gap. The inner, thin ring-component might be the puffed-up

inner rim that casts a shadow on the disk regions further outward, hence caus-

ing the gap between the components. The found disk inclination of ∼50◦ is

consistent with models that assume the UX Ori-variability to arise from inner

disk phenomena that obscure the line of sight in between star and observer tem-

porally, for example orbiting dust clouds or centrifugally-driven disk winds.

HD 85567 has a mass of 12 M⊙ and a luminosity of ∼15 000 L⊙. Modeling

the AMBER data reveals near-infrared ring-fit radii of 0.8 – 1.6 AU. The found

radii are three to five times smaller than predicted by the standard model de-

scribed above. Assuming that the gas disk interior to the dusty disk absorbs the

stellar radiation partially can explain the results and agrees with measurements

of stars with similar luminosity.

The near-infrared radii found for the circumstellar disks of the observed

stars give a differentiated picture of the inner disk regions of pre-main se-

quence stars. The assumed proportionality between stellar luminosity and

near-infrared radius reproduces the measurements generally only as an approx-

imate value. The radii of T Tauri and high-mass stars are found to deviate

significantly due to different effects influencing the dust sublimation, which

are still not completely understood. In addition, the disk structures derived

with temperature-gradient modeling contributed to understanding the complex

inner disk structures of YSO.
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Räumliche Auflösung der inneren zirkumstellaren Scheiben

von T-Tauri- und Herbig-Ae/Be-Sternen mit
Infrarot-Interferometrie

Jasmin Vural

Zusammenfassung
Die junge Sterne umgebenden zirkumstellaren Scheiben sind ein wesentliches

Element der Stern- und Planetenentstehung. Bei Vorhauptreihensternen sind

die inneren Bereiche dieser aus Staub und Gas bestehenden Scheiben so heiß,

dass der Staub sublimiert. Es wird vermutet, dass sich hierdurch eine Kante

zwischen dem staubfreien und dem staubhaltigen Bereich der Scheibe ausbil-

det. Diese Kante kann die äußeren Scheibenregionen beeinflussen, indem sie

die vom Stern ausgehende Strahlung abschirmt. Der Kantenradius kann zudem

Hinweise auf die Struktur des innersten Scheibenbereichs geben.

Direkte Aufnahmen der inneren Scheibenbereiche sind aufgrund der wei-

ten Entfernung der nächstgelegenen Sternentstehungsregionen, in denen sich

junge Sterne befinden, sehr schwierig. Daher wird seit Kurzem die Technik

der Infrarot-Interferometrie eingesetzt, um astronomische Objekte auf Ska-

len auflösen zu können, die für die Untersuchung von den inneren Scheiben-

regionen benötigt werden. Hierbei wird das Licht von mehreren Teleskopen

überlagert um Interferogramme zu erzeugen. In den Projekten dieser Disser-

tation wird das
”
Very Large Telescope Interferometer“ mit den interferome-

trischen Instrumenten AMBER und MIDI verwendet, welche im nahen und

mittleren Infrarotbereich arbeiten (ungefähr 1,5 µm – 2,4 µm, bzw. 8 µm –

13 µm). Mit diesen Instrumenten ist es möglich den Radius und die Form der

Regionen der Scheibe zu bestimmen, deren Strahlungsmaximum im jeweiligen

Wellenlängenbereich liegt.

Der Staub, der typischerweise in zirkumstellaren Scheiben vorhanden ist,

sublimiert bei circa 1500 K und strahlt daher vor allem bei Wellenlängen des

nahen und mittleren Infrarotbereichs, wo er mit AMBER und MIDI detektiert

werden kann. Um die charakteristische Größe der beobachteten Emissions-

region zu erhalten, werden die interferometrischen Daten mit geometrischen

Ringmodellen verglichen. Die daraus abgeleiteten Ringradien sind typischer-

weise proportional zur Leuchtkraft des Sterns, können aber von dieser Pro-

portionalität abweichen, da verschiedene physikalische Effekte zusätzlich zur

stellaren Strahlung die Scheibenstruktur beeinflussen. Modelliert man simultan

die spektrale Energieverteilung (SED) des jeweiligen Stern-Scheibe-Systems,
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kann man mit Temperaturgradientenmodellen weitere Eigenschaften der Schei-

be abschätzen, z.B. den inneren Radius der Staubscheibe, die radiale Tempera-

turverteilung und die relative Neigung der Scheibe.

Die in dieser Dissertation vorgestellten Projekte setzen die beschriebenen

Methoden ein um die inneren Scheibenregionen dreier verschiedener Vorhaupt-

reihensterne zu erforschen: des T-Tauri-Sterns S CrA N, des Herbig-Ae-Sterns

V1026 Sco und des Herbig-B[e]-Sterns HD 85567.

S CrA N hat eine Masse von 1,5 M⊙ und eine Leuchtkraft von ∼2,3 L⊙. Sein

Ringradius im Nahinfraroten ist ∼0,11 AU und damit circa zwei Mal größer als

der erwartete Radius. Dieser große Radius kann erklärt werden, wenn man die

Eigenstrahlung der Scheibe mit berücksichtigt, welche den Staub zusätzlich zur

stellaren Strahlung erwärmt und den Staub weiter außen sublimieren lässt. Die

Temperaturgradientenmodellierung der SED sowie der AMBER- und MIDI-

Daten weist auf eine Zwei-Komponenten-Struktur der Scheibe hin. Hierbei

könnte die innere heiße, ringartige Komponente die für Herbig-Ae/Be-Sterne

vorgeschlagene Staubkante mit vergrößerter Skalenhöhe sein.

V1026 Sco ist ein 1,8 M⊙-Stern mit einer Leuchtkraft von ∼11 L⊙ und gehört

zur Klasse der UX-Ori-Veränderlichen. Der aus den AMBER-Daten bestimmte

Ringradius ist ∼0,18 AU und stimmt mit den Vorhersagen der Standardtheorie

für Herbig-Ae/Be-Sterne überein. Temperaturgradientenmodellierung der SED

sowie der AMBER- und MIDI-Daten legt nahe, dass die Scheibe aus zwei

Komponenten besteht, die durch eine etwa 1 AU breite Lücke getrennt sind.

Die innere, dünne Ringkomponente könnte eine hohe Staubkante beschreiben,

die einen Schatten über die weiter außen liegenden Scheibenregionen wirft und

so die Lücke zwischen den zwei Komponenten des Modells erzeugt. Die ab-

geleitete Scheibenneigung von ∼50◦ ist konsistent mit Theorien, die anneh-

men, dass die UX-Ori-Veränderlichkeit durch Phänomene der inneren Scheibe

verursacht wird. Dabei würde die Sichtlinie zwischen Stern und Beobachter

kurzzeitig verdeckt, z.B. von umlaufenden Staubwolken oder von zentrifugal

angetriebenen Scheibenwinden.

HD 85567 hat eine Masse von 12 M⊙ und eine Leuchtkraft von ∼15 000 L⊙.

Die Modellierung der AMBER-Daten ergibt Ringradien im Nahinfraroten von

0,8 – 1,6 AU. Die gefundenen Radien sind drei bis fünf mal kleiner als von

den oben beschriebenen Standardmodellen vorhergesagt. Die Annahme, dass

das Gas innerhalb der staubhaltigen Scheibe die Strahlung des Sterns teilweise

absorbiert, könnte die Ergebnisse erklären und stimmt auch mit Messungen
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von Sternen ähnlicher Leuchtkraft überein.

Die Nahinfrarotradien, die für die zirkumstellaren Scheiben der beobach-

teten Sterne gefunden wurden, liefern ein differenziertes Bild der inneren

Scheibenregionen von Vorhauptreihensternen. Die angenommene Proportio-

nalität zwischen der Leuchtkraft des Sterns und dem Nahinfrarotradius repro-

duziert die Messungen im Allgemeinen nur näherungsweise. Der Radius von

T-Tauri-Sternen und massereichen Sternen weicht signifikant von der Vorher-

sage ab, was verschiedenen Effekten zugeschrieben werden kann, welche die

Staubsublimation beeinflussen und immer noch nicht vollständig verstanden

sind. Zusätzlich lieferten die mit Temperaturgradientenmodellierung abgeleite-

ten Scheibenstrukturen einen Beitrag zum Verständnis der komplexen inneren

Scheibenstruktur von jungen Sternen.
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1 Introduction

1.1 Motivation

The formation of stars and planets plays a key role for the question about how

our own solar system and the Earth itself have been created. During the star

formation process, the infalling matter is believed to gather in a circumstellar

disk before being accreted onto the forming star. In later evolutionary stages,

the circumstellar disk becomes the cradle for planet formation. Nevertheless,

the detailed processes governing the disk evolution are poorly understood. In

addition, the question about the existence of circumstellar disks in all types

of young stars cannot be answered consistently. It is however expected that

most young stars are surrounded by circumstellar disks in one phase of their

evolution.

In this work, I investigate the inner regions of circumstellar disks. These

regions have sizes of a few AU∗ and less, which corresponds to scales of

milli-arcseconds (mas) for the distance of nearby star-forming regions. These

scales have only recently become observationally available: With near- and

mid-infrared interferometry, it is possible to spatially resolve disk regions that

give important insights into the inner and outer disk structure. In addition,

characterizing the circumstellar dust (e.g., the grain size distribution or dust

composition) helps to understand the evolution of circumstellar disks.

The inner disk regions are observationally associated with strong near-

infrared emission that is attributed to dust with temperatures around the dust

sublimation temperature (∼1500 K). Interferometric observations of this emis-

sion allow us to deduce the size of the inner rim of the dusty disk. The obtained

geometric and physical parameters can then be compared with theoretical pre-

dictions for different types of young stars.

In this thesis, the inner disk regions of three young stars of different types are

studied. This small sample spans from a low-mass T Tauri star over a slightly

higher-mass Herbig Ae star to a massive Herbig B[e] star.

In the following, I will give an introduction about star formation (Sec-

∗For units and constants see Appendix A
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1 Introduction

tion 1.2) and circumstellar disks (Section 1.2.2), before explaining the theoret-

ical and applied basics of the observational methods employed (Sections 1.3.1,

1.3.2). Finally, the facilities and instruments used will be described (Sec-

tion 1.3.3). The main part consists of the publications containing the research

on the T Tauri star S CrA N (Chapter 2), the Herbig Ae star V1026 Sco (Chap-

ter 3) and the Herbig B[e] star HD 85567 (Chapter 4). Chapter 5 will give a

summary of the thesis and an outlook.
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1.2 Young stellar objects

1.2 Young stellar objects

1.2.1 Formation and classification

Figure 1.1: Star-forming region in the Carina Nebula. Young stellar systems can be

recognized in the cloud pillars by their jets [Credit: NASA, ESA, M. Livio

and the Hubble 20th Anniversary Team (STScI)]

Young stellar objects (YSO) are formed during the gravitational collapse of

a molecular cloud (cf. Fig. 1.1). This collapse and thereby the formation of a

star takes place in several phases. This is in accordance with the observational

classification of the spectral energy distribution (SED) in the near- and mid-

infrared (NIR, MIR) as νFν ∝ να, where ν is the frequency. The spectral index

α is used for constructing four classes that reflect the evolutionary sequence of

YSO (Lada & Wilking 1984; Lada 1987; Andre et al. 1993; Greene et al. 1994;

Andre et al. 2000, see Fig. 1.2):

Class 0 (α cannot be measured): After the molecular cloud collapsed and

fragmented due to self-gravitation, the fragments eventually form protostars

that perform no fusion yet and which are surrounded by dusty envelopes. The

formation of a circumstellar disk is initiated.

3
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Class I (α > 0.3): The infalling matter (gas and dust) is gathered in a disk

around the protostar, often accompanied by a bipolar outflow.

Class II (−1.6 < α < −0.3): The spherical infall of matter eventually stops.

A circumstellar disk has formed around the pre-main sequence (PMS) star.

Class III (α < −1.6): The circumstellar disk dissipates mainly due to grain

growth and settling into a planetary debris disk.

Figure 1.2: YSO classification scheme. The upper row shows the total SED of each

class (solid red line) and the stellar spectrum (dashed grey line). The lower

row depicts the corresponding assumed YSO morphology. [Adapted from

McCaughrean 1997, A. Isella (PhD thesis)]

In addition, stars with a flat spectrum (−0.3 < α < 0.3) can be considered as

a distinct evolutionary state that describes solely the evolutionary stage when

matter from the surrounding envelope falls onto the disk (Calvet et al. 1994).

The classification system works well for objects that are observed face-on, but

is unreliable for edge-on objects: YSO that are heavily obscured by their disks

might be misinterpreted.

During the collapse of the protostellar cloud, a redistribution of angular mo-

mentum between protostar and surrounding matter is required due to the con-

servation law. Excess angular momentum has to be transported outward to

make the formation of a protostar possible. This transport is partially provided

by the circumstellar disk and outflows. However, stellar multiplicity might

play a major role for angular momentum transport, especially for very high-

mass star formation, where the presence of circumstellar disks is not generally

confirmed (Larson 2010).
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As already indicated, PMS stars of different masses evolve in a different way,

which also affects the appearance of their circumstellar disks. The stars can be

divided into different groups depending on their mass or spectral type. A short

overview is given in the following:

T Tauri stars (TTS) are PMS stars with low mass (<2 M⊙) and with spectral

types F and later (the group was introduced by Joy 1945). TTS are commonly

surrounded by circumstellar disks. TTS with accretion signatures are called

classical T Tauri stars (CTTS), TTS without accretion signatures are named

weak-line T Tauri stars (WTTS). TTS without circumstellar disks are called

naked or post-T Tauri stars.

Herbig Ae/Be (HAeBe) stars are PMS stars of spectral type A and B (the

group is defined by and named after Herbig 1960). Typically, they have several

solar masses (2 M⊙ – 8 M⊙, sometimes the limit is set to 10 M⊙). So called

group I objects show strong IR excess, whereas group Ia contains objects with

a defined silicate feature around 10 µm and Ib without. Group II objects have

a weak infrared (IR) excess (Meeus et al. 2001). They are associated with self-

shadowed disk, whereas group I can be described with flared disks (Dullemond

& Dominik 2004). UX Ori objects (UXOrs) are supposedly HAeBe stars that

are variable at optical wavelengths. This phenomenon has been attributed to a

temporal obscuration by circumstellar material in the line of sight. It is pro-

posed that the obscuring effects take place in the inner disk region or close to

the dust sublimation zone (Grinin et al. 1994; Natta et al. 1997; Vinković &

Jurkić 2007).

High-mass stars are PMS stars with masses higher than 8 M⊙ or 10 M⊙.

Their spectral types are B or O. Some high-mass stars were found to have

disks, (e.g., Kraus et al. 2010; Grellmann et al. 2011; Preibisch et al. 2011).

However, the general formation of circumstellar disks around high-mass stars

is still under debate due to their short PMS time and their radiation pressure.

High-mass stars have an important influence on disk lifetimes of close-by PMS

stars due to their influence on the ambient environment, e.g., by photoevapora-

tion.

1.2.2 Circumstellar disks

A young star gains more than half of its mass during the class-0 and class-I

phases (Evans et al. 2009). In the following phases, the surrounding envelope,

as source for the spherical infall, has mostly dispersed and the main source for

5
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reaching the final mass is the circumstellar accretion disk (Williams & Cieza

2011). In the late stages of class II, the observational accretion luminosity itself

becomes a negligible process and the disk is called a passive disk.

The general star formation scheme makes the existence of circumstellar

disks in all PMS stars plausible, however, observations of diskless PMS stars

were also made. This could be due to at least two effects: First, circumstellar

disks have a lifetime of only several millions of years and are dissipated after-

wards, dependent on the spectral type, multiplicity, and the environment (cf.

Wyatt 2008; Cieza et al. 2009). Second, for very massive stars, the presence

of circumstellar disks is not generally confirmed as high-mass star formation

might proceed in a different pattern. In general, solar-mass stars can have a

disk lifetime up to 10 Myr and more, whereas disks of objects with higher

masses have a significantly shorter lifetime (Haisch et al. 2001; Williams &

Cieza 2011).

The presence of circumstellar material around PMS stars was initially in-

ferred by the observed IR excess in the SED (cf. Fig. 1.2, SED from class I

on). On large-scales, disks itself have been observed directly, for example as

dark lanes on a background of scattered light (O’Dell & Wen 1994; Padgett

et al. 1999, Fig. 1.3) or by detection of rotating circumstellar material with

sub-mm observations (Andrews et al. 2009, Fig. 1.4). The disks can have an

extent of several 100 AU (e.g., McCaughrean et al. 1998; Vicente & Alves

2005). However, the inner regions (<10 AU), which are considered to be the

site of planet formation, are difficult to resolve and are thus still subject of

intensive research.

Figure 1.3: Young stellar objects in the infrared. When viewed rather edge-on, circum-

stellar disks are visible as dark lanes in front of light that is scattered by the

disk. [Credits: HST/NICMOS, Padgett et al. 1999 (adapted)]
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1.2 Young stellar objects

Figure 1.4: CO emission in circumstellar disks. The color gradient shows the intensity-

weighted velocity distribution over the disk, which is a signature for rota-

tion of an inclined disk. The contours mark the velocity-integrated inten-

sity. [Credits: Andrews et al. 2009]

1.2.2.1 Disk evolution

Circumstellar disks consist of about 99% gas and only a little amount of dust,

however, dust is the main source of opacity and its emission dominates the SED

from IR to radio wavelengths. Typical dust species are silicates and polycyclic

aromatic hydrocarbons (PAH; Henning & Meeus 2009). The observation of

the gas is based mainly on high-resolution spectroscopy of molecular lines.

The gas disk undergoes – in a first approximation – a viscous evolution (e.g.,

Hartmann et al. 1998; Hueso & Guillot 2005; Armitage 2011). The outer disk

is thereby the reservoir for the accretion of matter from the inner disk onto the

star. Here, the circumstellar matter is channelled along magnetic field lines

before falling onto the star. This paradigm of magnetospheric accretion is pro-

posed for both T Tauri (Bouvier et al. 2007) and Herbig Ae/Be stars (Muze-

rolle et al. 2004). When the accretion rate drops to around 10−10 M⊙/yr or

10−9 M⊙/yr, the outer disk cannot provide supply anymore and the inner disk

disappears on the viscous timescale in . 105 yr. A hole of several AU forms

in the inner disk regions and photoevaporation of the remaining disk becomes

stronger as the extreme ultraviolet emission impinges directly onto the inner

edge of the remaining disk (Clarke et al. 2001; Williams & Cieza 2011).

The evolution of the dust disk differs slightly from the evolution of the gas

disk because normally only small dust grains are dragged with the gas. How-

ever, several small grains can merge to a larger grain compound, which has a
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smaller surface-to-mass ratio compared to the single grains. As a consequence,

the motion of the grain compound is not necessarily determined by the gas any-

more and eventually, the larger grains settle in the disk midplane. The larger

density towards the disk midplane enables even more grain growth (Williams

& Cieza 2011). The dust settling reduces the scaleheight and flaring angle of

the disk (Dullemond & Dominik 2004). Although these are time-dependent

processes, the evolutionary status of a circumstellar disk cannot be easily de-

rived from the observed grain size distribution. This is due to several reasons:

First, the grain growth already starts before the actual circumstellar disk forms.

Furthermore, small dust grains are observable throughout all ages, which is

due to a balance between grain coagulation and fragmentation (Dullemond &

Dominik 2008). In addition, turbulence mixes up small and big grains (Dulle-

mond & Dominik 2005).

1.2.2.2 The inner disk

A circumstellar disk can be described – as a first approximation – by a cylin-

drically symmetric object that has an radially increasing scale height h(r) ∝ rk,

where k ≈ 1.3 – 1.5 (Kenyon & Hartmann 1987; Chiang & Goldreich 1997).

The disk surface is irradiated by the star and accounts for most of the IR ex-

cess in the SED via scattering, absorption, and reprocessing of the radiation.

In addition, the accreting disk midplane can contribute to the IR radiation via

viscous heating (Chiang & Goldreich 1997; Lachaume et al. 2003).

The inner disk regions (. 1 AU) can have temperatures exceeding typical

dust sublimation temperatures (e.g., 1500 K for silicates). Thus, the innermost

disk part is assumed to be mostly free of dust and can be described as an op-

tically thin gas disk that is surrounded by an optically thick dust and gas disk

(Muzerolle et al. 2004; Dullemond & Monnier 2010, Fig. 1.5). In the transition

zone between dusty and dust-free disk, the inner rim of the dust disk receives

the stellar radiation under larger impact angles than the outer part of the disk. It

is assumed that this leads to a comparatively large scale height of the inner rim.

In this concept, the inner border of the dusty disk is called puffed-up inner rim

(Natta et al. 2001; Dullemond et al. 2001). This description was introduced

to explain the 3 µm bump in the SED of Herbig Ae/Be stars and the rather

large NIR radii found with interferometric measurements. TTS are also ex-

pected to have puffed-up inner rims but the excess emission is harder to detect

(Dullemond et al. 2001; Muzerolle et al. 2003).
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1.2 Young stellar objects

The puffed-up rim can shield the stellar radiation for the disk parts behind the

rim (Meeus et al. 2001; Dullemond & Dominik 2004). The proposed shadow

itself does not need to follow strict geometric considerations; radial radiative

diffusion and scattering of radiation over the rim edge can blur the shadow (van

Boekel et al. 2005a). A temporally variable rim height might possibly explain

the NIR variability of UXOrs as the timescale of variability points rather to

the inner than the outer disk as source of the phenomenon (Juhász et al. 2007;

Sitko et al. 2008).

z

rR∗ Rrim

shadow

optically thin layer

dust/gas disk

gas disk

magnetospheric
accretion

optically thick

Figure 1.5: Suggested structure of a circumstellar disk. The innermost disk region con-

sists of mostly gas, which is accreted onto the star via magnetospheric ac-

cretion. The outer disk contains gas and ∼1% dust. At the radius Rrim, the

dust reaches its sublimation temperature. The formed puffed-up inner rim

can cast a shadow on the disk region further outward. In addition to the

optically thick dust disk, an optically thin outer layer might exist.

The vertical shape of the rim is assumed to be rounded off by different phys-

ical effects like grain composition, grain size distribution, surface density, and

vertical density gradients (Isella & Natta 2005; Monnier et al. 2006; Tannirku-

lam et al. 2007; Kama et al. 2009). In addition, the rim does not require a sharp
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boundary as has been proposed before, but can be fuzzy due to optically thin

dust (Fig. 1.6, Kama et al. 2009; Dullemond & Monnier 2010). In addition,

the region inside of the dust-sublimation radius can also contribute to the 3 µm

bump. It can contain hot gas (Eisner et al. 2007a; Isella et al. 2008), optically

thin dust (Vinković 2006; Kama et al. 2009) or refractory dust (Tannirkulam

et al. 2008; Benisty et al. 2010). All these effects can ”spread” the detected

NIR emission over a range of radii compared to a sharp, vertical rim.

Figure 1.6: Optically thin and thick regions of the dust rim. The radius of the dust rim

is controlled by the backwarming factor Cbw. [Credit: Kama et al. 2009]

The radius of the inner dust rim can observationally be determined in the

NIR, where the assumed dust sublimation temperature of 1500 K has its emis-

sion maximum. This NIR radius is correlated with the luminosity of the central

star via the so called size-luminosity relation (Monnier & Millan-Gabet 2002).

In a first approximation, it is assumed that the radiation of the star (with lumi-

nosity L∗) impinges at the dust rim at Rrim after travelling without energy losses

through only optically thin material (Tuthill et al. 2001), but with absorption

by the dust in the rim (gray dust, Monnier & Millan-Gabet 2002; Dullemond

& Monnier 2010). Following Dullemond & Monnier (2010), one can assume

energy conservation, thus the irradiation of the rim Fheat is compensated by the

rim emission Fcool:
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Fcool = Fheat (1.1)

⇔ σT 4
rim =

Q

2

L∗

4πR2
rim

(1.2)

⇔ Rrim =













Q

2

L∗

4πσT 4
rim













1/2

, (1.3)

where Trim is the temperature at the radius Rrim. The ratio of the dust absorption

efficiencies of the incident and emitted field is described by the factor Q =

Qabs(T∗)/Qabs(Trim). Its value is often assumed to be around 1 but actually

depends on the grain size (in addition to the stellar and dust temperatures). By

inserting the stellar luminosity L∗ = 4πσR2
∗T

4
∗ into eq. (1.3), we obtain

Rrim =

√

Q

2

(

T∗

Trim

)2

R∗ , (1.4)

or by converting into astronomical units:

Rrim ∼ 1.1
√

Q

(

L∗

1000L⊙

)1/2 (

Trim

1500K

)−2

AU . (1.5)

Equation (1.5) shows a size-luminosity relation, which describes well the

measurements of the K-band ring-fit radii of the circumstellar disks of Her-

big Ae stars (Monnier & Millan-Gabet 2002). Small deviations from this rela-

tion can be explained with projection effects, when measuring an inclined disk

not along the semi-major axis (Dullemond & Monnier 2010). Figure 1.7 shows

the size-luminosity relation for different types of PMS stars and the dependence

on the total luminosity including the stellar and the accretion luminosity.

T Tauri stars are often found to have larger Rrim than predicted by the size-

luminosity relation (Eisner et al. 2007b). This can be explained with addi-

tional flux contributions by either accretion (Muzerolle et al. 2003; Akeson

et al. 2005a) or backwarming (Millan-Gabet et al. 2007; Dullemond & Mon-

nier 2010). These effects increase the temperature in the disk and let the dust

evaporate at larger stellocentric radii. In addition, the measured radius of the

NIR emitting region can be larger when the NIR emission is not confined to

one thin ring-like region but distributed more widely by scattering by the outer

disk regions (Pinte et al. 2008).
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The disks of Herbig Be stars have often smaller radii than what can be ex-

plained with a dust sublimation rim around an optically thin disk cavity. It

is assumed that their inner disks are optically thick and shield the stellar ul-

traviolet radiation. Thus, the dust can stay further inward before evaporating

(Monnier & Millan-Gabet 2002; Eisner et al. 2004).

Figure 1.7: Size-luminosity diagram for T Tauri and HAeBe stars. The graph shows

the dependence of the K-band ring-fit radius on the total luminosity (stel-

lar and accretion). The models for disks with optically thin cavities are

depicted with backwarming (solid blue lines) and without backwarming

(dashed green lines). The relation for optically thick inner disks is also

shown (dotted purple line). [Credit: Dullemond & Monnier 2010]

This section gave an introduction into the general properties of circumstellar

disks of low-, intermediate- and high-mass pre-main sequence stars and espe-

cially the inner rim of the dust disk. The next chapter will deal with the ob-

servational methods used for resolving circumstellar disks on AU and sub-AU

scales.
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1.3 Astronomical interferometry

1.3 Astronomical interferometry

The observational methods used in this work take advantage of the principles

of interferometry. In astronomical interferometry, the light of two or more tele-

scopes with a projected distance (baseline) of B is combined to achieve a higher

spatial resolution than with a single telescope with a diameter D. Compared to

the resolution λ/D (λ is the wavelength of observation) of a single telescope,

the resolution of an interferometer is defined by λ/B (e.g., Glindemann 2011).

Thus, the available resolution can be much better and smaller structures can be

resolved compared to a single telescope.

In the following sections, the basic physical concepts of optical interferome-

try will be rehearsed and an overview over the used astronomical interferomet-

ric facilities will be given.

1.3.1 The theoretical basics of interferometry

When observing a light source (e.g., a stellar system), we are interested in de-

termining its intensity distribution I0. For observations, we use certain optical

systems (e.g., apertures, lenses) and combinations of those. The electromag-

netic waves passing through these optical systems undergo changes, e.g., due to

diffraction or attenuation, and therefore, the intensity I measured in the image

plane is in general different to I0.

The interferometric observables are the visibility (fringe contrast) and the

fringe phase. The fringe phase is described by the location of the central fringe.

The visibility V is defined as

V =
Imax − Imin

Imax + Imin

, (1.6)

where Imax and Imin are the maximum and minimum intensity in the image

plane, respectively. The visibility is a direct measure for the coherence of the

light, as will be shown in the following.
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E1(t)

E2(t)
r2

r1
S

IminImax

r

I(r)

P

Figure 1.8: Illustration of the interference of two light beams (after Hecht & Zajac

1974).

1.3.1.1 Monochromatic point sources

An approximately monochromatic point source S is considered (after Born &

Wolf 1999; Goodman 2000). Two beams with the stationary complex fields

E1(t) = E(r1, t) and E2(t) = E(r2, t) are created via a screen with two pinholes.

The fields interfere at a point P (cf. Fig. 1.8), where the total field strength E(t)

can be described by the superposition of the fields of both beams:

E(t) = K1E1(t + τ) + K2E2(t) , (1.7)

where K1 and K2 are imaginary coefficients that describe the phase shift and

attenuation in the light path and τ is the relative time shift between the arrival

of the beams in P. The observed intensity I is defined by

I = 〈E(t)E∗(t)〉 (1.8)

= |K1|2〈E1(t + τ)〉2 + |K2|2〈E2(t)〉2 +
K1K∗2〈E1(t + τ)E∗2(t)〉 + K∗1 K2〈E∗1(t + τ)E2(t)〉 , (1.9)

where the brackets indicate the temporal average. The intensity of each beam

is I1 = |K1|2〈E1(t + τ)〉2 and I2 = |K2|2〈E2(t)〉2, respectively. The total intensity

can hence be simplified to

I = I1 + I2 + 2 Re
(

K1K∗2〈E1(t + τ)E∗2(t)〉
)

, (1.10)
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where the product K1K∗
2
= |K1||K2|, due to the imaginary nature of the factors.

By introducing the mutual coherence function

Γ12(τ) = 〈E1(t + τ)E∗2(t)〉 (1.11)

and the self coherence functions

Γ11(τ) = 〈E1(t + τ)E∗1(t)〉 (1.12)

Γ22(τ) = 〈E2(t + τ)E∗2(t)〉 , (1.13)

the complex degree of coherence can be defined by

γ12(τ) =
Γ12(τ)

√
Γ11(0)Γ22(0)

. (1.14)

The general interfence law for partially coherent light is then obtained:

I = I1 + I2 + 2
√

I1I2 Re(γ12(τ)) . (1.15)

When the degree of coherence is expressed in its complex form as

γ12(τ) = |γ12(τ)|eiϕ12(τ) , (1.16)

where ϕ12 = arg(γ12(τ)), eq. (1.15) becomes

I = I1 + I2 + 2
√

I1I2 |γ12(τ)| cos(ϕ12(τ)) . (1.17)

The phase ϕ12(τ) can be expressed by the optical path difference ∆r = r2 − r1

of the two beams as

ϕ12(τ) = α12(τ) − 2π/̄ λ∆r , (1.18)

with α12(τ) being the phase difference:

α12(τ) = ϕ12(τ) + 2π/̄ λ∆r = ϕ12(τ) + 2πν̄τ . (1.19)

Here, λ̄ and ν̄ are the mean wavelength and the mean frequency, respectively.

When γ12 = 1, the interference pattern has the maximum contrast. The same

is true, when the light is strictly monochromatic and α12(τ) = 2πν̄τ. The light

is then perfectly coherent. When γ12 = 0, there is no fringe contrast – the light
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beams are incoherent. In between these two values, the light is called partially

coherent.

For deriving a relation between the degree of coherence and the visibility,

the maximum and minimum intensity

Imax = I1 + I2 + 2
√

I1I2 |γ12(τ)| (1.20)

Imin = I1 + I2 − 2
√

I1I2 |γ12(τ)| (1.21)

are inserted into eq. (1.6). The visibility is then

V =
2
√

I1

√
I2

I1 + I2

|γ12(τ)| . (1.22)

and for equal intensities I1 = I2:

V = |γ12(τ)| . (1.23)

That shows that the visibility is a direct measure for the coherence of the light.

1.3.1.2 Quasi-monochromatic point sources and extended sources

Compared to interference with monochromatic light, quasi-monochromatic

light is defined thus that the spectral range ∆ν has to be small compared to

the mean frequency ν̄ and the time delay is τ ≪ 1/∆ν. The relation eq. (1.17)

found before is then valid for τ ∼ 0 under the assumption that the optical path

difference is much smaller than the coherence length:

|∆r| ≪ c

∆ν
=
λ̄2

∆λ
. (1.24)

In practice, the coherence will also be determined by the angular extent and

shape of the light source. This dependence is described by the Van Cittert-

Zernicke theorem (van Cittert 1934; Zernike 1938): It relates the complex

degree of coherence γ to the intensity distribution I0(α, β) (with the angular

coordinates (α, β)) of an extended source via a Fourier transform and allows to

deduce this intensity distribution from the measured interferograms.

I0(α, β) =

∫ ∫

v(u, v)e2πi(αu+βv)dudv , (1.25)
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1.3 Astronomical interferometry

where v(u, v) is the complex visibility and u = x/λ and v = y/λ are the co-

ordinates the aperture plane (Fig. 1.9), also called uv plane. The visibility

(eq. (1.6)) is obtained after normalization and taking the absolute value of the

reverse Fourier transform:

V(u, v) =

∣

∣

∣

∣

∣

v(u, v)

v(0, 0)

∣

∣

∣

∣

∣

=

∣

∣

∣

∣

∣

∣

∣

∫ ∫

I0(α, β)e−2πi(αu+βv)dαdβ
∫ ∫

I0(α, β)dαdβ

∣

∣

∣

∣

∣

∣

∣

. (1.26)

The van Cittert-Zernicke theorem is valid under the assumption that the ex-

tent of the observed source is much smaller than the distance to the observer.

With the help of this theorem, it is possible to derive the visibility for differ-

ent source shapes and compare the model visibility with the observation (see

Sect. 1.3.2.4).

r2

r1

S
P1

P2

β

α
y

x

z
φ

B

r
ϑ

Figure 1.9: Coordinate systems for the van-Cittert-Zernike theorem. Polar coordinates

are indicated in blue.
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1.3.2 Interferometric observations

The theoretical background considered until here shows the feasibility of inter-

ferometric observations. Nevertheless, perfect conditions like in theory cannot

be assumed when observing. In the following, the main issues one has to deal

with in applied interferometry will be presented.

1.3.2.1 Atmospheric effects

Ground-based observations suffer in general from biases caused by the atmo-

sphere. Wavefronts traveling through the atmosphere can be partially absorbed

or distorted. In addition, the atmosphere itself is emitting, mainly in the in-

frared. This section follows partially Glindemann (2011).

The atmospheric absorption (by e.g., water, ozone, CO2) only allows obser-

vation in certain wavelength ranges, where the transmittance is high. In the

near-infrared, these ranges are the J, H, and K band; in the mid-infrared, the

L, M, N, and Q band are available for observation (Fig. 1.10). To achieve the

highest transmittance possible, telescopes used for observations in the near-

and mid-infrared are placed on dry locations at high altitudes.

Figure 1.10: Wavelength-dependent atmospheric transmittance in the infrared. The dif-

ferent wavelength bands are marked (J to N band). The molecules respon-

sible for the absorption features are indicated below. [Credit: US Navy –

licensed under Public Domain via Wikimedia Commons, adapted]
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In the atmosphere, temperature or pressure inhomogeneities lead to a tempo-

rally and spatially variable refractive index of the air and turbulent convection

cells are created. Those cells cause interference between the wavefronts and

lead to a speckle pattern in the telescope image.

Part of the atmospheric wavefront distortions can be compensated by us-

ing adaptive optics, which measure the distortions of the incoming wavefront

and adapt a deformable mirror to compensate these wavefront deformations.

A difficult issue that has to be handled in interferometers is the optical path

difference (OPD) between light beams from different telescopes caused by not

only atmospheric effects, but also by the orientation of the projected baseline

of the telescopes. In order to obtain fringes with a high contrast, the OPD ∆s

has to be smaller than the coherence length λ2/∆λ. Due to the rotation of the

Earth, the OPD between the beams of the different telescopes of an interfer-

ometer changes permantly. This effect is compensated via optical delay lines,

which keep the OPD approximately at zero. It is also possible to correct for the

remaing atmospheric shifts of the OPD using fringe-trackers, which permit to

increase the exposure time.

Uncorrected atmospheric OPD shifts can influence the visibility. A compen-

sation during the data reduction might be necessary (cf. Sect. 1.3.3.1). Fig-

ure 1.11 depicts the sources of OPD shifts and the correction devices used in

the VLTI.

1.3.2.2 The closure phase

The interferograms that are recorded during the observation contain informa-

tion on the visibility amplitude and the phase of the object, but the object phases

are disturbed by the turbulent atmosphere. To extract the undisturbed object

phase information, one can apply the Phase Closure Method reported by Jenni-

son (1958). Using three telescopes, the atmospheric phase shift φn (n = 1, 2, 3)

of each beam biases the object phase ϕkl (k, l = 1, 2, 3) in the interferogram.

The degree of coherence (cf. eq. (1.16)) of two beams with the atmospheric

phase shifts φk and φl is then:

γat
kl = |γkl|ei(ϕkl+φk−φl) . (1.27)

As indicated, it is not possible to measure the object phase ϕkl, but we can

obtain another observable: the closure phase. It can be derived by multiplica-

tion of the degree of coherence of each of the three telescopes, the so called
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Figure 1.11: Schematic overview of sources of optical path differences and correction

devices. Small-scale temperature fluctuations in the atmosphere cause a

distortion of the incident wavefront. A fringe tracker can be used to over-

come the atmospheric OPD and stabilize the fringes in the interferograms.

The OPD between the telescopes is compensated by a delay line. [Credit:

Millour 2008, adapted]
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bispectrum

γat
12γ

at
23γ

at
31 = |γ12||γ23||γ31|eiΦc . (1.28)

The closure phase Φc is then

Φc = (ϕ12 + φ1 − φ2) + (ϕ23 + φ2 − φ3) + (ϕ31 + φ1 − φ3)

= ϕ12 + ϕ23 + ϕ31 . (1.29)

The closure phase does not depend on the atmospheric error terms φ1, φ2, and

φ3 and can be used to reconstruct an image of the observed object – assuming

appropriate telescope array configurations were chosen for observations.

1.3.2.3 Filling the uv plane

With the currently existing optical interferometers, it is often not easy to get

a sampling in the uv plane (cf. eq. (1.26), Fig. 1.9) that is sufficient for im-

age reconstruction. Often, one can only take few measurements at certain uv

points (each defined by the projected baseline length B and the position an-

gle φ; cf. Fig. 1.9) and thus obtain only a limited number of Fourier com-

ponents of the object intensity distribution. The more telescopes (nt) are in-

volved in a single observation, the more baselines (nb) are obtained, following

nb = nt(nt − 1)/2. For each baseline, one visibility amplitude is obtained. For

measuring the closure phase, at least three telescopes are needed, resulting in

nc = (nt − 1)(nt − 2)/2 closure phases (Monnier 2003). In addition, it is pos-

sible to increase the sampling in the uv plane by making use of the rotation

of the Earth – the so-called super synthesis (Fig. 1.12). Spectrally dispersed

data can also help to improve the uv sampling, assuming the observed intensity

distribution is approximately wavelength-independent.

1.3.2.4 Visibility models

A goal of interferometric observations is to fill the uv plane for one object as

much as possible to reduce degeneracies when modeling the data of the object.

If the uv plane can only be unsufficiently filled, it is necessary to optimize the uv

point distribution of the observation beforehand and to make a first guess about

the brightness distribution of the object for modeling. With the van Cittert-

Zernicke theorem (eq. (1.26)), the expected visibilities can then be derived

and fitted to the data. In the following, the commonly used basic brightness
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Figure 1.12: Left: The uv coverage of a night of measurements (here: nine measure-

ments) with the VLTI configuration UT1-UT3-UT4. The nearly circular

shape of the uv-point track of each baseline (blue, green, and red) re-

sults from the rotation of the Earth and the low declination (∼−60◦) of

the observed object. The visibility amplitude distribution of an elongated

ring is underplotted. Right: The same as the left figure, but with spec-

trally dispersed measurements, which cover a larger part of the uv plane.

[Credit: This figure was created with help of the Jean-Marie Mariotti Cen-

ter Aspro2 service †.]

distributions and the associated visibilities, which are used for fitting the data,

will be presented (following Berger & Segransan 2007).

The most simple geometric model is a point source, which can be used as a

model for an unresolved star at the position (α0, β0):

I0(α, β) = δ(α − α0, β − β0) (1.30)

⇒ V(u, v) = 1 . (1.31)

A uniform disk with the diameter D might be a suited model, for example, for

a resolved stellar surface:

†Available at http://www.jmmc.fr/aspro .
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I0(α, β) =

{

4/πD2 for r ≤ D/2

0 for r > D/2
(1.32)

⇒ V(u, v) = 2
J1(πDB)

πDB
, (1.33)

where B =
√

u2 + v2 (Fig. 1.9) and J1 is the Bessel function of first order.

For describing disks or halos, a Gaussian intensity distribution with a

FWHM (full width at half maximum) of D can be used:

I0(α, β) =

(

πD2

4 ln 2

)−1/2

e−4 ln 2r2/D2

(1.34)

⇒ V(u, v) = e−(πDB)2/(4 ln 2) , (1.35)

where r2 = α2 + β2.

A thin ring at the radius R is often used for modeling emission from a very

confined disk region:

I0(α, β) =
δ(r − R)

2πR
(1.36)

⇒ V(u, v) = J0(2πRB) , (1.37)

where J0 is the Bessel function of zeroth-order.

For more complex objects, several of those model distributions can be com-

bined by adding up the single intensities I j at each location (α j, β j):

I0(α, β) =

n
∑

j=1

I j(α, β) δ(α − α j, β − β j) . (1.38)

As the Fourier transform of a sum is the sum of the Fourier transforms of the

summation elements, the normalized visibility after eq. (1.26) becomes

V(u, v) =

∑n
j=1 F jV j(u, v)e2πi(uα j+vβ j)

∑n
j=1 F j

, (1.39)

where F j is the contribution of each component to the total brightness.

A circumstellar disk can be considered as a sum of many concentric thin

rings with different temperatures and eq. (1.39) can be used for modeling the
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visibility and the SED of disks in a more sophisticated way. In a temperature-

gradient model, each of those rings at a radius r is assumed to have a temper-

ature determined by a power-law distribution:

T (r) = T0

(

r

r0

)−q

, (1.40)

with T0 being the temperature at r0 and q the power-law index, which depends

on the type of the disk (flat or flared). Each ring is assumed to emit a blackbody

spectrum

S B(λ,T ) =
2hc2

λ5
(ehc/λkBT − 1)−1 , (1.41)

with the temperature T = T (r) after eq. (1.40). The total flux F(λ, i) of an opti-

cally thick disk spanning between rin and rout can then be derived by integrating

the contributions of all rings:

F(λ, i) =
2π

d
cos i

∫ rout

rin

rS B(λ,T (r))dr , (1.42)

where d is the distance to the object and i denotes the inclination angle.

The visibility of a circular symmetric object can be derived from eq. (1.26).

By switching to polar coordinates (cf. Figs. 1.9, 1.13), the unnormalized visi-

bility becomes:

v(B, φ) =

∫ ∞

0

∫ 2π

0

I(r, ϑ)e−2πirB cos(ϑ−φ)dϑdr (1.43)

⇒ v(B) =

∫ ∞

0

∫ 2π

0

I(r)e−2πirB cos(ϑ)dϑdr , (1.44)

because I(r, ϑ) = I(r) and V(B, φ) = V(B) in a circular symmetric object. The

solution of the inner integral is the Bessel function of zeroth order:

v(B) = 2π

∫ ∞

0

I(r)J0(2πrB)rdr . (1.45)

The baseline B is the projected baseline B = Bproj with

Bproj =

√

B2
u,ϑ
+ B2

v,ϑ
cos2 i , (1.46)
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rin

rout

T0

T (r)

ϑ

North

rin cos i

Figure 1.13: Coordinates of the temperature-gradient disk. The position angle ϑ of the

semi-major axis is measured East of North. The temperature distribution

T (r) after eq. (1.40) is overplotted.

where the rotation by the position angle of the disk semi-major axis ϑ is taken

into account by

Bu,ϑ = Bu sinϑ + Bv cosϑ , (1.47)

Bv,ϑ = Bu cosϑ − Bv sinϑ (1.48)

and the baseline B is projected according to its orientation φ (position angle of

the measurement) with

Bu = B sin φ , (1.49)

Bv = B cos φ . (1.50)

With I(r) = S B(λ,T (r)) and v(0, 0) = d F(λ, 0) , the normalized visibility of a

temperature-gradient disk extending from rin to rout results with eq. (1.26) and

eq. (1.45) to

V(λ, i, ϑ) =
1

F(λ, 0)

∫ rout

rin

S B(λ,T (r)) J0(2πrBproj)
r

d
dr . (1.51)

The integrals of eq. (1.42) and eq. (1.51) can be solved numerically. It is

possible to compute a large number of models, which are then compared to the
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measured visibility and SED by calculating the goodness of fit χred (Pearson

1900). With this method, the basic properties of a centrosymmetric optically

thick disk can be determined.

1.3.2.5 Beam combination

The two main approaches for creating interferences in practice are the combi-

nation of the light beams in the image plane, after H. Fizeau, and the combina-

tion in the pupil plane, after A. Michelson. The following short description is

based on Malbet et al. (1999) and Kraus (2007).

A Fizeau interferometer is based on the double slit experiment and com-

bines the light beams in a multi-axial setting (Fig. 1.14, right). The different

incoming beams have a geometrically induced OPD and are combined in the

image plane. The spatial fringe pattern can hence be recorded with a detector

in one exposure. This type of interferometer measures the spatial coherence if

the spectral bandwidth of the observation is small.

In a Michelson interferometer, the incoming beams are aligned by being sent

through a beam-splitter (Fig. 1.14, left). They are combined co-axially in the

pupil plane. Several exposures have to be taken to record the temporal fringe

pattern, which is created by modulating the OPD between the beams.

Figure 1.14: Scheme of co-axial (left) and multi-axial (right) beam combination. In the

co-axial setting, the incoming beams (entering from top) pass through a

beam-splitter and produce two temporal fringe patterns. The multi-axially

combined beams enter typically through a double-aperture and produce a

spatial fringe pattern. [Credit: Millour (2008)]
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1.3.3 The Very Large Telescope Interferometer

The Very Large Telescope Interferometer (VLTI) is located at the Cerro Paranal

site in Chile and hosted by the European Southern Observatory (ESO). It pro-

vides the possibility to perform interferometric observations in the near- and

mid-infrared. Until recently, two interferometric instruments were available to

the scientific public: MIDI, a two-beam combiner in the MIR, and AMBER,

a three-beam combiner in the NIR. Both combiners can either be used with

the Unit Telescopes (UTs) or with the Auxiliary Telescopes (ATs) (Figs. 1.15,

1.16). The four UTs have a diameter of 8.2 m and can provide baselines of

47 m to 130 m. The four ATs span 1.8 m in diameter and can provide baselines

between 8 m and 200 m. The achieved spatial resolution λ/B is in the order of

few to few tens of milli-arcseconds (e.g., λ/B = 4.1 mas with λ = 2 µm and

B = 100 m and λ/B = 41 mas with λ = 10 µm and B = 50 m).

Figure 1.15: Photo of the Paranal platform with the four UTs and two of the ATs. The

interferometric instruments are located in the VLTI laboratory in the build-

ing in the image center [Credit: ESO].
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In infrared interferometry, the OPD compensation has to be very accurate.

The VLTI delay lines (cf. Fig. 1.16, 1.17) have an accuracy of about 50 nm

over a distance of 120 m to ensure this.

The content of this section is based on Leinert et al. (2003) (MIDI), Petrov

et al. (2007) (AMBER) and the content of the ESO website‡, herefrom es-

pecially the AMBER Instrument Description, the AMBER User Manual, the

AMBER Data Reduction Software User Manual, the MIDI User Manual, and

the MIDI data reduction cookbook.

Figure 1.16: VLTI layout. All UT and AT stations are labelled. The delay lines (DL I

– DL VI) lead the light beams into the VLTI laboratory (small grey box in

image center). [Credit: Glindemann et al. 2004]

‡http://www.eso.org/sci/facilities/paranal/telescopes/vlti.html
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1.3 Astronomical interferometry

Figure 1.17: VLTI laboratory. The delay lines feed the light beams into the the accord-

ing interferometric instrument in the VLTI laboratory. [Credit: Koehler

(2001)]

1.3.3.1 AMBER

The Astronomical Multi-BEam Recombiner (AMBER) can combine three

beams in the J, H, and K band (1.46 µm – 2.4 µm; see also Fig. 1.10) and pro-

vides a spectral resolution of approximately 35 (with a prism), 1500, or 12000

(both with a grating). The field of view of AMBER is 60 mas for the UTs and

250 mas for the ATs. The instrument delivers mainly four observables: abso-

lute visibility V(B, λ), wavelength-differential visibility V(B, λ)/V(B, λ0) (with

λ0 the wavelength in the stellar continuum), wavelength-differential phase

Φ(B, λ) − Φ(B, λ0), and closure phase ΦC(λ) (cf. Sects. 1.3.1, 1.3.2.2). The

spectrum of the source is also measured but requires independent calibration

with another instrument because only the inner parts of the light beams enter

AMBER.

Observations are limited by rather high sensitivity constraints, depending on

the telescopes and instruments used, the spectral resolution, and the weather

conditions. Current offical limits demand a minimum correlated magnitude in

the K band of 9 mag. Fainter objects have however been observed (Petrov et al.

2012).
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The instrumental setup A scheme of the AMBER instrument is shown in

Fig. 1.18. The beams of the three telescopes are spatially filtered through single

mode optical fibers. The beams are collimated multi-axially and merged in a

multi-axial beam combiner into an Airy disk, which is sampled in a one-pixel

column in the direction of the baseline. A long-slit spectrograph disperses the

fringes. The different spectral bands are separated before the spatial filtering

and later merged again by dichroics.

Figure 1.18: Scheme of the AMBER instrument. The incoming light beams (left) are

spatially filtered, recombined to an Airy pattern and dispersed with a long-

slit spectrograph. The fringes and the three photometric beams are pro-

jected onto the detector (right). [Credit: Petrov et al. 2007].

Raw data and data reduction The raw data contains the three spectrally

dispersed images (photometric channels) of the three telescopes and an inter-

ferometric channel (Figs. 1.18, 1.19). The data can be reduced with the AM-

BER Data Reduction Software amdlib (Tatulli et al. 2007; Chelli et al. 2009).

For calibrating the visibility of the science target, an unresolved calibrator star

has to be observed. Its magnitude should be as similar as possible to the science

target to obtain a similar signal-to-noise ratio (SNR) distribution and its angu-

lar distance to the science target should be small to have similar atmospheric

disturbances in the light paths of both objects. In the ideal case, the transfer

function VTF of the whole night can be determined with the calibrator visibility
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Figure 1.19: One interferometric frame from the observations of V1026 Sco (night

2009-04-17) with fringes in the J, H, and K band (from left to right), sep-

arated by the artificial band gaps.

Vcal,measured:

VTF =
Vcal,measured

Vcal,expected

. (1.52)

The calibrated visibility of the science target is then calculated via:

Vsci =
Vsci,measured

VTF

. (1.53)

The contrast in the interferogram is affected by atmospheric turbulence,

which causes the fringe pattern to move over time. In addition, instrumen-

tal vibrations can reduce the fringe contrast. Following Kreplin et al. (2012),

one can optimize the calibrated visibilities of low-resolution observations by

comparing the OPD (piston) histograms of the frames of the science target and

the associated calibrator. The contribution of frames with a certain OPD value

is then adjusted to amount in the same number for science target and calibrator.

Employing this method prevents the decrease of the visibility due to random

OPD drifts, which is important for observations with a short coherence length.

1.3.3.2 MIDI

The MID-Infrared interferometric instrument (MIDI) is operated in the N band

between 8 µm and 13 µm. The instrument combines two beams co-axially

and provides a spectral resolution of R = 30 (with a prism) or R = 230 (with

a grism). The photometric measurement can be performed separately from
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the interferometric measurement in HIGH-SENS mode or simultaneously in

SCI-PHOT mode. The limiting correlating magnitude in the N band is 4 mag

(prism, HIGH-SENS mode). The seeing is of less importance as MIDI images

are almost diffraction-limited. The field of view of MIDI is 1” with the UTs

and 5” with the ATs.

In the dispersed-Fourier mode, the OPD is varied in an intervall of several

wavelengths while the fringes are scanned continuously. For measuring the

OPD, the fringes are Fourier transformed and the position of the fringe peak is

determined (group-delay tracking). With self-tracking, the offset information

computed from the zero-OPD point is sent to the instrumental delay lines in

real-time.

The instrumental setup In the instrument (Fig. 1.20), two incoming beams

are compressed and modulated with the internal instrumental delay lines for de-

termining the fringe amplitude. The beams are led into the cryostat (cold box).

To reduce the influence of thermal background, part of the cold box is cooled

to approximately 40 K, the detector to between 6 K and 12 K. In several steps,

unwanted thermal emission is suppressed. After recollimation, the photomet-

ric beams can be extracted for the SCI-PHOT mode. The remaining beams

are combined with the help of a 50:50 beam splitter. The interferograms are

spectrally dispersed with a prism or grism before being imaged on the detector.

Observations in the MIR suffer from strong background emission of the sky

and the instrumental thermal emission. To acount for that, the photometric flux

of the observed source is determined by so-called chopping: high-frequency

switching between the target and an empty sky region by moving the secondary

mirror of the telescope. The background emission is removed by subtraction

of the two signals.

The interferometric signal is obtained similarly by subtracting both inter-

ferometric channels from each other and thereby eliminating the uncorrelated

background noise. In the instrument, the two beams with the intensities IA,i and

IB,i for i = 1, 2 are combined to two beams with the intensities

I1 = IA,1 + IB,1 + 2V
√

IA,1IB,1 sin(2π∆s/λ + φ) (1.54)

I2 = IA,2 + IB,2 − 2V
√

IA,2IB,2 sin(2π∆s/λ + φ) ; (1.55)

with ∆s being the OPD, V the visibility, and the φ the phase. Due to the op-

posite phase in the interferometric part of the two intensities, the noise-biased
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intensities cancel out and only the interferometric signal remains after substrac-

tion of both beams:

I1 − I2 = 2V(
√

IA,1IB,1 +
√

IA,2IB,2) sin(2π∆s/λ + φ(λ)) . (1.56)

Figure 1.20: Scheme of the MIDI instrument. Two light beams enter the instrument

(left). After passing the internal delay lines, they are collimated and led

into the cryostat (blue). The photometric beams are split off (green) and

the interference is created with a beam splitter (turquoise). The interfero-

gram is spectrally dispersed and imaged onto the detector. [Credit: ESO,

Tristram 2007]

Raw data and data reduction The recorded data contain the interfero-

grams and the two photometry exposures of the science target and the cali-

brator. In addition, acquisition images are available. The calibration procedure

is equivalent to the method described in the respective AMBER paragraph.

For the data reduction, there are two different methods, realized by differ-

ent programs. Two of those programs are available in one software package

(Köhler & Jaffe 2008): The Expert Work Station (EWS) provides coherent
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analysis, which improves the SNR of the visibility amplitude by aligning in-

terferograms before addition. The MIDI Interactive Analysis (MIA) is an in-

coherent method, where the square visibility amplitude is integrated over time.

This amplitude is the result of an integration of the power spectral density of

many interferograms.

In this chapter, the basic theoretical background needed for understanding in-

terferometric observation was explained. The drawbacks one has to deal with

when performing actually observations were summarized and the interferomet-

ric instruments used in this work were described. The next three chapters will

now connect the principles explained in this introduction to investigate the cir-

cumstellar disks of pre-main sequence stars.
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2 Revealing the inner circumstel-

lar disk of the T Tauri star

S CrA N using the VLTI

This chapter is based on the publication Vural et al. (2012) and used obser-

vations made with ESO telescopes at the La Silla Paranal Observatory under

program IDs 081.C-0272(A) and 083.C-0236(C).

2.1 Abstract

We investigate the structure of the circumstellar disk of the T Tauri star S CrA N

and test whether the observations agree with the standard picture proposed for

Herbig Ae stars.

Our observations were carried out with the VLTI/AMBER instrument in the

H and K bands with the low spectral resolution mode. For the interpretation

of our near-infrared AMBER and archival mid-infrared MIDI visibilities, we

employed both geometric and temperature-gradient models.

To characterize the disk size, we first fitted geometric models consisting of a

stellar point source, a ring-shaped disk, and a halo structure to the visibilities.

In the H and K bands, we measured ring-fit radii of 0.73 ± 0.03 mas (corre-

sponding to 0.095 ± 0.018 AU for a distance of 130 pc) and 0.85 ± 0.07 mas

(0.111 ± 0.026 AU), respectively. This K-band radius is approximately two

times larger than the dust sublimation radius of ≈0.05 AU expected for a dust

sublimation temperature of 1500 K and gray dust opacities, but approximately

agrees with the prediction of models including backwarming (namely a radius

of ≈0.12 AU). The derived temperature-gradient models suggest that the disk is

approximately face-on consisting of two disk components with a gap between

star and disk. The inner disk component has a temperature close to the dust

sublimation temperature and a quite narrow intensity distribution with a radial

extension from 0.11 AU to 0.14 AU.

Both our geometric and temperature-gradient models suggest that the
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T Tauri star S CrA N is surrounded by a circumstellar disk that is truncated

at an inner radius of ≈0.11 AU. The narrow extension of the inner temperature-

gradient disk component implies that there is a hot inner rim.

2.2 Introduction

Near- and mid-infrared interferometry is able to probe the inner regions of the

circumstellar disks of young stellar objects (YSO) with unprecedented spatial

resolution. However, the detailed structure of the inner gas and dust disks is not

yet well-known. In particular, the disks of T Tauri stars (TTS) are difficult to

study because of their lower apparent brightnesses and the difficulty in spatially

resolving them (e.g. Akeson et al. 2005a,b). It is not yet known, for example,

whether there is a puffed-up inner rim (PUIR) at the inner edge of TTS, as

observed in several Herbig Ae/Be disks (Natta et al. 2001; Dullemond et al.

2001; Muzerolle et al. 2003; Monnier et al. 2005; Cieza et al. 2005). Further-

more, observations suggest that several TTS are surrounded by an additional

extended halo of scattered starlight, which influences the precise determina-

tion of the disk size (Pinte et al. 2008). The positions of observed TTS in the

size-luminosity relation (Eisner et al. 2007b) suggest, that TTS have slightly

larger inner disk radii than expected. However, if one compares the TTS radii

with predictions of models including backwarming (Millan-Gabet et al. 2007;

Dullemond & Monnier 2010), the discrepancy disappears.

In this paper, we investigate the circumstellar disk of the TTS S CrA N,

which is the more massive star in the binary S CrA. The binary separation is

approximately 1.4′′(≈150 AU) (Reipurth & Zinnecker 1993; Ghez et al. 1997)

and its position angle (PA) is 157◦ (Ghez et al. 1997). The binary components

are coeval and have an age of ≈3 Myr (Prato et al. 2003). The properties of

both stars are listed in Table 2.1.

S CrA N is a classical TTS (McCabe et al. 2006). Its infrared excess suggests

the presence of a dusty disk. The precise determination of its spectral type

is difficult owing to a strong veiling of the absorption lines (Bonsack 1961).

McCabe et al. (2006) inferred a spectral type of K3 and Carmona et al. (2007)

obtained a spectral type of G5Ve. The veiling as well as the detection of a

strong Brγ flux suggest the presence of an accretion disk (Prato et al. 2003;

McCabe et al. 2006). Schegerer et al. (2009) resolved the disk of S CrA N in

the mid-infrared with VLTI/MIDI and modeled the spectral energy distribution
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Table 2.1: Properties of the S CrA binary components.

Parameter S CrA N S CrA S

spectral type K3 M0

M∗ [M⊙] 1.5 ± 0.2 0.6 ± 0.2

T∗ [K] 4800 ± 400 3800 ± 400

L∗ [L⊙] 2.30 ± 0.70 0.76 ± 0.24

Brγ [10−16 Wm−2] 4.23 ± 1.10 1.59 ± 0.57

mJ [mag] 8.6 9.4

mH [mag] 7.5 8.3

mK [mag] 6.6 7.3

distance [pc] 130 ± 20

Av 2.8 a

binary sep. [′′] 1.30 ± 0.05 b/1.4 c

Notes. If not mentioned otherwise, the values are taken from Prato et al. (2003). For the spectral

type of the primary, Herbig & Bell (1988) found K6 and Carmona et al. (2007) G5Ve. Ortiz

et al. (2010) found a distance of 138±16 pc, which is consistent with the table value and the one

extensively discussed by Neuhäuser & Forbrich (2008) (130 pc).

Other references: (a) Patten (1998), (b) McCabe et al. (2006), (c) Ghez et al. (1997).

(SED) and visibilities with the Monte Carlo code MC3D to constrain several

disk parameters.

The S CrA system is probably connected with Herbig-Haro objects: HH 82A

and B are oriented towards a position angle of ≈95◦, whereas HH 729A, B and

C lie in the direction of ≈115◦ (Reipurth & Graham 1988). The different PA

can, for example, be explained by either two independent outflows from each

of the binary components of S CrA or by regarding the HH objects as the edges

of an outflow cavity (Wang et al. 2004). The determination of the orientation

of the circumstellar disk might clarify the exact relationship.

Walter & Miner (2005) found that the secondary, S CrA S, can be brighter

in the optical than the primary for up to one third of the time and that S CrA

has one of the most rapidly varying brightnesses of the TTS. This variability

is discussed in Graham (1992), who proposes that it is caused by geometrical

obscuration as well as accretion processes and emphasizes the probability of

clumpy accretion.

Only very recently, Ortiz et al. (2010) observed light echoes in the reflection

nebula around S CrA and suggested that the structure is similar to the Oort
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cloud in our solar system. With their method, they also determined the distance

of S CrA (138±16 pc) confirming the previously derived distance of 130 pc

(Prato et al. 2003; Neuhäuser & Forbrich 2008).

In this paper, we present VLTI/AMBER observations and the temperature-

gradient modeling of the circumstellar disk of S CrA N. In Sect. 2.3, we de-

scribe the observations and data reduction. In Sect. 2.4, we describe our mod-

eling, which is discussed in Sect. 2.5.

2.3 Observation and data reduction

Our observations (program IDs 081.C-0272(A) and 083.C-0236(C)) were car-

ried out with the near-infrared interferometry instrument AMBER (Petrov et al.

2007) of the Very Large Telescope Interferometer (VLTI) in the low-spectral-

resolution mode (R = 30). The observational parameters of our data sets are

listed in Table 2.2 and the uv coverage is shown in Fig. 2.1. All data were

recorded without using the FINITO fringe tracker. The observations were per-

formed with projected baselines in the range from 16 m to 72 m.

For data reduction, we used amdlib-3.0 ∗. A fraction of the interferograms

were of low quality. We therefore selected the 20% data with the highest fringe

signal-to-noise-ratio of both the target and the calibrator interferograms to im-

prove the visibility calibration (Tatulli et al. 2007). Furthermore, it was im-

possible to reduce the H band data of data set I. We applied an equalisation of

the optical path difference histograms of calibrator and target to improve the

visibility calibration (Kreplin et al. 2012).

The measured closure phase (Fig. 2.2) is approximately zero, which suggests

that it is an approximately symmetric object. However, small closure phases

are also expected because the object is only partially resolved. The derived

visibilities are shown in Figs. 2.3 and 2.4.

∗http://www.jmmc.fr/data_processing_amber.htm
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Figure 2.1: The uv coverage of the AMBER (red and green dots) and MIDI (blue and
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Table 2.2: AMBER observations.

Data set Night Bproj PA Seeing Airmass DIT Calibrator Calibrator

[m] [◦] [′′] [ms] diameter [mas]

I 2008-06-09 16/32/47 240/240/240 0.91 1.07 100 HD 183 925 1.44±0.02 a

II 2009-05-21 60/69/72 145/263/196 0.98 1.06 150 HD 170 773 0.38±0.026 b

Notes. The parameters of the MIDI observations used for the modeling in Sect. 2.4.2 are described in Schegerer et al. (2009) and the uv

coverage is shown in Fig. 2.1. References: (a) Richichi et al. (2005), (b) Kharchenko & Roeser (2009).

Table 2.3: Overview of the parameter space scanned for the temperature-gradient models and parameters (with errors) of

the best-fit models for one temperature-gradient disk (A, B) and two temperature-gradient disk components (C,

D, E). For details about the individual models, we refer the reader to Sect. 2.4.2.

Parameter Scan range A B C D E

Constraints rout,1 = rin,2 rout,1 = rin,2

Tout,1 = Tin,2

rin,1 [AU] 0.01–0.3 ... ... 0.11+0.06
−0.04

0.14+0.03
−0.07

0.13+0.04
−0.05

rout,1 [AU] 0.02–4 ... ... 0.14+0.05
−0.03

0.17+0.09
−0.05

0.17+0.09
−0.05

rin,2 [AU] 0.01–0.6 0.05 ± 0.01 0.05 ± 0.03 0.14+0.05
−0.03

0.17+0.09
−0.05

0.14+0.04
−0.05

rout,2 [AU] 1–50 ≥ 4 ≥ 5 ≥ 26 ≥ 26 ≥ 26

Tin,1 [T] 100–3000 ... ... 1690+170
−410

1530+330
−250

1500+360
−220

Tin,2 [T] 200–3000 1900+90
−150

1890+20
−140

660+90
−160

633+130
−120

660+90
−60

q1 0.35–0.85 ... ... 0.2 ± 0.2 0.5 ± 0.4 0.5 ± 0.4

q2 0.3–0.9 0.75+0.1
−0.08

0.75 ± 0.1 0.5 ± 0.1 0.5+0.12
−0.04

0.5+0.12
−0.04

fhalo 0–1 ... 0.2 ± 0.1 ... ... ...

χ2
red

16.9 11.5 3.2 3.0 3.0

4
0



2.4 Modeling

2.4 Modeling

2.4.1 Geometric models

To measure the characteristic size of the circumstellar environment in the H-

and K-bands, we fitted geometric models to the visibilities. Figure 2.3 shows

the observed visibilities and the fitted models, which consist of a ring (the

ring width being 20% of the inner radius; Eisner et al. 2003; Monnier et al.

2005), a stellar point source, and an extended fully resolved halo (in only the

lower two panels). This extended halo is assumed to represent the stellar light

scattered off a large-scale circumstellar structure (Akeson et al. 2005b). The

motivation for a ring fit is that the model intensity distribution is expected to

have a dominant PUIR brightness (Natta et al. 2001; Dullemond et al. 2001).

Ring-fit radii are often used in the literature to characterize the disk size of

YSO and to discuss their location in the size-luminosity relation (e.g. Monnier

& Millan-Gabet 2002; Dullemond & Monnier 2010).

The flux contribution fstar + fhalo from the star ( fstar) plus a halo of scattered

starlight ( fhalo) was derived from the SED fit in Fig. 2.6 and amounts to 0.22 of

the total flux (i.e. fstar + fhalo + fdisk) in the K band (2.2 µm) and 0.40 in the H

band (1.6 µm). The total visibility V can be described by

|V | = |(1 − fstar − fhalo)Vdisk + fstarVstar + fhaloVhalo| , (2.1)

where Vstar = 1 and Vhalo = 0.

In fitting the data, we averaged the visibility data in each of the two bands.

The H band visibilities were averaged over the wavelength range of ≈1.55–

1.75 µm and the K band visibilities over ≈1.95–2.40 µm.

For the inner fit radius rring,in, we obtained 0.73±0.03 mas in the H band and

0.85 ± 0.07 mas in the K band. The linear radii in AU for a distance of 130 pc

(see Table 2.1) are listed in Table 2.4.

To test whether an elongation of the object can be measured, we also fitted

an elliptic ring model. However, we were unable to detect any significant elon-

gation. Because of the errors in the data, we can only derive a rough estimate

of the elongation of < 30%. Therefore, we assume in the following modeling

that the disk is oriented approximately face-on.
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2 Revealing the inner circumstellar disk of the T Tauri star S CrA N

Table 2.4: Ring-fit parameters in the H and K bands. The error in the distance measure-

ment (130 ± 20 pc, see Table 2.1) is included in the errors in the radii.

Model Band rring,in fhalo f∗ fdisk

[AU]

ring-star H 0.120 ± 0.020 0 0.40 ± 0.09 0.60 ± 0.09

ring-star K 0.134 ± 0.027 0 0.22 ± 0.05 0.78 ± 0.05

ring-star-halo H 0.095 ± 0.018 0.08 ± 0.05 0.32 ± 0.14 0.60 ± 0.09

ring-star-halo K 0.111 ± 0.026 0.06 ± 0.04 0.16 ± 0.09 0.78 ± 0.05
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Figure 2.3: Top: H-band (left) and K-band (right) visibilities of S CrA N together with

ring-fit models (described in Sect. 2.4.1) consisting of a circular symmetric

ring (ring width = 20% of inner ring radius rring,in) and an unresolved stellar

source. Bottom: Models consisting of the same star+ring model as above,

plus a fully resolved halo component.
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2.4.2 Temperature-gradient disk model

In this section, we present temperature-gradient models to help us interpret our

observations. Each temperature-gradient model is the sum of many rings that

emit blackbody radiation with temperatures T (r). For the temperature distribu-

tion, a power law is assumed (Hillenbrand et al. 1992), of T (r) = T0 (r/r0)−q.

Here, T0 is the effective temperature at a reference radius r0. The parameter

q depends on the disk morphology and is predicted to be 0.50 for flared irra-

diated disks and either 0.75 for standard viscous disks or flat irradiated disks

(Chiang & Goldreich 1997). Wavelength-dependent visibilities and fluxes of

these model disks depend on the disk inclination, the inner radius rin, the outer

radius rout, the temperature Tin at rin, and the temperature power-law index q.

As explained in Sect. 2.4.1, we assumed that the disk is viewed face-on.

To determine the best temperature-gradient model, we calculated the model

disks (one- and two-component structures) for all combinations of the parame-

ters with scan ranges described in Table 2.3 (≈400 000 models). The total χ2
red

is a sum over the χ2
red

of all visibility points for all six AMBER baselines and

two MIDI baselines (see Schegerer et al. 2009), and the SED. We computed all

combinations by running the model for six to ten steps per parameter and then

chose the areas with the smallest value of χ2
red

to obtain a finer mesh. We took

into account only wavelengths with λ < 20µm. The errors in the best-fit model

parameters are 1-σ errors.

The model assumes a stellar point source with the parameters T∗ = 4800 K,

L∗ = 2.3L⊙, distance = 130 pc, and Av = 2.8 (see references for the stellar

parameters in Table 2.1). The model parameters of all derived models (disk

plus star, disk plus star plus halo, as well as several two-component disks) are

listed in Table 2.3.

2.4.2.1 One-component temperature-gradient disk models

The simplest temperature-gradient model A (see Table 2.3) consists of only

one single disk component plus the star. It cannot reproduce the SED as well

as the MIR and NIR visibilities simultaneously (χ2
red
≈17).

For the star-disk-halo model B, we added a fully resolved halo (V = 0) to

the star-disk model A. This halo intensity distribution is assumed to represent

the stellar light scattered off the large-scale circumstellar material and to have

approximately the same SED as the star itself (cf. Akeson et al. 2005b). Nev-
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2 Revealing the inner circumstellar disk of the T Tauri star S CrA N

ertheless, the improvement achieved was very small since the χ2
red

became only

11.5 (see Table 2.3). We also computed 20 star-disk-halo models with resolved

halos of different widths in the range from 0.05 AU to 100 AU, but the χ2
red

did not significantly improve since it remained larger than ≈11.5 in all cases.

As in the case of model A without a halo, it was only possible to fit either the

SED and the AMBER measurements or the SED and the MIDI measurements.

This suggests that a more complicated disk structure should be considered.

Therefore, we introduced a second disk component in the following, but – as

we preferred to adopt a two-disk modeling with a minimum number of free

parameters – we omitted the weak halo.

2.4.2.2 Two-component temperature-gradient disk models

Model C is the result of our attempt to find a two-disk component model with

the least number of parameters (Table 2.3). We therefore introduced constraints

on the inner and outer radii and temperatures of disks 1 and 2, of Tout,1 = Tin,2

and rout,1 = rin,2. We obtained χ2
red
= 3.2 (the power-law index q1 is determined

from the temperature slope between rin,1 and rout,1 and is therefore no longer a

free parameter).

We also tested models with more parameters: In model D, rout,1 = rin,2 is the

only constraint and χ2
red
= 3.0. For model E, there are no constraints, but we

still get a similar χ2
red

(3.0). Table 2.3 shows that only models C to E have a

χ2
red

from 3.0 to 3.2 and among those, model C has the advantage that it has the

smallest number of parameters.

Figure 2.4 and Fig. 2.5 show the results of model C for the AMBER and

MIDI visibilities of S CrA N, Fig. 2.6 displays the SED, and Fig. 2.7 shows

the intensity distribution. An extended ring is located between 0.14 AU and

26 AU, whereas the inner ring extends radially from 0.11 AU to 0.14 AU and

has a temperature of 1690 K at the inner ring edge (see parameters in Table 2.3).
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Figure 2.4: Temperature-gradient model C of S CrA N – NIR visibility. The model that

fits visibility and SED simultaneously (model C in Table 2.3) is indicated

with the solid red lines. The six figures show the modeling of the data sets

I (left) and II (right), described in Table 2.2.
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Figure 2.5: MIDI visibility. The two figures show the comparison between our model

(red line) and MIR data adopted from Schegerer et al. (2009).
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Figure 2.6: Temperature-gradient model C of S CrA N – Left: Spectral energy dis-

tribution. To model the SED of S CrA N, we collected values from the

literature and binned them (black dots are the dereddened SED points, see

Appendix 2.7.1). The green line represents the MIDI spectrum of Schegerer

et al. (2009). The SED of model C is indicated with the blue line. It consists

of the stellar contribution (Kurucz model, black dashed line) plus the con-

tribution of two additional ring-like structures (black solid and dash-dotted

line).
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Figure 2.7: Intensity distribution of the temperature-gradient disk of model C. The

dashed white ring indicates the expected dust sublimation radius of 0.05 AU

predicted by the size-luminosity-relation (see Sect. 2.5).

2.5 Discussion

For comparison with other pre-main sequence stars, we plot the geometric K-

band ring-fit radii, where rring,in ≈ 0.13 AU for the geometric model without

a halo and ≈0.11 AU for the model with a halo; Sect. 2.4.1, of S CrA N in

the size-luminosity diagram that shows the K-band ring-fit radius as a function

of the stellar luminosity L∗ (Monnier & Millan-Gabet 2002, Fig. 2.8). The

figure shows a sample of Herbig Ae stars (filled squares, Monnier et al. 2005),

for which this correlation has been originally found. Additionally, we plot a

sample of TTS (open squares, Pinte et al. 2008).

Figure 2.8 shows that our measurements of the K-band ring-fit radius of

S CrA N of ≈0.11–0.13 AU, radii derived with the geometric ring-star and ring-

star-halo models, is approximately 2.4 times larger than the dust sublimation

radius of ≈0.05 AU predicted for the silicate dust sublimation temperature of

1500 K and gray dust opacities (Monnier & Millan-Gabet 2002). However,

several effects can influence the inner model radius, such as the chemistry and
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2 Revealing the inner circumstellar disk of the T Tauri star S CrA N

grain size of the dust (e.g. Monnier & Millan-Gabet 2002) or magnetospherical

disk truncation (Eisner et al. 2007b). Schegerer et al. (2009) modeled their

mid-infrared MIDI data and the SED of S CrA N using the Monte Carlo code

MC3D (Wolf et al. 1999; Schegerer et al. 2008). They found that an assumed

sublimation radius of 0.05 AU agrees with their observations.

Furthermore, we compared our ring-fit radii of ≈0.11–0.13 AU derived from

the geometric star-disk and star-disk-halo models and the inner disk radii of our

temperature-gradient models (0.11–0.14 AU) with the predictions of a model

that accounts for both backwarming and accretion luminosity (Millan-Gabet

et al. 2007; Dullemond & Monnier 2010). This model suggests an inner disk

radius of 0.12 AU for a stellar luminosity of 2.3 L⊙ and an accretion luminosity

of 0.6 L⊙ (derived from Prato et al. 2003; Muzerolle et al. 1998), which agrees

with our measured inner radius of ≈0.11–0.13 AU.
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Figure 2.8: Location of S CrA N in the size-luminosity diagram: K-band ring-fit radii

derived with a geometric ring-star model (pink square, ≈0.13 AU) and a

ring-star-halo model (blue square, ≈0.11 AU); see Tables 2.4 and 2.1 for

the stellar parameters used. The lines indicate the predicted theoretical

dependence of the K-band radius on the luminosity (Monnier & Millan-

Gabet 2002). Predictions of models including backwarming are discussed

in Sect. 2.5. The filled black squares are a sample of Herbig Ae stars (Mon-

nier et al. 2005). The open black squares represent a sample of TTS (Pinte

et al. 2008).
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2.6 Conclusions

We have observed the T Tauri star S CrA N with AMBER in the H and K

bands. We have fitted the geometric star-disk and star-disk-halo models to our

visibility data and derived a radius rring,in of approximately 0.11–0.13 AU in the

K band (0.095–0.12 AU in the H band). We compared the position of S CrA N

in the size-luminosity diagram with the position of other YSO, and found that

it is above the line expected for a dust sublimation temperature of 1500 K and

gray dust, but within the region of other TTS. The radius predicted by this size-

luminosity relation is ≈0.05 AU, whereas the derived ring-fit radius is ≈0.11–

0.13 AU (Table 2.4). However, models including backwarming (Millan-Gabet

et al. 2007; Dullemond & Monnier 2010) suggest a larger inner disk radius of

≈0.12 AU, which agrees with our derived ring-fit radiii of ≈0.11–0.13 AU.

We tested several temperature-gradient models (one- and two-component

disk models, with or without halo). We found that the near- and mid-IR visibil-

ities, as well as the SED, can approximately be reproduced by a temperature-

gradient model consisting of a two-component ring-shaped disk and an unre-

solved star. The favored temperature-gradient model C (see Table 2.3) has a

temperature of ≈1700 K at the inner disk radius of 0.11 AU. The temperature

power-law index q1 of the inner narrow temperature-gradient disk is approxi-

mately 0.2, and the index q2 of the extended outer disk is approximately 0.5,

which suggests a flared irradiated disk structure (Chiang & Goldreich 1997).

However, q1 is not well-constrained because of the narrow width of the inner

component of only ≈0.03 AU. The inner temperature-gradient disk radius of

0.11 AU is similar to the four geometric ring-fit radii of approximately 0.10 AU

to 0.13 AU and to the prediction of models including backwarming (0.12 AU).

Unfortunately, we cannot place any constraints on the gas within the inner disk

radius of ≈0.11 AU since the disk is only partially resolved (all NIR visibili-

ties are > 0.77) and the visibility errors are large. Interestingly, the inner disk

components of all three best-fit temperature-gradient models consist of a very

narrow, hot ring (Tin,1 ≈ 1500–1700 K; ring width only ≈0.03–0.04 AU) sur-

rounded by a colder (<600 K) disk component with an extension of several AU.

This size and temperature structure is similar to the structure of more sophis-

ticated radiative transfer models including a hot PUIR (e.g., Natta et al. 2001;

Dullemond et al. 2001). This suggests that the derived narrow, inner disk com-

ponent in the temperature-gradient models is caused by a hot, perhaps PUIR,
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2 Revealing the inner circumstellar disk of the T Tauri star S CrA N

in S CrA N. This rim may explain the steep temperature jump from 1500 to

600 K.

2.7 Appendix

2.7.1 SED references

To simplify the fitting process, we did not use the pile of original data (Ta-

ble 2.5), but instead binned them to form a smaller number of data points.

Figure 2.9 shows both the original data (blue crosses) and the binned data (red

dots). The measurements were not recorded contemporaneously (see Table 2.5)

and therefore variability is one of the error sources. Other SED error sources

are the different aperture sizes and the small number of observations in the

visible and NIR.
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Figure 2.9: SED of S CrA N – original data according to the sources in Table 2.5 (blue

crosses) and the binned data (red dots).
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Table 2.5: Measurements from the literature that were used to produce the binned SED

of S CrA N. A beam width of 10” or larger most probably also includes the

light from the secondary S CrA S (separation 1.4”).

Wavelength range Reference Beam

2.47-11.62 ISO spectrum

3.5-170 ISO

53.6-106 Spitzer MIPS 2.7 x 0.34′

5.13-36.9 Spitzer IRS 55x81”

12-100 IRAS 10”

450-1100 JCMT (upper limit) 10”

12-100 Gezari catalog 10”

0.768 Denis 2005 0.5”

0.429, 0.554 Tycho catalog 10”

0.657, 0.429 USNO 10”

0.554 WDS 0.5”

1.25-3.55 Prato 2003 0.5”

2.18-18.1 McCabe 2005 0.5”

1.25-3.55 Morel 1978 10”
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3 The inner circumstellar disk

of the UX Ori star V1026 Sco

This chapter is based on the publication Vural et al. (2014b) and made use

of observations carried out with ESO telescopes at the La Silla Paranal Obser-

vatory under programme IDs 083.D-0224(C), 083.C-0236(A), 087.C-0013(A)

and 073.A-9014(A).

3.1 Abstract

The UX Ori type variables (named after the prototype of their class) are inter-

mediate-mass pre-main sequence objects. One of the most likely causes of

their variability is the obscuration of the central star by orbiting dust clouds.

We investigate the structure of the circumstellar environment of the UX Ori

star V1026 Sco (HD 142666) and test whether the disk inclination is large

enough to explain the UX Ori variability.

We observed the object in the low-resolution mode of the near-infrared in-

terferometric VLTI/AMBER instrument and derived H- and K-band visibilities

and closure phases. We modeled our AMBER observations, published Keck

Interferometer observations, archival MIDI/VLTI visibilities, and the spectral

energy distribution using geometric and temperature-gradient models.

Employing a geometric inclined-ring disk model, we find a ring radius of

0.15 ± 0.06 AU in the H band and 0.18 ± 0.06 AU in the K band. The best-fit

temperature-gradient model consists of a star and two concentric, ring-shaped

disks. The inner disk has a temperature of 1257+133
−53

K at the inner rim and

extends from 0.19 ± 0.01 AU to 0.23 ± 0.02 AU. The outer disk begins at

1.35+0.19
−0.20

AU and has an inner temperature of 334+35
−17

K. The derived inclina-

tion of 48.6+2.9
−3.6
◦ approximately agrees with the inclination derived with the

geometric model (49± 5◦ in the K band and 50± 11◦ in the H band). The posi-

tion angle of the fitted geometric and temperature-gradient models are 163±9◦

(K band; 179 ± 17◦ in the H band) and 169.3+4.2
−6.7
◦, respectively.

The narrow width of the inner ring-shaped model disk and the disk gap might
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3 The inner circumstellar disk of the UX Ori star V1026 Sco

be an indication for a puffed-up inner rim shadowing outer parts of the disk.

The intermediate inclination of ∼50◦ is consistent with models of UX Ori ob-

jects where dust clouds in the inclined disk obscure the central star.

3.2 Introduction

The UX Ori (UXOr) phenomenon of Herbig Ae/Be stars (HAeBes) is at-

tributed to obscuration by circumstellar dust in an inclined disk (Grinin et al.

1994; Natta et al. 1997; Grinin et al. 2001; Dullemond et al. 2003) or un-

steady accretion (Herbst & Shevchenko 1999). The Herbig Ae star V1026 Sco

(HD 142666) has a spectral type of A8Ve (Dominik et al. 2003) and is classi-

fied as a UX Ori object (Meeus et al. 1998). The UX Ori variability has been

confirmed by Zwintz et al. (2009). Dominik et al. (2003) and van Boekel et al.

(2005b) report distances of 116 pc and 145± 43 pc, respectively. We adopt the

Hipparcos-based measurement of 116 pc and the associated parameters for our

work. The object V1026 Sco shows large, non-periodic (Lecavelier des Etangs

et al. 2005) brightness variations (>1.2 mag) and a pulsational variability on the

milli-magnitude level (Zwintz et al. 2009). It reddens with decreasing apparent

magnitude (Meeus et al. 1998). These authors suggest that dense dust clouds

in an inclined disk cause the stellar reddening. Alecian et al. (2013a) report on

the magnetic properties of V1026 Sco (and several other Herbig Ae/Be stars).

The object V1026 Sco belongs to the Meeus group IIa (Juhász et al. 2010) and

might, therefore, have a self-shadowed disk. The stellar parameters (Dominik

et al. 2003) of V1026 Sco are listed in Table 3.1. By modeling the spectral

energy distribution (SED), Dominik et al. (2003) found that the circumstellar

disk of V1026 Sco has an inclination of approximately 55◦. Monnier et al.

(2005) have performed Keck Interferometer (KI) measurements of V1026 Sco

and found an inner disk diameter of 2.52 mas (0.29 AU at 116 pc). In a recent

publication, Schegerer et al. (2013) have reported mid- and near-infrared in-

terferometric observations (archival MIDI/VLTI & IOTA data), and performed

radiative transfer modeling of V1026 Sco, and derived a disk structure with a

gap from 0.35 AU to 0.80 AU.

In this paper, we analyze the circumstellar environment around V1026 Sco

by taking new interferometric near-infrared (NIR) VLTI/AMBER and archival

mid-infrared (MIR) VLTI/MIDI measurements into account. We describe our

observations and the data reduction in Sect. 3.3. The modeling is presented in
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3.3 Observation and data reduction

Sect. 3.4, and our results are discussed in Sect. 3.5.

Table 3.1: The adopted stellar parameters of HD142666.

Parameter Value

spectral type A8Ve (a)

age [Myr] 6.0 ± 1.5 (b)

distance [pc] 116

M∗[M⊙] 1.8

L∗[L⊙] 11

T∗[K] 8500

log(Ṁ[M⊙yr−1]) −6.73 ± 0.26 (c)

Notes. The values are taken from Dominik et al. (2003) unless otherwise noted. The error bars

are shown where available. Dominik et al. (2003) estimate the uncertainty of the luminosity to be

±50% (due to the Hipparcos distance error) and the mass uncertainty to be 5 – 10%. Other authors

find slightly different parameters for the alternative distance of 145 ± 20 pc. For example Alecian

et al. (2013a) derived 5.0+1.6
−1.1

Myr, 2.15+0.20
−0.19

M⊙, 27.5+7.9
−7.1

L⊙, and 7900 ± 200 K. Other references:
(a)Meeus et al. (1998), (b)Folsom et al. (2012), (c)Mendigutı́a et al. (2011).

3.3 Observation and data reduction

We observed V1026 Sco on three different nights with the NIR three-beam

VLTI/AMBER instrument (Petrov et al. 2007). The observations were per-

formed in low-resolution mode (spectral resolution R = 30). Table 3.2 lists the

observational parameters. The uv coverage of our 2009 and 2011 AMBER ob-

servations with the published KI and archival MIDI observations of V1026 Sco

used in this study are shown in Figure 3.1.

We reduced the AMBER data with amdlib-3.0.2∗ (Tatulli et al. 2007; Chelli

et al. 2009). To improve the calibrated visibility, we processed only 20% of the

frames (object and calibrator) with the best fringe signal-to-noise ratio (Tatulli

et al. 2007). In addition, we equalized the histograms of the optical path differ-

ences (OPD) of the calibrator and the object data, because different histograms

(due to OPD drifts caused, for example, by errors of the OPD model) can lead

∗http://www.jmmc.fr/data_processing_amber.htm
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Table 3.2: Observation log.

# Night Instrument Bproj PA Seeing DIT Calibrator Calibrator diameter

[m] [◦] [′′] [ms] [mas]

I 2009-04-17 AMBER 15/30/45 259/259/259 0.55 200 HD142669 0.256 ± 0.018 (a)

II 2009-05-22 AMBER 31/61/91 258/258/258 0.8 150 HD142669 0.256 ± 0.018 (a)

III 2011-04-30 AMBER 59/68/71 238/126/176 1.0 300 HD138472 1.07 ± 0.02 (b)

IV 2011-04-30 AMBER 63/70/72 256/141/193 0.8 300 HD138472 1.07 ± 0.02 (b)

V 2004-06-07 MIDI 102 37 0.9 14 HD146791 3.00 ± 0.033 (c)

VI 2004-06-07 MIDI 90 44 1.1 18 HD169916 4.24 ± 0.047 (c)

Notes. Bproj denotes the lengths of the projected interferometer baselines during the observations, PA the baseline position angles, and

DIT the detector integration time for recording individual interferograms. The resulting uv coverage is shown in Fig. 3.1. References:
(a)Lafrasse et al. (2010), (b)Richichi et al. (2005), (c)Bordé et al. (2002).

Table 3.3: Scanned range of the parameters of the computed temperature-gradient models (A, B1, B2 and B3).

Parameter Range (A) N(A) Range (B1) N(B1) Range (B2) N(B2) Range (B3) N(B3)

rin,1 [AU] 0.01 – 1.0 30 0.05 – 1.0 8 0.1 – 0.3 8 0.15 – 0.25 10

∆rin,1 [AU] 0.01 – 10 30 0.01 – 2.0 8 0.01 – 0.15 8 0.02 – 0.07 8

rin,2 [AU] ... ... 0.05 – 3.0 8 0.4 – 2.0 8 1.0 – 1.7 8

∆rin,2 [AU] ... ... 0.01 – 10 8 0.5 – 10 8 1.0 – 6.0 4

Tin,1 [K] 200 – 2000 30 800 – 2000 8 1000 – 1500 8 1200 – 1400 8

Tin,2 [K] ... ... 150 – 1000 8 100 – 400 8 300 – 380 8

q1 0.2, 0.5, 0.75, 1.0 4 0.2, 0.5, 0.75, 1.0 4 0.2, 0.5, 0.75, 1.0 4 0.2, 0.5, 0.75, 1.0 4

q2 ... ... 0.2, 0.5, 0.75, 1.0 4 0.2, 0.5, 0.75, 1.0 4 0.2, 0.5, 0.75, 1.0 4

i [◦] 0 – 90 30 0 – 80 6 10 – 60 6 40 – 60 8

ϑ [◦] 0 – 170 30 0 – 160 6 130 – 180 6 150 – 180 8

Notes. The free model parameters for the inner ( j = 1) and, if included, outer ( j = 2) ring-shaped disk are as follows: the inner ring radius rin,j, the ring width

∆rin,j, the temperature at the inner radius Tin,j, the power-law index q j, the inclination i, and the position angle of the semi-major axis ϑ. The number of steps

computed per parameter is given by N. The step spacing is logarithmic for rin,1, ∆rin,1, and rin,2, and is linear for the rest of the parameters except q1 and q2,

for which the individual values used are given directly.
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3 The inner circumstellar disk of the UX Ori star V1026 Sco

to visibility errors. Histogram equalization can reduce these visibility errors.

This method is described in detail in Kreplin et al. (2012).

We were able to extract H and K band visibilities (cf. Fig. 3.4). Within the

error bars, the obtained closure phase is zero for all nights (Fig. 3.2), which is

consistent with a centro-symmetric brightness distribution.

We also used archival low-resolution data obtained with the MIR two-beam

combiner MIDI (Leinert et al. 2003; Schegerer et al. 2013). The data (see Ta-

ble 3.2) were reduced using our own IDL codes (see Appendix A of Kishimoto

et al. 2011 for details), which utilize a part of the standard software EWS† and

also implement an average over a relatively large number of frames to deter-

mine the group-delay and phase-offset tracks with a good signal-to-noise ratio.

This is important when dealing with sub-Jy sources, such as our target here.

The MIDI visibilities are shown in Fig. 3.5 (right).

3.4 Analysis

3.4.1 Geometric modeling

To estimate the characteristic size of the NIR emission region, we fit geometric

models to the visibilities. The model for the NIR data consists of an unresolved

stellar contribution and an inclined ring with a width of 20% of its inner radius

rring,in (,which is equal to the semi-major axis in the model). We averaged the

different visibility measurements (shown in Fig. 3.4) of the spectral channels

within the H and K bands to obtain wavelength-averaged H- and K-band visi-

bilities (Fig. 3.3). The resulting visibilities within each band were fit with the

model visibilities of the two-dimensional, inclined star-ring model.

In the K band, we included literature data from the Keck interferometer

(Monnier et al. 2005, see Fig. 3.1) in the fit. Because of the almost constant

projected baseline length and position angle of the five KI measurements, the

data points were averaged.

To fit the visibilities, we derived the NIR flux contribution of the star ( fstar)

from our SED fit (Fig. 3.6 left) and obtained approximately 0.33 (Monnier et al.

2005 report 0.39) in the K band and 0.53 in the H band. For the total visibility,

we obtain

|V | = |(1 − fstar)Vdisk + fstarVstar| , (3.1)

†http://www.strw.leidenuniv.nl/˜nevec/MIDI/index.html
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3.4 Analysis

where fstar + fdisk = 1 and the unresolved star has Vstar = 1.

We found a semi-major axis (rring,in) of 1.30 ± 0.14 mas (or 0.15 ± 0.06 AU

for a distance of 116 pc) in the H band and 1.57±0.09 mas (or 0.18±0.06 AU)

in the K band (Fig. 3.3). All fitted parameters are listed in Table 3.4. In the H

band, the inclination angle i (angle between the system axis and the viewing

direction) is 50 ± 11◦, and the position angle ϑ of the semi-major axis of the

disk is 179 ± 17◦. In the K band, we derived i = 49 ± 5◦ and ϑ = 163 ± 9◦,

respectively.

Table 3.4: Parameters of the best-fit geometric model.

Band rring,in i ϑ fstar fdisk

[AU] ◦ ◦

H 0.15 ± 0.06 50 ± 11 179 ± 17 0.53 ± 0.10 0.47 ± 0.10

K 0.18 ± 0.06 49 ± 5 163 ± 9 0.33 ± 0.27 0.67 ± 0.27

Notes. The radius rring,in represents the inner semi-major axis of the inclined model ring; the

position angle ϑ denotes the position angle of the semi-major axis; i is the inclination of the system

axis to the line of sight, fstar the flux contribution from the star, and fdisk the flux contribution from

the disk to the total flux (see text in Sect. 3.4.1). The errors of the radii include the distance error

(116 ± 30 pc).

3.4.2 Temperature-gradient model

To fit all available wavelength-dependent visibilities (AMBER, MIDI, and

KI, see Figs. 3.4, 3.5) and the SED (Fig. 3.6) simultaneously, we used a

temperature-gradient model. This model consists of many thin rings emitting

blackbody radiation at a local temperature T (r) = T0·(r/r0)−q, where r0 denotes

the inner disk radius, T0 the effective temperature at r0, and q the power-law

index. Other free parameters are the inclination i and the position angle ϑ of

the semi-major axis of the disk. A more detailed description of our modeling

of temperature-gradient disks can be found, for example, in Vural et al. (2012)

or Kreplin et al. (2012).

We computed models for all mathematical combinations of the parameter

values listed in Table 3.3. We chose the model with the lowest χ2
red

value as the

best-fit model. The given error bars are 3σ errors.
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Figure 3.3: Geometric inclined ring-fit models (ring width = 20% of rring,in) of the H-

(top) and K-band (bottom) visibilities. The right plot contains our AMBER

data and the KI measurements. The wavelengths are averaged over the

whole respective spectral band. The model consists of the unresolved stellar

contribution and an inclined ring (see Sect. 3.4.1). We simultaneously fit

all visibilities with a two-dimensional visibility model. The model curves

are plotted for all position angles for which visibilities were measured. The

color sequence (blue to red) describes the decreasing difference between

the PA of the measurement and the disk’s fitted semi-major axis ϑ.
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3.4 Analysis

We first attempted to fit the data with a model consisting of a stellar point

source (distance, L∗, and T∗ from Table 3.1) and a temperature-gradient disk

(model A in Table 3.3). The model has six free parameters: the inner ring

radius rin,1, the width of the ring ∆rin,1 = rout,1 − rin,1, the temperature at the

inner radius Tin,1, the power-law index q1, the inclination i, and the position

angle of the semi-major axis of the disk-like object ϑ. The best-fit parameters

are listed in Table 3.5. However, no successful fit could be found that is able to

reproduce all observations simultaneously (χ2
red
= 6.2).

Therefore, we adopted a two-component model consisting of the star (same

parameters as above) and two inclined concentric ring-shaped disks (model B,

see Table 3.3 and 3.5). There are ten free model parameters: four for the inner

disk (rin,1, ∆rin,1, Tin,1, q1), four for the outer disk (rin,2, ∆rin,2, Tin,2, q2), and

two for the whole disk system (i, ϑ). We computed all combinations of these

parameters within the parameter ranges (and for the described N step values)

defined in Table 3.3. We first calculated the models with a rough grid (model

B1) and then with finer grids (model B2 and B3) around the χ2
red

-minimum of

the previous run. In total (for all models described in Table 3.3), we computed

∼700 million models.

In our best-fitting model B3 (χ2
red
= 2.7, see Figs. 3.4, 3.5, and 3.6), the

inner disk spans from 0.19 ± 0.01 AU to 0.23 ± 0.02 AU (with a temperature

of 1257+133
−53

K at the inner radius rin,1) and the outer disk between 1.35+0.19
−0.20

AU

and > 4.3 AU (334+35
−17

K at rin,2) with a gap between both components. The

very narrow disk width of 0.04 AU makes the inner disk region appear rather

ring-like in the NIR (see Fig. 3.6, right). We cannot constrain the temperature

gradient q1 because the inner narrow ring-shaped component is basically emit-

ting only at one uniform temperature Tin,1. The inclination (angle between the

system axis and the viewing direction) is 48.6+2.9
−3.6
◦ and the position angle of the

disk is 169.3+4.2
−6.7
◦, which is approximately consistent with our geometric model

in Sect. 3.4.1. We emphasize that the structure of the outer disk is a result of the

longer wavelength data – that is, the MIDI data and the the MIR/far-infrared

(FIR) SED. The inclination and position angle of the system are mainly deter-

mined by the NIR interferometric data but consistent with the MIDI data. In

the case of temperature-gradient models with more than one component, please

note that simultaneous modeling of the visibilities and the SED is able to con-

strain the inner temperatures (Tin,1, Tin,2) of the single components rather than

the exact shape of the single temperature gradients (q1, q2).
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Figure 3.4: AMBER visibilities (see Table 3.2) and temperature-gradient model B3:

The panels show the wavelength-dependent H and K band visibilities of

our AMBER observations. Each panel displays one of the three baselines

of each measurement (nights I-IV, cf. Tab. 3.2). The red line indicates

the corresponding best-fit temperature-gradient model curves (model B3 in

Table 3.5) in all plots.
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Figure 3.5: Keck and MIDI observations and temperature-gradient model B3. Left:

Keck visibility. Right: MIDI visibilities.

62



3.4 Analysis

0.1 1.0 10.0 100.0 1000.0
λ [µm]

10-16

10-15

10-14

10-13

10-12

10-11

10-10
λ
F
λ
 [
W

/m
2
]

Best-fit model

star

inner disk

outer disk

fitted SED

Spitzer

ISO

MIDI

Figure 3.6: Top: SED and temperature-gradient model B3: The SED of V1026 Sco

was constructed using published SED observations (black dots). Some of

the points represent binned observations; the size of the error bars is on

the order of the size of the dots. The resulting fit curve (red) consists of

the stellar contribution (Kurucz model, black dashed line), the inner ring

(black solid line), and the outer ring model SED (black dash-dotted line).

Bottom: Two-dimensional intensity distribution of our best-fit model (B3)

at 2 µm. The narrow bright ring is the inner ring-shaped disk in the model.

The central star is not shown here. Please note that the intensity scale is

logarithmic; the outer disk contributes only insignificantly to the NIR flux.

The actual geometry of the outer disk remains poorly constrained because

only two MIDI uv points exist.
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3 The inner circumstellar disk of the UX Ori star V1026 Sco

Table 3.5: Parameters of best-fit temperature-gradient models A & B3.

Parameter Best-fit Best-fit

parameters (A) parameters (B3)

rin,1 [AU] 0.06 ± 0.01 0.19 ± 0.01

rout,1 [AU] 4.6+1.1
−1.6

0.23 ± 0.02

rin,2 [AU] ... 1.35+0.19
−0.20

rout,2 [AU] ... > 4.3

Tin,1 [K] 1937+25
−61

1257+133
−53

Tin,2 [K] ... 334+35
−17

q1 0.5 0.5

q2 ... 1.0

i [◦] 86.9+0.2
−1.7

48.6+2.9
−3.6

ϑ [◦] 139.0+0.2
−1.7

169.3+4.2
−6.7

χ2
red

6.2 2.7

Notes. The listed parameters for the inner ( j = 1) and, if included, outer ( j = 2) ring-shaped disk

are as follows: the inner ring radius rin,j, the outer ring radius rout,j = rin,j+∆rin,j, the temperature at

the inner radius Tin,j, the power-law index q j, the inclination i, and the position angle of the semi-

major axis ϑ. Parameters without error bars cannot be constrained (see discussion in Sect. 3.5).

3.5 Discussion

To compare the disk size of V1026 Sco with other young stellar objects, we

plot the K-band radius (0.18 ± 0.06 AU, see Table 3.4) obtained with a geo-

metric inclined-ring fit into the size-luminosiy diagram (Fig. 3.7). The derived

radius is ∼1.5 times larger than expected for a dust sublimation temperature

of 1500 K and is located approximately on the 1200 K line. Within the error

bars, it still agrees with a dust sublimation temperature of 1500 K expected for

dust consisting mostly of silicates (Natta et al. 2001; Dullemond et al. 2001;

Monnier & Millan-Gabet 2002).

The derived best-fit temperature-gradient model B3 consists of a two-

component disk model; all parameters are listed in Table 3.5. The inner com-

ponent is a ring-shaped disk with an inner radius of 0.19 ± 0.01 AU and an

inner temperature of 1257+133
−53

K. The outer ring-shaped disk extends from

1.35+0.19
−0.20

AU to > 4.3 AU with 334+35
−17

K at the inner edge. Between the hot

inner and cool outer components, our best-fit model shows an approximately
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Figure 3.7: Size-luminosity diagram. The K-band ring-fit radius of V1026 Sco (semi-

major axis derived with an inclined ring fit in Sect. 3.4.1) is plotted as a

green filled square. For comparison, we also plot a sample of Herbig Ae

stars (unfilled black triangles, Monnier et al. 2005) and a sample of TTS

(filled black triangles, Pinte et al. 2008). The theoretical relation between

the ring radius in the NIR and the luminosity (Monnier & Millan-Gabet

2002) is shown for different temperatures. The 1500 K line is plotted in

red; the gray lines indicate curves for temperatures between 500 K (highest

line) and 2000 K (lowest line) in 100 K steps.

1.1 AU-wide gap. The inclination of 48.6+2.9
−3.6
◦ is similar to the inclination de-

rived with our geometric model in Sect. 3.4.1 (∼49◦and ∼50◦) and to the value

of 55◦ found by Dominik et al. (2003). Neither of the power-law indices could

be constrained. In the inner component, the ring width is too small to allow

us to constrain q1. In the outer component, there seems to be a degeneracy

between q2 and rout,2. The parameters of the inner disk (Table 3.5) are simi-

lar to the ones obtained with the geometric fit of the near-infrared visibilities

(Table 3.4) and the size-luminosity diagram (Fig. 3.7). A possible explanation

for the lack of FIR emission in the SED of some HAeBes and the apparent

disk gap is self-shadowing by the puffed-up inner rim (Dullemond & Dominik
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3 The inner circumstellar disk of the UX Ori star V1026 Sco

2004).

The stellar rotation of V1026 Sco is v sin i = 65.3±3.1 km s−1 (Alecian et al.

2013a), leading to a maximum rotational velocity of ∼86 km s−1 if the inclina-

tion of the star is comparable to the disk inclination. This is similar (Boehm &

Catala 1995) or slightly lower (Alecian et al. 2013b) than the average velocity

of low-mass Herbig Ae/Be stars but higher than measurements of T Tauri stars

(Weise et al. 2010).

Magnetic braking can reduce the rotational velocity as observed in T Tauri

stars (Koenigl 1991; Weise et al. 2010; Johnstone et al. 2013). In Herbig stars,

strong magnetic braking is less likely than in T Tauri stars because the observed

magnetic fields are weaker. In V1026 Sco, a magnetic field has not been de-

tected (Alecian et al. 2013a), which could mean that it is weak, as expected for

Herbig Ae stars (Weise et al. 2010). Even if a magnetic field exists, but could

not be detected, the high value of the stellar rotation velocity of V1026 Sco

suggests that rotational braking via disk locking (Koenigl 1991; Stȩpień 2000)

is much weaker than in T Tauri stars.

Our findings can be described with the standard disk theories for Herbig Ae

stars, which postulate passive circumstellar disks with inner holes and puffed-

up inner rims (Natta et al. 2001; Dullemond et al. 2001). In addition, the

derived inclination might be large enough to explain the UXOr variability of

V1026 Sco in the context of current proposed theories, as we discuss in the

following. Theories about partial obscuration of the stellar light by hydrody-

namic fluctuations of the inner rim need high inclination angles for explaining

the UXOr variability (Dullemond et al. 2003). With the measured intermedi-

ate inclination of V1026 Sco, the rim fluctuations would have to be twice as

high as the theoretical fluctuation height. Therefore, this model is less suitable

in our case and also for several other UXOrs (e.g. Pontoppidan et al. 2007).

The unsteady accretion model by Herbst & Shevchenko (1999) is inclination

independent and cannot be disproven with our measurements. For intermedi-

ate to high disk inclinations, orbiting dust clouds might intercept the line of

sight toward the star (Grinin et al. 1994; Natta et al. 1997). For this case, the

derived inclination of V1026 Sco is still within the range predicted for UX-

Ors (45◦–68◦) by Natta & Whitney (2000). Dust clouds in centrifugally-driven

disk winds (Vinković & Jurkić 2007; Bans & Königl 2012) can also explain

the UX Ori type variability of V1026 Sco, as they also are consistent with

intermediate to high disk inclinations.
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3.6 Conclusion

We observed the UX Ori star V1026 Sco with VLTI/AMBER in the H and

K bands. With a geometric ring-shaped model consisting of the star and an

inclined ring, we found a radius of rring,in = 0.18 ± 0.06 AU in the K band. In

the context of the size-luminosity diagram, this radius is found to be consistent

with the theory of a passive circumstellar disk with an inner hole and a rim at

the dust sublimation radius. We further derived an inclination of 50 ± 11◦ and

49 ± 5◦ and a PA of the semi-major axis of the inclined disk of 179 ± 17◦ and

163 ± 9◦ in the H and K bands, respectively.

We found a two-component-disk temperature-gradient model that is able to

reproduce all visibilities and the SED. The inner radius of the inner disk is

0.19± 0.01 AU and similar to the one found with a geometric ring fit. The two

disk components are separated by a gap, which may be explained by a shadow

cast by a puffed-up inner rim and agrees with the type II classification of the

object. The derived inclination of 48.6+2.9
−3.6
◦ and the PA of 169.3+4.2

−6.7
◦ are consis-

tent with the values found by geometric modeling. Our inclination of ∼49◦ is

probably not consistent with a model where rim fluctuations cause the UXOr

variability, because the expected rim height is not high enough, as discussed

above. The unsteady accretion theory cannot be excluded with our measure-

ments, because the model is inclination-independent. Finally, the measured

intermediate disk inclination is within the range predicted from UXOr models

with orbiting dust clouds in the disk or in centrifugally-driven disk winds.
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4 Study of the sub-AU disk of the

Herbig B[e] star HD 85567 with

near-infrared interferometry

This chapter is based on the publication Vural et al. (2014a), which used

observations made with ESO telescopes at the La Silla Paranal Observatory

under programme IDs 080.C-0541(C), 082.C-0893(A), 084.C-0848(B).

4.1 Abstract

The structure of the inner disk of Herbig Be stars is not well understood. The

continuum disks of several Herbig Be stars have inner radii that are smaller

than predicted by models of irradiated disks with optically thin holes.

We study the size of the inner disk of the Herbig B[e] star HD 85567 and

compare the model radii with the radius suggested by the size-luminosity rela-

tion.

The object was observed with the AMBER instrument of the Very Large

Telescope Interferometer. We obtained K-band visibilities and closure phases.

These measurements are interpreted with geometric models and temperature-

gradient models.

Using several types of geometric star-disk and star-disk-halo models, we

derived inner ring-fit radii in the K band that are in the range of 0.8–1.6 AU.

Additional temperature-gradient modeling resulted in an extended disk with an

inner radius of 0.67+0.51
−0.21

AU, a high inner temperature of 2200+750
−350

K, and a

disk inclination of 53+15
−11
◦.

The derived geometric ring-fit radii are approximately 3–5 times smaller

than that predicted by the size-luminosity relation. The small geometric and

temperature-gradient radii suggest optically thick gaseous material that absorbs

stellar radiation inside the dust disk.
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4.2 Introduction

Infrared interferometric observations suggest that the circumstellar environ-

ment of Herbig Be (HBe) and Herbig Ae (HAe) stars are significantly different.

In contrast to the lower-mass HAe stars, the K-band continuum radii of several

HBe stars are significantly smaller than predicted by the size-luminosity rela-

tion (Monnier et al. 2005; Eisner et al. 2004; Kraus et al. 2008b; Weigelt et al.

2011; Kreplin et al. 2012). These smaller radii can be explained by the pres-

ence of an optically thick gas inside the dust disk. This optically thick gas can

absorb the stellar ultraviolet (UV) radiation and allows dust to exist closer to

the star (Monnier & Millan-Gabet 2002).

The object HD 85567 (V596 Car, Hen 3-331) is a B-type star at a distance

of 1.5 ± 0.5 kpc (see stellar parameters in Table 4.1). The evolutionary status

of HD 85567 is not yet well-established. Miroshnichenko et al. (2001) sug-

gested the object to be a main-sequence B[e] star. Other studies reported that

HD 85567 is a young stellar object (Lamers et al. 1998; Malfait et al. 1998;

Verhoeff et al. 2012; Wheelwright et al. 2013). Miroshnichenko et al. (2001)

proposed the existence of a close binary companion that can interact with the

circumstellar disk of HD 85567. Binarity is believed to be a key property in

B[e] stars (Miroshnichenko 2007). Baines et al. (2006) detected a binary com-

panion with a separation of & 500 mas.

We use our near-infrared (NIR) interferometric observations to investigate

the inner disk structure of HD 85567. The paper is organized as follows. We

describe the observations and the data reduction in Sect. 4.3. The modeling is

presented in Sect. 4.4 and the results are discussed in Sect. 4.5.

4.3 Observation and data reduction

The observations of HD 85567 were carried out using the near-infrared three-

beam combiner VLTI/AMBER (Petrov et al. 2007) in three different nights.

We obtained a total of six measurements in the low spectral resolution mode

(R = 30: Fig. 4.1, Table 4.2). The data were reduced with amdlib 3.0.5∗ (Tatulli

et al. 2007; Chelli et al. 2009). We applied a signal-to-noise frame selection

(20% of the highest fringe signal-to-noise ratio (SNR); Tatulli et al. 2007) to

∗http://www.jmmc.fr/data_processing_amber.htm
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Figure 4.1: The uv coverage of our AMBER measurements of HD 85567 (see Ta-

ble 4.2).
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Table 4.1: Stellar parameters of HD 85567.

Parameter Value

spectral type B2V (a)

distance [kpc] 1.5 ± 0.5 (a)

M∗[M⊙] 12 ± 2 (b)

log(T∗[K]) 4.32 ± 0.08 (b)

log(L∗[L⊙]) 4.17 ± 0.16 (b)

R∗[R⊙] 9 ± 2 (b)

AV 1.1 ± 0.1 (b)

Ṁ[10−6 M⊙yr−1] 6.3+4
−2

(c)

Notes. References: (a)Miroshnichenko et al. (2001), (b)Verhoeff et al. (2012), (b)Ilee (2013).

the raw files of object and calibrator to obtain an improved visibility calibra-

tion. An additional improvement of the visibility calibration was achieved by

equalizing the optical path difference (OPD) histograms of the object and cali-

brator (Kreplin et al. 2012) to account for atmospheric OPD drifts.

We derived K-band closure phases (Fig. 4.2) and visibilities (Fig. 4.5). The

closure phases are zero within the error bars, indicating that the brightness dis-

tribution of our source is centrosymmetric. Except in measurement VI, amdlib

3.0.5 did not compute visibilities and closure phases for wavelengths in the

range of approximately 2.0 – 2.1 µm because of low SNR. The SNR of the

H-band data was also too low to derive H-band visibilities and closure phases.

The spectral energy distribution (SED; see Fig. 4.3) was reconstructed from

dereddened values found in the literature (Verhoeff et al. 2012) and data from

the Spitzer Space Telescope (IRS, program ID: 3470).

4.4 Modeling

4.4.1 Geometric modeling

The NIR emission of Herbig stars is believed to originate mainly in a ring-like

region at the inner edge of the disk, which is often associated with a puffed-

up inner rim (Natta et al. 2001; Dullemond et al. 2001). Thus, the size of the

NIR emission region is often approximated with a geometric ring model, and
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Table 4.2: AMBER observation log.

# Night Configuration Bproj PA Seeing DIT Calibrator Calibrator diameter

[m] [◦] [′′] [ms] [mas]

I 2008-02-22 A0-D0-H0 60/91/30 89/89/89 0.65 21 HD 50281 1.0 ± 0.1 (a)

II 2008-02-22 A0-D0-H0 60/91/30 92/92/92 0.72 100 HD 85313 0.451 ± 0.045 (b)

III 2008-02-22 A0-D0-H0 55/82/27 112/112/112 0.69 100 HD 85313 0.451 ± 0.045 (b)

IV 2008-02-22 A0-D0-H0 51/77/26 126/126/126 0.57 100 HD 85313 0.451 ± 0.045 (b)

V 2008-12-14 U1-U3-U4 88/61/124 219/289/247 - 26 HD 50277 0.356 ± 0.036 (b)

VI 2009-12-31 U2-U3-U4 41/62/89 229/291/267 1.1 21 HD 85313 0.451 ± 0.045 (b)

Notes. The resulting uv coverage is shown in Fig. 4.1. Bproj describes the projected baseline length, PA the position angles of the baselines,

and DIT the detector integration time. References: (a)Pasinetti Fracassini et al. (2001), (b)Lafrasse et al. (2010). We assumed the calibrator

diameter error to be 10%.

Table 4.3: Overview of the geometric models.

Model Rin Rmin i ϑ fhalo χ2
red

[AU] [AU] ◦ ◦

Ring 1.08 ± 0.38 1.08 ± 0.38 ... ... ... 2.69

Ring + extended halo 0.78 ± 0.31 0.78 ± 0.31 ... ... 0.09 ± 0.01 0.39

Elongated ring 1.55 ± 0.53 0.53 ± 0.20 70.0 ± 0.01 155.7 ± 2.1 ... 1.88

Elong. ring + extended halo 1.07 ± 0.43 0.60 ± 0.32 55.8 ± 0.09 162.2 ± 5.5 0.09 ± 0.01 0.74

Notes. All models consist of the above ring-like disks, halos, and an unresolved stellar source. The distance uncertainty (Table 4.1) is

taken into account in the above uncertainties for the radii. The radii Rin and Rmin are the semi-major and the semi-minor axis of the ring

models, respectively. The variable ϑ is the position angle of the semi-major axis.7
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4 Study of the sub-AU disk of the Herbig B[e] star HD 85567

the ring-fit radius can be compared to theoretical predictions (Millan-Gabet

et al. 2001; Monnier & Millan-Gabet 2002; Eisner et al. 2003; Dullemond &

Monnier 2010).

Here, we apply several different ring models, all containing an unresolved

stellar component and a ring with a width of 20% of the inner ring radius

(Monnier et al. 2005). We also investigate inclination effects (i.e., elongated

rings) and the influence of an extended halo (see Table 4.3).

The variables of the two-dimensional total visibility |V | = |V(PA, νuv)| are

the position angle (PA) of the measurement and the spatial frequency νuv =

Bproj/λ (see Table 4.2). It can be described by

|V | = |(1 − f∗ − fhalo)Vring + f∗V∗ + fhaloVhalo| , (4.1)

where V∗ = 1 is the visibility of the star, Vring is the visibility of the ring-

shaped disk, Vhalo is the visibility of the halo, fhalo is the flux contribution of

the halo, and 1 − f∗ − fhalo is the flux contribution of the ring-like disk. The

wavelength-dependent relative flux contribution f∗ of the stellar component to

the total emission was derived from the SED (Fig. 4.3). The model parameters

are the inner ring radius Rin (semi-major axis in the elongated case) of the

extended ring, the inclination i, the position angle ϑ of the semi-major axis of

the elongated ring, and fhalo. An overview of our fit models, their parameters,

and the resulting χ2
red

are presented in Table 4.3. We obtain inner radii between

0.78 AU (∼0.5 mas) and 1.55 AU (∼1.0 mas) and inclination angles in the

range of ∼56◦ to ∼70◦. The large error bars of the NIR visibilities do not allow

us to make a definite decision on the elongation and the orientation of the disk

as models without elongation fit the data as well (see Table 4.3).

4.4.2 Temperature-gradient model

To interpret our data, we model our visibility measurements and the literature

SED of HD 85567 with a temperature-gradient model. This kind of modeling

has already been used for modeling AMBER data from young stars of different

types by, for example, Malbet et al. (2005), Kraus et al. (2010, 2012), Kreplin

et al. (2012), Chen et al. (2012), and Vural et al. (2014b).

The temperature distribution T (r) of a circumstellar disk is assumed to be:

T (r) = Tin · (r/rin)−q, where r is the radius, q is the temperature power-law

index, and Tin the temperature at the inner disk radius rin. The disk is modeled
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4.4 Modeling

as the sum of a large number of narrow rings; each has a temperature T (r).

We integrate the blackbody spectra of the rings and the intensity distribution

of these rings to obtain the total energy distribution and the visibilities. We

allow the model disk to be inclined, thus introducing the inclination i (i = 0◦

if the disk is face-on) and the position angle ϑ (measured east of north) of the

semi-major axis of the model disk as additional parameters.

Our model includes a stellar component with the parameters from Table 4.1

(distance, T∗, R∗, and L∗) and a surrounding circumstellar temperature-gradient

disk extending to an outer radius of rout = rin +∆r. Each computed model con-

tains the visibilities for all baseline-position angle combinations in our mea-

surements. We calculated the models for all combinations of the parameter

values as described in Table 4.4, where each parameter was varied in 4 to 40

steps within the described scan ranges. This method required the calculation

of approximately 170 million models.

To find the best-fit temperature-gradient model, we calculated the χ2
red

(using

χ2 = χ2
SED
+ χ2

Vis
) of each model and obtained a best-fit model with χ2

red
∼ 1.0

(see Fig. 4.7 in the Appendix). The parameters of the best-fit model are listed

in Table 4.4 and will be discussed in the following section. The uncertainties

are 3σ errors. The model curves are shown in Figs. 4.3 and 4.5.

Table 4.4: Scanned parameter space and best-fit temperature-gradient model described

in Sect. 4.4.2.

Parameter Scan range Nval Best-fit value

rin [AU] 0.04 – 10 40 0.67+0.51
−0.15

∆r [AU] 0.01 – 50 30 24.8+20.5
−8.8

Tin [K] 200 – 8000 40 2200+752
−341

q 0.2, 0.5, 0.75, 1.0 4 0.75

i [◦] 0 – 90 30 52.6+14.7
−11.0

ϑ [◦] 0 – 170 30 121.430.6+
−46.8

Notes. Nval is the number of parameter values used. The spacing between the single parameter

values is linear or as indicated, except for rin, where the spacing is logarithmic. For example, the

parameter values for rin are 0.10 AU, 0.11 AU, 0.13 AU, ..., 10 AU.
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Figure 4.3: Observed SED (black diamonds) and SED of the best-fit temperature-

gradient model (Table 4.4). The total SED (red line) consists of the stellar

flux (Kurucz model, black dashed line) and the flux of the temperature-

gradient disk (black solid line).

Figure 4.4: Two-dimensional intensity distribution of the best-fit model at 2 µm. The

color-scaling is linear in arbitrary units. The star is not displayed.
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Figure 4.5: Comparison of the visibilities of the best-fit temperature-gradient model

(red line; see Table 4.4) with the wavelength-dependent AMBER visibili-

ties (blue dots). The wavelength range of the visibilities is different for all

measurements because of different data quality as explained in Sect. 4.3.

4.5 Discussion

From our geometric modeling, we obtained different ring-fit radii for different

star-disk and star-disk-halo models (see Table 4.3). We achieve significantly

better χ2
red

if the model has a halo component. The χ2
red

closest to one was

obtained for the geometric ring model of an elongated ring and a halo. The

inner ring radius of this model is Rin ∼ 1.1±0.4 AU. Wheelwright et al. (2013)

estimated the ring radius with a symmetric star-ring model including resolved

background emission to 0.8±0.3 AU. This value is consistent with most of our

derived ring-fit radii (Table 4.3). The high visibility values and small closures
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4 Study of the sub-AU disk of the Herbig B[e] star HD 85567

phases (which are approximately zero; see Fig. 4.2) of our observations and

of the observations reported by Wheelwright et al. (2013) do not allow us to

detect any binary signature. Binarity is believed to be a key property in B[e]

stars (Miroshnichenko 2007).
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Figure 4.6: The position of HD 85567 (red square) in the size-luminosity diagram of

T Tauri stars, Herbig Ae, and Herbig Be stars. The data are taken from

the literature (Eisner et al. 2004; Monnier et al. 2005; Kraus et al. 2008a;

Pinte et al. 2008; Weigelt et al. 2011; Chen et al. 2012; Kreplin et al. 2012;

Vural et al. 2012; Wang et al. 2012; Kreplin et al. 2013; Vural et al. 2014b).

The solid line shows the theoretical dependence of the inner ring radius

on the luminosity for an optically thin disk hole and a dust sublimation

temperature of 1500 K (Monnier et al. 2005).

Our geometric ring-fit radii (∼0.8 – 1.6 AU) are approximately 3 – 5 times

smaller than the radii predicted by the size-luminosity relation (∼4.2 AU;

Fig. 4.6). The predicted radii of the size-luminosity relation (Monnier et al.

2005) are based on the assumption that the dust sublimates at a temperature of

1500 K and the inner cavity is dust-free and optically thin. These assumptions

are approximately valid for HAe stars. However, several interferometric ob-
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servations suggest that some of the more massive HBe stars harbor a gaseous,

optically thick disk inside the dust disk. This gas disk can partially shield

the stellar radiation, thereby letting dust survive closer to the star (Monnier

& Millan-Gabet 2002; Monnier et al. 2005; Millan-Gabet et al. 2007; Weigelt

et al. 2011).

Our best-fit temperature-gradient model (Table 4.4, Figs. 4.3, 4.4, 4.5) con-

sists of the stellar point source and an extended disk with an inner radius

of rin = 0.67+0.51
−0.21

AU. This inner radius is approximately 1.6 to 2.3 times

smaller than the elongated ring-fit radii derived with geometric modeling (Ta-

ble 4.3) but also corresponds to a higher temperature. We derived a disk in-

clination of i = 52.6+14.7
−11.0

◦ and a position angle of the disk semi-major axis

of ϑ = 121.430.6+
−46.8

◦, which are similar to the values derived with geometric

modeling, but not very well constrained due to the large error bars of the

NIR visibilities (cf. Fig. 4.7 in the Appendix). The derived inner tempera-

ture Tin = 2200+752
−341

K is too hot for the standard dust composition consist-

ing mainly of silicates, but the existence of refractory dust grains (e.g., iron,

graphite, corundum; Benisty et al. 2010) may explain this high temperature.

Gas emission inside the dust disk can also contribute to the K-band visibility

and make the average NIR radius appear smaller (e.g., Kraus et al. 2008b). A

size estimate based on the accretion rate supports the presence of an optically

thick inner disk (Wheelwright et al. 2013). By modeling the CO bandhead

emission, these authors found that a compact (inner radius approximately 0.2–

1 AU), optically thick gas disk can reproduce their measurements. This agrees

with the hypothesis of shielded stellar radiation, which leads to small dust sub-

limation radii, which agrees with our observations.

4.6 Conclusion

We used geometric and temperature-gradient models to interpret our

VLTI/AMBER data and the SED of the Herbig B[e] star HD 85567. We de-

rived geometric ring models with inner radii of 0.8–1.6 AU, which are approx-

imately 3–5 times smaller than that predicted by the size-luminosity relation.

Using temperature-gradient modeling, we found a hot (Tin ∼ 2200 K) inner

disk rim with a small (rin ∼ 0.67 AU) inner radius. The undersized inner disk

radius obtained with both geometric and temperature-gradient modeling agrees

with measurements of several other HBe stars and with previous measurements
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of this object. The small inner radius provides further support to the existence

of an optically thick gaseous inner disk shielding the stellar radiation in Herbig

Be stars.

4.7 Appendix

4.7.1 χ2-maps
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Figure 4.7: Two-dimensional χ2
red

distributions of selected parameters of the

temperature-gradient model.
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5 Thesis summary and outlook

5.1 Summary

In this thesis, I studied the inner circumstellar disks of three pre-main sequence

stars of different spectral types and masses. The focus lay on determining the

size and the shape of the near-infrared emitting region in circumstellar disks,

which is often associated to the dust-sublimation radius.

The bulk of the data used in this work was taken with the Very Large

Telescope Interferometer, hereby using the near-infrared three-beam combiner

VLTI/AMBER and the mid-infrared two-beam combiner VLTI/MIDI. In ad-

dition, literature data for reconstructing the spectral energy distribution was

gathered.

In Chapter 2, a study of the T Tauri star S CrA N has been presented.

The star was observed in two nights with VLTI/AMBER. In addition, archival

VLTI/MIDI data (two configurations) was taken into account. The circumstel-

lar disk can be described by a face-on two-component disk. The inner com-

ponent is a thin ring with an inner temperature that is close to the dust sub-

limation temperature. We therefore suspect this component to be created by

a hot, maybe even puffed-up, inner rim like proposed for Herbig Ae/Be stars.

The geometric ring radius was found to be larger than expected. Nevertheless,

models including disk backwarming predict the inner radius of the dust disk to

be approximately as large as the geometric models indicate.

The Herbig Ae star V1026 Sco (Chapter 3) is suspected to be a member of

the UX Ori class. We analyzed measurements of four VLTI/AMBER and two

VLTI/MIDI configurations, and in addition, one literature measurement of the

Keck Interferometer. The data can be described with a two-component model,

where the outer, more extended disk is separated by an apparent gap from the

inner, very thin ring component. This structure can be interpreted in the context

of self-shadowed disk models: Here, the tentative puffed-up inner rim shields

the stellar radiation and casts a shadow over part of the outer disk. The found

inclination of around 50◦ supports (among the inclination-dependent models)

a picture of UX Ori stars where the line of sight is recurrently intercepted by

orbiting dust clouds in the disk itself or in disk winds. The geometric inner disk
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radius matches the predictions for an inner rim at the dust-sublimation radius

with an optically thin inner cavity.

The high-mass Herbig Be star HD 85567 (Chapter 4) was observed with six

different configurations of VLTI/AMBER. The circumstellar dust disk of the

object was found to have a significantly smaller radius than that predicted for a

disk with an optically thin cavity. It can be assumed that the disk region inside

of the observed dust-sublimation radius is optically thick and shields part of the

stellar radiation, allowing the dust to stay closer to the star before evaporating.

The data can be modeled with inclined disk models, but the rather large error

bars do not allow a definite decision on the elongation of the object.

The studies of the three pre-main sequence stars show how much the inner

circumstellar disk structure depends on the properties of the central star, espe-

cially on the luminosity. The general picture of a disk that consists of a dusty

and a mostly dust-free region seems to be valid for a large stellar mass range.

However, the optical thickness of the innermost dust-free disk, the influence of

the inner rim of the dusty disk, and the behaviour of the outer disk regions can

cause significant differences between the circumstellar disks of PMS stars of

different types.

5.2 Outlook

The studies presented in this work show the practicability of infrared interfer-

ometry for spatially resolving the inner regions of circumstellar disks on AU

and sub-AU scales. With only a very sparse uv-coverage, it was possible to

characterize the near- and partially mid-infrared emission regions of three dif-

ferent pre-main sequence stars and set the results into the context of the big

picture of the inner disk structure.

Nevertheless, it would be desirable to refine the results for the studied ob-

jects by measuring at more points in the uv plane and possibly reconstructing

images. This can be achieved by combining the light of more telescopes, which

is the goal of the next generation of VLTI instruments.

In the near future (2016/2017), the mid-infrared (L, M, N bands) four-beam

combiner VLTI/MATISSE (Multi-AperTure mid-Infrared SpectroScopic Ex-

periment; Lopez et al. 2006; Lagarde et al. 2012) will allow to sample a larger

part of the uv plane than VLTI/MIDI with one measurement (six uv points, four

closure phases). With model-independent image reconstruction, it will be pos-
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sible to derive the radial and vertical disk structure in more detail and to find

planet signatures. The anticipated spectral resolution will be able to trace dust

and gas lines in more detail.

Since shortly, the visitor instrument PIONIER (Precision Integrated-Optics

Near-infrared Imaging ExpeRiment; Le Bouquin et al. 2011) can also be used

by the community. It is a four-beam combiner as MATISSE, but operates in the

near-infrared (H band). It can be operated in low-spectral resolution or broad-

band and can help to refine the spatial distribution of the inner circumstellar

matter.

GRAVITY (General Relativity Analysis via VLT InTerferometrY; Eisen-

hauer et al. 2005) will be a four-beam combiner in the near-infrared (K band),

anticipated for 2015 for the VLTI ∗. It aims at resolving small structures in

circumstellar disks and jets with milli-arcsecond resolution.

By combining the results of the above-mentioned instruments for a large

number of young stars, it will be possible to characterize the star and planet

formation processes in even more detail.

Figure 5.1: Paranal observatory at night. [Credit: ESO/G.Hüdepohl]

∗http://www.mpe.mpg.de/ir/gravity
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A Units and natural constants

Table A.1: Units and natural constants used in this work.

Name Symbol Value Unit

Astronomical unit AU 1.496 · 1011 m

Milli-arcsecond mas 4.848 · 10−9 rad

Parsec pc (∼ 1AU
1mas

) 3.086 · 1016 m

Solar mass M⊙ 1.988 · 1030 kg

Solar luminosity L⊙ 3.845 · 1026 W

Solar radius R⊙ 6.963 · 108 m

Speed of light c 2.998 · 108 m s−1

Gravitational constant G 6.674 · 10−11 m3kg−1s−2

Boltzmann constant kB 1.381 · 10−23 J K−1

Stefan-Boltzmann constant σ 5.670 · 10−8 Wm−2K−4
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Stȩpień, K.: 2000, A&A 353, 227

Tannirkulam, A., Harries, T. J., and Monnier, J. D.: 2007, ApJ 661, 374

Tannirkulam, A., Monnier, J. D., Harries, T. J., Millan-Gabet, R., Zhu, Z.,

Pedretti, E., Ireland, M., Tuthill, P., ten Brummelaar, T., McAlister, H., Far-

rington, C., Goldfinger, P. J., Sturmann, J., Sturmann, L., and Turner, N.:

2008, ApJ 689, 513

Tatulli, E., Millour, F., Chelli, A., Duvert, G., Acke, B., Hernandez Utrera, O.,

Hofmann, K., Kraus, S., Malbet, F., Mège, P., Petrov, R. G., Vannier, M.,
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