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Abstract

Star formation can be characterised by the presence of accretion disks and outflows that
originate from the inner regions of these disks. Despite playing a crucial role in the star
formation process, the mechanism by which jets are formed is unknown. The jets appear to
originate from the very inner regions of protoplanetary disks, making it difficult to observe
the jet-launching region by conventional means. In order to achieve the high-angular resolu-
tion required to observe the inner disk it is necessary to observe with optical interferometry.
In this thesis I aim to answer the question of how astrophysical jets and winds are launched
from the inner regions of circumstellar disks by observing with spectrally dispersed inter-
ferometry in the near-infrared wavelength regime.

In this thesis I present near-infrared, K-band VLTI/AMBER and VLT/CRIRES observa-
tions of the Herbig B[e] star MWC297. I interpret velocity-resolved images across the Bry
line, as well as the derived two-dimensional photocentre displacement vectors, and fit kine-
matic models to our visibility and phase data in order to constrain the gas velocity field on
sub-AU scales. The velocity-resolved channel maps and moment maps reveal the motion of
the Bry-emitting gas in six velocity channels, marking the first time that kinematic effects
in the sub-AU inner regions of a protoplanetary disk could be directly imaged. The Bry
photocentre shifts trace a rotation-dominated velocity field, where the blue- and red-shifted
emissions are displaced along a position angle of 24° 4 3° and the approaching part of the
disk is offset west of the star. The visibility drop in the line as well as the strong non-zero
phase signals are modeled using a disk-wind model with a poloidal velocity of ~20kms~!.
Simulations show that adding a poloidal velocity component causes the perceived system
axis to shift, offering a powerful new diagnostic for the detection of non-Keplerian velocity
fields.

In addition to the K-band data, I present analysis of AMBER spectro-interferometric data
for MWC297 in the H-band, spectrally and spatially resolving multiple different Brackett
series lines. I use the differential phase data to construct photocentre displacement vectors
for each of the Brackett series lines, which show that all the lines in the H-band trace a
similar velocity field. I construct a global kinematic model for the whole H-band, with the
results showing that the H-band Brackett series lines originate from a compact disk wind
region, with a poloidal velocity of ~220kms~!.

I also present AMBER and CHARA interferometry data along with CRIRES spectroscopy
data (R = 100000) of the Herbig Be star MWC147. The continuum emission is fitted with
an inclined Gaussian and a ring with a radius of 0.60 mas (0.39 au), which is well within the
expected dust sublimation radius of 1.52 au. No significant change is detected in the mea-
sured visibilities across the Bry line, indicating that the line-emitting gas is located in the
same region as the continuum-emitting disk. The differential phase data is used to construct

photocentre displacement vectors across the Bry line, revealing a velocity profile consistent



with a rotating disk. The AMBER spectro-interferometry data is fitted with a kinematic
model of a disk in Keplerian rotation, where both the line-emitting and continuum-emitting
components of the disk originate from the same compact region close to the central star.
The presence of line-emitting gas in the same region as the K-band continuum supports the
interpretation that the K-band continuum traces an optically thick gas disk.

I present spectro-interferometric observations of the Bry emission from the the T Tauri star
CW Tau. I construct photocentre shifts from the GRAVITY differential phase data, which
indicate motion along a PA of 120.5° which is close to the previously observed jet axis for
this object. This suggests that the velocity field traced by the Bry emission of CW Tau
traces a high-velocity outflow close to the radius where the disk is truncated by the stellar
magnetic field.

Each of the individual studies in this work introduces a new insight into the jet-launching
region of young stellar objects. I use observations with high-spatial and high-spectral res-
olution to place strong physical constraints on the morphology and velocity fields of the
jet-launching regions in young stars. The technical achievements presented in this thesis
demonstrate the effectiveness of spectro-interferometry as a tool for studying the dynamic

physical processes associated with star formation.
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Chapter 1
Introduction

Throughout the history of science, the greatest motivation for scientists has surely been
the question of our origins, whether that be the origins of life or the origins of our world.
In attempting to answer this question, scientists have made discoveries ranging from the
mundane to the extraordinary, leading to a greater understanding of our place within the
larger cosmos. The night sky has been the subject of the most culturally significant tales
and mythology for millenia, with every civilisation around the world prescribing mean-
ing to the shapes and motions of the stars, planets and even the dust lanes in the Milky
Way. In some ancient societies this superstition was accepted along with a basic scientific
approach to measuring the motions of the stars, as they allowed people to measure the pe-
riodic changes in the seasons and were a useful predictive tool for agricultural purposes.

Throughout the early history of astronomy, all models of the universe placed the Earth at
the centre, with the Sun, Moon, and other known celestial objects orbiting the Earth in-
side a celestial sphere. This view was unchallenged until the early 1500s when Nicolaus
Copernicus published his Commentariolus and later, in 1543, De revolutionibus orbium
coelestium (On the revolutions of the holy spheres), in which he laid out the fundamental
aspects of his heliocentric model of the universe. In this model several postulates were

laid out, including that:

— the Earth is at the centre of the lunar sphere (i.e. the Moon orbits the Earth)
— all the spheres rotate around the Sun

— the stars are stationary and their motion is caused by the rotation of the Earth.

This theory successfully predicted observations such as the retrograde motions of the

planets as well as the seasonal migration of the Sun, offering a much simpler explanation
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Figure 1.0.1: Image of HH24 jet taken by the Hubble Space Telescope. This image was
taken from the Hubble Legacy Archive (available at http://hla.stsci.edu/).

than had previously been put forward.

In 1610 Galileo Galilei first used a telescope to scientifically observe the night sky, ef-
fectively giving birth to modern observational astronomy. Galileo observed Jupiter and
detected what appeared to be three fixed stars, so faint as to be almost invisible, that
extended from the centre of Jupiter along the same axis. Galileo continued to observe
Jupiter and the tiny stars on subsequent nights, and observed that they moved along the
same axis towards and away from Jupiter, even disappearing at times behind the planet.
Galileo concluded that the objects were orbiting Jupiter, and had discovered three of the
four most massive Jovian moons, discovering the fourth a few days later. The discovery
of celestial objects orbiting one another was another point in favour of the Copernican
model of the universe, demonstrating how observations and theory combine to expand
our collective understanding of astrophysics.

The history of the Universe is recorded in the lives of stars but many unanswered ques-
tions remain regarding their formation and evolution. It is not possible to observe the

star formation process from start to finish as it can take millions of years (depending on
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the mass of the stars). By observing objects that are at different stages of star formation,
glimpses can be gained of the mechanisms that are are work and a greater understanding
of the underlying physics can be built.

Observations of star forming regions have revealed the presence of spectacular jets launched
from a significant fraction of young stars (such as is shown for HH24 in Figure 1.0.1), in-
dicating that the star formation process is associated with outflow as well as the infall of
matter during gravitational collapse (Frank et al., 2014). These jets extend to large dis-
tances and influence the surrounding interstellar medium (Reipurth, 1997), but the mech-
anism by which they are launched and accelerated is unknown. Answering the question
of how these jets are formed presents a major technical challenge, as the launching region
is far too compact to be resolved with convential astronomical observations.

In this thesis I aim to answer the question of how the astrophysical jets from young stars
are formed. To do this I use spectrally-dispersed interferometry at near-infrared wave-
lengths to spatially and spectrally resolve the jet-launching region around several young
stellar objects, ranging in mass and luminosity. I focus mainly on the Bry line in the near-
infrared K-band, which has been shown in models to predominantly trace hot gas that is
being launched at the base of protostellar jets (Tambovtseva et al., 2016). The differential
visibilities and phases measured with the VLT Interferometer and its instruments AMBER
and GRAVITY are interpreted with a suite of analysis tools. These range from modelling
the wavelength dependent size of the jet-launching region to model-independent photo-
centre shifts which trace to the wavelength dependent location of the line-emitting gas.
With this information I construct kinematic models to find the best physical description
of the jet/wind-launching region in each of the target objects. With the results obtained
for different objects I attempt to provide insights into how jets are launched from young

stars along with the role that they play in the star formation process.
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Chapter 2

Star formation

2.1 General paradigm

The formation of stars is one of the richest areas of research in the fields of observational
and theoretical astrophysics. Studying the formation of stars within our galaxy helps us
to understand how our own solar system formed, granting us the opportunity to address
the fundamental questions about our origins. Whilst the finer details of the star formation
process are not yet fully understood, the fundamental processes are outlined in the semi-
nal work of Shu et al. (1987).

Star formation begins in giant molecular clouds (GMCs) in the interstellar medium, largely
comprised of remnants of supernovae and planetary nebulae comprised primarily of molec-
ular hydrogen (H»), Helium and simple molecules such as CN and HCO™ (Bergin et al.,
1997). Whilst Helium makes up a significant proportion of the ISM, it is inert and does
not play a role in the star formation process. These molecular clouds have masses of up to
~107 M, and range in size up to a few hundred parsecs (Murray, 2011). Self-gravitational
collapse occurs within the GMCs and as the cloud collapses filamentary structures are
formed, such as those shown in the simulations of Bate et al. (2003). As the cloud further
contracts the Jeans instability (Jeans, 1902) gives rise to fragmentation within the molec-
ular cloud, leading to the formation of smaller clouds until individual protostellar cores
remain.

During the collapse from GMCs to protostellar cores the conservation of angular mo-
mentum, along with the small density pertubations present in the initial cloud, causes
the cloud and subsequent cores to rotate faster as they collapse. Bodenheimer (1995)
suggested that the origin of the angular momentum could be a combination of galactic

differential rotation, random interstellar cloud motion, fragmentation along with interac-
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2.1. GENERAL PARADIGM 24

tions with the galactic magnetic field. In the centre of the individual protostellar cores the
rotating gas and dust settles to form a protoplanetary disk which orbits a central protostar
which is held in hydrostatic equilibrium. As the system evolves, the disk and surrounding
envelope act as mass reservoirs feeding accreting material onto the central young stel-
lar object (YSO), which eventually achieves temperatures and pressures high enough to

ignite nuclear fusion, becoming a main sequence star.

2.1.1 Giant molecular clouds

Star formation is a constant ongoing process within the Milky Way, with the majority
taking place within giant molecular cloud complexes (GMCs). In contrast to the rest of
the interstellar medium (ISM), which is mainly comprised of ionised gas and cosmic rays,
GMCs are composed mainly of molecular Hydrogen (H») and simple molecules such as
CN and HCO™ (Bergin et al., 1997). Estimates of GMC lifetimes based on observations
suggest they exist for timescales on the order of 107 years before they are dispersed by
a combination of shear, becoming unbound and stellar feedback (Blitz and Shu, 1980;
Kawamura et al., 2009; Miura et al., 2012; Dobbs and Pringle, 2013).
Turbulence within the cloud is induced via interactions with local objects (such as other
molecular clouds and supernova shockwaves), which leads to perturbations in the cloud
density that go on to cause gravitational instabilities, such as the Jeans instability (Jeans,
1902). This instability can be shown by considering a stable cloud, where the thermal
energy of the cloud is given by,

Ethermal = M X EkBT, (2.1.1)

m 2

where we assume that the cloud is an ideal gas and M is the mass of the cloud, m is
the mass of constituent molecules and 7 is the temperature. This can be related to the

gravitational potential energy of the cloud,
GM?
R )

(where R is the cloud radius and « is a scalar that varies based on the radial density profile

Ugtay = — (2.1.2)

of the cloud) via the virial theorem,

1
E=—-U. 2.1.3
> (2.1.3)
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Assuming a stable cloud of density p, where mass M is given by M = %JTR3 p, this ex-

pression can be rearranged to give us the Jeans radius Ry,

OkpT
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which is the minimum radius for a stable cloud of density p and the Jeans Mass M},
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the maximum Mass for a stable cloud of density p. We can see that M; o< p’%, so as the
cloud collapses and the density increases, the Jeans Mass M; decreases. This means that
the cloud becomes unstable as it collapses under self gravity and fragments into smaller
clouds until the fragmentation is stopped when the temperature starts to rise, which causes
the Jeans Mass to rise again (Mj o< T%). The result of the fragmentation is a cluster of

protostellar cores, each of which goes on to form its own star systems.

2.1.2 Protostellar cores

The individual protostellar cores continue to undergo adiabatic gravitational collapse until
the density has increased to the point that the cloud is optically thick. When it reaches this
point, the cloud can reabsorb its own thermal radiation which leads to the formation of a
hydrostatic core, with a radius of ~ 4au (Larson, 1969). This leads to a period of rapid
heating where the increased thermal pressure is able to offset the gravitational collapse.
Outside of the core, material continues to collapse and the mass continues to increase
until the temperature reaches ~2000K, causing the molecular hydrogen to dissociate into
its optically thin atomic form. The atomic Hydrogen is no longer able to provide the
thermal pressure to support the core leading to a second rapid collapse or the core to form
a protostar.

The gravitational contraction acts as an energy source for the young protostar, with ~50%
of the energy going to internally heating the protostar and the other ~50% radiated out
as photons. This process, known as the Kelvin-Helmholtz mechanism, occurs over a

timescale Txy that is defined as,

M2

- 2.1.
RL’ (2.1.6)

TKH <
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Figure 2.2.1: Figure from Hueso and Guillot (2005) showing the evolution of the stellar mass
(M., solid line), disk mass (Mpjsk, solid line), mass accretion rate (M, rate, dotted line) and
centrifugal radius (Ry, dotted-dashed line) with time.

where A%Z is the gravitational binding energy and L is the stellar luminosity. The grav-
itational heating causes the core of the protostar to heat up to temperatures exceeding
~107K. At these temperatures the nuclear fusion mechanisms begin to occur in the stellar
core, causing a pressure that offsets the gravitational collapse leading to a new state of
hydrostatic and thermal equilibrium. At this point the young star has reached the main

sequence.

2.2 Protoplanetary disks

The majority of molecular clouds that have been observed exhibit some rotation (Good-
man et al., 1993) which is consistent with the effects of the turbulence discussed above in
Section 2.1.1. Whilst the rotational velocity of the cloud is low, the total angular momen-
tum of the cloud is far greater than can be contained within the stars that will eventually
form from the cloud, even if all the stars are rotating at their critical velocity. This dis-
crepancy shows the need for a mechanism that allows protostellar material to shed its
angular momentum before it eventually forms a star. During the lifetime of a GMC it is

suggested that large scale magnetic fields can remove some of the angular momentum via
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magnetic braking (Mouschovias, 1977, 1991). However, even the angular momentum of
the hydrostatic core is too great to be contained within a single star and magnetic braking
cannot play a role here as the magnetic field is decoupled from the gas in the later stages
of star formation (Larson, 2003). The formation of binary or higher-order star systems
helps to mitigate this problem (as well as accounting for the high numbers of binary stars
observed) but the angular momentum problem is still an obstacle that must be overcome
for each individual star.

The main mechanisms by which young stellar objects shed angular momentum is via their
protoplanetary disks. These disks can form as the centrifugal force associated with the
rotation counteracts the gravitational collapse, but this only occurs in the radial direction,
normal to the rotation axis (Terebey et al., 1984). The disk system reaches orbital and
hydrostatic equilibrium, with the centrifugal force balancing the gravitational collapse in
the radial direction and the gravitational force towards the disk mid plane being coun-
tered by pressure (Yorke et al., 1995). Viscous stresses and gravitational torques within
the disk transport angular momentum radially outwards away from the star, the result of
which is that the majority of the circumstellar material falls towards the star whilst a small
amount moves outwards and absorbs the angular momentum (Lynden-Bell and Pringle,
1974; Dullemond et al., 2007). As matter is transported from the outer envelope onto the
disk the disk spreads out before it is eventually stopped by processes such as photoevapo-
ration or interactions with local stars (Scally and Clarke, 2001), achieving an outer radius
on the order of 100au (Adams et al., 1987,9; Beckwith et al., 1990; Nakamoto and Nak-
agawa, 1994; Hueso and Guillot, 2005). The disk undergoes a period of collapse, lasting
for ~2 x 10°yr, during which there is rapid accretion from the disk (107> — 10~ M yr~!;
Hueso and Guillot, 2005) onto the central star, before falling to the much lower level of
1077 — 10~°M.yr~! once the collapse has finished (see Figure 2.2.1). Observations of
FUor and EXOr stars suggest that accretion is episodic in nature and does not drop off
steadily (Audard et al., 2014).

The source of the viscosity that leads to the mass infall is still an open question, as the
intrinsic viscosity of the circumstellar matter is not sufficient to explain the accretion
rates that are observed. Turbulence and the effects of magnetic fields within the disk can
however act in the same way as viscosity, particularly the magnetorotational instability
(MRI) which can drive turbulence in disks and can help to transport angular momentum
outwards (Balbus and Hawley, 1991). This process occurs in weakly magnetised disks,
even in a region where the ionisation fraction is low. Additional mechanisms for angu-

lar momentum removal such as the convective instability and gravitational instability are
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discussed and contextualised in the review of Gammie and Johnson (2005). Other global
phenomena such as spiral density waves (Zhu et al., 2015; Kratter and Lodato, 2016) and
magnetohydrodynamic (MHD) driven winds (Blandford and Payne, 1982) can also be in-

voked as less significant methods for angular momentum transport away from the disk..

2.2.1 Disk structure and composition

e
UV/X-ray complex molecules

fgiemt ?.Ianet radiation radicals and ions
ormation

grain growth

Figure 2.2.2: Figure from Henning and Semenov (2013) showing the chemical composition
of the disk at ~1 —5Myr around a 1M, star, highlighting dust grains, complex molecules and
ices.

Protoplanetary disks contain all of the necessary raw materials needed to build a solar
system, with all the variety and complexity that that entails. Whilst the majority of the
ISM is made up of Hydrogen and Helium, heavier elements and more complex molecules
are also present and survive through to the protoplanetary disk phase. Disks themselves
play a role in the formation of complex molecules, with dust grains acting as catalysts
for the formation of complex and organic molecules (Hill and Nuth, 2003; Henning and
Semenov, 2013). Additionally, the radial temperature structure within disks allows for the
different molecules to freeze out at different radii, forming snow or ice lines (Morbidelli
et al., 2000). Figure 2.2.2 illustrates the basic structure of a disk with particular references
to its astrochemical composition.

Identifying the presence of a disk around a star can be achieved by observing infra-red
excess in the star’s spectral energy distribution or SED (Lada, 1987). This diagnostic is
a useful means to classify the presence of circumstellar material in young stellar objects

with strong infra-red excesses (see Figure 2.2.3) but has limitations when used to infer
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Figure 2.2.3: Figure from Williams and Cieza (2011) showing how the SED of a disk varies
for different disk structures.

information about the structure of that material. Kenyon and Hartmann (1987) first sug-
gested the presence of flared disks to explain the strong IR excess that they observed with
IRAS, a phenomenon that was confirmed via direct imaging of disks with the Hubble
space telescope (Burrows et al., 1996; Padgett et al., 1999; Smith et al., 2005). The den-
sity of a disk in hydrostatic equilibrium (assuming azimuthal symmetry) is a function of

both radius R and vertical height Z, defined as:

Y (R 7?2

where 2(R) is the disk surface density and H(R) is the scale height which is dependent

on the balance between the thermal pressure and gravity in the Z direction, assuming self-
gravity and rotation (Williams and Cieza, 2011). Chiang and Goldreich (1997) found an
approximate power-law dependence of the disk flaring by considering the heat exchange
between the star and disk interitor via the heated surface layers of the disk, finding that
Ho<R" where h~1.3—1.5. However, observations of disk SEDs exhibit less mid infra-red
flux than would be expected for a disk with this degree of flaring, explained by the settling
of dust to the disk mid-plane, with the upper layers of the disk being purely comprised of
gas (Chiang et al., 2001, see Figure 2.2.2).

The introduction of ALMA opened up the opportunity to directly image protoplane-
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tary disks with unprecendented angular resolution in the millimetre and submillimetre
regimes. The initial results from ALMA (ALMA Partnership et al., 2015) focussed on
imaging the disk around the T Tauri star HL Tau, revealing the presence of multiple gaps
traced in the sub-mm continuum. Examples of objects with disks exhibiting a similar gap
structure include Elias 2-24 (Cieza et al., 2017), TW Hya (Huang et al., 2018), AS 209
(Fedele et al., 2018) along with several other objects that were part of a large survey by
Long et al. (2018). The presence of gaps due to planet formation was already a well es-
tablished aspect of the star formation paradigm but presentation of the new ALMA data
influenced many theorists to construct novel models to complement the ALMA obser-
vations. Dipierro et al. (2015) constructed a disk model with three embedded, accreting
protoplanets within the disk, and found that their models made a good match to the ALMA
data. Dipierro et al. discussed that the spiral density waves launched by the protoplanets
in their simulations affected different sized dust grains in different ways with millimetre
sized grains being influenced the most, therefore creating the biggest gaps. Van der Marel
(2018) explored the possibility that the increased grain growth expected at a snow line
could be the mechanism behind the dusty rings observed in the millimetre continuum.
An example of an alternative mechanism for the clearing of gaps in a disk was proposed
by Lorén-Aguilar and Bate (2015), namely the presence of toroidal vortices that gather
the dust into rings which are observable in the continuum and scattered light, but such
processes require further modelling to test their significance. ALMA has also been used
to reveal the presence of large asymmetric dust traps in protoplanetary disks, such as in
the work of van der Marel et al. (2013). It is theorised that such dust traps can overcome

the inward drift of dust particles that occurs during planet formation.

2.3 YSO classifications

YSOs can be identified and classified by observing their SEDs, which are a useful tool to
study the structure and physical properties of young stars and the circumstellar material
associated with them. Protostars are classified from Class 0 to Class III based on their
bolometric temperature, the temperature of a black body with the same mean frequency
as the target object (Myers and Ladd, 1993), defined as,

Thoor = 1.25 x 107"y K Hz ™! (2.3.1)

where V is the mean frequency. Class 0 objects are young protostars that are still con-

tracting adiabatically, with SEDs that are characterised by extremely weak emission in



2.3. YSO CLASSIFICATIONS 31

T T T T I I T
Class | i L Class I
~ ST i
L
o P
] o)
153 o]
9 | L \ .
\
\
Lt ] |
10 20 10.0 100.0
A (um)
T I T T
| Class Il
- —
w — <= -
L
< =<
o | ~ L /Black Body
9 8
- N L _
L ] | L1 | 1
10 20 100 100.0 10 20 100 100.0
A (um) A (um)

Figure 2.3.1: Figure adapted from Wilking (1989) showing how the SED of a protostar varies
as it evolves through different classification states.

optical and near infra-red with most of their emitted radiation in the submillimetre regime
(Barsony, 1994; Enoch et al., 2011). Class I objects have undergone the core collapse
to form a circumstellar disk and envelope, and are still very weak at optical wavelengths
with SEDs that peak in the mid- to far-infrared (Muzerolle et al., 1998a; Watson et al.,
2004). Class II protostars are classical T Tauri stars which host significant circumstellar
disks, with spectra that are dominated by UV and IR excess, strong emission lines and
detectable emission at optical wavelengths (Adams et al., 1987; Hartmann et al., 1998).
For these objects the angle at which they are viewed strongly influences the shape of the
overall SED, as different parts of the star and disk are revealed and obscured at differ-
ent viewing angles. Class III objects exhibit fewer emission lines as well as a weaker
IR-excess than their Class II counterparts. These objects are no longer actively accreting
matter, and have thin debris disks that produce a similar SED no matter what angle they
are viewed at. The SEDs for different protostellar classes are shown in Figure 2.3.1.

In addition to characterising YSOs due to their SED, it is also useful to characterise them
based on their more detailed spectral signatures. Herbig (1962) first outlined the observa-

tional spectroscopic criteria that describe T Tauri stars as follows:

1. The presence of Hydrogen and Ca II lines in emission.

2. The presence of fluorescent Fe I emission lines at 4063A and 4132A
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3. The [S 1I] emission lines at 4068A and 4076A are usually present, [S II] lines at
6717A and 6731A along with [O I] line at 6300A are probably characteristic as

well

4. Presence of strong Li I absorption at 6707A

Additionally, Herbig stated that the lines should be superimposed on a continuous
spectrum ranging from featureless to the absorption spectrum of a star with a spectral
type of late F, G, K or early M. This definition was later revisited by Bastian et al. (1983),
who suggested altering the definition of T Tauri stars to a purely phenomenological form
as follows:

"Stellar objects associated with a region of obscuration; in their spectrum they exhibit
Balmer lines of hydrogen and the Call, H and K lines in emission, the equivalent width
of Hy, being at least 5A. There is no supergiant or early-type (earlier than late F) photo-
spheric absorption spectrum."

Herbig (1960) examined 26 stars exhibiting similar spectral features as those associated
with T Tauri stars, but with earlier spectral types of A and B. Herbig’s selection criteria in-
cluded "a spectral type of A or earlier, with emission lines", the star lying in "an obscured
region" and "the star illuminates fairly bright nebulosity in its immediate vicinity". The
presence of associated nebulosity is crucial to distinguish between Herbig Ae/Be stars
and main sequence Ae/Be stars, as both sets of stars exhibit strong emission lines in their
spectra. With this in mind, Bastian et al. (1983) proposed the new definition:

"Stellar objects earlier than FO, associated with a region of obscuration and a reflection
nebula; in their spectrum they exhibit emission lines of the Balmer series of hydrogen."
For the most massive stars, with masses exceeding 8M, and spectral types of early B
and O, the established star formation paradigm might be caused to break down. The in-
creased radiation pressure from a more massive and luminous central star impedes the
flow of accreting circumstellar material, making it much more difficult for matter to be
transported from a disk on to the surface of the young star (Wolfire and Cassinelli, 1987;
Cesaroni et al., 2007). Observatons of disks around massive YSOs are few and far be-
tween (e.g. Bik and Thi, 2004; Kraus et al., 2010; Ilee et al., 2016), likely due to their
short lifetimes when compared with T Tauri disks and the fact that many massive YSOs
remain embedded for the majority of their formation period, making observations prob-
lematic. Interestingly, recent observations of massive YSO disks (Kraus et al., 2010; Ilee
et al., 2016) also reveal the presence of perpendicular outflows, giving credence to the
idea that the star formation mechanism for lower mass stars may be "scaled-up" for their

high mass counterparts (as is also suggested by the spectroscopic observations of Cooper
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Figure 2.4.1: Schematic of the inner disk region from Dullemond and Monnier (2010) illus-
trating the magnetospheric accretion region, the inner gaseous disk as well as the puffed up
inner rim of the dusty disk.

et al., 2013). Simulations by Krumholz et al. (2009) suggest that the increased radia-
tion pressures from massive YSOs can be overcome via self-shielding, non-axisymmetric

disks and accretion flows formed via gravitational and Rayleigh-Taylor instabilities.

2.4 The inner disk

The process of accretion transports matter through the disk towards the central star and it
is in the innermost regions of the disk where the most energetic physics takes place. Here,
the thermal radiation from the star heats the disk to temperatures exceeding ~1500K,
meaning that the majority of dust species cannot survive and are sublimated into their
gaseous form. The direct heating of the inner-edge of the dust disk by the central star
causes the dust rim to puff up, causing the material immediately outside the rim to be
shadowed (Natta et al., 2001; Dullemond et al., 2001; Isella and Natta, 2005). The shad-
owed region is cooler than the surrounding material, causing the scale height to decrease,
with the more extended disk material escaping from the shadow due to flaring.

The model constructed by Dullemond et al. (2001) features a vertical rim geometry, for
which one would expect to observe zero emission from the irradiated dust rim for objects
viewed wth a face-on geometry. This is clearly inconsistent with SED observations of
Herbig Ae/Be stars, which all exhibit some emission in the near-IR no matter the viewing
angle (Dominik et al., 2003). Isella and Natta (2005) proposed that the rim’s shape is gov-
erned by the vertical density gradient of the disk, causing the bright side of the rim to take

on a curved shape rather than a vertical wall (shown in Figure 2.4.1). Many such models
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of the irradiation of the dust rim assume that the gas interior to the dust sublimation radius
is optically thin, allowing the stellar radiation to propagate freely until it reaches the dust.
However, Muzerolle et al. (2004) investigated the opacity of the accreting circumstellar
gas and found that for high accretion rates (M 2 10~8Myr~') the gas becomes optically
thick. Figure 2.4.1 illustrates how the optically thick accreting gas can shadow parts of
the dust sublimation front.

For the majority of young stars, the near-IR continuum appears to be dominated by emis-
sion coming from the dust sublimation front, but the study by Monnier and Millan-Gabet
(2002) showed that for some Herbig Ae/Be stars the emission scenario is more complex.
In this study Monnier and Millan-Gabet used interferometry to derive a size-luminosity
relation for a sample of Herbig Ae/Be stars (comparing the results to the expected dust
sublimation radius), finding that the most luminous stars in the sample were more compact
than expected. Some of the possible explanations for this phenomenon of "undersized"

Herbig Be stars are discussed in the work of Kraus (2015), including:

— Optically thick gas emission partially shields the dust from the stellar radiation,
allowing the dust to exist inside of the dust sublimation radius (Monnier and Millan-
Gabet, 2002; Muzerolle et al., 2004, see Figure 2.4.1).

— Gas emission from inside the dust sublimation region can contribute to the near-IR

continuum emission (Eisner et al., 2004).

— Highly refractory dust grain species with sublimation temperatures higher than
2000K can exist closer to the star than the most common Silicate and Carbona-

ceous dust grains (Benisty et al., 2010)

2.4.1 Accretion

The processes by which young stars accrete matter from their circumstellar disks play a
major role in the ongoing evolution of young solar systems, by providing mass and affect-
ing the stars’ angular momentum (Bouvier et al., 2007a). Zeeman broadening measure-
ments of magnetically-sensitive photospheric lines (Guenther et al., 1999; Johns-Krull
et al., 1999) along with the detection of electron cyclotron emission (Smith et al., 2003)
reveal the presence of strong ~1 — 3kG magnetic fields from classical T Tauri stars. Var-
1ous equations for predicting stellar magnetic fields based on observable data have been
published in the works of Konigl (1991), Collier Cameron and Campbell (1993) and Shu
et al. (1994a), assuming that a disk equilibrium state exists. with the latter including the

ram pressure of the accreting material from the disk and the Keplerian rotation velocity
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of the inner disk. Shu et al. (1994a) predict the integrated stellar magnetic field strength
B, (in kilogauss, kG) to be equivalent to:

o -7/4 M* 5/6 M 1/2 R* -3 P, 7/6
B, ~ L I (. R .40
0.923 M@ 10*7M®yr*1 R@ 1 day

where @, 1s a parameter describing the extent of the interaction between the disk and the

magnetic field and M is the mass accretion rate. M,, R, and P, represent the mass, radius
and rotational period of the central T Tauri star respectively. The parametrisation of o,
differs in individual studies, with Shu et al. (1994a) giving a value of 0.5 for a, and Os-
triker and Shu (1995) determining an ¢, of 0.923 for a steady accretion state.

Konigl (1991) invoked the mass flow model of Ghosh and Lamb (1979), which had previ-
ously been developed for X-ray pulsars and applied it to the case of circumstellar accretion
disks. Konigl showed that the strong magnetic fields of the T Tauri stars disrupts the inner
gaseous disk a few stellar radii from the central star. Material is then channeled out of the
plane of the disk along magnetic field lines towards the stellar poles, creating bright accre-
tion shocks where the material impacts on the stellar surface. Observations of inverse P
Cygni profiles (a line profile with a red-shifted absorption feature and blue-shifted emis-
sion) in the Ha line can provide evidence of infall along accretion columns (Bouvier et al.,
2007b). In particular, Edwards et al. (1994) noted such profiles with the red edge of the
absorption feature located between 200 — 300kms~!indicating that the line-emitting gas
is located within a few stellar radii of the central star, in the region where magnetospheric
accretion must occur.

Observations of excess flux in the UV wavelength regime can be explained by the hot
accretion shocks that are intrinsic to magnetospheric accretion (Muzerolle et al., 1998b).
This excess manifests as the Balmer jump, a sharp increase in flux close to the limit of the
Balmer series of hydrogen lines (see Section 4.2 for an explanation of spectral line series)
and its strength can be used as a diagnostic of accretion rate (Herczeg and Hillenbrand,
2008). Najita et al. (2003) conducted a study of the gaseous inner disk around several
T Tauri stars by observing the CO fundamental emission, finding evidence that the disks
they observed were truncated as opposed to extending all the way to the central star. Mea-
surements of T Tauri star light curves reveal rotational modulation consistent with bright
surface spots caused by accretion shocks on the stellar surface (Bouvier et al., 1995). In
addition to hot spot variability, it is also possible to observe the periodic obscuration of

the central star by the rotating warps in the disk caused by a misaligned stellar magnetic
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Figure 2.4.2: Schematic from Ferreira et al. (2006) showing the launching regions and
Alfvén surfaces (Sp) for a disk-wind, X-wind and stellar wind.

field (Romanova et al., 2004).

2.4.2 Outflow launching

The presence of collimated outflows from young stars and the nature of their connection
with the accretion process is one of the most elusive problems in the field of star for-
mation. The evolution of jets from YSOs mirrors the evolution of the accretion system.
During the initial molecular cloud collapse, when the accretion rate is high due to infall of
mass from the envelope and disk, the jet is also in its most energetic phase (Pudritz et al.,
2007). When the YSO has reached a steady disk accretion state the jet is optically visible
and when the disk eventually disappears so does the jet (Pudritz et al., 2007). Despite the
uncertainty about their origin, it is clear that these jets can efficiently extract angular mo-
mentum and gravitational potential energy from the accretion disk through their torque.

The three most commonly discussed jet-launching mechanisms are outlined in the work
of Ferreira et al. (2006): extended disk winds, X-winds and stellar winds (see Figure
2.4.2). Disk winds are magnetically driven with the magnetic field threading the gaseous
inner disk at a relatively large radial extension, extending out to a few au. X-winds (Shu
et al., 1994b) originate from the region where the stellar magnetic field interacts with the
disk at distances of just a few stellar radii. The stellar wind paradigm involves the ejection
of material along the open field lines from the polar regions of the central YSO. Stellar
winds are driven by their own thermal pressure gradients (Lamers and Cassinelli, 1999)
rather than the angular momentum of the disk (as in the case of disk winds and X-winds).
The disk wind model was first proposed by Blandford and Payne (1982) to explain the
production of radio jets from active galactic nuclei. This model was then applied to ac-
cretion disks around young stellar objects by Pudritz and Norman (1983, 1986). One of

the key problems in using a stellar wind as the rotational source for the outflow is outlined
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in the work of Pudritz and Norman (1986), with the observed linear velocity of the jet be-
ing ~ 200kms ! (a stellar wind would require a mass loss rate of at least 10 %M yr—! to
reach these velocities). In its most basic form, the theory states that under certain condi-
tions accretion disks can drive jets via the action of large scale magnetic field by tapping
the mechanical energy released in the accretion process and transferring it to the ejection
portion of matter (Ferreira, 2007). The magnetic field topology in the jet-launching re-
gion of the disk is also very important: the field lines must be inclined at an angle of less
than 60° to the disk plane. The mathematics behind MHD disk wind mechanisms can be
found in the work of Blandford and Payne (1982), Konigl and Pudritz (2000) and Ferreira
(2007).

Observations of T Tauri stars offer a useful way to constrain the physics of disk winds.
Self-similar solutions for disk winds put forward by Garcia et al. (2001) show that the line-
of-sight velocities for so called "cold" disk winds are greater than the velocities observed
in forbidden line profiles and demonstrate that "warm" disk wind solutions provide a bet-
ter match with the observed spectra. Furthermore, Anderson et al. (2003) demonstrated
that it is possible to constrain the wind launching radius independently of an MHD disk
wind solution by determining the stellar mass and the rotational velocity of the outflow.
Applying this method to their observations of DG Tau, Anderson et al. demonstrated
that the lower velocity component of the outflow originates at a radial distance of ~ 0.3
to 4AU, strengthening the idea that the slower components of the outflow are driven at
larger stellocentric radii. The origin of the higher velocity outflow components is harder
to constrain.

An example of such a component was reported by Anderson et al. (2003) around DG Tau,
exhibiting a radial velocity of 220 kms~! (also observed by Bacciotti et al., 2000). The
implications of such a high radial velocity are that the wind must be launched at much
smaller stellocentric radii, of order 0.1 AU or smaller. Due to its extremely compact na-
ture, direct observations of the launching region are difficult to obtain, and so the lack of
data has proven a major barrier to understanding this enigmatic process. The magneto-
centrifugally driven disk-wind paradigm could be invoked at such small stellocentric radii,
bu the proximity of the launching region to the central star could mean that the stellar
magnetic field plays a role in the wind-launching process. This could manifest itself in
the additional presence of a X-wind (Shu et al., 1994b) originating at the region where
the accretion disk interacts with the stellar magnetic field. The compatibility of these X-
winds with the disk wind paradigm has been called into question by Ferreira et al. (2006).

For the X-wind paradigm it is assumed that there is no large-scale magnetic field, making
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it incompatible with the disk wind model. Ferreira et al. conclude that the most likely
scenario is that all the components (disk wind, X-wind and stellar wind) are present but
most of the mass is carried by an extended magneto-centrifugally driven disk wind. More
observations are needed to fully constrain which are the dominant mechanisms for mass

outflow at small radial extensions of ~ 0.1 AU.

2.5 Chapter summary

In this chapter I discussed the star formation process as it is currently understood, starting
with giant molecular clouds in the interstellar medium. I decribed how these clouds frag-
ment to form individual hydrostatic cores which go on to collapse under self gravity to
form protostars. I explained how the conservation of angular momentum causes circum-
stellar disks to form around young stellar objects and how these disks help to transport
matter from the circumstellar envelope through to the central protostar. The disk’s role in
the transport of angular momentum away from the central protostar was also discussed.

I reviewed how disks evolve with time, with a particular focus on the change in the struc-
ture and composition of these disks as the star formation process is ongoing. I explored
how the change in the structure and composition of the disk can be detected and inter-
preted through astonomical observations of young stellar objects. I explained how young
stellar objects can be classified based on their observational characteristics, along with
how these classifications give us information about the physical properties of young stars.
I focussed on the innermost regions of protoplanetary disks where the disk interacts with
the star, describing how the structure of this compact inner disk is dependent on the prop-
erties of the star as well as the composition of the disk. The dynamic physical processes
that take place in the innermost regions of protoplanetary disks were also explored, with

a particular focus on accretion and outflow-launching mechanisms.



Chapter 3

Interferometry

3.1 Introduction

In Young’s double slit experiment, the light from a distant monochromatic light source is
incident on two parallel slits, projecting an interference pattern onto a screen on the far
side of the slits. The interference pattern is caused by the wave-like nature of light, where
each point on an expanding sphere of light behaves as if it were a new source of radiation
of the same frequency and phase (argued by Huygens in Traité de la Lumiere, 1690).
The simple analogue to this experiment is a two telescope interferometer, where light (of
wavelength A) from a single distant source is received by two telescopes separated by a
baseline B, with the light then combined to form an interference pattern using a beam
combining instrument. The fringe separation for this simple two-telescope interferometer

can be given as,

AO = & rad. (3.1.1)
B

The application of interferometry as a tool to study the heavens was first proposed by
Fizeau (1854) and first carried out by Michelson to measure the diameter of Jupiter’s
moons (Michelson, 1891) and later the diameter of the star & Ori (Betelgeuse; Michelson
and Pease, 1921).

A major advantage of astronomical interferometry is the opportunity to observe with ex-
tremely high angular resolution. The Rayleigh criterion defines the angular resolution of
a single dish telescope as 1.22%, where D is the diameter of the telescope aperture. In this
case, two point sources are described as resolved when the principle diffraction maximum
of the first point source coincides with the principle diffraction minimum of the second.

In the case of interferometry, the two point sources are described as resolved when their
39
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fringe contrast becomes zero, which occurs when they are separated by an angle of 2’1—3.
At this separation the interference patterns created by each source will be exactly out of
phase and thus will destructively interfere leaving no visible interference pattern. As the
resolving power of the interferometer is directly dependent on the baseline length B, in-
creasing the baseline length can enable astronomers to observe with unprecendent angular
resolution.

In this chapter I will give an overview of the mathematical principles of interferometry,
discuss the benefits of spectrally dispersed interferometry and explain how interferomet-
ric observables can be interpreted. I will examine several previous interferometric studies,
exploring their impact on the field of star formation, and describe the inner workings of

two specto-interferometric beam combining instruments.

3.2 Basic mathematical principles

In the following section we follow the derivations contained in Millour (2014). Consid-
ering light from a distant source we can represent the light coming from the target object

as an electromagnetic wave, yielding the equations:

E(Z,t) = Eo(Z)e™, B(Zt) = Bo(2)e'®, (3.2.1)

where E and B are the electric and magnetic fields respectively, 7 is the spatial direction,

t is the time and ® is the angular frequency of the light (0 = 2%)

The light intensity
at the instrument focus is the superposition of the light waves that propagate through the

instrument aperture:

1) = ([EG0|), (3.2.2)

where X is the 2D coordinate vector onto the focal plane. For the case of an interferometer,
we consider each of the telescopes to be an infinitely small pupil identified by an index
i or j. The interferometer is sensitive to the coherence of the incoming light, measured
by the mutual coherence function I'. This is defined as the correlation between the two

incident wavefronts E coming from positions p; and p I

() = (E(pist — G)E™(Pj.1) (32.3)

where 7 is the light delay between the two positions. Combining this with equation 3.2.2,

we can express the intensity / as a function of the coherence:
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I()_é) = ZDJ(O) +Z []D.,j(fi — ‘L'j) + 1—','71'*(”5,' — ”L'j)] . (3.2.4)

i ij
Here, T; ;(0) is the intensity as if there were only one coherent light source. The delays T;
and 7; are a function of the configuration of the interferometer and of the origin of the two
incident wavefronts. If we define T = 7; — 7}, and deal with the case of two wavefronts
(like an interferometer combining beams from a telecscope pair) the intensity is defined

as:

I()?) :11(55)4—12(56)+F1,2(r)+1“172*(r). (3.2.5)

By normalising the coherence to the total flux we obtain the complex coherence degree 7y,
defined as:

_ 1_'172(’?:)
N2(7) = [11(0) + Toa(0)' (3.2.6)

Considering a 1D interferogram (X = x) the intensity / is expressed as:

I(x) = [L(x)+Lx)][1+ uf}’zj Ccos (zlﬂc + (})172)], (3.2.7)

where (1 » 1s the modulus of % 2(0) and ¢1 2 is its phase, with the cosine modulation cor-
responding to the shape of the interference fringe. Equation 3.2.7 is sometimes known as
"the interferometric equation", as it mathermatically describes the pattern of the interfer-
ogram with the u term known as the visibility of the interferogram and ¢ as its phase. In
this case, x is a length corresponding to the delay difference between the two beams.
The interferometric equation is a solution for the simple case of a point source, but
when the target object becomes resolved things become more complex. The Van Cittert-
Zernicke theorem (van Cittert, 1934; Zernike, 1938) links the value 7 5(0) = p{3 exp (973
(also called the complex visibility V) to the on-sky projection of the observed brightness

distribution. This theorem can be mathematically expressed as:

+o0 ,
ff I(x,y)e—Zm(ux—O—vy)dx a’y
V(u,v) = " (3.2.8)
[/ 1(x,y)dx dy

V(u,v) = ——= (3.2.9)
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where I(x,y) is the brightness distribution of the source at angular coordinates x and y,
u and v are the spatial frequency coordinates at which the visibility V is calculated. The
overall implications of this theory is that the complex visibility measured by an interfer-
ometer is a Fourier transform of the on-sky brightness distibution of the target object. The
full demonstration of this theory can be found in (Thompson et al., 2017). Extracting the

visibility from the interferometric signal is as simple as calculating the fringe contrast:

_ Fmax - Fmin
Fmax + Fmin

where F,x and Fpi, are the maximum and minimum intensites of the interference fringe.

(3.2.10)

Often the quantity that is observed is the squared visibility, which helps to remove biases
such as detector and photon noise.

The above applies for the case in which the light from the source is unimpeded, but in
reality there are several factors which affect the observation of the interference fringes.
In particular, the atmospheric turbulence adds an additional term to the phase between
telescopes, known as the atmospheric piston. This term corresponds to a change in the
optical path difference between the two telescopes caused by the light passing through
different regions of the sky, each with its own degree of turbulence (illustrated in Figure
3.2.1). The direct result of this is that the observed phase is not representative of the object
phase. For longer wavelength regimes (wavelengths exceeding ~100um) the phase can
be directly measured as the temporal timescale of the atmosphere in the infrared is on the
order of 10~2 seconds, whereas in the millimetre regime the timescale is on the order of
tens of minutes.

For optical interferometry, the visibility is obtained in its squared form:

V=il 3.2.11)

which eliminates the phase, including the atmospheric piston (although biases such as "jit-
ter" which are caused by the atmosphere are still present in the squared visibility). When
observing with finite integration times the contrast of the interferogram is artificially re-
duced due to "smearing" caused by motion of the interferogram. This effect can be cal-
ibrated by observing the squared visibility of a calibrator star with a known size before
and after the science target. Whilst interferometry remains a ground-based endeavour, at-
mospheric turbulence makes obtaining the true object phase impossible. However, there
are several ways in which we can preserve some phase information. Phase referencing is
a technique that involves observing an object close to the science source which is used

to calibrate the atmospheric phase changes. This technique works well for observations
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Figure 3.2.1: A diagram of a three telecope interferometer, showing how the telescope vec-
tors and atmospheric phase constributions are defined.

in the sub-millimetre and radio regimes (Filho et al., 2008) and is beginning to produce
good results for optical interferometry (GRAVITY Collaboration et al., 2017).

In 1958, Jennison outlined a new technique to obtain phase information without using
phase-referencing. The concept behind this technique is shown in Figure 3.2.1 and makes
use of the fact that for an interferometer with three or more apertures, the atmospheric
piston term is cancelled when the phase terms are added in a closed triangle. The case of

three telescopes (with indices 1, 2 and 3), the phase for each baseline is defined as:

1o = @p3 + 03 — ¢ (3.2.12)
By3 = Py3 + O™ — p3™ (3.2.13)
B3 = Py + O™ — ¢ (3.2.14)

where ¢°% is the object phase and ¢*™ is the atmospheric piston. Summing these phases
yields the result that the total phase contains only information from the object, and none

of atmospheric turbulence:

Vip3=P12+ P23+ D3 (3.2.15)

= 975 + 955 + 057 (3.2.16)
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Due to this attribute the closure phase is a self-calibrating quantity, meaning that the
changes in the atmospheric conditions do not need to be calibrated (as is required when

measuring the visibility for example).

3.3 Spectrally dispersed interferometry

Additionally, relative phase information can be preserved by obtaining spectrally dis-
persed interferograms. For example, instead of directly measuring the phase we obtain
the differential phase, which is a measure of the change in the object phase for adjacent
spectral channels, introduced by Beckers (1982). The observed phase can be defined as a

function of the wavelength:

bi 27 (1) 1
9j(2) = 0. (A) +— +0<I>’ (3.3.1)
with o <%> denoting the higher order terms including fluctuations caused by water vapor

and atmospheric turbulence. The central term <w> corresponds to the optical path

difference (OPD) and can be accurately estimated and subtracted from the phase mea-
surement, leaving just the object’s phase (which does not significantly vary with time but
varies with wavelength) and the remaining phase variations (which can be averaged at the
expense of some precision). This must be done in the complex plane, by taking the cross
spectrum:

WP = . (0) x ¢ 271 (3.3.2)

—_—

where 7 ;(0) denotes the observed coherent flux. In this expression the OPD term has
been removed, but there remains the phase offset caused by the atmospheric piston along
with some higher order terms. The phase offset can be corrected for by calculating the
phase difference between the current wavelength (or "working channel") and a reference

wavelength:

O = arg (WP (Ayor) WP (Arep)):r- (33.3)

The reference channel can be defined as a single channel or the average of several chan-
nels, with the most common method to use the average of all channels but the working

channel. The differential phase is related to the object phase via the following equation:
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Figure 3.4.1: Visibility profiles (top) along with the corresponding brightness distributions
(bottom) for several simple astrophysical scenarios, namely (from left to right) a Gaussian
distribution, a uniform disk, a thin ring and a binary system.
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where N, is the number of wavelength channels used as a reference.

3.4 Interpreting interferometric observables

3.4.1 Visibility modelling

(3.34)

Interferometric data is an immensely powerful tool to directly measure the physical char-

acteristics of astrophysical phenomena, but the interpretation of this data is far from triv-

ial. The visibility is the most fundamental of the interferometric observables as well as

the simplest to interpret. Typically the visibility is expressed as a function of the baseline

length, and this kind of visibility profile provides direct information about the character-

istic size and morphology of the target object. Interpreting the visibility profile often in-

volves calculating analytical models for the visibilities of simple scenarios such as binary

stars, uniform disks, rings and Gaussian distributions. These analytical descriptions are

obtained by calculating the Fourier tranforms of their respective brightness distributions,
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a process that has been demonstrated in previous literature (see Berger and Segransan,
2007). An illustration of several simple visibility profiles and their corresponding bright-
ness distributions is shown in Figure 3.4.1.

However, there are few instances where a single-component model is insufficient to ac-
count for full range of visibility information, particularly in the case of star formation
where most objects contain a young star or stars (typically modelled as an unresolved
delta-function) in addition to the circumstellar material. In this case, the linearity prop-

erty of Fourier transforms can be employed to compute model visibilities:

7( L Ge)= ¥ (2@e). (34.1)

j=l..n j=l..n
Therefore the visibility of a complex brightness distribution is the normalised sum of the
visibilities of the individual components that make up that brightness distribution. Along
with the complexity that a multi-component model brings, all astrophysical objects such
as protoplanetary disks are inclined and tilted with respect to the observer. These geomet-
ric effects mean that the object appears compressed by a factor of cos(i) when observed
along the objects minor axis. It is possible to correct for this by changing the baseline ref-
erence frame to account for the rotation and compression caused by this geometric effect,
a process known as "de-projection” (see Berger and Segransan, 2007). Visibility mod-
elling is an extremely useful and versatile tool for analysing interferometric data. With a
small number of data points it is possible to determine the characteristic size of an object
and by increasing the range of baseline lengths that are sampled it becomes possible to
distinguish between different morphologies (such as those shown in Figure 3.4.1) which
only become distinct as the object is resolved. Additionally, by sampling over a wider
range of position angles it is possible to determine if an object is elongated along a par-

ticular angle (possibly due to inclination effects).

3.4.2 Interpretations of the phase

The phase is a direct measure of the astrometric position of a source and, as such, con-
tains useful information about the science target. The closure phase is strongly sensitive
to an objects asymmetry, but due to the combination of multiple baselines the precise as-
trometric information is not retained. Non-zero closure phases indicate the presence of
asymmetries in the target object whereas 0° or 180° closure phase signals are indicative

of symmetric brightness distributions. However, obtaining closure phase information is
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essential for interferometric image reconstruction, dicussed further in Section 5. Differen-
tial phases are sensitive to the astrometric position of the source at a specific wavelength
relative to its position at a different wavelength. This quantity comes into its own when
observing spectral line emission from a target source, where the differential phase di-
rectly tracks the photocentre of the line emission across different spectral channels. For
line emission that arises in a high-velocity or dynamic region of space (such as a rotating
disk or a high velocity jet) the Doppler broadening of the line enables measurement of the
photocentre for both blue-shifted and red-shifted material. In the case of unresolved or
marginally resolved objects (Le Bouquin et al., 2009) the differential phase can be used to
measure the two-dimensional photocentre shifts in a model-independent way, a technique
discussed in more detail in Sections 6.4, 8.3.2 and 6.10. In addition to the differential
phase, wavelength-dependent visibilities are also obtained. The change in the visibility
across the spectral line reflects the change in the characteristic size of the object from
just continuum emission to a combination of line and continuum. Interpreting this kind
of visibility requires a multi-component model as one must simultaneously fit the contin-
uum emission as well as the line-emitting component. The best way to simultaneously fit
the wavelength-dependent visibilities, differential phases and spectrum is via kinematic

modelling, a process discussed further in Section 4.

3.5 Observing star formation with interferometry

Star formation is a field that is well suited to interferometric study as the process is char-
acterised by the presence of circumstellar material. The majority of the dynamic physical
mechanisms that are essential to formation of star systems take place in their protoplane-
tary disks. Whilst these disks can extend out to hundreds of au from the central star, the
majority of star forming regions in our galaxy are distant, the closest being ~140pc away.
This means that interferometry is the best tool to achieve the high angular resolution re-
quired to directly observe protoplanetary disks. An in depth discussion of the processes
involved in observing disks with interferometry are discussed further in Sections 3 and 5.
Kraus et al. (2008a) used VLTI/AMBER in the K band to measure the Bry hydrogen line
emission around five Herbig Ae/Be stars, namely HD 163296, HD 104237, HD 98922,
MWC297 and V921 Sco. Whilst Bry is known to trace hydrogen gas inside the inner
dust rim (Eisner et al., 2010), the precise kinematics of the gas and the physical processes
that it traces are difficult to constrain. Initial AMBER observations of the Herbig Be star
MWC 297 by Malbet et al. (2007) indicated that the spatial origin of the Bry line emis-
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sion is more extended than the continuum. Similar observations by Tatulli et al. (2007)
of the Herbig Ae star HD 104237 showed no visibility changes in the Bry line, indicating
that the line-emission arises in the same region as the continuum for this object. This
gave Kraus et al. cause to believe that the mechanisms traced by Bry emission are dif-
ferent for different objects. They posited that for HD 163296, HD 104237, MWC297,
and V921 Sco the Bry emission is caused by the excitation of outflowing gas launched
either by an extended stellar wind or a disk wind. For HD 98922, they found that the
line-emitting region is much more compact, consistent with a magnetospheric accretion
scenario. By observing a diverse sample of Herbig Ae/Be stars, Kraus et al. were able to
investigate general trends across the population, finding that the Bry line intensity did not
depend on the stellar parameters such as luminosity but that there was a connection with
other spectroscopic features such as the Ho line profile.

AMBER’s MR mode is useful for distinguishing the differences between line and con-
tinuum, but with a spectral resolution of R = 12 000, the HR mode has the capability to
measure the kinematics of the line emission from a young star. Weigelt et al. (2011) used
the HR mode to observe MWC297, obtaining a hour-angle with a compact linear config-
uration of the VLTT auxiliary telescopes (ATs). Weigelt et al. observed strong differential
phases across the Bry line along with a drop in the visibilities in the line, indicating that
the line-emitting region is ~3 times more extended than the continuum. Weigelt et al. fit
their AMBER data with a kinematic model of a disk wind, with a half-opening angle (the
angle between the rotation axis and the innermost streamline of the disk wind) of 80°.
Kraus et al. (2012a) also used AMBER’s high spectral dispersion mode to study the kine-
matics of line-emitting gas, this time around the Herbig B[e] star V921 Sco. Using the
AMBER data to fit a kinematic model of a rotating Keplerian disk, Kraus et al. obtained
spectro-astrometric data from the CRIRES at the VLT. This data was used to calculate
photocentre displacement vectors (similar to those discussed prevously in Section 3.4) as
well as being incorporated into the kinematic modelling fit.

Kurosawa et al. (2016) modelled the kinematics around the Herbig Ae star HD 58647
using the Torus radiative transfer code, finding an optimal fit to their AMBER HR-K data
using a model of a disk wind with a magnetospheric component. Garcia Lopez et al.
(2015) used AMBER’s HR-K mode to observe the Herbig Ae star MWC 275 with the
UT2-UT3-UT4 configuration across three epochs. Their observations indicated that the
Bry emitting region is more compact than the continuum for this object, consistent with
the findings of Kraus et al. (2008a). Using the non-LTE disk wind model discussed in
the previous works of Weigelt et al. (2011), Grinin and Tambovtseva (2011) and Tam-
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bovtseva et al. (2014) they simulated an outflow scenario using their observations. Their
best-fit disk wind model suggests a very compact wind-launching region 2-4 stellar radii
(0.02-0.04au) with a half-opening angle of 45°. Caratti o Garatti et al. (2015) used a simi-
lar technique to study HD98922 whilst also observing the object using the VLT/SINFONI
instrument. Similar to Garcia Lopez et al., they found that the Bry emitting region is more
compact that the continuum for this object. Using the same non-LTE model as above, they
found that their observations fitted a disk-wind scenario with a half-opening angle of 30°
and a compact wind launching region extending from 0.1-1au.

Surveying a large number of astronomical targets is a difficult task with interferometry
as each observation is a difficult and intenstive process and achieves a very small field
of view. However, Eisner et al. (2004) and Lazareff et al. (2017) demonstrate how such
works help to further our knowledge of the star formation process as a whole, finding
trends between stellar properties and interferometric observables. Eisner et al. (2004)
used the Palomar Testbed Interferometer (PTI) to observe fourteen Herbig Ae/Be stars
in the K-band, resolving the inner disk around all but two of their targets. Eisner et al.
found that earlier-type objects were best-fit with geometrically flat accretion disk models,
whilst the later type objects were better explained with models incorporating puffed-up
inner disk walls. Later, Eisner et al. (2005) used the Keck interferometer to observe the
K-band (~2.2um) continuum around four T-Tauri stars, simulating the emission with
models of incorporating puffed up inner disk walls. Lazareff et al. (2017) expanded upon
the work of Monnier and Millan-Gabet (2002) by investigating the relation between the
interferometric size-luminosity relation, observing a wide spread of sizes that can not be
fully explained by the different sublimations temperatures of the various dust species.
More seminal interferometric studies focusing on image reconstruction are discussed in
Chapter 5.

3.6 Spectrally dispersed beam-combining instruments

3.6.1 VLTI/AMBER

AMBER (Astronomical Multi-BEam combineR, Petrov et al., 2007) was a near-infrared
(J, H and K bands, i.e. 1.1um to 2.4um) beam combiner at the VLTI, the first instrument
at the VLTI capable of achieving spectrally dispersed interferometry in this wavelength
regime. The VLTI array is comprised of four 8.2 metre unit telescopes (UTs) which are
fixed in position and four 1.8 metre auxilliary telescopes (ATs) which are free to move to

different positions along tracks. AMBER was designed to achieve coherent combination
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of three telescope beams, enabling observers to obtain visibility and closure phase infor-
mation (see Figure 3.6.1). The light from the three VLTI telescopes is spatially filtered
through single-mode fibres (resulting in a 65 mas field of view for the UTs and 280 mas
for the ATs) before being passed through beam splitters, to separate the light between re-
combination and the photometric channels. The multi-axial beam recombination system
is set up for the output baselines to be non-redundant, so that the individual interference
fringes that correspond to each baseline are easily distinguishable. The three photometric
channels and the interference fringes are then dispersed using a prism for the low spectral
dispersion mode (R = 35) or grisms for the MR (R = 1 500) and HR (R = 12 000) modes.

Each of these spectral modes offer different functionality:

— The low spectral dispersion mode (LR) covers a wide spectral range, from ~1.5 —
2.4um in one exposure. This is useful for observing wavelength dependence in
continuum-emitting structures as well as improving uv-coverage, making use of the

fact that spatial frequency is proportional to the wavenumber (%)

— The medium spectral dispersion (MR) mode is able to resolve individual spectral
lines and distinguish between line emission and continuum emission. Additionally,
the wide spectral range covered (not as wide as LR but still able to cover an en-
tire spectral band) enables the observer to simultaneously observe several spectral

features at once, provided that they are in the same spectral band.

— The high spectral dispersion (HR) mode covers a much smaller wavelength range
than the previously discussed modes, but can achieve the spectral resolution re-
quired to resolve a Doppler-broadened spectral line over tens of spectral channels
(R =12 000). This mode requires bright targets and favourable atmospheric con-
ditions but allows the observer to constrain the high-order kinematics of the line-

emitting material from the target source.

Since 2007, AMBER has made use of the fringe tracking instrument FINITO (Gai
et al., 2004; Le Bouquin et al., 2008). FINITO measures the phase difference between
the telescope light beams in real time and uses the VLTI delay lines in order to counteract
the atmospheric piston, allowing for longer integrations for observations using AMBER’s
MR and HR modes. The introduction of FINITO greatly improved the quality of high-
dispersion spectro-interferometry data available from the VLTI.

AMBER achieved first fringes in March 2004, with the instrument becoming available
for general use with the UTs in 2006 (ESO P77) and the ATs in 2007 (ESO P79). In 2018
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Figure 3.6.1: Figure from Petrov et al. (2007) illustrating the AMBER instrument design.
The three beams are spatially filtered through single-mode fibres, recombined and then spec-
trally dispersed via a prism (LR) or grism (MR and HR) on to the detector.

(P101) AMBER was decommissioned to make way for the next generation of spectrally
dispersed beam combiner at the VLTI. An overview of the AMBER data reduction process
can be found in Tatulli et al. (2007).

3.6.2 VLTI/GRAVITY

GRAVITY (Gillessen et al., 2010) is a second-generation beam combining instrument for
the VLTI, with a focus on extremely small-scale astrometry as well as phase-referenced
interferometric imaging for faint objects in the K-band. GRAVITY offers spectrally dis-
persed interferometry between 1.95 and 2.45um with a maximum spectral dispersion of
R~4000. Amongst the primary scientific goals for the instrument is the observiation of
gas clouds and stars passing close to Sgr A*, the supermassive black hole at the centre
of our galaxy (Gravity Collaboration et al., 2018a,0). The GRAVITY project has many
secondary scientific aims, ranging from exoplanet detection and characterisation to prob-
ing the nature of NIR emission from microquasars, along with studying the line emission
from the inner regions of protoplanetary disks.

Whilst being a step down from AMBER in terms of spectral resolution (moving from
R =12 000 to R =4 000), GRAVITY offers numerous improvements over the former
VLTI instrument. The ability to combine beams from four telescopes doubles the number
of uv-points that can be sampled from in a single observation over what could previously
be achieved with AMBER (from 3 baselines to 6). GRAVITY can achieve unprecedented
sensitivity for a spectro-interferometric beam combiner, with limiting correlated magni-
tudes of 10.0 in single-field mode (9.0 with the ATs) and 17.5 with dual-field tracking
(16.5 with the ATs). For the field of star formation this opens up the possibility to probe a
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Figure 3.6.2: Figures from Gravity Collaboration et al. (2018a) illustrating aspects of the
GRAVITY instrument design. Left: The fibre control unit setup for GRAVITY, showing how
the optical path length and polarisation are varied. Right: The integrated chip setup showing
how the four telescope beams are input on the left, phase-shifted and recoupled resulting in
the output on the right.

new regime of young stellar objects, namely the lower mass T Tauri stars which typically
have magnitudes fainter than ~7.0. This increased sensitivity also means that a higher
SNR is achievable for the brighter objects that were previously observed with AMBER.
The GRAVITY setup also utilizes the wide, 2" field of view of the VLTI as well as taking
advantage of the adaptive optics systems for infrared wavefront sensing.

The working principle of GRAVITY is discussed in Gillessen et al. (2010) and again
in GRAVITY Collaboration et al. (2017). A bright star close to the science target (but
outside the 2" FOV) is imaged with the Coudé infrared adaptive optics sensors (CIAO)
and the wavefront correction is applied using a deformable mirror AO system (MACAO
or NAOMI, Arsenault et al., 2003; Dorn et al., 2014). Both the science target and the
phase reference star (within the VLTI’s 2" FOV) are then imaged using the delay lines
before interferometry is achieved using the GRAVITY beam combiner. The light from
each of the four telescopes is passed through a fibre control unit where the polarisation
and the differential optical path length are controlled by twisting and stretching the fibres
(Figure 3.6.2, left). The actual interference of the telescope beams takes place on a single
silica-on-silicon integrated optics chip. The four beams are fed into the chip, where they
are then split, phase-shifted and then re-coupled to output six groups of four beams, one
group for each baseline combination (Figure 3.6.2, right). Each of the beams in this group
contains the interference information for a relative phase shifts of 0, +%, +m and 37”
The 24 output beams from the integrated optics chip are input into a fringe tracking spec-
trometer and a science spectrometer. The fringe-tracking spectrometer is optimised for

high frame-rate readout in the kHz regime, with six spectral channels. The science spec-
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trometer has the option to use spectral resolutions of R =22, R = 500 and R = 4000 and
is optimised for long integrations, with durations ranging from seconds up to minutes.
These long integration times are ideal for faint objects where high spectral dispersion is

necessary, such as young stellar objects.

3.7 Chapter summary

In this chapter I have discussed the theory of interferometry and its application in the field
of observational astronomy. I have shown how interferometry enables astronomers to ob-
serve with an angular resolution far superior than what can currently be achieved using a
traditional single-aperture telescope. Starting from first principles I have described how
light can be combined from multiple telescopes to construct interference fringes which
can be used to infer information about the astronomical target source. The visibility ex-
tracted from the interference pattern is related to the on-sky brightness distribution of
the observed astronomical target via the Van Cittert-Zernicke theorem, which states that
the visibility is the Fourier transform of the brightness distribution. Obtaining spectrally-
dispersed interferograms is a useful way to preserve wavelength differential observables
for objects which exhibit spectral line emission.

I haven given an overview of the different observables obtained using interferometry and
explained how different information about the target scource can be extracted from each
different observable. The interpretation of interferometric observables such as the visibil-
ity and phase is discussed, as well as how different aspects of the data can be interpreted
using models. I explored how interferometry has successfully been used to study star for-
mation in the past and discussed the impact of the technique on our understanding of the
star formation process.

I have given an overview of the internal workings of two spectrally dispersed beam com-
bining instruments that are used in this thesis, namely AMBER and GRAVITY. I have
shown how these two instruments use different methods to obtain interferograms with

various spectral dispersions.
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Chapter 4

Kinematic modelling

4.1 Introduction

Observing spectral line emission is a powerful tool for analysing the physical conditions
in astronomical phenomena, as well as acting as a diagnostic for the presence of complex
molecules. The emission of spectral lines from celestial objects is in itself an interesting
process, as it represents a link between the macroscopic astrophysical phenomena and
the microscopic quantum regime. In the case of protoplanetary disks, particles within
the disk can exist only in a series of discrete quantum energy states. When transitions
between states occur, photons are emitted with a wavelength (1) related to the energy gap
(E) by the relation:
he
A= ik (4.1.1)

where £ is the Planck constant and c is the speed of light.

The appearance of spectral lines is governed by the laws laid down by Kirchhoff
(1860):

1. A hot, dense gas (or plasma) will emit light at all wavelengths as a black body.

2. A low density, hot gas in front of a cool, low density background with emit an

emission line spectrum.
3. A low density, cool gas in front of a hot, black-body source will exhibit an absorp-

tion spectrum.

Each particle present in a disk has its own unique set of energy states, meaning that
they all have a unique spectral signature. This allows astronomers to determine the chem-

ical composition of the circumstellar material that is observed. However, the shape of the
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spectral line holds a great deal more information about the physics of the line-emitting
material. Emission lines can be broadened by several mechanisms, such as the Zeeman
effect, natural broadening and the Doppler effect. Doppler broadening occurs when an
emission line is emitted by material that is in motion along the line of sight of the ob-
server, with material that is moving faster in the line of sight exhibiting a larger doppler
shift. This means that measuring the line’s width, relative to the central wavelength, yields
the maximum velocity of the line-emitting material along the line of sight (see Equation

4.3.1). Further exploration of the interpretation of line profiles is discussed in Section 4.3.

4.2 Spectral series

A simple approximation of an atom, the Bohr model, postulates that atoms consist of a
nucleus surrounded by one or more electrons moving in circular orbits. As the mass of
the electrons is negligible when compared to the mass of the nucleus, the nucleus is fixed
at the centre of mass of the atomic system. The electrons have de Broglie wavelengths of

the form:

h h
Ae="1 =

p mev’

4.2.1)

where p is the electron’s momentum, 1, is its mass and v its velocity. Electrons can only
achieve a stable orbit around a nucleus in a standing wave state, meaning the circumfer-
ence of the electrons n’th orbit must be equal to the integer value n (known as the principle

quantum number) multiplied by A,:

h
2y = nhy = —2 4.2.2)
myv
where a is the Bohr radius. Rearranging these equations gives the result:
L =a,m,v =nh 4.2.3)

where L is the angular momentum and 7 is the reduced Planck constant ( %) Balancing
the Coulomb attraction with the centripetal force for the simplest case of a hydrogen atom

we find:

= (4.2.4)
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Combining this relation with Eq. 4.2.3 we can define a, in terms of n and physical con-

stants:

n?h?

mee?’

(4.2.5)

a, =

An electron in this atom can fall from a given level n to any level n’ = n — An by emitting
a photon with an energy corresponding to the energy difference between the two levels.
The resulting spectral lines are called recombination lines as when formerly free electrons
recombine with ions they cascade down the energy levels emitting photons before reach-
ing the ground state.

The total energy of an electron in a hydrogen atom is the sum of its kinetic and potential

energy:

1 —e? 5 [ mee? mee* )
E=E+E,=-E,= =— =— . 4.2.6
k 2 2a, ¢ (2n2h2 h? " ( )

The energy change of a photon dropping from an energy level n to an energy level n’ is

conserved as a photon Av:

4
mee ., 2 2
AE = —n “|=hv. 4.2.7
real ] (4.2.7)
Therefore we can define the frequency of the emitted photon as:
2 2 . 4
V= (%) ¢ 2 —n? (4.2.8)

The first term in this equation is known as the Rydberg constant, R., = 1.097 x 10’m™.
Conducting the same derivation using the reduced mass instead of assuming a negligible

electron mass yields the equation:
1 me\ !
5 =R (1 + M) 2 —n"2]. (4.2.9)

It must be stated that these derivations rely on a treatment of the Hydrogen atom that
is incomplete, and which has since been replaced with a full quantum mechanical model.
Indeed, some observational effects such as natural broadening cannot be explained with-
out invoking quantum mechanics and are therefore inconsistent with the Bohr model used
above.

Observationally, these mechanisms manifest themselves as series of lines which are char-
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Figure 4.2.1: The wavelength positions of the Balmer series (n’ = 2, top) and the Brack-
ett series (n' = 4, bottom) of Hydrogen lines, showing how the spacings between each line
change with wavelength.

acterised by the final energy state in which the electron sits. We can see from Eq. 4.2.9
that for large values of n the n~> term becomes negligible, meaning the emitted wave-
length is dominated by the final rest channel n’. The result is a characteristic pattern of
emission lines between Aa,—1 and Aa,—o that are spaced further apart with increasing
wavelength (shown for Hydrogen spectral series in Figure 4.2.1). In this thesis we focus
on spectral lines in the H and K bands, namely lines in the Brackett series. These lines
are referred to by the shorthand notation of the series (i.e. Br for Brackett) followed by
the transition number (equal to n’ - n). For lower order lines the transition number is often
replaced by the corresponding letter in the greek alphabet, for instance the n =7 ton’ =4

transition is referred to as Bry and the n = 10 to n’ = 4 transition is referred to as Br6.

4.3 Interpreting spectral line profiles

Whilst the wavelength of a line can be used to determine the chemistry and excitation
energy of a line-emitting species, more information can be gleaned from the line’s shape
or "profile". The Doppler effect predicts how the frequency v of line emission is affected

by the velocity v of the line-emitting gas along the observer’s line of sight:

v
Vobs = (1 + E) Vemit (4-3-1)
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This can be used to find the objects line-of-sight velocity compared with the local stan-
dard of rest (LOS). The Doppler effect causes broadening within spectral lines that come
from a single source and material can be blue- and red-shifted by kinematic processes
such as rotation or accretion. In these cases the line profile is a strong diagnostic of the
nature of the processes that form the emission. The width of the line relative to its central
wavelength is directly related to the maximum line-of-sight velocity, which can be used to
infer information about the kinematics of the line-emitting gas as well as the inclination
of the disk. The use of physical models to interpret spectral line observations has yielded
many interesting results which have increased understanding of the dynamic processes

involved with star formation.

4.4 Kinematic scenarios in star formation

Accreting circumstellar matter is subject to many different velocity fields as it propagates
through the disk towards the central star. The outer regions of protoplanetary disks ex-
perience Keplerian rotation, as well as infall through the disk towards the central star,
whilst the inner-most regions of the disk are host to the complex kinematic scenarios
of magnetospheric accretion and outflow launching. Each of these different scenarios is

characterised by line emission in a different wavelength regime.

4.4.1 Keplerian rotation

The majority of material within circumstellar disks orbits the central star according to
Kepler’s laws of orbital motion. Kepler’s third law can be demonstrated by equating the
gravitational attractive force with the centripetal force felt by an orbiting particle of mass
m:
GM 2
- (4.4.1)

r2 r

where M is the mass of the central star, r is the semi-major axis of the orbit, v is the
orbital velocity and G is the gravitational constant. Re-arranging this equation to find the

velocity yields

GM
vV=14/— (4.4.2)
r
as well as the relation that the square of the orbital period is directly proportional to the

cube of the semi-major axis (7% = éiMa3). As a result, high velocity material is found
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Figure 4.4.1: Moment maps (top) and simulated spectra (bottom) for a Keplerian disk viewed
at a range of inclinations. This illustrates how the spectral shape is strongly dependent on the
disk inclination. The darkness of the blue and red colour is proportional to the line-of-sight
velocity of the Doppler shifted material.

closer to the central star, with lower velocity material occupying the more extended re-
gion of the disk.

Keplerian rotation is typically associated with a double-peaked line profile that results
from the Doppler broadening of the line caused by material with different orbital veloci-
ties. The shape of the spectral line can be a used as a diagnostic for the inclination of the
disk as seen by the observer, with a disk viewed close to edge-on exhibiting a larger range
of velocities in the line of sight than a disk viewed close to face-on (see Figure 4.4.1). Ad-
ditionally, as the inclination increases the spectrum becomes more double peaked, with a

larger depression in the line centre.

4.4.2 Disk winds

The inner disk is host to more complex and dynamic kinematics, with both infall and

outflow mechanisms playing a large role. A frequently discussed outflow-launching sce-
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nario is the disk wind model, as introduced in Section 2.4.2. As the outflowing material is
launched from the surface of the disk in this scenario, the line-emitting material still ex-
hibits Keplerian rotation in addition to the out-of-plane velocity component. The driving
force for the ejection in the disk wind paradigm is the large-scale magnetic field which
permeates the disk and accelerates material along the magnetic field lines. Knigge et al.
(1995) first demonstrated a biconical geometric approximation for such a scenario, where
the wind acceleration streamlines are defined as straight lines which extend from an imag-
inary source behind the disk between a range of angles (an illustration of this geometry is
included in Section 6.7). Other wind launching scenarios, such as thermally driven disk
winds (Sauty and Tsinganos, 1994), are not considered as part of our modelling frame-
work but may be an important part of the outflow scenario for young stars, particularly
for more luminous Herbig Ae/Be stars.

4.5 Modelling framework

Kinematic modelling requires creating separate models for each of the sampled wave-
length channels, making it a computationally intensive venture. To compute the differ-
ential interferometric quantities we make use of the principles laid out in Section 3.2 to
extract interferometric observables from our 2D model intensity maps. The Fourier trans-
form of each model frame is calculated, and the 2D visibility and phase are extracted at
the spatial frequencies that correspond to each of the baselines sampled in the uv plane of
our specific observation. We often simultaneously model multiple data sets which have a
range of different wavelength dispersions, such as in the case where we compare models
to high resolution spectra as well as spectro-interferometric data. In this case the spectral
resolution of our model must align with the data set which has the highest spectral disper-
sion, with the data then being convolved to the spectral response of the lower-resolution
data. In order to find the correct convolution we compare the spectra and use the convolu-
tion function that results in a match of the width of the telluric lines. From the extraction
we obtain velocity-dependent visibilities, differential phases and a spectrum that we can
directly compare with the observed wavelength-dependent data. The channel velocity

Vehan 18 converted to wavelength Acpa, using the following equation:

)Lchan = )Lrest (1 + Vchan) 4.5.1)

c

where Ay is the rest wavelength of the line and ¢ is the speed of light.
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4.5.1 Pure kinematic 2D modelling code (simmap)

Our versatile in-house 2D kinematic modelling code (hereafter referred to as simmap)
offers a useful way to explore a large range of kinematic scenarios and directly interpret
differential interferometric quantities. This code (primarily developed by Stefan Kraus)
has been previously used to model the bipolar wind from 1 Car (Weigelt et al., 2007)
and the accretion disk around V921 Sco (Kraus et al., 2012¢). This code creates a two-
dimensional, geometrically thin representation of a YSO disk system as it is viewed on-
sky by an observer, with the pixel scale of the model image assigned a size in units of
milli-arcseconds. The simmap code then evaluates each of the regions associated with
each pixel and calculates that pixel’s intensity according to the intensity functions that are
being modelled.

It is important to construct an accurate model for the continuum emission, as this is an es-
sential comparison point for calculating the differential interferometric quantities. Along
with a delta function to simulate the central, unresolved star we can model the continuum
emission with a range of different intensity distributions. For objects where the continuum
emission is only marginally resolved, a simple inclined Gaussian distribution is sufficient
to determine that visibility level as well as the flux ratio between the star and the disk.
Where the object is more resolved, a ring or temperature-gradient disk model can offer
a better fit to the more complex visibility data in the second lobe (see Section 3.4.1 and
Figure 3.4.1).

The line-emitting region is defined as an axisymmetric region around the central star be-
tween an inner radius Rj, and outer radius Ryy. Within this region the intensity of the
emission is proportional to the radius, varying with %, where r is the radius and Bisa
free parameter. Using the stellar mass M, and distance D, the Keplerian rotation velocity
is calculated for each point in the line-emitting region. The variation of the rotational ve-
locity as a function of radius can be altered within the code, along with the ability to scale
the velocity field as a function of the Keplerian velocity. Additionally, a velocity compo-
nent can be introduced that simulates the infall of material through the disk towards the
central star. The disk’s inclination is then taken into account and the velocity for each
pixel in the line of sight of the observer is determined. For the more complex case of a
disk wind, the out-of-plane velocity vectors extend through the disk from an imaginary
source offset from the centre of the disk in the z direction (Knigge et al., 1995). The
distance of the imaginary source from the disk D, determines the degree of collimation
of the wind at the inner radius and subsequently throughout the line-emitting region. The

out-of-plane velocity can be defined either as a constant velocity or as a function of the
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Keplerian velocity. For each pixel the velocity along the observers line of sight is calcu-
lated and added to the existing rotational velocity.

With the velocity field defined we can then calculate a 2D intensity map for a range of
velocities. We define our sample velocity channels to reflect the spectral dispersion of the
highest resolution data set that we are modelling. Using a Python wrapper, a series of 2D
frames is calculated for each velocity bin. The interferometric observables are extracted
using the method discussed above and converted to the corresponding wavelength using
Eq. 4.3.1. The resulting series of wavelength dependent quantities are then compared with
the observed data.

My personal contribution to the simmap code was revolved around constructing a Python
interface with the code which allows the user to easily construct a kinematic scenario (or
series of scenarios) to explore. I also helped to developed the code that extracts the inter-
ferometric quantities from the model images, along with developing code that compares
these quantities with the observed data. The framework that I developed has been incor-
porated into the analysis software that has also been used by my collaborators on projects

that are not featured as part of this PhD

4.6 Chapter summary

In this chapter I have given an overview of the mechanisms by which particles emit light
at specific wavelengths and how such emission lines carry information about motion of
line-emitting species. I have discussed the formation of spectral line series, with a par-
ticular focus on the hydrogen recombination series that are the subject of our spectro-
interferometric observations in this thesis. I explored how the shape or profile of a spectral
line can be used to infer information about the location and kinematics of the line-emitting
material, making it a useful diagnostic for the dynamical mechanisms involved in the for-
mation of stars. I have demonstrated how emission line profiles can also be used to derive
information about the orientation of a disk system.

Material that propagates through an accretion disk experiences multiple different velocity
fields before it reaches the central star. In this chapter I have summarised the physics
behind the Keplerian rotation and disk wind velocity fields, as well as outlining how they
are applicable to a protoplanetary disk system. I have given an overview of the kinematic
modelling framework that is used to model the spectro-interferometric data in this the-
sis, explaining how I synthesise interferometric observables from model image frames.

The specific modelling code that I have employed to construct velocity-dependent model
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images is described in detail, along with previous studies that were conducted using this

code.



Chapter 5

Chromatic image reconstruction

5.1 Introduction

Interferometric image reconstruction is a powerful technique for creating visual repre-
sentations of astronomical objects with extremely high angular resolution. Whilst image
reconstruction is not a model-independent process, it allows for a more direct interpre-
tation of interferometric data than traditional modelling techniques. This is particularly
useful in cases where model fitting is challenging, such as in the case where the brightness
distribution is complex and asymmetric. In these cases, model fitting can yield results that
do not accurately represent the true brightness distribution. The process reduces the data
from its raw interferometric form into an intuitive, on-sky brightness distribution, the in-
terpretation of which has been at the core of astronomy since its inception.

The interferometric investigations that have successfully achieved image reconstruction
rank amongst the most seminal and impactful works that have been achieved with in-
terferometry. A contributing factor to this is that image-reconstruction requires a large
ammount of data, so studies that can achieve image reconstruction can also present ex-
tremely detailed analysis of the raw interferometric data. For instance, Monnier et al.
(2007) used the CHARA array to construct an image of the surface of the rapidly rotating
A7 star Altair (o0 Aquilae). The image (see Figure 5.1.1, panel a) that Monnier et al.
presented showed that fast rotation of the star caused it to elongate along the equator and
flatten at the poles. The image also showed clearly the increased heat of the polar region
compared with the inflated equatorial region, due to the more extended stellar material
being further from the heat source of the star’s core. The ALMA Partnership et al. (2015)
presented a stunningly detailed image of rings and gaps within the HL. Tau protoplane-

tary disk, achieving unprecedented angular resolution in the submillimetre regime (Figure
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Figure 5.1.1: Panel a): Image of the surface of Altair taken from the work of Monnier et al.
(2007), reconstructed from CHARA/MIRC interferometry data. The elongated shape of the
star can clearly be seen, along with the increased intensity from the hot polar region. Panel
b): Image of the protoplanetary disk around HL Tau made using the ALMA interferometric
array (taken from ALMA Partnership et al., 2015). The ring structure of the disk has since
been the subject of various theoretical models of planet formation and disk evolution. Panel
¢): Image of the supermassive black hole in the core of M87. This image has the highest
angular resolution ever achieved in astronomy.

5.1.1, panel b). The data from the reconstructed image has since been the subject of many
simulations of planet formation and disk hydrodynamics. Arguably the most remarkable
advancement yet in the field of interferometric image reconstruction was presented by
the Event Horizon Telescope Collaboration et al. (2019a, 2019b), who presented the first
resolved image of material orbiting close to the event horizon of a black hole (Figure
5.1.1, panel ¢). The Event Horizon Telescope Collaboration et al. combined the light
from telescopes across the globe, achieving unprecendent baseline spatial frequencies in
the giga-A regime. The image was recognised the world over as an extroardinary feat
of human ingenuity. Interferometry and image reconstruction have been central to some
of the most technical astronomical achievements in human history. The insights that can
be achieved by analysing raw interferometric data are powerful but nothing captures the

imagination as well as images of the cosmos, giving them a different kind of power.

5.2 Interferometric image reconstruction

The theory behind interferometry is laid out in this thesis in Section 3, where we dis-
cussed the Van Cittert-Zernicke theorem, the principle that the visibility observed with

an interferometer is the Fourier transform of the on-sky brightness distribution. However,

April 11, 2017
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deriving an image from interferometric data is more complex than simply performing an
inverse Fourier transform on the observed data. Image reconstruction must be tackled
as an inverse problem (Tarantola and Valette, 1982; Tarantola, 1987) by imposing prior
constraints to select a unique image from all those that fit the observed data. These priors,
also known as the regularisation, are selected to smoothly interpolate between the voids
that are present in the uv-coverage (Titterington, 1985). For this reason it is imperative to
sample as much of the uv-plane as possible, in addition to ensuring that the uv-coverage is
as uniform as it can be. Image reconstruction is then a case of keeping the image as simple
as possible whilst achieving a good fit to all of the available visibility data (Thiébaut and
Young, 2017).

Image reconstruction processes such as the CLEAN algorithm (Hogbom, 1974) have
been successfully used for decades in the field of radio and sub-millimetre interferom-
etry. There are many advantages to observing in this wavelength regime, such as that
the telescopes that make up the interferometer are much less expensive to make and that
the effects of atmospheric turbulence are much reduced at longer wavelengths. As a re-
sult, the amplitude and phase of the complex visibility can be directly measured and the
uv-plane extensively and uniformly sampled, both being essential for a successful image
reconstruction.

However, achieving image reconstruction at shorter wavelengths, such as in the infra-red,
is far more challenging. Optical interferometers recombine light from far fewer elements
than their radio counterparts, leading to a much sparser and less uniform coverage of the
uv-plane. In order to collect light at optical wavelengths the telescope mirrors must be
smooth to an accuracy of ~20nm, which is far more difficult and expensive to achieve
than the ~20um required to reflect sub-mm light. The shorter wavelengths also require
the positions of the telescopes to be known to a degree of accuracy that is ~100x higher
than is required for the radio regime. The result is that optical interferometers are made
up of far fewer elements (usually between 3 and 6 telescopes) than radio or sub-mm in-
terferometers. As such, achieving a uv-coverage sufficient for image reconstruction takes
many nights worth of observations, rather than a few hours.

At optical wavelengths, observing the phase of the complex visibility is extremely diffi-
cult, as we discuss in Section 3.2. Observables such as the closure phase only preserve
some of the phase information, meaning that a significant part of the complex visibility
information cannot be recovered. Without all of the phase information, image recon-
struction is far more problematic than a simple inverse Fourier transform of the complex

visibility function. An example of a method for image reconstruction can be found in the
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work of Renard et al. (2011).
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Figure 5.2.1: Figure using images from Mérand et al. (2018) illustrating the initial model
and results of the 2018 optical interferometry image reconstruction contest. Top left panel:
An image of the inital disk model along the various components (and relative flux ratios)
that comprise it. Top middle panel: Sample VLTI+CHARA uv-coverage for the simulated
observations. Top right panel: Simulated squared visibilities and closure phases of the disk
model. Bottom row: Reconstructed images of the disk model calculated using the sample
data. The team leader and reconstruction algorithm are shown above each image.

The effectiveness of various different image reconstruction codes is discussed in the 2018
optical interferometry image reconstruction contest (Mérand et al., 2018). Five different
research groups were given a data set constructed using a complex disk-system model
with a sample VLTI/PIONIER and CHARA/MIRC uv-coverage. Each group used their
own image reconstruction process in an attempt to achieve an image that best matches
the original model. Each of the image reconstruction approaches determines the correct
location of the planet and the correct orientation of the disk. The gap between the in-
ner and outer disks was detected at the correct location in the image reconstructions by
Kluska, Thiébaut and Sanchez, whilst the inner disk was entirely resolved in the images
by Sanchez, Young and Tallon. The winning image by Sanchez et al. used a novel tech-
nique of using one algorithm to construct an initial image, which was then used as a first

approximation for a second image reconstruction algorithm.
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5.3 Spectrally dispersed image reconstruction

More information can be revealed about dynamic astronomical processes by observing
with spectrally-dispersed interferometry and using the data to reconstruct images across
multiple spectral channels. This process means that the light observed is split into discrete
bins, meaning that to obtain a high SNR, the observations must have longer integration
times than similar observations without spectral dispersion. Such spectrally dispersed ob-
servations of protoplanetary disks in the sub-millimetre regime reveal clear signatures of
Keplerian rotation (Murillo et al., 2013) and mass infall (Yen et al., 2014) along with the
transition between the two kinematic scenarios (Aso et al., 2015). Mass outflow scenarios
such as disk winds (Bjerkeli et al., 2016; Giidel et al., 2018) and jets (Lee et al., 2017)
have also been observed in this wavelength regime for YSOs. Extraordinarily, recent
ALMA observations of disks in Keplerian rotation have been used to detect the presence
of forming planets. Pinte et al. (2018) was able to infer the presence of an embedded
protoplanet in the disk around HD 163296 by detecting a small distortion in the otherwise
perfectly Keplerian velocity field. Pinte et al. repeated the feat in 2019, observing a sim-
ilar kinematic signature of an embedded protoplanet in the disk around HD 97048, at a
radius perfectly in alignment with a gap detected in the continuum emission. This discov-
ery provides more evidence of the connection between gaps in protoplanetary disks and
the planet formation process, as well as revealing spectro-interferometry as an exciting
new tool for detecting protoplanets. However, the millimetre and sub-millimetre wave-
length regimes do not permit observers to detect the hotter dynamical processes that occur
close to the central star. These mechanisms require observations at infra-red wavelengths,

firmly in the realm of optical interferometry.

5.3.1 IRBis

In 2014, Hofmann et al. presented IRBis (Image Reconstruction software using the Bis-
pectrum) an image reconstruction algorithm for optical interferometry based on the build-
ing block method described by Hofmann and Weigelt (1993). As with all image recon-
struction algorithms IRBis takes raw visbility and phase data from an interferometer and
aims to reconstruct the observed brightness distribution. To do this, the following steps

are taken:

1. The bispectrum elements from the observed visibility and phase are derived and

used as the data set from which the reconstructed image is calculated.
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2. The IRBis algorithm searches for the 2D brightness distribution o (X) with a bis-
pectrum that best represents the observed. Here k is the iteration number and X is a

2D coordinate vector.

3. A regularisation term H[ox(X)] is introduced to mitigate the effects of the sparse
uv-coverage that is unavoidable for optical interferometry. This term is combined

with the y? function, Q[oy(X)], to give the cost function J[o(¥)].

4. Minimisation of the cost function J]oy(¥X)] is achieved using the alternative set al-
gorithm conjugate gradient routine (ASA_GW, Hager and Zhang, 2005, 2006).

The product of combining data from three telescopes is called the bispectrum, 0,

which can be expressed using the following relation:

O (ur,u2) = \/V2(u)V2(y +ua)V2 (1) - P2, (5.3.1)

where u; and u, are 2D spatial frequency coordinates, V2 is the squared visibility and
B(ui,uy) is the closure phase. The comparison between the potential best-fit images
and the observed data is performed using the reduced x2. The %2 for the bispectrum is

represented by the function:

Q1[ox(X)] Zul/u2 % : ‘yOO,(f)(ul,uz) — 0% (uy,up) zdulduz, (5.3.2)
where wy(u;,u;) is a weighting factor accounting for the unequal distribution of uv points,
o is the bispectrum error and 7 is a scaling factor.

Sparse uv-coverage means that many different reconstructed images can fit the observed
bispectrum with similarly small Q[0 (X)] values. The bispectrum of these different im-
ages may behave strangely in the holes between uv points (i.e. making large jumps as
opposed to changing smoothly) which can be counteracted through introduction of a reg-

ularisation factor. This is acheived by defining the cost function:

J{o(3)] = Qlog(¥)] + - Hlow ()], (5.3.3)

where u is the regularisation factor which determines the scale to which the regularisation
function H [0y (X)] is applied. IRBis can apply a range of different regularisation functions,
outlined in Section 2.2.2 of Hofmann et al. (2014). The cost function is minimised us-

ing a large-scale, non-linear, bound-constrained optimisation algorithm, ASA_GW. The
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large-scale nature of the algorithm is manifest in the large number of pixels in the image
reconstruction (between 10* and 10°). It is important that the algorithm be constrained
by bounds to preserve the positive value of pixels so as to avoid a non-physical best-fit
image. A model image such as a Gaussian or ring that is a good fit to the data can be used
as a first-guess for algorithm.

The quality of the reconstructed image is estimated by comparing the extracted visibiliy
and closure phase of the image with the observed visibility and closure phase data. This
comparison can be achieved by calculating the reduced ¥ along with the residual ratio
(pp, calculated by taking the ratio of positive and negative residuals). These two compar-

ison quantities can be combined into the positive parameter:

1
grec = 7 (x5 — 11+ [ppy2 = 1|+ |3 — 1|+ |ppcp — 1]] (5.34)

A good image reconstruction should have a g value close to zero. To avoid noise-
fitting, in the case that the x is lower than one the reciprocal 1/x? is used. The output
image from the reconstruction algorithm is convolved with the beam of the simulated uv-
coverage.

An example of the successful application of the IRBis method to construct spectrally
dispersed images is shown in the work of Weigelt et al. (2016) (Figure 5.3.1). Here
Weigelt et al. made use of the differential phase data from AMBER in their image recon-
struction as well as the closure phase. Using the wavelength-differential phase, and the
known continuum phase, the Fourier phase of the object’s brightness distribution could
be derived across multiple wavelength channels. This method of using the Fourier phases
derived from the differential phases and wavelength dependent visibilities is referred to
as the differential phase method. Weigelt et al. observed the luminous blue variable
(LBV) star n Car with AMBER'’s high spectral dispersion mode using the ATs. 1 Car
has a strong (~250% continuum strength) and wide (+ ~750kms~!) Bry emission line,
allowing Weigelt et al. to obtain velocity resolved images across over 100 spectral chan-
nels. For the first time, the velocity resolved images showed that the wind from 1 Car is

strongly wavelength dependent and asymmetric.

5.4 Chapter summary

In this chapter I have given an overview of how interferometric data can be directly in-
terpreted by reconstructing images with unprecedented angular resolution. The results of

several previous studies using image reconstruction were discussed which illustrate how
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Figure 5.3.1: Figure from Weigelt et al. (2016) showing the results of velocity resolved
image reconstruction of 1 Car using IRBis. The top panel shows the wavelength-dependent
intensity of the Bry emission line. The middle row shows the fine wavelength-dependent
structure in the blue-shifted section of the line, showing the presence of fan- and bar-like
structures in the line-emitting material. The bottom row shows the difference between the
red-shifted and blue-shifted material at a range of velocities.

such high-angular resolution images can be used to further our collective knowledge of
astrophysics. I have described how the image reconstruction process is approached as an
inverse problem that is made simpler with a more extensive sampling of the uv-plane.

Spectrally dispersed image reconstruction has been succesfully achieved in the sub-mm
and radio regimes, but it is more challenging for optical wavelengths as it is more difficult
to obtain a uv-coverage that is sufficient. I have outlined the previous results of spectro-
interferometric image reconstruction in both the long and short wavelength regimes for
young stellar objects. Finally, I have given a brief mathematical overview of the IRBis
method for image reconstruction which is used for spectro-interferometry data in this the-
sis. [ have included a discussion of the work by Weigelt et al. (2016), in which the IRBis

method is used to reconstruct wavelength dependent images of 1 Car.



Chapter 6

Gas dynamics in the inner few AU
around the Herbig B[e] star MW(C297.

This chapter is based on a paper that was published by Hone et al. (2017) in Astronomy
& Astrophysics Volume 607 (Article 17).

6.1 Introduction

As MWC297 has such a bright K-band flux it has been used as an effective back-up target
for interferometric observations. This means that by the start of my PhD in 2015 our team
had built a substantial spectro-interferometric data-set for the object, comprising of nine
separate observations. These observations cover the widest possible range of angles and
baselines that is possible using the VLT UTs, making it the largest high-spectral disper-
sion interferometric data set ever assembled for a young stellar object. Such an extensive
data set presents a unique opportunity to study an enigmatic YSO with unprecedented de-
tail. We were able to achieve spectrally-dispersed image reconstruction acros the Bry line
of a YSO for the first time ever, an achievement that represents a significant step forward
in the fields of star formation and interferometry.

In this Chapter the Bry line of MWC297 is spatially and spectrally resolved and the dis-
tribution and kinematics of the line-emitting gas are studied in order to place physical
constraints on the processes traced by Bry. In Section 6.2 I present AMBER spectro-
interferometry and CRIRES spectro-astrometric observations which are interpreted in

Section 6.3 by fitting the visibilities with geometric models and in Section 6.4 by mea-
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suring the 2D photocentre displacements across the Bry line. The fitting of low-spectral
dispersion AMBER data was performed by Alex Kreplin using his own geometric model
fitting scripts. In Section 6.6 1 present the results of spectrally dispersed image recon-
struction of MWC297 that was performed by Karl-Heinz Hofmann and the team around
Gerd Weigelt at the Max Planck Institute for Radio Astronomy in Bonn. In Section 6.7 I
present kinematic models of both Keplerian rotation and a magneto-centrifugally driven
disk wind and compare the models to the observed data.

I was able to distinguish between two subtly different velocity fields to deduce that the
By emitting gas traces an extended disk wind. The subtle differences between the Kep-
lerian rotation and disk wind velocity fields are explored in Section 6.8, with the results
indicating that the perceived angle of rotation is a useful diagnostic for the presence of
outflowing material. This finding in particular is the basis for a significant portion of the

analysis presented in Chapter 7.

6.1.1 Earlier studies of MWC297

MWC297 is one of the nearest Herbig stars, with a mass of ~10M,, spectral type B1.5V
and a distance of 170 pc (Fairlamb et al., 2015). Spectroscopic observations by Drew et al.
(1997) indicate that MWC297 is rapidly rotating with vsini = 350 + 50kms~'. Stellar
rotation becomes critical when v = v, = \/W/CSR*) (Maeder and Meynet, 2000)
which for MWC297 is 450 + 50 kms ™! (assuming R, = 6 R and M, = 10M.,, Drew
et al. 1997; Weigelt et al. 2011). Assuming that the disk and star are aligned, this rapid
rotation is called into question by the interferometric observations of the disk inclination,
which was determined to be ~20° by Malbet et al. (2007), Acke et al. (2008) and Weigelt
et al. (2011). With these parameters, v takes the value ~1023 kms™! which far exceeds
the 450 kms ™! break up velocity. This ‘unphysical’ result could point to a possible mis-
alignment between the star and the disk.

Important insights into the au-scale geometry of the disk around MWC297 have been
obtained with near- and mid-infrared interferometry (Malbet et al., 2007; Acke et al.,
2008; Kraus et al., 2008a; Weigelt et al., 2011). An interesting recurring result from these
works is that the observed continuum radius is much smaller than the predicted dust sub-
limation radius of ~3au (assuming a dust sublimation temperature for silicate grains of
Tsup = 2000 K). This characteristic has also been found in other luminous objects, includ-
ing ZCMa and V1685 Cyg (Monnier et al., 2005). Like MWC297 (B1), both of these
objects are early-type B stars (ZCMa: B0, van den Ancker et al. 2004; V1685 Cyg: B3,

Hernandez et al. 2004), indicating that this could be characteristic for young, luminous
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Herbig Be stars.

MWC297 was also resolved with VLTI/PIONIER in the H-band by Lazareff et al. (2017).
They fitted Gaussian-modulated ring models to their visibility and closure phase data
but could not find any evidence for a sharp inner edge around MWC297. Instead, the
measured visibility profile is very smooth and indicated a Gaussian-like profile with the
system axis along a position angle (PA) of 13.7 £ 1.7°, which is consistent with our PA
estimate within 0.88c¢. The morphology of the near-infrared continuum varies for dif-
ferent objects, with lower-mass Herbig Ae stars showing a ring shape (tracing the inner
dust rim) and the higher-mass Herbig Be stars having a more radially extended ring struc-
ture, sometimes leading to Gaussian-shaped continuum emission (Lazareff et al., 2017).
MWC297 displays an intriguing continuum geometry with the NIR emission well inside
the dust sublimation radius and no "hole" in the emission indicative of a ring-like struc-
ture. The variation of optical depth in the inner gas disk was investigated by Muzerolle
et al. (2004), who found that for high accretion rates (M 2 10-8 M@yrfl) the inflowing
gas can become optically thick. Further study of the accretion rate and gas opacity in the
inner disk is beyond the scope of this study.

Spectrally dispersed interferometry with VLTI/AMBER offers a unique opportunity to
observe wavelength-dependent changes in the object morphology at medium spectral res-
olution (R = 1 500) or the kinematics of line-emitting gas at high spectral resolution
(R =12 000), retaining the extremely high angular resolution achieved with optical inter-
ferometry. This technique was employed by both Malbet et al. (2007) and Weigelt et al.
(2011) to observe the Bry emission line of MWC297. Malbet et al. (2007) interpreted
their single baseline R = 1 500 data with a model comprised of two codes: one simulating
an optically thick, continuum-emitting disk around MWC297, and the other modelling the
source of the line emission as a stellar wind from the central star. Their model provides a
good fit to the observed spectral energy distribution (SED), differential visibility and Bry
spectrum, but with no differential phase measurements and a very small sample of data
(just one baseline), the gas kinematics are not well constrained. In addition, they assumed
a double-peaked Bry line profile for their kinematic modelling, while a later reanalysis of
the same ISAAC data set showed that the double-peaked profile was a calibration artifact
and that the line profile is single-peaked (Kraus et al., 2008a).

Weigelt et al. (2011) developed a more complex kinematic model which included a continuum-
emitting ring with an extended disk wind component contributing to the Bry line emis-
sion. The geometry of the disk wind component of their model is similar to that detailed

in the work of Kurosawa et al. (2006) with the parameterisation of mass-loss and accel-
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eration detailed further in Weigelt et al. (2011). The shape of the differential visibilities
and phases from the model are a good match to the observed quantities, but there are
significant residuals between the model and the data which leaves room for further study
into the object with similar techniques. The data set that they modelled contained only
a small range of short baselines (14 to 42m) along a linear configuration with a position
angle of 68°, which is insufficient to constrain the two-dimensional (2D) geometry of the

line-emitting region.

6.2 Observations and data reduction

6.2.1 VLTI/AMBER spectro-interferometry

We observed MWC297 between 2008 and 2012 with ESO’s Very Large Telescope Inter-
ferometer (VLTI) and its beam combination instrument AMBER (Petrov et al., 2007). Our
VLTI/AMBER observations are outlined in Table 6.2.1 and the uv-coverage of these ob-
servations is shown in Fig. 6.2.1. The data set that we present contains the three baselines
from the linear configuration of Weigelt et al. (2011) obtained with the 1.8 m Auxiliary
Telescopes (ATs) along a PA of 67° but we improve on this uv-coverage by adding nine
additional observations with the 8.2 m Unit Telescopes (UTs). Our additional AMBER
data contains baselines with position angles ranging from ~10° to ~130° and the full pos-
sible range of deprojected baseline lengths achievable with the UTs (30-132 m). In order
to improve the signal-to-noise ratio (SNR), we employed the fringe-tracking instrument
FINITO (Gai et al., 2004; Le Bouquin et al., 2008). The use of long integration times (up
to 8000 ms) improves the SNR on the wavelength-differential observables, but can also
bias the absolute visibility calibration. Therefore, we calibrate the continuum visibility
level using low-spectral-resolution AMBER data. Each science observation of MWC297
was accompanied by a calibrator observation, with the targets HD175583, HD187660,
HD166460, HD152040 and HD164259 used as interferometric calibrators (detailed in
Table 6.2.1). The data was reduced with the AMBER data-processing software pack-
age, which uses the pixel-to-visibility matrix algorithm P2VM (Tatulli et al., 2007; Chelli
et al., 2009) in order to extract visibilities, differential phases, and closure phases for
each spectral channel of an AMBER interferogram. We adopt heliocentric line-of-sight

velocities for each observation using the ESO Airmass tool.
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Figure 6.2.1: uv-coverage achieved with our VLTI/AMBER interferometric observations of
MW(C297 for both R = 30 (red circles) and R = 12 000 (blue squares) spectral resolutions.
The gray dashed lines indicate the slit orientations for our CRIRES spectro-astrometric ob-
servations.

6.2.2 VLT/CRIRES spectro-astrometry

We complement our AMBER spectro-interferometric data with observations taken with
the CRIRES spectrograph at the VLT (Kaeufl et al., 2004). The observation details
are outlined in Table 6.2.1. Spectro-astrometry uses long slit spectra to measure the
wavelength-dependent centroid offset of an unresolved object with respect to the contin-
uum. Whilst this does not let us formally resolve the object spatially, it offers extremely
high spectral resolution of R = 100 000, meaning that we can spectrally resolve the de-
tailed structure in the Bry line profile. The centroid position can be measured with much
higher precision than the size of the point-spread-function (PSF), allowing us to measure
the small-scale photocentre displacements characteristic of the kinematics in the inner
disk. By measuring the centroid offset along three slits oriented at position angle offsets
of 60° we can derive 2D photocentre displacement vectors. We chose to observe with slits
oriented at PAs of 8°, 68°, and 128° (and their corresponding anti-parallel PAs 188°, 248°
and 308°), in order to complement the interferometric observations published by Weigelt
et al. (2011) that were obtained along a baseline PA of 68°. Our CRIRES observations
were obtained on 2009 September 12 using an integration time of 1.5s and a slit width of



Table 6.2.1: Observation log for our MWC297 data taken with VLTI/AMBER and VLT/CRIRES.

Instrument Date Telescopes UT  DIT NDIT  Proj. baselines PA Calibrator ~ UD diam.
[h:m] [ms] # [m] [o] [mas]

AMBER  2008-04-06 HO/GO/EO0 08:14 8000 100 14.0/28.0/42.0 247.9/2479/2479 HDI175583 1.00£0.10
HR-K 2009-05-13 U2/U3/U4 10:01 200 1200 46.0/48.0/75.8 459/118.5/83.1 HDI187660 1.85+0.19
" 2009-06-13 U2/U3/U4 04:15 1000 560 41.0/61.1/82.2 34.0/108.5/79.7 HDI166460 1.54+0.15

" ! U2/U03/U4 08:22 3000 125 44.5/45.4/71.0 121.3/45.5/ 83.0 HD187660 1.85+0.19

! ! U2/U03/U4 08:38 500 600 41.9/44.9/67.1 123.8/45.1/82.9 HDI187660 1.85+0.19

" 2009-08-03 U2/U3/U4 03:46 3000 200 46.6/54.9/84.3 45.8/113.9/83.0 HD166460 1.54+0.15

" 2012-04-03 U1/U2/U3 08:19 500 840 39.1/49.4/87.7 28.8/13.1/20.0 HD152040 0.57+£0.06

" 2012-05-04 U1/U2/U3 10:02 400 1200 46.5/56.4/102.4 46.0/34.3/39.6 HD166460 1.54+£0.15

" 2012-06-01 U2/U3/U4 05:57 500 960 43.9/62.4/88.3  220.0/109.0/81.4 HDI152040 0.57+£0.06
AMBER  2007-04-14 HO/GO/EO 08:09 50 5000  28.2/42.2/14.1 68.1/68.1/68.1 HD166460 1.54+£0.15
LR-K 2007-06-19 HO/GO/EO  07:10 50 5000 30.1/45.2/15.1 73.1/73.1/73.1 HD166460 1.54+£0.15
" 2007-09-01 HO/GO/EO  00:46 100 10000 31.9/47.9/16.0 72.5/72.5/72.5 HD172051 0.64+£0.06

! 2007-09-02 HO/GO/EO  00:23 100 2500  31.7/47.6/15.9 72.1/72.1/72.1 HD160213 0.15+0.01

! ! HO/GO/EO  00:36 50 5000 31.9/47.9/16.0 72.4/72.41/72.4 HD160213 0.15+£0.01

" 2008-06-03 HO/GO/EO  08:18 50 15000 29.7/44.6/14.9 73.0/73.0/73.0 HD177756 0.51+£0.05

! 2009-05-16 G1/DO/HO 08:21 100 5000 64.8/68.1/63.4 137.3/14.2/73.1  HDI166460 1.54+0.15
CRIRES  2009-09-12 UT1 01:43 1500 1500 N/A 8.0/68.0/128.0 HD165185 0.56+£0.06
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0.197".

To derive the differential phase signal from our CRIRES observations, in order to later
model our AMBER and CRIRES data simultaneously, we follow the method outlined by
Kraus et al. (2012b). This method makes use of the fact that the centroid shifts X (v) that
we calculate above are mathematically equivalent to the differential phase signals that
we measure using spectro-interferometry at very short baseline lengths. We employ the
equation ¢(v) = — M%(V) to determine the differential phase ¢ (v) from the observed cen-
troid shifts X (v) for each spectral channel v, where ¢ is the full-width at half-maximum

(FWHM) of the PSF measured in the spectrum.

6.3 Geometric modelling

6.3.1 AMBER LR-K continuum visibilities

To measure the characteristic size and morphology of the near-infrared continuum disk
around MWC297 1 fitted a 2D geometric model to our low-spectral resolution (R=30)
AMBER K-band observations. These observations are outlined in Table 6.2.1 and pro-
vide a good coverage towards position angles 14°, 137°, and a range between 68° and
73° (Fig. 6.2.1, red data points). We fit a 2D geometric model of an elongated Gaussian
brightness distribution to the data. Our best-fit model parameters indicate a FWHM size
of 4.9 4 0.1 mas with the minor axis (later referred to as the ‘system axis’) along posi-
tion angle of 9.6° £4.8°. We find that the FWHM sizes of the minor and major axes are
5.3+0.1 mas and 4.5 +0.1 mas respectively, corresponding to an inclination of 32° 4-3°.
This derived continuum size is larger than the results derived by Acke et al. (2008) and
Weigelt et al. (2011), who measured characteristic continuum FWHM sizes of ~4.3 mas
and ~4.6 mas, respectively. Additionally, the inclination measurements are in agreement
with the tentative disk inclination of ~20° with an upper limit of 40° determined by Acke
et al. (2008). Below we use the orientation and basic geometry of the continuum disk to

compare with the distribution of the line-emitting gas.

6.3.2 AMBER HR-K line visibilities

Observing with high-spectral-resolution interferometry allows us to obtain visibility in-
formation for individual spectral channels across the Bry line, thus constraining the spatial

distribution of the line-emitting gas. The differential visibility signatures show a strong
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Figure 6.3.1: Left: Results of our 1D Gaussian model fit to deprojected visibilities for contin-
uum channels (Error rounded up to 0.1mas). Middle: Results of our 1D Gaussian model fit to
deprojected visibilities for the central channel in the Bry line. Right: Wavelength-dependent
1D Gaussian fit FWHM diameters for each channel across the Bry line.

decrease in the line, indicating that the line-emitting region is more extended than the con-
tinuum, and so we apply our geometric modelling code to fit the de-projected visibilities
channel-by-channel across the Bry line, using the relation from (Berger and Segransan,
2007):

Fuvei = A/ U3 + v cos(i)?, (6.3.1)

where ug and vg are the spatial co-ordinates of the baseline vector, 6 is the disk PA, and i
is the disk inclination.

By applying this transformation for all spectral channels we take the approximation that
the line emission is seen under the same inclination as the continuum emission. We ap-
ply this de-projection to our baseline vectors, adopting the position angle and inclination
values of 9.6° and 32° determined from modelling our AMBER LR data (Sect. 6.3.1).
The differential visibility data is then split by wavelength in order to derive the baseline-
dependent visibilities for each spectral channel. We fit a simple 1D Gaussian model to
the deprojected baseline-dependent visibility data across the Bry line and determine the
wavelength-dependent FWHM of the line-emitting region (Figure 6.3.1, centre panel).
There is a clear size increase detected up to a peak FWHM size of 10.87+0.4 mas in the
line centre (see Figure 6.3.1, right panel), similar to the wavelength-dependent size profile
shown in Weigelt et al. (2011), where the line-emitting region was observed to increase

in size towards the line centre to a peak FWHM size of 12.61 mas.

2.168
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Figure 6.4.1: Left: VLT/CRIRES high-resolution (R = 100 000) Bry spectrum (top panel)
and centroid displacements of the Bry-emitting region (lower panels) for MWC297. The
position angle of each slit is shown to the left of each phase panel. Right: Derived 2D photo-
centre displacement vectors of the Bry + continuum emission for MWC297. The black line
shows the position angle of the disk major axis determined from our AMBER LR observa-
tions.

6.4 Photocentre analysis

6.4.1 CRIRES spectro-astrometry

CRIRES spectro-astrometry allows us to directly measure centroid displacements be-
tween spectral channels at very high spectral resolution with high SNR, making it a
powerful tool for determining the nature of the kinematics traced in spectral lines. We
calculate the photocentre displacement vectors (p) from our CRIRES spectro-astrometric
data by combining the spectro-astrometric signal for each of our three observed slit vec-
tors (corresponding to the baseline vectors B;) and finding the best-fit photocentre vector
using the Nelder-Mead simplex algorithm (as described in Kraus et al., 2012b). Using this
method we obtain the series of wavelength-dependent photocentre displacement vectors
of the combined continuum and line emission shown in Figure 6.4.1 (right panel).

The derived photocentre vectors show an offset between the red-shifted and blue-shifted
vectors along a position angle of 114 4+-3°. The photocentres of the higher-velocity chan-

nels are less displaced from the continuum emission than the lower-velocity channels,
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indicative of a rotational field where the velocity decreases with radius, such as Keplerian
rotation. An alternative explanation for this could be due to the fact that the photocentres
contain both line and continuum emission, meaning that channels with less line flux are
weighted to trace the continuum emission more closely. I fitted a linear function to these
photocentre displacement vectors in order to determine the axis along which the blue
and red-shifted lines are displaced. We determine that this "axis of motion" is oriented
along PA 114° + 3°, which differs from the PA of the disk major axis of 99.6° £+ 4.8°
determined from our AMBER-LR observations. The photocentre shifts for the whole line
exhibit an interesting arc pattern, with the vectors becoming more displaced to North as
they approach the line centre. It is possible that this pattern is caused by obscuration of
the further regions of the disk shifting the photocentre vectors towards the observer, an
idea that we explore further in Sect. 6.7 as part of our modelling of the disk kinematics.
Our very-high-spectral-resolution data taken with the VLT/CRIRES instrument (Figure
6.4.1) show that the Bry line from MWC297 is single-peaked. Some small asymmetries
seen in the CRIRES Bry line profile are consistent with the line profiles shown for a disk
wind at low inclinations in the work of Tambovtseva et al. (2016). We do not detect
any variability in the shape or intensity of the Bry line across the different epochs of our
VLTI/AMBER data set.

6.5 AMBER spectro-interferometry

Measuring differential phases allows us to gain unique insight into small-scale spatial
displacements between spectral channels. These displacements are a very powerful diag-
nostic for the gas kinematics at scales of just a few stellar radii. Initially we calculate the
photocentre displacement vectors p (of both the continuum and line-emitting region with
respect to the continuum centre) from our AMBER differential phase measurements by
solving the following set of 2D equations:

ﬁ:—;—;~%, (6.5.1)
where ¢; is the differential phase measured for the ith baseline, B; is the corresponding
baseline vector, and A is the central wavelength (Lachaume, 2003; Le Bouquin et al.,
2009).
We simultaneously use the data of many baseline vectors by combining the differential
phases and baseline vectors for each spectral channel and applying the Nelder-Mead sim-

plex algorithm to find the best-fit photocentre vector using Equation 6.5.1. However, it
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Figure 6.5.1: Upper left panel: K-band spectrum of MWC297 measured with AMBER,
averaged across all baselines. Upper right panel: Derived 2D photocentre displacement vec-
tors for the Bry line + continuum determined from our AMBER HR-K data. The black line
shows the position angle of the disk major axis determined from our AMBER LR obser-

vations.

Lower panel: Differential phases for MWC297 observed with AMBER (circular

points) compared with differential phases corresponding to the photocentre shifts shown in
the upper right panel of this Figure (black lines). The frame with PA=39.6°, BL=102.4m is
offset by 180° in order to see the differential phase changes at the Bry line centre.



6.5. AMBER SPECTRO-INTERFEROMETRY 84

i1s worth noting that Eq. 6.5.1 is derived for marginally resolved objects. Our AMBER
data formally resolve the line-emitting region of MWC297 and therefore we note that the
photocentre assumption might not provide an adequate approximation, in particular in the
line centre, as is discussed at the end of this Section. The grey continuum photocentre
points trace the location of the central star.

The derived photocentre shifts obtained from our AMBER data are shown in Figure 6.5.1
(upper right panel). Using the same method as for our CRIRES data we determine the axis
of motion of our AMBER photocentres to be along a position angle of 1124 10°, with red-
shifted vectors to the south-east of the continuum and blue-shifted vectors to the north-
west. The axis of motion PA values for CRIRES (114 4+3°) and AMBER (112 +10°) are
consistent with each other so we adopt the CRIRES value, with smaller uncertainties, as
our best estimate for the motion angle. The PA of the axis of motion is similar to, but not
fully consistent with, the PA of the disk major axis of 99.6° +-4.8° from our AMBER-LR
observations (Sect. 6.3.1). The combined continuum and line photocentre vectors of the
line wings (indicative of faster circumstellar material) are less displaced than those closer
to the line centre, suggesting that the closer-in circumstellar material is orbiting the star at
a higher velocity than the material at large stellocentric radii. This is consistent with the
paradigm of a simple Keplerian-rotating disk or a disk wind.

The photocentre shifts for the lower-velocity, red-shifted channels (< 90km/s) show an
interesting arc-like structure with the channels closer to the line centre more displaced
to North of the disk plane. This does not apply for the line centre (with |v| < 10km/s)
where the photocentre vectors are displaced to South of the disk plane. A similar arc-like
structure was reported by Kraus et al. (2012b) for the Herbig B[e] star V921 Sco and
was interpreted to result from opacity effects similar to those that we suspect cause the
arc structure seen in the CRIRES photocentre vectors (Figure 6.4.1).

The scenario outlined above can explain the arc structures seen in the line wings, but can-
not account for systematic displacement in southern direction that we see in the lowest-
velocity channels (|v| < 10km/s; light-green points in Figure 6.5.1) and that is not ob-
served in the CRIRES photocentres. We observe this effect only in the three line channels
in the very centre of the line, where the line-emitting region is most extended (see Figure
6.3.1, right panel). In these channels, the line-emitting region is strongly resolved (with
visibilities of a few per cent) and the approximation in Eq. 6.5.1 is likely not applicable
anymore. Therefore, we believe that the systematic displacement observed in these chan-
nels is an artifact, indicating that the geometry of the line-emitting region is too resolved

to be reasonably represented by a simple photocentre displacement. This conclusion is
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Figure 6.6.1: Velocity-resolved aperture synthesis images of MWC297 calculated by apply-
ing the IRBis software to our AMBER HR-K data. The raw images are shown in the upper
panels and the continuum-corrected images are shown in the lower panels. The correspond-
ing wavelength for each spectral channel is shown in the upper right corner of each image and
the location of the continuum centre is marked as a white cross in the continuum-corrected
images.

also supported by the lower panel shown in Figure 6.5.1, where we compare the differ-
ential phases that correspond to the photocentre displacement model (black line) with the

actual measurements and where we observe significant residuals in the line centre.

6.6 Velocity-resolved image reconstruction

Interferometric imaging is a useful way to gain a model-independent representation of
the brightness distribution. Spectrally dispersed interferometry enables us to obtain such
images in multiple spectral channels, revealing wavelength-dependent differences due to
gas kinematics. Velocity-resolved images in infrared line tracers such as Bry have al-
ready been obtained for a supergiant A[e] star (Millour et al., 2011) and a Luminous Blue
Variable (Weigelt et al., 2016; GRAVITY Collaboration et al., 2017). Here, we apply
this method to obtain the first velocity-resolved images for a young star at infrared wave-
lengths. We use the IRBis method for image reconstruction (Hofmann et al., 2014) in or-
der to reconstruct images for each channel across the Bry line, using the differential-phase
method outlined in Millour et al. (2011) and Weigelt et al. (2016, Sect. 2). The obtained
images were convolved with the point-spread function of a single-dish telescope with a
diameter which is twice the length of the longest baseline in our uv-plane. We see that

the brightness distribution clearly changes with wavelength in our image cube, reflecting
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Figure 6.6.2: Left panel: First moment map for the Bry line computed from our MWC297
AMBER images (shown in Figure 6.6.1, upper panel). Black contours show the continuum
emission region. Middle panel: First moment map constructed from the frames of our Kep-
lerian disk model. Right panel: First moment map constructed from the frames of our disk
wind model.

the strong signals detected in the wavelength-differential visibilities and phases across the
Bry line. Comparing the images at different velocity channels (Figure 6.6.1) we see that
the line emission is clearly more extended in the two central channels (2.16593 um and
2.16602um) than in the high-velocity channels (2.16575um and 2.1662um).

In order to display the geometry of the line-emitting region with better contrast, we
normalize the flux level of each image equal to the corresponding flux from the AM-
BER spectrum and then subtract the continuum intensity distribution, with the results
shown in Figure 6.6.1 (lower panel). Examining the continuum-subtracted images we
can see that the morphology of the line-emitting region changes significantly across the
Bry line. In the highest-velocity channels (wavelengths of 2.16575um and 2.1662um,
25 < |v| S 37 km/s) the emission is displaced to the West (right) in the blue-shifted line
channels and to the East (left) for the red-shifted channel. In the channels with inter-
mediate velocity (2.16584um and 2.16611um, corresponding to 12 < |v| < 25km/s)
the material is more extended, but still displaced in the same direction as in the lower-
velocity channels. Additionally the shape of the brightness distribution changes from a
single-lobed structure at the highest velocities (2.16575um and 2.1662um) to a double-
lobed structure with two brightness peaks at intermediate velocities, one lobe further to
the North and one further to the South (seen most clearly in the 2.16584um channel).
The line-emitting region is most extended in the line centre and most compact in the line
wings. At these lowest-velocity channels (2.16593um and 2.16602um, |v| < 12km/s)
the brightness distribution shows an extended ring-like structure, with a more pronounced
northern lobe than southern lobe. This can be viewed as a continuation of the previously

discussed double-lobed structure where the brightness distribution is now more extended
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to the North and South than in the East-West direction.
To further study the kinematics, we construct a first moment map from our image cube,
where we compute the first moment coordinate value M with
Lv;
MI:Z = (6.6.1)

Vnorm

where /; is the pixel value, v; is the velocity of the image frame relative to the line centre
and vporm 1S a factor that normalizes the maximum absolute value of M; to the total width
of the image cube in velocity space. The resulting 2D velocity field is shown in Figure
6.6.2 and supports what we see in the continuum-subtracted images, with red-shifted
material displaced to the East of the star and blue-shifted material displaced to the West.
By finding and measuring the angle between the respective peaks of the blue- and red-
shifted emission lobes we can estimate the "axis of motion" (identical to the disk axis
in the case of a Keplerian-rotating disk) of 114°, a very good match to the photocentre
displacement vectors of both AMBER (112 + 10°) and CRIRES (114 £ 3°).

6.7 Kinematic modelling

In order to obtain quantitative constraints on the gas velocity field around MWC297 we
fit a kinematic model to our AMBER observables exploring different scenarios for the
origin of Bry emission, namely a simple Keplerian-rotating disk and a rotating disk with
an outflowing velocity component corresponding to a simplified disk-wind scenario. To
model the kinematics traced by the AMBER HR-K differential quantities we employ the
code that is discussed in Section 4.5.1. We model multiple physical scenarios that are
described in the following two subsections, including a Keplerian rotation field in a ge-
ometrically thin disk and a velocity field similar to a magneto-centrifugally driven disk
wind (Blandford and Payne, 1982).

For both scenarios, we compute synthetic images that include contributions from a continuum-
emitting component and the line-emitting component. The continuum is modelled with
an inclined Gaussian brightness distribution, using the FWHM size D, inclination i and
system axis position angle 6 determined in Sect. 6.3. The line-emitting region is modelled
to extend from an inner radius R;, to an outer radius R,,;, while the radial brightness dis-
tribution follows the power-law o< rB, where r is the radius and B is a free parameter (see
Figure 6.7.1 for a schematic of the model setup). To avoid unphysical sharp edges in our

model images (which might introduce artifacts), we implement the outer truncation using
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Figure 6.7.1: In our kinematic model the Bry emission is emitted from a region of the disk’s
surface between R;,;, and R,,; (shown in yellow) and is viewed at an inclination angle i. The
kinematics of the line-emitting region include a toroidal component (analogous to v;) and
poloidal component, shown as red vectors from an imaginary source displaced at a distance
d from the centre of the system.

a Fermi-type smoothing function (see Kraus et al., 2008b). To model the arc structures we
see in the photocentre displacements, we introduce an opacity gradient (multiplied by an
arbitrary factor o) which darkens the more distant parts of the disk. We adopt the stellar
parameters (mass M, and distance d) quoted in Sect. 6.1. From the resulting 3D im-
age cube we compute wavelength-differential visibilities and phases at the uv-coordinates

covered by our data.

6.7.1 Keplerian disk model

We first consider a simple Keplerian disk model, where the Bry-emitting region extends
from an inner radius R;, to an outer radius R,,. In the Keplerian rotation model, the
velocity field vi(r) is defined as in Equation 4.4.2. We systematically sample the param-
eter space and compute the reduced x? between the measured and model visibilities and
phases: x> = Xr%v + Xr2,¢~ The parameter uncertainties are calculated by fitting the >
surface near the minimum. The model parameter values and uncertainties correspond-
ing to the best-fit model are listed in Table 6.7.1 and the corresponding model visibili-
ties/phases/spectra are shown in Figs. 6.7.4 and 6.7.5 (solid blue lines). The model is able

to reproduce the visibility drop across the line well for the majority of intermediate to
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Figure 6.7.2: Upper panel: Synthetic model images calculated for our Keplerian model for
five spectral channels. Lower panel: Synthetic model images calculated for our disk wind
model for five spectral channels. We use an arbitrary logarithmic color scale to show the
brightness distribution.

long baselines, but for the shortest (< 42m) baselines the model visibilities are lower than
the observed quantities across the line. The sign and shape of the differential phase mea-
surements are reproduced for the majority of baselines, with some significant residuals
visible for the red-shifted part of the baselines with PAs between —100° and —96°. The
single-peaked spectral line is modelled well with this scenario.

After fitting the AMBER data we also determine how the photocentre displacements from
our best-fit model images compare to our observed CRIRES spectro-astrometry data. Fig-
ure 6.7.3 shows that the Keplerian model is a good fit to the CRIRES data, able to recreate
the features of the DPs and the single peaked shape of the emission line.

Despite this model providing a generally good fit to the AMBER HR-K interferometry
data, we find that the disk PA in the best-fit model does not match the disk orientation of
the continuum-emitting disk, as modelled in Sect. 6.3. We find a 8 value of 202.3° for our
Keplerian model which is a perfect match to the axis of motion measured in Sect. 6.4 but
shows a ~30 deviation from our AMBER LR measurement of the continuum PA. This
calls the validity of the model into question, as it is an intrinsic property of a Keplerian
disk model that the PA of the line displacement must be aligned with the major axis of the

dust continuum disk.

10

Intensity
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Table 6.7.1: Ranges and best-fit values for our kinematic model parameters. The reduced y>
values for each of our best-fit kinematic models are also shown.

Parameter Range Keplerian Disk wind
R, 0 - 20 mas 1.740.5 mas 1.940.5 mas
Rous 0 - 100 mas 45+4 mas 45+4 mas

0 0° - 180° 202.3£1.9° 192.1£2.1°
i 0° - 90° 21.843.5° 23.1£3.4°
B —-2.0-0.0 —0.99+£0.08 —0.99£0.08
v, 0.0-2.0 x vy - 0.14£0.02 x vy
d 0 - 45 mas - 1.1+0.4 mas
Xrv - 0.45 0.39
X - 1.19 1.11
X2 - 1.64 1.50

6.7.2 Disk wind model

Given the remaining residuals in the Keplerian disk model (see Figure 6.7.4) as well as
the significant deviations between the continuum disk orientation and the Bry line photo-
centres (Sect. 6.4), we investigate in this section a more complex gas velocity field, such
as a velocity field similar to a disk wind. For this purpose, we add to our Keplerian disk
model a velocity component that points out of the disk plane, as predicted by theoreti-
cal accretion-driven MHD disk wind models (e.g., Blandford and Payne, 1982; Goodson
et al., 1999; Ferreira et al., 2006). We assume that the line emission originates from the
hot gas located near the disk, oriented relative to the observer with the disk inclination i
and major axis PA 0, with both quantities treated as free parameters. In this model, the
gas velocity is modelled as a superposition of the toroidal velocity component vy (iden-
tical to the Keplerian velocity v; used in our previous model and a poloidal component
representing the motion of material that is accelerated and lifted off the disk surface. To
parameterise this poloidal velocity component we adopt a geometry similar to the one dis-
cussed in Kurosawa et al. (2006), with wind streamlines drawn from an imaginary point
on the opposite site of the disk plane and located at a distance d (Figure 6.7.1). The ve-
locity along this poloidal vector is treated as a free parameter and scales as a function of

the Keplerian velocity vy.
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The synthetic images from our sim-

ple disk wind model are shown 5

in Fig. 6.7.2 (lower panel) and =5

its comparison to our observed %;

data can be seen in Figs. 6.7.3 u_j_ 2

(CRIRES) and 6.7.4 (AMBER). 1 !
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locity, these changes from the Ke-

plerian model are subtle. We see Figure 6.7.3: Synthetic spectra (top panel) and differen-
tial phases (lower panels) from our Keplerian (blue solid

. ' line) and disk wind (red dashed line) models plotted over
the line profile, only a small shift of our observed CRIRES data (dark grey points).

the line caused by the out-of-plane

no major deviations in the shape of

component (see Figure 6.7.5). The new model including the out-of-plane velocity com-
ponent results in a much better fit to the PA of the continuum disk than the fit of the
Keplerian disk model.

Throughout our kinematic modelling process we noted that adding an out-of-plane ve-
locity component, such as is present in a disk wind, changes the perceived rotation angle
traced by the Bry photocentre vectors. To explore this phenomenon further we computed
a grid of similar disk wind models, changing only the out-of-plane velocity for each dif-

ferent model, and calculated their photocentre displacement profiles from the raw model
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fit images. Using a simple linear fit, we determine the position angle along which the
photocentre vectors are predominantly displaced (see Fig. 6.8.1, left and middle pan-
els) and find that the position angle offset increases linearly with increasing out-of-plane
velocity (Fig. 6.8.1, right panel). We also find that as the wind velocity increases, the red-
shifted photocentres become less displaced from the centre, with the blue-shifted vectors
becoming more displaced. We therefore propose that measuring the displacement of the
perceived axis of motion from the known disk major axis is a powerful diagnostic for the
presence of out-of-plane velocity components. Further study into the physical interpreta-
tion of the PA shift, how it depends on the different parameters of the disk wind model,
and an investigation of the phenomenon using other kinematic disk-wind models will be

the subject of a future study.

6.8 Discussion

By measuring the photocentre displacement vectors from both spectro-interferometry and
spectro-astrometry, we gain a model-independent view of the kinematics traced by the
Bryline. A remarkable trait of the photocentre patterns that is present in the AMBER and
CRIRES data independently, are the loop-like arc structures. An example of a similar arc
structure observed with IR spectro-astrometry can be found in the presentation of V921
Sco CRIRES data by Kraus et al. (2012b), although the displacement of the central chan-
nels away from the continuum was not as extreme as the case of MWC297 that we present
in this paper. The ratio of the major/minor axes of the loop is dependent on the opacity
parameter o, and the inclination of the disk (minor axis becomes larger for more face-on
objects). We account for this pattern in our model using an opacity field that obscures the
furthest reaches of the disk. However, the origin of this opacity is not described in the
model and there are a number of different scenarios that could be causing this effect in
the observations.

In their recent work using SMA to study a massive young stellar object, Ilee et al. (2016)
observed similar loop-like arc-like structures in the centroid shifts, traced by multiple
spectral lines, which were the result of displacement of the central channel centroids away
from the disk plane. Their system is seen closer to edge-on (i~55°) and they interpret the
arc-shaped displacement as being caused by the flaring outer regions of the disk. It is un-
likely that this scenario applies to MWC297 as the disk is viewed almost pole-on (i~20°)
and any disk flaring will have only a small effect on the opacity so close to the centre of

the disk. Therefore, other interpretations such as optically thick dust above the disk plane
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Figure 6.7.4: Visibilities (upper panel) and differential phases (lower panel) calculated from
our kinematic models and compared to our observed AMBER data. The solid blue line
represents the simple Keplerian disk model and the dashed red line represents our simple
disk wind model. Data points are grey. The frame with PA=39.6, BL=102.4 is offset by 180°
in order to see the differential phase changes at the Bry line centre.
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Figure 6.7.5: Spectrum calculated from our kinematic model compared with the Bry spec-
trum from our AMBER data set. The solid blue line represents the Keplerian model and the
dashed red line represents the simple disk wind model. Data points from AMBER are gray.

might be more applicable in the case of MWC297. Bans and Konigl (2012) theorised that
dust can exist above the disk plane. Theoretical explanations for this include the ejection
of dust in a disk wind (Bans and Konigl, 2012) and a dusty magnetically supported atmo-
sphere (Turner et al., 2014).

At the longest baseline of our AMBER data set we see a 180° flip in the differential phase
across the Bry line (PA=39.6°, BL=102.4m). In Figs. 6.5.1 and 6.7.4 the range of the
frame is shifted in order to show the differential pattern of the phase and the comparison
to the models. This phase jump at long baselines is indicative of the visibility moving
from the first to the second lobe, caused primarily by sharp edges in the observed bright-
ness profile. The fact that we only see this phase jump in the Bry line and at the longest
baselines indicates a detection of a sharp inner or outer edge of the line-emitting region.
Using the IRBis method we reconstruct a series of velocity-resolved images across the Bry
line from our AMBER HR-K data set, the first such images of a young star achieved with
optical interferometry (Sect. 6.6). We retrieved images for six spectral channels within the
line and computed continuum-subtracted images (Figure 6.6.1) as well as a first-moment
map (Figure 6.6.2) that reveals the 2D velocity field, with the blue- and red-shifted lobes
displaced along a position angle of 114°. This is in agreement with the photocentre dis-
placement vectors derived from both our AMBER and CRIRES data sets (Sect. 6.4).

The wavelength-dependent brightness distribution in the images closely resembles the

synthetic images of both our Keplerian and disk wind models, both in the morphology
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of the line-emitting gas and the perceived "axis of motion". At intermediate velocities
(2.16584um and 2.16611um), we see a double-lobed structure, both in the reconstructed
images and the model images (+40km/s), although it is not possible to distinguish be-
tween the Keplerian and disk wind scenario using the images alone.

To provide a comparison between our kinematic model and the image reconstructions we
constructed first moment maps from our model frames using the same code as was used
for the images in Sect. 6.6, with the results shown in the middle and right-hand frames
of Figure 6.6.2. Both the Keplerian and the disk wind models show the displacement
of blue- and red-shifted material along a similar PA to what was seen in the photocen-
tre shifts of both AMBER (Figure 6.5.1) and CRIRES (Figure 6.4.1), as well as along a
similar PA as seen in the moment map from the images (Figure 6.6.2, left panel). The
most noticeable difference in the moment maps of the two model scenarios is that the
blue-shifted lobe of the disk wind model traces a larger area than the corresponding lobe
in the Keplerian model. Whilst there are some slight differences between the different
models’ moment maps, both moment maps are a good match to the results of the image
reconstruction (Figure 6.6.2, left panel) and we find that comparing the moment maps is
not a useful way to distinguish between models. The calculation of the moment map from
our model frames using the same code as was used for the reconstructed images creates
a small square shaped artifact at the centre of the moment map caused by the rotation of
the inner edge of the line-emitting region.

Disks demonstrating Keplerian-like motion have also been observed around various other
young stellar objects (e.g. V921 Sco, Kraus et al. 2012b; HD 100546, Mendigutia et al.
2015; HD 58647, Kurosawa et al. 2016). A significant difference between these cases and
our observations of MWC297 can been seen in the relative geometries of the continuum
and line-emitting regions. For the objects mentioned above, particularly V921 Sco and
HD 100546, the Bry line emission is more compact than the K-band continuum-emitting
ring, usually tracing gas inside or near the dust inner rim (in contrast to MWC297).
Our analysis and modelling of the wavelength-dependent visibilities shows that the line-
emitting gas is located in a very extended region relative to the continuum, though this
could be due to the extremely compact K-band continuum size. The compact nature of the
continuum has already been discussed by many other authors (Eisner et al., 2004; Mon-
nier et al., 2005; Malbet et al., 2007; Kraus et al., 2008a; Acke et al., 2008; Weigelt et al.,
2011) but the physical interpretation for this compact continuum size is still a subject of
discussion. This problem of undersized Herbig Be stars is not exclusive to MWC297, and

was also found in several other high-luminosity objects in the size-luminosity study of
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Monnier and Millan-Gabet (2002). Several general explanations as to why these objects

are so compact have been put forward, including:
— emission from a compact viscously heated accretion disk (e.g. Kraus et al., 2008a)

— an inner gaseous component that shields stellar radiation to let dust survive closer
to the central star (e.g. Eisner et al., 2004; Monnier and Millan-Gabet, 2002)

— additional emitting components such as highly refractory grains (e.g. Benisty et al.,
2010).

Despite the extremely compact K-band continuum emission, the relative extension of the
Bry emission raises the question of how the line-emitting gas can be heated to the tem-
peratures required to emit the Bry line (i.e., 8000 — 10, 000K, Kurosawa et al., 2006). The
compact nature of the K-band continuum requires optically thick material at small circum-
stellar radii, and therefore it is unlikely that the more extended line-emitting gas could be
heated by radiation from the central star. In their previous work on this object, Weigelt
et al. (2011) discussed the relationship between the continuum and the line-emitting ma-
terials and favoured the explanation that the compact continuum emission is caused by
a mixture or warm dust and refractory grains which possibly play an important role in
the formation of a disk wind. Material ejected in a disk wind can be rapidly heated by
ambipolar diffusion up to temperatures sufficient to emit in the Bry line, and these tem-
peratures can also be exceeded in the disk midplanes of rapidly accreting objects.

We find that our best-fit Keplerian kinematic model shows a 30 deviation from the
continuum disk PA, a difference that we account for by employing a disk wind model
which results in a similar PA to the continuum. Using the results from our photocentre
analysis allows us to place tight constraints on the position angle of the rotation that we
observe in the Bry line. We can see from our observations in Figs. 6.4.1 and 6.5.1 that
our observed CRIRES and AMBER photocentres are consistent with one another, with
axes of motion of 112 4 10° (AMBER, Sect. 6.5) and 114 + 3° (CRIRES, Sect. 6.4.1),
which results in our best estimate for the Bry line position angle of 114 4=3°. This angle
differs significantly from the major axis of the dust disk intensity distribution, as deter-
mined from near-infrared interferometry in the H- and K-band continuum. Measurements
of the continuum geometry from PIONIER (Lazareff et al., 2017) and AMBER estimate
the position angle of the disk major axis to 103.7 £ 1.7° and 99.6 £ 4.8°, which are con-
sistent with each other, but both differ from our measurements of the axis of motion by
~10° (detailed in Sect. 6.4, Figs. 6.4.1 and 6.5.1). Whilst modelling the kinematics of the
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Figure 6.8.1: Left: Model photocentre displacements for our Keplerian disk model with the
disk major axis along a PA of 90°. We impose an opacity field in order to shift the central
channels away from the continuum so that they do not overlap. Middle: Model photocentre
displacements for a similar model with an out-of-plane velocity of 20 km/s. We see that the
perceived PA of the system axis is offset by a value of 11.2° and that the red-shifted vectors
are less displaced from the continuum than their blue-shifted counterparts. Right: A plot of
the out-of-plane velocity (v;) plotted against system axis change (A@) for our grid of models
showing that the PA offset varies linearly with v;.

disk wind (Sect. 6.7.2) we noted that the apparent PA of the axis of motion became dis-
placed from the continuum disk axis as the out-of-plane velocity increased (shown in Fig.
6.8.1). We find that the observed PA offset of ~10° can be explained by an out-of-plane
velocity between 15 and 20 km/s. When exploring the disk wind model parameter space
we found that the best-fit model is consistent with the continuum geometry as measured
by PIONIER and AMBER as well as providing a good fit to the visiblity and differential
phase measurements from our AMBER HR-K data. As a possible alternative explanation
for the perceived PA difference we considered a warped-disk scenario, where the orien-
tation of the disk changes as a function of radius. In this case, the continuum emission
would trace a closer-in region of the disk than the Bry line emission and the observed
PA difference would trace the radial differences in disk orientation instead of kinematical
effects. However, as the line-emitting region is only approximately two times larger than
the continuum disk, the warping would have to be very extreme to produce a PA differ-
ence as large as the 10° that we see. Additionally, we see no evidence of a PA difference
between the H-band PIONIER observations, which find a PA of 103.7 £1.7° (Lazareff
et al., 2017), and our AMBER K-band measurements with a PA of 99.6 +4.8°. The con-
sistency of these two observations, which trace regions of the disk with different radial
extension, suggests that the MWC297 disk is not significantly warped but more measure-
ments of the disk PA at larger radial extension could further clarify this.

We test the fit of our disk wind model to the interferometric observations of MWC297

and examine how adding an out-of-plane velocity component affects the synthetic channel
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maps and Bry line profiles. It is easy to spot the main differences between our Keplerian
model and disk wind model when we compare their synthetic model images (Fig. 6.7.2).
Keplerian rotation produces symmetric brightness profiles in the channel maps, while the
disk wind model also permits asymmetric profiles. In our disk wind model we can see a
clear shift away from the symmetric velocity field of the Keplerian paradigm, with more
flux visible in the blue- than in the red-shifted channels and an asymmetric brightness
distribution in the central-wavelength channel image. We calculate the blue-shift caused
by the out-of-plane velocity in the model and apply a corresponding wavelength correc-
tion to correct for the small wavelength changes we see in the disk-wind model. We find
that the differences in the synthetic data between our Keplerian model and the disk wind
model are subtle, and manifest themselves mainly as differences in the differential phase.
For each scenario we compare the observed data with the synthetic data from each of our
models and calculate the reduced %2, finding a marginal difference between the two mod-
els with the Keplerian model having a larger xz (1.64) than the disk-wind model (1.50).
In particular, the disk-wind model is able to reproduce small phase jumps in the centre
of the Bry line that are seen for baselines with position angles between 80° and 84° and
remains a good fit to the simple S-shaped phases at other baselines. Some of the remain-
ing residuals could be caused by higher-order velocity structures beyond the scope of our
kinematic model but that could be reproduced by more complex kinematic codes.

A significant advantage that our disk-wind model has over the simple Keplerian model is
that it allows us to reconcile the position angle of the major axis of the continuum disk
and the position angle of the "axis of motion" measured in the AMBER and CRIRES
photocentre shifts. Due to the position angle shift we see in our disk-wind model (see
Fig. 6.8.1 and discussion above), the 0 value for our disk-wind model is within the stan-
dard deviation of the PA observed by PIONIER (Lazareff et al., 2017) and AMBER LR
(in contrast to the Keplerian model). Furthermore, the much better fit of the disk-wind
model to the geometry of the continuum-emitting disk makes it more plausible than the
Keplerian alternative.

A disk-wind model has already been invoked by Weigelt et al. (2011) to model AMBER
HR-K visibilities and phases measured on MWC297 as well as the spectral line profile.
However, their AMBER data probed only a single position angle and a limited baseline
length range (14-42 m), but was still used to constrain simultaneously the disk orientation
as well as a complex 2D velocity field. Weigelt et al. (2011) found that their two disk-wind
models with PAs of the projected polar axis of both 65 and 300° are approximately able

to reproduce their observations (Sect. 4.4 and Figure 7 in their paper). Using their model
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images we computed visibilities and differential phases for our new AMBER HR-K ob-
servations with better uv-coverage and show them in Figure 6.10.1 (further discussion in
Section 6.10).

6.9 Conclusions

In this paper we investigated the kinematics of the Bry-emitting gas at milliarcsecond
scales with spectrally dispersed interferometry and spectro-astrometry. Our VLTI/AMBER
(R=12 000) observations represent the most extensive data set that has so far been em-
ployed for studying the gas kinematics in the inner few AU around a young stellar object,
while our VLT/CRIRES (R=100 000) data set allows us to measure the detailed line pro-
file and the photocentre displacements in the line with very high SNR.

Analysing the combined data set allows us to draw the following conclusions:

1. Our AMBER observations at low spectral dispersion (R = 35) show that the NIR
continuum is small (FWHM = 4.93mas), occupying a region ~3.6 times more com-
pact than the expected ~3au dust sublimation radius for MWC297 (at ~17.6mas).
From the AMBER visibility measurements we determine that the disk has a major
axis PA 0f 99.6° +=4.8° and an inclination of 32° 4= 3°, consistent with the recent PI-
ONIER observations by Lazareff et al. (2017). We model the wavelength-dependent
visibilities from our AMBER HR observations across the Bry line and find that the
line-emitting region is ~2.3 times more extended than the compact K-band contin-

uum.

2. The 2D photocentre displacement vectors derived from the AMBER and CRIRES
data indicate a velocity field that is dominated by rotation. We are able to place
strong constraints on the position angle of the axis of motion and find consistent
values for AMBER (112° +10°) and CRIRES (114° +3°). At low velocities, both
data sets show a photocentre displacement to the north of the disk axis, indicative
of the furthest parts of the disk being obscured by a strong milliarcsecond scale

opacity gradient.

3. Our channel maps resolve the Bry line at a spectral resolution of 12 000 and an
angular resolution of 2 mas and represent the first velocity-resolved image obtained
for a young star at infrared wavelengths. The individual channel maps, as well

as the moment map, indicate a rotation-dominated velocity field and show brighter
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emission from the northern side of the disk, consistent with the previously discussed

opacity gradient.

4. In order to quantify the velocity field, we fit a Keplerian-disk model and find that
this model provides a moderate fit to the observed visibilities, differential phases
and spectro-astrometric signal. However, the derived gas-disk PA in this model is
inconsistent with the orientation of the continuum disk on a 30-level, indicating the

presence of a non-rotational velocity component.

5. In order to explain the significant PA difference between line photocentres and the
continuum disk (A8 = 14 +3°), we extend the Keplerian disk model by including
a poloidal velocity component, simulating a parameterised disk-wind model. We
find that the discrepancies between the measured line and continuum PAs can be
reconciled by a disk-wind model with an out-of-plane velocity of 0.14 x v;. Our
parametric disk-wind model is able to fit the Bry line profile, as well as the high-

resolution spectro-interferometry and spectro-astrometry data.

6. Through our disk-wind modelling, we discover that the PA difference between the
disk major axis and the axis of motion AO constitutes a powerful diagnostic for
detecting non-Keplerian velocity contributions, which could be exploited in future

observational studies.

6.10 Outlook

6.10.1 Comparison with model from Weigelt et al. (2011)

We were able to obtain the MWC297 model frames published in the work of Weigelt et al.
(2011) and used them to construct a comparison figure to the full AMBER HR-K data set
that we analyse above (shown in Figure 6.10.1). Adopting their best-fit PA value of the
polar axis of the disk (300°), we find that the model provides reasonable agreement to the
observed visibilities with a reduced %rz,v = 1.01; although the shape of the visibility drop
is systematically more narrow in wavelength than what is observed in our new data. How-
ever, the differential phases predicted by the model (with values up to +180°) are much
stronger than observed (phases 2 +60°), which leads to a poor )(r%(P of 10.1. Additionally,
with a best-fit minor-axis PA of 300°, the Weigelt et al. (2011) model seems incompatible
with measurements of the disk continuum geometry, both from PIONIER (13.7 £1.7°,
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Figure 6.10.1: Visibilities (upper panel) and differential phases (lower panel) calculated from
the MWC297 kinematic model from Weigelt et al. (2011) and compared to our observed
AMBER data. The solid blue line represents the best-fit model (8 = 300°) and the dashed
red line represents the model with the best match to the continuum geometry (6 = 10°). Data
points are gray.
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Lazareff et al., 2017) and our AMBER LR measurements (9.6 +4.8°). When we ori-
ent the model to match the measured continuum geometry of MWC297 (by adopting a
PA value of 10°) we find that the x? value increases to 12.8 (lr%v = 1.33, Xr%tb =11.5).
Possibly, this significant difference between the measured disk geometry and the model
orientation is linked to the effect that we explored previously in this section (and that are
shown in Figure 6.8.1) where the out-of-plane velocity component distorts the perceived
rotation angle. Therefore, this might indicate that the toroidal velocity component in the
Weigelt et al. (2011) model is overestimated, causing the perceived axis of motion to dif-

fer from the model’s continuum axis more than observed.

6.10.2 Testing the photocentre validity

I conducted additional studies into the validity of the theory of photocentre shifts and
how they are affected by different uv-coverages. The equation for deriving photocentre
shifts from differential phase measurements (Lachaume, 2003; Le Bouquin et al., 2009)
is only valid for cases where the object is marginally resolved. In our study of MWC297,
we used this equation to calculate photocentre shifts (see Section 6.4), despite the object
being well resolved in the continuum and even more so across the Bry line. The results
of this photocentre study are similar to the results from CRIRES spectro-astrometry, indi-
cating that the AMBER photocentres accurately trace the kinematics of the Bry emission.
Initially, I constructed a model of a simple Keplerian disk at a moderate inclination of
30°, a major axis PA of 90° and an outer radius of 10mas. I created a sample of synthe-
sized interferometric data sets by generating a set of 100 interferometric arrays, each with
a random uv-coverage, and synthesizing the differential phase for each array. I gener-
ated two distinct randomised data sets, one with three baselines and the other with twelve
baselines. In order to compare the results, the elongation and PA of the synthesized inter-
ferometric beam were calculated by taking the Fourier transform of the uv-coverage.

Using this synthetic data, the photocentre shifts were calculated using the same approach
that is outlined in Section 6.4. The best-fit rotational PA was calculated by combining
the corresponding red and blue-shifted vectors, with any variations from the model disk
major axis PA of 90° taken into account. I then compared the offset of the best-fit PA of
the photocentre shifts to the eccentricity and PA of the beam, along with the maximum
baseline of the uv-coverage. These comparisons can be seen in Figure 6.10.2. Using the
method for calculating the rotational PA I found that for 87% of the synthesized three-

baseline data sets the perceived PA is within one standard deviation of the model PA. For
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Figure 6.10.2: Top panel: Photocentre offset vs. beam elongation for three telescope and
twelve telescope uv-coverages. The orange trend lines indicate how the mean photocen-
tre offset (positive or negative) increases with the beam elongation. Middle panel: Photo-
centre offset vs. beam PA for three telescope and twelve telescope uv-coverages. Bottom
panel: Photocentre offset vs. maximum baseline for three telescope and twelve telescope
uv-coverages.
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89.5% of the data sets with twelve baselines, the perceieved photocentre rotation axis is
within one standard deviation of the model rotation axis.

The elongation of the beam is defined as the ratio of the beam’s minor axis to it’s major
axis (where the beam is defined as an ellipse). The synthesized data with both three and
twelve baselines showed an increase in the magnitude of the PA offset as the beam elon-
gation increased. I did not detect any significant correlation between the beam PA and the
PA offset.

Increasing the number of baselines from three to twelve yields a decrease in the mean an-
gle offset of the photocentre displacements from 8.5° to 5.3°. Additionally, the mean un-
certainty of the rotational PA decreases from 20.8° for three baselines to 13.2° for twelve.
The accuracy of the photocentre displacements is most strongly affected when the beam
elongation of the uv-coverage is increased. It is important to take this into account when
attempting to obtain photocentre shifts in the future, and to minimize the elongation of
the beam of the uv-coverage if possible. This is often more straightforward to manage
with more baselines in the uv-coverage. I did not find a strong correlation between the
maximum baseline of the uv-coverage and the accuracy of the photocentre rotation angle
for this model case. This could suggest that how resolved an object is does not have a
strong effect on the perceived rotation angle of the photocentre shifts, although smaller

line-emitting regions could be modelled to confirm this.

6.10.3 Retrospective

The extent of the AMBER HR-K data set used in the work is unique for studies of young
stellar objects, only compatible to the data set used by Weigelt et al. (2016) to study the
Wolf-Rayet star i) Car. The stark comparisons between this work and the previous work
on MWC297 by Weigelt et al. (2011) show that obtaining the additionaly uv-points is es-
sential to more fully understand the kinematics traced by the line-emitting material. Since
the introduction of GRAVITY, which allows for four-telescope beam combination, com-
piling a similarly extensive uv-coverage is possible in half the number of observations.
Despite this fact, the work above remains the most extensive high-spectral dispersion
interferometric study of young star to date, but this should be expected to change with-
inin the next few years. Since publication this paper has been cited in works by Kreplin
et al. (2018), Sanchez-Bermudez et al. (2018), Mortimer and Buscher (2018) and Berger
(2018).

With AMBER now decommissioned, the maximum spectral resolution achievable with

interferometry in the near-infrared has ben cut drastically from R = 12,000 to R = 4,000.
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The work above demonstrates the importance of high-spectral dispersion when it comes
to wavelength-dependent image reconstruction. The AMBER HR-K spectrum clearly
shows that the Bry line is spectrally resolved across ~20 spectral channels, but we can
only achieve good image reconstructions of the line emission for the central ~6 channels.
Reducing the spectral resolution by a factor of three (as has been done for GRAVITY)
will present a problem for objects such as MWC297, which have relative narrow emis-
sion lines. It may be possible to image the Bry emission as it differs from continuum but
not possible to achieve the spectral resolution to distinguish between complex kinematic
scenarios. Further studies focussed on spectrally-dispersed image reconstruction must be

conducted with GRAVITY to demonstrate the instrument’s capability in this field.
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Chapter 7

Revealing the excitation and velocity
structure of the MWC297 disk wind
through multi-line

spectro-interferometry

7.1 Introduction

Observations of young stellar objects (YSOs) are characterized by the presence of cir-
cumstellar accretion disks as well as astrophysical jets and outflows. These outflows,
which range from the tightly collimated jets from T Tauri stars to the powerful winds
from Herbig Ae/Be stars, influence future generations of star formation when they impact
with molecular clouds in the interstellar medium (Heger et al., 2003; Lee et al., 2005).
Despite their importance, there are many unanswered questions regarding the origins of
these outflows and how they are launched from the compact inner regions of the disks
which surround young stellar objects.

Spectro-interferometry of the Bry line has emerged as a powerful tool for measuring the
distribution and kinematics of outflowing gas from young stellar objects. This technique
gives observers the ability to constrain the size of the line emission region as well as the
kinematics of the line-emitting gas (in the case of observations with high spectral disper-
sion). The viability of this technique is demonstrated previously in this thesis in Chapter 6
and later in Chapter 8. Additionally, other studies by various authors employing spectro-
interferometry of the Bry line are discussed in Section 3.5.

While the existing Bry data (R = 12,000) is well-suited to constrain the kinematics it

107
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provides only limited constraints on the temperature, density, and excitation structure of
the line-emitting gas. Bary et al. (2008) demonstrated how spectroscopic observations of
various Hydrogen spectral lines can be compared to reveal information about the physical
conditions of the line-emitting gas. Whilst the line emission strengths were found to vary
for different objects and epochs, Bary et al. found that the ratios between the different
emission lines remained the same, consistent with previous results by Muzerolle et al.
(2001) and Natta et al. (2006). Bary et al. compared the measured line ratios to hydrogen
recombination models for a range of temperatures and electron densities, finding that the
Hydrogen gas is not in local thermodynamic equilibrium.

Conducting interferometric observations in multiple line transitions affords us the op-
portunity to constrain the physical conditions of the line-emitting gas, as each transition
corresponds to a different excitation level and therefore traces a different temperature and
density regime in the circumstellar environment. A precedent for this was set in an earlier
study by Kraus et al. (2012c), who demonstrated with AMBER observations of a classical
Be star that such multi-line transition observations help to place unique constraints on the
physical conditions of the line-emitting gas. Kraus et al. constructed a simple radiative
transfer model assuming local thermodynamic equilibrium, finding that the Bry emission
originates from a similar region to the Ho emission, more extended than the location
of the Pfund lines. Multi-line spectro-interferometry has been previously achieved for
a young stellar object by Koutoulaki et al. (2018), who observed the K-band and Pfund
line emission from HD 50138. Koutoulaki et al. derived the angular size of the different
line-emitting regions, concluding that each of the Pfund lines originated from the same
region, similar in size to the Bry emitting region and more compact than the continuum.
We employed AMBER’s H-band medium resolution mode (MR-H) in order to spectrally
and spatially resolve the line transitions of the hydrogen Brackett series in the wavelength
range from 1.4 to 1.75 um. This mode of AMBER has rarely been employed, likely due to
its technical limitations requiring objects with correlated magnitudes brighter than 6.5 in
the H-band, a very uncommon trait in YSOs. As such, no data using this observation mode
has ever been published, making the study presented in this chapter unique. We fitted the
wavelength-dependent visibilities using a simple two-component model to determine the
characteristic sizes of the Brackett series lines relative to the continuum emitting disk. For
each of the Brackett series lines observed we computed model-independent photocentre
shifts and compared the results with the known orientation of the continuum emission. Fi-
nally we constructed a global kinematic model for MWC297, achieving a good fit to our

AMBER MR-H data and compared this model to the similar model constructed as part
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Table 7.2.1: Observation log for our MWC297 data taken with VLTI/AMBER’s MR-H
mode. For all observations the DIT is 0.3s.

Instrument Date Telescopes uUT NDIT  Proj. baselines PA Calibrator
[hh:mm)] # [m] [°]

AMBER  2014-04-15 U1/U2/U4  09:52 3720  54.2/89.2/129.2  -151.0/-97.8/-117.4 HD 167768
MR-H 2017-07-07 UL/U3/U4  05:35 2520 127.1/53.7/102.4 -116.5/-245.4/-140.6 HD 167768
2017-07-12 U1/U3/U4  03:35 5040  97.6/128.0/62.0 34.0/-118.0/-70.4  HD 164259

of the study in Chapter 6. We found that the Brackett series lines in the H-band originate
from a region of the MWC297 disk wind close to the central star, with a poloidal velocity
of ~220kms ™.

7.2 Observations and data reduction

We observed MWC297 once in 2014

and then again several times in 2017 ;

at the Very Large Telescope Interfer- 75 i ° ;81;:8;:;?
ometer (VLTI) using the beam combin- 504 \ i ¢ 20170712
ing instrument AMBER (Petrov et al., \ N i

2007). The 2014 data was observed by = 2 - i @

Stefan Kraus in visitor mode as part the & 07~ "=======-==--- ‘i ““““ o
ESO program 093.C-0418 and the 2017  ~ _,5 - i N

data was observed with service mode as 0. E \ S
part of the ESO program 097.C-0822, :

for which I was the principle investi- wre i

gator. Our VLTI/AMBER observations 75 50 25 (’) 25 -50 75
are outlined in Table 7.2.1 with the uv- u [10°]

coverage of these observations shownin .. . .
Figure 7.2.1: uv-coverage achieved with our

Fig. 7.2.1. The different data sets use VLTI/AMBER MR-H (R=1,500) interferometric

the UT1-UT2-UT4 and UT1-UT3-UT4 observations of MWC297.

configurations which covers the maxi-

mum number of baselines and position angles that can be achieved with the VLTI Unit

Telescopes (without taking earth-rotation synthesis into account). Due to the extremely

resolved nature of MWC297 in the H-band we could not make use of the FINITO fringe
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tracker, making it more difficult to obtain a high signal-to-noise ratio (SNR) for the dif-
ferential interferometric quantities. However, this does allow us to directly measure the
visibility without the visibility calibration bias that can be induced with FINITO.

For each science observation of MWC297 we also observed a calibrator star, with the
stars HD167768 and HD164259 used as our calibrators (detailed in Table 7.2.1). The
data was reduced with our own AMBER data-processing software package, making use
of the pixel-to-visibility matrix algorithm P2VM (Tatulli et al., 2007; Chelli et al., 2009)
to extract the visibility, differential phase, and closure phase for each spectral channel of
the observed AMBER interferogram. Heliocentric line-of-sight velocities for each obser-
vation are obtained using the ESO Airmass tool and the data is subsequently corrected for
the Heliocentric velocity. The photospheric absorption components were not subtracted
from our model spectra.

Across the H-band we spectrally resolve multiple different H-band lines in the Brackett
series, ranging from Br6 to Br12. For each of the resolved spectral lines we observe high-
SNR wavelength-dependent visibility and differential phase signals. The wavelength-
dependent visibility increases for each of the spectral lines, indicating that the line-
emitting regions are more compact than the continuum. The shapes of the differential
phase signals do not vary significantly for different spectral lines, with the amplitude of

the signals varying between ~20° and ~10°.

7.3 Visibility modelling

We initally model the wavelength-dependent visibilities of our AMBER MR-H data with
a simple, single-component model of a Gaussian distribution, allowing the FWHM to
vary with wavelength. The results of this first fit indicate that the characteristic size of the
emission decreases by a similar amount across each of the Brackett series lines, suggest-
ing that the line emission is more compact than the continuum emission. We improve our
simple model by adding a second Gaussian component, fixing one component to match
the size of the continuum emission whilst allowing the second component to vary in size
with a normalised flux that matches the AMBER spectrum. The results of this fit indi-
cate that the FWHM of the line emission steadily increases in size for lower-order lines,
from ~2mas for Br12 to ~3.5mas for Br6. The results of this simple first-order fitting are
shown in Figure 7.3.1.

Lazareff et al. (2017) determined the characteristic morphology of the H-band emission
from MWC297 using PIONIER, modelling the visibilities with several geometric mod-
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Figure 7.3.1: Wavelength dependent characteristic Gaussian FWHM size (blue line with
shaded errors) calculated by modelling our AMBER MR-H spectrally dispersed visibilities.
The orange points indicate the sizes of the pure line emission regions for each line, calculated
using a two-component Gaussian model.

els and finding the best-fit with a ring model. Our own AMBER data effectively covers
the entire H band with a much higher spectral resolution which illustrates clearly how
the continuum visibility changes as a function of wavelength across the band. Addition-
ally, the visibility levels that we observe were not compromised due to FINITO as we
did not used the fringe tracker for our data acquisition. We adopt several of the best-fit
parameters presented by Lazareff et al., namely the inclination, PA, and ring radius. The
visibility clearly varies steadily across the H-band indicating that the morphology of the
continuum-emission is wavelength dependent. Therefore, when modelling the continuum
visibility the relative flux contributions of the star and disk, as well as the ring radius and
width, are treated as wavelength dependent.

The stellar flux contribution varies steadily with wavelength between 20% at 1.55um
and 9% at 1.8um. We find that the morphology of the disk also varies slightly with
wavelength, with the ring radius decreasing with wavelength and the ring width increas-
ing. The result of this is that the characteristic size of the emission remains similar, but
that the ring becomes less "ring-like" and more "Gaussian-like" at longer wavelengths.
This is consistent with the result discussed in Section 6.3, in which the MWC297 contin-
uum emission is modelled with a Gaussian distribution in the longer-wavelength, K-band
regime. The wavelength-dependence of the parameters was varied manually until a best-
fit could be found for each, so it is likely that other variations of the parameters could be

found that yield similarly good results. Having determined a good fit for the wavelength-
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Figure 7.4.1: Right panel: Photocentre shifts for the Br-series lines + continuum determined
from our AMBER MR-H data. The black line shows the best-fit position angle of the dis-
placement between blue and red shifted vectors. Left panel: Differential phases for MWC297
observed with AMBER (circular points) compared with differential phases corresponding to
the photocentre shifts shown in the right panel of this Figure (black lines). The grey points
represent the continuum and the blue/red points represent the blue and red shifted photocen-
tre shifts. The different shades of red and blue represent different Br-series lines as can be
seen in the left panel.

dependence of the continuum emission we adopt this model later in Section 7.5 for use

with our kinematic model.

7.4 Photocentre shifts

AMBER spectro-interferometry allows us to measure the differential phase, a quantity
that provides the information of small scale physical displacements between material
emitting in different spectral channels. By measuring the differential phase across a spec-
tral line we can directly observe how the location of the line-emitting material differs from
the location of the continuum emission across multiple spectral channels. We can calcu-
late the photocentre displacement vector, p, of a spectral channel by solving the set of
linear equations put forward in Equation 6.5.1. We use the data of many baseline vectors
simultaneously, finding the best-fit photocentre vector using the Nelder-Mead simplex al-
gorithm. It is worth noting that the Eq. 6.5.1 is based on the assumption that the science
target is marginally resolved which, given that MWC297 is fully resolved in the H-band,
could mean that the photocentre approximation is inadequate in this case. For each of the
line transitions in the Brackett series we split photocentre shifts to blue and red-shifted
vectors relative to the line centre. The blue and red-shifted wings of each line extend to

—750kms ! and 750kms ! respectively.
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The resulting combined photocentre shifts for Br6-11 are shown in the right-hand panel
of Figure 7.4.1 with the corresponding differential phases shown in the left-hand panel.
We detect a clear displacement between the red- and blue-shifted vectors along a position
angle of ~ 41.6°, with the blue-shifted vectors to the North-west and the red-shifted vec-
tors to the South-east. Additionally, several of the more displaced photocentres exhibit a
slight shift to the North-east, perpendicular to the perceived angle of motion traced by the
overall photocentre displacement pattern. This is a similar effect to the arc-like structures
that were reported for MWC297 in Hone et al. (2017), as well as for other objects by
Kraus et al. (2012a, b).

Having performed the same photocentre analysis for each of the Brackett series lines
(Br6-11) we are able to compare the photocentre displacements patterns for each spectral
line. We observe that the lower series lines (i.e Br6, Br7...) have larger spatial displace-
ments than the higher-order lines (such as Brl11). This is most likely due to the increased
intensity of the Bry emission from the lower-order lines leading to an increase of the am-
plitude of the differential phase. This could also be thought of as the higher-order lines
having more contribution from the continuum emission shifting the lines towards zero
displacement. Further discusson of the axis of motion PA traced by the photocentre shifts

will be presented in Section 7.6.

7.5 Kinematic modelling

Using our kinematic modelling code we construct a model that is capable of modelling
each of the emission lines in the Brackett series as well as the continuum emission, all
varying as a function of wavelength. In order to do this it is necessary to analyse the line
emission to determine how the relative line strength varies, either by wavelength or by
the transition number. We find that the flux of the line emission relative to the continuum
flux varies roughly linearly with wavelength (see Figure 7.5.2, left panel), following the
relation Fj,e = 2.54 — 3.6.

Our versatile kinematic modelling code (described in Section 4.5.1) allows us to model
a range of kinematic scenarios including Keplerian rotation and disk winds without per-
forming detailed physical calculations of the gas density or temperature. In Hone et al.
(2017) we put forward the idea that a deviation in the perceived axis of rotation (as is
traced by the photocentre shifts for the Brackett series, Figure 7.4.1) from the disk major
axis can be caused by the presence of an additional out-of-plane velocity component, such

as in a disk wind. We set up our model using the well constrained disk geometry deduced
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Comparison of our global kinematic model of the H-band with the

VLTI/AMBER MR-H spectrum (top panels), wavelength-dependent visibilities (middle pan-
els) and differential phases (bottom panels). The observed data is shown as dark-coloured
points and the simulated data from the model is shown as light-coloured lines, with each
corresponding colour matching to a different baseline.
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Figure 7.5.2: Left panel: best-fit line flux relative to continuum flux for Brackett series
lines as a function of wavelength. The grey points are the best-fit parameters and the blue
line represents a linear fit following the relation Fj, = 2.5A4 — 3.6. Right panel: best-fit
radial intensity gradient 3 for Brackett series lines as a function of wavelength. The grey
points are the best-fit parameters and the blue line represents a linear fit following the relation
Fine =2.5A —3.6. The orange point represents the best-fit 8 value obtained from our previous
fitting of the Bry emission from MWC297 in Section 6.7. For both panels Br10 and Br12 are
omitted from the individual fits to speed up the fitting process.

by Lazareff et al. (2017), varying the size and intensity distribution of the line-emitting
region as well as the out-of-plane velocity v,. The inner and outer radius of the line-
emitting region are defined by the opening angles of the wind acceleration streamlines (a
schematic showing this is found in Figure 6.7.1).

We separate each of the line transitions and construct a series of kinematic models in or-
der to determine the best-fitting parameters for each of the Brackett series lines. We vary
the inner and outer radii (Rj, and Roy¢) of the line-emitting region, along with its radial
intensity index (). For each of the lines in the Brackett series, the wavelength-dependent
visibilities are best-fit with an inner line-emission radius of 0.Imas. Adopting the dis-
tance of 375.6pc calculated using GAIA DR2 parallax data (Gaia Collaboration et al.,
2018; Bailer-Jones et al., 2018) and the stellar radius of 5.3R, this angular separation
corresponds to a distance of 1.5R,. The inner radius found as the best-fit value is at the
very limit of our model’s spatial resolution, so it is possible that the inner edge of the
line-emitting region extends closer to the central star in some cases. For all the Brack-
ett series lines the best-fit radial intensity profile naturally rapidly decays to a negligible
value inside the outer radius, similar to a Gaussian distribution. The visibility is strongly
dependent on the line flux, so it is essential that the flux is fitted simultaneously with the
other parameters.

As the disk position angle is fixed in our model, the differences in the differential phase
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between our model and the data are accounted for by varying the disk wind’s velocity.
As has been previously discussed in Hone et al. (2017), the out-of-plane velocity of a
disk wind causes a shift in the perceived direction of the motion traced by the differential
phase. From our modelling in this case we find that the magnitude of this shift appears to
change as a function of the disk inclination and the collimation of the wind. The offset of
the disk wind source (see Figure 6.7.1) remains fixed to the same value (1.1mas) as was
previously presented in Hone et al. (2017). As each Brackett series line shares the same
inner radius of 0.1mas, this leads to a wind inner opening angle of ~5°. In addition to
a comparison between the model differential phase and the data, we use the data synthe-
sised from our model images to calculate photocentre shifts and compare them to those
presented in Section 7.4. We incrementally increase the v, value of our model, testing the
fit to the photocentre displacement angle and the differential phase, finding a best-fit v,
value of 220kms~!.

We compare the best-fit parameters for each spectral line to determine which of the model
features vary with wavelength. A different best-fit 8 value is found for each of the spec-
tral lines in the Brackett series and we find that the variation of 8 is best described by a
simple linear relation (Figure 7.5.2). We do not measure any significant difference in the
best-fit inner radius of the line emission so it remains constant for each of the different
emission lines.

To construct a global model for the whole H-band we calculate intensity maps for each
of the wavelength channels. We sample the wavelengths with a high spectral dispersion
before convolving the model to the spectral resolution of AMBER’s MR mode. We take
the linear fits for the line flux and 8 and implement them into our model as well as taking
the best-fit parameters that do not vary as a function of wavelength. The resulting model
is visualised in Figure 7.6.2 and a comparison between the model and the AMBER data

is shown in Figure 7.5.1.

7.6 Discussion

We detect a variation in the size of the emission region for the different Brackett series
lines across the H-band. For each of the Br-series transitions the emission region ex-
tends extremely close to the central star, with a best-fit inner radius of ~1.5R,. As the
observations do not fully resolve the inner edge of the emission it is possible that the

line-emitting gas extends even closer to the stellar surface. For each of the lines we do
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Figure 7.6.1: photocentre displacements calculated from our AMBER differential phase data
(left panel) and our kinematic model (right panel). The model that produces photocentre
shifts with a similar axis of motion to the data has an out-of-plane velocity (v.) of 220kms .
The PA indicated in the top left of each figure is the best-fit axis-of-motion PA for the AM-
BER photocentre shifts.

not detect a strong "bounce" in the second lobe of the visibilities, indicating that the line
emission region has no hard outer edge. In our model, the changing size of the emission
region is modelled by changing the power-law of the radial brightness distribution. The
intensity of line emission radially decays at a different rate for each line (Figure 7.5.2,
right panel), with the decay rate decreasing as the wavlength increases.
Each of the Brackett series lines are emitted by hydrogen gas under different physical
conditions, such as density and temperature. Analysing the line emission regions of each
spectral line, we can infer the thermodynamic structure of the inner regions of the disk.
Several works exist (e.g. Bary et al., 2008; Kwan and Fischer, 2011; Edwards et al., 2013)
which aim to utilise the ratios between different emission lines to yield information about
the temperature and density of the line-emitting material. Combining this approach with
spatially-resolved, interferometric observations of the line-emitting material is an exciting
prospect, but remains out of the scope of this study as it is presented in this thesis and will
be presented as part of a peer-reviewed paper in the future.

Calculating the photocentre displacement vectors from the differential phase is extremely
useful, as it provides model-independent insights into the kinematics traced by an emis-
sion line. Obtaining the photocentre shifts for many different lines tracing similar kine-
matics allows us to constrain the displacement angle between the blue- and red-shifted

emission with greater significance. This displacement appears along a position angle of
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<20 km/s

Br6-12
220 km/s

Figure 7.6.2: A schematic of the inner region of the MWC297 disk, incorporating results
from this study as well as the study previously discussed in Chapter 6. The H-band Brackett
series lines trace a collimated disk wind with a poloidal velocity of 220kms~! originating
from a compact region close to the central star, whilst the Bry emission traces a less col-
limated disk wind with a poloidal velocity of ~20kms~! that is more extended than the
continuum emitting disk.

—41.6° +3.5°, a value that is displaced from the continuum position angle of ~104°
(or —76°) by ~34°. A similar displacement in the Bry emission was noted in Hone et al.
(2017), with the perceived rotation along an axis of ~114° differing from the K-band con-
tinuum major axis (~100°) by an angle of ~14°. Here we can see that the displacement
angle of the perceived rotation is different for Bry than it is for the other Brackett series
lines in the H-band. This difference suggests that the effect causing the displacement of
the perceived axis of motion is comparatively stronger for the higher order Brackett series
lines than it is for Bry, alternatively the different line trace a significantly different veloc-
ity field.

As was previously discussed in this section, the increased line strength for lower-order
lines is due to, at least in part, the increased size of the line-emitting region at longer
wavelengths. Due to its location further out in the disk this material exhibits much lower
velocity, both rotationally and in the out-of-plane direction. In the case of a disk where
the out-of-plane velocity increases with decreasing radius, material further out in the disk
exhibits a velocity field that is closer to Keplerian rotation. In this case it follows that the
stronger emission lines, which contain more material further out in the disk, would have
a perceived rotational PA that is closer to the disk major axis PA.

We do not see a significant change in the PA of the axis of motion for each of the different
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lines from Br6 to Brl12. In the previous study of the Bry emission (Hone et al., 2017) the
difference between the perceived rotation axis and the disk PA was shown to be ~10°,
whereas for the H-band Brackett lines the displacement angle is ~34°. The strength of
the Bry line is ~550% of the continuum flux, whereas the H-band Brackett lines have
strengths that vary from ~80% to ~40% of the continuum flux. We can estimate from

this that the motion axis difference between Br6 and Br12 will be approximately:

80% — 40%
550% — 80%

This value is smaller than the uncertainty in the H-band Brackett series axis of motion,

x (34° = 10°) = 0.085 x 24° = ~2°. (7.6.1)

3.5° (see Figure 7.4.1), demonstrating why we do not see a significant change in the PA
of the axis of motion across Brackett series lines in the H-band. In the future, it will be
useful to test the connection between the H-band Brackett lines and Bry by observing Br4
and Br5 with spectro-astrometry or spectro-interferometry. However, the wavelengths of
these lines are in a region of high atmospheric absorption and so must be observed from
space, where there are currently no instruments that can achieve this.

Hone et al. (2017) noted the presence of a looping, arc-like structure in the photocentre
shifts traced by the Bry line. This structure also appears in the photocentre displacements
of the Brackett series lines, illustrated in Figure 7.4.1, although to a lesser extent than for
Bry. The arc in the photocentre shifts was previously interpreted as an obscuration of the
more distant region of the disk, possibly caused by optically thick material being ejected
out of the disk plane in a wind. As the H-band traces a much more compact region of the
disk than the K-band, it follows that the obscuring effect is stronger in the more extended
regions of the disk that are not traced by these lines. Our observations of the outflowing
velocity field suggest that this obscuring material is the likely caused by the ejection of
dust in a disk wind (Bans and Konigl, 2012) rather than a dusty magnetically supported
atmosphere (Turner et al., 2014).

Using our kinematic modelling code we derive the properties of the MWC297 disk wind
velocity field in the H-band and compare our results to previous studies of the same object
in the K-band. The differential phases synthesized from our kinematic model frames are a
good match to the observed AMBER data. By observing with AMBER’s medium spectral
dispersion mode we sacrifice the ability to resolve the kinematics of the line-emitting gas
in favour of covering a wide range of wavelengths. Additionally, our uv-coverage spans
only ~50% of the full range of angles available, insufficient for fully fitting the velocity
field of a kinematic model. By calculating photocentre shifts from the synthesized data

we introduce another point of comparison between the model and data, made possible by
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the model-independent nature of the photocentre shifts (see Figure 7.6.1 for a comparison
of the photocentre shifts calculated from our data and the kinematic model). We find
that the compact region of the disk wind traced by the Br6-12 lines exhibits an out-of-
plane velocity of ~220kms~!, an order of magnitude faster than the out-of-plane velocity
of the model for Bry (~20kms~!). An overall schematic of the inner regions of the
MWC297 disk is shown in Figure 7.6.2. This feature of the data is mirrored in theories of
jet formation (Ferreira et al., 2006; Romanova et al., 2009), which indicate that outflows
have multiple components, including compact fast axial jets and more extended slow
conical winds. Other models of the jet-launching region of T Tauri star suggest that
the azimuthal magnetic field is stronger closer to the central star, leading to increased
acceleration out of the disk plane in this region (Goodson et al., 1997; Romanova and
Owocki, 2015). The direct detection of the poloidal velocity of the disk wind decreasing
with radius is a unique and profound result that has significant implications for the study

of jet launching from young stars.

7.7 Outlook

The study above represents a unique opportunity to conduct a detailed study of a young
stellar object across multiple line transitions. I have demonstrated how such studies can
provide novel insights into the star formation process and the launching of outflows from
the inner regions of circumstellar disks. The data analysed in this chapter was among the
last taken with AMBER, which was decomissioned in 2018. This means that the study
can not be repeated with any of the current generation of beam combiners, and replicating
the study for other objects will not be possible until a new instrument with this capabil-
ity is commissioned. By publishing this work I hope to demonstrate the effectiveness of
multi-line spectro-interferometry for studies of the jet-launching region of young stellar
objects.

An interesting technique that I implemented in this work is the construction of photocen-
tre shifts from the model data and the subsequent comparison of the model photocentre
shifts with the AMBER photocentre shifts. This extra comparison point proved vital to
determining the poloidal velocity of the wind. The true impact of the poloidal velocity
only became evident when comparing the photocentre shifts of the model and the data,
demonstrating the usefulness of such "second-order" comparisons. Any adverse effects of
the sparse uv-coverage are also taken into account when photocentre shifts are calculated

meaning that comparison between the model and data is fair.
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Chapter 8

A compact gaseous accretion disk in
Keplerian rotation around MWC147

This chapter is based on a paper that was published by Hone et al. (2019) in Astronomy
& Astrophysics Volume 623 (Article 38).

8.1 Introduction

In this chapter, I present the resuts of the second major project that I undertook during
my PhD, in which I studied MWC147 with interferometry and spectroscopy. The target
was selected based on interesting properties that had been detected in previous studies,
such as the double-peaked Bry line profile detected with CRIRES and the evidence for
continuum emission from the inner gaseous disk presented by Kraus et al. (2008b). High-
spectral resolution (R = 12,000) interferometry data has only so far been presented for a
handful of YSOs, so this MWC147 data set represents an exciting opportunity to provide
new physical insights into the dynamic processes in the inner disk. The initial MWC147
data set was much much smaller than the MWC297 data set, only containing one HR-K
observation with sufficient SNR along with two MR-K observations and some CRIRES
spectroscopic data. This presented its own challenge, as kinematic modelling becomes a
process that yields many degenerate results, especially considering that the AMBER HR-
K data has considerably lower SNR than the MWC297 HR-K data set discussed in the
last chapter, reflecting the lower apparent brightness of MWC147. During the project, the

opportunity was presented to use some CHARA data, allowing me to focus on modelling
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the inner disk continuum emission along with the analysis of the Bry.

In this Chapter I will analyse data taken for MWC147 using AMBER spectro-interferometry
(with a variety of spectral dispersions), CHARA interferometry and CRIRES spectroscopy.
In Section 8.2 I will present the different data sets, along with the data reduction pro-
cesses that were performed for each data set. In Section 8.3.1 the AMBER LR and
CHARA/CLIMB data sets are analysed by fitting the visibilities with geometric mod-
els. The AMBER MR and HR data are interpreted in Section 8.3.2 by measuring the 2D
photocentre displacements across the Bry line. In Section 8.4 I will present kinematic
modelling of the AMBER MR and HR data using a model of a compact gaseous disk in
Keplerian rotation. Analysing the full data set revealed the presence of line-emitting gas

in the same region as the continuum emission, close to the central star.

8.1.1 Previous studies of MWC147

MWC147 ( HD 259431) is a 6.6 M, Herbig Be star (spectral type B6) which is host to a
circumstellar accretion disk (Hillenbrand et al., 1992; Polomski et al., 2002). Hernandez
et al. (2004) determined that MWC147 has a luminosity of 103'19L@ (1549L:) and is
at a distance of 800 pc, however we adopt the new distance of 711+24 pc measured by
Gaia DR2 (Gaia Collaboration et al., 2016, 2018) using the more robust geometric dis-
tance calculation of Bailer-Jones et al. (2018). Bouret et al. (2003) used the FUSE UV
spectrograph to examine the far-UV line emission originating from MWC147 and deter-
mined the stellar radial velocity to V,,; = 43 km/s. The first in-depth interferometric view
of the disk around MWC147 was provided by Kraus et al. (2008b), using PTI, IOTA,
VLTI/MIDI, and VLTI/AMBER data. Kraus et al. used the measured visibilities to de-
termine the size and geometry of the disk around MWC147 across K band and N band,
combining their visibility measurements with a fit to the SED. These authors found that
the best-fit to the SED and the interferometry data was achieved using a model of a dust
disk with an optically thick gaseous component inside the dust sublimation radius. This
model suggests that the K-band emission is dominated by the accretion luminosity from
the active, gaseous inner disk, whilst the mid-infrared (MIR) emission still contains the
flux contributions from the irradiated dust of the disk rim.

Bagnoli et al. (2010) obtained optical spectroscopy on MWC147 in several emission
lines including forbidden and permitted OI and MglI transitions. The highly symmetric,
double-peaked [OI] line profiles suggest that the emission arises from a rotating circum-
stellar disk. By deconvolving the line profiles and determining the radial intensity profile

of the line-emitting gas these authors determined that the disk transitions from a gaseous



8.1. INTRODUCTION 125

disk to a dusty disk at radii of ~2 — 3 au, corresponding to the expected dust sublimation
radius predicted by Kraus et al. (2008b). Similar analysis of the Mg[II] emission lines
suggested an inner radius of the gas disk at ~0.1 au, close to the expected co-rotation
radius.

Ilee et al. (2014) observed CO bandhead emission around several Herbig Ae/Be stars,
including MWC147, using the XSHOOTER and CRIRES instruments at the VLT. They
found that the CO emission was located in a disk ranging from 0.89 to 4.3 au with an
inclination of 52°, in good agreement with the result from Kraus et al. (2008b). A re-
cent interferometric study by Lazareff et al. (2017) used the VLTI/PIONIER instrument
in the H band to analyse the circumstellar environment around several Herbig Ble] stars
including MWC147. They were able to construct a detailed geometric model of the
near-infrared emission, finding that it arose from a disk orientated with an inclination of
23 +10°, i.e. more face-on than the earlier estimates. Lazareff et al. also estimated a disk
major-axis position angle (PA) of 44°. However, with an uncertainty of 42°, they were
unable to place strong constraints on this value, a problem that is possibly compounded
by the low (close to face-on) disk inclination.

The large-scale structures around MWC147 were studied by Li et al. (2014) who utilized
deep MIR imaging to observe the surrounding diffuse nebula. In their study, Li et al.
found that the shape of the nebula is highly asymmetric, with a bow-like structure extend-
ing from the central star along a PA of ~120°. Li et al. discussed the possibility that these
complex filamentary structures could trace the inner walls of the cavity carved out by a
bipolar outflow.

Using a variety of techniques, we aim to resolve the innermost regions of the protoplan-
etary disk of MWC147, determine the nature of the continuum emission, and probe the
origins of the Bry emission that arises in the inner disk. Combining interferometry data
from multiple instruments we achieve the highest angular resolution interferometric ob-
servations of the MWC147 disk so far, interpreting our data with a geometric disk model
to measure the orientation of the MWC147 disk system. We also combine medium- and
high-resolution (MR; HR) spectro-interferometry with CRIRES spectroscopy to build a
picture of the origin and kinematics of the Bry-emitting gas, using a model-independent

photocentre shift analysis as well as our kinematic modelling code.



Table 8.2.1: Observation log for our MWC147 data taken with VLTI/AMBER and VLT/CRIRES. The numbers in the calibrator column cor-
respond to the following stars with their K-band uniform disk diameters in parentheses: (1) HD 53510 (2.049 mas), (2) HD 43023 (0.940 mas),
(3) HD47127 (0.411 mas), (4) HD 50277 (0.356 mas), (5) HD 47157 (0.276 mas), (6) HD 52456 (0.271 mas), (7) HD 47575 (0.225 mas),
(8) HD45638 (0.262mas), and (9) HD 48977 (0.119 mas). The NDIT/Pointings column gives the NDIT for all observations except for
CHARA/CLIMB, where it gives the number of pointings taken on the night. The baseline and PA columns give the average value across all

pointings.
Instrument UTC Date  Telescopes  UT DIT  NDIT/Pointings Proj. baselines PA Calibrator
[hem]  [ms] # [m] [°]
AMBER HR-K  2010-12-18 U2/U3/U4 06:15 1000 2100 43.5/59.2/89.2 -133.5/-73.4/-98.4 1
AMBER MR-K  2008-12-14 U1/U3/U4 07:29 500 1560 54.6/82.1/128.5 -144.2/-103.3/-119.4 2
2009-12-04 U2/U3/U4 07:58 500 840 46.2/84.2/50.7 -133.5/-102.3/-74.1 3
AMBER LR-K  2008-12-15 U1/U3/U4 07:38 26 6000 101.0/47.2/128.0  -139.5/-73.9/-119.9 4
CHARA/CLIMB 2010-12-01 S2/W2/E2 - 21 3 162.5/218.8/154.6 20.6/-114.5/-246.6 5,6
2010-12-22  S2/W1/E2 - 16 4 223.5/304.3/247.0 -14.8/-227.3/-76.4 5
2012-11-28  S2/W2/E2 - 20 3 218.3/304.9/120.2 2.8/-195.8/-51.1 7,8
CRIRES 2010-10-26 Ul 06:40 60000 36 N/A N/A 9
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8.2 Observations and data reduction

8.2.1 VLTI/AMBER interferometry

We observed MWC147 between 2008 and 2010 using the AMBER instrument at the
VLTI. AMBER (Petrov et al., 2007) is a three-telescope beam combiner capable of obtain-
ing spectrally dispersed interferometric data with a range of spectral resolutions (R = 30
to R = 12000). Our VLTI/AMBER observations are outlined in Table 8.2.1 and the uv-
coverage of these observations is shown in Fig. 8.2.1 (left panel).

Two of our data sets were taken with the HR (R = 12000) mode of AMBER in the K
band, which allows us to spectrally and spatially resolve the Bry line from MWC147.
Both of our AMBER HR-K data sets use the UT1-UT2-UT4 telescope triplet, which cov-
ers a range of baseline lengths from ~56 m to ~130m. The first data set (2009-12-31,
UT1-UT2-UT4) was recorded without external fringe tracking, but resulted only in a poor
S/N. Therefore, we rejected this data set from further analysis. For the second observa-
tion (2010-02-18, UT2-UT3-UT4) we used the FINITO fringe tracker (Le Bouquin et al.,
2009) to correct for atmospheric turbulence, which enabled integration times up to 1 sec-
ond and resulted in a higher S/N. In addition to the high spectral dispersion observations
we also used data taken with AMBER’s medium-resolution (R = 1 500, for which we also
used FINITO) and low-resolution (LR; R = 30) mode.

Data reduction was performed using the same AMBER data processing software package
as discussed in Section 6.2. We corrected for heliocentric line-of-sight velocities using
the ESO Airmass tool. The visibility level of the continuum emission is calibrated using
the best geometric model discussed in Section 8.3.1. This is a necessary step because of
the unreliability of visibilities that are observed with FINITO. We detected a strong Bry
line (~70% above the continuum flux level), which causes the error bars in the line to be
smaller than those in the continuum and as a result the continuum region has a poor S/N
for our AMBER HR-K observations.

8.2.2 CHARA/CLIMB interferometry

The three-telescope beam combiner, CLIMB (ten Brummelaar et al., 2013), of the cen-
tre for High Angular Resolution Astronomy (CHARA) Array, was used to obtain K-band
continuum interferometry (see Table 8.2.1). An array of six 1 m class telescopes, CHARA
has operational baselines between 34 and 331 m (ten Brummelaar et al., 2005). Observ-
ing MWC147 with the CHARA baselines gives us the opportunity to better resolve the

continuum emission and achieve a better estimate of the inclination angle and PA of the
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Figure 8.2.1: Left panel: uv-coverage achieved with our interferometric observations of
MWC147 with both VLTI/AMBER and CHARA/CLIMB. Right panel: Two-dimensional
x* map showing the dependence between the best-fit model PA and the inclination of our
ring model. The colour scale illustrates the total )2 for each value of the PA and inclination
and the best-fit model values are indicated by the blue data point.

continuum disk, quantities that offer an important comparison with the perceived rotation
angle of the Bry-emitting gas (see Section 6.8). MWC147 was observed on five separate
occasions with CLIMB between 2010 December and 2012 November, achieving a maxi-
mum baseline length of ~300m (corresponding to an angular resolution of ~0.75mas).

The data were reduced using a pipeline developed at the University of Michigan that is
well-suited to recovering faint fringes for low-visibility targets. Standard stars not known
to be members of binary or multiple systems were observed before and/or after each sci-
ence observation and used to calibrate the visibilities and closure phases (see Table 8.2.1
for the names and uniform disk [UD] diameters of the calibrators used!). A further in-
spection of the closure phase signals of the calibrators observed more than once was

undertaken to check for the presence of binary signatures and none were found.

8.2.3 VLT/CRIRES spectroscopy

In addition to our interferometry data we also obtained HR (R = 100000) spectra for
MWC147 in the K band using the VLT/CRIRES instrument (Kaeufl et al., 2004). Using
CRIRES allows us to spectrally resolve the Bry line with the best possible spectral dis-
persion, allowing us to resolve the finer structure of the line. This is crucial to distinguish

between different kinematic line-emission scenarios. Our observations of MWC147 were

UD diameters were retrieved from JMMC SearchCal (Bonneau et al., 2006, 2011)
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Figure 8.3.1: Visibility squared vs. spatial frequency (baseline length) for our VLTI/AMBER
and CHARA/CLIMB data for MWC147. The observed data with uncertainties are shown
in grey, whereas the results of our inclined Gaussian and ring models are shown in blue and
orange, respectively.

taken using a slit width of 0.2”, 60-second integrations and using both the "nodding" and
"jittering" techniques. The nodding technique involves taking an integration on the object
at an initial telescope position A, moving (or nodding) the telescope to a second position
B and taking two more integrations, then moving the telescope back to position A for
a final integration. lJittering involves adding a small random offset to each of the nod-
ding offsets. These techniques combine to remove sky emission, detector dark current
and thermal noise as well as correcting for bad pixels and decreasing systematic errors.
The raw data was reduced using the standard ESO pipeline in which the raw images are
combined, spectra are extracted, and the wavelength is calibrated. We correct for intrinsic
Bry absorption in our calibrator (HD48977) before dividing the science spectrum by the

calibrator spectrum.

8.3 Analysis of interferometric data

8.3.1 Geometric modelling of continuum emission

To determine the size and shape of the K-band continuum-emitting region we combined
our CHARA/CLIMB and AMBER low spectral dispersion visibility data and interpret
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Figure 8.3.2: Closure phase vs. combined baseline length for our VLTI/AMBER and
CHARA/CLIMB data for MWC147. The combined baselines length is calculated by sum-
ming the baselines for each closure phase triangle. The observed data with uncertainties are
shown in grey, whereas the results of our inclined Gaussian and ring models are both shown
in blue as they both have the same closure phase.

Table 8.3.1: Parameters for our best-fit geometric model featuring a star and inclined Gaus-
sian or ring brightness distribution. The parameter 6 indicates the PA of the major axis of the
disk. The x> shown is calculated only using visibility data.

Parameter = Range  Gaussian value Ring value
F, - 17%=+6% 16%
Fiisk 0—-20 83%+6% 84%
FWHM 0-5mas 1.21£0.1 mas -
R 0 - 5 mas - 0.60£0.03 mas
dR 0 - 5 mas - 0.2R
i 0° - 90° 21.3+6.4° 26.7°+£4.7°
0 0°-360°  25.7£15.7° 42.4°+15.0°

X2 - 1.53 2.45
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these data sets with a simple geometric model. Both CHARA and AMBER can also mea-
sure the closure phase (see Section 3.2). The closure phase is a useful observable for
detecting the presence of asymmetries in the measured brightness distribution (e.g. Mon-
nier, 2003) and is an important component for obtaining higher order information from
interferometric observations. However, we find that the measured data from AMBER and
CLIMB is consistent with zero closure phase, and very few data points exhibit a deviation
from zero greater than 10 and zero deviations greater than 20 (see Figure 8.3.2). As
such we model the visibilities and closure phases from AMBER and CLIMB with centro-
symmetric geometric models and yield a xrz of 0.5 for our CP data.

Using the Rayleigh criterion, 60 = 2’1—3, we determine that our maximum baseline allows
us to achieve an angular resolution of 0.68 mas. A two-dimensional elliptical Gaussian
model is sufficient for our initial fitting where we focus on estimating inclination and PA;
the precise geometry is not important for this goal as our baseline range only covers the
first lobe of the visibility function (model parameters shown in Table 8.3.1). In addition
we fit a simple ring model to our visibility data in order to compare the modelled ring
radius with the expected dust sublimation radius. The uncertainties of our best-fit param-
eters are determined via bootstrapping (for a full description of this process see Davies
et al., 2018).

In our Gaussian model we vary the FWHM, the disk major axis PA (0), inclination (i), and
the relative flux between the disk and star. We find that our best-fit model has a FWHM of
1.21 +0.10mas, which corresponds to 0.84+0.074 au assuming a distance of 711 pc. We
find that there is a loose dependence between the best-fit PA and inclination (illustrated
by the 2 map in Figure 8.2.1, right panel). The %2 map in figure 8.2.1 (right panel) also
shows a strong degeneracy in the PA value at low inclinations, possibly due to the low
inclination that we observe for the disk. Our best-fit model has a stellar flux contribution
(Fy/Frot) of 17%+6%, which is consistent with the stellar flux contribution value of 16%
determined from the SED in Millan-Gabet et al. (2001); Kraus et al. (2008b).

We also modelled our VLTI+CHARA visibility data set with a two-dimensional ring
brightness distribution. This model has the same use of the inclination, PA and disk flux
parameters, but with the ring radius R as free parameter and constant ring width of 0.2R
(Monnier et al., 2005). The fit yields a ring radius of R = 0.84 mas and an (unrealistically)
high stellar flux contribution (49% of the total flux). We also fit the visibility data with a
ring model in which we allow the relative width of the ring to vary, which results in similar
values for the best-fit PA and inclination as the model with fixed ring width (within 10).

However, it is clear that the algorithm does not favour a ring-like brightness distribution,
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with a ring radius of 0.12 mas, a ring width of 9.9R (~ 1.2 mas), and a stellar flux con-
tribution of ~ 42%. Both of the aforementioned models appear to strongly overestimate
the stellar flux contribution compared to analyses that tried to separate the star/disk flux
contributions from the SED (16% Millan-Gabet et al., 2001; Kraus et al., 2008b). This
is likely due to a well-known degeneracy that exists between the best-fit ring radius and
stellar flux contribution when fitting visibility data in the first lobe of the visibility func-
tion (Lachaume, 2003; Lazareff et al., 2017). Therefore, we also conducted fits where we
fix the stellar flux contribution to the SED value. Assuming again a fixed-width ring of
0.2R, we derive a ring radius of 0.60+0.01 mas (see Table 8.3.1 for full list of best-fit pa-
rameters). We adopt this model as our best-fit ring model, although it is important to note
that this model does not account for any other potential sources of flux other than the ring
and therefore can only be considered an approximation to the true brightness distribution.
Our best-fit ring radius of 0.6040.01 mas corresponds to a physical distance of 0.3940.01au
assuming that the distance to MWCI147 is 711pc. This region of the disk is 3.9 times
more compact than the expected MWC147 dust sublimation radius of 1.52 au assum-
ing a dust sublimation temperature of 1800 K. Our Gaussian model achieves a better fit
to the visibilities than our ring model (see the x> values in Table 8.3.1), although both
models feature similar values for inclination and PA; this means that each model finds a
similar best-fit disk orientation. The improved x? for our Gaussian model is reflected by
the results of our variable-width ring fit, which tends towards a Gaussian-like brightness
distribution, suggesting that we are marginally resolving the brightness distribution. Our
best estimate for the orientation of the MWC147 system is an inclination of 19.2 +1.7°
and a major axis PA of 12.7 + 12.1°; these parameters are derived from our kinematic

model, but are also consistent with our geometric modelling of the system.

8.3.2 Photocentre analysis of Bry emission

We detect that for many of our observed baselines the differential phase deviates from
zero in the Bry line (such as can be seen in Figure 8.4.2), an effect that is caused by the
centre of the emission in a particular wavelength channel deviating from the centre of
the continuum emission. By qualitatively analysing the differential phase patterns across
the Bry line we can glean information about the differing kinematic scenarios traced by
the line emission. The "S-shaped" differential phases that we can see for several of our
baselines (see Figure 8.3.3, right panel) are an indicator of rotation, as we see that the

blue-shifted emission is symmetrically displaced opposite to the red-shifted emission. By
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Figure 8.3.3: Left: Derived 2D photocentre displacement vectors for the Bry line + contin-
uum determined from our AMBER MR-K data. The black line shows an estimated PA for the
displacement between blue- and red-shifted vectors. Right: Differential phase (DP) data for
MWC147 observed with AMBER’s MR-K mode (points) compared with differential phases
calculated from the photocentre shifts shown in the right panel of this Figure (black lines).
The baseline label in the upper corner gives the PA in degrees and the baseline (BL) in me-
tres. The line (red and blue) and continuum (grey) points from the left panel correspond to
the similar coloured points in the right panel.

combining the differential phases for multiple baselines and PAs we can derive a two-
dimensional photocentre displacement profile which reveals the PA of the rotation traced
by the line emission. These photocentre displacements can be compared with the contin-
uum disk geometry that we measure in the previous section and can help to constrain the
PA of the disk major axis.

To derive the wavelength-dependent photocentre shifts from our differential phase data we
use the fitting method outlined in Section 6 based on equation 6.5.1. Examining our pho-
tocentre displacement vectors, we see a displacement between the blue- and red-shifted
vectors along a PA of ~18.8° (see Figure 8.3.3). This angle is estimated by determining
the mean displacement for the blue-shifted and red-shifted vectors and calculating the
displacement angle between the two mean vectors. The extension of the data points in the
north-south direction is caused by the non-uniform uv-coverage, and is orientated along
the direction of least resolution (see Figure 8.2.1, left panel). Our geometric model of the
continuum disk indicates a disk major axis PA of 25.7£15.7° for the continuum-emitting
disk which is consistent with the estimated rotation angle derived from our photocentres.
In the next section we use a kinematic model to construct a more detailed interpretation
of both the differential phases and visibilities of the AMBER MR and HR data.
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Figure 8.4.1: Synthetic model images calculated for our Keplerian accretion disk model for
five spectral channels across the Bry line. We use an arbitrary logarithmic colour scale to
show the flux distribution with more detail. The parameters for this model can be found in
Table 8.4.1.

8.4 Kinematic modelling

In order to constrain the gas velocity field around MWC147 we fit a kinematic model
to our AMBER MR and HR data, as well as the CRIRES spectra. We use the kinematic
modelling code that we have already used for modelling spectro-interferometric observa-
tions for a range of evolved (Weigelt et al., 2007; Kraus et al., 2012a) and young objects
(Kraus et al., 2012c; Hone et al., 2017). Based on an analytic description of 3D veloc-
ity fields and the radial brightness distribution, this code allows us to compute synthetic
spectra and synthetic images for different velocity channels in a spectral line. This type
of modelling is a useful tool to explore how different disk morphologies and variations of
the velocity field fit the observed visibilities and differential phases.

Using our kinematic modelling code we compute synthetic intensity distribution frames
for each spectral channel that include contributions from both a continuum-emitting disk
and Bry-emitting component. The continuum emission is modelled as an inclined two-
dimensional Gaussian identical to the one determined in Section 8.3.1. The line-emitting
region extends from an inner radius, R;,, to an outer radius, R,,;, and has a radial bright-
ness following the power-law o<rB, where r is the radius and B is a power-law exponent.
The disk major-axis PA (0) and inclination (7) are treated as free parameters with starting
values taken from our fitting of the continuum disk. To avoid unphysical sharp edges in
our model images we use a Fermi-type smoothing function to model the edges of the disk
(see Kraus et al., 2008b). We adopt the stellar parameters (mass M, and distance d) quoted
in Sect. 8.1. From the resulting 3D image cube we compute the wavelength-dependent
interferometric quantities for the uv-coordinates covered by our data.

In order to determine which kinematic scenarios to explore we evaluated our observed
AMBER and CRIRES data. We do not see a significant variation in visibility across

Intensity
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Figure 8.4.2: Comparisons of our observed interferometric data (coloured points) with syn-
thesised data from our kinematic model (solid lines). Our AMBER HR data is shown in the
left panel; our two AMBER MR epochs are shown in the middle and right panels. Each plot
shows the spectrum (top), squared visibilities (middle), and differential phases (lower) cal-
culated from our kinematic model and compared to our observed VLTI/AMBER data. The
different coloured lines correspond to the different observed baselines, which are labelled in
the upper right corner of the panel.
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Figure 8.4.3: Spectrum calculated from our kinematic model and compared to our observed
VLT/CRIRES data for the Bry line. The solid red line represents the model spectrum and the
grey points represent the observed CRIRES spectrum.

the line, indicating that the Bry emission originates in a similar compact region as the
continuum disk. The innermost stream lines of the disk wind region (and the X-wind
region) may be located near the corotation radius (~0.1au), therefore the measured ra-
dius of ~1au of the Bry-emitting region is consistent with the expected emission region
of a disk wind. Additionally, the observed CRIRES spectrum (shown in Figure 8.4.3)
shows a highly symmetric, double-peaked Bry line profile which is indicative that the line
emission arises in a velocity field that is either purely rotational or does not contain a sig-
nificant out-of-plane velocity component. This suggests that the emission arises from the
disk surface or a region very close to it, where material ejected by a possible disk wind
is not yet significantly accelerated and therefore the velocity field is still approximately
Keplerian. Taking our conclusions from analysis of this data, we elect to model the Bry
emission around MWC147 with the simpler case of a gaseous disk in Keplerian rotation.
Our model is at first calculated with a spectral resolution comparable to that of CRIRES
(as it is our highest spectral resolution data). To compare our model quantities to our
lower spectral resolution AMBER data we convolve our model to spectral resolutions of
AMBER’s HR and MR modes with a simple Gaussian kernel. Taking the results from
Table 8.3.1 as initial values for our kinematic model parameters we construct a series
of model grids, taking the model with the lowest )2 as our best-fit model, the param-
eter values of which are shown in Table 8.4.1. The best-fit model brightness distribu-

tion for five velocity channels can be seen in Figure 8.4.1 and the comparison between
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our observations and the synthesised observables from the model can be seen in Figures
8.4.2 and 8.4.3. After modelling the continuum disk with the same parameters from our
AMBER/CLIMB fitting in Section 8.3.1, we tweak the parameters of the line-emitting
region to find the best possible fit to the observed CRIRES spectrum and AMBER spec-
trum/visibilities. The precise shape of the model spectrum is highly sensitive to the disk
inclination as well as the radial brightness distribution of the line-emitting region. By ad-
justing these parameters of our kinematic model we can match the full width of the high
velocity spectral line wings as well as the double-peak structure that we see at very low
velocities (in the line centre, see Figure 8.4.3). We alter the disk PA to best recreate the
patterns we see in the differential phase data. The uncertainties of our model variables
are calculated using the > method. Our kinematic model can reproduce the observed
CRIRES spectrum with a reduced x> of 1.44 and the parameters of the model are listed
in Table 8.4.1.

The differential phase measurements from our AMBER MR and HR data are reproduced
with moderate success by our kinematic model. In particular, the overall shape of the
model differential phase patterns is a good match to the observed data, but the magnitude
of the phase is marginally too high or low for some baselines. The visibility levels for the
two MR data sets are well reproduced (Figure 8.4.2, middle and right panels), although
the changes in visibility across the line (whilst very small) are not well matched for our
2009-12-14 data. This could be due to inconsistencies between the data sets caused by
intrinsic variability of the source, which we do not account for in our models. This is
also reflected by the different line strengths shown in the two MR data sets. Our model
achieves a y? of 0.56 for the visibilities (sz,v) and a x? of 0.33 for the differential phases
(sz,¢) leading to a total 2 of 0.89. Whilst our model is a good match to the differen-
tial phases of our AMBER HR data set (Figure 8.4.2, left panel), the visibilities for this
data set have a very low S/N and there are few coherent patterns visible for our model to
replicate. The strength, width, and fine structure of the observed CRIRES (R = 100000)
spectrum is very well reproduced by our kinematic model, but the slight variation that we
see in the line strength for our different AMBER MR and HR data sets mean that the fit
to the AMBER spectra is good but not perfect.

8.5 Discussion

Based on the measured bolometric luminosity of 1549 L. (Herndndez et al., 2004), we

expect that the dust sublimation radius should be located at ~ 1.52 au (assuming a subli-
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Table 8.4.1: Ranges and best-fit values for our kinematic model parameters. The reduced y>
values (calculated using our AMBER HR data) for each of our best-fit kinematic models are
also shown.

Parameter Range Best-fit value
Rin 0 - 5 mas 0.1+0.04 mas
Rous 0 - 10 mas 2.1£0.5 mas

0 —180° - 180°  12.7+12.1°
i 0°-90° 19.2+1.7°
B —-2.0-0.0 —0.8£0.1
Xrv - 0.56
X - 0.33
X2 - 0.89

mation temperature of 1800K and grey dust opacities), corresponding to an angular diam-
eter of ~4 mas at the distance of 711 pc. Our findings show that the K-band continuum
is much more compact, which suggests that the emission does not originate from the dust
sublimation rim, but an alternate source located about 3.4 times closer in. This occurrence
of undersized Herbig Be stars has been observed in several other high-luminosity objects
in the size-luminosity study of Monnier and Millan-Gabet (2002). The compact nature
of these objects has been interpreted in several ways, including an inner gaseous com-
ponent that shields stellar radiation to let dust survive closer to the central star (Monnier
and Millan-Gabet, 2002; Eisner et al., 2004; Weigelt et al., 2011) or additional emission
components such as highly refractory dust grains (Benisty et al., 2010).

In the specific case of MWC147, Kraus et al. (2008b) suggested that the K-band con-
tinuum traces optically thick gas from a compact, viscously heated accretion disk. Kraus
et al. combined near-infrared and mid-infrared interferometric data for MWC147 and
found that models with a passive dust sublimation front were not able to reproduce the
measured steep increase in the characteristic size of the continuum-emitting region (factor
~ 10 between 1 and 12 um). However, they were able to obtain a good fit to the visibili-
ties, closure phase, and SED by including an optically thick, gaseous accretion disk inside
the dust sublimation rim. Measurements of the differential visibility do not show a consis-
tent, significant variation across the Bry line, suggesting that the line emission originates

from a similar region to the K-band continuum. The presence of line-emitting gas that is
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co-located with the continuum emission is strong evidence that the continuum traces an
active, gaseous accretion disk inside the dust sublimation radius (as suggested by Kraus
et al., 2008b; Bagnoli et al., 2010), rather than an irradiated disk wall or highly refractory
dust grains.

Combining our geometric and kinematic models we attempt to obtain a precise estimate
for the disk PA, a quantity which has been poorly constrained by previous studies using
geometric models (Kraus et al., 2008b; Lazareff et al., 2017), possibly due to the close to
face-on inclination of the disk. We construct a model-independent photocentre displace-
ment profile using our AMBER MR differential phase data to determine the rotation angle
of the Bry-emitting gas. Our photocentre vectors show displacement from the central con-
tinuum region along an estimated PA of ~18.8°, in a similar direction to the major axis
PA of our best-fit geometric model (25.7+15.7°). Using our kinematic model, we derive a
disk inclination of 19.241.7° for the inner gas disk around MWC147, which is consistent
with our estimate for the inclination of the continuum-emitting disk (21.3+£5.8°), derived
from our geometric modelling of the continuum-emitting disk using AMBER/CLIMB
visibility data. Our kinematic model of the gas disk has a major axis PA of 12.7£12.1°.
Our best-fit major axis PA for the continuum-emitting disk is 25.7 & 15.7°, which is con-
sistent with the value determined by our best-fit kinematic model of the gas disk; this
indicates that the Bry emission traces Keplerian rotation in a gas disk, which lies in the
same plane as the continuum-emitting disk. Our best disk PA (determined from our kine-
matic model of the gas disk) of 12.7°£12.1 gives the most robust estimate of the disk PA
yet. Using AMBER differential phases and the long CHARA baselines we can signifi-
cantly improve on the constraints from Lazareff et al. (2017), who estimated the major
axis PA to be between 2° and 86°.

Using CRIRES spectroscopy we spectrally resolve the Bry line from MWC147 with very
high resolution, examining the fine structure and comparing the line profile with similar
objects to learn more about the origin of the line emission. The shape and width of the
Bry line that we observe is very similar to the shape and width of the [OI] optical tran-
sitions observed by Bagnoli et al. (2010), suggesting that the two different species are
present in a similar region of the disk. Our CRIRES data (R = 100,000) reveals that the
line has a highly symmetric double-peaked structure with line wings that extend out to
velocities of 200 km/s. This provides an interesting comparison point to our previous
study of MWC297 (Hone et al., 2017), which has a similar disk geometry (i =~30°)
albeit around a more massive object. Typically, emission lines that arise from rotating

disks exhibit double-peaked lines at moderate-to-high inclinations (iZ20°) with the line
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becoming single-peaked at inclinations below ~20°.

In our 2017 paper, the CRIRES spectroscopy showed that MWC297 has a slightly asym-
metric single-peaked Bry line despite having an inclination of ~23°, similar to the 24.8°
inclination of MWC147. MWC297 has a wider Bry line, which would be expected for
a more inclined object; the line is single peaked, suggesting emission process of the Bry
line is different for MWC297 and MWC147 and that simple inclination effects cannot
account for the differences in the line emission for the two objects. The asymmetric line
profile of MWC297 was well reproduced by a more complex disk-wind model whereas,
for MWCI147, the strongly symmetrical observed Bry line suggests that the emission
arises in a rotating circumstellar disk or a region of a disk wind near the disk surface
where material has not been significantly accelerated. The differences between these
two scenarios are subtle (as discussed in Hone et al., 2017) and it is likely only possible
to distinguish between the two cases if there is a more significant out-of-plane velocity
component present in the velocity field traced by the Bry emission. Such out-of-plane
velocities are found in disk wind scenarios in the outer regions where material is more
accelerated but also more diffuse, leading to a much smaller contribution to the overall
line emission. We find that our model of a Keplerian disk is able to reproduce accurately
the observed CRIRES Bry spectrum (with a reduced y? of 1.44). It is important to note
that with the AMBER HR spectral resolution (R = 12,000) the differences between these
two line shapes would be indistinguishable from each other, highlighting the importance
of using HR spectroscopy in conjunction with spectro-interferometry when modelling the
line emission from YSOs.

Since the Bry line is in emission, we can infer that the optically thick gas is located in the
disk plane without a bright emission source behind it, since we do not see any absorption.
The emission component likely arises at higher scale height in the disk, where the gas
becomes optically thin. Our interpretation of the Bry emission originating from a gaseous
accretion disk is only a good explanation if it can be demonstrated that accretion is able
to heat the gas in the disk to temperatures of ~ 6000 — 10000K, hot enough to emit in
the Bry line. This question was addressed by Tambovtseva et al. (2016), who investigated
whether a gaseous accretion disk could contribute to the Bry emission in addition to a disk
wind and magnetosphere. Six disk models were computed with varying sizes, tempera-
tures, and accretion rates, and the outcome of this modelling demonstrates the viability of

the gaseous accretion disk scenario that we employ for our study of MWC147.
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8.6 Conclusions

In this paper we observed the inner regions of the protoplanetary disk around MWC147
with high spectral and spatial resolution. Using VLTI/AMBER and CHARA/CLIMB in-
terferometry, we constructed a picture of the inner disk ranging from the morphology of
the continuum-emitting disk to the kinematics traced by the gaseous line-emitting disk.
We complemented our interferometric data with very high resolution VLT/CRIRES spec-
troscopy of the Bry line. We computed a multi-component kinematic model of an active
gaseous accretion disk that provides a good fit to our AMBER and CRIRES data.

Using VLTI and CHARA interferometry, we probed the K-band continuum of MWC147
with an angular resolution that is two times higher than ever before, detecting a very com-
pact continuum-emitting disk; this corroborates the findings of previous works by Kraus
et al. (2008b) and Lazareff et al. (2017). Our ring model for the continuum emission
has a radius of 0.60 mas (0.39 au), which is ~3.9 times more compact than the expected
dust sublimation radius of 1.52 au. By observing the rotation traced by the Bry emission
from the gas disk and comparing the rotation axis with the observed PA of the continuum-
emitting disk, we are able to place the strongest constraints yet on the orientation of the
MWC147 system. Additionally, comparing the perceived Bry (gas-disk) rotation angle
with the continuum-disk PA suggests that the two disks lie in the same plane, which is
consistent with the model of the disk in Keplerian rotation rather than a more complex
kinematic scenario such as a disk wind.

We were able to achieve a very good fit to the double-peaked CRIRES Bry spectrum
and the differential interferometric observables from our AMBER data with a kinematic
model of a gaseous disk in Keplerian rotation. We found that both the gas emission and
continuum emission arise from a compact region inside the expected dust sublimation
radius. The presence of this gas in the same location as the continuum emission strongly
suggests that the compact K-band continuum emission arises from an active, viscous,
gaseous accretion disk. These findings provide direct evidence for compact gaseous ac-
cretion disks as an explanation for the phenomena of undersized Herbig Be stars. In the
future, other undersized Herbig Be stars should be studied with spectro-interferometry
to determine whether line-emitting gas is co-located with the compact continuum emis-
sion similarly to MWC147. In order to more accurately measure the complex shape
and morphology of the MWC147 K-band continuum emission, optical interferometry
with baselines longer than ~ 330m must be achieved to sample the second lobe of the
visibility function. Additionally, with the introduction of the GRAVITY instrument at

VLTI, a four-telescope spectro-interferometric beam combiner, the line emission around
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MWC147 can be resolved with twice as many baselines simultaneously and possibly a

uv-coverage sufficient for spectrally resolved image reconstruction can be achieved.

8.7 Outlook

In this study we find evidence of an optically thick gaseous disk around MWC147, interior
to the dust sublimation radius. This discovery is an important piece of evidence to explain
the phenomenon of "undersized" Herbig stars, objects similar to MWC147 where the
K-band continuum is more compact that the expected dust-sublimation radius. Multiple
explanations have been put forward to explain the compact continuum emission, including
the presence of optically thick gas inside the dust sublimation radius. The results of our
study suggest that this explanation is valid for the compact emission around MWC147,
but more observations for different objects must be conducted to determine the validity
of this explanation for other objects. Going forward, it is important to determine tests for
each of the possible scenarios suggested in Section 2.4 in order to determine the nature of
such "undersized" objects.

This study of MWC147 does not directly detect evidence of mass outflow from the inner
region of the disk, in contrast to the previous study of MWC297 in Chapter 6. Multiple
previous spectro-interometric studies of the Bry emission from young stars have revealed
similar Keplerian-like velocity fields (such as in Kraus et al., 2012b; Mendigutia et al.,
2015; Kurosawa et al., 2016). However, the theoretical study by Tambovtseva et al. (2016)
into the origin of Bry emission suggested that the hot layers of an inner accretion disk are
not able to contribute significantly to the Bry emission, finding that the disk wind is the
dominant contributor to the emission. Therefore, it is worth noting that the Keplerian
velocity field is consistent with material at the base of the disk wind that has not been

significantly accelerated, similar to the result from Kurosawa et al. (2016).



Chapter 9

Observing the jet-launching region of T

Tauri stars

9.1 Introduction

Observations of protostellar jets in star forming regions have shown that the star forma-
tion process is associated as much with outflowing material as it is about infalling material
on to young stars. Such jets are important to the star formation process for a variety of
reasons. At small scales, they are critical to the removal of excess angular momentum
from the circumstellar disk, permitting the accretion of material from the disk onto the
star. At large scales, the protostellar jets impact the surrounding interstellar medium at
high velocity, producing Herbig-Haro shocks which can influence the formation of new
stars at macroscopic scales.

It is clear that these jets originate very close to the central protostar, which means that
very high angular resolution is needed to discern between the different outflow launching
mechanisms. The only way to observe with the angular resolution required to resolve the
jet-launching region is with long-baseline interferometry. Spectrally dispersed interfer-
ometry is also essential to detect the jet launching mechanism, as it allows the observer to
resolve line-emitting material at different velocities. Tambovtseva et al. (2016) recently
proposed that in the case of Herbig Ae/Be stars, the Bry emission line was primarily
linked to mass ejection scenarios such as disk winds. Using spectro-interferometry to spa-
tially and spectrally resolve Bry emission is the perfect tool to observe the dynamic inner
regions of protoplanetary disks, where the jet launching process takes place. Spectro-
interferometry has previously been successfully employed to observe the dynamic envi-

ronments in the inner regions of protoplanetary disks.
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Figure 9.1.1: Left panel: Figure from McGroarty et al. (2007) showing the presence of
the Herbig Haro objects associated with CW Tau (indicated with black arrows) as well as the
directions of their proper motion (shown as white arrows.) Right panel: Figure from Bacciotti
et al. (2018) showing the CW Tau disk as observed by ALMA (Band 9). The polarisation
angle is shown by red bars, with the blue and red arrows indicating the respective directions
of the blue- and red-shifted lobes of the jet.

So far, spectro-interferometric studies of young stellar objects have been confined to the
higher-mass Herbig Ae/Be stars rather than the more typical, lower mass T Tauri stars.
This is mainly due to the increased size and brightness of the Herbig stars, which makes
them a more viable target for interferometry. In such studies, spectro-interferometric data
has been combined effectively with kinematic modelling to reveal that the Bry emission
can exhibit Keplerian rotation (Kraus et al., 2012b; Mendigutia et al., 2015) and disk
wind-like (Hone et al., 2017; Garcia Lopez et al., 2015; Caratti o Garatti et al., 2015)
velocity fields. Whilst studies of these objects can provide interesting insights, they are
rarely associated with the kind of collimated jets (such as in Figure 1.0.1) that cause
Herbig-Haro shocks, meaning we are unable to further our understanding of how these
jets are launched. The introduction of VLTI/GRAVITY represents a significant advance-
ment in this field, allowing us to reach faint enough magnitudes to conduct a detailed
study into the T Tauri stars which are responsible for the spectacular Herbig Haro shocks
seen in star forming regions. Additionally, as a 4-telescope beam combiner GRAVITY
can achieve twice the number of baselines as AMBER in the same amount of time, mak-
ing it easier to achieve a good uv-coverage.

At a distance of ~140pc the Taurus molecular cloud is one of the closest active star
forming regions to Earth, containing a dense population of T Tauri stars and Herbig Haro
objects, making it a perfect subject for this study. I selected interferometric science tar-

gets based on several factors: a stellar spectral type later than A, an association with a jet



9.2. OBSERVATIONS AND DATA REDUCTION 145

or Herbig Haro knot(s), a K-band magnitude acceptable for study with GRAVITY (< 9)
and a Bry emission line. Several of these targets were the subject of a study by Beck et al.
(2010) which examined the spatial extent of the Bry emission from these objects. The
study found that for those objects which did display extended Bry emission, that emission
was localised along a similar axis to nearby Herbig Haro knots, indicating a connection
between the Bry emission and T Tauri jets. Due to the constraints of observation, only half
of the proposed targets were observed with GRAVITY and of those only two, CW Tau
and DP Tau, had observable interferometric fringes. The work in this chapter focusses
primarily on the data obtained for CW Tau, with the remaining DP Tau data possibly
making up part of a future paper for this project.

CW Tau has been the subject of multiple unique scientific investigations in the past, giv-
ing us the ability to contextualise our GRAVITY observations without having to obtain
additional data ourselves. The mass (M,) and radius (R,) of CW Tau have been mea-
sured as 1.21M¢, and 1.46R, respectively (Davies et al., 2014, and references within).
The object was studied with ALMA by Bacciotti et al. (2018), who were able to place
strong constraints on the orientation of the protoplanetary disk, with a measured inclina-
tion of ~59° and major axis PA of 60.7°£1.9°. Bacciotti et al. also used polarimetry to
measure the polarization fraction of the CW Tau disk, finding likely cause of the polarisa-
tion to be the self-scattering of thermal dust emission. Multiple observations of CW Tau
have shown the presence of a jet emerging towards the south-east of the disk along a PA
of ~150° (Gomez de Castro, 1993; Hirth et al., 1994; Hartigan et al., 2004; McGroarty
et al., 2007).

9.2 Observations and data reduction

In 2018 we used VLTI/GRAVITY s high spectral dispersion (R = 4000) mode to observe
three T Tauri stars, each with closely associated jets or Herbig Haro objects. The obser-
vations took place on 2018-11-20, with GV Tau observed from 04:43, CW Tau observed
from 04:59 and DP Tau observed from 06:07. For CW Tau and DP Tau we obtained
moderate-to-good quality interference fringes, however GV Tau was at the very limit of
the instrument’s capabilities and only a small amount of poor-quality data was obtained.
Wavelength dependent interferometric quantities were extracted from the raw data using
the GRAVITY data reduction software (Lapeyrere et al., 2014). The DP Tau GRAVITY
data does not show a strong Bry feature and, as such, does not exhibit any change in

squared visibility or differential phase as a function of wavelength. For this reason we fo-
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cus primarily on the CW Tau data, which does exhibit a Bry emission line and detectable
differential phase data. The uv-coverage for CW Tau is shown in Figure 9.2.1 (due to
the proximity of the objects and the small time difference between the observations the
differences between each object’s uv-coverage are negligible).

By targeting these T Tauri stars we tested the limitations of the GRAVITY instrument
and as such we were forced to use the baseline configuratons made up from the 8.2m
fixed UTs instead of the smaller 1.8m movable ATs. This means that whilst we achieve
higher sensitivity we sacrifice the ability of our baselines to fill out the uv-coverage. As
a result our uv-coverage spans a small range of angles, with the PA range from ~65% of
the angular coverage completely unsampled, making it extremely difficult to place strong

constraints on the geometry of the disk.

9.3 Morphology of the disk

We fit our GRAVITY visibility
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terial. Additionally, because our uv-
tions with VLTI/GRAVITY.

coverage is not comprehensive we
adopt the inclination i = 59° and po-
sition angle 8 = 60.741.9° measured using ALMA by Bacciotti et al. (2018). We use
our GRAVITY visibility data to constrain the size of the K-band continuum. The result-
ing best-fit parameters of our model are shown in Table 9.3.1. The best-fit ring radius

of our model (0.56+0.20mas) corresponds to a physical distance of 0.07440.03au or
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Figure 9.3.1: Visibility squared vs spatial frequency for CW Tau. GRAVITY data is shown
as dark grey points. The major axis visibility of our best-fit geometric model is shown as a
blue line, with the minor axis as an orange line.

10.9£4.1R,. In Section 9.5 I analyse this result, discussing what it implies about the
physical properties of the CW Tau system.

9.4 Kinematics traced by differential phase

As part of our high spectral dispersion GRAVITY data we obtained differential phases
for six distinct baselines, with two object integrations for each baseline. By combining
the integrations of similar baselines we improve the SNR of our differential phase data.
Having done this, we detect a weak differential phase signal across the Bry line, with the
magnitude of the strongest data points being on the order of 1 or 2 degrees (see Figure
9.4.1). This is much smaller than the differential phases that we analyse previously in
Chapters 6, 8 and 7. This is expected, considering that CW Tau has a much weaker emis-
sion line than the previous objects and, as a T Tauri star, has a much more compact inner
disk region.

We use our differential phase data to calculate model-independent photocentre shifts,
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Table 9.3.1: Parameters for our best-fit, multi-component geometric model. The parameter
0 indicates the PA of the major axis of the disk. Uncertainty values are not obtained for the
relative flux contributions of the different components of the model.

Parameter Range Best-fit value
F, 0— 100% 17%
Fring 0—100% 65%
FGauss 0—100% 18%
R 0.1 —10 mas 0.5640.20 mas
i 0—90° 51.3+5.6°
0 0—180° 76.4+6.4°
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Figure 9.4.1: Differential phase vs wavelength for each of the baseline measurements taken
of CW Tau. The two object integrations that were taken for each baseline are plotted over

each other in each frame of the figure.
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Figure 9.4.2: Photocentre displacement vectors across the Bry line for CW Tau. The solid
line represents the best-fit offset angle between red-and blue shifted vectors and the dashed
line indicates the uncertainty of this values.

tracing the displacement of the centroid as a function of wavelength. To derive the
wavelength-dependent photocentre vectors we adopt the same fitting method outlined in
Hone et al. (2017) based on equation 6.5.1. Despite the weak differential phase signal,
the photocentre displacement vectors reveal a clear displacement between red-shifted and
blue-shifted material. We calculate the angle of this displacement by determing the an-
gle of the displacement between corresponding velocity channels (i.e. -30kms~! and
30kms~!), taking the mean value as our displacement angle and the standard deviation as
the uncertainty of this value. This reveals an offset angle between the red and blue shifted
emission of 120.5°+11°, shown in Figure. 9.4.2. As we cannot be certain of the sign of
the differential phase, this value could be flipped by 180°. The physical implications of

the photocentre displacement profile is discussed in greater depth in Section 9.5.

9.5 Discussion

The GRAVITY visibility data is fitted using a ring model with a best-fit radius corre-
sponding to a physical distance of 10.94+4.1 R,. For a T Tauri star such as CW Tau it
is expected that the K-band continuum traces the irradiated inner rim of the dust disk
(Muzerolle et al., 2003). Due to the lower luminosity of the central star, the dust rim is

not located at the sublimation radius but where the disk is truncated by the magnetic field
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(Konigl, 1991). Taking the truncation radius equation from Bouvier et al. (2007b) and
adapting it to solve for the stellar magnetic field strength B,., we obtain the relation:
7.1 _1/RN\3

B. = 00324 x (Rr)tM 2 (2m.) 4 () 9.5.1)
where B, is measured in kG, R, is the stellar radius in R., Rt is the truncation radius
in units of stellar radii, M, is the stellar mass in M. and M is the accretion rate in
IO_SM@yr_l. For the truncation radius I use the best-fit ring radius of 10.9R,, determined
with geometric modelling in Section 9.3. Additionally I adopt the CW Tau stellar param-
eter values from the work of Davies et al. (2014), namely the stellar mass M, = 1.21M,,
the accretion rate M = 1.99 x 10~ 3M.yr~! and the stellar radius R, = 1.46R.. These
values correspond to a stellar magnetic field of 5.5kG.
The analysis of the photocentre displacement vectors yields a best-fit axis-of-motion PA
of 120.5+£11.0°. We can compare this value with both the PA of the major-axis of the disk
measured by ALMA (Bacciotti et al., 2018) along with the PA of the jet axis traced by
the associated Herbig Haro flow (McGroarty et al., 2007). The axis of motion traced by
the photocentre shifts closer to the minor axis of the ALMA disk (150.7°) than the major
axis (60.7°), suggesting that the Bry emission of CW Tau does not trace a rotational ve-
locity field. The closeness of the photocentre PA to the minor-axis of the ALMA disk, as
well as the PA of the associated Herbig Haro objects, is indicative that the line-emitting
gas predominantly exhibits motion out of the disk plane. This could suggest a number of
different physical mechanisms that could be traced by the Bry emission, from the launch-
ing of a jet via any of the mechanisms discussed in Section 2.4.2, or even the motion of
material being carried along magnetospheric accretion columns.
Without a more comprehensive uv-angle coverage, the true velocity field is impossible to
directly measure from the differential phase, so it becomes important to take into account
information about the location of the line emission relative to the K-band continuum. We
do not detect a significant change in the visibility level across the line which suggests that
the line emission originates from a similar region to the continuum. This is consistent
with the hypothesis of magnetospheric accretion, or with an outflow being launched from
the region where the stellar magnetic field interacts with the disk.
The GRAVITY visibilities for CW Tau show evidence of a sharp decrease (~15%) at short
baselines (S15MA), indicating the presence of extended, K-band emitting material that
we cannot place constraints on without shorter baselines in our uv-coverage. Anthonioz
et al. (2015) detected similar features in a sample of T Tauri stars that were observed with

PIONIER, suggesting that the visibility drop was caused by scattered light, in agreement
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with models made by Pinte et al. (2008).

9.6 Outlook

From a simple first-look analysis of the CW Tau GRAVITY spectro-interferometry data
it is clear that the kinematics traced in the Bry line differ significantly from the previous
studies of Herbig Ae/Be stars. However, there remains a substantial amount of analysis
that can still be achieved for this data, particularly by modelling the differential quantities
using a kinematic model. As part of a future publication using this data, I aim to construct
a kinematic model using simmap, which can simultaneously recreate the spectrum, visi-
bilities and differential phases that were observed with GRAVITY. Additionally, the Torus
code (Harries, 2000) has been successfully used to model the line profiles of T Tauri stars
and will provide an interesting comparison with the simmap model.

The CW Tau Bry photocentre shifts trace motion that is closer to the jet axis than the disk
major axis. In the studies of MWC297 from Chapter 6 and Chapter 7 we show that the
perceived photocentre displacement angle is further from the disk major axis for a higher-
velocity, more collimated region of the disk wind. This suggests that the velocity field
traced by the Bry emission from CW Tau is closer to that shown for the H-band Brackett
series lines of MWC297 (Chapter 7) than for the Bry emission of MWC297 (Chapter 6).
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Chapter 10
Conclusions

The aim of my PhD was to discover more about the mechanism through which jets are
launched from young stars by observing the jet-launching region with high angular and
spectral resolution. I analysed spectro-interferometric data for several young stellar ob-
jects covering a wide range of stellar parameters. Each of the studies presented in this
thesis revealed different velocity fields traced by the observed line emission. This diver-
sity of velocities demonstrates that the way in which material in the jet-launching region
is accelerated changes drastically as it approaches the central star. In this chapter I will
discuss the results of each of the studies presented in this thesis and contextualise them

within the larger framework of this thesis.

10.1 Observing the disk-wind launching region of MWC297

In this study I interpreted our specto-interferometric and spectroscopic data of the MWC297
Bry emission, finding evidence of a disk wind with a poloidal velocity of <20kms~!.
This conclusion is supported through analysis of model-independent photocentre shifts,
velocity-resolved image reconstruction and kinematic modelling. Due to the small poloidal
velocity, the differences between the disk wind velocity field and the Keplerian velocity
field are subtle, and could only be disentangled by combining multiple forms of analysis.
In particular, the difference between the perceived axis of rotation traced by the photocen-
tre shifts and the disk major axis was used to detect the presence of the poloidal velocity
component. This analysis was used for later projects and a direct comparison was made
during the study of MWC297 in a different wavelength regime (Chapter 7).

The presence of hydrogen gas hot enough to emit Bry (~8000K) further away from the
star than the K-band continuum (~2000K) in MWC297 is an interesting result, and sup-
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ports the idea that the material accelerated in the disk wind is heated by ambipolar diffu-
sion. The extended nature of the Bry-emitting disk wind is a key comparison point for our
later study of MWC297 in the H-band (discussed further in Section 10.2). MWC297 is the
most massive object that is studied in this thesis and so provides an interesting compari-
son with the other objects studied in this thesis, particularly the lower-mass T Tauri star
CW Tau. Whilst our study of MWC297 revealed detailed information about the launching
of its disk wind, achieving spectro-interferometry for different spectral lines with differ-
ent excitation energies could reveal more regions of the global disk-wind velocity field,

allowing us to place stronger constraints on the physics of the outflow-launching process.

10.2 Multi-line spectro-interferometry of MWC297

In Chaper 7, I presented the results of medium spectral-dispersion interferometry for
MWC297, spectrally and spatially resolving several of the Hydrogen Brackett series lines
in the H-band. The photocentre displacement vectors for each of the observed Br-series
lines do not show significant variation in the velocity field, but the velocity field of the
H-band lines is significantly different from the Bry velocity field from Chapter 6. The
results of the kinematic modelling of the H-band Brackett series line suggests a poloidal
velocity component of ~220kms ™.

The high-velocity outflow traced by the H-band lines originates from a much more com-
pact region than the Bry emission, even more compact than the continuum emission. The
H-band lines have higher excitation energies than Bry, so the gas in the compact, high-
velocity region is hotter than the more extended, low-velocity gas. This investigation,
coupled with the previous study in Chapter 6, provides unprecedented physical insight
into the outflow launching region of a young stellar object. However, in order to learn
more about the jet-launching process as a whole it is important to observe multiple differ-
ent objects with different stellar properties.

10.3 Observing MWC147’s compact Keplerian disk

In Chapter 8 I interpreted interferometric data of the Herbig Be star MWC147, finding
evidence for the presence of a compact gaseous accretion disk inside of the expected dust
sublimation radius. Whilst the spectro-interferometric data is consistent with a Keplerian
velocity field, the quality and quantity of the data was insufficient for me to place strong

constraints on the precise velocity field. Therefore, it is possible that the Bry emission
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traced the hot gas at the base of a disk wind, before it has been significantly accelerated
in the poloidal direction.

MWC147, along with MWC297, is an example of an undersized Herbig Be star, with the
VLTI and CHARA interferometry data indicating the presence of continuum emission
much more compact than the expected dust-sublimation radius. Due to the presence of
line-emitting hydrogen gas in the same location as the continuum emission, I suggest
that the K-band continuum emission may be emitted by optically thick gas in a compact
accretion disk orbiting the central young star. In this study the Bry-emitting gas does
not show a strong poloidal velocity component, but it is difficult to rule out a disk-wind
scenario considering previous theoretical studies that suggest Bry cannot be emitted solely

from the accretion disk (Tambovtseva et al., 2016).

10.4 Observing the launching region of the CW Tau jet

The first three studies in this thesis (Chapters 6, 7 and 8) focused on intermediate-to-high
mass Herbig Ae/Be stars, but that changed with our study of the T Tauri star CW Tau.
The photocentre shifts traced by the Bry emission indicate motion along an angle close to
the jet axis, as opposed to the rotation-like velocity fields exhibited in previous chapters.
The Bry emission tracing a high-velocity outflow component shows a clear difference
from the similar emission from MWC297 and MWC147. The velocity field traced by
the H-band lines in Chapter 7 shows a similar high-poloidal velocity, but at much hotter
temperatures.

CW Tau, as a T Tauri star, is less luminous and has a much stronger stellar magnetic
field, which has been previously shown to be of vital importance to the outflow-launching
process (Ferreira et al., 2006). The high poloidal velocities exhibited by the Bry emission
suggest that the material in the jet only becomes hot enough to emit in the Bry line after
it has been significantly accelerated out of the disk plane. Observing an object with a
lower mass demonstrates the diversity of velocity fields in the jet-launching regions of
young stars. By taking into account the different stellar properties of our target objects,
we can gain insight into the physics of the jet-launching process and how it relates to the

properties of the individual young star.
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10.5 Final conclusions

Each of the studies presented in this thesis present a new insight into the jet-launching re-
gion of young stellar objects. By observing with high-spatial and high-spectral resolution
we were able to place strong physical constraints on the morphology and velocity fields
of the jet-launching regions in young stars. The discovery of compact, high-velocity jet-
launching regions along with more extended, low-velocity winds provides observational
eveidence that aligns with with published jet-launching theories (Romanova et al., 2005;
Ferreira et al., 2006; Romanova et al., 2009), . The insights gained about the exctitation
structure of protostellar jets from the studies in this thesis demonstrate the importance of
observing the jet-launching region at different wavelengths. New interferometric instru-
ments with the capability to observe in the J-band will unlock the ability to detect the
presence of outflowing material with even higher velocities. Futher interferometric stud-
ies of the jet-launching region should focus on obtaining more spectral coverage at shorter
wavelengths, more comprehensive uv-coverages for individual objects and the observa-
tion of large object samples, in order to find a physical description of how the physical

processes in the inner disk vary as a function of stellar properties.
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