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Abstract

Stars are the essential elements of the universe that govern the evolution of galaxies and
the interstellar medium. The star formation process carries two ubiquitous byproducts that
dispose the excess of angular momentum: binary or higher-order stellar systems, and the
formation of circumstellar disks surrounding most – if not all – stars. Although these two
outputs embrace a wide field of astronomy by their own, the link between them seems to be
a natural consequence. Namely, stellar and substellar companions forming multiple systems
dynamically perturb primordial circumstellar disks and settle the conditions for planets to
grow in such scenario.

Due to their young age (<10 Myr) and observability after dispersing part of their gaseous
and dusty envelope, the low-mass T Tauri (<2 M�) and the intermediate-mass Herbig Ae/Be
(2–10 M�) stellar objects in the pre-main sequence phase are ideal laboratories to characterize
protoplanetary disks. At this stage, observations with different techniques and at different
wavelengths allow to investigate the star-disk environment through strong emission lines
indicative of accretion of gas onto the central star, excess emission at infrared and longer
wavelengths, and resolved thermal and scattered light. Additionally, a more advanced
evolutionary stage in the so-called transition disks may be identified via dust-depleted
cavities as consequence of forming planets, photoevaporation, self-shadowing or a dead zone
inside the disk.

Numerical simulations and dedicated surveys of T Tauri binary systems have revealed
that the influence of the stellar companions depends on the orbital parameters and masses
of the components. The evolution of disks in close binary (<1 AU) and large-separation
systems (>100 AU) seems well understood. Whereas for the first case both stars would be
surrounded by a common circumbinary disk, the large-separated stars may host independent
circumstellar disks whose evolution is indistinct to disks around single objects. On the
contrary, the understanding of intermediate-separation systems is poorer, and the disk lifetime
seems to be reduced to∼10% of the typical life expectancy because of tidal truncation effects.
Nonetheless, as evidenced by some multiple objects (e.g. GG Tau A), circumbinary plus
circumstellar components may coexist, and the feeding from one to another through streamers
may extend the disk lifetime for planets to assemble.

For Herbig stars, the bigger masses and gravitational forces at play can apparently cause
a faster disk disruption. Still, observational evidence and statistical surveys to understand
the spatial distribution of dust and gas, and the possibility of their survival in the inner
environment are scarcer, with even only few known objects that harbour circumbinary disks.

In particular, the Herbig Ae/Be object V892 Tau, also known as Elias 1, is a near-equal
brightness binary system located in the Taurus-Auriga star-forming region, located at 140 pc,
known to be surrounded by a large circumbinary disk. The stellar pair has a separation of
∼7 AU, and the circumbinary component has an inner radius of ∼18 AU.

This doctoral thesis aims at contributing in the understanding of the central circumstellar
environment of Herbig binary systems by taking advantage of the high-angular (milliarcsec-
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ond) resolution provided by long-baseline interferometry, and offers the first mid-infrared
multi-epoch interferometric study of V892 Tau. Due to its sensitivity to thermal emission
of dust with temperatures of the order ∼100–1000 K, the MID-infrared Interferometric
instrument (MIDI) at the Very Large Telescope Interferometer (VLTI) allows to resolve dusty
structures within the circumbinary cavity of this particular object.

The mid-IR (8–13µm) interferometric data consisting of visibilities and differential
phases, in conjunction with photometric measurements, is modelled with a temperature-
gradient approach and χ2-minimization algorithms. This method allows to scrutinize the
geometry of the system and discuss the possibility of dust survival within an environment
affected by tidal interaction and strong gravitational forces that settle the conditions for
planetary growth.

By investigating different possible morphologies capable of achieving a satisfactory
fit to the mid-IR observations of V892 Tau, I conclude that a disk-like dusty source in the
central vicinity of the stars is the most plausible origin of near-IR flux. This newly proposed
component reproduces well the photometric measurements and causes a brightness asym-
metry which influences the MIDI visibilities and differential phases. Moreover, the profit
of this multi-epoch study reveals that this detected source is presumably unattached to any
of the stars and possesses signs of variability over the five observing runs covering a 9-year
period. Nevertheless, the application of semi-physical models to reproduce interferometric
signals and the detection of this near-IR floating component based on N-band data suggest
caution with the interpretation of this finding. Although the outcomes clearly expose the
existence of a dusty structure, a follow-up investigation with the newest second generation
of interferometers and high-resolution direct imaging techniques is required to certainly
determine its morphology. Granted K-band observations in forthcoming periods of V892 Tau
with both astronomical techniques will complement this project and offer a wider insight
into the field of planet formation and disk evolution in intermediate-separation binary Herbig
objects.
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Zusammenfassung

Sterne sind die wesentlichen Elemente des Universums, die die Entwicklung der Galax-
ien und des interstellaren Mediums bestimmen. Der Sternentstehungsprozess trägt zwei
allgegenwärtige Nebenprodukte, die den Überschuss an Drehimpuls abgeben: binäre oder
höherwertige Sternensysteme und die Bildung von zirkumstellaren Scheiben, von denen die
meisten - wenn nicht alle - Sterne umgeben. Obwohl diese beiden Ergebnisse ein weites
Feld der Astronomie umfassen, scheint die Verbindung zwischen ihnen eine natürliche
Konsequenz zu sein. Stellare und (sub)stellare Begleiter, die mehrere Systeme bilden,
stören dynamisch primordiale zirkumstellare Scheiben und regeln die Bedingungen für das
Wachstum von Planeten in einem solchen Szenario.

Dank ihres jungen Alters (<10 Myr) und ihrer guten Möglichkeit zur Beobachtung, nach-
dem sie einen Teil ihrer gasförmigen und staubigen Hülle verteilt haben, sind die massearmen
T Tauri (<2 M�) und die Zwischenmassen Herbig Ae/Be (2–10 M�) stellare Objekte in der
Phase vor der Hauptsequenz ideale Laboratorien, um protoplanetare Scheiben zu charakter-
isieren. In diesem Stadium erlauben Beobachtungen mit verschiedenen Techniken und bei
verschiedenen Wellenlängen die Untersuchung der Stern-Scheibe-Umgebung durch starke
Emissionslinien, die eine Anreicherung von Gas auf den Zentralstern, überschüssige Emis-
sion bei Infrarot- und längeren Wellenlängen und aufgelöstes thermisches und gestreutes
Licht anzeigen. Zusätzlich kann über staubarme Hohlräume als Folge von Planetenbildung,
Photoverdampfung, Selbstbeschattung oder einer Totzone innerhalb der Scheibe ein weiter
fortgeschrittenes Entwicklungsstadium in den sogenannten Übergangsscheiben identifiziert
werden.

Numerische Simulationen und spezielle Untersuchungen von T Tauri-Binärsystemen
haben gezeigt, dass der Einfluss der stellaren Begleiter von den Bahnparametern und Massen
der Komponenten abhängt. Die Entwicklung von Scheiben in engen binären (<1 AU) und
Systemen mit großer Separation (>100 AU) scheint gut verstanden. Während im ersten Fall
die Sterne nur von einer umlaufenden Scheibe umgeben sind, können die großseparierten
Sterne unabhängige zirkumstellare Scheiben beherbergen, deren Entwicklung ähnlich zu
Scheiben um einzelne Objekte ist. Im Gegenteil, das Verständnis von Systemen mit mittlerer
Separation ist schlechter, und die Lebensdauer der Scheiben scheint aufgrund von Gezeiten-
abschneidungseffekten auf ∼10% der typischen Skalen reduziert zu sein. Nichtsdestotrotz
können, wie einige Mehrfachobjekte (z.B. GG Tau A) zeigen, zircumbinäre plus zirkumstel-
lare Komponenten koexistieren und die Zuführung von einem zum anderen durch Streamer
kann die Lebensdauer der Scheibe verlängern, damit sich Planeten zusammensetzen können.

Für Herbig-Sterne können die größeren Massen und Gravitationskräfte offenbar eine
schnellere Disruption der Scheibe verursachen. Dennoch sind Beobachtungsdaten und
statistische Erhebungen zum Verständnis der räumlichen Verteilung von Staub und Gas
und der Möglichkeit ihres Überlebens in der inneren Umgebung seltener, mit nur wenigen
bekannten Objekten, die umlaufende Scheiben beherbergen.

Insbesondere das Herbig Ae/Be-Objekt V892 Tau, auch bekannt als Elias 1, ist ein nahezu
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gleich-helles binäres System, das sich in der Taurus-Auriga-Sternbildungsregion befindet,
die bei 140 pc liegt und bekanntermaßen von einer großen zirkumbinären Scheibe umgeben
ist. Das stellare Paar hat eine Trennung von ∼7 AU, und die Umfangskomponente einen
inneren Radius von ∼18 AU.

Diese Dissertation zielt darauf ab, einen Beitrag zum Verständnis der zentralen zirkum-
stellaren Umgebung von Herbig-Binärsystemen zu leisten, indem sie die Vorteile der
hochwinkligen (Milliarcsekunden) Auflösung nutzt, die durch die Interferometrie mit langer
Baseline bereitgestellt wird, und bietet die erste interferometrische Multi-Epochenstudie im
mittleren Infrarotbereich von V892 Tau. Das MID-Infrarot-Interferometer (MIDI) am Very
Large Telescope Interferometer (VLTI) ermöglicht dank seiner Empfindlichkeit gegenüber
thermischer Staubemission bei Temperaturen in der Größenordnung von ∼100–1000 K die
Auflösung von staubigen Strukturen im umlaufenden Hohlraum dieses speziellen Objekts.

Die interferometrischen Daten im mittleren IR-Bereich (8–13µm), die aus Visibilities
und Differentialphasen bestehen, werden in Verbindung mit photometrischen Messungen
mit einem Temperaturgradientenansatz und χ2-Minimierungsalgorithmen modelliert, um die
Geometrie des Systems zu untersuchen und die Möglichkeit des Staubüberlebens in einer
Umgebung zu diskutieren, die durch Gezeitenwechselwirkung und starke Gravitationskräfte
beeinflusst wird, die die Bedingungen für das planetare Wachstum festlegen.

Die Untersuchung verschiedener möglicher Morphologien, die in der Lage sind, eine
zufriedenstellende Anpassung an die Mittel-IR-Beobachtungen von V892 Tau kommt zu
dem Schluss, dass eine scheibenförmige staubige Quelle in der zentralen Umgebung der
Sterne der plausibelste Ursprung des Nah-IR-Flusses ist, der den photometrischen Messun-
gen entspricht, und eine Helligkeitsasymmetrie erzeugt, die die MIDI-Sichtbarkeiten und
Differenzphasen beeinflusst. Darüber hinaus zeigt diese Multi-Epochen-Studie, dass diese
neu entdeckte Komponente vermutlich nicht an einen der Sterne gebunden ist und Anzeichen
von Variabilität über die 5 Beobachtungsläufe über einen Zeitraum von 9 Jahren aufweist.

Die Anwendung von semi-physikalischen Modellen zur Reproduktion interferometrischer
Signale und die Detektion dieser near-IR Floating-Komponente auf Basis von N-Band-Daten
lassen Vorsicht bei der Interpretation dieses Befundes zu. Die Ergebnisse zeigen jedoch
deutlich die Existenz einer staubigen Struktur, deren Untersuchung mit der neuesten zweiten
Generation von Interferometern und hochauflösenden Direktabbildungstechniken fortge-
setzt werden muss. Bewilligte K-Band-Beobachtungen in den kommenden Perioden von
V892 Tau mit beiden astronomischen Techniken werden dieses Projekt ergänzen und einen
breiteren Einblick in das Feld der Planetenbildung und Scheibenentwicklung in binären
Herbig-Objekten mit Zwischentrennung bieten.
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1
Scientific Motivation

In November 2014 ESA astronaut Alexander Gerst, crew member of the Expedition 40/41,
landed back on Earth after 166 days at the International Space Station. His mission

included experiments with the purpose of improving life on Earth and preparing further
exploration of the Solar System. Interestingly, the mission was called “Blue Dot” after the
American astronomer Carl Sagan described our planet as “a pale blue dot”, as seen on a

photograph taken by NASA’s Voyager at a distance of six billion kilometres.
Sagan’s statement made reference to everything what happens and happened on our planet,

including, for example, people, philosophers and astronomers that for centuries have
wondered about the origin and uniqueness of our planet and our system in the vast universe.

Nowadays we know that the fundamental blocks of luminous matter in the universe –
stars – form from the gravitational collapse and fragmentation of clumpy and filamentary
molecular clouds into smaller cores. As an aftermath of this process, first, most of stars are
part of a binary or small multiple system, and second, the newborn stars are surrounded by
gaseous and dusty material forming circumstellar disks.

Theory suggests that the leading mechanism that results in binary formation is the
fragmentation of a prestellar core [Bonnell and Bate, 1994]. Other theories, such as the
catastrophic evolution of a gravitationally unstable circumstellar disks [Bonnell, 1994] or the
capture of objects into a bound system, may also serve to explain the different separation
scales between stellar components of binary systems. Either way, observational surveys
evidence the high degree of multiplicity in solar-type (∼50%) and pre-main sequence stars
(∼70%) [e.g. Raghavan et al., 2010, Bouvier and Corporon, 2001, Kraus et al., 2011]. On
the other hand, circumstellar disks assemble because the progenitor molecular clouds are
turbulent [e.g. Larson, 1981, McKee and Ostriker, 2007] and any collapsing region with
nonzero angular momentum leads to their formation. Whereas these disks inherit their initial
mass, size and chemical composition from the broader star formation environment, their
evolution may be influenced by external effects such as the impact of a stellar companion.
The pre-main sequence phase of young stellar systems amalgamates both an established high
degree of multiplicity and the assets of disks around the stars, creating an ideal scenario
to study and understand the impact of binarity/multiplicity on the evolution of primordial
circumstellar disks and the subsequent formation of planets.
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CHAPTER 1. SCIENTIFIC MOTIVATION

In the case of isolated pre-main sequence low-mass stars objects – T Tauri (TTS) – and
intermediate-mass objects – Herbig Ae/Be (HAeBe) –, protoplanetary disks showing excess
emission at infrared and longer wavelengths, strong emission lines indicative of accretion
of gas onto the central star and resolved thermal and scattered light, have been assessed.
These physical processes take place in a timescale of ∼10 million years before the gas is
dispersed by the formation of planets [e.g. Sicilia-Aguilar et al., 2006]. Additionally, during
this period of time, the primordial disk transforms from full gas-rich to debris cold disk,
undergoing also a transitional phase with dust-depleted cavities in the disk as consequence
of forming planets [e.g. Papaloizou et al., 2007], photoevaporation [e.g. Hollenbach et al.,
1994], self-shadowing [e.g. Dong, 2015] or a dead zone inside the disk [e.g. Pinilla et al.,
2016].

On the contrary, in binary systems the lifetime of protoplanetary disks is shorten due
to the dynamical perturbations between the stars, hazarding not only a normal evolution of
the disk, but also the potential for planets to grow. The consequences depend essentially on
three factors: the stellar masses, their separation and the eccentricity. Models suggest that for
very close systems – less than 1 AU – planets can form and survive in circumbinary orbits
around both members [Quintana and Lissauer, 2006], whereas in wide binaries – more than
100 AU – planet formation seems indistinct of the one seen for single stars [e.g. Kraus et al.,
2016, Bonavita and Desidera, 2007]. The dynamics of disk evolution and planet formation
in systems with intermediate separations – less than 100 AU – is more difficult to predict.

Numerical simulations find that circumstellar disks around individual components and
circumbinary disks can coexist in intermediate-separation systems. For eccentricities less
than 0.25, the inner edge of a circumbinary disk is tidally truncated to within 1.8–2.6 times
the semimajor axis of the binary orbit, and the outer edge of the circumstellar disks are
truncated at half this length [e.g. Artymowicz and Lubow, 1994, Papaloizou and Pringle,
1977]. Moreover, statistical studies targeting low-mass T Tauri binary systems located in
some of the nearest and most active star forming regions, such as Taurus, Ophiuchus or
Chamaeleon I, have demonstrated that, in comparison to disks that evolve around single stars,
the lifetime and accretion activity of circumstellar disks in systems with physical separations
less than 100 AU is reduced [e.g. Cieza et al., 2009, Daemgen et al., 2013]. Considering
a stellar pair with a separation of 30 AU – the statistical peak-separation expected for a
population of T Tauri [Duquennoy and Mayor, 1991] – the lifetime of the disks around
the individual components should be ∼10% of the one around single components with a
typical radius of 100 AU [Vicente and Alves, 2005, Andrews and Williams, 2007b], or in
other words, just a fraction of a million year. An accelerated disk dissipation subsequently
disrupts the timescale needed to form terrestrial and giant planets through core accretion
[Duchêne, 2010]. In spite of these statistical and numerical expectations, observations from
hot to cold regimes of the T Tauri system GG Tau A have traced a significant reservoir of dust
and gas accreting onto the stars and surrounding the stellar components separated 35 AU
[Dutrey et al., 2014]. The triple system GG Tau A has an age of ∼2 Myr, and as it possesses
circumstellar and circumbinary disks, it is a preeminent laboratory to study the sustainability
of planet formation. Indeed, the lifetime of circumstellar disks may be prolonged as long as
they are replenished by an external factor – a circumbinary disk –, leaving time for planets to
grow.

It is clear that most of what we know about disk evolution in young multiple systems
derives from the studies of T Tauri objects. Assessing the more massive and luminous
Herbig Ae/Be objects is considerably more challenging. Although their binary frequency
is expected to be similar to the one of the low-mass counterparts, the amount of them
imposed by the stellar initial mass function is scarce. Also, the majority of them are located
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at least 300 pc away, and the large mass and contrast ratios for unequal systems make an
accurate characterization of the systemic properties difficult [Duchêne, 2015]. While at
intermediate separations no dedicated multiplicity survey has been conducted, few multiple
HAeBe objects have been resolved with circumstellar and/or circumbinary emission. For
instance, the quadruple system TY CrA, whose close triple system is separated from the
fourth component by about 40 AU, is surrounded by dusty emission [e.g. Chauvin et al.,
2003, Boersma et al., 2009]. HD142527 having a low-mass companion at 12 AU shows
flows of gas through a dust-depleted gap of ∼30 AU [e.g. Biller et al., 2012, Casassus et al.,
2013, Lacour et al., 2016]. The nearly identical binary system AK Sco is surrounded by
a circumbinary disk and shows spectral features indicating outflow and infall activities in
the system [e.g. Alencar et al., 2003, Anthonioz et al., 2015, Gómez de Castro et al., 2016].
This work enriches the sample of HAeBes in the context of intermediate-separation binary
systems that host circumstellar emission by investigating the source V892 Tau.

V892 Tau – also known as Elias 3-1 or Elias 1 – is a HAeBe system with a spectral type
B8.5V–A0Ve [Mooley et al., 2013], located at 140 pc in the Taurus-Auriga star-forming
region. It consists of a near-equal stellar pair with a separation of ∼7 AU [Smith et al.,
2005] and a circumbinary disk with an inner radius of ∼18 AU [Monnier et al., 2008].
Submillimetre interferometric observations have resolved also the colder extension of the
disk up to ∼100 AU [Hamidouche, 2010]. The presence of hydrogen emission lines and
infrared excess in the spectrum of V892 Tau point to accretion activity and thermal emission
in a region closer to the stars.

Through this first ever study of Elias 1 based on multi-epoch mid-infared interferometric
data acquired with the Very Large Telescope Interferometer, I aim at characterizing the
central environment of the circumbinary cavity and the spatial distribution of dust, whose
dissipation may be accelerated by the presence of the more massive stars at play.

Spectroscopic techniques can only probe the environment of stellar companions out to
∼1 AU. On the contrary, by combining several apertures, the long-baseline interferometry
technique that I use in this work allows to explore with high-angular resolution the inner-
most regions – less than 100 AU – of single and multiple systems, where the evolution of
protoplanetary disks and planet formation occur. Since the warm dust directly exposed to the
stellar emission has temperatures of 100–1000 K, the N-band in the mid-infrared window is
ideal to study the dust distribution around young stellar objects [Dullemond and Monnier,
2010]. Therefore, in this investigation, observations acquired with the Unit Telescopes (UTs)
and the MID-infrared Interferometric instrument (MIDI) in the wavelength range 8–13µm
enable to characterize the cavity and the inner region of the large circumbinary disk in
V892 Tau, achieving a maximum spatial resolution of ∼3 AU for a typical baseline of 100 m.

Besides this motivational Chapter 1, this doctoral thesis is organized in five chapters.
Chapter 2 introduces the picture of star formation and subsequent evolution to form planetary
systems. Chapter 3 presents the theoretical and practical principles on which interferometry
is grounded and how its high-angular resolution capability allows to assess the inner scales
of circumstellar disks around single and binary stellar systems. This chapter announces
also the numerical modelling of interferometric data implemented for this work. Chapter 4
develops the main purpose of this investigation, the Herbig Ae/Be star V892 Tau, including
information on its nature collected from the literature and the analysis performed based on the
mid-infrared spectro-interferometric measurements. Chapter 5 discusses the results of this
research and delineates prospects for further investigation of V892 Tau with state-of-the-art
facilities.
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Introduction

2.1 The big picture of star formation

The nebular hypothesis, first published by Immanuel Kant in his “Allgemeine Naturgeschichte
und Theorie des Himmels” back in 1755, states that the Solar System formed from nebulous
material. Although in general words it is true and applies throughout the whole Universe,
star formation is a more complicated process. The material from which stars form is located
mainly in spiral arms or near the center of galactic nuclei, forming massive and dense
molecular clouds whose main constituents are molecular hydrogen, atomic helium and
CO (Fig. 2.1). These molecular complexes have sizes up to a kiloparsec and masses up to
107 M� [e.g. Solomon and Sanders, 1985, Elmegreen, 1993]. They may contain several
giant molecular clouds (GMCs) with sizes up to 100 pc and masses up to 106 M�, and these
GMCs, in turn, contain smaller scale structures that may be filamentary or clumpy on a wide
range of scales [e.g. Blitz and Williams, 1999, Williams et al., 2000]. The substructures seen
in GMCs range from massive clumps with several parsecs in size and masses of thousands of
solar masses, where entire clusters of stars may form, to small dense cloud cores with sizes of
the order of 0.1 pc and masses of the order of 1 M�, which may form individual stars or small
multiple systems [e.g. Lada et al., 1993, Williams et al., 2000, Visser et al., 2002]. Table 2.1
illustrates some properties and spatial scales of the different structures forming molecular
clouds. Molecular clouds are the densest regions of the interstellar medium, surrounded by
less dense envelopes of atomic gas. Hydrogen molecules form on the surface of dust grains,
and the rate of this process increases with increasing density. A sufficient opacity due to dust
enables the survival of the molecules, protecting them from dissociation due to ultraviolet
radiation. This protection is effective if the molecular clouds have a column density – the
number of molecules along the line of sight through, for instance, a clump, divided by the
projected area of the clump – of at least 20 M� pc−2, although most of them have column
densities much higher than that [e.g. Elmegreen, 1993]. Because of the lack of external
radiation to which molecular clouds are exposed, and the high cooling efficiency by collisions
of excited atoms and molecules, these clouds are very cold and have typical temperatures of
only about 10–20 K. Higher temperatures up to 100 K can be reached only in regions heated
by luminous newly formed stars. However, in the densest collapsing cloud cores gas becomes
thermally coupled to dust and, in turn, dust keeps a low and constant temperature of about
10 K over a wide range of densities due to its strong temperature-dependent thermal emission
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2.1. THE BIG PICTURE OF STAR FORMATION

Table 2.1: Typical values for some properties of molecular clouds at different scales [e.g.
Larson, 2003]. The density is traced in molecules of H2 per cubic centimetre.

Molecular
complex

GMC
Molecular

clump
Molecular

core
Size [pc] 1000 100 ∼10 ∼1
Mass [M�] 107 106 103 ∼10
Density n(H2) [cm−3] ∼10 102 103 105

[e.g. Hayashi and Nakano, 1965, Larson, 1985, Masunaga and Inutsuka, 2000]. The low and
constant temperature is fundamental for the star formation process because it makes possible
the collapse of prestellar cloud cores with masses comparable or less than one solar mass.
Due to the low temperatures and high densities in molecular clouds, self-gravity largely
dominates over thermal pressure. Therefore, molecular clouds would be expected to collapse
effectively and rapidly into stars. However, only a few percent of their mass turn into stars
before being dispersed, suggesting that, in addition to thermal pressure, other factors such as
magnetic fields [e.g. Chandrasekhar and Fermi, 1953, Basu and Mouschovias, 1994, Adams
and Shu, 2007], rotation [e.g. Field, 1978, Evans, 1999] and turbulence [e.g. Norman and
Silk, 1980, Mac Low and Klessen, 2004, Ballesteros-Paredes et al., 2007] support the clouds
in near-equilibrium against gravity and prevent a rapid collapse.

2.1.1 Gravitational instability, free-fall phase and cloud fragmentation

To understand the conditions that lead to the collapse of a molecular cloud substructure into
stars, the Jeans instability (James Jean, 1902) considers only gravitation and thermodynamics.
Nevertheless, it provides a good insight into the development of protostars. Out of the several
ways to derive such a criterion, as follows I review the one based on the virial theorem,
according to which the condition for equilibrium of a stable, gravitationally bound system is
given by

2K + U = 0 (2.1)

where K is the kinetic energy and U is the potential energy. If 2K > |U |, the force due to
gas pressure will dominate the force of gravity and the cloud will expand. On the contrary,
if 2K < |U |, the cloud will collapse under the force of gravity. The gravitational potential
energy is defined as

U = −3
5
GM2

c
Rc

(2.2)

where Mc and Rc are the mass and the radius of the considered cloud, and G is the gravita-
tional constant1. In turn, the kinetic energy per particle is defined as

K = 3
2kT (2.3)

where k is the Boltzmann constant2. Thus, the total internal kinetic energy of the cloud is

K = 3
2NkT (2.4)

1G = 6.674 × 10−8cm3 g−1 s−2

2k = 1.38064852 × 10−16erg K−1

7
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where N is the total number of particles, and it can be written in terms of the mass of the
cloud and the mean molecular weight in units of hydrogen atom mass mH

N = Mc
µmH

. (2.5)

Then, the condition for gravitational collapse 2K < |U | takes the form

3MckT

µmH
<

3
5
GM2

c
Rc

. (2.6)

From this equation the radius Rc can be eliminated assuming that the cloud is a sphere of
constant density ρ0 prior to collapse according to

Rc =
(3

4
Mc
πρ0

)1/3
. (2.7)

Finally, the concept of Jeans mass is obtained from the substitution of the previous equation

MJ '
( 5kT
GµmH

)3/2 ( 3
4πρ0

)1/2
. (2.8)

If the mass of a cloud is greater than Eq. 2.8, the cloud will be unstable against gravitational
collapse. Also, for a given µ, the Jeans mass depends only on the density and temperature.
The higher the density and the lower the temperature, the smaller the cloud mass needs to be
to gravitationally collapse. Other magnitudes related to the Jeans mass are the Jeans length
and the Jeans density

RJ '
( 15kT

4πGµmHρ0

)1/2
(2.9)

ρJ '
3

4πM2
c

( 5kT
GµmH

)3
(2.10)

where the conditions for gravitational collapse are Rc > RJ and ρc > ρJ for Eqs. 2.9 and
2.10, respectively.

For example, one can consider a dense core in a molecular cloud with typical values
of T ∼ 10 K and nH2 ∼ 105 cm−3. The density is thus ρ0 ∼ 2nH2mH ∼ 2(105)(1.7 ×
10−24) ∼ 3.4× 10−19g cm−3. Then, by replacing these values in Eq. 2.8 and taking µ = 2,
it results in a Jeans mass of ∼ 5× 1033g, or ∼ 3 M�3. This value demonstrates that, indeed,
dense cores of GMCs in the order of few solar masses are unstable to gravitational collapse.

The early stages of the collapse are isothermal and the cloud is basically in free-fall
collapse under its own gravitational attraction. This free-fall timescale [Spitzer, 1978] of a
cloud collapsing from an initial radius r0 to a smaller one rfinal can be estimated according
to the expression4

tff =
(3π

32
1
Gρ0

)1/2
. (2.11)

This means that the free-fall timescale depends only on the initial density ρ0. For models of

3The mass of a hydrogen atom is ∼ 1.7 × 10−24 g, and 1M� ∼ 2 × 1033 g.
4More detailed information about the theory of star formation can be appreciated from publicly available

resources [e.g. Larson, 2003, Stahler and Palla, 2005, Kippenhahn et al., 2012]. More complex models and
theory that consider the role of magnetic fields, turbulence and rotation in the star formation process are also
developed. However, they are beyond the scope of this investigation, and only the most relevant principles are
here recalled.
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2.1. THE BIG PICTURE OF STAR FORMATION

spherical molecular clouds of uniform density, all parts of the cloud take the same length
of time to collapse and the density increases at the same rate everywhere, in what is called
homologous collapse.

As a consequence of the free-fall collapse, the density within the cloud increases by many
orders of magnitude. Assuming that the temperature remains more or less constant, then the
Jeans mass of Eq. 2.8 supposes that the mass limit for instability drastically decreases. It
follows that any density inhomogeneities within the cloud may cause individual regions to
collapse locally (Fig. 2.2,a)). This process is called fragmentation, and given the inefficient
rates of converting the total gas mass of the parent cloud into stars (about only 1%), there is
a minimum limit at which the fragmentation process stops. Indeed, the increasing density
causes also heating and increase in gas pressure within each fragment, turning an isothermal
scenario into adiabatic and forming a thermally supported inner core which collapses into
the protostar [Fig. 2.2,b); e.g. Larson, 1969, Machida et al., 2006, 2007]. The minimum
obtainable Jeans mass corresponding to when adiabatic effects become important and limit
fragmentation is

MJmin = 0.03
(

T 1/4

e1/2µ9/4

)
M� (2.12)

where T is the temperature at the time when adiabatic effects are significant, and e is an
adiabatic efficiency factor between 0 and 1. For instance, for a hydrogen cloud with µ = 1,
e ∼ 0.1 and T ∼ 1000 K, the minimum obtainable mass is MJmin ∼ 0.5 M�. That is,
fragmentation ceases when individual fragments are of the order of a solar mass, being,
indeed, the most common mass-type of stars in the galaxy.

2.1.2 Protostar and pre-main sequence phase

The formation of a protostar is established when the density of a collapsing fragment increases
enough for the gas to become opaque to infrared photons. The radiation contained in the
central part of the cloud leads to heat and increase in gas pressure, and the cloud core adopts
a nearly hydrostatic equilibrium. Most of the final mass of a star is acquired through free-fall
accretion from the surrounding material, preferentially funnelled along the magnetic field
lines. The accretion of gas generates gravitational energy, part of which goes into heating of
the core and part of which is radiated away, providing the luminosity of the protostar

L ∼ Lacc = 1
2
GM?Ṁ

R?
(2.13)

where Ṁ is the rate of mass accretion onto the star, and M? and R? are the mass and
radius of the newborn star. The accretion rate is very high during the earliest and most
heavily obscured phases of protostellar evolution and declines strongly with time during
the later stages [e.g. Hartmann, 1998, André et al., 1999, Andre et al., 2000]. Evidence of
already visible stars continuing infall, whose accretion rate is several orders of magnitude
smaller than those at the main accretion phase, shows fiducial values in the order of 10−7 or
10−8 M�yr−1 [e.g. Hartmann, 1998]. Because the accretion timescale tff is much smaller
than the thermal timescale tKH, the core heats up practically adiabatically. The thermal
timescale is defined by the Kelvin-Helmholtz time [e.g. Kippenhahn et al., 2012]

tKH = GM2
?

2R?L?
. (2.14)

Accretion onto the star is not a spherical process. Even a slowly rotating prestellar cloud
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Figure 2.2: Schematic view of the stages of star formation. In the lower part of each panel
the referential spatial and time scales of each stage are indicated. a) Density inhomogeneities
in a molecular cloud fragment and gravitationally collapse to smaller clumps and cores. b)
Each core becomes unstable and self-gravitationally collapses into a protostar. c) A protostar
and disk form from the collapsing envelope when centrifugal forces balance gravitational
forces, causing also winds or jets. d) The envelope settles into an accreting disk and is
dispersed by winds and outflows. The protostar becomes visible at optical wavelengths with
associated outflows and a protoplanetary disk. e) The protoplanetary disk goes through a
transitional phase with the formation of dust-free gaps due to planet formation. During this
pre-main sequence phase accretion and contraction still may occur. f) A planetary system is
finally formed and the star joins the main sequence when nuclear fusion in its core begins.
[Credit: adapted from Shu et al. [1987], Greene [2001], Braiding [2011]]
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has a significant amount of angular momentum for the mass to fall directly into the core,
and some of the material will form a circumstellar disk [e.g. Hartmann, 1998, Bate, 2000].
At this accretion stage, as the dynamically-infalling gas collides with the protostar also
jet-like bipolar outflows are expected (Fig. 2.2,c)). The outflows eventually disperses the
infalling envelope, and their early presence during the first 104 years of evolution, when a
protostar is still heavily obscured, is the first sign that an accreting protostar has formed [e.g.
Reipurth, 1991, Fukui et al., 1993]. The energy source of these outflows is believed to be
the gravitational energy of the accreted matter, and their collimation is caused by a helical
magnetic field coupled to the inner part of the circumstellar disk or to the central protostar
[e.g. Konigl and Pudritz, 2000, Shu et al., 2000, Tomisaka, 2002].

Once the temperature of the core reaches a temperature of about 2000 K, the average
particle energy is comparable to the dissociation energy of molecular hydrogen. Therefore,
the core experiences another dynamical instability, a second collapse occurs, in which the
released gravitational energy is absorbed by the dissociating molecules without a significant
rise in temperature. The core comes back to hydrostatic equilibrium and temperature rises
again when molecular hydrogen is completely dissociated into atomic hydrogen. Later,
when the newly formed star comes out from the dynamical collapse, it makes its first visible
appearance after emerging from their birth clouds. In the Hertzsprung-Russell diagram of star
evolution, the star appears along a locus of nearly constant radius, denominated by Stahler
[1983] as the ‘birthline’. From this moment on the young stellar object enters the pre-main
sequence (PMS) and evolves along the Hayashi evolutionary tracks for a determined mass
[Hayashi et al., 1962].

The Hayashi track (Fig. 2.3) is a luminosity-temperature dependence with a practically
vertical line for fully convective stars with masses less than 3 M�, it means with a constant
effective temperature Teff . The region to the right of the Hayashi line in the H-R diagram – at
lower Teff – is a forbidden region for stars in hydrostatic equilibrium. On the contrary, stars
to the left of the Hayashi line – at higher Teff – cannot be fully convective, but most have
some portion of their interior in radiative equilibrium5. During the PMS phase the star is still
cool for nuclear burning, and its energy source for its luminosity is gravitational contraction.
Based on the virial theorem, this causes an increase of its internal temperature. After that,
the luminosity of the star decreases as long as the opacity remains high and the young object
is fully convective. An approximated track for this evolution is given by the expression

log L? = 10 log M? − 7.24 log Teff + C. (2.15)

The evolutionary track steeply descends, and shifts upward with increasing initial mass.
The point of minimum luminosity of the track corresponds to the moment a radiative core
develops, containing more and more of the stellar mass. Due to the shrinking star, the
effective temperature continues increasing and evolves left from the Hayashi line. When the
central temperature is sufficiently high to ignite nuclear fusion, the star stops contracting and
settles on the zero age main sequence (ZAMS). The time it takes a PMS star to do so is given
by the Kelvin-Helmholtz contraction of Eq. 2.14. The smaller R? and L?, the longer this
time is. In conclusion, massive protostars reach the ZAMS much earlier than the lower-mass.
For stars with M? > 1 M�, this time is approximately

5Convection and radiative transfer are mechanisms of transport of heat in the interior of stars determined by
the opacity of the region. The stability against convection is given by the Schwarzschild criterion, according
to which low-mass stars, like the Sun, have convective envelopes. In contrast, higher-mass stars have radiative
envelopes and convective cores. The details that involve stellar physics and convection are a big field of astronomy
and are not reviewed in this investigation.
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Figure 2.3: Evolutionary tracks, also known as Hayashi tracks, in the Hertzsprung-Russell
diagram computed for stellar masses up to 6 M�. The Hayashi line is the vertical locus with
near-constant temperature more evident for lower masses. The corresponding mass in solar
units is labelled for each track and the tick marks indicate evolutionary times. The dotted
curve from which the tracks start is the ‘birthline’, and their left extreme enters the ZAMS.
[Credit: Palla and Stahler [1993]. Reproduced with permission ©AAS.]

tKH ≈ 5× 107
(
M?

M�

)−2.5
years.

As seen from Fig. 2.3, stars with masses & 5 M� become stable against convection very
quickly, and spend shorter time moving horizontally on their Hayashi tracks. This trajectory
is called also the Henyey track of fully radiative stars. Contrarily, stars with masses circa
0.5 M� do not become stable against convection, and evolve vertically onto the ZAMS as
fully convective stars.

2.1.3 Young stellar objects

The evolutionary stage and primordial properties (e.g. luminosity, temperature, level of
embeddedness in circumstellar material) of newborn stars is derived using unresolved
information from the spectral energy distribution (SED), which measures the distribution of
flux as function of frequency or wavelength. Young stellar objects (YSOs) are conventionally
classified based on the slope of the SED according to the parameter

αIR = ∆log(λFλ)
∆logλ (2.16)

with typical measurements that span a wavelength range between the near-IR and the mid-IR
(often 5µm or 25µm). Based on the magnitude of αIR [e.g. Andre et al., 1993, Andre and
Montmerle, 1994] the classification consists of four groups of objects (Fig. 2.4):
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Figure 2.4: Classification scheme for young stellar objects according to the magnitude of
the parameter αIR. [Credit: Armitage [2010]]
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Figure 2.5: Statistical analysis of stellar distributions in different star forming clusters. Left:
Distribution of spectral types for samples of Taurus, IC348 and Chamaeleon I, showing that
the majority of members are of solar-mass ranges or less (peak at M5). Right: Initial mass
functions for Taurus, Chamaeleon I, the Pleiades, and the field, supporting also the larger
population of low-mass stars. The dashed lines in both panels show the level of completeness
of the studies. [Credit: Luhman [2012] and references therein]

- Class 0: (αIR undetectable in the near-IR) Objects just after collapse that are character-
ized by a deeply embedded central core in a large accreting envelope. The flux peaks
in the far-IR or mm regime.

- Class I: (αIR ≥ −0.3) Objects with a flat or rising SED between near- and mid-IR
ranges. Sources with αIR ' 0 are usually refereed as “flat-spectrum” and true “class I”
are sources with αIR > 0.3.

- Class II: (−1.6 ≤ αIR < −0.3) Objects with most of the circumstellar material found
in a disk of gas and dust, thus the SED falls noticeably between near- and mid-IR
wavelengths.

- Class III: (αIR < −1.6) Objects with almost pure stellar photosphere and little contri-
bution from the disk.

However, it is necessary to emphasize that YSOs seen edge-on can be misinterpreted under
this classification due to high obscuration caused by their surrounding material.

The process of star formation after the fragmentation and gravitational collapse into
smaller cores leads to the formation of stars with a wide range of masses. This distribution of
stellar masses that form in one star formation event in a given volume of space is called the
initial mass function (IMF). The study of the IMF is important not only to answer questions
of how molecular clouds fragment into stars, but also to understand the evolution of the
Galaxy dictated by the relative initial numbers of brown dwarfs (< 0.08 M�) that do not fuse
hydrogen to helium, very-low mass stars (0.08 to 0.5 M�), low-mass stars (0.5 to 2 M�),
intermediate-mass stars (2 to 8 M�), and massive stars (>8 M�). On the one hand, since
several decades it has been thought that the star formation process is a bimodal process [e.g.
Larson, 1986], leading to the formation of high-mass stars (OB associations) or low-mass
stars (T associations), but rarely forming the same amount of them in the same place and
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at the same time because these groups form by different physical mechanisms [e.g. Shu
and Lizano, 1988]. On the other hand, estimates for different stellar populations – from
small and dense to giant and metal-poor molecular clouds – have revealed that the IMF is
rather universal [e.g. Kroupa, 2002]. Reliable constancy or variations between the IMF of
different populations requires uniformity in the application of evolutionary models, spectral
classification, temperature scale and completeness to avoid effects of mass segregation [e.g.
Luhman, 2012].

Nevertheless, the fact that the majority of young objects in the Ophiuchus, Taurus-Auriga
and Chamaeleon I star-forming regions are solar-mass stars surrounded by thick circumstellar
disks seems well established [e.g. Furlan et al., 2009], as depicted also by the initial mass
functions for different clusters in Fig. 2.5. Especially the Taurus-Auriga dark cloud complex,
with a distribution of ages between 1 and several Myr [e.g. Kenyon and Hartmann, 1995,
Hartmann, 2001, Luhman et al., 2003], exhibits a surplus of PMS solar-mass stars and only a
handful of more massive A and B stars relative to the mass functions of clusters like the Orion
Nebular Cluster, IC348 and Chamaeleon I [e.g. Luhman, 2000, Mooley et al., 2013, Luhman
et al., 2017]. Indeed, for the slightly more than 400 members identified in Taurus to date
(Fig. 2.1), the distribution of spectral types peaks alike the clusters IC348 and Chamaeleon I
at M5, but this star forming region also has an additional surplus of K7–M1 stars with masses
.1 M� (Fig. 2.5).

Considering the classification of YSOs according to the shape of their SED, and the
broad range of stellar masses that can be found in star forming regions, constraining the
properties of two subgroups of PMS objects is of especial relevance for our understanding of
the planet formation phenomenon:

1. T Tauri stars (TTS): This group of objects was first characterized by Joy [1945].
They posses low stellar masses (<2 M�) and circumstellar disks in their surroundings.
Their spectral classification corresponds to spectral types later than F (most of the
young stellar population). When the circumstellar disk is still in an accretion phase
onto the star and causes an excess at infrared wavelengths (Class II objects), which
decreases over time as the disk material is dissipated, the objects are referred to as
classical T Tauri stars (CTTSs). At later stages, when the disk has stopped accreting
and thus has little or no circumstellar material left, the object is known as weak-lined
T Tauri stars (WTTSs)6.

2. Herbig Ae/Be stars (HAeBe): These intermediate-mass counterparts have masses
between 2 and 10 M�. This group was first defined by Herbig [1960] (and therefore
named after him) as objects of spectral type A and B located in an obscured region that
present emission lines of hydrogen in their spectra and are associated with nebulosity
in its immediate region. Later definitions of this group [e.g. van den Ancker et al.,
1998, Waters and Waelkens, 1998] included stars of spectral type F to close the gap
between the upper limits of TTS. Similarly to TTS, HAeBe also present infrared
excess in their SED due to circumstellar material and spectral signatures of accretion
activity. As stated previously, this group has radiative interiors and evolve more rapidly
than TTS. PMS objects with intermediate masses are referred to as UX Ori when they
show strong photometric and polarimetric variability due to fluctuating extinction by
circumstellar dust [e.g. Natta et al., 1997].

6The accretion activity that determines whether the object is CTTS or WTTS is defined by the equivalent
width of the hydrogen emission line Hα, being respectively either >10 Å or <10 Å for each group.
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2.2 Byproducts of star formation

The amount of angular momentum in a typical star-forming cloud core is several orders of
magnitude larger than the one contained in a single star. For instance, the angular momentum
of a ∼0.1 pc small core is in the order of ∼ 1054g cm2 s−1 in comparison to magnitudes
of ∼ 1048 − 1050g cm2 s−1 in Solar System scales. This significant difference and its
dispersion is known as the ‘angular momentum problem’ of star formation. Over the last
decades this problem has been explained in terms of magnetic braking and decoupling by
ambipolar diffusion during the early low-density phases of cloud evolution, but it solves the
excess only partially [e.g. Bodenheimer, 1995, Mouschovias and Ciolek, 1999, Myers et al.,
2000, Belloche et al., 2002].

In addition, there are two ways to dispose of the excess of angular momentum:

1. much of the initial angular momentum could go into the orbital motions of the stars in
a binary or multiple system, or

2. it could be transported to outlying diffuse material, for example by viscous transport
processes in a protostellar accretion disk, thus allowing most of the mass to be accreted
by a central star.

2.2.1 Stellar multiplicity

The first way treated in this section, indeed, states that binary formation takes place during
the fragmentation of a prestellar core, either before – prompt core fragmentation – or shortly
after the free-fall collapse phase. Fragmentation could lead to binary systems on two distinct
spatial scales, a wide one during the initial collapse when the cloud becomes Jeans unstable,
and a narrower occurring after the dissociation of molecular hydrogen [Bonnell and Bate,
1994]. The characteristics and conditions of fragmentation are set by the balance of pressure
and forces in the collapsing core, including rotation and turbulence that generally enable the
formation of multiple seeds in the core. The role of magnetic fields and radiative feedback are
supposed to be more inhibitive [e.g. Offner et al., 2009, Commerçon et al., 2010], although it
has been also suggested that these factors can significantly alter the collapse [e.g. Bate, 2012,
Myers et al., 2013]. The gravitational instability of a massive circumstellar disk can also give
birth to a binary system on the scale of the disk radius [e.g. Bonnell, 1994]. Moreover, some
of the most detailed and realistic numerical simulations show that the formation of a binary
or a multiple system is more likely to occur if collapse begins with initial configurations
far from being axisymmetric, for example if the initial configuration is filamentary, or if a
collapsing core is perturbed by interactions with other cloud cores in a forming group or
cluster [e.g. Bodenheimer et al., 2000, Bate et al., 2002a,b, 2003].

It seems that most of stars form in stellar associations and clusters, and that the formation
of single stars occurs only in special cases [e.g. Lada and Lada, 2003, Bressert et al., 2010],
with a large dispersion in the properties of binary or multiple systems. The broad dispersion
and no preferred values for parameters such as separation and eccentricity suggests that
the formation process is very dynamic and chaotic [Larson, 2001]. Nevertheless, some
estimations are known based on different surveys of given stellar populations.

A quantification for different evolutionary stages and/or in different regions can be
determined through the fraction of multiple systems in a population – the multiplicity
frequency – of the form

MF = 1− f1 = f2 + f3 + f4 + ... (2.17)
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where fn is the fraction of systems containing n stars [Batten, 1973]. This value is also
expressed as

MF = B + T +Q

S +B + T +Q
(2.18)

where S, B, T , Q are the number of single, binary, triple, and quadruple systems [Reipurth
and Zinnecker, 1993]. In the same manner, another common comparative value is given by
the companion frequency7

CF = f2 + 2f3 + 3f4 + ... (2.19)

which gives the average number of stellar companions per target and can be greater than
100%

CF = B + 2T + 3Q
S +B + T +Q

. (2.20)

With these two magnitudes some of the most complete and less biased surveys have de-
termined that solar-type main sequence (MS) stars have CFMS

0.7−1.3M� = 62 ± 3% and
MFMS

0.7−1.3M� = 44± 2%, meaning that a slightly majority of them are actually single, just
as the Sun [Raghavan et al., 2010]. For low-mass stars these quantities have been established
as CFMS

0.1−0.5M� = 33± 5% and MFMS
0.1−0.5M� = 26± 3% [Fischer and Marcy, 1992]. On

the other hand, for high-mass populations an interpolation between spectroscopic and visual
stars has suggested values of CFM?&16M� ≈ 130± 20% and CF8−16M� ≈ 100± 20%.

Concerning the multiplicity of PMS objects, surveys targeting T associations like the star
forming regions Taurus-Auriga or Chamaeleon have determined companion frequencies of
around twice the value of solar-type MS stars [Duchêne, 1999]. Namely, one of the largest
studies to date of Taurus by Kraus et al. [2011] measures values of CFClass II/III

0.7−2.5M� = 64+11
−9 %

and CFClass II/III
0.25−0.7M� = 79+12

−11% over a separation range of 3–5000 AU. Similarly, for HAeBe
stars Bouvier and Corporon [2001] have suggested a binary fraction of roughly 60%, with a
possible binary frequency higher for the more massive Herbig Be stars than for the Herbig Ae
stars [Baines et al., 2006]. Studies of PMS binary systems show that they do not only have a
higher companion frequency, but also appear much more coeval than random pairs within a
given star-forming region, strongly suggesting that they do indeed form simultaneously from
a common core [e.g. Kraus and Hillenbrand, 2009, Baraffe and Chabrier, 2010].

Surveys with different techniques and sensitivity addressing the characterization of
multiplicity at different mass ranges [e.g. Allen, 2007, Raghavan et al., 2010, Kraus and
Hillenbrand, 2012, Chini et al., 2012, De Rosa et al., 2014] have concluded that binarity is a
strongly decreasing function with decreasing stellar mass. The left panel of Fig. 2.6 shows
the frequency of visual companions for separations ranging from few tens to a couple of
thousands AU among a variety of stellar populations as a function of their age and stellar
mass. One can notice that the PMS HAeBe stars have statistically a companion frequency
similar to the one of non-disk-bearing intermediate-mass stars in the Scorpius–Centaurus OB
association, but higher than that of intermediate-mass field stars. HAeBe objects show also a
higher companion frequency than lower-mass stars in the regions Taurus-Auriga, Chameleon
and Upper Scorpius, whose main components are TTS. The mass-multiplicity dependence is
also seen from the right panel of Fig. 2.6. The dependency of companion frequency (CF )
and multiplicity frequency (MF ) with primary mass for MS stars and very-low-mass (VLM)
objects traces a steep function of stellar mass.

Also separations over an enormous range can be deduced for binaries, from contact
binaries to tenuously bound ultrawide binaries and proper motions with separations up to a

7The frequency of companions CF refers to the average number of companions per target. For example, if
all the sources were single, the CF would be 0, and if all the sources were binary stars, the CF would be 100%.
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Figure 2.6: Left: Frequency of visual companions per decade of separation as a function of
stellar mass and age. The plot covers separations wider than ∼10 AU, over a 1- to 2-decade-
wide separation range depending on the sensitivity of existing surveys. Right: CF (red
symbols) and MF (blue symbols) with primary mass for main-sequence and very-low-mass
objects showing a steep mass-multiplicity dependence. [Credit: Duchêne and Kraus [2013],
Duchêne [2015] and references therein]

parsec. The separation distribution of binaries provides information about the mechanisms
of formation and the dynamical evolution. For convenience, the projected separations are
commonly used in the literature. This distribution is determined as linear combinations of
log-normal and power-law functions [Duchêne and Kraus, 2013]. In regions of massive
star formation, such as the Orion Nebula Cluster, wide binaries are lacking [e.g. Reipurth
et al., 2007]. Solar-type binaries show a distribution peaking at ∼30–50 AU [Duquennoy and
Mayor, 1991, Raghavan et al., 2010]. Among less densely populated low-mass star-forming
regions such as Taurus, the study of stars with a mass range between 0.7 and 2.5 M� has
a log-flat distribution over a wide separation range of 3–5000 AU [Kraus et al., 2011]. For
VLM objects, it has been found that young stars and brown dwarfs with masses between 0.02
and 0.5 M� have a mean separation and separation range of binaries that smoothly declines
with mass [Kraus and Hillenbrand, 2012]. On the other hand, the intermediate-mas PMS
stars have a companion frequency with short periods just as the one for field star, and an
excess for wide and visual binaries. Separations proved with interferometry – between ∼1
and 100 AU – reveal a deficit of these objects, possibly because of interferometric sensitivity
or the lack of them in comparison to field stars [Duchêne, 2015]. A graphic summary of
these statistics is shown in Fig. 2.7.

Another key parameter in the characterization of the properties of binary systems is the
mass ratio between components

q = M2
M1

. (2.21)

As observed in young stars, the mass ratio is defined during the protobinary accretion phase,
having the later circumbinary disk accretion phase only a limited effect on it. Estimates of this
parameter in YSOs is especially biased since they are based on individual photometry with
significant caveats coming from accretion luminosity, distinct extintion of the components,
and high-luminosity contrasts between the stars. The mass ratio distribution can be fitted
with a declining function for rising mass ratios of the form

f(q) ∼ q−n (2.22)
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Figure 2.7: Left: Distribution of separation for multiple HAeBe systems. The companion
frequency is expressed in terms of decade of separation, as in Fig. 2.6. The purple curve,
also plotted on the right panel, is a distribution built for field A-type stars. The separation
technique that proved each separation range is also indicated. Right: Using the notation of
Fig. 2.6, the orbital period distribution of each stellar population is traced. [Credit: Duchêne
and Kraus [2013], Duchêne [2015] and references therein]

being n = 0.33 determined for young intermediate-mass stars in the Scorpius OB2 associa-
tion [Kouwenhoven et al., 2005]. In contrast, low-mass YSOs have a rising distribution for
rising mass ratios, which becomes increasingly steep for VLM objects, showing tendency
for q ∼ 1 binaries [Kraus et al., 2011, 2012]. At the intermediate-mass range, HAeBe
objects with q . 0.1 are challenged to characterize because of the large contrast ratios and
circumstellar material associated to each component [Duchêne, 2015].

2.2.2 Circumstellar disks

As previously mentioned, disks form because angular momentum during protostellar collapse
is conserved, and the rotational velocities of molecular cores imply that young stars should
be surrounded by centrifugally supported disks with extensions of tens to hundreds of AUs.
The terminology defining circumstellar disks is a matter of discussion [e.g. Evans et al.,
2009], although depending of the stages of evolution the following definitions are used:

- protoplanetary disks are primordial disks containing the reservoir enough to form
planets

- transition disks are more evolved disks, in the stage between protoplanetary and
debris disks, usually harbouring gas- or dust-depleted cavities, signatures of possible
planet formation

- debris disks are disks with little or no gas, whose dusty material has overcome some
reprocessing and collisions

This research focuses mainly on the two first phases, which enable the physical understanding
of how disks evolve and impact the formation and evolution of plnaetary systems.

In addition to be the sites of planet formation, circumstellar disks contain the material
reservoir from which newborn stars accrete their mass (also recalled in subsection 2.1.2).
Indeed, the accreting mass in the disk must be transported inward to be accreted by the star,
meaning that its angular momentum must somehow be removed or transported outward
through the disk. The outward transport of angular momentum occurs if the disk is viscous

19



CHAPTER 2. INTRODUCTION

or if some mechanism creates an effective viscosity in the disk. Long decades of working on
understanding the problem have not brought to clear conclusions. Some mechanisms such
as hydrodynamic, gravitational, or magnetic forces [e.g. Quataert and Chiang, 2000, Stone
et al., 2000], weak gravitational instabilities in a marginally stable disk [e.g. Stone et al.,
2000, Gammie, 2001], or magnetorotational instability of magnetized disks [e.g. Balbus and
Hawley, 1998, Stone et al., 2000], can each play a role in some regions of the disk or given
circumstances, and at different scales. Even ‘external’ effects such as the tidal effect of a
companion star or the formation of a massive planet can generate spiral disturbances and
tidal waves in a circumstellar disk capable of transporting angular momentum and driving an
inflow [e.g. Blondin, 2000, Boffin, 2001, Bate et al., 2002c].

As seen from Fig. 2.4, the circumstellar structure becomes optically visible during the
PMS phase, making Class II T Tauri and Herbig objects an ideal scenario to study the disks
by which they are surrounded. These protoplanetary disks are detected or observed through
a number of complementary techniques [Armitage, 2010], including:

- Detection of near- or mid-IR excess over the stellar photospheric flux that indicates
the presence of warm dust close to the star on the order of an AU or closer.

- Detection of accretion an outflow signatures indicating that gas is accreted onto the
star or winds are outflowing from it. The observational indicators include ultraviolet
excess, hydrogen lines (e.g. Hα, Hβ) in emission with a large equivalent width, and
several other emission lines in the infrared (e.g. the Ca II triplet, Br γ, Pa γ, He I).

- Observation of mm or sub-mm flux arising from cool dust in the outer disk.

- Imaging of the disk in scattered visible light from the central star, or in silhouette
against a bright background nebula.

- Detection of line emission from molecular species such as CO or NH3, either as an
unresolved source or as a spatially resolved image.

2.2.2.1 Physical parameters of circumstellar disks

Missions such as the Infrared Space Observatory (ISO)8, Spitzer9 or Herschel10 have
successfully discovered and characterized protoplanetary disks through the infrared and
(sub)millimetre thermal dust emission presented as an excess to the radiation of stellar
photospheres in their SED, allowing us to discriminate some of their physical properties here
recalled.

Disk opacity

A canonical assumption indicates a gas-to-dust mass ratio close to 100. However, dust is
the dominant opacity source of protoplanetary disks beyond the innermost regions of the
disk, where the high temperatures (T ∼ 1500 K) destroy dust silicate grains and leave only

8ISO was a space telescope covering wavelengths between 2.5 and 240µm operated by a consortium
between the European Space Agency (ESA), ISAS and National Aeronautics and Space Administration (NASA).
Website: irsa.ipac.caltech.edu/applications/ISO/

9The Spitzer Space Telescope is an infrared telescope operating between 3 and
180µm launched in 2003 as part of NASA’s Great Observatories program. Website:
irsa.ipac.caltech.edu/Missions/spitzer.html

10ESA’s Herschel Space Observatory was the largest infrared telescope ever launched that actively operated
between 2009 and 2013. It was sensitive to far-IR and submillimetre wavebands (55-672µm). Website:
sci.esa.int/herschel/
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molecular opacity. At a given location within the disk, the total opacity due to the dust
depends mainly on the temperature, chemical composition and geometry of the dust particles.
As a beam of light of intensity Iλ travels through the conglomerate, some of the photon will
be removed via scattering off and absorption. Then, one can write

dIλ = −κλρIλds (2.23)

where ds is the distance travelled, ρ is the density of the medium and κλ is the absorption
coefficient, or opacity, expressed in [cm2 g−1]. The integral of the dust opacity times the
density is known as the optical depth τλ

τλ =
∫ s

0
ρκλds = κλΣ (2.24)

where Σ is the projected surface density of the disk. Since the units of the surface density
are given in [g cm−2], τλ is a unitless magnitude. By integrating Eq. 2.23 with the definition
of Eq. 2.24, one obtains

Iλ = Iλ,0e
−τλ (2.25)

where Iλ,0 is the intensity as a function of wavelength measured in the absence of absorption
and scattering. Environments with τλ � 1 are said to be optically thick, whereas τλ � 1
are referred to as optically thin. The calculation of opacities, which depend on the chemical
composition, pressure and temperature of the gas, as well as the wavelength of the incident
light, can be simplified by using a mean opacity averaged over all wavelengths. The most
commonly used opacity is the Rosseland mean defined as

1
κR

=
∫∞

0
1
κλ

∂Bλ(T )
∂T dλ∫∞

0
∂Bλ(T )
∂T dλ

(2.26)

whereBλ is the Planck function. Fig. 2.8 shows the temperature dependence of the Rosseland
mean opacity for dusty gas with density scales as 10−19×T 3g cm−3 calculated by Semenov
et al. [2003] and compared to other works therein. The plot shows that at temperatures
.150 K, or snowline zone, the opacity is dominated as T 2 by water ice and volatile organic
materials. On the other hand, after a flat pattern shown until the destruction temperature for
silicates (1500 K), the opacity decays by some two orders of magnitude.

Disk mass

Whereas the dust of circumstellar disks dominates the opacity, the thermal and geometrical
structure, and their emission properties, the gas dominates the mass and the dynamics of the
disk. Although the inner 10 AU constitute a substantial fraction of the planet-forming region
of the disk, protoplanetary disks are generally much larger than this. The total disk mass
is better determined from (sub)millimetre observations of the flux Fλ up to the thin outer
regions of the disk, according to the expression

Md = Fλd
2

κλBλ(T ) (2.27)

where d is the distance to the object. The disk mass is fundamental in the context of planet
formation. Therefore, the distribution of disk masses, f(Md), is a key characteristic in
determining the demographic properties of exoplanets [e.g. Alibert et al., 2005, Mordasini
et al., 2009].
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Figure 2.8: Rosseland mean opacity determined for a dusty gas with density scales as
10−19 × T 3g cm−3. This opacity is calculated by Semenov et al. [2003] and compared
to other works. [Credit: Semenov et al. [2003] and references therein. Reproduced with
permission ©ESO.]

Figure 2.9: Dependence of protoplanetary disk mass on the mass of the central star as
determined for different populations. The dashed diagonal line traces a mass ratio of 1%,
close to the median value of the detections. O stars lay out of the range due to the non-
detection of disks at (sub)millimetre wavelengths, indicating a probably short disk lifetime.
[Credit: Williams and Cieza [2011] and references therein]
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Submillimetre surveys have shown that the median mass of disks around Class II YSOs
is 5 MJup (or 5×10−3 M�), and the average disk-to-star mass ratio is 0.2–0.6% in the star-
forming regions Taururs-Auriga and ρOphiuchi [Andrews and Williams, 2005, 2007a,b,
Andrews et al., 2013]. The results obtained using Eq. 2.27 have been demonstrated to be in
agreement with observations of CO (with a characteristic temperature of T = 20 K). Fig. 2.9
shows (sub)millimetre measurements of Class II YSOs disks for different stellar populations
available in the literature. Although for low-mass and intermediate-mass stars their disks
remain well within the found Md/M? values, the relationship for most massive stars break
down, possibly due to very high photoevaporation rates so that disks are not detectable by
the time O stars become visible [Zinnecker and Yorke, 2007].

Disk size or radius

The disk radii are difficult to determine due to the vanishing emission at their cold and low-
density outer edges. Moreover, imaging disks at millimetre regimes demands high-resolution
observations with (sub)millimetre interferometers on account of the small angular scales
in even the closest star-forming regions. Such studies have confirmed that circumstellar
dust disks are geometrically thin with radii between 10 and thousands of AU, but with
a typical value of 100 AU [e.g. Dutrey et al., 1996, Kitamura et al., 2002]. The largest
gaseous molecular components of disks are H2 and CO. However, since H2 is a homonuclear
molecule without allowed electric dipole transitions it is more convenient to use the polar
asymmetric carbon monoxide molecule (CO) as a tracer of their masses and sizes. The
rotational lines of CO have shown that the gas portion in disks significantly exceed the
extension of the dust continuum [e.g. Isella et al., 2007].

Radial surface density distribution

The study of the vertical structure of a circumstellar disk is simplified by assuming that the
disk is isothermal (a vertical temperature profile T (z) = const.) and thin (the height above
the midplane z is much smaller than the radial distance r to the star). Therefore the vertical
component of the stellar gravity is in balance with the vertical pressure gradient

c2
s
dρ
dz = −ρzGM?

r3 (2.28)

where cs is the isothermal sound speed, G the gravity constant, ρ the disk density, and M?

the mass of the central star. Then, by integration of this formula, it is obtained a Gaussian
density profile of the form

ρ = ρ0 exp
(
− z2

2h2
p

)
(2.29)

where the midplane density is denoted as ρ0, and the pressure scale height is hp. The
vertically integrated column density, or surface density, provides a measure of the radial
evolution of the disk. Namely,

Σr =
∫ ∞
−∞

ρ(r, z)dz. (2.30)

This expression is generally used to investigate the dust radial distribution of circumstellar
disks from two different approaches [e.g. Isella et al., 2010, Pinilla et al., 2018]. First, a
more complex one in which viscous accretion disks are used [e.g. Lynden-Bell and Pringle,
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Figure 2.10: Radial surface density for a sample of Class II YSOs in Ophiuchus as observed
at 880µm and infrared wavelengths. The rectangular regions denote the surface densities
determined for Saturn, Uranus, and Neptun in the MMSN. [Credit: Williams and Cieza
[2011] and references therein]

1974, Hartmann, 1998, Williams and McPartland, 2016], and whose solution is given by

Σr = (2− γ) Md
2πR2

c

(
r

Rc

)−γ
exp

[
−
(
r

Rc

)2−γ
]

(2.31)

whereMd is the disk mass,Rc is a characteristic radius, and γ specifies the radial dependence
of the viscosity. And second, a more simplistic one consisting of a classical power-law
parametrization

Σr = ΣRc

(
r

Rc

)−p
, for Rin < r < Rout (2.32)

where Rin and Rout are the inner and outer disk radii, respectively. Surface densities
between 10 and 100 g cm−2 at 20 AU in a sample of Ophiuchus disks have been shown to be
in agreement with the density determined for the minimum mass solar nebula (MMSN) with
a power-law exponent of p = 1.5 [Fig. 2.10; Andrews et al., 2009, 2010]. Obtained values of
p close to 1 indicate a relatively flat distribution [Guilloteau et al., 2011]. The determination
of the surface densities is more problematic closer to the star due to the so far limited spatial
resolution, and because the emission becomes optically thick.

Radial temperature profile

The temperature profile of circumstellar disks is set by the balance between cooling and
heating originating from two factors:

- intercepted stellar radiation by dust which is then reradiated at longer wavelengths,
and

- accretional heating caused by the dissipation of gravitational potential energy as matter
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Figure 2.11: Sketch of a flared circumstellar disk whose surface is directly exposed to stellar
radiation. [Credit: reproduced from Armitage [2010]]

flows towards the star.

Both of these sources decrease with increasing distance from the star. At early epochs,
when accretion onto the star is the strongest, internal heating dominates over reprocessing of
stellar radiation. One reduces the analysis to the case of protoplanetary disks where stellar
radiation strongly dominates over accretion – also known as passive disks –. In this case the
temperature profile and SED are determined by the mechanism responsible for absorbing
and reemiting stellar radiation and by the shape of the disk, whether the disk is flat, flared, or
warped. The disk is considered flared if the ratio hp/r is an increasing function of radius.
Since in the representation of a flared disk all points of the surface are exposed to stellar
radiation, these disks absorb a higher fraction of the stellar radiation and produce stronger
infrared excesses than flat disks.

The temperature profile of a flared disk can be calculated by measuring the stellar flux
from a point source intercepted by the disk surface at a radius r, as seen from Fig. 2.11.
One assumes that r � R?, and that the disk about the midplane has height hp. Then,
the total stellar energy output per second, or luminosity, is given by the amount of flux
(Stefan-Boltzmann law) over the whole surface area according to

L? = 4πR2
?σT

4
? . (2.33)

In addition, one has to consider the angle between the incident radiation and the local disk
surface given by

α = dhp
dr −

hp
r
. (2.34)

As light leaves the source, the photons spread out in a spherical pattern. Therefore, the rate
of heating per unit disk area at distance r is

Q+ = 2α
(
L?

4πr2

)
(2.35)

where the factor 2 derives from the fact that the disk has symmetrically two sides. On the
other hand, the cooling rate at which the disk portion at distance r emits as a blackbody is
given by

Q− = 2σT 4
r . (2.36)

Equating 2.35 and 2.36, the temperature profile becomes

Q+ = Q−

2α
(
L?

4πr2

)
= 2σT 4

r

Tr =
(
αL?

4πr2σ

)1/4
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Figure 2.12: Schematic view of the inner region of circumstellar disks around PMS objects,
whose structure to date is basis of debate. [Credit: Dullemond and Monnier [2010]]

and introducing Eq. 2.33, the resulting temperature radial profile becomes

Tr = α1/4T?

(
r

R?

)−1/2
. (2.37)

At large radii, Kenyon and Hartmann [1987] found that the surface temperature approaches

Tr ∝ r−1/2.

A more general expression for calculating the temperature radial profile of a circumstellar
disk, in analogy with the surface density profile of Eq. 2.32, is given by the relation

Tr = TRc

(
r

Rc

)−q
(2.38)

where Rc is characteristic radius for which the temperature TRc is known, and q is an
exponent that characterizes the flaring geometry of the disk. Values of q between 0.4 and
0.7, which are in agreement with SED modelling [Andrews and Williams, 2005], have been
determined for TTS and HAeBe [Guilloteau and Dutrey, 1998, Piétu et al., 2007].

In reality, instead of reradiating as a single temperature blackbody as considered above,
the disk radiation is governed by the dust opacity, which absorbs short wavelength starlight
(at around 1µm) more efficiently than it emits longer wavelength thermal radiation. Once
the radiative properties of the dust are known, the temperature of the dust in the disk surface
layer can be determined, for which it is necessary to define the emissivity ε. The emissivity
is the ratio of the efficiency with which the dust emits or absorbs radiation relative to a
blackbody surface. For instance, a perfect absorber and emitter has ε = 1. The emissivity
factor is given by the expression

ετλ = 1− eτλ (2.39)

where τλ is the dust opacity given by Eq. 2.24. Dust is a good absorber of radiation at
wavelengths that are smaller in comparison with the particle size, with the emissivity dropping
at longer wavelengths.
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2.2.2.2 The inner region of circumstellar disks

The large spatial and dynamic scales of protoplanetary disks mean also that different obser-
vational techniques and spectral regimes have to be used to probe the different regions of
these disks. The inner region of circumstellar disks, in the order of few AUs from the central
star, is the place where temperatures are high enough to even evaporate the dust of the disk.
This region contains a large amount of energy in the form of ultraviolet, optical, and near-IR
radiation, whose role is crucial in the overall energy balance of the disk.

Beyond the stellar borders, the temperature in the range of several thousands degrees
creates an optically thin dust-free region which extends up to an optically thick “wall” of
dust at the evaporation temperature (∼1500 K). Since the dust wall is much hotter than the
disk behind, it has a “puffed up” shape and a larger vertical scale height [Dullemond et al.,
2001]. Such structure has been consistently found and studied in the PMS low-mass TTS
and intermediate-mass HAeBe objects, [e.g. McClure et al., 2013, Kraus, 2015, Lazareff
et al., 2017]. Moreover, size measurements of the near-IR bump of circumstellar disks with
high-angular resolution techniques have established a size-luminosity dependence between
the ring radius and the host star consistent of Rd ∝ L

1/2
? with a dust evaporation temperature

between 1000 and 1500 K (Fig. 2.13). Only the Herbig Be objects show disk radii smaller
than the trend of the rest.

In addition to the signs of magnetospheric accretion that can be produced close to the
star, 2D and 3D models to characterize the shape of the inner rim have revealed that the disk
adopts a round-off profile built by the complexity of the dust composition, a backwarming
effect where heat is reabsorbed by neighbour grains, and efficiency between evaporation
and condensation [e.g. Isella and Natta, 2005, Tannirkulam et al., 2007, Dullemond and
Monnier, 2010]. Observations have also shown disk emission inside the “dust evaporation”
region, presumably arising from a gaseous or refractory hot component contributing at
near-IR wavelengths [e.g. Eisner et al., 2007a]. The debate on the structure of the inner rim
is further extended through predictions of self-shadowed or partly self-shadowed disks, in
which context some observations and variability of HAeBe in the far-IR could be explained
[e.g. Dullemond and Dominik, 2004a, Juhász et al., 2007, Muzerolle et al., 2009]. Fig. 2.12
shows a schematic view of the magnetospheric accretion region near the star, the dust-free
gas disk in the middle, and the dust rim.

2.3 Disk evolution and planet formation

2.3.1 Dispersal time vs. transition time

From the classification of YSOs one reminds that circumstellar disks, although being different
evolutionary stages, are present in Class II and Class III objects. The disk lifetime – or the
time it takes a Class II disk to completely disperse – and the dust clearing time – or time for
the transition from Class II to Class III – is the basis that sets the formation conditions of a
planetary system.

Measurements of the fraction of young stars with infrared excesses in young stellar
clusters, where many relatively coeval stars are located within a small area, have shown that
the disk frequency is close to 100% for clusters whose mean stellar age is less than ∼1 Myr
(Fig. 2.14). Later on the disk frequency drops steadily, reaching around 50% at 3 Myr, and
with at least one third of all stars – or even close to 50% – having a disk when they reach an
age of 10 Myr [Pfalzner et al., 2014].

Observational surveys at infrared ranges, e.g. Spitzer, that probe the dusty constituent
of circumstellar disks, have revealed that dust at larger distances and wavelengths (22–
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Figure 2.13: Size-luminosity dependence between disk radii and stellar luminosities mea-
sured in T Tauri and Herbig stars via interferometric high-angular techniques. The different
line type denote different models applied to measure the disk size. Temperatures of the inner
“wall” show values between 1000–1500 K. [Credit: Dullemond and Monnier [2010] and
references therein]

Figure 2.14: Disk fraction as a function of cluster age for different stellar populations. The
dashed line traces a linear approximation by Haisch et al. [2001], whereas the solid line
corresponds to an exponential approximation by Mamajek [2009]. Full symbols indicate
massive extended clusters, and open symbols indicate still embedded lower-mass compact
clusters. The red squares are data added by Fang et al. [2013], and by considering unbiased
selection effects their approximation shows a larger survival time of disks. [Credit: Pfalzner
et al. [2014] and references therein. Reproduced with permission ©AAS.]
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Figure 2.15: Left: Illustration of the dispersal time of circumstellar disks traced through their
gaseous and dusty constituents. Right: SED shapes adopted by a Class II disk, a transition
disk with a dust gap at 2 AU, and a Class III debris disk. [Credit: Ercolano and Pascucci
[2017] and references therein]

Figure 2.16: Schematic view of the evolution of a typical circumstellar disk. a) Initially
the disk loses mass through accretion onto the star and photoevaporation induced by stellar
radiation. b) At the same time, micron-sized grains grow into larer bodies and settle to the
midplane of the disk. c) When photoevaporation becomes dominant the inner disk drains on
a viscous timescale, and an inner hole is formed. d) Once the remaining gas evaporates, the
small grains are removed and only the larger, planetesimal-sized bodies, remain. [Credit:
Williams and Cieza [2011] and references therein]

29



CHAPTER 2. INTRODUCTION

24µm) survives longer than material at shorter ones (3–12µm), suggesting that disks evolve
inside-out [e.g. Currie et al., 2008, McCabe et al., 2006]. In this inside-out perspective,
the diagnostic of accretion rates close to the star through optical/UV excess emission from
shocked gas at the stellar surface has shown that the fraction of accreting stars declines
with cluster age approaching zero at ∼10 Myr. This exponential decay has an e-folding
time11 of 2–3 Myr, in agreement also with the e-folding time of the dusty material at ∼1 AU
probed with observations in the range 3–12µm. SED analyses at this wavelengths display
that the frequency of transition disks, i.e. disks with little or no near-IR excess but large
mid- to far-IR excess emission, is only about 10% of the total Class II disks [e.g. Furlan
et al., 2009], implying a dust clearing time of a few 105 years, much shorter than the disk
lifetime. On the other hand, although still limited in sample size, surveys at infrared and
(sub)millimetre wavelengths probing gas at tens or hundreds of AU determine a gas lifetime
of ∼10–20 Myr. Fig. 2.15 belonging to an updated review on the dispersal of planet-forming
disks by Ercolano and Pascucci [2017] summarizes well the dispersal time of the dusty and
gaseous components as a function of distance from the star. The right panel illustrates the
SED shape adopted by a full Class II disk, a transition disk with a dust gap at 2 AU, and a
Class III debris disk.

2.3.2 Dispersal mechanisms

The evolution of primordial protoplanetary disks, from optically thick to optically thin
(Fig. 2.16), is established by various processes, including viscous accretion, photoevaporation
by UV and X-ray radiation, dust settling and coagulation, forming planets, and external
effects such as the dynamical interaction with (sub)stellar companions. Two of them,
accretion and phtoevaporation, are believed to be responsible for the abrupt disk dispersal
lasting about 10 times faster than the disk lifetime.

As previously mentioned, accretion is managed by viscosity, although the source of
viscosity is still a matter of debate [e.g. Ercolano and Pascucci, 2017]. The initial evolution
of primordial disks is generated by viscous transport during which material from the inner
disk is accreted onto the star, and the outer disk plays the role of supplier of the inner
disk and dissipator of angular momentum. According to the standard model of circumstel-
lar disk accretion, turbulence is generated by magneto-rotational instabilities (MRI). Its
conditions are: a sufficiently ionised gas, a disk weakly but non-negligibly magnetised,
and an angular frequency that decreases with radius. However, MRI might be absent in
regions of the disk lying under large column densities of material in the inner disc, which
for their neutral status are known as “dead zones”. Magnetocentrifugal winds as a result of
magneto-hydrodynamical (MHD) simulations can be also responsible for driving accretion
and removing angular momentum [e.g. Bai and Stone, 2013]. Nevertheless, global models
for the evolution of disks rely on a number of important assumptions with no clear consensus
[e.g. Bai, 2016].

However, viscosity is only dominant during the accretion phase onto the star and just a
first-order approximation of a much more complex evolution that includes other physical
processes. Indeed, when the accretion rate decreases to photoevaporation rates (∼10−10–
10−9 M� yr−1), and the remnant inner disk is removed on a viscous timescale (.105 yr), an
inner hole is formed and photoevaporation governs the disk evolution [McCabe et al., 2006,
Williams and Cieza, 2011]. Radiation from the central star penetrates the disk atmosphere
and heats the gas. Then, thermal wind are created if the gas temperature at a given location

11The e-folding time is the time interval in which an exponentially growing quantity increases by a factor of
e.
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is higher than the local escape temperature, driving evaporation in the far-UV (FUV: 6 eV<
hν <13.6 eV), extreme-UV (EUV: 13.6 eV< hν <0.1 keV), and X-ray (hν >0.1 eV) energy
ranges. Each process influencing differently in the disk. It is believed that whereas EUV
radiation induces higher evaporation rates in the inner regions of the disk, X-rays and FUV
drive photoevaporation at larger distances due to their capacity to penetrate larger columns
of neutral gas and heat gas located deeper and further away from the central star. Although
photoevaporation models including these three energetic regimes [e.g. Gorti et al., 2009,
Owen et al., 2010] have predicted rates of the order of 10−8 M� yr−1, a significant amount
of PMS stars with large inner holes, massive disks (&10 MJup) and no, or little accretion,
observations of WTTS [e.g. Andrews and Williams, 2005, 2007a, Cieza et al., 2010] suggest
that these objects have disks with lower masses (.1–2 MJup). The incongruence between
models and observations thus suggest discretion with interpretations.

2.3.3 From dust to protoplanets

Dusty material accounts for only ∼1% of the initial mass of the disk. However, its influence
dominating the disk opacity and material forming terrestrial planets and the cores of giant
planets is immense. First, since gas orbits the central star at velocities slightly different from
Keplerian due to pressure, dust grains (size of ∼0.1µm) that have a large surface-to-mass
ratio are swept along with the gas. These grains collide and stick together, decreasing their
surface-to-mass ratio and decoupling from the gas motion. Subsequently, grains suffer a
strong drag force and settle toward the midplane. As a result, the density of the dust in the
interior of the disk increases, accelerating grain growth and forming larger grains in the
interior. Because circumstellar disks are a turbulent environment, some vertical stirring and
mixing of grains impede a perfectly stratified disk [e.g. Dullemond and Dominik, 2005].
Another evidence of dust settling is found in the SED slopes of TTS [e.g. D’Alessio et al.,
2006], showing reduced mid-IR emission in most of them since this process reduces the
scale height and the flaring angle of the disk [Dullemond and Dominik, 2004a].

The way dust grains grow is controlled by a balance between coagulation (sticking)
and fragmentation. Silicate grains surveyed in hundreds of circumstellar disks in nearby
star-forming regions [e.g. Oliveira et al., 2010, McClure et al., 2010] have shown that micron-
sized particles are present, and that submicron grains are absent, meaning that grain growth
is more efficient that fragmentation or that submicron grains are efficiently removed from the
upper layers of the disk by stellar winds. In the surface layers of the disk, the balance between
grain growth and destruction is also influenced by crystallization via thermal annealing and
amorphization (e.g. through X-ray irradiation) [e.g. Furlan et al., 2009, Oliveira et al., 2010].

The posterior growth of particles to millimetre scales is probed by SED slopes at
(sub)millimetre wavelengths. Surveys of Taurus disks at 3 mm [Rodmann et al., 2006]
and 7 mm [Ricci et al., 2010] demonstrated that a shallow SED slope generally extends to the
observing wavelength, and have inferred opacity indices of β = 0.6 and 1. The implication
that centimetre-sized particles are common in circumstellar disks has been also demonstrated
by resolving the disks of TW Hydra and WW Cha reaching sizes of up to 10 cm [Wilner
et al., 2005, Lommen et al., 2009].

It is believed that classical coagulation makes possible bodies to grow up to kilometre
sizes by two-body collisions. However, two problems arise at what is called the “meter-sized
barrier”. On the one hand, objects that grow up to meter size drift extremely quickly towards
the central star, and there they are destroyed by the high temperatures. The drift time is
then shorter than the time needed to form such bodies, making growth extremely ineffective
[Klahr and Bodenheimer, 2006]. On the other hand, meter sized boulders do not stick
well together, but rather demolish at typical collision speeds. Although it is also a topic of
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debate, a gravoturbulent method has been developed, according to which turbulence and
streaming stability make the formation of planetesimals possible [Youdin and Goodman,
2005, Johansen et al., 2006].

In the subsequent phase, when planetesimals adopt a kilometre size, gravity is the
dominant force. The growth from planetesimals to protoplanets is, however, harassed by
different factors. First, the initial conditions since the formation mechanism and thus the
distributin of the first bodies is poorly known. Second, N-body simulations with planetesimals
in the order of some millions and time scales of million years represent high computational
costs. Third, the dynamical mechanisms such as collisions, shock waves, or fracturing play
an important role and more knowledge is lacking.

Since the scope of this investigation is not focused on the planet formation itself, but
instead on the characterization of disk at the earliest stages, one may refer to wide and
specialized reviews in the literature [e.g. Armitage, 2010, Williams and Cieza, 2011, Wolf
et al., 2012]. Fig. 2.16 summarizes what it has been exposed in this subsection, from the
earliest stages dominated by viscous accretion, photoevaporation induced by the stellar
emission, dust settling to the midplane of the disk, and formation of larger bodies up to
planetesimal scales.

2.4 Influence of (sub)stellar companions

In previous sections it has been established that two ubiquitous byproducts of star formation
which dispose the excess of angular momentum are the creation of stars forming multiple sys-
tems and the association of circumstellar disks around most – if not all – of them. Although,
as seen from the descriptions above they represent, in a way, individual scenarios, they are
also tenuously linked to each other. Namely, because stellar and substellar companions
forming multiple systems may influence the evolution of their disks, and thus the possibility
of planet formation. Nevertheless, according to up-to-date exoplanet catalogues [Schneider
et al., 2011, Rein, 2012]12, the fact that to date of this writing out of the 3741 exoplanets
forming 2816 planetary systems, 134 are planets in binary or higher-order multiple systems
manifests that planet growth under the companions influence is not an inconceivable task.

2.4.1 External photoevaporation

Given the fact that most stars form in large clusters and they highly likely contain lumi-
nous and massive O stars, one of the scenarios in which companions externally influence
the evolution of circumstellar disks is when these massive companions generate strong
UV-radiation fields enough to truncate by photoevaporation other disk outer edges. This
scenario is plausible, especially, in systems where the disk is sufficiently large that weakly
gravitationally bound material at the disk outer edge can be efficiently photoevaporated.

Numerical simulations have even demonstrated that in binary systems the dispersal of
circumstellar disks surrounding primary and secondary stars is accelerated from outside-in if
the maximum of X-ray photoevaporation is close to the tidal truncation (see next subsection).
Consequently fewer transition disks – at least, of the type created by photoevaporation – are
expected in binary systems with few tens of AU of separation [Rosotti and Clarke, 2018].

On the observational side, ALMA observations have evidenced that the protoplanetary
disk around the young object IM Lup is expected to shrink rapidly due to mass-loss induced
by external UV-fields of 8–16 G0 down to about 400 AU [Haworth et al., 2017]. Also,
external photoevaporation is discussed as the cause of finding more massive disks farther

12Websites: www.exoplanet.eu;www.openexoplanetcatalogue.com

32



2.4. INFLUENCE OF (SUB)STELLAR COMPANIONS

Figure 2.17: Left: Diagram of the Roche equipotentials (thin lines) for a stellar pair with
masses of 0.65 M� and 0.5 M� orbiting with respect to their mass centre (CM). The thick
lines are the stellar orbits and the dashed ones the 2:1, 3:1, 4:1 and 5:1 resonances. The CB
disk is truncated beyond the 3:1 orbital resonance. Right: Smoothed-particle hydrodynamics
(SPH) simulation of a binary system with denser regions denoted in blue. The black circle
is the 2:1 Lindblad resonance, and the black crosses the saddle points of the potential. The
green streaks point to areas where accretion onto the binary occurs. [Credit: Dutrey et al.
[2016] and references therein]

away from the center of clusters compared to the less massive disks found in their dense
center [e.g. Olczak et al., 2006, Pfalzner et al., 2014].

2.4.2 Tidal truncation

If each young star forming binary systems harbours its own circumstellar disk, then the tidal
perturbing effect of the companion star on each disk can produce a gravitational torque that
extracts angular momentum from the disk and transfers it to the binary orbit [Bate, 2000,
Lubow and Artymowicz, 2000]. These tidal interactions tend to be self-regulating, meaning
that if too little angular momentum is removed from a circumstellar disk, the disk will
expand towards the companion as it gains matter, subsequently increasing the strength of the
interaction; on the contrary, if too much angular momentum is removed, the disk will shrink
and the tidal effect will be reduced. The architecture of the binary system, which includes
individual circumstellar (CS) (or also known as circumprimary) and/or circumbinary (CB)
disks, depends essentially on three parameters: the orbital eccentricity, the stellar masses,
and the separation between companions.

In cases where the orbit of a binary system is eccentric, the tidal effect is time dependent
and causes strong disturbances at each periastron passage, causing episodes of rapid accretion
onto one or both stars, and being a possible cause of the FU Orionis phenomenon13 [Bonnell
and Bastien, 1992]. In some cases the disturbances can be that strong that circumstellar
disks can be severely disturbed or even disrupted [e.g. Bate et al., 2003]. For eccentricities
between 0 and 0.25, theoretical models of tidal truncation determine that the CB disk has an
inner hole of approximately 1.8–2.6a, where a is the semi-major axis of the binary system
[Artymowicz and Lubow, 1994]. The CB inner edge depends on the binary eccentricity and

13FU Orionis variables are PMS objects which undergo a rapid increase in luminosity of up to 5 magnitudes
in a period of years with decay times of tens of years to greater than a hundred years [Hartmann, 1991].
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increases with it [Lubow and Artymowicz, 1997]. On the other side, the outer edge of the
CS disks are truncated at ∼0.3–0.5a [Papaloizou and Pringle, 1977].

The mass ratio between the companions is relevant to define the inner edge of the CS
disks, although it has been demonstrated that the eccentricity plays a more important role in
shaping the environment [Pierens and Nelson, 2013].

As result of orbital resonances in binary systems, theory predicts the possibility of
survival of material forming CS disks around each of the components, inside the Roche
lobes14, and an outer CB disk in Keplerian rotation beyond the L2 and L3 Lagrangian points
(Fig. 2.17). These configurations are imposed by the binary separation, distinguishing three
different categories:

- Very close or spectroscopic binaries (.1 AU)

- Intermediate separation binaries (1–100 AU)

- Wide binaries (>100 AU)

For binaries with large separations and for spectroscopic binaries the mm-flux is similar
to the field value. This means that in the case of wide binaries the two stars are individually
surrounded by circumstellar disks behaving just as disks around unperturbed single stars. On
the other hand, very close stars are surrounded by a circumbinary disk which resembles a disk
around a single star [Kley and Burkert, 2000]. In support, also models of planet formation in
very close systems state that planets can form and survive in circumbinary orbits around both
members [Quintana and Lissauer, 2006], whereas in wide binaries planet formation seems
indistinct of the one seen for single stars [e.g. Kraus et al., 2016, Bonavita and Desidera,
2007].

The case of intermediate separation binaries is more complex because CS and CB disks
can coexist. Moreover, models show that the circumbinary cavity with low surface density
is not totally empty (see Fig. 2.17). Accretion streams that feed the CS disks with material
to make possible their survival are also predicted [Artymowicz and Lubow, 1996]. The
accretion arms are variable, being modulated by the torque of the stellar pair and showing a
period similar to the one of the stars [Artymowicz et al., 1991].

2.4.3 Observational evidence in T Tauri and Herbig Ae/Be binary systems

It is still unclear how the presence of a companion at intermediate separations affects the
evolution of disks and the conditions to grow planets. Statistical observational studies
targeting low-mass T Tauri binary systems located in some of the nearest and most active
star-forming regions such as Taurus, Ophiuchus or Chamaeleon I, have demonstrated that,
in comparison to disks that evolve around single stars, the lifetime and accretion activity of
circumstellar disks in systems with physical separations less than 100 AU is reduced [e.g.
Cieza et al., 2009, Daemgen et al., 2013]. For instance, considering a stellar pair with a
separation of 30 AU – the separation peak expected for a population of T Tauri [Duquennoy
and Mayor, 1991] – the lifetime of the disks around the individual components should be
∼10% of the one around single components with a typical radius of 100 AU [Andrews and
Williams, 2007b], or in other words, just a fraction of a million year. An accelerated disk
dissipation subsequently disrupts the timescale needed to form terrestrial and giant planets
through core accretion [Duchêne, 2010].

14The Roche lobe is the tear-drop-shaped region bounded by a critical gravitational potential. The point at
which the two Roche lobe apexes around two stars forming a binary system intersect is known as L1 Lagrangian
point.
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Figure 2.18: ALMA observations of the triple system GG Tau A. Left: 0.45-mm emission
(black countours) and CO 6-5 flux (color). Middle: Addition of the CO velocity field (color)
to the previous contours. Right: 0.45-mm emission, CO 6-5 flux and H2 intensity in red.
[Credit: Dutrey et al. [2014]]

In spite of these statistical and numerical expectations several samples in the group
of T Tauri stars have been reported. The most prominent of them is undoubtedly GG Tau,
first detected by Cohen and Kuhi [1979]. This objects is actually a quintuple system
divided in a triple one, GG Tau A [Dutrey et al., 2014], and a binary one, GG Tau B. The
projected separation between A and B components is some 1400 AU. Long-baseline near-IR
interferometry PIONIER and direct imaging NACO resolved in the A triplet a close binary
with a 4.5 AU separation at 30◦ and an orbital period of 16 years [Di Folco et al., 2014]. The
third component is located 36 AU to the south of the pair. The total mass of GG Tau A is
estimated in 1.3 M� [Guilloteau et al., 1999]. Observations from infrared to submillimetre
bands have provided a complete overview of such a complex system. Spectroscopy and
photometric studies have detected accretion signatures and silicate features originating from
the Aa and Ab circumstellar disks. In addition, an outer disk with a radius of 180 AU has been
spotted by several groups (see the black contours of Fig. 2.18). Inside the cavity, scattered
light emission of the dust ring in the near-IR, and more interestingly the velocity maps of CO
6-5 within the cavity stream from the outer ring have been depicted (Fig. 2.18). In the same
way, H2 lines associated to material infalling onto the inner CS disks have been mapped.
Other multiple TTS with spatially resolved CB or CS at intermediate separations are [Dutrey
et al., 2016], for instance: HH30, SR24N, FS Tau, UZ Tau W or L1551 NE.

It is clear that most of what we know about disk evolution in young multiple systems
derives from the studies of T Tauri objects. The case of Herbig Ae/Be objects is particularly
intriguing because, for instance, they are more massive and suppose a stronger gravitational
interplay with the companions and the inner environment of the disks. However, assessing
them is considerably more challenging because although their binary frequency is expected
to be similar to the one of the low-mass counterparts, the amount of them imposed by the
stellar initial mass function is scarce (section 2.1.3). Also, the majority of them are located at
least at 300 pc away from the Sun, and the large mass and contrast ratios for unequal systems
makes difficult an accurate characterization of the systemic properties [Duchêne, 2015].
While at intermediate separations no dedicated multiplicity survey has been conducted, few
multiple HAeBe objects have been resolved with circumstellar and/or circumbinary emission.
For instance, the quadruple system TY CrA, whose close triple system is separated from the
fourth component some 40 AU, is surrounded by dusty emission [e.g. Chauvin et al., 2003,
Boersma et al., 2009]; HD142527 with a low-mass companion at 12 AU shows flows of gas
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through a dust-depleted gap of ∼30 AU [e.g. Biller et al., 2012, Casassus et al., 2013, Lacour
et al., 2016]; the nearly identical binary system AK Sco is surrounded by a circumbinary
disk and shows spectral features indicating outflow and infall activities in the system [e.g.
Alencar et al., 2003, Anthonioz et al., 2015, Gómez de Castro et al., 2016]; or the source of
this investigation V892 Tau.
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3
Modelling of Interferometric Data

3.1 High-angular resolution studies of circumstellar disks

The characterization of the dusty material in circumstellar disks is possible thanks to obser-
vational techniques profiting from, for instance, scattered light and thermal emission.

Because circumstellar disks are not emitters, but instead their temperature is limited to
the one of dust sublimation (∼1500 K for silicate grains), at optical wavelengths they can be
only imaged in scattered light, i.e. photons that reach the observer after being scattered off
by dust grains. The implications of scattered light can be determined up to mid-IR ranges,
however, depending on the star/s and dust properties, the contribution of thermal emission
by hot dust in the innermost regions may dominate at redder wavelengths [Pinte et al., 2008].
Through this technique it is possible to determine the geometry of the disk (e.g. inclination,
outer radius, vertical scale height of dust component, flaring) and surface density profiles
which reveal the presence of planets through gaps and asymmetries. Also, scattering images
in the optical and near-IR probe the grain properties (e.g. grain size distribution, porosity)
due to photons that are highly linearly polarized.

On the other hand, thermal emission of dust grains that are heated by the central stars
and reemit as gray bodies is detected at near-, mid-IR and longer wavelengths. The inner
few AUs of a disk are particularly identified in near- and mid-IR ranges, making possible to
resolve details of the inner radius and immediate environment of the central stars.

An additional approach to spatially resolve protoplanetary disks around PMS objects is
observations of Polycyclic Aromatic Hydrocarbons (PAHs) grains in the near- and mid-IR.
These are grains stochastically heated by UV radiation that emit in bands between 3 and
12µm. Because PAHs grains are excited up to large distances in the surface layers of flared
disks, they give information about the global structure of disks (e.g. vertical height, flaring).
Another method to gain spatial information of disks – especially in the innermost regions –
is through multi-epoch photometry that reveals variability due to inhomogeneities and/or
asymmetries within the disk.

Of course, these techniques are only fruitful if astronomical instrumentation is capable
of achieving the required spatial resolution that disks demand. Spectroscopic analysis probes
the accretion rates and the star-disk interaction in the closest regions to the star [e.g. Fairlamb
et al., 2015, Schöller et al., 2016]. Protoplanetary disks are too distant to be imaged with
ground-based facilities at optical or infrared wavelengths. The angular scale that is probed
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by a telescope equals λ/D radians, where λ is the wavelength at which the observation is
acquired and D is the main-mirror diameter. Even diffraction-limited techniques, such as
adaptive optics (AO) on large ground-based telescopes or the Hubble Space Telescope (HST),
reach only resolutions of ∼10 AU, unsatisfactory to probe the closest environment of disks.
State-of-the-art instruments mounted on single- and multiple-aperture facilities, however, in
recent years have enhanced our understanding of the innermost regions of protoplanetary
disks in single and binary systems.

Representative instruments implemented on single-dish telescopes are, for instance:

- The Spectro-Polarimetric High-contrast Exoplanet REsearch instrument (SPHERE) at
the 8 m-class Very Large Telescope (VLT) is dedicated to directly obtain images of
exoplanets and dusty/debris disks around stars, where planets may be forming [Beuzit
et al., 2008]. Because directly imaging these structures is especially difficult due to
the high light-contrast between them and the stars, SPHERE exploits the advantages
of adaptive optics and coronagraphy, that blocks out the central region of the star to
reduce its contribution. Starlight in unpolarised, but when it is reflected by the surface
of a planet or disk the reflected waves become partially polarised. This polarised signal
is identified by SPHERE through polarimetric differential imaging (PDI) to get a sharp
view of the disk or planet. For this purpose SPHERE is equipped with three subsystems:
ZIMPOL1 (600–900 nm), IRDIS2 (900 nm–2.3µm) and IFS3. Therefore, depending
on the wavelength, the diffraction-limited spatial resolution is 20–80 mas, although the
utilization of a coronagraph may obscure the central ∼100 mas. Preeminent results
in the optical and near-IR have revealed the dusty disks in a sample of single and
multiple T Tauri [Fig. 3.1; Avenhaus et al., 2018, Csépány et al., 2017] and Herbig
objects [e.g. Bertrang et al., 2018, Wagner et al., 2018]. These results have allowed to
determine a wide variety in disk sizes, geometry and polarised fluxes, as well as define
specific trends in the morphology of TTS and HAeBe. Whereas disks around T Tauri
form ring-shaped substructures, disks around Herbigs display spirals [e.g. HD142527
or HD100453A; Avenhaus et al., 2014, Wagner et al., 2018]. This difference can
be attributed to different scenarios of interaction between protoplanetary disks and
growing planets, which can shape the disks into vast rings, spiral arms or shadowed
voids.

- Another outstanding instrument in a 10.4 m-class ground based telescope is Canari-
Cam at the Gran Telescopio de Canarias (GTC), a mid-IR (8–25µm) imager with
spectroscopic, coronagraphic and polarimetric capabilities [Telesco et al., 2003]. This
multimode instrument addresses a broad range of scientific problems. This instru-
ment addresses projects to characterize protoplanetary systems and circumstellar
disks around YSOs thanks to its sensitivity to dust temperatures between 100–1000 K.
More specifically, its imaging and polarimetry modes are used to determine the disks’
structure, magnetic field configurations and the role of these disks in shaping their
immediate environment in a sample of Herbig Ae/Be and T Tauri stars. CanariCam
achieves a mid-IR diffraction-limited resolution of 200 mas at 10 µm and 400 mas at
20µm. Recently, in this context, new insight into the magnetic field activity of eight
HAeBe and one TTS has been achieved by detecting linear polarization at 8.7,10.3

1ZIMPOL is a camera that makes sharp images and measures polarisation in visible and near-IR light. It can
detect reflected polarised light of gaseous planets, very close to the stars, and scattered light from the dusty disks
around YSOs.

2IRDIS is a camera whose main goal is to image young self-luminous giant planets due to PDI.
3IFS is a near-IR spectrograph that can simultaneously work with IRDIS to build a spectral map over the

entire field-of-view.
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Figure 3.1: Sample of circumstellar disks in TTS imaged in H-band with SPHERE. The
different sizes can be noted from the 1” angular scale in the bar of each panel. All panels
have been re-scaled by the authors to represent the same physical size, meaning that the
100 AU scale bar applies to all of them. It is clear, for instance, the very big size of the disk
around IM Lup in comparison to small-scale disks such as the one around RU Lup. The green
areas are obscured regions due to the coronagraph or bad pixels, and the red dot marks the
position of the stars. Within this sample, the object V4046 Sgr is the only close binary. It has
a 2.4-day orbit, a transition structure with a ∼10 AU central cavity and two concentric rings
separated by a gap at ∼20 AU. [Credit: Avenhaus et al. [2018]. Reproduced with permission
©AAS.]

Figure 3.2: ALMA 1.3 mm observations of the Herbig Ae/Be star HD169142. The uv-plane
completeness obtained with 35 antennas (left) produces a clear image of a double-ring
structure in the dust distribution (center). The dust gap extends from ∼35 to 56 AU. In
addition to the gap, an inner cavity (<20 AU) and a point-like feature detected in L’-band are
overlaid (right). [Credit: Fedele et al. [2017]. Reproduced with permission ©ESO. uv-points
provided by Dr. Álvaro Sánchez-Monge.]
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and 12.5µm from their disks. The detection of polarized mid-IR emission and/or ab-
sorption demonstrates that, commonly, magnetic fields make possible grain alignment
in protoplanetary disks around PMS [Li et al., 2018]. Another area of research of
this facility is the search at 10µm of substellar companions harbouring circumstellar
emission, therefore addressing the two tenuously related byproducts of star formation
mentioned before [e.g. Béjar et al., 2015].

Nevertheless, although SPHERE and CanariCam join the advantages of the largest
available apertures (∼10 m) and diffraction-limited techniques, the spatial resolution at near-
and mid-IR bands to assess the innermost regions and smallest structures of protoplanetary
disks is still insufficient. The use of coronagraphs to block the light from the central star
extends the resolution limit to only ∼100 mas, or some tens of AU from the central stars.
Moreover, the characterization of binary systems and circumstellar emission with separations
less than the resolution level (few AUs), representing, as previously stated, one of the modern
astronomical areas to still bring to light, is unaffordable with these facilities.

On the other hand, long-baseline interferometry – the combination of two or more single
apertures – enables high-resolution observations of circumstellar structures. Unlike the
single-dish case, here the angular scale is given by λ/B, where λ is the wavelength and B
is the baseline (distance) between a pair of telescopes. In order to investigate circumstellar
disks, this technique is commonly applied to two distinctive spectral ranges: infrared and
(sub)millimetre.

As follows, I highlight some main differences of the application of interferometry to
these two spectral windows:

1. Type of detection and beam combination: The signal detection in (sub)millimetre
interferometry is obtained at the antennae thanks to the heterodyne technique4. Then,
each signal is coupled with a reference signal of high coherence, and the amplitude and
phase of the coming electric field are recorded. The antennae signals are digitalized
and combined in a correlator. After that, an electronic phase delay is applied to
compenste the difference in path length between the arms. On the other hand, through
single optical telescopes, infrared interferometry transmits light-beams to a central lab
where the optical path is equalized, and they are combined to display interferometric
fringes. The complexity of infrared interferometry has restricted number of telescopes
that are simultaneously used in an observation to two, three or four baselines (second
generation instruments). Therefore, in contrast to interferometry at radio wavelengths,
it does not easily yield actual aperture-synthesized images [Dullemond and Monnier,
2010]. Infrared interferometry is thus only limited to measure sizes, brightness profiles
and asymmetries of emitting regions in the plane of the sky. However, this information
reveals a lot about the structure of the inner regions of protoplanetary disks and permits
to build numerical models to reproduce the interferometric signals.

2. Angular resolution determined by λ/B: Due to constructive factors, millimetre
antennae can be movable, and configure arrays of some hundred meters. For instance,
for a 100 m baseline and observations at 1 mm, the achieved angular resolution is
∼2 arcseconds. On the contrary, monolithic optical telescopes at a similar baseline,
generally unmovable, observing in the near- (e.g. K-band with central wavelength at
2.2µm) and mid-IR (e.g. N-band with central wavelength at 10µm) would achieve
a diffraction-limited angular resolution of 4 and 20 mas, respectively. For an object

4The heterodyne technique is a non-linear signal processing method that creates new frequencies by
combining or mixing other two frequencies with mixer devices such as vacuum tubes, transistors or diodes.
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located at a distance of 140 pc, typical for some of the closest star-forming regions,
this resolution leads to about ∼1 AU, which matches what is needed to probe the
dust evaporation front. Additionally, the wavelengths at which each of them observe
allow to probe different layers of the circumstellar disks: the outer and colder ones in
the case of (sub)millimetre observations, and the hotter and closer to the stars in the
infrared.

3. Atmospheric influence: The wavefront is deformed by the atmospheric turbulence at
shorter wavelengths. The spatial Fried’s parameter, r0, which corresponds to the spatial
scale of this turbulence, is smaller than the telescope size. Whereas this parameter
adopts values in the near-IR of 0.5–1 m, in the (sub)millimetre its value is larger than
the antennae sizes. Also the temporal Fried’s parameter t0, which corresponds to the
temporal scale of the turbulence, is of the order of few hundred milliseconds in the
infrared versus several minutes in the millimetre.

4. Sources of noise: The three type of noises at shorter wavelengths are: the photon
noise, the read-out noise of the detectors and the background noise coming from either
thermal emission or from the sky brightness. The main source of noise in millimetre
interferometry is the thermal noise.

Two remarkable examples of interferometers operating at (sub)millimetre and infrared
bands are, respectively, ALMA and the VLTI. The Atacama Large Millimetre/submillimetre
Array (ALMA)5 located in the Chilean desert, with its 66 movable antennae (54 twelve-
meter diameter and 12 seven-meter diameter), is one of the most important interferometric
facilities in the world. The simultaneous implementation of various antennae and baseline
configurations ranging between few meters and 16 km provide a complete uv-coverage and,
thus, reconstructed maps of continuum thermal emission and lines with information on the
general structure and most minuscule details of astronomic sources in the millimetre band.
At these (sub)millimetre wavelengths, the dust thermal emission in protoplanetary disks is
mostly optically thin, excepting the innermost regions of the disk close to the star. Therefore,
observations at this spectral range probe the bulk of solids in the disk midplane, where
most of the material is found and where planet formation initiates. Some of the latest most
outstanding discoveries in the field of circumstellar disk characterization and signatures of
planet formation around young stars, such as GG Tau A (Fig. 2.18), HD169142 [Fig. 3.2;
Fedele et al., 2017] or V1247 Orionis [Kraus et al., 2017b], have been achieved thanks to the
ALMA capacities.

An independent section about the Very Large Telescope Interferometer (VLTI) is pre-
sented later as observational data acquired with this facility is the main purpose of this
investigation.

As summary of this subsection, the milliarcsecond spatial scale and the temperature
range at which the dusty structures of circumstellar disks are detected make infrared long-
baseline interferometry the unique and optimal technique, in terms of angular resolution, to
characterize them and gain information about their evolution and eventual process of planet
formation. The applicability of infrared long-baseline interferometry is even enhanced when
addressing the circumstellar environment of binary systems with separations inaccessible to
the resolution provided by single-dish telescopes.

5Website: www.almaobservatory.org
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3.2 Astronomical interferometry

The French physicist Hippolyte Fizeau first reported interference fringes in 1868. Later, in
1890, the American Albert Abraham Michelson experimented with small holes in a mask
covering the larger aperture of a telescope to produce fringes. He introduced also for the first
time the concept of fringe visibility and its application in the field of spatial interferometry. It
remains as probably the most famous of his experiments the two 6-inch aperture Michelson
stellar interferometer mounted in Mount Wilson, whose construction, although with some
additional components, is nowadays still used in some of the most modern observatories.
Interferometry found also its application in the middle of the XX century in radio astronomy,
partially due to the technical developments that the Second World War forced. In the ’70s,
Antoine Labeyrie proposed a variation using only one aperture – the so-called speckle
interferometry –, and for the first time the coherent combination of light using two separated
telescopes was carried out, establishing the basis of modern long-baseline interferometry.
Since then on it has become one of the most developed observational techniques that allows
us to obtain higher resolution.

Long-baseline interferometry supposes the simultaneous observation with two or more
single apertures separated a distance B – called baseline – to combine beams of light
coming from an astronomical source. The angular resolution defined by λ/B enables to
separate the telescopes large distances, much larger than the diameter of a single element.
Besides the VLTI and ALMA, other facilities, such as the Laser Interferometer Gravitational-
wave Observatory (LIGO)6 located in the United States, also operate under interferometric
principles. LIGO is composed of two identical interferometers – one in Hanford and one in
Livingston – separated 3002 km with the purpose of noise calibration (Fig. 3.3). Each of them
consists of two 4 km arms arranged in the shape of “L” with laser detectors, whose primary
scientific mission is to detect gravitational waves. Although electromagnetic radiation is not
detected, it accomplishes all basic principles of a Michelson interferometer.

3.2.1 Theoretical principles of interferometry

In this section I introduce the basic principles of stellar interferometry. This is based on
vast and detailed information publicly available in online resources, as well as in books
and publications [e.g. Lawson, 2000, Labeyrie et al., 2006, Haniff, 2007a, Millour, 2008,
Glindemann, 2011].

Light from an astronomical source in the sky travels through the space and brings
information on the shape and spectrum of the object. This information is received by
an optical system and decoded to provide the insight on its spatial and spectral intensity
distribution.

Monochromatic wave received by one optical detector

Let us consider the electric field vector ~E of an electromagnetic wave as a function of space
and time. Under the assumption that the wave is plane monochromatic and propagates in
vacuum along the z-direction (Fig. 3.4), the x-component of ~E can be written as

Ex = Ex0 cos(ωt− kz) (3.1)

6Website: www.ligo.org; www.ligo.caltech.edu
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Figure 3.3: LIGO project consisting of two separated identical Michelson interferometers
located in Hanford (left) and Livingston (right). Their laser arms are used as gravitational-
wave detectors. [Credit: Caltech/MIT/LIGO Lab]

where ω = 2πν, t is the time, k = 2π/λ is the wave vector7, ν is the frequency and λ is the
wavelength of the monochromatic wave. The expression ω/k = νλ is the phase velocity.
In the same manner also the y-component can be described. If the cosine functions of the
x- and y-components are in phase, and thus the phase difference ϕ = 0, then the vector ~E
oscillates in a plane (linear polarization). If the components are not in phase and ϕ = π, then
the vector describes a circle (circular polarization). And, if the components are not in phase,
but ϕ 6= π, then the vector describes an ellipse (elliptical polarization).

The electromagnetic wave contains also a magnetic field component ~H . However, since
hereafter only the propagation of a wave in isotropic media is described, it is not taken into
account.

Optical detectors do not measure the electric field of an electromagnetic wave directly.
The physical quantity that can be experimentally observed is the intensity related to the
energy flow density given by the Poynting vector of the form

~S = ~E × ~H. (3.2)

The Poynting vector is orthogonal to the vectors ~E and ~H , pointing to the direction of
propagation along the z-axis if ~E is linearly polarized in the x-direction. Then, the component
in the z-direction of the Poynting vector can be written as

Sz = c ε0 E
2
x0 cos2(ωt− kz). (3.3)

Here, Sz has a dimension of W m−2. c is the speed of the light in vacuum8, and ε0 is the
permittivity of vacuum9.

The Poynting vector oscillates with twice the frequency ν of the electromagnetic wave,
i.e. some 1015 Hz in the optical range. Because the temporal resolution of the detectors is
lower than 10−15 s, only an average time of the Poynting vector can be obtained according to

〈Sz〉 = lim
T→∞

1
2T c ε0

∫ T

−T
E2
x0 cos2(ωt− kz)dt = c ε0

2 E2
x0. (3.4)

7A general definition of the wave vector is k = 2πn/λ = ωn/c, where n is the refractive index of the
medium. n = 1 for the case of vacuum.

8c = 2.998 × 108m s−1. In a non-vacuum medium the speed of light is c/n.
9ε0 = 8.854 × 10−12F m−1. In a non-vacuum medium the permittivity has to be multiplied also by ε, the

dielectric constant of the material.
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Figure 3.4: Propagation of an electromagnetic wave with electric field ~E along the z-
direction. The projections on the x- and y-components describe the type of polarization
according to the phase difference ϕ. [Credit: Glindemann [2011]]

This time-average of the Poynting vector is known as flux of the electromagnetic wave,
and its units are W m−2. In an optical detector, the measured quantity is the integral of the
flux over the whole area of the detector, meaning the power in units of Watt.

To study the spatial flux distribution, it is convenient to introduce a dimensionless
quantity known as the optical disturbance v(~r, t), which is proportional to one component of
the electric field (e.g. v = CEx, where C is a constant to make v dimensionless)10. Also, for
mathematical purposes, the optical disturbance of the electric component Ex propagating in
the z-direction can be expressed as a complex quantity, as follows

v(z, t) = v0 cos(wt− kz)− i v0 sin(wt− kz) = v0 e
−i(wt−kz) (3.5)

remarking that, besides this complex consideration, only the real part has physical signifi-
cance representing the electromagnetic wave.

The purpose of achieving the intensity as a dimensionless quantity, but proportional to
〈Sz〉 and thus the signal measured with the detectors, is achieved by the time-average of the
product v v∗, where ∗ denotes the complex conjugate

I(z) := lim
T→∞

1
2T

∫ T

−T
v(z, t) v∗(z, t)dt = v2

0. (3.6)

Another time-independent dimensionless quantity, the amplitude V (~r) at frequency ν,
is conveniently introduced to describe the propagation of light in space. Consequently, the
monochromatic optical disturbance can be written as

v(~r, t) = V (~r)e−i2πνt. (3.7)

According to Eq. 3.6, it can be seen that

I(~r) = |V (~r)|2. (3.8)

10The linear interaction of optical systems, e.g. astronomical telescopes, with the amplitude and phase of the
incoming light can be also represented as a complex transfer function. After the interaction between light and
optical system, the resulting wave is calculated as the product of both complex functions, the optical disturbance
and the transfer function.
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Polychromatic wave received by one optical detector

So far, only the monochromatic case has been considered. For the case of polychromatic
light, the polychromatic optical disturbance is determined by the superposition of individual
monochromatic waves, and the amplitude, instead, is replaced by the time-independent
spectral amplitude V (~r, t). Subsequently

v(~r, t) =
∫ ∞

0
V (~r, t)e−i2πνtdν. (3.9)

Here, the units of V (~r, t) are expressed in Hz−1. In practice, the imaginary part of the
optical disturbance can be ignored only if the real part containing all the information is
restricted to the positive frequencies. The spectral amplitude is zero for negative frequencies.
Theoretically, one can extend the integration interval to −∞, then the optical disturbance
v(~r, t) can be determined through the Fourier transform of the spectral amplitude V (~r, t).

Analogously to the monochromatic intensity, the polychromatic spectral intensity takes
the form

I(~r) =
∫ ∞

0
I(~r, ν)dν. (3.10)

The dimension of the spectral density I(~r, ν) is Hz−1, and it is proportional to the flux
density in units11 of Jansky or W m−2Hz−1.

Similarly to Eq. 3.8, the spectral intensity is also related to the spectral amplitude as

I(~r, ν) = |V (~r, ν)|2. (3.11)

The effects and propagation of light in space are generally described by V (~r) or V (~r, t),
and I(~r). It is important to mention that the relative straightforward link between the
monochromatic and the polychromatic case is valid because, as stated before, detectors
measure only the time-average intensity.

Measurements with an interferometer

So far, only the detection by one optical detector has been deduced. However, interferometric
detections consist of the combination of beams of light acquired simultaneously with two
or more elements. The handling of such combination benefits also from the principle of
superposition which establishes that the resulting intensity of a wave is determined by the
sum of intensity of each individual component.

The experiment conducted by Thomas Young in 1802 is especially illustrative for the
mathematical treatment of this phenomenon (Fig. 3.5). It consists of two pinholes separated a
distance B that receive the light from a distant source (large enough to consider it as a plane
wave). Once the light goes through these pinholes (considered as point sources), the light is
diffracted and the spherical waves12 outcoming from the pinholes interfere. A diffraction
pattern – or fringe pattern – can be observed on a screen located at a distance z1.

The shape of the fringe pattern acquired by an interferometer (or the Young’s experiment)
depends on whether the detection is monochromatic or along a spectral width, and on whether
the emitting object is a point or extended source. For this reason, I present the following
three cases:

a) Monochromatic observation of a point source

111 Jy = 10−26 W m−2Hz−1

12According to the Huygens-Fresnel principle of elementary waves that form the basis of diffraction theory.
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Figure 3.5: Scheme of Young’s experiment. Two pinholes in the aperture plane with a
separation B receive a plane wave. On a screen at distance z1 the diffracted waves from the
pinholes interfere to produce a fringe pattern. [Credit: Glindemann [2011]]

Figure 3.6: The scheme depicts an extended light source with angular diameter θ0, whose
position at an angle θ in the source plane influences the spatial coherence and introduces and
additional OPD’. This effect causes a reduction in the contrast of the fringe pattern.

The spectral amplitude of a spherical wave at a distance r = |~r| can be written as

V (~r, ν) = V0
r
eikr (3.12)

and following Eq. 3.11, the spectral intensity as the squared modulus of the amplitude takes
the form

I(~r, ν) = V 2
0
r2 . (3.13)

Now, considering the amplitude at a point Q with coordinates (x, 0) on the screen, the sum
of the two spherical waves coming from the pinholes is

V (x, ν) = V0
r1
eikr1 + V0

r2
eikr2

= V0
z1
e

i
(
k(r1−r2)

2

)
2 cos

(
k(r1 − r2)

2

) (3.14)

where ri are the distances from each pinhole to the point Q, and the approximation r1 =
r2 = z1 is implemented for the amplitudes V0/ri with i = 1, 2.
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Subsequently, the spectral intensity of this last amplitude is defined as

I(x, ν) = |V (x, ν)|2 =
(
V0
z1

)2
2 (1 + cos(k(r1 − r2))) = I0 (1 + cos(k(r1 − r2))) .

(3.15)
From Fig. 3.5 it can be deduced that for small diffraction angles α, the expression α = x/z1
and r1 − r2 = αB are valid. This last expression is known as optical path difference (OPD)
between the optical paths from each pinhole to the point of observation. A difference in OPD
from each pinhole supposes also a difference in arrival time, called time delay τ between the
light from the two pinholes. The relation between time delay and optical path length is given
by τ = αB/c, where c is the speed of light in vacuum.

By replacing the value of OPD in Eq. 3.15, I finally obtain the monochromatic distribution
of the diffraction pattern as a function of the diffraction angle α

I(α, ν) = I0 (1 + cos(kαB)) . (3.16)

This final intensity distribution is known as fringe pattern due to its cosinusoidal shape on the
screen. Reminding that the wave vector in the vacuum is k = 2π/λ and the properties of the
cosine function, I can deduce that the first intensity minimum of this fringe pattern is found
at αmin = λ/(2B), and the OPD at this minimum is r1 − r2 = λ/2. Consequently, the
time delay would equal τ = (λ/2)/c = 1/(2ν). In the representation of the fringe patterns
of Fig. 3.7, panel a) shows an individual monochromatic pattern obtained for a pinhole
separation of 10 cm at λ = 2.2µm. Also, in panel b), for the same pinhole separation, it
can be seen the independent monochromatic patterns at wavelengths 2, 2.2 and 2.4µm, each
showing a shifted first intensity minimum (blue, green and red lines, respectively). On the
contrary, all of their intensity maximum coincide for a zero OPD, at α = 0, known as the
white-light fringe.

The monochromatic fringes have contrast values that oscillate between 0 and 1. Formally,
this contrast, called fringe visibility, adopts the form

V = Imax − Imin
Imax + Imin

. (3.17)

The measured dimension by stellar interferometry is the contrast of the fringes. A
contrast of 1 in the fringe pattern, meaning perfect constructive and destructive interference
in the maxima and minima, supposes that the light waves outcoming from the pinholes are
perfectly coherent. This is the case of monochromatic plane waves. The word coherence
describes the level of “good” or “bad” coherence between light waves. A perfect coherence
results in a contrast of 1, and on the opposite, if there is no coherence, no fringe pattern will
be formed, in which case the light is called incoherent.

b) Polychromatic observation of a point source

If instead of considering only monochromatic waves, one considers a finite spectral band-
width ∆ν of the light source, the resulting fringe pattern is obtained by adding up the
individual interference patterns (following Eq. 3.16) to obtain the observed intensity distri-
bution. This bandwidth dependence introduces what is known as temporal coherence, and
reduces more the contrast of the fringe pattern the more the diffraction angle α, or in other
words, the longer the time delay τ . The time delay related to the quasi loss of fringe contrast
is called coherence time τc, which is proportional to the reciprocal of the spectral bandwidth
∆ν. From this definition, also the coherence length can be defined as l0 = c/τ0.
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Mathematically, this case can be deduced by integrating Eq. 3.16 over a wave vector
(wavelength or frequency) with interval ∆k and central value k0, where k0 = 2π/λ0. Thus

I(α,∆k) =
∫ k0+ ∆k

2

k0−∆k
2

I0 (1 + cos(kαB)) dk

=
∫ k0+ ∆k

2

k0−∆k
2

I0dk + I0

∫ k0+ ∆k
2

k0−∆k
2

cos(kαB)dk

= I0∆k + I0

(
sin
((

k0 + ∆k
2

)
αB

)
− sin

((
k0 −

∆k
2

)
αB

))
= I0∆k + I0

(
sin
(
αBk0 + αB

∆k
2

)
− sin

(
αBk0 − αB

∆k
2

))
.

(3.18)

Then, by reminding the trigonometric identities sin(m+n) = sin(m) cos(n)+cos(m) sin(n)
and sin(m−n) = sin(m) cos(n)−cos(m) sin(n), and applying them to the last expression,
it results

I(α,∆k) = I0

(
∆k + 2 cos (αBk0) sin

(
αB

∆k
2

))
. (3.19)

Eq. 3.19 produces a fringe pattern as the one shown with black line in panel b) of Fig. 3.7
for K-band (2.2±0.2µm), where the sum of the monochromatic components determines the
resulting pattern.

Another characteristic of the fringe pattern, namely the number of fringes observed in a
pattern, can be deduced from the knowledge that the fringes are faded at an incident angle
α = ±τcc/B = ±1/∆ν λν/B = ±ν/∆ν λ/B. Then, with a fringe spacing of λ/B, and
the expression ∆ν/ν = ∆λ/λ, one obtains that the number of fringes is 2λ/∆λ.

c) Observation of an extended source

Whereas a spectral bandwidth ∆ν influences the temporal coherence, the size of the light
source influences the fringe contrast and consequently the spatial coherence of the light. A
spatial incoherent source, e.g. a star, is an object where each point on its surface radiates
independently from its neighbour point. To determine the fringe pattern created in this
case, it is considered that the distant source, whose monochromatic waves arrive at the
pinholes of the Young’s experiment in Fig. 3.5, has an angular size θ0. If the incident
angle θ of the wavefront is not perpendicular to the aperture plane (denoting the position
of the distant light source), then an additional delay term OPD′ = θB is added to the OPD
(Fig. 3.6). Then, the monochromatic intensity distribution can be obtained by integrating the
function I(α, θ) = I0(1 + cos(k(α+ θ)B))) (similar to Eq. 3.16 but dependent on both the
diffraction angle α and the position of the source θ) over the angular diameter in the interval
[−θ0/2, θ0/2], which leads to

I(α) =
∫ θ0

2

− θ02
I(α, θ)dθ

=
∫ θ0

2

− θ02
I0 (1 + cos(k(α+ θ)B)) dθ

=
∫ θ0

2

− θ02
I0dθ +

∫ θ0
2

− θ02
I0cos(k(α+ θ)B)dθ.

(3.20)

The first term of this last expression is an integral over the source intensity. Now, the second
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term can be further analysed. Namely, the cosine term can be expressed as

cos(k(α+ θ)B) = Re
(
e−ik(α+θ)B

)
= Re

(
e−ikαBe−ikθB

) (3.21)

where the first factor depending on the diffraction angle α can be extracted, and only the
second factor depends on θ. Consequently, this θ-depending factor can be written in terms of
the Fourier transform of the function I(B) as

F(I(B)) =
∫
I(θ)e−ikθBdθ. (3.22)

In this equation, the baseline B is the distance between the pinholes at Young’s experi-
ment – or between telescopes at an interferometer–. The Fourier transform can be explained
as the relation between the coordinate spaces θ of the source plane and B of the aperture
plane. In a two-dimensional system, these two planes can be given in vectorial form as ~θ and
~B, respectively. Therefore, turning back attention to Eq. 3.20, it can be rewritten as

I(~α) = I0
(
1 + Re

(
µ( ~B)e−ik~θ ~B

))
= I0

(
1 + |µ( ~B)| cos(φ( ~B) + k ~θ ~B)

) (3.23)

where the integral over the source intensity
∫
I0dθ has been denoted as simply I0, and the

Fourier transform F(I(B)) as µ( ~B). The complex function µ( ~B) is known as visibility
function, and φ( ~B) is its phase defining the position of the central white-light fringe. If
|µ( ~B)| = 1, then the fringe contrast is 1. On the contrary, no fringe pattern is observed if
|µ( ~B)| = 0. Formally, the visibility function can be expressed as

µ( ~B) =
∫
I(~θ)e−ik~θ ~Bd~θ

I0
(3.24)

and this definition relating through a Fourier transform the intensity distribution of the object
I(~θ) to the visibility fringe pattern is known as van-Cittert-Zernike theorem. This theorem
is the cornerstone of spatial interferometry, and the quantities |µ( ~B)| and φ( ~B) are the
measures obtained spatial interferometers.

A fringe pattern produced for a monochromatic extended source with a diameter of
2 arcsec is shown in panel c) of Fig. 3.7. The black curve resulting of adding up the
monochromatic patterns with different incident angles demonstrates the reduction in contrast.

Similarly to the case of a point source, also an extended source along a bandwidth can be
obtained by adding up the monochromatic patterns at different wavelengths. In this case the
pattern will be both reduced in contrast and faded away from the central fringe for increasing
diffraction angles. The panel d) of Fig. 3.7 displays an example of fringe pattern in the
K-band (black curve) obtained for a source with a 2 arcsec angular size.

Optical Path Difference (OPD) correction

As seen from the Young’s experiment, the coherent interference of the outcoming light from
the pinholes demands a correction of the OPD. Moreover, since the relative position of the
light source to the individual pinholes, or telescopes, may be also different, this introduces
an additional “spatial delay”. Three factors of OPD affects can de identified:

- Internal (geometrical) effects: Produced by the difference in optical path length (OPL)
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Figure 3.7: Fringe patterns produced by two pinholes separated 10 cm, where the intensity
distribution is a function of the diffraction angel α. a) A monochromatic fringe pattern
is illustrated. b) The sum of monochromatic patterns at 2 (blue lines), 2.2 (green lines)
and 2.4µm (red lines) create the black-curve pattern for a point source. c) A sample of
monochromatic fringe patterns for an extended source of 2 arcsec in angular diameter is
displayed. The resulting monochromatic fringe pattern traced with black lines is the sum of
monochromatic fringe patterns with different incident angle, showing a reduction in contrast.
d) A polychromatic pattern over the K-band is shown. In this case a spatial and temporal
coherence influence the shape of the pattern, reducing it in contrast and fading it away from
the central wavelength. [Credit: Glindemann [2011]]

of the telescopes, from their primary mirror to the point of beam combination.

- External (sidereal) effects: Caused by the diurnal motion of the source due to Earth’s
rotation and its position in relation to the baseline vector between the telescopes.

- Rapid effects: Originated from vibration in mechanical components and rapid atmo-
spheric fluctuations.

For this reason, after the wavefront of a distant source arrives at the telescopes at different
times, it goes through a complex optical system that compensates the OPD before the fringes
are obtained in the interferometric laboratory. In the case of the VLTI described later, delay
lines (DL) are used in an interferometric tunnel for corrections with nanometre accuracy
(Fig. 3.10).
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uv-plane coverage

The visibility function can be written in terms of the coordinates (α, β) of the intensity
distribution I(~θ) and in terms of the coordinates (u, v) of the baseline vector ~B, where u
and v are related to the baseline vector through its projection components on the two axes:
u = Bu/λ and v = Bv/λ, where λ is the wavelength. Therefore, the uv-plane is defined as
the plane of the spatial frequencies u and v. Subsequently, Eq. 3.24 becomes

µ(u, v) =
∫ ∫

I(α, β)e−2πi(αu+βv)dαdβ
I0

(3.25)

where the value of the wave vector in the vacuum k = 2π/λ has been taken into account.
Astronomical interferometers sample the visibility function, which is the Fourier trans-

form of the angular brightness distribution of the observed object. Interferometers achieve
unique angular resolution, however, it can be observed that one baseline configuration sample
only one point in the frequency domain of Eq. 3.25, and therefore provides information
along only one angular direction of the source plane. In order to gain more information
about the observed object, it is indispensable to acquire as many uv-points as possible. The
limitations of long-baseline interferometry to achieve a complete uv-coverage is known as
the “uv-problem”. There are three ways of dealing with such a problem [e.g. Ségransan,
2007, Millour, 2014]:

- Supersynthesis: It means that the rotation of Earth relative to the celestial sphere
produces a baseline change with time, and elliptical uv-tracks are formed.

- Adding more telescopes: An increment of the number of telescopes increases the
number of uv-points according to the relation Nbaselines = Ntel(Ntel − 1)/2.

- Observations at different wavelengths: Bandwidth observations improve the uv-plane
thanks to the wavelength dependence of the spatial frequencies as ∝ 1/λ.

Obtaining an extended uv-coverage with optical and infrared interferometers is still
limited with current facilities due to the limited number of offered apertures and the big
amount of observational time required to fill the uv-plane. On the contrary, as seen before,
radio-telescopes as ALMA do take advantage of their capacities and construction (e.g. uv-
plane in Fig. 3.2). Nevertheless, the interpretation of interferometric measurements in optical
and infrared bands is possible thanks to the construction of numerical models to reproduce
the interferometric signals. Furthermore, image reconstruction (Fig. 3.8) may be plausible
with numerical algorithms for measurements of several spatial frequencies and differential
phases [e.g. Baron, 2016, Thiébaut and Young, 2017].

3.2.2 The Very Large Telescope Interferometer

Previously, I had remarked the Very Large Telescope Interferometer (VLTI) as one the most
– if not the most – advanced and modern interferometric facilities observing at infrared
spectral ranges and allowing to characterize with high-angular resolution the circumstellar
environment of YSOs. Here, I provide a deeper glance at the VLTI, and especially at the
MIDI instrument used for this program, since the observational data used for my research
was accomplished with this tool.

The VLTI13 located on Paranal, Chile, is the facility of the European Southern Obser-
vatory (ESO) that combines the independent Unit Telescopes (UTs) of the VLT and the

13Website: www.eso.org/sci/facilities/paranal/telescopes/vlti
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Figure 3.8: Interferometric observations with the Navy Prototype Optical Interferometer
(NPOI) and reconstructed image of the Herbig Be star LkHa 101 and its circumstellar
disk. Top left: Simulated uv-coverage sampled with a six-station. Top right: Model of the
observed object. Bottom left: Dirty beam. Bottom right: Dirty image. [Credit: reprinted with
permission from Thiébaut and Young [2017], Lawson et al. [2004], Journal of the Optical
Society of America]

Auxiliary Telescopes (ATs) to work as a potent interferometer in near- and mid-IR bands (see
Fig. 3.9). Each of the four UTs has a main mirror of 8.2 m, and their edge-to-edge maximum
baseline reaches 130 m, which means a maximum spatial resolution λ/B of 16 mas at 10µm
or 3.2 mas at 2µm. On the other hand, the four ATs that can be configured on 30 different
stations have a main mirror of 1.8 m and a longest baseline of 200 m, providing a resolution
of 10.3 mas at 10µm or 2 mas at 2µm. Unlike the UTs, the ATs are designed to exclusively
work in interferometric mode. The VLTI is probably the best ground-based observatory
of the world that combines all the advantages of interferometry with the ones of adaptive
optics (Multi Application Curvature Adaptive Optics (MACAO) and Coudé Infrared Adap-
tive Optics (CIAO) for the UTs, System for Tip/tilt Removal with Avalanche Photodiodes
(STRAP) and New Adaptive Optics Module for Interferometry (NAOMI) for the ATs) and
stabilization devices (Fringe-tracking Instrument of NIce and TOrino (FINITO) and InfraRed
Image Sensor (IRIS)).

3.2.2.1 First generation instruments

Two interferometric instruments working in the near-IR (PIONIER and AMBER), and one
in the mid-IR (MIDI) are part of the first generation tools mounted on the VLTI.

The Precision Integrated-Optics Near-infrared Imaging ExpeRiment (PIONIER)
is a 4-beam combiner instrument of the VLTI offered to the community from P96 onward [Le
Bouquin et al., 2011]. The combination of 4 UTs or ATs in H-band provides, simultaneously,
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Figure 3.9: ESO’s VLTI facility at 2635 m.a.s.l. on Cerro Paranal, Chile. The light collected
by the UTs or ATs is combined in the interferometric laboratory. A rail network permits the
ATs adopting 30 different stations depending on the needs of the observing project. [Credit:
adapted from M. Struik (CERN)/ESO]

visibilities at six different baselines and four closure phase measurements. Its spectral
capabilities are limited to one spectral channel (∆λ/λ = 5) or 6 spectral channels (∆λ/λ =
30). It is the first beam combiner using integrated optics (IO) technology, which brings
significant advantages in terms of performance and instrumental design to face a new era of
interferometric instruments.

The Astronomical Multi-BEam combineR (AMBER) combines interferometrically
three UTs or ATs of the VLTI [Petrov et al., 2007]. It has been for the last time offered
for observing period P101 (1 April – 30 September 2018) before decommissioning. It
operates in H- and K-band, with spectral modes in low resolution (∆λ/λ = 35) for both
bands (LR-K, LR-H), medium resolution (∆λ/λ = 1500) for both bands (MR-K, MR-H),
and high resolution (∆λ/λ = 12000) in K-band (HR-K). AMBER can be used either as a
self-coherencing fringe tracker or in conjunction with FINITO. The output set of an AMBER
observation consists of visibilities, differential phases and one closure phase, which is the
sum of the phases of the 3 baselines inside a triangle.

The MID-infrared Interferometric instrument (MIDI) was a two telescope beam
combiner operating in the N-band (8–13µm), either with the UTs or ATs [Leinert et al.,
2003a, Chesneau, 2007]. It was decommissioned in March 2015 for preparing the upcoming
second generation instruments. The observing mode of MIDI is the case of a coaxial beam
combination, namely, it first modulates the internal delay and then detects the consequent
temporal variations of the intensity.

Observation in the mid-IR spectral range are affected by atmospheric turbulence and
transmission affected by molecular species such as O3 (9.6µm), CO2 and H2O (Fig. 3.11).
Additionally, the thermal radiation of the atmosphere and telescope adds up additional
complications, especially when observing faint targets. In the case of MIDI, the observations
are particularly affected by 27 (UTs) or 24 (ATs) reflections that radiate like a blackbody.
The chopping method helps in the discount of this effect, meaning high-frequency switching
between the target and an empty sky region by moving the secondary mirror of the telescope
for its subsequent background subtraction.
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Figure 3.10: Optical layout of an interferometric observation with two telescopes at the VLTI.
The scheme shows the hardware complexity of the process since the wavefront of a distant
source arrives at the apertures until the detector measures the fringes in the interferometric
laboratory. The atmosphere consists of convective cells that distort the wavefront and affect
the OPD. The MACAO system is placed in the Coudé focii of the UTs. [Credit: adapted
from Glindemann et al. [2003], ESO]

The optical setup of MIDI in the interferometric laboratory consists of warm optics,
cold optics (contained in a cryostat), an infrared CO2 laser used for calibration, and the
electronic and cooling systems. As seen in Fig. 3.12, after the beams of the two telescopes
are OPD-corrected by piezo-driven roof mirrors, they enter the cryostat. Then, the first stop
pupil suppresses the outside thermal emission and the beams are directed to spatial filters
that restrain other unwanted radiation. The two beams are recollimated and continue to
be combined on the surface of a 50–50% beam splitter, close to the reimaged pupil plane.
Spectral information can be obtained by dispersing the image with a PRISM (low spectral
resolution, ∆λ/λ = 30) or a GRISM (intermediate spectral resolution, ∆λ/λ = 230). High
precision flux measurements, SCI-PHOT, can be achieved by inserting 30:70 beam splitters
(green in Fig. 3.12) in front of the beam combiner unit. Otherwise, in HIGH-SENS mode,
the photometry is observed not simultaneously, but after the fringe tracking with no beam
splitters inserted in the optical path before combination. Finally, the visibility measurements
are imaged onto the detector.

The detector of MIDI elaborated by Raytheon is a 320×240-pixel Si:As Impurity Band
Conduction (IBC) array. The pixel size is 50×50µm with a peak quantum efficiency of 34%.
Its operating temperature ranges 4–12 K.

3.2.2.2 Second generation instruments

Since March 2015 the VLTI operations have experienced stops with the purpose of upgrad-
ing its infrastructure in preparation for the second generation instruments GRAVITY and
MATISSE. The upgrade of the interferometric laboratory began with the decommissioning
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Figure 3.11: Atmospheric transmission as a function of wavelength affected by aerosol
particles and other molecular species. The N-band of MIDI is especially affected by O3
(9.6µm), CO2 and H2O. The favourable astroclimate of Paranal and technical conditions of
the VLTI, however, reduce the affects in observations.

of MIDI to give space to MATISSE. To make room for GRAVITY also PIONIER was moved
to a new optical bench on the top of the fringe tracker FINITO. No only instruments, but also
the four Coudé rooms of the UTs, the ATs, the VLTI and the Combined Coudé Laboratories,
the VLTI computer room, the electrical, cryogenic, and cooling networks had to be modified
and optimized.

GRAVITY [Gravity Collaboration et al., 2017a] is the first second generation instrument
of the VLTI offered to the community since P98, although currently operating only in
imaging mode. The high-precision astrometric mode remains under verification. It operates
in the K-band (2–2.45µm) and combines the light of four telescopes, either the UTs or ATs.
GRAVITY produces in reality two sets of fringes, the science data and the fringe-tracking
one. Its spectral capabilities are proposed in low resolution (∆λ/λ = 20), medium resolution
(∆λ/λ = 500) and high resolution (∆λ/λ = 4000). CIAO, the infrared wavefront sensor at
the Coudé focii of the UTs, has been specially implemented to operate in conjunction with
this instrument. An innovative characteristic of GRAVITY is the ability to combine light
from either one single source (single-field or on-axis) or from simultaneously two sources
(dual-field mode or off-axis). Precisely this last one enables high-accuracy astrometric
measurements and observations of faint targets with the tracking of a brighter star. The
limiting magnitudes of observations for the last offered period (P101) with a seeing better
than 0.6” were determined as faint as 8.5m + 3m for the ATs and 10.5m + 3m for the UTs,
meaning that in dual-field mode one object has to be at most 3 magnitudes fainter than its
fringe-tracking star.

The newest (since early 2018) instrument is the Multi-AperTure mid-Infrared Spec-
troScopic Experiment (MATISSE) that will cover L, M and N-band [Lopez et al., 2014].
This 4-beam combiner using the UTs or ATs will measure closure phase relations, thus
favouring image reconstruction. Its spectral resolution is intended to be between 20 and
1000 in L-band, 20 and 550 in M-band, and 20 and 250 in N-band. Although AMBER
and MIDI were able to study the brightest protoplanetary disks and few asteroids in our
solar system, the performance of MATISSE will allow astronomers to characterize a wider
sample of extrasolar systems and other minor bodies in our own. Another area of MATISSE
implementation will be the study of active galactic nuclei.
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Figure 3.12: Optical schematic configuration of MIDI since the moment the beams are
acquired by the two telescopes, move through the OPD corrector and enter the cold box
(cryostat) to register the interferometric fringes on the detector. [Credit: Chesneau [2007],
MPIA]

3.2.3 The impact of atmospheric turbulence

Ground-based optical and infrared interferometry are significantly affected by the Earth’s
atmosphere, and how to overcome the seeing14 has been – and continues to be – the most
important challenge for ground-based interferometers. Therefore, the exploitation of in-
terferometric data demands the understanding and correction of spatio-temporal fluctua-
tions produced by the atmosphere, which are typically described by a Kolmogorov model
(Fig. 3.10). According to this model, the energy driving the turbulence form some “outer
scales” with length L0 (tens to a hundred of meters), within which some smaller and smaller
scales eventually transform the kinetic energy of the flow into heat via viscous dissipation
at the so-called “inner-scale” with length l0. At this small spatial-scale fluctuations, the
properties of the medium can be considered invariant and isotropic for observations.

The spatial fluctuations of the atmosphere are characterized by the Fried’s parameter
r0 which varies with wavelength as λ6/5. This parameter represents the maximum size of
the diameter D of a telescope that for a given wavelength does not produce a distorted or
speckled image. Table 3.1 summarizes some typical values for the seeing scale r0 and the
coherence time t0 considered for VLTI observations at infrared wavelengths.

In interferometric observations, the visibility amplitude as a function of the ratio D/r0 is
used to estimate the impact of atmospheric fluctuations in the corrugation of the wavefront.
The more problematic influence of the atmosphere in the infrared in comparison to radio
interferometry can be deduced from this quantity, which is D/r0 ∼ 10−3 for a r0 ∼ 30 km
in the Very Long Baseline Array (VLBA), and D/r0 ∼ 11 for the 8 m-apertures of the UTs
at the VLTI in K-band.

14The turbulent layers with varying refracting index n of the Earth’s atmosphere produce two effects:
twinkling and seeing, both with fluctuational frequencies of ∼100 Hz. Seeing implies that by observing one light
source with a large optical telescope many images – speckles – are seen.
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Table 3.1: Values for the Fried’s parameter and the coherence time in infrared wavelengths
valid for the VLTI. [Credit: Haniff [2007b]]

Wavelength λ [µm] 1.25 1.65 2.2 10.0 20.0
Fried’s parameter r0 [m] 0.39 0.55 0.77 4.7 10.9
Coherence time t0 [s] 0.009 0.013 0.018 0.109 0.251

Figure 3.13: K-band image of the binary system HIC59206 without an AO system (left), and
with a switched on AO correction (right). This is the first image acquired with the MACAO
VLTI system that allowed to resolve the stellar pair with a separation of 120 mas. [Credit:
ESO]

3.2.3.1 Adaptive optics

In order to correct the atmospheric spatial perturbations in the incoming wavefronts that cause
a reduction in fringe visibility and signal-to-noise ratio, optical and interferometric ground-
based interferometers implement adaptive optics (AO). This technology uses deformable
mirrors controlled by computers to correct in real time the wavefront distortions caused by
the atmosphere. Observations with AO demand a bright reference star within the field-of-
view to measure the conditions of the local atmosphere and transmit it to the deformable
mirror. In case there is no available reference star, then powerful laser beams can be used
to create an artificial one. An outstanding example of such systems is the MACAO system
implemented in each of the four UT Coudé focii of the VLTI (Fig. 3.10). MACAO uses a
deformable mirror and a curvable wavefront sensor each with 60 elements, achieving images
with diffraction-limited quality (Fig. 3.13). This corrector operates with reference stars of
visible magnitude as faint as 17 mag, and at a maximum projected separation of 58” from
the science target. At such on-axis conditions, a Strehl ratio of only ∼10% is achieved at
2.2µm.

3.2.3.2 Fringe tracking

The temporal wavefront fluctuations induced by the atmosphere can be defined through the
coherence time t0, which measures the time over which the rms variation of the wavefront
phase at a fixed point reaches one radian. Values of typical t0 are, analogously to r0, indicated
in Table 3.1. The effect of these temporal fluctuations on interferometric observations
originates from the variation in optical paths along the line of sight from the light collectors
to the light source. Therefore, three distinct affects can be identified:

- Short-time fluctuations that reduce the fringes contrast, and thus the source visibility
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amplitude. To eliminate this effects, exposure times less than t0 are required.

- Long-time fluctuations causing offsets in the position of the center of the coherence
envelope. These fluctuations are differently determined depending on the baseline
length B. Assuming a Kolmogorov model and a baseline shorter than the outer scale,
then the rms OPD is equal to 0.417λ(B/r0)5/6. On the contrary, for baselines longer
than the coherence length, a slow dynamic tracking of the white-light fringe motion is
needed to obtain fringes.

- Phase-type fluctuations caused by the fringe motion, which results in the loss of infor-
mation about the phase of the Fourier transform of the source brightness distribution.

To deal with these problems, fringe tracking techniques are applied during interferometric
observations. Fringe tracking uses simultaneously the measurement of a bright star fringe
position to compensate the OPD variations with a fast moving mirror, so that the fringe
motion is stabilised. The bright guide star and the faint science object form what is called
a dual-feed system. Instead of limiting observations to ∼millisecond exposure time, this
tracking permits exposures of several seconds, improving the sensitivity by a factor of ∼100.
In complement to this technique, extra equipment such as laser metrology allows to measure
the OPD inside the interferometer and obtain reliable information on the visibiity function
µ( ~B) and its phase φ( ~B).

In the case of the VLTI, the fringe tracking instrument is FINITO. This is a three-beam
combiner operating in the H-band, whose function is measuring the relative phase difference
between the light beams, identify the piston disturbances due to atmospheric turbulence, and
the transmission of OPD correction values to the delay lines. The components of FINITO
are mounted within the interferometric laboratory, allowing it to operate both with the UTs
and ATs, and with collimated beams from either two or three telescopes at a time. For
observations using the fringe tracker FINITO, the guide star must be within 13 arcsec from
the science target and have a magnitude in H-band less than 8. However, in instruments such
as AMBER and MIDI, also self-coherencing fringe tracking can be performed, in which case
the fringe packet is centred on the detector15.

3.3 Modelling methods

Unlike the possibility of producing images with radio-telescopes (e.g. Fig. 3.2 with ALMA)
or second generation long-baseline interferometers that collect data more efficiently, increase
the number of observables and offer dedicated image reconstruction algorithms in their data
reduction packages [Kraus et al., 2018], interferometric data acquired with only a couple
of optical or infrared apertures requires the development of analytic models to interpret the
signals. Indeed, the received interferometric quantities include information about the spectro-
photometric morphology of the source, its interferometric visibility and interferometric
phase, which are then submitted to some of the following modelling methods:

3.3.1 Geometric models

A geometric or achromatic model of a circumstellar disks is a minimalist framework that
allows to characterize an emission region with reduced number of free-parameters and

15The information provided in this subsection is referred to ESO’s portal and documentation, as well as to
literature resources such as Leinert et al. [2003b], Haniff [2007b], Glindemann [2011], Mérand et al. [2012],
Müller et al. [2014].
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a prescribed constant intensity distribution. A uniform disk, a Gaussian disk or a ring
representing the puffed-up inner edge of the disk due to thermal emission, are the most
simple geometric models to obtain a first impression of the properties (radius, inclination,
position angle, flux contribution) of circumstellar disks. Afterwards, the disk size can be
compared to the inferred central luminosity of the system, in what is known as size-luminosity
relation [Fig. 2.13; Monnier and Millan-Gabet, 2002, Dullemond and Monnier, 2010].

Simple geometric models better constrain the properties of the disks at near-IR wave-
lengths because the disk emission comes from a compact region around the dust sublimation
radius. On the contrary, the mid-IR intensity distribution corresponds to a more extended
region over a wider range of temperatures. This discrepancy can be also seen in the disk
size-luminosity relation. Whereas this dependence is well established for near-IR disk sizes
[e.g. Monnier and Millan-Gabet, 2002, Eisner et al., 2007b], a weak correlation for the
mid-IR has been found [e.g. Monnier et al., 2009, Menu et al., 2015]. Nevertheless, based
on a continuous disk model, large interferometric studies in the mid-IR (MIDI/VLTI) have
provided an atlas of disks around low- and intermediate-mass young stellar objects, and
allowed establishing statistics for a wide population of pre-main sequence stars [Menu et al.,
2015, Varga et al., 2018]. Other interferometric works have focused on measuring the disk
properties in the near-IR (PIONIER/VLTI) by considering as a ring the puffed-up inner rim
of the circumstellar disks [e.g. Anthonioz et al., 2015]. All these reports agree on presenting
more elaborated models to refine the first findings by an achromatic simplistic approach.

3.3.2 Temperature-gradient models

The mid-IR emission generally coming from a large area is better represented by the sum
of many rings that emit blackbody radiation with the temperature as a function of radius
T (r) [e.g. Vural et al., 2012, 2014, Matter et al., 2014, Varga et al., 2018]. The temperature
distribution is assumed a power law of the form

Tr = T0

(
r

r0

)−q
(3.26)

which represents well the temperature radial profile of Eq. 2.37. Here, T0 and r0 are
respectively the effective temperature at a reference radius. The parameter q depends on
the morphology of the disk and is predicted to vary between ∼0.4 and ∼0.75 for standard
viscous disks or flat irradiated disks [Chiang and Goldreich, 1997]. Instead of determining
exclusively the monochromatic size of circumstellar disks, this modelling allows to define
a wavelength-dependent implication on the visibilities and fluxes, important to study the
properties of the dust composition (e.g. spatial distribution, emissivity, mineralogy) and
surface density distribution.

Because this modelling approach is developed in this investigation, later I tread this topic
more extensively.

3.3.3 Radiative transfer models

Radiative transfer modelling is needed to derive more precise and physically realistic pa-
rameters about the structure and composition of inner regions of protoplanetary disks. The
problem of radiative transfer in the rim has shown to be very complex [Dullemond and Mon-
nier, 2010] because the numerical modelling has to take into account absorption, heating,
backwarming, reemission and scattering processes of stellar photons by dust. Also dust
growth and settling has to be considered because big grains, capable of surviving closer to the
star thanks to their ability to cool more efficiently, are primarily found in the midplane, and

59



CHAPTER 3. MODELLING OF INTERFEROMETRIC DATA

thereby round off the rim [Tannirkulam et al., 2007]. This implies that for a proper analysis
the application of such modelling demands the input of high-angular resolution datasets
probing a wide range of optical depths, over a wide range of temperatures and wavelengths.

Although the task of radiative transfer has been treated in 1-dimension [e.g. Dullemond
et al., 2001, Isella and Natta, 2005], nowadays 2D and 3D radiative transfer modelling has
shown progress in this field. 2D is actually meant to be 3D, in the sense that light disperses
in all three directions, but the dust temperatures and other quantities axisymmetrically
depend on two parameters: the radial coordinate r, and the height above the midplane z
(subsection 2.2.2.1). Fig. 3.14 shows the results of a 2D radiative transfer study by Kama
et al. [2009] aiming at describing the rounded-off rims of protoplanetary disks depending on
the emissivity factor ε (Eq. 2.39) of their grains. The figure depicts that a sharply dust rim,
both in temperature (red color map) and density structure (gray scale map), is better defined
by a composition of only small 0.1-µm olivine grains (panel a) than by a sample of grains
containing larger 10-µm olivine grains (1% in panel b, and 10% in panel c).

Two types of numerical radiative transfer algorithms are used to treat the problem
of multidimensional radiative transfer: algorithms based on iterative integration of the
formal transfer equation along predefined photon directions, known as grid-based or discrete
ordinate codes because the angular directions are modelled as an angular grid, and algorithms
based on a Monte Carlo type of simulation of photo movement [Dullemond and Monnier,
2010]. MCMax16 [Min et al., 2009] and RADMC-3D17 [Dullemond et al., 2012] are two
widely-used and open sources that perform radiative transfer simulations based on the Monte
Carlo method. These applications calculate the dust temperature for a given density self-
consistently, and also calculate the vertical structure by directly integrating the equation of
hydrostatic equilibrium. With these tools, the user specifies a Cartesian grid and the dust
(or gas) density in each of these grid cells. Then, the characteristics of the energy sources,
such as the location, luminosity and spectrum of the star, have to be introduced. Finally, the
numerical code produces an image at some wavelength and zoom-factor, or produce an SED
or spectrum, that can be compared to the user’s expectations or observational data.

Because the analysis using these tools or radiative transfer methods are out of the
scope of this investigation, these fields are not further exposed. However, several studies
where radiative transfer modelling has been applied to describe the geometry and radiative
properties of protoplanetary disks around young stellar objects can be referred. For instance,
the gapped disk around the T Tauri-type star LkCa15 [Tannirkulam et al., 2007, Mulders
et al., 2010], the disk around the classical TTS star DR Tau [Brunngräber et al., 2016],
the disks around the components of the 2-arcsecond-separated T Tauri binary VV Corona
Australis [Scicluna et al., 2016], the concentrical disks around the TTS object DG Tau [Varga
et al., 2017], or a large sample of low- and intermediate-mass YSOs by Varga et al. [2018].

Indeed, as seen in the next chapter, the spectro-interferometric data used for this work
is limited both in wavelength coverage to the N-band (8–13 µm) and in observing runs to
only five epochs. Hence, instead of developing monochromatic models restricted to measure
the disk sizes or a profound radiative transfer analysis which requires extended datasets,
a temperature-gradient analysis is ideal to be applied to the high-resolution mid-IR data.
As follows, I broad the numerical approach to simulate the interferometric observables:
spectro-photometric measurements, interferometric visibilities and phases.

16Website: http://www.hetisikke.nl/mcmax/
17Website: http://www.ita.uni-heidelberg.de/∼dullemond/software/radmc-3d/
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Figure 3.14: 2D modelled temperature (red color map) and density (gray scale map) of
the inner rim of a disk around a star with a mass of 2.4 M�, 2.4 R� of radius, an effective
temperature of 10000 K, and a gas surface density of 100 g cm−2. The rim temperature
is 1300 K, and the contours are in steps of 100 K in the range 300–1600 K. The density
contours are at factors of 2.7, 10, 104, 107 and 1010, respectively. The inner rim is sharper
for a dust composition of only small 0.1-µm olivine grains (a), than for a sample containing
1% of 10-µm olivine grains (b) and a sample containing 10% of 10-µm olivine grains (c).
[Credit: Dullemond and Monnier [2010] and references therein]

3.4 Spectral energy distribution modelling

The SED modelling of an astronomical source permits to infer the photometric properties
of each of its individual components, for instance a star and its circumstellar disk. In the
particular case of YSOs, the SED permits to classify an astronomical source (subsection
2.1.3, Fig. 2.4) and determine its evolutionary sequence, whether it is deeply embedded or
has a disk, whether the disk has been almost cleared or is at a transition phase with gaps.

Let us assume that a stellar object surrounded by a circumstellar disk is located at a
distance d from the observer. The components of this object are observed with an inclination
i with respect to the normal of the line of sight. Due to gaseous and dusty particles at the
line of sight between the source and the observer, observations are affected by the absorption
and scattering of electromagnetic radiation. This wavelength dependent magnitude is known
as absolute visual extinction, and numerically it is expressed as

A(λ)
AV

= a(λ) + b(λ)
RV

(3.27)

where the coefficients a(λ) and b(λ) are functions of wavelength and determined by extinc-
tion curves available in the literature [e.g. Cardelli et al., 1989, Gordon et al., 2003]. On the
other side, the total extinction coefficient AV is defined as the relation

AV = RV E(B − V ) (3.28)
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with RV being the parameter of relative visibility in the optical band and which differs along
different lines of sight, and E(B − V ) is the selective extinction characterizing the color
excess between B- and V-bands. Because the extinction linearly scales with the coefficient
AV , I consider this quantity for the posterior modelling. A value of RV = 6.5 is also
established for the implementation of Eq. 3.27, as measured for star-forming environments
[e.g. Cardelli et al., 1989, Kandori et al., 2003]. Consequently, the flux transmission fraction
as a function of wavelength which directly influences the flux calculation of the SED is
defined as

AV (λ) = 10−0.4 A(λ). (3.29)

Interstellar extinction is stronger at shorter wavelengths because dust absorbs and scatters
blue light better than red light. For this reason, this effect manifests as a reduction of the
optical to near-IR slope in the SED.

The amount of energy per unit area emitted by any of the systemic components is
calculated through the Planck’s law for a blackbody at a given temperature. For the case of a
star with temperature T?, this quantity is expressed as

B(λ, T?) = 2hc2

λ5
1

e
hc

λkBT? − 1
(3.30)

where h18 is the Planck constant, kB
19 is the Boltzmann constant and c20 is the speed of light

the vacuum.
Consequently, the normalized per wavelength energy flux of the star – power per unit

area radiated from the object –, with radius R?, is expressed as

λF?(λ) = λS?
d2 B(λ, T?)AV(λ) (3.31)

where S? is the area of the stellar disk (S? = πR2
?). Due to its point source nature, inclination

effects are neglected for the stellar components. I use the magnitude of Eq. 3.31, expressed
in W m2, to graphically represent the SED of Fig. 3.15 and Fig. 4.14. Another inferential
measure which is invoked often in this work is the stellar luminosity given by the Stefan-
Boltzmann equation

L? = 4πR2
?σT

4
? (3.32)

where σ is the Stefan-Boltzmann constant21.
On the other hand, the temperature-gradient modelling that I implement in this research

allows to numerically describe the flat circumstellar disk extending from an inner radius
Rin to an outer radius Rout as the sum of many infinitesimal ringlets. The temperature and
surface density radial profile, as given by Eq. 2.38 and Eq. 2.32, can be defined as

Tr =Tin

(
r

Rin

)−q
Σr =Σin

(
r

Rin

)−p (3.33)

where r is the distance of a given ringlet to the centre of the system, Tin and Σin are
respectively the temperature and surface density at the inner radius of the disk Rin. q is the

18h = 6.62607004 × 10−34 J s
19kB = 1.38064852−23 J K−1

20c = 2.99792458 × 108 m s−1

21σ = 5.670367 × 10−8W m−2 K−4
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temperature power-law exponent and p is the surface density power-law exponent. Unlike the
star, the disk emission is affected by the inclination effects produced by the angle i. Moreover,
the radiation transfer properties of the dust and gas shaping the disk are characterized by the
emissivity factor

ετ (λ) = 1− eτλ,r/cosi (3.34)

where the vertical optical depth τλ,r is a function of the dust opacity κλ according to the
expression

τλ,r = κλΣr. (3.35)

As a consequence, the total flux produced by the inclined disk is equal to the integral over r
of the flux produced by each of its n inclined ringlets

Fdisk,i(λ) = cosi
d2

∫ Rout

Rin
2πrB(λ, Tr)ετ (λ)AV(λ)dr. (3.36)

The flux contribution of additional stellar or disk components are treated similarly to the
mentioned above, and the total flux of the astronomical source is hence expressed as the sum
of the individual contribution of its components Ftotal(λ) =

∑n
i=1 Fn(λ).

The impact of the dust opacity law κλ, which characterizes the dust mineralogy of
protoplanetary disks, is crucial to model satisfactorily the spectral energy distribution from
the near-IR to the sub-mm. Studying the properties (size, geometry, composition) of dust
grains in the interstellar medium represents a broad astronomical field by its own, but the
next simplified expression is commonly adopted [e.g. Beckwith et al., 1990, Li, 2005] to
quantify the wavelength-dependent opacity

κλ =

κ0, λ < λ0

κ0
(
λ
λ0

)−β
, λ ≥ λ0

(3.37)

where κ0 is a value defined by experimental measurements of cosmic dust analogues or
models of interstellar dust at a reference wavelength λ0. β is the wavelength-dependence
exponent of the opacity. Observations of disks at λ = 1.3 mm have determined that for
β = 1 the mass opacity is κ0 = 2.3× 10−3 m2 kg−1 [e.g. Jørgensen et al., 2007]. Therefore,
an achromatic wavelength dependence based on these measurements can be established as

κλ = 2.3× 10−3
(

1.3× 10−3

λ

)
(3.38)

where λ is expressed in µm, and consequently κλ in m2 kg−1.
More complex dependences on the opacity properties of dust are publicly available online.

For instance, the Astrophysical Laboratory of the University of Jena22 offers an extended
database [Henning et al., 1999] of dust optical properties that are applied to astrophysical
modelling, including: silicates, metals, oxides, sulfides, carbonaceous and organic species.
Based on some of these tables, in the top panel of Fig. 3.15 I present a comparison between
the opacity distribution over wavelength for different conglomerates. The first distribution
(blue line) corresponds to the achromatic case given by Eq. 3.38. The next dust composition
(red line) represents a mix of olivine, orthopyroxene, organics, water ice, troilite and metallic
iron grains as calculated by Pollack et al. [1994] and Semenov et al. [2003]. The law
plotted with green line belongs to a mix of pure iron-free olivine (80%) and graphite (20%)

22Website: https://www.astro.uni-jena.de/Laboratory/Database/databases.html
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Figure 3.15: Top: Opacity distribution over wavelength for different dust compositions
commonly implemented in the literature. Bottom: SED modelling by using the different
dust conglomerates that differently impact on the infrared and (sub)millimetre flux. The
total fluxes (solid lines) and the contribution of the circumstellar disk (dashed lines) are
respectively coloured for each dust composition, whereas the common black dashed line
traces the stellar contribution for a luminosity L? = 8.7 L�. The stellar and disk parameters
belong to the Herbig star HD139614 as reproduced with a one-component model by Matter
et al. [2014]. The implemented opacity law used by these authors corresponds to a pure
iron-free olivine composition (gold line).

which is a major constituent of interstellar grains, and such composition has been used to
model observations of disks with featureless and refractory species [e.g. Meeus et al., 2002,
Carmona et al., 2014, Matter et al., 2016]. Finally, the opacity law with gold line shows
the dependence for a composition of pure iron-free olivine with a 60% fraction in mass of
2 µm-sized grains and 40% of 5 µm-sized grains, following the opacity implemented by
Matter et al. [2014].

In the bottom part of Fig. 3.15 I illustrate the effect of the different κλ distributions on
the modelling of the SED of young stellar objects. At near-IR wavelengths, when the stellar
emission decays, the dust opacities become dominant and their composition shapes the SED
at longer wavelengths. The ascribed stellar and disk parameters belong to the Herbig object
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HD139614 as modelled by Matter et al. [2014] with a one-component method. The object
is located at 140 pc and seen with a visual extinction coefficient AV = 0.09. The stellar
luminosity reaches 8.73 L�, and the disk, inclined 20◦, extends from Rin = 2.77 AU to a
typical Rout = 100 AU. The temperature and density power-law exponents are respectively
set to q = 0.66 and p = 1.5, with a high surface density of 10−3 kg m−2. These authors
simulated well the SED and interferometric data there presented by applying the opacity
law defined by the pure iron-free olivine. However, as seen from the figure, I highlight that
invoking distinctive dust aggregates may produce strong SED discrepancy.

3.5 Visibility modelling

Interferometers are sensitive only to the source brightness distribution projected onto the
plane of the projected baseline, or in other words, to the plane containing the two telescopes
and the astronomical source. The modelling of interferometric visibilities is carried out
by applying “visibility building blocks” [e.g. Malbet et al., 2005, Berger and Segransan,
2007, Monnier, 2007] for the most common morphologies. For this purpose, I evoke the van
Cittert-Zernike theorem of Eq. 3.25 which relates through a Fourier transform the brightness
intensity distribution of the source I(~θ) to the visibility function µ( ~B), where the coordinates
in the sky plane of vector ~θ are (α,β), and the coordinates of the baseline vector ~B are the
spatial frequencies (u,v).

For simplicity and uniformity with the literature, let us introduce in the modelling the
notation Vλ(u, v) ≡ |µ(u, v)| known as normalized visibility because the complex numerator
of Eq. 3.25 is divided by the denominator I0, which is the total flux of the source. Hence,
Vλ(u, v) is wavelength-dependent real number.

Point source

The simplest building block corresponds to a point source, which is used to describe unre-
solved objects with finite energy such stars. The intensity distribution for an object with
coordinates (α, β) in the sky plane is given by a Dirac δ-function of the form

I(α, β) = I0 δ(α− α0, β − β0). (3.39)

Consequently, the Fourier transform of the δ-function is a constant, and its normalized
visibility is then

Vλ(u, v) = 1. (3.40)

Therefore, the point source remains unresolved independently of the baseline and spatial
frequency. The case a) of Fig. 3.16 shows the visibility function over wavelength for a point
source, which is invariable over the wavelength domain.

Binary

A visibility building block consisting of several components can be defined as the sum of the
brightness distributions of every object. Each of them has coordinates (αj ,βj) in the plane of
the sky, an intensity Ij and corresponding normalized visibilities Vj(u, v), where the number
of components is given by j = 1...n. Then, the total brightness distribution of the system
can be expressed as

I(α, β) =
∑

j=1...n
Ij δ(α− αj , β − βj). (3.41)
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Consequently, following the addition properties of the Fourier transform, the complex
visibility function is written as

µ(u, v) =
∑

j=1...n
Fj(λ)Vj(u, v)e−2πi(uαj+vβj) (3.42)

and the total normalized visibility is defined as the total correlated flux divided by the total
flux of the system, as follows

Vλ(u, v) =
∑
j=1...n Fj(λ)Vj(u, v)e−2πi(uαj+vβj)∑

j=1...n Fj(λ) . (3.43)

The simplest multicomponent model corresponds to a binary system with a brightness
distribution defined as

I(α, β) = I1δ(α− αs1, β − βs1) + I2δ(α− αs2, β − βs2) (3.44)

where I and (α, β) are the intensity brightness distribution and the angular coordinates of
star 1 and star 2 (subindexes s1 and s2). Consequently, the normalized visibility takes the
form

Vλ(u, v) = Fs1(λ)e−2πi(uαs1+vβs1) + Fs2(λ)e−2πi(uαs2+vβs2)

Fs1(λ) + Fs2(λ) . (3.45)

This same expression can be deduced for a known flux ratio between the components
(f = Fs1/Fs2), becoming

Vλ(u, v) = fe−2πi(uαs1+vβs1) + e−2πi(uαs2+vβs2)

1 + f
. (3.46)

In the case b) of Fig. 3.16, I plot visibility curves for a binary system with different con-
figurations, whose forms depend on the flux ratio of the components, their separation and
the baseline configuration (length and position angle). Whereas the flux ratio determines
the amplitude of the curves, reducing it for f 6= 1, the separation and the spatial frequency
(baseline) at which the stars are observed determine the periodicity of the curve, unresolving
the system when observing parallely to the position angle on the pair (blue line).

Ring

The analysis of a circular symmetric object is simplified by expressing the normalized
complex visibility function expressed by the van-Cittert-Zernike theorem in Eq. 3.25 in polar
coordinates. Thus, the coordinates of the object in the sky plane are given by ρ = (α2+β2)1/2

and θ = tan−1(α/β), and the coordinates in the uv-plane by r = (u2 + v2)1/2 and
φ = tan−1(u/v). Then, from the Fourier transform properties and by disregarding the
normalizing factor in the denominator, the complex visibility function is expressed as

µ(r, φ) =
∫ 2π

0

∫ ∞
0

I(ρ, θ)ρ e−2πi(ρrcos(θ−φ))dρdθ. (3.47)

Then, accounting for the symmetric properties of the intensity I and the function µ with
respect to θ and φ, respectively, the equation becomes

µ(r) =
∫ 2π

0

∫ ∞
0

I(ρ)ρe−2πiρrcosθdρdθ. (3.48)
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Figure 3.16: Example of visibility curves for (from top to bottom): a) an unresolved point
source, b) a binary with separation ρ and flux ratio f , and c) a uniform disk with radius
d/2 = 1 AU. The corresponding sketches are presented on the left side, whereas the visibility
function over wavelength, from K- to N-band (2–13 µm), are displayed on the right side.

This equation can be quantified thanks to the zeroth-order Bessel function of the first kind
with respect to θ

J0(x) = 1
2π

∫ 2π

0
e−ixcosθdθ (3.49)

and subsequently the final expression for the unnormalized visibility function adopts the
form

µ(r) = 2π
∫ ∞

0
I(ρ)ρJ0(2πρr)dρ. (3.50)

Eq. 3.50 is the basis on which one can compute the visibility curves for a variety of
centro-symmetric objects with a radial intensity dependence. For instance, a circular ring
of infinitesimal thickness and radius ρ0 possesses an intensity distribution given by the
expression

I(ρ) = 1
2πρ0

δ(ρ− ρ0) (3.51)

and its normalized visibility therefore is determined by the zeroth-Bessel function of the first

67



CHAPTER 3. MODELLING OF INTERFEROMETRIC DATA

kind of the form
Vλ(u, v) = J0(2πρ0r). (3.52)

Uniform disk

The uniform disk is commonly applied to model the visibility function of resolved stars
thanks to its direct link to their diameter. The brightness distribution of a uniform disk with
diameter d is defined as

I(ρ) =
{ 4
πd2 , if ρ ≤ d/2
0, if ρ > d/2

(3.53)

and its respective normalized visibility is expressed by the equation

Vλ(u, v) = 2J1(πdr)
πdr

(3.54)

where J1 is the Bessel function of the first kind of order 1. The visibility curve of a uniform
disk has several zeroes, indicating that the phase jumps by 2π. The case c) of Fig. 3.54
shows three visibility curves (for different baseline lengths) between 2–13 µm corresponding
to a uniform disk with a radius of 1 AU. The longest baseline of 100 m better resolves the
disk, and denotes three lobes.

3.6 Phase modelling

From the interferogram defined by Eq. 3.23, according to the expression

I(~α) = I0
(
1 + |µ( ~B)| cos(φ( ~B) + k ~θ ~B)

)
so far, only the amplitude given by the visibility function |µ( ~B)| has been treated. Whereas
the scalar product between the vectors ~θ and ~B shape the horizontal shrinking of the curve (pe-
riod), the another observable quantity, the interferometric phase φ( ~B), contains information
about the position of the fringes.

From the interferometric measurements that contain the fringe position, the displacement
of the photocenter of a source is determined by the inverse relation to Eq. 3.22, which in
vectorial form can be written as

F(I(~θ)) =
∫
I( ~B)eik~θ ~Bd ~B. (3.55)

Nevertheless, the interferometric visibility and phase measurements have to be provided by a
sufficient number of baselines ( ~B) and spatial frequencies (1/λ).

A phase measurement per spectral channel φ(λ) is affected by a term linked to the
instrumental piston φins(λ) and a term containing the atmospheric piston φatm(λ) [e.g.
Akeson et al., 2000, Petrov et al., 2007], being possible to express this dependence as

φ(λ) = φs(λ) + φins(λ) + φatm(λ) (3.56)

where φs(λ) is the intrinsic brightness distribution of the source.
The retrieval of the source phase is not an easy task. Whereas the instrumental effects

are sustainably eliminated thanks to nanometre accuracy techniques and delay lines, the
atmospheric inclusion leads to unknown variations in coherence time. To overcome this
limitation, different techniques can be implemented:
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Figure 3.17: Modelled interferometric differential phases versus spatial frequencies over the
N-band showing null-values for an unresolved point source (left) and a central-symmetric
uniform disk (right). The sketches of each morphology are presented in the upper corners,
with the position angle of the stars and the baseline configuration referred in the north-east
direction.
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Figure 3.18: Samples of differential phases for a binary system with a flux ratio f = 1, and
separations of 100 mas (left) and 50 mas (right). Because a perpendicular baseline to the
disposition of the stars cancels their contribution, the red lines show zero-deviations.

- The so-called phase referencing method supposes to observe a second object nearby
the science target whose phase φref is known (e.g. an unresolved star) to determine
the atmospheric phase according to φatm = φobs − φref .

- The so-called closure phase method is applicable to observations performed with at
least three telescopes such as AMBER or new generation combiners. This technique
implies to consider the phase delay introduced by the atmosphere above every pair
of telescopes [e.g. Monnier, 2007]. For instance, in a 3-telescope array, the phase
shift in the fringe between telescopes 1–2 is equal, but opposite, to the shift between
telescopes 2–3. Thus, the sum of the three fringe phases, between 1–2, 2–3, and 3–1,
is blind to the phase delay above telescope 2. The closure phase φijk can subsequently
be expressed in terms of the three telescopes i, j, k in the triangle

φijk = φij + φjk + φki. (3.57)

- The differential phase technique relies on simultaneous multiwavelength phase mea-
surements – therefore known also as chromatic phase – to measure small phase
variations as a function of wavelength, due to sources with wavelength-dependent and
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Figure 3.19: Modelled phases for an unequal binary system with a 100 mas separation. In
the left panel the flux ratio equals 0.5, whereas in the right panel f is inversely 2.
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Figure 3.20: Differential phases for a system consisting of a 100 mas-separated pair and a
uniform disk with a radius of 1 AU. The relation between the stellar flux and the disk flux
is 50–50% at 10 µm. Whereas in the left panel the center of the disk and the center of one
of the stars coincide, in the right panel the deviation to the south of the binary differently
modulates the curves.

asymmetric structures [Schmitt et al., 2006]. Because the atmospheric influence is
expected to be nearly constant across narrow spectral channels, this technique has
been used to monitor the origin of spectral lines (e.g. Hα, Brγ, He I, NH3, SiH4) by
comparing them to the continuum phase [e.g. Stee et al., 1995, Weigelt et al., 2006,
Petrov et al., 2012, Gravity Collaboration et al., 2017a].

Because the broadband data that I exploit in this investigation is acquired with the 2-beam
combiner MIDI, the differential phase method is optimal to be implemented in my modelling.
By presuming that the atmospheric and instrumental disturbance in Eq. 3.56 remain constant
across every spectral channel, and that they have been corrected trough fringe tracking
methods, the source phase φs(λ) as a function of the wave number k = 2π/λ can be written
as

φs(k) = ψ0 + ψ1k + ψc(k). (3.58)

The two first terms of this equation (of the form y = a + bx + cxn) contain the linear
atmospheric and instrumental residuals that can be well eliminated by subtracting a linear
function [Petrov et al., 2007, Panić et al., 2014]. The intrinsic chromatic phase of the source
is contained in the higher terms of the phase polynomial and can be finally retrieved from
the interferometric measurements. The removal of the constant and first order phases means
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that the measured complex correlated fluxes cannot be used directly in a Fourier transform
reconstruction of the source structure – impeding image reconstruction techniques –, but the
differential phases can be used to implement source modes, similarly to the use of closure
phases in optical and radio interferometry [Panić et al., 2014].

In practice, each component of an astronomical source with a different spectral energy
distribution induces a phase difference as a function of wavelength to the modelled correlated
flux of Eq. 3.42

µ(u, v) =
∑

j=1...n
Fj(λ)Vj(u, v)e−2πi(uαj+vβj).

Since this expression is a complex quantity23, the phase can be derived through the relation

φs(k) = tan−1
( Im(µ(u, v))

Re(µ(u, v))

)
. (3.59)

Afterwards, following the analysis of Eq. 3.58, a linear function is subtracted from the
resulting curve in order to remove the atmospheric and instrumental phase input, and the
resulting phase belongs to the displacement of the photocenter of the observed source. Such
method has been successfully applied to detect point asymmetry in the mid-IR brightness
distribution of the circumstellar disk around the Herbig Be star HD100546 [Panić et al.,
2014]. As revealed by MIDI observations of this object, the asymmetry arising from the
disk wall is suggestive of dynamical perturbation by one or more unresolved objects. Also,
interferometric differential phase has been discussed as one of the potential methods to detect
exoplanets [e.g. Lopez and Petrov, 2000, Beuzit et al., 2007, Matter et al., 2010], sensitively
diagnose circumstellar disks with high-spectral resolution [e.g. Faes et al., 2013] and detect
faint (sub)stellar companions [e.g. Akeson et al., 2000].

The importance of the differential phase – although incapable of providing reconstructed
images – lies in the capacity to portray the light geometry of an object. If the observa-
tions spatially resolve non-axisymmetrical sources of light, the differential phase exhibits
a deviation from zero because the contribution from opposite sides of the system fails to
cancel one another completely. However, most of models (such as the ones that I have
previously exposed for modelling the visibilities) are used to interpret interferometric data
from a conservatively symmetric morphology, resulting in zero phases.

In Figs. 3.17–3.20, I display samples of modelled differential phases as a function of
spatial frequency over the N-band (0.08–0.13 λ−1) for different morphologies, represented in
their sketches. Fig. 3.17 shows zero-phase curves independently of their luminosity, baseline
configuration or size, corresponding to the axisymmetrical point source and uniform disk.
On the other hand, Fig. 3.18 traces differential phases for two binary systems with flux ratio
f = 1, but for different separations of 100 mas (left) and 50 mas (right). The blue zigzag
lines in both panels correspond to a baseline configuration of 100 m of length and which
resolves the pair with a position angle across them. Unlike the blue lines, the zero-phase red
lines show a null-phase signal for observations with a baseline perpendicular to the position
of the objects since they cancel each other symmetrically. The dashed lines delineate the
unwrapped phase signals before a linear function is applied to extract the piston. They present
abrupt phase jumps between 0–180◦ attributed to the complex visibility amplitude traversing
a null. Fig. 3.19 traces also the signals of a binary system with a 100 mas separation over a
parallel baseline, but in the first case (left) the flux ratio equals f = 0.5, being brighter the
northern component, and in the second case (right) the flux ratio inversely equals f = 2. In

23Eq. 3.43 is a direct consequence of the correlated flux, but with the total flux as a scalar normalizing factor.
Therefore, the complex value of Eq. 3.43 can also be used analogously for the modelling of the differential phase.
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Fig. 3.20, I introduce chromatic phase signals for a system consisting of an equal-brightness
pair separated 100 mas and a uniform disk with a radius of 1 AU. Whereas in the left panel
the position of the disk coincides with the one of the symmetrically disposed primary star,
the right panel exhibits a case where the disk remains 50 mas separated north and the stars
experience a shift of 50 mas south, locating one of the components at the origin of the
coordinates frame. The phase curves are symmetrically different depending on whether the
baseline position angle is 0◦ or 180◦. Through these illustrative examples, I highlight the
sensitivity of the interferometric differential phases to the baseline configuration, the flux
ratio of the components, their location and size. Therefore, their exploitation in the infrared
range is widely effective to reveal the light distribution and detect asymmetries originating
from the different dusty substructures forming complex stellar systems.

72



C
H

A
P

T
E

R

4
Mid-IR Interferometric Study of V892 Tau

4.1 V892 Tau in the context of binary Herbig Ae/Be objects

V892 Tau is a stellar object located in the north-west region of the Taurus-Auriga star-forming
complex, located at 140 pc (Fig. 4.1). As seen from the Digitized Sky Survey (DSS) and
Spitzer Infrared Array Camera (IRAC) images in the right panels of the same figure, this
object appears as an isolated point source at shorter wavelengths (panels a) and b)). However,
the 8µm image of panel c) reflects a nebulous environment, proof of its youth and associated
circumstellar material that extinguishes the light at the line of sight via absorption and
scattering. Some of their closest and brightest neighbours are the pre-main sequence TTS
objects: MHO 11 in the south-east direction (35” separation), Hubble 4 in north-east at 99”
distance, and CZ Tau (separation 182”) and DD Tau (separation 208”) in the south-west
direction. Additionally, V892 Tau has a low-mass companion at 4” – some 550 AU at the
distance of the object – north-east from the Herbig star.

4.1.1 Spectral type

This object was first characterized by Elias [1978] in his study of the Taurus dark cloud
complex. Interestingly, V892 Tau was the first in his list of objects, and since no name was
associated to this member it is also known from then on as Elias 1 or Elias 3-1. He described
this object as a star associated with a nebulosity, with strong Hα emission, and near-IR
variability. The spectrum did not show evidence of the Brγ hydrogen line at 2.17µm. The
simplest explanation that this author had to explain the ∼50% flux excess at 2.2µm was that
V892 Tau is a Herbig Ae/Be star which is heating circumstellar dust. Although Elias [1978]
reported a spectral type A0 for V892 Tau, other authors have later estimated its spectral class
differently: A6 with a visual extinction coefficient AV = 3.9 and 38 L� luminosity [Berrilli
et al., 1992], B9 [Strom and Strom, 1994], or B8V [Hernández et al., 2004].

The analysis of the SED of a group of HAeBe brought Hillenbrand et al. [1992] to
classify Elias 1 as a type II HAeBe object because it shows a flat and rising infrared spectrum.
The shape of such a SED is best interpreted within the context of intermediate-mass stars or
star-disk systems which are surrounded by a gaseous and dusty envelope.

Recently, based on spectroscopy and atmosphere fitting, Mooley et al. [2013] assigned
it as a spectral type B8.5V–A0Ve with an effective temperature of Teff = 11000 K. They
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reported Balmer emission lines as evidence of its young stage and membership of the
Taurus-Auriga molecular cloud.

4.1.2 X-ray emission

In addition to its relatively uncertain spectral classification and variability, also X-ray emis-
sion has been associated with this young object [Zinnecker and Preibisch, 1994]. Indeed, by
analysing XMM-Newton and Chandra exposures, Giardino et al. [2004] concluded that the
source of X-ray activity is the HAeBe V892 Tau object and not the north-east companion
located at 4”. They reported that the X-ray flux varies within a factor of 2 in less than 2 ks,
being the first report for a Herbig star. A second exposure of the XMM-Newton, where a flare
event takes place, showed a source luminosity increasing by a factor of 15 (from 1.6× 1030

to 2.4 × 1031 erg s−1) and a plasma temperature from kT = 1.5 keV to kT = 8.1 keV.
These authors concluded that in order to confine the plasma pressure at the equilibrium
point (peak of the flare), a magnetic field of 500 G with a dynamo system is required. In
the case of Elias 1, a convective zone of at least 0.2% of the stellar radius would be needed.
However, the presence of magnetic fields supported by convective zones – and consequently
of X-ray emission – are rather a characteristic of low-mass stars. In low-mass stars and
classical T Tauri stars the X-ray emission originates either in the stellar coronae, star-disk
magnetospheres, winds or accretion shocks (subsection 2.1.3). For HAeBe stars, unbiased
surveys of magnetic and X-ray activity are still necessary to make conclusions on the X-ray
emission arising from these objects [Stelzer et al., 2006].

Another feature closely linked to the X-ray emission of V892 Tau is the detected Ne II
line at 12.81µm. This forbidden line has been widely identified and studied in many young

Table 4.1: Stellar parameters of V892 Tau as reported in the literature for the whole system.

Parameter Value
Right ascension α [J2000] 04:18:40.62
Declination δ [J2000] +28:19:15.5
Distance [pc] 140a

Spectral type B8.5V–A0Veb

Temperature T [K] 11000b

Luminosity L [L�] 120c

References: a) Elias [1978], b) Mooley et al. [2013],

c) Defined from evolutionary tracks.

Table 4.2: Orbital parameters of the binary system V892 Tau as determined by Monnier et al.
[2008].

Parameter Value
Reference epoch T0 [MJD] 55480±900
Period P [yr] 13.8±1.5
Semimajor axis a [mas] 72.4±6.3
Eccentricity e 0.12±0.5
Inclination i [◦] 60±3.8
Argument of periapsis ω [◦] 233±42
Longitude of ascending node Ω [◦] 28±5
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planetary disks and the more evolved ones in their transition phase [e.g. Pascucci et al.,
2007, Ratzka et al., 2007, Pascucci and Sterzik, 2009]. Because the Ne atoms have a
large ionization potential (21.6 eV), the Ne II line is important to assess the role of extreme
ultraviolet (EUV) and X-ray photons that cause irradiated disk atmospheres, photoevaporative
disk winds, shocks and jets. Particularly in V892 Tau, Ne II is detected in a ±50 AU region
with a small blueshift, indicative of a photoevaporative disk induced by X-ray emission
[Baldovin-Saavedra et al., 2012].

Skinner et al. [1993] reported V892 Tau also as a radio source, although its rising
spectrum, though steep, can also be explained by thermal emission from a wind.

4.1.3 Binarity

Speckle interferograms recorded with the Special Astrophysical Observatory (SAO) 6-meter
telescope in Russia in 1996 and 2003 allowed Smith et al. [2005] to determine that Elias 1 is
a close binary with a separation of ∼50 mas (∼7 AU) and a position angle of around 50◦.
The two observations pointed to a flux ratio between primary and secondary components
Fs/Fp between 0.7 and 1.

This binarity nature may be crucial to interpret the detected X-ray emission. The lack
of a convective zone to drive a conventional dynamo in HAeBe is unnecessary if one of
the companions is a low-mass source. The first reports on the systemic spectral type and
a comparison with evolutionary tracks [Fig. 2.3; Palla and Stahler, 1993] suggested that
the mass of the primary lies in a range between 2 and 2.5 M�. Based on the flux ratio of
the system, the companion has a mass between 1.5 and 2 M�, which is just the boundary
between fully radiative and partially convective stars. For this reason, it might be that the
companion has a normal convection-generated magnetic field and a corona as the origin of
the X-ray emission.

Later, by combining their single measurement and the two points previously obtained in
K-band, Monnier et al. [2008] astrometrically estimated the orbital parameters of the stellar
pair with a total mass of ∼5.5 M� and a spectral type B8V (Table 4.2).

In the table of Fig. 4.13 the epoch of these three observations, and the respective sepa-
ration ρ and position angle θ of the pair, are reported. In the table I also declare the orbital
configuration at the time of the observations with MIDI of this work.

4.1.4 PAHs, nanodiamonds and silicates

Different spectral features typical of low- and intermediate-mass PMS objects have been
found in the spectrum of V892 Tau (Fig. 4.2).

Some of those infrared spectral features are attributed to polycyclic aromatic hydrocar-
bons (PAHs) which appear as broadband emission features at 3.3, 6.2, 7.7, 8.6, 11.3 and
12.7µm. The detection rate of PAHs in TTS of less than 10% [e.g. Furlan et al., 2006, Geers
et al., 2006], a higher one of 70% in HAeBe stars [Acke et al., 2010], and of almost none
found in MS debris disks [e.g. Chen et al., 2006] indicates that they are dependent on the
stellar properties and evolutionary phases of their protoplanetary disks.

PAHs have a strong influence in the thermal distribution and chemistry of protoplanetary
disks, the planets birthplace. Their molecules in the surface layer of the disk are directly
exposed to stellar radiation, can get efficiently photoionized, and provide photoelectrons for
heating the ambient gas [e.g. Kamp and Dullemond, 2004, Seok and Li, 2016]. For these
reasons, PAHs are a diagnostic tool of the physical conditions and structure of protoplanetary
disks. Because of their stochastic nature, they can be detected far away from the central star,
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Figure 4.2: ISO SWS spectrum of V892 Tau between 2.5 and 20µm, the spectral window
studied in this work. The spectral features mentioned in subsection 4.1.4 are identified with
green (PAHs), red (nanodiamonds) and blue at 10 µm (silicate band).

even in regions with larger extension than the emission of large grains in thermal equilibrium
with the stellar radiation, and trace protoplanetary gaps [Maaskant et al., 2014].

In the particular case of Elias 1, mid-IR studies [e.g. Van Kerckhoven et al., 2002,
Topalovic et al., 2006, Keller et al., 2008] found strong (up to 7 Jy) PAHs features at 6.2,
11.3, 12.7 and the 7.6–8.6 complex However, the 11.3 and 12.7µm bands are hidden by the
silicate emission. The 3.3µm emission is rather small, exceeded by the 3.43 and 3.53µm
bands. The presence of PAHs emission suggests the presence of graphite because the PAHs
molecules are physically and optically the low-mass end of graphite particles.

The 3.43 and 3.53µm features of Elias 1 were convincingly correspondent with laboratory
absorption spectra of the C-H stretching modes on hydrogen-terminated diamond nanocrystal
films at ∼1000 K [Guillois et al., 1999]. Unlike the PAHs emission that arises from a more
extended region (±100 AU) around the central objects, the 3.43 and 3.53µm lines have a
circular symmetric spatial distribution forming a Gaussian FWHM diameter of ≤48 AU
according to Topalovic et al. [2006]. That is in agreement also with the radius of <22 AU
found by Van Kerckhoven et al. [2002]. Later, however, Goto et al. [2009] reported that the
PAHs molecules are much less abundant close to the star, within 30 AU from the center, and,
on the contrary, diamond particles are more centrally concentrated at a peak near 30 AU, the
place where the PAHs emission just starts to emerge.

Together with HD97048 and MWC 297, V892 Tau is one of the few Herbig stars known
to have diamond signatures – or better called nanodiamonds since their size is smaller than
50 nm –. The formation of nanodiamonds is linked to carbonaceous structures under the
radiation of high-energy particles, which probably originate in the X-ray and magnetic cycle
found in Elias 1.

Also, V892 Tau shows a strong broadband silicate emission at 10µm which originates
from a circumstellar dusty disk [e.g. Van Kerckhoven et al., 2002, Keller et al., 2008]. Infrared
surveys have revealed that many HAeBe objects have large abundances of crystalline silicate
grains in their disks, indicating significant thermal dust processing as a consequence of the
formation of the star-disk system. This emission band, indeed, is well seen in the N-band
observations with the ISO short wavelength spectrometer (SWS) in Fig. 4.2, and with the
MIDI low-resolution spectrum of this work.
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4.1.5 Circumbinary disk

Based on mid-IR nulling interferometric observations with the Magellan I and the MMT
6.5 m telescopes, Liu et al. [2007] spatially resolved excess emission from V892 Tau along a
position angle of 164◦ with a full width half maximum (FWHM) of 18–28 AU for a Gaussian
disk model. Surprisingly, while near-IR coronagraphic observations could reveal in great
detail the spatial properties of HAeBe disks such as AB Aur and HD142527 [e.g. Fukagawa
et al., 2004, 2006], ground and space-based near-IR observations failed to image the disk
around V892 Tau. One possible explanation is the low surface brightness in scattered light of
this source [McCaughrean et al., 2000].

Later, Monnier et al. [2008] reported through infrared segment-tilting and aperture-
masking experiments with the Keck I telescope the discovery of a circumbinary disk around
the Herbig object V892 Tau. These authors used their near-IR measurement and the ones
obtained by Smith et al. [2005] to confirm the binarity of the system and refine the orbit
(subsection 4.1.3). The 10.7µm mid-IR data showed elongated emission of approximately
320×180 mas along a position angle of 50◦. The data was fitted with a “skewed asymmetric
ring model” with an inner-hole diameter of 247×121 mas (35×17 AU) along 53◦. These
authors interpreted this model as a circumbinary disk that is in agreement with theoretical
models of tidal truncation [Artymowicz and Lubow, 1994], where the inner hole of the CB
disk is 1.8–2.6 times larger than the semi-major axis of the pair for eccentricities less than
0.25.

Monnier et al. [2008] also attempted to fit a “transitional” SED with this discovered
disk and a combined stellar luminosity of 400 L� (two B8V stars with extinction coefficient
AV = 10.95). They modelled the warm inner wall of the disk as a blackbody with a
temperature T∼450 K. An observational analysis of their SED in Fig. 4.3, however, allows
me to deduce that a more detailed model – and probably the inclusion of an additional source
of near-IR emission to compensate the photometric measurements – might be needed.

Through the exploitation of newer high-angular resolution interferometric data, I test
the effort of Monnier et al. [2008] to reproduce the SED of V892 Tau with an enormous
photometric flux under a high visual extinction. I believe that a more appropriate description
of the SED of V892 Tau may be crucial to better understand the geometry and physical
processes of this Herbig star.

Figure 4.3: Results based on infrared segment-tilting and aperture-masking experiments
presented in 2008. Left: The two panels show the reconstructed images at 10.7 and 2.2µm.
The resolution reached in each image are represented at the bottom left, 80 and 16 mas
respectively. Right: SED fitted with photospheric flux of 400 L� and an inner wall of the CB
disk with T=450 K. In spite of these two very bright components, my work remarks the still
lack of near-IR flux in the SED. [Credit: Monnier et al. [2008]. Reproduced with permission
©AAS.]
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4.1.6 Particularity of V892 Tau

Besides hosting an environment rich in spectral species (hydrogen, silicates, nanodiamonds,
PAHs) as demonstrated in spectroscopic observations, the system V892 Tau peculiarly
serves as a laboratory to characterize the spatial distribution of gas and dust provoked
by the dynamical interactions between the near-equal brightness stellar pair and the large
circumbinary disks.

In fact, although the abundance of intermediate-mass binary systems is expected to be
similar to the frequency of the low-mass counterparts, the amount of them is diminished
by the stellar initial mass function. Moreover, identifying cases of binary or higher-order
multiple systems with circumstellar associated material among HAeBe – such as the scenario
of V892 Tau – is observationally challenging because the companions may posses large
contrast ratios if they have unequal masses, or because companions which host their own
circumstellar disk significantly redden the systemic luminosity [Duchêne, 2015].

The relatively close location of V892 Tau – 117 AU according to new Gaia measurements
– enables to constrain the innermost scales within the circumbinary disk by implementing
infrared interferometry techniques [Kraus, 2015]. Even recent Gaia high-accuracy mea-
surements of distances for a sample of 252 Herbig Ae/Be stars [Vioque et al., 2018] have
identified few binary Herbig stars sited closer than V892 Tau. Most of such systems lie
well beyond 300 pc. Furthermore, the sample of binary pre-main sequence stars with inter-
mediate masses and separations between 1–100 AU is still poor to build a statistical and
evolutionary comprehension of circumstellar disks affected by the dynamical interplay of
more massive bodies, which presumably reduce the disks lifetime and perturb the process of
planet formation.

In Table 4.3, I present a sample of multiple HAeBe systems located closer than 150 pc
according to recent measurements with the high-precision astrometry mission Gaia [Vioque
et al., 2018]. Out of the 9 sources fulfilling such condition, only 4 of them are closer than

Table 4.3: Sample of multiple close (< 150 pc) Herbig Ae/Be systems alike V892 Tau.
Resolved circumstellar or circumbinary emission has been reported for some of them.

Object
Distance

[pc]
Description

HD199603 (DV Aqr) 89.3 Eclipsing binary with a period of 1.575 days [Malkov et al., 2006].

HD100453 (MWC 758) 104.2
Binary system with a projected separation of 108 AU and a point-like
source at 20 AU [Wagner et al., 2018, Reggiani et al., 2018].

HD104237 (DX Cha) 108.4 Spectroscopic binary with a period of 19.858 days [Cowley et al., 2013].

HD141569 A 110.6
Herbig star forming a triple system, separated 900 AU from
the pair [Mawet et al., 2017].

V892 Tau (Elias 1) 140
The science target of this research. Although the distance used
here is 140 pc, new Gaia measurements determine 117 pc.

HD53367 (MWC 166) 130.0
Visual binary system with a separation of 600 AU. The main companion
may be forming an eccentric binary system with a separation of 1.7 AU
[Pogodin et al., 2006].

HD135344 B 135.8
Herbig star hosting a transition disk and forming part of a visual
binary with separation 21” (∼3000 AU) [Stolker et al., 2016a].

TY CrA 136.5

Quadruple system with two components forming a spectroscopic binary
system with a period of 3 days, and a third component in a wide orbit
eclipsing the pair. The main Herbig-type star is separated some 40 AU
from the triplet and is surrounded by dusty emission
[Chauvin et al., 2003, Boersma et al., 2009, Vaňko et al., 2013].

HD152404 (AK Sco) 140.6
Spectroscopic binary with a separation of ∼0.15 AU surrounded by a
circumbinary disk [Anthonioz et al., 2015].
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V892 Tau (HD199603, HD100453, HD104237 and HD141569 A). In addition, information
gathered from the literature exposes that 3 of them (HD199603, HD104237 and HD152404)
are spectroscopic binaries and 4 (HD100453, HD141569 A, HD53367, HD135344 B) form
large-separation systems. The system TY CrA is reported as a complex quadruple system,
whose close triple system is separated from the fourth component some 40 AU. This last one,
in turn, is surrounded by dusty emission [Chauvin et al., 2003, Boersma et al., 2009, Vaňko
et al., 2013].

Although not included in this sample because of its larger distance (157.3 pc), only the
Herbig binary system HD142527 with its low-mass companion at 12 AU and signatures
of gas flowing through a dust-depleted gap of ∼30 AU [Biller et al., 2012, Casassus et al.,
2013, Lacour et al., 2016] can be vaguely set side by side with the spatial configuration of
Elias 1. Therefore, by exploiting the mid-IR long-baseline interferometric measurements
of V892 Tau acquired for several epochs, my research offers new insight to understand the
evolution and possibility of dust survival in such agitated scenario. This phenomenon may
have consequences in a “normal” planet formation process. This study also sets the pace for
the development of further radiative transfer modelling of V892 Tau and comparison to the
context of analogous low-mass T Tauri stars.

4.2 MIDI observations

4.2.1 Observational sequence

Observations with MIDI begin with the definition of a set of parameters in what is called an
observation block (OB). It contains information about the position of the target, the filter to
be used, the mode, etc.. Once these OB parameters are set, the observation sequence is a
rather automatized process.

The interferometric observations with MIDI consist of the following steps1:

- Preset: This 5–10 minute-phase begins with the pointing of the two telescopes in the
direction of the source into the MIDI field-of-view of 2× 2 arcsec, and the selection
of a guide star within 10’ from the science source. Once these two stars are in the
observation field, an arm in the Nasmyth focus of each telescope receives the optical
light from the guide (Fig. 3.10), and, by separating the beam through a beam splitter,
the two beams are sent to two technical detectors (TCCDs). One of the detectors
controls the tracking of the telescope, called acquisition guiding and field stabilisation
(AGS), and the second performs the wavefront sensing for the active optics correction
of the primary mirror. On the other hand, the light coming from the science target is
fed into the Coudé focii and transmitted to the adaptive optics system, either MACAO
or STRAP. This “Coudé” star is different from the “Nasmyth” star and has to be closer
than 1’ from the science target. Subsequently, also the delay line carriages in the
tunnels are set to the expected OPD = 0, with an accuracy better than 1 mm.

- Acquisition: The next step consists of the recording of some thousand (NDIT) ac-
quisition images with typical detector integration times (DIT) of about 2 ms. These
images are obtained through a chopping technique, meaning that images of the target
and the sky are alternatively taken by tilting the secondary mirror. The background
suppression is performed by subtracting the sky frames from the object frames, thus

1This subsection is based on the enlightening reviews and resources by Chesneau [2007] and Tristram
[2007].
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obtaining only the source flux. Depending on the brightness of the source, the number
of individual exposures may vary in order to improve the signal-to-noise ratio.

- Fringe search: After the acquisition has guaranteed an overlapping of the two beams,
a beam combiner and the PRISM (∆λ/λ = 30) or GRISM (∆λ/λ = 230) are imple-
mented into the light path (Fig. 3.12). Then, two spectrally dispersed interferograms
of opposite phase are recorded by the detector. It is important to note that since the
background is uncorrelated and cancels out no chopping technique is used during the
interferometric measurements. The dispersion of light suggests a longer integration
time (DIT) than the acquisition. Usually, the DIT with PRISM has a length of 18 ms,
and for GRISM 36 ms.

The search of the fringes itself is performed by scanning the OPD over a few mil-
limetres out of the expected position. To do so, the VLTI delay lines are moved and
simultaneously the piezo-driven mirrors of MIDI scan a range in OPD of four to eight
wavelengths (λ ≈ 10µm) in steps of 2µm. At each step an exposure is taken to record
the interferometric signal in the N-band (8–13µm), each with its corresponding OPD.
After each scan of 40–80µm the position of the fringe packet is defined and the delay
lines recenter the packet for the next scan.

- Fringe tracking: Before the fringe tracking starts, the background noise is determined
by scanning the optical delay shifted over few millimetres, but without fringe recording.
Then, once the point of optical path equality is found, the tracking of the fringes is
made in a similar manner to the method to search them. However, the signal-to-noise
ratio of the searching measurements is low, and more frames recorded close to a zero
optical path difference are needed. For this reason, 200 scans consisting each of 40
frames are obtained. For these new measurements, two different methods can be used:
the first method implies keeping centred the white-light fringe (white-light tracking
used by MIA for data reduction), and, on the contrary, the second method means that
the tracking is performed next to the white-light fringe, enabling the evaluation of data
with an incoherent method (data reduction performed with EWS).

After each scan, a spectrally resolved temporal fringe pattern containing the informa-
tion about the fringe amplitude – known as correlated flux – is obtained.

- Photometry: The spectro-photometric measurements are recorded independently for
each telescope. This means that again a chopping procedure has to be carried out
to suppress the background in the mid-IR. In the case of MIDI, SCI-PHOT mode –
the synchronous measurement of the photometry – is needed if a higher precision is
required, although 30% in the visibility measurement would be lost. As a consequence,
the photometric measurements with MIDI contain large errors and restrain the accuracy
of the visibility, especially for faint targets.

By definition, the visibility is obtained as the ratio of the correlated flux (from the
interferometric measurement) to the total flux (from the spectro-photometric measurement).
Recalling Eq. 3.24, this definition can be rewritten as

∣∣∣µ( ~B)
∣∣∣ =

∣∣∣∣∣
∫
I(~θ)e−ik~θ ~Bd~θ

I0

∣∣∣∣∣ =
∣∣∣∣Fcor
Ftot

∣∣∣∣ (4.1)

where |µ( ~B)| is the quantity measured by the interferometer. However, in the observational
process, this acquired magnitude – called instrumental visibility – still contains atmospheric
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Figure 4.4: Left: VLTI baseline configuration with the UTs used for the 5 observing runs of
V892 Tau. The red dots depict the UTs and ATs stations. This plot has been made with the
ASPRO software [Bourgès et al., 2013], and corresponds to the view of the observatory from
the sky (geographic north-east). Right: uv-plane coverage achieved with the baselines in the
left, plotted with their respective colors. Table 4.4 provides more details of this coverage. In
the figure, unlike the observatory view from the left panel, north is pointing up and east is
pointing left.

and instrumental correlation losses. In order to correct these effects, in the same region of
the sky and following the same observational sequence, the observation of a source with
known diameter and visibility2 must be accomplished immediately after the science target.
Therefore, the total calibrated visibility Vcal is obtained only after the correction of the form

Vcal( ~B) = |µinstrscience( ~B)|
|µinstrcalibrator( ~B)|

. (4.2)

The total time intended by ESO for MIDI observations under such sequence is 60 minutes,
including science target and calibrator. The delivered products of MIDI observations are:

- an image of the source with a default filter at 8.7µm

- a spectrum in the N-band between 8–13µm

- spectrally resolved visibilities at the same spectral window

- differential phases in the N-band, and

- correlated fluxes in the N-band

4.2.2 Dataset of V892 Tau

The MIDI interferometric observations of V892 Tau cover a 9-year timescale. The obser-
vations with the UTs were split into 5 runs: two in December 2004, one in September
2009 and two in October and December 2013. Each run used the HIGH-SENS mode (total
flux measured just after the fringe acquisition) with the PRISM in low spectral resolution
(λ/∆λ = 30).

2This is the reason why, commonly, the calibrators are bright point sources with a visibility of 1.
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Table 4.4: Journal of observations of Elias 1 and its photometric and interferometric calibra-
tors. The columns “Diameter” and “F10” (flux at 10µm) are the correspondent parameters
of the calibrators used during the reduction process.

Object
Date

[dd-mm-yyyy]
UT

[hh:mm]
Baseline

PBL
[m]

PBLA
[◦]

Airmass

sc
ie

nc
e

V892 Tau

28-12-2004 05:02 U2-U3 45.62 46.09 2.29
30-12-2004 04:08 U3-U4 48.46 91.97 1.92
04-09-2009 09:43 U1-U2 37.24 37.49 1.67
20-10-2013 07:25 U2-U4 89.37 82.32 1.67
20-12-2013 03:26 U3-U4 58.28 100.67 1.67

Object
Date

[dd-mm-yyyy]
UT

[hh:mm]
Baseline

PBL
[m]

PBLA
[◦]

Airmass
Diameter

[mas]
F10
[Jy]

ca
lib

ra
to

rs

HD256041

28-12-2004

00:33

U2-U3

28.62 1.66 1.88 6.44
HD371601 02:33 36.68 1.28 2.02 8.40
HD371602 02:58 38.65 1.24 2.02 8.40
HD256042 04:34 45.96 1.85 1.88 6.44
HD371603 05:32 46.30 1.35 2.02 8.40
HD371604 06:49 46.32 1.77 2.02 8.40
HD98292 07:45 42.12 1.44 3.03 16.01
HD102461 08:38 44.35 1.24 2.96 13.25
HD49161

30-12-2004

02:53

U3-U4

59.83 1.38 2.70 9.80
HD371601 03:29 61.77 1.21 2.02 8.40
HD371602 06:32 38.74 1.68 2.02 8.40
HD102461 07:29 54.14 1.34 2.96 13.25
HD122451 09:11 52.18 1.46 0.93 9.74
HD37160 04-09-2009 09:03 U1-U2 41.32 11.50 1.50 2.02 8.40
HD25604

20-10-2013

07:10

U2-U4

89.39 82.20 1.46 1.88 6.44
HD37160 07:44 86.77 84.10 1.22 2.02 8.40
HIP22957 08:01 89.43 82.00 1.28 2.49 11.90
HD69142 08:33 82.12 55.80 1.21 2.07 8.38
HIP22957

20-12-2013

01:02

U3-U4

57.29 117.90 1.72 2.49 11.90
HIP24197 01:53 60.50 114.90 1.57 2.69 10.31
HD25604 02:55 60.00 104.20 1.46 1.88 6.44
HD37160 03:40 62.44 108.80 1.23 2.02 8.40

At 10µm the longest baseline – 89 m on 20-10-2013 – offers an angular resolution of
λ/B ≈ 20 mas (≈3 AU at 140 pc, the distance to the source), while the shortest one – 37 m
on 04-09-2009 – provides an angular resolution of λ/B ≈ 60 mas (≈8 AU). A detailed
journal of observations is given in Table 4.4.

The observing runs included the observation of several interferometric and photometric
calibrators before and after the science target, except in 2009 due to poor weather conditions.
These calibrators are spatially unresolved bright sources that enable the calibration of the
interferometric transfer function and the total flux spectrum according to the observational
sequence exposed above. The uv-coverage achieved when combining the five observing runs
is shown in Fig. 4.4.

The produced interferometric measurements are stored in binary Flexible Image Trans-
port System (FITS) binary tables to be further used in the reduction process. Each raw
data file contains a header and a binary table with information about the observing run, the
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instrument configuration and the observatory.

4.2.3 Data reduction and delivered products

The MIDI data reduction was performed with the version 2.0 of the package MIA+EWS3.
This package runs in the Interactive Data Language (IDL), and has been developed and
maintained by Sterrewacht Leiden.

Once each detector in each of the two telescopes has received a two-dimensional signal
in accordance with Eq. 3.23, recalled as follows

I(~θ) = I0
(
1 + |µ( ~B)| cos(φ( ~B) + k ~θ ~B)

)
each channel is multiplied by a mask which is centred on the spectrum of the source and
acts as spatial weighting functions. These masks suppress the noise signal on the detector
frames above and below the spectrum. Then, the weighted detector signals are collapsed in
the direction perpendicular to the dispersion direction, which in the case of the PRISM used
for the observations of V892 Tau corresponds to 41 because the subarray on the detector has
a size of 171× 41 pixels. The result for each aperture is the retrieval of two one-dimensional
signals corresponding to two opposite interferograms of the form

I1 = S1 + I0 (1 + V (Bλ) cos(φ+ k d))

I2 = S2 + I0 (1− V (Bλ) cos(φ+ k d))

where, for simplicity, the visibility amplitude |µ( ~B)| has been denoted as V (Bλ) and the
product of the components ~θ ~B has been denoted with d. d is the delay term composed by the
sum of the known instrumental delay and the unknown atmospheric delay, d = dins + datm.
One can mention also the terms S1 and S2 which are introduced to account for the large
background signal due to sky emission and warm optical elements.

The next step supposes the subtraction of the interferograms from each other to remove
a large part of the background. Therefore

I = I1 − I2

= S1 + I0 (1 + V (Bλ) cos(φ+ k d))− S2 − I0 (1− V (Bλ) cos(φ+ k d))
= S1 − S2 + 2I0V (Bλ) cos(φ+ k d)

(4.3)

where the difference S1−S2 is the residual background that is suppressed by subtracting the
average of the entire spectrum over the multiple obtained frames. The remaining expression
is thus the interferometric signal4

Iint = 2I0V (Bλ) cos(φ+ k d). (4.4)

Because the MIDI Interactive Analysis (MIA) and Expert WorkStation (EWS) routines
as independent data reduction tools use different methods to extract the information of this
interferogram, they are independently reviewed below.

3The software package is publicly available at www.home.strw.leidenuniv.nl/∼jaffe/ews/
4This equation reviews the ideal case when no inequalities exist in the beams. Normally, an additional

correcting factor is applied during the reduction process.
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MIA

MIA performs an incoherent method to determine the fringe amplitude, namely, the power
spectrum analysis. With this purpose, each fringe scan of the interferometric signal (Eq. 4.4)
is Fourier transformed from the delay space d to the frequency space k′ as follows

F (k′) =
∫
Iint(d)e−ik′ddd

=
∫

2I0V (Bλ) cos(φ+ k d)e−ik′ddd
(4.5)

where, now, the cosine can be expressed in terms of the Euler’s formula, resulting

F (k′) = I0V (Bλ)
∫ (

ei(φ+k d) + e−i(φ+k d)
)
e−ik′ddd

= I0V (Bλ)
∫ (

eid(k−k′)eiφ + e−id(k+k′)e−iφ
)

dd

= I0V (Bλ)
[
δ
(
k − k′

)
eiφ − δ

(
k + k′

)
e−iφ

]
.

(4.6)

Consequently the power spectrum is defined as

P (k′) =
∣∣F (k′)

∣∣2 = I0V (Bλ)
[
δ(k − k′)− δ(k + k′)

]
. (4.7)

This power spectrum has two peaks at ±k′, whose shape and intensity depend on the
wavelength and OPD variation. With this information, the power inside the correct frequency
interval, accounting for atmospheric effects in the OPD, is integrated. Therefore this method
calculates the raw correlated flux Fcor = I0V (Bλ). When describing the observational
sequence with MIDI, it was mentioned that the OPD is centred on the white-light fringe.
This is the reason why the power spectrum method performed by MIA does not deliver
information about the interferometric phase.

The commands of MIA – between others – to calculate the raw visibility curve of a
dataset consisting of fringe measurements and photometric measurements include:

- midigui to select the dataset files in the “Gorgonzola” window

- xmdv to access the main routine of MIA and create the appropriate masks with which
the fringes and photometry are extracted

- gui to bring up the main graphical user interface, visualize and save the results

After these same reduction steps have been followed both for science and calibrator, the
instrumental visibility has to be determined with the function instruvisi and the known
diameter of the calibrator. Finally, the routine calibratedvisi calculates the calibrated
visibility of the science object by dividing the raw visibility of the science object by the
obtained instrumental visibility of the calibrator according to Eq. 4.2.

The left panels of Fig. 4.5 show the raw visibility of the science object V892 Tau with
very low values (gray line) and the instrumental visibility of all calibrators per date of
observation, in accordance with Table 4.4. The right panels illustrate the calibrated visibility
per night of observation for each of them. The several calibrators obtained per night allow to
monitor the long-term variability of the interferometric transfer function over a given night.
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Figure 4.5: Instrumental (left panels) and calibrated (right panels) visibilities obtained with
MIA, the incoherent method based on a power spectrum analysis. The raw visibility of the
science object V892 Tau is also shown close to be fully resolved in the left panels (gray
line). The photometric and interferometric calibrators here plotted are in correspondence
with Table 4.4.
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Figure 4.6: Instrumental (left panels) and calibrated (right panels) visibilities obtained with
EWS, which performs a coherent analysis of dispersed fringes to estimate the complex
visibility. The raw visibility of Elias 1 is traced with a gray line in the left panels. In
comparison to Fig. 4.5, these profiles have a higher spectral resolution between 8 and 13µm
(97), although both agree well in shape.
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EWS

The MIDI data reduction with EWS supposes a coherent integration of a complex observable
using the vector average and the vector alignment within their statistical error to avoid a result
of zero. With this purpose the instrumental OPD – or dins – included in the interferometric
signal of Eq. 4.4, is subtracted by multiplying each frame by the complex observable e−i kdins ,
as follows

Irot = Iint e
−i kdins

= 2I0V (Bλ) cos(φ+ k d)e−i kdins
(4.8)

where the cosine again can be expressed in terms of the Euler’s formula, and the delay term
equals d = dins + datm. Consequently

Irot = I0V (Bλ)
(
ei(φ+k d) + e−i(φ+k d)

)
e−i kdins

= I0V (Bλ)
(
eiφ+ikdatm + e−iφ−ik(datm+2dins)

)
.

(4.9)

Eq. 4.9 is a complex observable called rotation by the group delay. Then, each frame is
Fourier transformed from the frequency domain k to the delay domain d′

F (d′) =
∫
Irot e

−ikd′dk

=
∫
I0V (Bλ)

(
eiφ+ikdatm + e−iφ−ik(datm+2dins)

)
e−ikd′dk.

(4.10)

The function F (d′) is called delay function, and it can be easily calculated by considering an
infinitely broadband and constant visibility, following

F (d′) = I0V (Bλ)
∫ (

eiφ+ikdatm + e−iφ−ik(datm+2dins)
)
e−ikd′dk

= I0V (Bλ)
∫ (

eik(datm−d′)eiφ + e−ik(datm+2dins+d′)e−iφ
)

dk

= I0V (Bλ)
[
δ
(
datm − d′

)
eiφ − δ

(
datm + 2dins + d′

)
e−iφ

]
.

(4.11)

Although it was considered that the source brightness and the visibility amplitude are constant,
the peaks of this delay function are shaped by the product I0V (Bλ). Thus, Eq. 4.11 can be
more generally expressed in terms of its Fourier transform as

F (d′) = F [I0(k) V (k)] (d′)
[(
datm − d′

)
eiφ −

(
datm + 2dins + d′

)
e−iφ

]
. (4.12)

The positions of the two peaks corresponding to the group delay are at ±d′. The first of
them varies slowly with the changes in the optical delay datm, the second, on the contrary,
oscillates rapidly due to the modulation of the instrumental delay with the piezo mirrors.
Once the value of d′ is known, the value of the factor cos(φ + k d) is revealed, and the
correlated flux Fcor = I0V (Bλ) can be estimated. Also the differential phase φ can be
extracted. In order to obtain the normalized visibility V (Bλ), the total intensity of the source
I0 has to be determined, being thus fruitful the spectro-photometric measurement of the
source.

The reduction process of MIDI data with EWS begins with the pipeline midigui to
select the dataset files. Posteriorly a tag which identifies all the outputs has to be given.
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4.2. MIDI OBSERVATIONS

Finally the midipipe command produces the uncalibrated results. The same process has to
be followed for science and calibrators. The data reduction with this tool concludes with the
calibration between science and calibrator through the pipeline midiCalibrate, where
the flux at 10µm of the calibrator and its diameter have to be given (columns “F10” and
“Diameter” of Table 4.4). This information is taken from a database created by R. van Boekel
based on infrared templates created by Cohen et al. [1999]. As for the MIA reduction, the
left panels of Fig. 4.6 show the EWS raw visibility of the science object V892 Tau (gray line)
and the instrumental visibility of all calibrators per date of observation. The right panels
illustrate the individual calibrated visibility per night of observation.

Error estimation

One of the biggest defects during the MIDI data reduction is the unreliable error determination
for the delivered products. On the one hand, MIA does not provide any error estimation. The
only possibility to estimate uncertainties in the measurements and reduction is to calibrate the
science target with several calibrators observed under the same instrument mode and account
for the scatter that they produce. On the other hand, EWS derives error values due to the
large amount (few thousands) of individual frames taken during the fringe tracking and the
photometry steps. Therefore, the errors given by EWS are a root mean square deviation, and
cannot be taken as absolute errors because systematic errors can be neglected [e.g. Tristram,
2007]. The commonly adopted order of these error estimates is 5–15% for observations in
the mid-IR.

I take advantage of the results and outputs produced by EWS for the further analysis
in this investigation. The datasets consist of calibrated visibilities, differential phases and
photometric measurements in the N-band. Although the MIA products have less default
spectral channels between 8 and 13µm (MIA has 30 and EWS has 97), a comparison between
the two methods shows consistency of the reduction and calibration. This is clearly seen
from Figs. 4.5 and 4.6. Contrasting these two reduction processes is especially valuable
to disregard “suspicious reductions” with any of the two algorithms. For instance, an
instrumental visibility rather different than for the rest of calibrators is observed on 28-12-
2004 (HD371602) and 20-10-2013 (HD25604). This effect appears both for MIA and EWS,
and therefore it can be accepted as an inherent effect of the observations (possibly due to
clouds on one or both apertures). In spite of their peculiarity, this calibrated data has been
included because the runs were acquired close in time with the science target, and may trace
a long-term variability in the interferometric transfer function.

Because the observing runs of V892 Tau included the observations of at least 4 calibrators
(excepting the run on 04-09-2009), it was carried out an error estimation based on both,
the standard deviation of the different calibrated measurements over a given night (σcal)
which represents a long-term variability of the interferometric transfer function, and on the
computation provided by EWS (σEWS) which traces short-term statistical errors. Therefore,
the total error estimation (σtotal) per wavelength channel is defined by the expression

σtotal =
√
σ2

EWS + σ2
cal. (4.13)

The EWS products of mid-IR visibilities, differential phases and fluxes (correlated and
total) with their respective error-bars are vertically presented in Fig. 4.7. In the figure each
run is horizontally organized with an independent color. These delivered products are further
used in my research.
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Figure 4.7: EWS products used for this study. The vertical panels containing the total and
calibrated flux, the visibilities, and the differential phases with their residuals as a function
of spatial frequency are horizontally organized per observing run.
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4.2.4 Observational analysis of MIDI data

The delivered products shown in Fig. 4.7 motivate a first description of their characteristics:

- The averaged MIDI total flux for each observing run is shown in the left panels of
Fig. 4.7 with the label “TOTAL FLUX”. For comparison, also the ISO SWS spectrum5

presented before in Fig. 4.2 is overplotted with a gray line. The spectra exhibit the
broad silicate feature typically found in young disks. Both, ISO and MIDI fluxes,
agree well in shape and reach values of ∼ 25 Jy at 10µm. However, only the ISO
spectrum presents the PAHs feature at 8.6µm due to its spectral resolution of ∼1500.
The gray band between 9.3 and 9.9µm in the figure denotes the ozone band where
a drop in flux is seen. The uncertainty of the absolute photometric calibration is of
the order of 10–15%, similar to the uncertainty reported by Ratzka et al. [2007] for
the young star TW Hya. A possible origin of this effect is the significant background
emission variability and the hard absolute calibration of MIDI total flux measurements.
In addition, the residual fluctuations of the beams’ position on the detector may imply
a flux underestimation because the mask used to isolate and extract the target light
on the detector might have missed some flux [e.g. Chesneau, 2007]. Also, an extra
glance to the five runs suggests that the flux measurements vary from date to date
in a range of 5 Jy. For instance, the 2013 data seems to have recorded less flux in
comparison to the previous days. At 10µm such variation supposes a magnitude
variability of ∼0.3 mag. Even though the background emission and calibration have
some influence, the intrinsic mid-IR variability of the object within few months due
to non-axisymmetric changes in its circumstellar environment can be a major factor.
Based on multi-epoch observations, such mid-IR variability has been identified in
other HAeBe stars such as SV Cep, with a flux variation of about ±20% [Prusti and
Natta, 2002].

- In the lower part of the same left panels of Fig. 4.7 the averaged MIDI correlated
flux measurements are traced. They represent the flux contribution from the unresolved
inner regions close to the central star. They are responsible for shaping the visibility
curves and adopt values between 0.1 and 1.5 Jy.

- The mid-IR visibilities, as seen from the middle panels of Fig. 4.7, correspond to
a source close to being fully resolved in the five observed epochs. The visibility
curves result from dividing the correlated flux by the total flux of the left panels. The
data shows variations at shorter wavelengths ranging between ∼ 0.05 and 0.2, and
a more general trend showing a constant plateau beyond 10µm. In particular, the
higher visibilities at 8µm (in the case of 30-12-2004 and 20-10-2013) mean that the
interferometer rather resolves the disk at 13µm than at shorter wavelengths. Similar
trends in the N-band with a steeper drop between 8–10µm and flat signatures longward
have been found [Leinert et al., 2004] and modelled [van Boekel et al., 2005] in a
larger sample of HAeBe objects hosting disks.

- The differential or chromatic phases per observing run with MIDI are displayed
in the right panels of Fig. 4.7. The data is especially relevant for this study since
they bear information about possible brightness asymmetries in the system. Indeed,
the interferometric phases exhibit deviations from zero when flux contributions from
opposite sides of the system fail to cancel each other completely [Panić et al., 2014].
The MIDI data presents deviations as large as ∼60◦, much larger than the ∼10◦ phase

5Publicly available in the NASA archive
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signal produced by longitudinal dispersion effects due to the atmospheric water vapour
[e.g. Tubbs et al., 2004, Matter et al., 2010].

I tested the influence of the atmosphere following the analysis by Panić et al. [2014].
Namely, I used the observations of the calibrators acquired at different airmasses
immediately before and after the science target to cross-calibrate and compare the
phase difference. The resulting phase difference is traced with a black line in the lower
part of the left panels of Fig. 4.7 (except for the third run where the observation of only
one calibrator is insufficient to make this comparison). This phase difference which
estimates the atmospheric contribution appears to be lower – or of the same order –
than the MIDI error-bars. This fact leads me to conclude that the large variations seen
in the MIDI differential phases are intrinsic to the V892 Tau system.

4.3 Modelling of data

As seen from Chapter 3, the normalized visibility given for various source morphologies can
be used to build visibility building blocks of more complex astronomical sources. Therefore,
in order to simultaneously model the MIDI interferometric measurements and the SED of
V892 Tau, I adopt a visibility block consisting of a binary system and uniform disks with
temperature-gradient dependence. This permits to evaluate the spatial distribution at AU-
scale regions of dusty structures detected in the mid-IR with the 2× 2 arcsec field-of-view
of MIDI. Furthermore, I coupled this semi-physical temperature-gradient disk model with
the Modelling and Analysis Generic Interface for eXternal numerical codes (MAGIX). Its
χ2-minimization and Monte Carlo based algorithms allow me to refine the results of the
analysed scenarios.

4.3.1 Investigated scenarios of components forming V892 Tau

In addition to testing a configuration consisting of the previously reported binary stars with
near-equal brightness [Smith et al., 2005] and the large circumbinary disk which surrounds
them detected through mid-IR observations [Monnier et al., 2008], in this work I investigate
the possibility of dust survival within the circumbinary disk. In such case, I review the
possible existence of thermal emission originating from a circumstellar disk around one of
the stellar components, or from a disk-like source unattached to the stars. Therefore, the
three scenarios that I define are the following (Figs. 4.8–4.10):

1) A model consisting of a binary system with a geometrically flat circumbinary disk

2) A model consisting of a binary system with a geometrically flat circumbinary disk and
a circumstellar disk around one stellar component

3) A model consisting of a binary system with a geometrically flat circumbinary disk and
a dusty disk-like component in the circumbinary cavity

4.3.2 Temperature-gradient model

A temperature-gradient analysis is ideal to be applied to the high-resolution mid-IR data
because of the restricted available data both in wavelength coverage (8–13 µm) and in
observing runs (five dates). Taking the concepts and modelling approach defined in the
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Figure 4.8: Illustration of the model studied in subsection 4.3.6. The stellar pair is only
surrounded by the large circumbinary disk, which is the source of the mid-IR emission
observed in the SED.

Figure 4.9: Scheme of the components considered in subsection 4.3.7. In addition to the
stellar pair and the circumbinary disk, a circumstellar component around one star produces
near-IR emission and deviates the photocenter of the system. Such phenomenon would
manifest in the N-band observations with MIDI.

Figure 4.10: Sketch of the model of subsection 4.3.8 consisting of a stellar pair, a cir-
cumbinary disk and a hot disk-like component inside the large cavity. The additional dusty
component produces near-IR emission and sets an asymmetry in the system which affect the
MIDI visibilities and differential phases.
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previous chapter, the unnormalized complex visibility function of a binary system consisting
of two unresolved objects can be derived from Eq. 3.45, becoming

Vbin,λ(u, v) = Fs1(λ)e−2πi(uαs1+vβs1) + Fs2(λ)e−2πi(uαs2+vβs2) (4.14)

where the subscripts s1 and s2 refer to the two stellar components. F and (α, β) are the flux
and the angular coordinates in the sky plane of a given component, respectively, and (u, v)
are the coordinates in the uv-plane that define the projected baseline.

I model the circumbinary emission as a geometrically flat temperature-gradient disk that
has temperature and surface density radial profiles given by Eq. 3.33, as follows

Trcb = Tincb

(
rcb
Rincb

)−qcb

Σrcb = Σincb

(
rcb
Rincb

)−pcb
(4.15)

where rcb is the distance to the centre of the system, and Tincb and Σincb are respectively
the temperature and surface density at the inner radius of the circumbinary disk Rincb . qcb
is the temperature power-law exponent and pcb is the surface density power-law exponent.
Such a temperature-gradient model splits the disk into n infinitesimal ringlets emitting like a
blackbody. Each ringlet is located at a distance rcb(n) from the center of the system and its
blackbody emission is weighted similarly to the emissivity factor of Eq. 2.39

εcbτ = 1− eτλ,rcb/cosicb (4.16)

where the vertical optical depth τλ,rcb is a function of the dust opacity according to the
expression of Eq. 2.24

τλ,rcb = κλΣrcb . (4.17)

As discussed in the previous chapter, the different opacity laws have distinct impact on the
SED modelling. Thus, I performed a visual comparison and a narrow-band χ2-minimization
to determine which dust composition of the circumbinary disk alone better shapes the silicate
bump of the MIDI spectrum. The best χ2-results were obtained by adopting the dust opacity
computed by Pollack et al. [1994] and Semenov et al. [2003] shown in Figs. 2.8 and 3.15.
This dust opacity is based on a mix of olivine, orthopyroxene, organics, water ice, troilite and
metallic iron grains (Fig. 4.11). The decision on the adopted composition is, nevertheless, a
mere step to improve the χ2-fit to the observed data, being a detailed analysis of the dust
composition around Elias 1 out of the scope of this work.

By recalling the expression to calculate the total flux produced by an inclined disk in
Eq. 3.36 and the visibility building block for an individual ring in Eq. 3.52, the total flux and
the visibility amplitude of the circumbinary disk can be respectively expressed as

Fcb,i(λ) = cosi
d2

∫ Routcb

Rincb

2πrcbBλ(Trcb)εcbτAV(λ)dr (4.18)

and

Vcb,λ(Bp(i, ϕ)) = 1
Fλ(0)

∫ Routcb

Rincb

2πrcbBλ(Trcb)εcbτJ0

(2π
λ
Bp(i, ϕ)rcb

d

)
dr (4.19)

where
Bp(i, ϕ) =

√
B2
u,ϕ +B2

v,ϕcos2i (4.20)
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Figure 4.11: Dust opacity law implemented in the model of the circumbinary disk tested in
scenarios 1), 2) and 3) (red line), and the uniform disk-like additional component of models
2) and 3) (blue line). The first composition is a mix of olivine, orthopyroxene, organics,
water ice, troilite and metallic iron grains [Pollack et al., 1994], whereas the second law has
an achromatic nature according to Eq. 3.38. The peak featured at 10µm corresponds to the
silicate band present in the spectrum of V892 Tau.

is the length of the projected baseline expressed in the reference frame under a rotation ϕ
and inclination i. This “frame reconstruction” makes possible to apply the standard visibility
equations for circular symmetric objects [Berger and Segransan, 2007]. In turn, this projected
baseline is written in terms of its rotated components

Bu,ϕ =Bucosϕ+Bvsinϕ
Bv,ϕ =−Bucosϕ+Bvsinϕ.

(4.21)

In addition to the stellar pair and the large circumbinary disk, the proposed scenarios 2)
and 3) contemplate the presence of an additional near-IR source. Scenario 2) incorporates a
disk surrounding one of the stellar components, and scenario 3) inserts a uniform disk-like
dusty body located inside the cavity of the circumbinary disk. I represent this new component
as a uniform disk that can be treated similarly to the model of the large circumbinary disk.
Namely, in accordance with Eqs. 4.18 and 4.19, this new component would have a total flux
Fnew,inew(λ) and a visibility Vnew,λ(u, v), where the subindex “new”, instead of “cb” for the
circumbinary disk, would be denoted as “cs” for the case 2) of the circumstellar disk, and as
“dc” for the case 3) of the freely floating dusty component.

To date, very few works [e.g. Ratzka et al., 2009, Panić et al., 2014] have focused
on the information provided by the interferometric differential phases to study brightness
asymmetries. This is understandable, in part, because of the irrelevant information that they
provide for observations of axisymmetric objects with close-to-zero phases [Tristram, 2007].
The observational data produced by EWS reveals that the MIDI differential phases are largely
modulated, with values of up to±50◦ (Fig. 4.7). Hence, a relevant aspect of my investigation
is the inclusion of the phases in the modelling of the system V892 Tau. The differential
phases contain information about the nature and morphology of the presumable additional
near-IR source that causes a deviation of the photocenter. The signal detected by MIDI
contains a phase term that is modelled following the procedure presented in the previous
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chapter. Namely, the source phase φs(λ), as a function of the wave number k = 2π/λ, can
be written as the polynomial expression

φs(k) = ψ0 + ψ1k + ψc(k) (4.22)

where the two first terms representing the atmospheric and instrumental contribution can
be extracted by fitting a linear function, and the higher order terms belong to the intrinsic
source phase. Subsequently, I retrieve the differential phases out of the complex visibilities
resulting from the three studied models (Eqs. 4.34, 4.40 and 4.45) according to

φs(k) = tan−1
(

Im(Vmodel,λ(u, v))
Re(Vmodel,λ(u, v))

)
. (4.23)

Afterwards, the atmospheric and instrumental imprint is removed through a linear fit in the
frequency domain followed by the subtraction of the average phase over the N-band.

4.3.3 Definition of fixed parameters

A first step to model the experimental data, interferometric and spectro-photometric, is to
establish a set of fixed parameters based on the literature and reports on V892 Tau as a
convenient approach to optimize computational and analytical efforts.

First, I adopt a distance to the system d = 140 pc as it has been determined by surveys
of the Taurus cloud [e.g. Elias, 1978]. Then, the parameters concerning the binary stellar
components can be also established:

• Effective temperature Teff : Reports on the spectral type and visual extinction reviewed in
the introductory part of this chapter encompass a range A6–B9. According to the Stefan-
Boltzmann law of Eq. 2.33, a small variation in spectral type of the object, and therefore in its
effective temperature or radius, carries an influence proportional to a power of 4 in the photo-
spheric flux, admitting temperatures between 8000–12000 K. Thus, this parameter provokes
an overestimation, or underestimation, of the stellar photospheric flux and, consequently,
erroneous models of also other components in the system (e.g. circumbinary or circumstellar
disks). For this reason, the values adopted by Monnier et al. [2008] to reproduce the flat SED
of V892 Tau with a very bright and extinguished stellar pair (400 L�) plus a circumbinary
warm (450 K) inner wall at 18 AU have to be taken with caution because, although this
barely simulates the spectral energy distribution (Fig. 4.3), a significant contribution from a
near-IR source may be hidden. With the pink line of Fig. 4.12 I present a comparison of this
temperature-luminosity value with evolutionary tracks for PMS stars by Palla and Stahler
[1993].

Instead, in the same figure a more concurring determination of the stellar luminosity
is traced with blue lines. These values correspond to a spectral type B8.5V–A0Ve with an
effective temperature of 11000 K given by the more recent report by Mooley et al. [2013] on
which this investigation relies. Moreover, isochrone calculators [Siess et al., 2000] reveal that
the corresponding stellar luminosity for such value is around 60 L�, the mass is 2.75 M�,
and its age some 4–5 Myr. I can conclude from the report on the binarity and spectroscopy
of the object that the stellar pair has a near-equal brightness, and hence the luminosity of
the object reaches 120 L�. This is in agreement with the work on the properties of PMS
objects in the Taurus molecular cloud by Rebull et al. [2010], where a luminosity of 100 L�
for V892 Tau was derived, and also with the values used by Güdel et al. [2007] accounting
for an effective temperature of 10500 K. The assumption of an equal-brightness pair remains
valid in the N-band due to the minor stellar contribution (< 5%) in this spectral range. With
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Figure 4.12: Evolutionary tracks for PMS objects from their birthline (dotted curve) until
the ZAMS by Palla and Stahler [1993], reproduced from Fig. 2.3. The pink line depicts
that the high luminosity of 200 L� for each star considered by Monnier et al. [2008] indeed
represents a B8 class with Teff = 12000 K. From the track, however, this fact disagrees with
the system mass of 5.5 M� in their report, and alters the orbital solution. On the contrary,
the newest report by Mooley et al. [2013], on which my work relies, shows with blue lines
that in order to match the orbital solution and system mass, a luminosity of about 60 L�
and 2.75 M� for each component is required. This analysis is corroborated with isochrone
calculators, from which an age of some 4–5 Myr is deduced for the system, unlike a younger
age of 1.5 Myr for the 2008 work. These stellar parameters are established for the following
study and the corresponding photospheric flux can be seen in the SED of Fig. 4.14. [Credit:
adapted from Palla and Stahler [1993]. Reproduced with permission ©AAS.]

this in mind, the lack of infrared emission in this Class II object becomes more evident than
in the estimate by Monnier et al. [2008] of 400 L� (see Fig. 4.3).

• Stellar radius R? and coefficient of total visual extinction AV : After the total luminosity
and effective temperature of the stars have been deduced, a visualization and numerical
analysis with the support of the χ2-optimizer MAGIX allows me to determine the optimal
radius and visual extinction to fit the SED slope of Elias 1 at the shortest wavelengths. The
best obtained result indicates a stellar radius of 2.1 R� for each star and an extinction law
with a coefficient AV = 7.5 (Fig. 4.14).

• Position at the time of observations (αbin,βbin): Following the orbital solution by Monnier
et al. [2008] presented in Fig. 4.13, the angular coordinates on the plane of the sky of the
stellar components at the time of MIDI observations are fixed. These coordinates are free-
parameters only in a test of model 1), where a slightly shifted pair in relation to the center
of the circumbinary disk may provoke an asymmetry that attempts to simulate the MIDI
differential phases.

Based on the results on the large circumbinary emission, some of its parameters can also
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Epoch ρ [mas] θ[◦]

MIDI
data

2004.9897 42.77 91.36
2004.9958 42.71 91.58
2009.6760 62.98 216.40
2013.8014 62.51 9.48
2013.9676 65.20 12.19

Smith et al. [2005]

&

Monnier et al. [2008]

1996.75 49.99 234.50
2003.76 59.95 58.87
2004.67 46.63 80.64

Figure 4.13: Distance ρ and position angle θ between the components of the binary system
on the basis of the orbital solution determined by Monnier et al. [2008] (Table 4.2). In the
figure, the position of the components with respect to their barycentre at the time of MIDI
observing runs is plotted. Due to its proximity in epoch the first and second runs practically
overlap. The angle is defined in the north-east direction. The values in the table are given for
the 5 dates of MIDI data and the 3 previous observations by Smith et al. [2005] and Monnier
et al. [2008].

be settled down:

• Inclination icb: Under the assumption of long-term invariability of the disk, a value of 60◦

is assumed from the 2008 report.

• Position angle ϕcb: For the same reason, the position angle of the circumbinary disk in the
north-east direction has a value of 50◦, as represented by the sketches of the disk.

• Surface density power-law exponent pcb: This parameter defined in Eq. 2.32 is set to 1, a
value generally representative of the dust surface density profile in the outer regions of disks
[e.g. Andrews et al., 2010].

• Outer radius Routcb : The outer radius was restrained to a value of 100 AU typical found in
Herbig and T Tauri objects [e.g. Vicente and Alves, 2005, Andrews and Williams, 2007b].

For the sake of reducing the number of free-parameters in the analysis and facilitating
the interpretation of the nature of the near-IR source introduced in models 2) and 3) (either
circumstellar or free-floating in the circumbinary cavity), two of its parameters are also fixed:

• Temperature power-law exponent qcs,dc: The additional component is assumed to be an
achromatic blackbody, consequently its uniform energy distribution means qcs,dc = 0. The
subindexes “cs” and “dc” are valid for the respective models 2) or 3).

• Surface density power-law exponent pcs,dc: Because of the same justification, a value of 0
for pcs,dc also inserts a radial independence of the surface density.

Table 4.5 summarizes the fixed parametrization implemented in the modelling of spatial
configurations 1), 2) and 3).

4.3.4 The spectral energy distribution of V892 Tau

To be modelled, the reduced interferometric dataset between 8–13µm consists of three
files: visibilities, differential phases and spectrum, where each data file contains 97 spectral
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Table 4.5: Fixed parameters considered in the modelling of MIDI and SED measurements.
The parametrization of the stellar pair and the circumbinary disk is used in all explored
models, while the parameters fixed for the model with the circumstellar disk or dusty
component have the corresponding subindexes “cs” and “dc”.

Parameter Value Parameter Value
d [pc] 140 ϕcb [◦] 50
T? [K] 2×11000 pcb 1
R? [R�] 2×2.1 Routcb [AU] 100
Av 7.5
L? [L�] 2×60 qcs,dc 0
i [◦] 60 pcs,dc 0

Note: The coordinates of the stellar pair (αbin,βbin) given

by the orbital solution [Fig. 4.13 Monnier et al., 2008] are

also fixed parameters. However, they are free during the test

of model 1) that probes a brightness asymmetric system.

channels. However, the implementation of the temperature-gradient modelling of V892 Tau
produces flux measurements along the whole SED, being the N-band spectrum insufficient
to gather information about the total flux distribution of the components.

For this reason, I have used additional spectro-photometric data from the literature6 to
build a composite spectrum between 2 and 20µm – the range at which the stars and infrared
sources influence the mid-IR data – with the same amount of spectral channels (97). This
composite file allows to equalize the weight of the SED points during the fitting process,
with also a 10% error-bar introduced to be comparable to the uncertainties quantified for the
mid-IR data.

I have created the spectro-photometric composite spectrum by interpolating the measure-
ments listed in Table 4.6 and plotted with blue dots in the SED of Fig. 4.14, which shows
also the stellar flux contribution according to the fixed parameters of the stars.

4.3.5 Numerical χ2-optimizer MAGIX

MAGIX7 [Möller et al., 2013] is a model optimizer developed at the I. Physikalisches Institut
of the University of Cologne that works in conjunction with external numerical models – and
not necessarily only astrophysical – to explore the parameter space and find a set of parameter
values that provide the best fits (the least χ2-value) to the observational/experimental data. It
provides diverse algorithms with the goal of global optimization, i.e. the finding of global
optima (also usually referred as global minima) of an objective function. MAGIX provides
also error estimations, and it is possible to use some of its algorithms in combination to refine
the finding. Indeed, although the uttermost results of this investigation are based on extended
minimizations with the Markov chain Monte Carlo (MCMC) algorithm due to its accurate
analysis of the whole parameter space, more moderate minimizations with a chain algorithm
consisting of Genetic algorithm (GA) and MCMC were also performed, for instance, for
quantifying the expected inadequate reproduction of the observational data with the model
of an axisymmetric system with a circumbinary disk alone.

6Measurements available at http://vizier.u-strasbg.fr/vizier/sed/
7Website: https://magix.astro.uni-koeln.de
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Table 4.6: Spectro-photometric measurements taken from the literature to create a composite
spectrum included in the model fitting. These values are graphically represented in the plot
of Fig. 4.14 with blue dots.

Photometric system Filter Wavelength [µm] SED flux [Jy]
Johnson B 0.44 1×10−3

Johnson V 0.55 3×10−3

Johnson R 0.69 1.73×10−2

POSS-II I 0.79 4.86×10−2

2MASS J 1.24 5.22×10−1

2MASS H 1.65 1.66
2MASS K 2.16 3.27
WISE W1 3.35 2.70
WISE W2 4.6 4.89

ISO SWS 2.45–20 Fig. 4.2
MIDI N 8–13 Spectrum of this work

Genetic algorithm

The GA is a heuristic search and optimization technique motivated by the natural Darwininan
principle of evolution through genetic selection [e.g. McCall, 2005, Herrera et al., 2005,
Malhotra et al., 2011]. A GA develops a highly abstract version of evolutionary processes to
create solutions to a given problem. With this purpose the algorithm operates on a population
of artificial chromosomes, which are strings in a finite alphabet (usually binary). Each
chromosome is a solution to a problem and therefore has a fitness, which is a real number
measuring how good the solution is to the particular problem. A genetic algorithm follow a
structure as outlined below and represented in the attached diagram:

1. Initialization: The first step is to generate a random population of chromosomes, that
is, possible solutions for the problem. Although the greater the number of initial
chromosomes, the larger the exploration of the parameter space, a value of 100
chromosomes with MAGIX was used since no significant variation would be seen in
the χ2-value determined after the given number of iterations is completed.

2. Fitness assignment: The second step is to compute the fitness value of each chromo-
some in the population. A χ2-value is the quantity used to assign the fitness of the
function. These raw fitness scores are used to convert them into a more usable range
of values, called expectation values.

3. Selection: Then, parent chromosomes from a population are selected according to
their fitness values to create an “elite”. The better the fitness, the greater the chance to
be selected.

4. Crossover: These parents form new offspring, or children, through a crossover prob-
ability. If no crossover is performed, then the children are the exact copy of their
parents.

5. Mutation: In addition to crossover, new children are produced by making random
changes to a single parent, called mutation.
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Figure 4.14: SED of V892 Tau. The blue dots correspond to the photometric measurements
in the literature listed in Table 4.6. The N-band MIDI averaged spectrum is traced with red,
and the ISO SWS with green from 2.45µm on. The yellow error-bars correspond to the
composite spectrum used for the model fitting. The total stellar flux for the two stars of the
system is traced with the black line, and the contribution of only one of them is shown with
the dashed line. This stellar photospheric flux is invariable in the model fitting applied in
next sections.

6. Replacement: A current population is replaced with the children to form the next
generation.

7. Test: If the end condition is satisfied, the algorithm stops and returns the best solution
in the current population.

8. Loop: On the contrary, if the searched criteria is not fulfilled, the algorithm repeats
step 2. In the control file of MAGIX this value was set to 100 since a greater number
would just result in larger computational cost with insignificant variation in the χ2-
determination. The χ2-value used as criteria was set to a small value to avoid stopping
before the number of given iterations was completed.

The advantages of the GA over other global optimization algorithms is that it is capable of
finding and analysing multiple minima without specific knowledge about the problem under
study, it has a rapid convergence and thus reduces computational costs. The setting parameters
under which the genetic algorithm carried out its analysis included: number of chromosomes,
number of iterations and the stopping value given by a χ2-limit. Fig. 4.15 summarizes the
structure of the genetic algorithm, and the values used during this minimization routine are
indicated in its attached table.

Markov chain Monte Carlo

After the first algorithm in the chain has performed its χ2-minimization, the determined best
site in the parameter space is explored by the MCMC method. The purpose of the algorithm
MCMC is approximating the result based on sampling and defining probabilities8. Let us

8Publicly available resources extensively explain this numerical algorithm. The
description here presented is taken and summarized from the MAGIX manual at
https://magix.astro.uni-koeln.de/sites/magix/files/files/MAGIX Manual.pdf
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Number of
chromosomes

Number of
iterations

Criteria
χ2

10×Nfree 100 < 10−5

Figure 4.15: State diagram for the genetic algorithm. The attached table indicates its setting
parameters managed by the MAGIX control file.

assume that M samples θi are drawn from the posterior probability density

P (θ, a|D) = 1
Z
P (θ, a)P (D|θ, a) (4.24)

where the prior distribution P (θ, a) and the likelihood function P (D|θ, a) can be computed
for any particular value (θi, ai). The normalizing factor Z = P (D) is independent of θ and
a once the form of a generative model has been chosen, meaning that it is possible to sample
from P (θ, a|D) without computing Z. After the samples produced by MCMC are created,
the marginalized constraints on θ can be approximated by the histograms of the samples
projected into the parameter subspace spanned by θ. Therefore the expectation value of a
function of the model parameter f(θ) is

〈f(θ)〉 =
∫
P (D|θ)f(θ)dθ ≈ 1

M

M∑
i=1

f(θi). (4.25)

The generation of samples θi is simpler for cases where the P (θ, a|D) is a specific analytic
distribution, such as a Gaussian. However, for a non-normal distribution, such as the case
of a parametric temperature-gradient model, it may be a non-trivial task. In this algorithm
the sets of samples are generated randomly (random walkers) over time along the entire
parameter space. This means that each point in a Markov chain X(ti) = [θi, ai] depends
only on the location of the previous step X(ti − 1).

The MCMC algorithm in MAGIX implements the “stretch move” method. This method
consists of an ensemble of K walkers, S = Xk, which are simultaneously evolving. The
proposal distribution for one walker k is based on the current position of the K − 1 walkers
in the complementary ensemble S[k] = Xj ,∀j 6= k. To update the position of a walker at
position Xk, a walker Xj is randomly sampled from the remaining walkers S[k] and a new
position is proposed

Xk(t)→ Y = Xj + Z[Xk(t)−Xj ] (4.26)
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Table 4.7: Setting parameters used for the minimization and error estimation with the
MCMC algorithm. These parameters are set up in the control file of MAGIX.

Number of
samplers

Error estimation
accuracy

Number of
iterations

burn-in phase

Number of
iterations

Criteria
χ2

1000 2σ 100 1000 < 10−5

where Z is a random variable drawn from a distribution g(Z = z). If g(z−1) = z g(z), the
proposal in the equation above is symmetric. Then, the chain satisfies detailed balance if the
proposal is accepted with the probability

q = min
(

1, ZN−1 P (Y )
P (Xk(t))

)
(4.27)

where N is the dimension of the parameter space. The same procedure is repeated for each
walker in the ensemble series. The function g(z) takes the form

g(z) ∝


1√
z

if z ∈
[

1
a , a

]
0 otherwise

(4.28)

where a is an adjustable scale parameter. The condition of detailed balance is violated if
a parallelization of the stretch move algorithm is implemented. In such case each walker
is simultaneously advanced on the state of the ensemble instead of evolving the walkers
in series, and the full ensemble is divided into two subsets, S(0) = Xk,∀k = 1, ...,K/2
and S(1) = Xk,∀k = K/2 + 1, ...,K to update all the walkers in S(0) based only on the
positions of the walkers in the set S(1). After that, by using the new positions S(0) the set
S(1) is updated. In this case, the outcome is a valid step for all the walkers.

One of the advantages of implementing the Markov chain Monte Carlo minimization is
that, after finishing the algorithm, the probability distribution and the corresponding highest
posterior density (HPD) interval of each free-parameter is calculated.

Likewise the genetic algorithm, the setting parameters of MCMC are also given in the
control file of MAGIX, including: the number of samplers used for the error estimation, the
accuracy of the error estimation in terms of σ, the number of iterations within the burn-in
phase, the maximum number of iterations and the stopping value given by a χ2-limit. The
values of these parameters used in the minimization routine are indicated in Table 4.7. The
number of samplers can be any integer number greater than 0. It is important to note that the
greater the number of samplers (or walkers), iterations for the burn-in phase and iterations
for the calculation, the better accuracy in the determination of the probability space of each
parameter. However, this translates to significantly higher computational costs. Therefore,
the values here used were set to quantities that permit relatively fast calculations (one week
of computational time per calculation), and at the same time show negligible invariance in
the obtained results.

As a result of the optimization with MCMC, MAGIX provides two results: the 2σ-
probability distribution for each parameter and the χ2-minima which in an ideal case is
located in the mode of the distribution of the first quantity. Nevertheless, the parameter-
site results of these two outputs may slightly vary within the 2σ-estimation because of the
differences between the probability function and the χ2-function. These results can be
observed from the later corner plots determined for each model in Figs. 4.18, 4.22 and 4.25.
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Figure 4.16: Scheme of a dataset per observing run. The SED file is general for all the runs,
and the MIDI data (visibilities and phases) expands over five epochs, resulting in a total of
Nfiles = 11.

Configuration of datasets

The minimized value supplied by the optimization with MAGIX is expressed according to
the expression

χ2
total =

Npoints∑
i=1

[
(yobs
i − yfit

i )2

(σerror
i )2

]
(4.29)

where yobs
i and yfit

i are the experimental and modelled values respectively, and σerror
i repre-

sents the error of the i-th data point. Npoints is the number of data points considered, each of
which is an independent variable. Ideally, given the random fluctuations of the values yobs

i

about their mean values yfit
i , each term of the sum is 1. Hence, the expected calculated value

of χ2
total will be equal to Npoints. In such case one conclude that the data are well described

by the model, that is, the hypothesized function.
Nevertheless, since the expected distribution of the sample variables is not a set of

independent variables, but rather they are connected by some relations (the number of free-
parameters of the model Nfree), the number of degrees of freedom of the distribution is
defined according to the expression

ν = Npoints −Nfree (4.30)

For convenience, however, the goodness of the fit to the experimental data is expressed in
terms of the total χ2

total-value normalized per degree of freedom. Therefore, the magnitude
offered by MAGIX is divided according to the following expression

χ2

ν
= χ2

total
Npoints −Nfree

. (4.31)

Hereafter, this ratio which expresses a reduced χ2-value is used and referred as simply χ2.
The dataset per observing run is composed of three files: visibility, differential phase and

SED measurements. Each file contains 97 spectral channels (Fig. 4.16). Hence, the sampled
number of hypothesized quantities (Npoints) is taken from the expression

Npoints = Nfiles × 97 (4.32)

where Nfiles is the number of files containing visibility, phase and/or SED measurements.
The different combination of them out of the 11 available (5 MIDI visibilities, 5 MIDI
differential phases and 1 file with photometric measurements), as seen in later tests, allows
to inspect variability of V892 Tau over the 9-year observations.
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4.3.6 First model: Temperature-gradient model of a binary system with a
geometrically flat circumbinary disk

Model 1), based on the description by Monnier et al. [2008], is composed of a stellar pair
surrounded by a circumbinary disk (Fig. 4.8). The total flux of this system can be written as
the sum of the independent flux of its components – the stars and the circumbinary disk – ,
where the flux ratio between the stars is Fs1/Fs2 = 1. Therefore

F1m(λ) = Fs1(λ) + Fs2(λ) + Fcb,i(λ) = Fbin(λ) + Fcb,i(λ). (4.33)

And its normalized complex visibility is defined according to Eq. 3.24 as

V1m,λ(u, v) = Fbin(λ)Vbin,λ(u, v) + Fcb,i(λ)Vcb,λ(u, v)
F1m(λ) . (4.34)

The fixed parameters are the ones of subsection 4.3.3, and the four free-parameters to
determine in this model are:
• Temperature at the inner rim of the circumbinary disk Tincb : This parameter is scanned
based on the initial reference that the inner edge of the circumbinary disk is at a distance of
r = 17.5 AU from the barycenter between the stars. Out of the total stellar luminosity of
L? = 120 L� (the total power produced by the two equal stars) assumed to be centralized in
the barycentre of the system, only a fraction of it strikes the grains, namely

Qstar/dust = L?

(
πR2

dust
4πr2

)
(4.35)

where Rdust is the radius of the spherical grain, and r is the mentioned distance. The dusty
grains, however, reflect a fraction α of this energy, known as albedo. In other words, the
grains absorb a fraction 1− α of the stars’ light. Therefore, the power absorbed by a grain
can be expressed as

Q+ = (1− α)Qstar/dust. (4.36)

Here, I consider an albedo of 0, corresponding to a blackbody that absorbs all incident
radiation. Although the grain absorbs as only a circular area, it reemits in the infrared range
equally in all directions as a sphere. Therefore, its emitted energy per second can be also
written according to the Stefan-Boltzmann law as

Q− = 4πR2
dustσT

4
dust (4.37)

Then, the temperature at the inner rim of the circumbinary disk Tincb = Tdust can be
calculated from the “ideal” condition that the emissivity of dust grains is equal to their
absorptivity, following

Q+ = ε Q−

L?

(
πR2

dust
4πr2

)
= ε

(
4πR2

dustσT
4
incb

)
T 4

incb = L?
16πr2σε

Tincb = 1
2

(
L?

πr2σε

)1/4
.

(4.38)

Since the actual temperature of the dust grains will depend on their properties, the factor ε
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which varies between 0 and 1 has been introduced to define the emissivity efficiency – or
cooling efficiency – in the infrared range. Replacing the known values into the last equation,
this leads to

Tincb =
(1
ε

)1/4
220 K.

This last expression allows to scan temperatures of the dust between 220 and 391 K, respec-
tively corresponding to grains with ε = 1 and ε = 0.1, in which case heating is more efficient
than cooling and the grains can be heated to higher temperatures than that of a blackbody
[Dullemond and Monnier, 2010, Matter et al., 2014].
• Surface density at the inner rim of the circumbinary disk Σincb : The investigated interval
of this parameter for values less than 0.2 kg m−2 is based on the reports in the literature,
with densities commonly reported in the order of 10−3 kg m−2 [e.g. Matter et al., 2014].
• Temperature power-law exponent qcb: This parameter is varied between 0.45 and 0.7,
respectively associated to flared irradiated disks and standard viscous or flat irradiated disks.
• Radius of the circumbinary disk from the barycenter of the system to its inner rim Rincb :
Although the determination of the interval in which the temperature is studied makes a first
assumption on the work by Monnier et al. [2008], some flexibility for nearby values between
16 and 19 AU is enabled to this parameter in the reduction.

At this point, I remark that the available data taken on different epochs, and consisting of
interferometric visibilities, differential phases and flux measurements, gives the possibility to
group the datasets in such a way that signs of variability in the properties of V892 Tau along
the 9-year baseline can be determined through the fitting process with MAGIX. Therefore, I
perform the following χ2-reduction tests for this model 1):

(i) SED fit of a symmetric system, and posterior comparison to MIDI data

The symmetry of V892 Tau in this scenario is given by the fixed respective position of
the equal stellar companions and the circumbinary disk around a common center. Here,
initially only the best fit to the SED points is searched (Nfiles = 1 in Eq. 4.31), and then
the resulting synthetic mid-IR visibilities and phases out of this fit are contrasted with
the MIDI ones. This conservative approach therefore does not consider any variability
in the structure of Elias 1 along the 9-year timescale and baseline configurations, but
instead provides a first inspection to the goodness of a “simplistic” model.

The best fit to the SED measurements is plotted as “SED fit” in the left panels of
Fig. 4.179, where also the associated χ2-value is indicated. The total system flux is
traced with lines thicker than the circumbinary contribution which peaks at the N-band.
The medium and right panels contrast the corresponding synthetic mid-IR visibilities
and differential phases, these last ones showing a zero deviation.

(ii) Combined fit to all datasets considering an asymmetric system

This MAGIX test associates all available datasets (5 MIDI datasets + SED, which
result in a total of Nfiles = 11) in order to determine the best common solution for
a system consisting of a circumbinary disk and a stellar pair whose barycentre does
not coincide with the center of the disk. The slightly shifted stellar pair creates an
asymmetric system.

In addition to the 4 free-parameters defined previously, two additional parameters
which define the barycentre coordinates, (αbin, βbin), are also explored in a range of

9The figures are organized horizontally per observing run, whereas vertically, from left to right, the SED
measurements, the visibility curve, and the differential phases are respectively mapped.
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±35 mas, roughly the estimated binary separation. Therefore, the analysis over this
interval enables to locate one of the stars in the center of the system. The results of
this global fit of the SED are plotted as “combined fit” in Fig. 4.17. It can be observed
that since the test evaluates a common solution, the SED of the left panel remains
invariable along the 5 runs. Nevertheless, the different outcomes for the visibilities and
phases due to their distinct baseline configuration can be appreciated in the contiguous
boxes.

(iii) Fit per epoch considering an asymmetric system

The different baseline configurations, the presumed asymmetry of the system and
its complexity, suggest an analysis that encompasses temporal variability along the
period of observations. The investigation of such phenomenon is addressed through
the analysis of independent epochs of MIDI observations. Excepting the first and
second observing runs that can be accounted as one single epoch due to their proximity
in time – and therefore this epoch consists of 5 files – , the rest of epochs are formed
by Nfiles = 3 corresponding to visibility, phase and SED measurements. This test
maintains the 6 free-parameters used in point (ii), and the results for each date are
shown in Fig. 4.17 with their respective epoch label.

As seen from Fig. 4.17, in this first model the inclusion of only the stellar pair and
circumbinary disk induces a significant lack of IR excess between 2 and 8µm in contrast
with what is photometrically measured (∼55% at 2µm, and up to 85% at 5µm). This is also
numerically represented by the largely deviated χ2-values. Moreover, the most simplistic
fitting approach with a centred circumbinary emission results in a zero-differential phase
that is incompatible with the MIDI observations. The MAGIX minimization with both
“combined” and “fit per epoch” datasets fails to simultaneously reproduce the SED and MIDI
data, turning to be satisfactory either for only the visibility and phase (e.g. 28-12-2004), or
only to the larger wavelengths of the SED (e.g. 20-12-2013).

It can be noticed that the optimization with “combined” or “fit per epoch”, in spite of
its strong inaccuracy, converge with the least χ2-value for most of the observing runs. For
this reason, in Fig. 4.18 I expose the corner plots produced by the MCMC minimization with
MAGIX for the combined dataset and for the four independent epochs. The corner plots show
the one- and two-dimensional projections of the posterior 2σ-probability distribution of all
the parameters. The histograms on the diagonal also denote this interval, whose peak value –
mode – and ± error range is written on top. For the cases where the parameter itself contains
decimal values (e.g. the parameter qcb on 04-09-2009), the uncertainty range denoted on top
may look like “0.00”, meaning that the mode lies on the border of the parameter space or
that its calculated value may be of a smaller fractional scale. The position in the histograms
of the best χ2-fit parameter is traced with a blue line.

In Fig. 4.19 I summarize the best-fit parameters obtained for the three minimization tests.
From these panels it can be derived that the temperature at the inner edge of the circumbinary
disk is around 300 K, with a standard deviation of 10% throughout the independent analysis.
The parameter qcb presents larger variations over the parameter space, and, consequently,
also Σincb largely fluctuates over the observed epochs. The inner edge of the circumbinary
disk shows a rather stable value of ∼17.5 AU that is well in agreement with its previous
estimations [Monnier et al., 2008, Menu et al., 2015]. The panel with coordinates (αbin, βbin)
of Fig. 4.19, which depicts the variable position of the pair barycentre, also exposes the
weakness of this model by showing very large variations in the best-fit location of the
barycentre, even for observations close in epoch.
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Figure 4.17: Best χ2-minimization fits for the first model consisting only of stellar pair and
circumbinary disk. The three investigated possibilities per date are traced on the SEDs (left
panels), MIDI visibilities (middle panels) and MIDI differential phases (right panels). This
first model demonstrates that the flux contribution of the circumbinary disk is capable of
reproducing well the SED in the N-band (e.g. observations in 2013), however, the observed
strong lack of near-IR emission suggests the necessary inclusion of an additional source in
the system to compensate the slope at shorter wavelengths.
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Figure 4.18: MCMC corner plot of the test with all combined datasets using model 1.
The plot reunites the one- and two-dimensional projections of the posterior 2σ-probability
distributions of the 4 free-parameters, as well as the site of the best χ2-value traced with
blue lines. Ideally, for a case with a normal Gaussian probability distribution, the darkest
site and mode corresponding to the peak of the probability function and the site of the χ2

blue line are expected to coincide. However, the 2σ-contours demonstrate that the parameter
space and model are rather complex, and the probability function may differ from the
χ2-function. The best χ2-values nevertheless lie within the one-dimensional projection of
the 2σ-space delimited with dashed lines. Three dashed vertical lines should be seen in
every one-dimensional histogram, unless the dashed line of the peak matches the anterior or
posterior limit of the 2σ-distribution, or in turn these two confining dashed lines coincide with
the edge of the scanned parameter space. The central dashed lines indicates the 50-percentile
of the distribution, whereas the anterior and posterior lines delimit the 2σ-range. Therefore,
the top values indicate the position of the mode of the probability distribution and the ±
errors as the distance between the mode and the limiting dashed lines.
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Figure 4.18: Model 1: resulting MCMC corner plot using the dataset of the first epoch alone
– 28-12-2004 and 30-12-2004 –. The description of this plot is analogous to the one of the
previous figure.
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Figure 4.18: Model 1: resulting MCMC corner plot using the dataset of the second epoch
alone – 04-09-2009 –.
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Figure 4.18: Model 1: resulting MCMC corner plot using the dataset of the third epoch
alone – 20-10-2013 –.
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Figure 4.18: Model 1: resulting MCMC corner plot using the dataset of the fourth epoch
alone – 20-12-2013 –.
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Figure 4.19: Visualization of the obtained parameters for the three tests (SED fit alone,
combined fit and independent fit) which produce the best χ2 fit seen in Fig. 4.17. These
values are the same as the ones traced with blue lines in their respective corner plots. The
panel with the coordinates of the shifted barycentre (αbin, βbin) shows the central position
of the pair explored for an asymmetric system. In this case, the numerical labels correspond
to the datasets of each epoch, for instance, “1 and 2” corresponds to the central position of
the stars at the first epoch of observations.
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4.3.7 Second model: Temperature-gradient model of a binary system with a
geometrically flat circumbinary disk and a circumstellar disk around
one stellar component

In model 2), the addition of a uniform circumstellar component bounded to one of the
equal-brightness stars is suggested as a solution to account for the near-IR excess in the SED
and the non-zero mid-IR differential phases (Fig. 4.9). The total flux of this second model is
therefore defined as

F2m(λ) = Fbin(λ) + Fcb,i(λ) + Fcs,i(λ) (4.39)

and its normalized complex visibility according to Eq. 3.24 as

V2m,λ(u, v) = Fbin(λ)Vbin,λ(u, v) + Fcb,i(λ)Vcb,λ(u, v) + Fcs,i(λ)Vcs,λ(u, v)
F2m(λ) . (4.40)

Following Isella and Natta [2005], I assume that the dust component of the disk is
truncated by dust evaporation, creating an inner cavity of radius Rincs , or also known as
dust sublimation radius Rsub. Inside this hole, only optically thin gas exists, being possible
to neglect its absorbing effect. The relation between this radius, its temperature and its
efficiency factor can be expressed as a function of the angle α between the incident stellar
radiation and the disk surface [Muzerolle et al., 2004], as follows

T 4
incs = T 4

sub =
(

2µ+ 1
εcs

)(
R?

2Rincs

)2
T 4
? (4.41)

where µ = sin α and εcs is the dust emissivity factor. Two bounding cases can be considered
out of this equation. First, for the flaring part of the disk where µ� 1, the expression adopts
a form similar to the case considered for the flared circumbinary disk of Eq. 4.38, namely

T 4
incs = T 4

sub = 1
εcs

(
R?

2Rincs

)2
T 4
? (4.42)

Second, in the case of the circumstellar disk whose inner rim is perpendicularly exposed to
the stellar radiation (µ ≈ 1), Eq. 4.41 takes the form

T 4
incs = T 4

sub =
(

2 + 1
εcs

)(
R?

2Rincs

)2
T 4
? (4.43)

As exposed in previous sections of my work, the temperature Tsub at which silicate dust
grains evaporate is ∼1500 K. However, values differing by some hundred degrees can be
found depending on the cooling efficiency of the grains or on the gas density [e.g. Isella
and Natta, 2005, Tannirkulam et al., 2007, Kama et al., 2009]. On this basis, I investigate
a circumstellar disk with a uniform temperature – radially independent – between 1500–
2155 K. The relation between this temperature range and the consequent parametric range of
the rest of variables is graphically represented in Fig. 4.20. Subsequently, in addition to the
four free-parameters introduced in point (i) of the previous model, this model inserts three
free-parameters that describe the geometry and brightness of the uniform circumstellar disk:

• Inner radius of the circumstellar disk Rincs : The smallest value that the inner radius adopts
is given by the limiting case of blackbody-like dust (εcs = 1) exposed to stellar radiation at a
close-to-zero angle (Eq. 4.42). This limiting value corresponds to 0.26 AU (black dashed
line in Fig. 4.20). The greatest value that this parameter can take is as large as 2 AU from the
star, close to the limits determined by the binary truncation effects. The explored range of
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Figure 4.20: Relation between the magnitudes Tincs , Rincs and εcs of Eq. 4.41 that describe
the geometry and luminosity of the proposed circumstellar disk. The parameter space
analysed with the optimization routine is confined by the red and blue solid lines.

0.26–2 AU includes also the value of 0.455 AU at which perpendicularly exposed blackbody
grains would evaporate according to Eq. 4.43.
• Extension of the uniform disk between its inner and outer rims ∆Rcs: The minimum width
of the disk is given by a nominal value of 0.001 AU. On the contrary, at the outer edge, the
maximum extension of the disk is limited by the binary truncation effects that can reach
about a third of the separation between the stellar pair [Artymowicz and Lubow, 1994],
meaning 2 AU.
• Achromatic emissivity factor εcs: Since the lack of near-IR data prevents a deeper analysis
on the properties of the dust composing the circumstellar disk, instead of applying a dust
opacity law as for the circumbinary structure shown in red in Fig. 4.11, only an achromatic
dependence is assumed (blue trace in Fig. 4.11). The range of this parameter is dictated
by the equations above to comply with the thermal conditions. Therefore, as seen from
Fig. 4.20, the thermal scope starting at the inner radius between the blue and red solid lines
corresponds to a range 0.5 ≤ εcs ≤ 1.

Likewise the tests performed in subsection 4.3.6, I perform the following χ2-minimization
tests with MAGIX:

(i) Combined fit to all datasets with a circumstellar disk bounded to one star
In this attempt, I implement the optimizer MAGIX with all MIDI observational files
and the 97 SED points (Nfiles = 11 in Eq. 4.31) to find the best-fit combination
of values for the 7 free-parameters. As a consequence, the properties of the face-
on (i = 0◦) circumstellar disk remain invariable over the 9 years of observations,
excepting its bounded position to one of its host star on the sky plane.

The resulting traces and its χ2-value are labelled as “combined fit” in the SED (left
panels), visibilities (middle panels) and differential phases (right panels) of Fig. 4.21.
The values of the 7 free-parameters can be also observed in the panels of Fig. 4.23.

(ii) Fit per epoch with a circumstellar disk bounded to one star
As in point (iii) of subsection 4.3.6, here the SED + each MIDI dataset is fitted
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independently per epoch, therefore each run consists of Nfiles = 3 (excepting the
first epoch with grouped dates in December 2004). This test was performed for a
circumstellar disk oriented face-on to the observer (i = 0◦). The corresponding best-fit
curves to the experimental data are shown in Fig. 4.21.

The inclusion of an additional component surrounding one stellar component, as demon-
strated in Fig. 4.21, clearly improves the fit of the observed infrared flux of V892 Tau. The
inadequacy of this model may lie in the rigid location of the uniform disk-like emission that
prevents a good fit to the MIDI differential phases, also reflected in still largely deviated
χ2-values. Especially questionable is the result for a “combined fit” of datasets with a value
of about 18. The minimization is nonetheless improved for the examination of fits “per
epoch”, in some cases (e.g. 20-10-2013 or 20-12-2013) showing values less than 5.

In Fig. 4.22 I show the MCMC corner plots produced with MAGIX for both tests executed
for this case of a non-inclined circumstellar disk. The figures present the 2σ-probability
distribution of all free-parameters and the least χ2-value denoted with a blue line.

The values of the 7 parameters for each epoch are graphically summarized in Fig. 4.23.
The best-fit values of the parameters defining the circumbinary disk show different trends
over the independent tests: Tincb has an average of ∼ 300 K with a standard deviation of
50 K, qcb lies consistently on the lowest border of the parameter space at 0.4, Rincb averages
a value of 17 AU and fluctuates over 1.3 AU, and Σincb largely varies all over the parametric
space. On the other side, although the thickness ∆Rcs of the circumstellar disk seems
consistently small, its inner rim Rincs arises at different radii from the star. This means that
also the temperature at such radii varies between 760–2150 K. The emissivity, in turn, reflects
results that steadily lie on the border of the parametric space at 0.5. Although the last panel
of Fig. 4.23 showing the coordinates (αcs, βcs) does not correspond to a free-parameter, it
illustrates the position of the star that hosts this uniform circumstellar disk in accordance
with Fig. 4.13.

117



CHAPTER 4. MID-IR INTERFEROMETRIC STUDY OF V892 TAU

10
-14

10
-13

10
-12

10
-11

10
-10

λ
 F

λ
 [

W
 m

-2
]

(i) combined fit: χ
2
=17.53

(ii) fit 1 and 2 date: χ
2
=12.18

10
-14

10
-13

10
-12

10
-11

10
-10

λ
 F

λ
 [

W
 m

-2
]

(i) combined fit: χ
2
=17.53

(ii) fit 1 and 2 date: χ
2
=12.18

10
-14

10
-13

10
-12

10
-11

10
-10

λ
 F

λ
 [

W
 m

-2
]

(i) combined fit: χ
2
=17.53

(ii) fit 3 date: χ
2
=24.75

10
-14

10
-13

10
-12

10
-11

10
-10

λ
 F

λ
 [

W
 m

-2
]

(i) combined fit: χ
2
=17.53

(ii) fit 4 date: χ
2
=4.18

10
-14

10
-13

10
-12

10
-11

10
-10

1 10

λ
 F

λ
 [

W
 m

-2
]

WAVELENGTH (µm)

(i) combined fit: χ
2
=17.53

(ii) fit 4 and 5 date: χ
2
=3.75

0.05

0.10

0.15

0.20

V
IS

IB
IL

IT
Y

45.62m

46.09
°

0.05

0.10

0.15

0.20

V
IS

IB
IL

IT
Y

48.46m

91.97
°

0.05

0.10

0.15

0.20

V
IS

IB
IL

IT
Y

37.24m

37.49
°

0.1

0.1

0.2

0.2

V
IS

IB
IL

IT
Y

89.37m

82.32
°

0.05

0.10

0.15

0.20

8 9 10 11 12 13

V
IS

IB
IL

IT
Y

WAVELENGTH (µm)

58.28m

100.67
°

-60

-40

-20

0

20

40

60

D
IF

F
E

R
E

N
T

IA
L

 P
H

A
S

E
 (

°)

2
8
-1

2
-2

0
0
4

-60

-40

-20

0

20

40

60

D
IF

F
E

R
E

N
T

IA
L

 P
H

A
S

E
 (

°)

3
0
-1

2
-2

0
0
4

-60

-40

-20

0

20

40

60

D
IF

F
E

R
E

N
T

IA
L

 P
H

A
S

E
 (

°)

0
4
-0

9
-2

0
0
9

-60

-40

-20

0

20

40

60

D
IF

F
E

R
E

N
T

IA
L

 P
H

A
S

E
 (

°)

2
0
-1

0
-2

0
1
3

-60

-40

-20

0

20

40

60

0.08 0.09 0.10 0.11 0.12

D
IF

F
E

R
E

N
T

IA
L

 P
H

A
S

E
 (

°)

2
0
-1

2
-2

0
1
3

λ
-1

Figure 4.21: Likewise Fig. 4.17, this figure traces the best χ2-fits for the model consisting of
a stellar pair, circumbinary and circumstellar disk. The flux contribution of the circumstellar
component better reproduces the near-IR emission observed in the SED. However, its position
adhered to one of the stars obstructs a finer fit to the differential phases of the right panels.
The dashed lines correspond to the test which combines all datasets, whereas the black solid
lines characterize the results of the fits per epoch of observation.

118



4.3. MODELLING OF DATA

Figure 4.22: MCMC corner plot of the test with grouped datasets using model 2. The
plot reunites the one- and two-dimensional projections of the posterior 2σ-probability dis-
tributions of the 7 free-parameters, as well as the best χ2-value traced with blue lines. In
analogy with the description of Fig. 4.18, the reader must be aware that the darkest site
corresponding to the peak (mode) of the 2σ-probability and the site of the χ2 blue line may
not coincide due to the difference between the probability function and the χ2-function.
The best χ2-values nevertheless lie within the three dashed vertical lines delineating the
one-dimensional projection of the 2σ-space. Three dashed vertical lines should be seen in
every one-dimensional histogram, unless the dashed line of the 50-percentile matches the
anterior or posterior limit of the 2σ-distribution, or in turn these two confining dashed lines
coincide with the edge of the parameter space.
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Figure 4.22: Model 2: resulting MCMC corner plot using the dataset of the first epoch alone
– 28-12-2004 and 30-12-2004 –.
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Figure 4.22: Model 2: resulting MCMC corner plot using the dataset of the second epoch
alone – 04-09-2009 –.
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Figure 4.22: Model 2: resulting MCMC corner plot using the dataset of the third epoch
alone – 20-10-2013 –.
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Figure 4.22: Model 2: resulting MCMC corner plot using the dataset of the fourth epoch
alone – 20-12-2013 –.
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Figure 4.23: Parametric values of the 7 variables which produce the least χ2-results and,
consequently, the finest fits of Fig. 4.21. The values of the combined test are traced with
dashed horizontal lines over the entire boxes and labelled as “combined”. The optimized
values for independent datasets are depicted with dots above their respective epoch. The
coordinates (αcs, βcs) show the fixed position of the star that hosts the disk (similar to
Fig. 4.13).
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4.3.8 Third model: Temperature-gradient model of a binary system with a
geometrically flat circumbinary disk and a dusty disk-like component
in the circumbinary cavity

The fact that a circumstellar disk is attached to one stellar component, like in the previous
subsection 4.3.7, creates an asymmetry effect but narrows a decent fit to the MIDI differential
phases. In this third model I hypothesize the existence of a dusty free-floating component
inside the cavity which separates the central pair from the circumbinary disk (Fig. 4.10). The
flux of this uniform disk-like emission, Fdc,i=0(λ), is added up to the total flux of the system

F3m(λ) = Fbin(λ) + Fcb,i(λ) + Fdc,i=0(λ) (4.44)

and to the normalized complex visibility

V3m,λ(u, v) = Fbin(λ)Vbin,λ(u, v) + Fcb,i(λ)Vcb,λ(u, v) + Fdc,i=0(λ)Vdc,λ(u, v)
F3m(λ) .

(4.45)
Although an inclination dependence of this disk-like structure is plausible, this investiga-

tion aims at confirming the presence of this near-IR source with the least possible number
of free-parameters and based on mid-IR observations. Therefore, I adopt simply a face-on
configuration. The undetermined location of this emission and the absence of an inner rim
due to its independence of a host star make necessary some modifications in comparison to
the previous model, and the addition of two additional free-parameters, resulting in a total of
9 variables:
• Uniform temperature of the dusty disk Tdc: The inserted dusty component, instead of being
a ring-like structure around a star, is a uniform disk with homogeneous temperature over
its whole extension. This means that a relation between parameters as seen in Eq. 4.41 is
unnecessary. The temperature range of this parameter is, nevertheless, investigated in a
space between 500–2000 K, suggested by the wavelength range at which the photometric
measurements show the peak emission in the near-IR. This interval encompasses the dust
sublimation temperature of silicate grains.
• Outer radius of the disk Routdc : The size of this emission is given by the radius of the
uniform disk scanned over a nominal value of 0.001 and 2 AU. This limit is set based
on predictions of the binary truncation effect for the estimated separation between stellar
components of V892 Tau.
• Achromatic emissivity factor εdc: Similarly to the previous model, only an achromatic
dependence is assumed for this free-floating component (blue trace in Fig. 4.11). The
parameter εcs is therefore scanned over its entire range, from 0 to 1.
• Coordinates of the center of the dusty component in the non-projected plane (αdc, βdc):
Since the peak of the SED suggests a hot object with a temperature circa 2000 K and it is
presumably formed of dust, I restrict its search to a radius of ±125 mas (∼9 AU) within
the circumbinary cavity, where the vicinity to the stellar pair can induce such high dust
temperatures. Although this search is carried out for the non-projected plane involving
the stars and the circumbinary disk (results of the corner plots), the last panel of Fig. 4.26
displays the position of the additional component on the sky plane (projected plane).

On the basis of this 9 free-parameter model, the following MAGIX χ2-minimization
tests were performed:

(i) Combined fit to all datasets with a dusty hot component

As in point (i) of subsection 4.3.7, the SED + the 5 MIDI observing epochs are fitted
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altogether (Nfiles = 11). This implies that the location of the dusty component, its
morphology and the one of the circumbinary disk remain constant along the years of
observation. The produced traces and χ2-value are shown as “combined fit” in the
panels of Fig. 4.24 and Fig. 4.26.

(ii) Fit per epoch with a dusty hot component

This minimization allows me to test signatures of variability, both in location and
morphology of the components, or, in its defect, trends observed over the 9-year span.
The 9 free-parameter model was independently fitted to each of the MIDI observing
epochs + the SED measurements, containing a dataset of Nfiles = 3 (excepting the
first epoch that has Nfiles = 5) and offering more flexibility to the fitting capacities of
the numerical routine. The best fits to the observed visibilities, chromatic phases and
SED points are plotted in Fig. 4.24 under the label “fit per epoch”. The fluctuation of
the calculated parameter values are depicted in Fig. 4.26.

The advantage of this model is the unrestrained location of the dusty component. First,
the blackbody emission of this uniform disk-like structure fills the observed near-IR excess
and, second, it acceptably modulates the large mid-IR differential phases. This is shown in
Fig. 4.24, where systematically lower reduced χ2-values were obtained. Even when fitting
all the epochs simultaneously via the “combined fit” experiment, the reduced χ2 remains
rather low (χ2 = 6.49) compared to the two previous models. Moreover, the fit to the
observed data is improved for all dates when considering independent datasets (“fit per
epoch”). This result points to a temporal variability and/or asymmetry in the components
forming the system V892 Tau. Because of its finer results – both visually and numerically – I
consider this model as the closest and most representative outcome of this investigation. The
corresponding corner plots produced by the MCMC algorithm for the combined experiment
and each independent dataset per epoch are displayed in Figs. 4.25.

In the eight panels of Fig. 4.26 I illustrate the best-fit values of the 9 free-parameters
obtained with the two tested cases. The parameters of the circumbinary disk show different
trends. On the one hand, the temperature at the inner rim Tincb and its radius Rincb are
congruent over the epochs within a 10% variation. On the other hand, the temperature
power-law qcb and the surface density at the inner rim Σincb include larger fluctuations from
epoch to epoch over the parametric space.
The best-fit parameters for the dusty component seem less spread out for the different
individual optimizations, being only the fourth epoch (20-12-2013) slightly deviated from
the common trend of the rest of observing runs. Indeed, according to this tendency, the
uniform temperature of the dusty component is close to the upper limit of the parametric
space (Tdc ∼ 2000 K), the compact size of the disk is Routdc ∼ 0.15 AU, and its emissivity
factor is established at εdc ∼ 0.4. Especially, both, the independent and combined fits,
point to an emission feature in the projected plane represented by the additional dusty
component located in the close central region of the stellar pair, in an area with coordinates
(αdc = −1.78± 29 mas, βdc = 10± 37 mas). Interestingly, this result agrees with the west
lobe detected through image reconstruction by Monnier et al. [2008] (Fig. 4.3).
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Figure 4.24: Best χ2-fits for the model consisting of stellar pair, circumbinary disk and
dusty component inside the large cavity. The flux contribution provided by the new source of
near-IR emission, as well as its location closer to the central stars, satisfactorily simulate the
near-IR bump revealed through the SED measurements and the MIDI data. The tests with
combined datasets and independent epochs are respectively depicted with gray dashed and
solid black lines. For a better visualization, only the curve of the near-IR source is plotted in
addition to the total flux of the SEDs.

127



CHAPTER 4. MID-IR INTERFEROMETRIC STUDY OF V892 TAU

Figure 4.25: MCMC corner plot for the experiment that groups all datasets and SED
measurements with the parametric model 3, which consists of a stellar pair, circumbinary
disk and additional dusty component nearby the central stars. The plot reunite the one-
and two-dimensional projections of the posterior 2σ-probability distributions of the 9 free-
parameters, as well as the best χ2-value traced with blue. In the one-dimensional histograms,
three vertical dashed lines delineate respectively the anterior, 50-percentile and posterior
borders of the 2σ-probability distribution. If the central dashed line coincides with one of
the borders, or in turn the boundaries match the edge of the parameter space, less dashed
lines might be apparently noticed. The difference between the probability function and the
χ2-function may cause an imprecise coincidence between the histogram peak (mode) and
the blue lines. On the top of each parameter, the mode of the distribution and the 2σ range
are indicated. It is important to remark that the best-fit curves of Fig. 4.24 were obtained
specifically with the least χ2-values indicated by the blue line.
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Figure 4.25: Model 3: resulting MCMC corner plot using the dataset of the first epoch alone
– 28-12-2004 and 30-12-2004 –.
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Figure 4.25: Model 3: resulting MCMC corner plot using the dataset of the second epoch
alone – 04-09-2009 –.
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Figure 4.25: Model 3: resulting MCMC corner plot using the dataset of the third epoch
alone – 20-10-2013 –.
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Figure 4.25: Model 3: resulting MCMC corner plot using the dataset of the fourth epoch
alone – 20-12-2013 –.
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Figure 4.26: Values of the 9 free-parameters obtained for the third model of V892 Tau with
the minimizer MAGIX. These parameter vectors produce the finest fits to the experimental
data in Fig. 4.24 and consequently the least χ2-values (also seen with blue lines in the
corner plots). The results correspond to the combined and individual experiments, and are
respectively labelled. The last panel displaying the coordinates (αdc, βdc) shows the location
of the proposed hot component for each case.
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5
Discussion and Prospects

5.1 On the results of the temperature-gradient modelling

The temperature-gradient modelling and MAGIX reduction favour a configuration of the
Herbig Ae/Be object V892 Tau consisting of an equal-brightness stellar pair, an extended
circumbinary disk and a small dusty disk-like component located inside the cavity of the
circumbinary disk, close to the central stellar pair.

The model fitting confirms that the inner edge of the rather irradiated (qcb ∼ 0.4)
circumbinary disk is located at Rincb ∼ 17.5 AU from the barycentre of the stellar pair. The
derived dust temperature at the inner edge is ∼ 300 K, which would translate to a cooling
efficiency of ε = 0.29 according to Eq. 4.38. The modelled circumbinary disk considers an
opacity law that shapes the N-band silicate feature present in the MIDI and ISO spectrum
of V892 Tau. Thus, my results disagree with the ones of Monnier et al. [2008] since they
found a much higher temperature of 450 K at the inner edge of the disk, and considered a
stellar pair producing an excessive photospheric flux with a high luminosity of 400L�. I
explain their overestimation in terms of, first, the consideration of only a circumbinary disk
which emits as an optically thick blackbody, and second, the negligence of an additional
near-IR emitting component in their study, whose absence obligates to increase both the
temperature of the circumbinary component and the luminosity of the stars to reward the
spectro-photometric measurements.

Indeed, the best result of this examination reveals that a uniform disk-like structure with
a tentative size of Routdc ∼ 0.15 AU is preferentially located within an area of ±30 mas
(∼ 4 AU) west of the center. This component can produce enough infrared emission to
reproduce well the observed infrared excess at 2µm (45%), 5µm (60%), and at 8µm
(10%). Moreover, the dusty component would have a temperature of Tdc ∼ 2000 K and
an emissivity of εdc ∼ 0.4. The inclusion of this additional source allows to reproduce the
variable visibilities at the short edge of the N-band and the bumpy differential phases.

In spite of these results, I am aware that the limitations of modelling mid-IR inter-
ferometric data based on visibility building blocks of axisymmetric objects hardly allows
to conclude on the exact nature of the near-IR source. However, based on the advantage
of multi-epoch interferometric observation in the mid-IR, my investigation reports on the
necessary existence of an additional hot dusty component in the central environment of
the binary to reproduce the near-IR excess observed in the SED of V892 Tau, as reflected
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Table 5.1: Summary of the best normalized χ2-values per observing run obtained for the
experiment “fit per epoch” with the third model.

Epoch
28-12-2004
30-12-2004

04-09-2009 20-10-2013 20-12-2013

χ2 ≡ χ2/ν 3.82 4.48 4.15 1.74

in subsections 4.3.7 and 4.3.8. Nevertheless, in the panels showing the best parameter
values some trends and correlations over time can be established. I contemplate that the
variable MIDI visibilities and non-zero phases could be explained almost equally well by
non-axisymmetric starlight scattered off the circumstellar component/s in the pair or by a
free-floating (sub)stellar companion, making it difficult to discriminate between the exposed
“circumstellar disk” and “dusty component” configurations. Similar degeneracy has been
reported with closure-phase observations of other protoplanetary disks [e.g. Cieza et al.,
2013, Olofsson et al., 2013, Di Folco et al., 2014].

Interpretation of the best χ2-values

At first sight, the synthetic visibilities, differential phases and SED of the third model with a
binary system, a circumbinary disk and an additional hot free-floating component adequately
fit the mid-IR experimental data and the broadband SED, with some small deviation especially
at the shortest wavelengths of the N-band. The independent fit of this model also numerically
shows the least χ2-values (summarized in Table 5.1) that can be used for a further test of
their goodness per observing date.

In theory, the χ2-distribution is an asymmetric distribution whose minimum value is 0,
but has no maximum value as it approaches the horizontal axis. The shape of this distribution
depends on the degrees of freedom. Its mean is the degree of freedom (µ = ν) and the
standard deviation is twice the degree of freedom (σ2 = 2ν). Then, for a given significance
level α (commonly the 5%) and from an appropriate table or graph1, the value χ2

ν,α ≡ χ2
ν,α

can be determined. This value is subsequently compared to the measured χ2 ≡ χ2/ν to
establish the level of confidence of the model.

As seen from subsection 4.3.5, the degree of freedom for the particular “fit per epoch”
case with three datafiles of the best model of V892 Tau can be quantified as

ν = Nfiles ×Npoints −Nfree = 3× 97− 9 = 282

and consequently µ = 282 and σ2 = 564.
The larger the degrees of freedom, the more spread out and approximate to a normal the

χ2-distribution. In other words, the approximation is much better at much larger ν. At such
high value of ν, any significance α of the literature shows that the values of χ2 of Table 5.1
are much less than any χ2

ν,α. Then, this drives me to conclude that: (i) either the model is
valid but that a statistically improbable excursion of χ2 has occurred, (ii) the values of σerror

i

in Eq. 4.29 have been overestimated, or (iii) the data is fraudulent or “too good to be true”. A
too small value of χ2 is not indicative of a poor model. On the contrary, the closer to the
mean value of 1 the better. Hence, the numerical minimization can be positively validated.

From this test, it may arise the question whether the rest of models that also show a
small χ2-value in comparison to their degrees of freedom are valid. However, at this point,

1Multiple samples of χ2-distribution tables are available on the internet, for in-
stance at https://www.medcalc.org/manual/chi-square-table.php, or
http://math.arizona.edu/∼piegorsch/571A/TR194.pdf
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intuition and visual judgement of the fits serve as an indicator to corroborate the results. For
instance, I conclude that the “fit per epoch” of all observing runs in Fig. 4.24 is better than
the other tests because it has a χ2-value closer to 1 and, visually, it clearly shows a finer
reproduction of the observational data. Moreover, the optimization and error estimation via
the MCMC method reinforce the adopted results because they determine a 2σ-probability
range for each parameter, within which the best χ2-value is contained and mostly matches
the mode of the distribution.

Temperature of the additional dusty component

The arguments mentioned above concerning the limitations of the modelling also impede
to make conclusive statements on the disk size and shape of the introduced hot component.
On the contrary, the derived value of ∼2000 K for the effective temperature can be further
discussed since it has direct impact on the geometrical and chemical properties of the dust
grains forming this source.

Independently on the exact location and shape of a dusty structure close to the central
stars, the sublimation front and temperature contributes to define the physical conditions
in the dusty planet-forming region. It has been confirmed [e.g. Natta et al., 2001, Tuthill
et al., 2001, Isella and Natta, 2005] that near-infrared excesses seen as a bump in the 2–8 µm
SED region of Herbig Ae/Be are compatible with the size of a frontally illuminated, and
therefore hotter, rim. The size of this rim is correlated with the luminosity of the central
stars and consistent with the dust sublimation radius of silicate grains at a temperature of
1500 K. However, for a significant sample of objects, the advantages of spectrally-resolved
interferometry has further revealed the presence of an additional hot component emitting
from within the sublimation radius [e.g. Kraus et al., 2008a,b, Tannirkulam et al., 2008,
Eisner et al., 2009].

Alternative interpretations proposed to explain the near-IR excess between 2–8µm and
the existence of hotter emission within the sublimation radius are: an extended (spherical)
dusty envelope [e.g. Vinković et al., 2006], disk winds [e.g. Bans and Königl, 2012], mag-
netically lifted grains [e.g. Ke et al., 2012], supported disk atmosphere [e.g. Turner et al.,
2014] and dependence on grain size of cooling efficiency and dust settling [e.g. Tannirkulam
et al., 2007]. Moreover, recently, a statistical study on the milliarcsecond morphology of
the near-IR emission around 51 HAeBe objects found that dust at the inner rim of the disks
has a sublimation temperature of 1800 K, corresponding to carbon instead of silicates, and
justifying dust survival in more hostile environments [Lazareff et al., 2017].

In conclusion, I believe that the found effective temperature for the introduced additional
component of V892 Tau of ∼2000 K is plausible, and can be validated by some of the
frameworks mentioned above. This value, indeed, may point to a circumstellar environment
consisting of a mixture of silicate and graphite. Such composition has been previously used to
probe the circumstellar environment of Herbig Ae stars [e.g. Il’In and Krivov, 1994, Ragland
et al., 2012]. Also, the relatively high temperature suggested for the dusty component cannot
be simply compared to the canonical value of 1500 K typically used in other works. One
reason is that the dust sublimation temperature depends as well on the gas partial pressure as
highlighted by Kama et al. [2009], where they show that the dust sublimation temperature
can rise to up to 2000 K with increasing gas pressure.

Only dedicated near-IR direct imaging and spectrally-resolved interferometry observa-
tions will allow to discriminate the different scenarios.
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Asymmetry and morphology of the additional dusty component

In addition to the large circumbinary disk surrounding the stellar pair of V892 Tau, the
best-fit result of this work proposes a small disk-like dusty object in the vicinity of the central
stars to produce a non-zero interferometric phase signal.

The detection of such asymmetrical brightness distribution has been possible also for
other – although single – objects with transition disks. For instance, aperture masking
observations in the near-IR have revealed a (proto)planet surrounded by dusty material within
the gap of the transition disk around of LkCa 15, at about 15 AU from the main component
[Kraus and Ireland, 2012]. Similarly, Naos-Conica (NACO) observations of T Chamaeleontis
in the L’- and K-band reported a substellar companion separated ∼7 AU, which was detected
in the L’-band but unseen in the K-band. This redness is attributed to its youth and amount
of dust around it [Huélamo et al., 2011]. Later, however, interferometric, photometric and
imaging observations allowed Olofsson et al. [2013] to conclude that the near-IR excess of
T Cha is explained by two concentric dusty circumstellar disks separated by a gap, and that
the phase signals may arise from the asymmetry generated by forward scattering by dust
grains in the upper layers of the outer disk. Near-IR scattered light imaging observations
have also shown that the spatial distribution of dust of protoplanetary disks may display
spiral arms [e.g. Benisty et al., 2015, Dong et al., 2018]. Although two-arm spiral arms are
more common in disks surrounding HAeBe, asymmetric cases like the one-arm spiral disk
around V1247 Ori have been observed. Such asymmetry can be induced by the presence of
an unseen companion and/or ongoing planet-forming processes [Ohta et al., 2016].

In the particular case of V892 Tau, the asymmetric mid-IR emission of the large transition
disk was already reported by Monnier et al. [2008], and their interferometric data was better
fitted by a “skewed asymmetric ring model” (Fig. 4.3). These authors attributed such
emission to the dynamical interaction between the eccentric binary and the surrounding
disk via resonances or disk warping. Although such brightness distribution indeed may
generate a modulation in the phase, I deduce that the separation between the circumbinary
disk and the stars is too large to heat the grains up to the temperatures needed to simulate the
near-IR excess of the SED. Nonetheless, if the emission were indeed originating from the
∼18 AU circumbinary disk, a possible explanation to account for an asymmetric centroid
of light and very red color (K−N), meaning detectable in the N-band and imperceptible
in previous near-IR observations [e.g. Smith et al., 2005, Monnier et al., 2008], would
be that a (sub)stellar companion were highly obscured along the line of sight by the dust
of the large disk. The natural scenario that my investigation explores is that the unseen
companion, modelled by a small disk-like source, is under the radiative influence of the
luminous central stars. Hence, the range of search encompasses only the circumbinary cavity
in a non-projected space of ±125 mas with respect to the barycentre (∼35 AU in diameter).
In such a scenario, the non-detection by previous high-angular resolution observations would
be justified if the newly proposed near-IR source were too close to the stars.

In binary PMS objects with disks, asymmetries may have different grounds due to their
complex density structures. Supposedly, two inner circumstellar disks located inside the
Roche lobes, rotating around the individual stars, and a circumbinary disk outside the L2
and L3 Lagrangian points may coexist [Fig. 2.17; Lubow and Artymowicz, 1997]. In
addition, streamers from the CB feed up the CS, otherwise they would not survive. In the
framework of intermediate-separation PMS binaries, there are only two well known systems
where such a complex structure has been directly imaged: GG Tau A with a separation
of components of 36 AU [Guilloteau et al., 1999, Dutrey et al., 2014] and UY Aur with a
separation of ∼100 AU [Hartigan and Kenyon, 2003, Tang et al., 2014]. High-resolution
numerical simulations have allowed Günther and Kley [2002] to show that these two stellar
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systems, due to a mass ratio different from unity, still after many orbital periods show an
asymmetric configuration. Near-IR scattered light and CO observations show that UY Aur is
highly inhomogeneous [Dutrey et al., 2016]. Furthermore, it has been shown that the T Tauri
binary object CS Cha (separation ca. 4 AU and circumbinary cavity size of about 38 AU)
experiences mid-IR variability due to mass variation and illumination of optically thin dust,
which in addition to the optically thick inner edge of the circumbinary disk, is present in the
circumbinary inner hole and especially in the two streams connecting the saddle points and
the two inner CS disks [Nagel et al., 2012].

To conclude on whether the asymmetry and the near-IR excess detected in V892 Tau
emerge from inhomogeneous dust overdensities around the individual stars or along streamers
is beyond the bounds of this investigation. According to the simulations by Günther and
Kley [2002], equal-mass binaries on a circular orbit are expected to reach a quasi-stationary
symmetry with respect to the line connecting the stars. From the initial assumptions on the
stellar pair adopted in my research, the same picture would be expected for Elias 1. On the
other hand, shocks from the CB disk to the outer rim of an hypothetical CS disk (or the other
way around) may be quite bright and produce strong thermal radiation, especially in the
X-ray band [e.g. Shi and Krolik, 2016, and references therein]. Consequently, if existing,
these shocks may also decipher the X-ray activity reported in V892 Tau.

To my knowledge, on the side of HAeBe objects, only the binary HD142527 [Biller
et al., 2012], with a separation of 13 AU, may posses a large circumbinary cavity, a circum-
stellar disk and/or an unseen planetary companion. For this reason, based on multi-epoch
mid-IR interferometric observations, this report on the detection of a hot component in the
central neighbourhood of V892 Tau brings new insight in the field, and offers a benchmark
for advancing theoretical hydrodynamical simulations of dynamically disrupted circumbi-
nary environments. Near-IR high-angular resolution observations with interferometry and
imaging are compelled to unambiguously determine the nature of the near-IR excess in the
circumbinary cavity of V892 Tau.

5.2 V892 Tau in the era of second generation instruments

Allocated NACO and GRAVITY observations

A step forward has been taken in this project by proposing the acquisition of high-resolution
near-IR data of V892 Tau in the oncoming ESO observing period. For the first time, V892 Tau
will be observed in the near-IR with the imaging instrument NACO [Lenzen et al., 2003]
and the interferometric instrument GRAVITY [Gravity Collaboration et al., 2017a]. This
allocated time will serve to probe the circumbinary cavity and determine the morphology
and precise location of the hot source detected by this mid-IR interferometric investigation.

According to the SED modelled in this study (Fig. 4.24), the detected near-IR component
provides ∼30% of the total luminosity in H-band (1.75µm) and ∼50% in K-band (2.24µm).
Therefore, the object to be resolved by the new observations would correspond to magnitudes
of H = 8.5 and K = 7. For comparison, the magnitudes of the system V892 Tau in the
different filters are: V = 14.7, H = 7, K = 5.8. Moreover, from the orbital solution of the
binary system, I predict a separation between stars of ρ ∼ 45 mas at the time of the planned
acquisitions.

The combined observations with the two instruments will allow to explore different
spatial scales within the inner circumbinary edge (Fig. 5.1) and discriminate between the
here proposed second and third model:

1. On the one hand, if the near-IR excess source is not bound to any stellar component
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but instead rather separated from the barycentre by more than 60 mas (∼8 AU), the
NACO diffraction-limit resolution in K-band will detect it with a good signal-to-noise
ratio (SNR∼1200). Although H-band data will be simultaneously recorded and allow
to refine the binary orbit, the observing run is intended in K-band because at this range
the data contains little contamination from the circumbinary disk, and at the same time
the stellar contribution is also less than in the H-band.

NACO is assisted by the NAOS adaptive optics system which is equipped with one
infrared (IR-WFS, 0.8–2.5 µm) and one visible wavefront sensor (VIS-WFS, 0.45–
1 µm). In the case of the proposed observations of V892 Tau, the IR-WFS will be
implemented with the science star itself as reference star, allowing to achieve a Strehl
ratio on target of ∼35%. The dichroic configuration will be N90C10, which means
that 90% of the light will be used for the NAOS WFS, and only 10% transmitted to
the CONICA camera.

The high-resolution capacity of NACO for around two decades has been probed to
be fundamental in the characterization of the dusty environment around YSOs, such
as in the case of TY CrA [Chauvin et al., 2003], GG Tau A [Di Folco et al., 2014],
HD100546 [Stolker et al., 2016b] or HH250 [Comerón et al., 2018].

2. On the other hand, if the source of near-IR excess emission is of circumstellar nature,
it will be detected and characterized with GRAVITY. The interferometric field-of-view
of the VLTI is limited to the Airy disk of each individual aperture, i.e. 250 mas for the
ATs and 60 mas for the UTs in K-band. The proposed observations with the UTs will
reach a high-angular resolution of∼2 mas (sub-AU resolution) for a baseline of 100 m,
allowing to detect the innermost structures associated to the stars. One snapshot with
GRAVITY produces six baselines (four UTs), making possible safe modelling with
little degeneracy associated to the central pair. The offered visibilities are expected to
vary between 0.2 and 1 depending on whether the near-IR emission is bounded or not
to any of the stars.

The observations will benefit from the single-field mode of GRAVITY, consisting
of splitting 50–50% the source light for the fringe tracking channel (FT) and the
science channel (SC). The FT is performed at a frequency of approximately one kHz
to correct for the atmospheric and instrumental piston, i.e. the residual OPD between
the combined beams, by modulating piezo mounted mirrors within the instrument.
The FT spectrometer always operates at low spectral resolution (∆λ/λ ∼ 20), but the
planned observations will be obtained at high resolution (∆λ/λ ∼ 4000), allowing to
resolve spectral features within the K-window, such as the Brγ line (2.166 µm), the
He I line (2.057µm) or the CO bandheads between 2.3–2.4µm.

The GRAVITY interferometric visibilities, differential phases, closure phases and high-
resolution spectrum will allow to constrain not only the hot dusty object’s structure,
but also the gas distribution due to the spectro-interferometric information. Each of the
spectral lines mentioned above are associated to different processes and regions of the
system. For instance, the CO bandheads may trace warm (>1000 K) neutral gas which
usually spatially extends and comes from the region between the stars, corresponding,
for example, to gas streams between inner circumstellar disks. The Brγ, on the
contrary, traces hot (>10000 K) ionised gas and may reveal both mass accretion and
ejection processes. The spectral lines make it possible to determine whether they are
associated to the primary star, secondary star, or the extended environment. A further
comparison with the phase and visibility signals permits to indicate where each of the
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lines originate in the system and determine the source of brightness asymmetry [e.g.
Gravity Collaboration et al., 2017b, Kraus et al., 2017a].

The future with MATISSE

The upcoming second generation instrument MATISSE for the VLTI [Lopez et al., 2014]
will allow to continue the exploration of V892 Tau with a spectral resolution 30–5000, and a
spatial resolution 5–10 mas. The four-beam combination will be possible in the L- (3–4 µm),
M- (4.5–5 µm) and N-band (8–13 µm), offering six baselines simultaneously and including
the analysis of closure phases in the mid-IR.

In the particular context of V892 Tau, MATISSE will provide a better uv-coverage than
existing 2-beam combiners, and the possibility of applying image reconstruction techniques
to reveal the details of the circumbinary disk over a wider wavelength range. This is expected
to improve the results obtained with MIDI in this investigation and the previous report by
Monnier et al. [2008]. If the mid-IR brightness asymmetry observed in the circumbinary
disk is unrelated to the hot near-IR source here discussed, it can be caused by an embedded
protoplanet or signatures of planet formation, such as spiral arms, or dust overdensities
pointing to the evolutionary status of grains. The feasibility of MATISSE to detect forming
protoplanets around PMS at intermediate distances, and even at a low flux ratio between
the hosting star and the embedded source, has already been probed by Brunngräber and
Wolf [2018] and will be one of the promising areas of exploitation of this state-of-the-art
instrument.

Figure 5.1: Sketch of the expected sky view at the time of the new granted observations,
end of 2018. The separation between the stars will be ∼45 mas. The turquoise area depicts
the 1σ-area where the proposed dusty component would be located according to my best-fit
measurements. The red and blue circles show the diffraction-limit resolution of GRAVITY
and NACO, which will complement each other to explore the entire cavity.
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5.3 On the new Gaia high-precision parallax measurements of
V892 Tau

Gaia2 is a space observatory of the European Space Agency launched in December 2013
with the purpose of charting a three-dimensional map of the Milky Way and providing
high-accuracy astrometry measurements for more than a billion stars in and beyond our
Galaxy. The range of observations of Gaia covers the visible G-band (central wavelength at
550 nm), and its limiting magnitude encompasses 3 . G . 20.

At the time of this interferometric analysis of V892 Tau, the second intermediate Gaia
data release DR2 [Gaia Collaboration et al., 2018] was published, containing precise po-
sitions, proper motions and parallaxes for more than 1.3 billion objects [Luri et al., 2018].
This updated information revealed that the Herbig object V892 Tau of my investigation has a
parallax of 8.52±0.12 mas, which translates to a distance of 117.5±2.7 pc. This means that
the science target is located ∼16% closer in comparison to the distance of 140 pc credited in
previous works [e.g. Elias, 1978, Smith et al., 2005, Monnier et al., 2008] and this research.

Aware that the assumption of a closer object may modify the obtained results, I carried
out several tests to monitor the possible variations to this work. I considered only the best-fit
case of a binary system surrounded by a circumbinary disk and an additional free-floating
disk-like structure inside the gap, and performed a χ2-minimization modelling with MAGIX
just as the method here adopted, but with a fixing distance of 117 pc instead of the “old”
measurement. The number of free-parameters and the parameter range were identically
maintained. Out of these examinations, the above presented results are reinforced due to the
following conclusions:

1. The parameters describing the circumbinary disk remain stable within the 10% fluc-
tuation previously established (Tincb ∼ 300, qcb ∼ 0.4, Rincb ∼ 17.5 AU and
Σincb ∼ 0.1 kg m−2).

2. Although the value of the emissivity factor and the radius of the new hot component
hardly vary in comparison to the above reported (εdc ∼ 0.4 and Routdc ∼ 0.15 AU),
for some of the tests its temperature decreases up to ∼500 K. I explain such quantity
in terms of Eq. 3.36 and the inverse relation of the flux to the distance of the object.
In order to keep the same flux contribution of the disk, capable of reproducing the
SED in near-IR wavelengths, but at a shorter distance, it is also necessary to reduce
the temperature alleged in the Planck function of the numerator. Obviously, a lower
temperature brings to discussion the geometry and composition of the dust particles
forming the disk. Whereas higher temperatures in the range of ∼1800–2000 K can
be reached by a layout of carbon-evolved grains, lower temperatures contemplate the
existence of silicate grains due to their lowest evaporation temperature. Nevertheless,
I acknowledge that the study of the mineralogy of the source detected through MIDI
observations lies beyond the outlook of my thesis. I commit such scrutiny to the
soon-to-come high-angular resolution data planned with modern instruments and other
techniques and facilities.

3. The freshly determined coordinates in the projected plane still preferentially situate
the hot dusty component in the southern region of the central stellar pair. However,
in comparison to the reported area (αdc = −1.78 ± 29 mas, βdc = 10 ± 37 mas),
from test-to-test the updated values depict a more spread possible site where the
detected near-IR source may lie. As debated in section 5.1, the precise morphology

2Website: http://sci.esa.int/gaia/
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and location of the detected hot emission has to be probed with dedicated near-IR
interferometry and imaging techniques. This investigation in the mid-IR limits itself
to the detection and report on the existence of an additional component inside the
circumbinary cavity of V892 Tau, as it is restricted by only N-band measurements and
modelling of interferometric data based on axisymmetric morphologies.

4. The performed tests do not improve the χ2-values summarized in my investigation.
Nonetheless, from the deliberation on the validity of χ2-fitting presented in section
5.1, they can be well contemplated as adequate. However, the closer proximity to
χ2 = 1 of the here accepted models endorses the preceding analysis.

5.4 Mid-IR study of the T Tauri object AS 209

AS 209, also known as V1121 Oph, is a single T Tauri object located at a distance d = 130 pc
in the Ophiuchus star-forming region, with an age of 0.5–1 Myr [Natta et al., 2006]. This
source has a stellar mass M? = 0.9 M�, a spectral type K5 and luminosity of L? = 1.5 L�
[Tazzari et al., 2016].

The protoplanetary disk around AS209 has been recently resolved with high-angular
resolution ALMA 1.3 mm dust continuum observations [Fedele et al., 2018]. They have
shown that a main central core is surrounded by two prominent rings of radii 75 AU and
130 AU (Fig. 5.2). The rings are separated by two gaps with different widths and depths at
62 AU and 103 AU. Supposedly, the inner gap is filled with millimetre grains while the outer
gap is largely devoid of dust. The origin of the outer gap is attributed to the presence of a
giant planet of ∼0.7 MSaturn at 95 AU from the star3. Although the same planet may explain
the opening of the inner gap by dynamical interactions with the disk, alternative scenarios
point to the presence of another less massive planet in the inner region of the system.

The initial steps to investigate the central mid-IR emission of AS209 have been taken by
reducing and calibrating MIDI interferometric data obtained during two observing runs in
2014 (Table 5.2). The instrumental and calibrated mid-IR visibilities obtained with EWS
are plotted in Fig. 5.3. One snapshot of the science source was acquired on the first run, and
two on the second run. The calibration of each of them with all the available calibrators
registered on one night allows to monitor the long-term variability of the interferometric
transfer function over the given night.

Table 5.2: Journal of observations of AS209 and its photometric and interferometric calibra-
tor HD151011. The flux at 10 µm and the diameter of the calibrator used for the calibration
preocess is 11.5272 Jy and 2.77 mas, respectively.

Date
[dd-mm-yyyy]

Object
UT

[hh:mm]
Baseline

PBL
[m]

PBLA
[◦]

16-04-2014
HD151011 09:07 U3-U4 59.20 118.55
HD151011 09:43 U3-U4 56.20 123.30

AS209 09:57 U3-U4 53.82 122.60

18-06-2014

HD151011 03:53 U1-U3 102.26 33.50
AS209 04:14 U1-U3 102.07 35.25
AS209 04:26 U1-U3 102.29 36.15

HD151011 04:39 U1-U3 102.27 37.40

31 MSaturn = 95.16 M⊕ = 5.683 × 1026 kg
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Figure 5.2: Image of AS209 at the 1.3 mm dust continuum with ALMA. The right picture
remarks the two concentrical rings and the two cavities between them. [Credit: Fedele et al.
[2018]. Reproduced with permission ©ESO.]
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Figure 5.3: N-band instrumental (left) and calibrated (right) visibilities of AS209 obtained
with EWS. The science source and its calibrator are plotted in correspondence with Table 5.2.

The analysis of the available data with the same temperature-gradient method developed
for the analysis of V892 Tau will allow me to complement the (sub)millimetre observations
and compare the properties (e.g. elongation and inclination) of the inner mid-IR and outer sub-
mm disk regions. Moreover, this oncoming investigation will study in detail the inner dust
geometry and properties (radial temperature, density and brightness profile, dust composition,
grain size) along with the dust migration at work in the first few AUs of the disk. This region
is precisely the planet-forming region that the ALMA measurements have failed to assess,
and where the grounds for the inner gap opening are still intriguing.
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Since the temperature range (100–1000 K) is similar to the one studied in V892 Tau, the
semi-physical temperature-gradient model used for this investigation can be applied with
confidence. Furthermore, the multicomponent structure of V892 Tau makes possible to adapt
the existing numerical routine to cases such as the one of AS209. Then, these preliminary
results of the geometric and temperature-gradient modelling can be used for more complex
radiative transfer approximations [e.g. with RADMC-3D; Dullemond and Dominik, 2004b].
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2.1 Left: Map of a portion of the northern sky of the Milky Way (grey), including
the Orion and Taurus GMCs. The brightest stars and prominent constellations
are also labelled. Right: Spatial distribution of known members (>400) of the
Taurus star forming region (crosses and filled circles) as observed by different
runs of the Sloan Digital Sky Survey. The large circles correspond to regions
observed in X-ray ranges with the mission XMM-Newton. The darker
regions in this gray-scale map denote higher densities. [Credit: Luhman et al.
[2017]. Reproduced with permission ©AAS.] . . . . . . . . . . . . . . . . 6

2.2 Schematic view of the stages of star formation. In the lower part of each
panel the referential spatial and time scales of each stage are indicated. a)
Density inhomogeneities in a molecular cloud fragment and gravitationally
collapse to smaller clumps and cores. b) Each core becomes unstable and
self-gravitationally collapses into a protostar. c) A protostar and disk form
from the collapsing envelope when centrifugal forces balance gravitational
forces, causing also winds or jets. d) The envelope settles into an accreting
disk and is dispersed by winds and outflows. The protostar becomes visible
at optical wavelengths with associated outflows and a protoplanetary disk. e)
The protoplanetary disk goes through a transitional phase with the formation
of dust-free gaps due to planet formation. During this pre-main sequence
phase accretion and contraction still may occur. f) A planetary system is
finally formed and the star joins the main sequence when nuclear fusion
in its core begins. [Credit: adapted from Shu et al. [1987], Greene [2001],
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2.15 Left: Illustration of the dispersal time of circumstellar disks traced through
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Keck Interferometer. In P. Léna and A. Quirrenbach, editors, Interferometry in Optical
Astronomy, volume 4006 of SPIE, pages 321–327, July 2000. doi:10.1117/12.390222.

S. H. P. Alencar, C. H. F. Melo, C. P. Dullemond, J. Andersen, C. Batalha, L. P. R. Vaz, and
R. D. Mathieu. The pre-main sequence spectroscopic binary AK Scorpii revisited. A&A,
409:1037–1053, Oct. 2003. doi:10.1051/0004-6361:20031229.

Y. Alibert, C. Mordasini, W. Benz, and C. Winisdoerffer. Models of giant planet formation
with migration and disc evolution. A&A, 434:343–353, Apr. 2005. doi:10.1051/0004-
6361:20042032.

P. R. Allen. Star Formation via the Little Guy: A Bayesian Study of Ultracool Dwarf Imaging
Surveys for Companions. ApJ, 668:492–506, Oct. 2007. doi:10.1086/521207.

P. Andre and T. Montmerle. From T Tauri stars to protostars: Circumstellar material
and young stellar objects in the rho Ophiuchi cloud. ApJ, 420:837–862, Jan. 1994.
doi:10.1086/173608.

P. Andre, D. Ward-Thompson, and M. Barsony. Submillimeter continuum observations of
Rho Ophiuchi A - The candidate protostar VLA 1623 and prestellar clumps. ApJ, 406:
122–141, Mar. 1993. doi:10.1086/172425.

P. André, F. Motte, A. Bacmann, and A. Belloche. The Initial Conditions of Star Formation:
Observations of Prestellar Cores and Young Protostars. In T. Nakamoto, editor, Star
Formation 1999, pages 145–152, Dec. 1999.

P. Andre, D. Ward-Thompson, and M. Barsony. From Prestellar Cores to Protostars: the
Initial Conditions of Star Formation. Protostars and Planets IV, page 59, May 2000.

S. M. Andrews and J. P. Williams. Circumstellar Dust Disks in Taurus-Auriga: The Submil-
limeter Perspective. ApJ, 631:1134–1160, Oct. 2005. doi:10.1086/432712.

S. M. Andrews and J. P. Williams. A Submillimeter View of Circumstellar Dust Disks in ρ
Ophiuchi. ApJ, 671:1800–1812, Dec. 2007a. doi:10.1086/522885.

161

http://dx.doi.org/10.1088/0004-637X/718/1/558
http://dx.doi.org/10.1088/0004-637X/718/1/558
http://dx.doi.org/10.1086/522925
http://dx.doi.org/10.1117/12.390222
http://dx.doi.org/10.1051/0004-6361:20031229
http://dx.doi.org/10.1051/0004-6361:20042032
http://dx.doi.org/10.1051/0004-6361:20042032
http://dx.doi.org/10.1086/521207
http://dx.doi.org/10.1086/173608
http://dx.doi.org/10.1086/172425
http://dx.doi.org/10.1086/432712
http://dx.doi.org/10.1086/522885


BIBLIOGRAPHY

S. M. Andrews and J. P. Williams. High-Resolution Submillimeter Constraints on Circum-
stellar Disk Structure. ApJ, 659:705–728, Apr. 2007b. doi:10.1086/511741.

S. M. Andrews, D. J. Wilner, A. M. Hughes, C. Qi, and C. P. Dullemond. Protoplanetary
Disk Structures in Ophiuchus. ApJ, 700:1502–1523, Aug. 2009. doi:10.1088/0004-
637X/700/2/1502.

S. M. Andrews, D. J. Wilner, A. M. Hughes, C. Qi, and C. P. Dullemond. Protoplanetary
Disk Structures in Ophiuchus. II. Extension to Fainter Sources. ApJ, 723:1241–1254, Nov.
2010. doi:10.1088/0004-637X/723/2/1241.

S. M. Andrews, K. A. Rosenfeld, A. L. Kraus, and D. J. Wilner. The Mass Depen-
dence between Protoplanetary Disks and their Stellar Hosts. ApJ, 771:129, July 2013.
doi:10.1088/0004-637X/771/2/129.

F. Anthonioz, F. Ménard, C. Pinte, J.-B. Le Bouquin, M. Benisty, W.-F. Thi, O. Absil,
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B. Commerçon, P. Hennebelle, E. Audit, G. Chabrier, and R. Teyssier. Protostellar collapse:
radiative and magnetic feedbacks on small-scale fragmentation. A&A, 510:L3, Feb. 2010.
doi:10.1051/0004-6361/200913597.

C. R. Cowley, F. Castelli, and S. Hubrig. The Herbig Ae SB2 system HD 104237. MNRAS,
431:3485–3493, June 2013. doi:10.1093/mnras/stt430.
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I. S. Savanov, B. Wolff, J. F. González, S. Mysore, I. Ilyin, S. P. Järvinen, and B. Stelzer.
Spectroscopic signatures of magnetospheric accretion in Herbig Ae/Be stars. I. The case
of HD 101412. A&A, 592:A50, July 2016. doi:10.1051/0004-6361/201628361.

P. Scicluna, S. Wolf, T. Ratzka, G. Costigan, R. Launhardt, C. Leinert, F. Ober, C. F. Manara,
and L. Testi. Understanding discs in binary YSOs - detailed modelling of VV CrA.
MNRAS, 458:2476–2491, May 2016. doi:10.1093/mnras/stw460.
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Boekel, T. Henning, W. Jaffe, A. Juhász, B. Lopez, J. Menu, A. Moór, L. Mosoni, and
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D. Vinković, Ž. Ivezić, T. Jurkić, and M. Elitzur. Near-Infrared and the Inner Regions of
Protoplanetary Disks. ApJ, 636:348–361, Jan. 2006. doi:10.1086/497895.

M. Vioque, R. D. Oudmaijer, D. Baines, I. Mendigutı́a, and R. Pérez-Martı́nez. Gaia DR2
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