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I Abstract

Context. High-resolution imaging in scattered light has revealed complex morphologies in circumstellar disks.
Measuring their vertical height is key to understanding disk structure, evolution, and the properties of embedded

dust.

Aims. This thesis aims to develop a robust methodology for fitting elliptical shapes to scattered light images
of circumstellar disks in order to extract vertical height profiles across a large and morphologically diverse disk
sample. The dataset includes 294 near-infrared, polarimetric images from VLT/SPHERE (Very Large Telescope,
Spectro-Polarimetric High-contrast Exoplanet REsearch instrument), covering 186 unique disks. The goal is to
identify trends in vertical structure across morphologies and test for correlations with stellar mass, age, and disk
dust mass. Using the height profiles, this work also investigates the implications of the constrained height for the

masses of potential embedded planets and scattering phase functions.

Methods. A structure extraction and ellipse fitting algorithm, building on |Ginski et al| (2024), is implemented
using edge detection and Gaussian fitting to locate the structure within circumstellar disks. Fitting ellipses to the
structure reveals spatial offsets from the centre of the ellipse fit and the star, interpreted as vertical height assuming
circular ring geometry. Disk inclination, position angle (PA), and aspect ratio (h=r) are also derived. A denoising

convolutional neural network is tested independently as a pre-processing tool.

Results. The structure extraction/ellipse fitting algorithm provided successful vertical height measurements for
94 unique disks, revealing variations in height profiles consistent with flared disk geometries. Analysis of the
full sample shows that the vertical height profile cannot be confidently described by a single power-law relation.
Subdivision of the sample by disk morphology revealed no strong correlations within most categories, with the
exception of extended disks (Foyter 150 au), which exhibited a strong correlation with a single power-law trend.

Investigation into underlying disk properties revealed no correlation for its effect to the vertical height structure.

Conclusions. This work presents a consistent methodology for measuring the vertical structure of circumstellar
disks using ellipse fitting on scattered light images. While global trends in height structure remain moderately
correlated, extended disks (Fouter 150 au) stand out as the only subgroup showing a clear power-law flaring
trend. The lack of a strong correlation across other morphologies and with system properties like stellar mass
or age suggests that either differing disk morphologies exhibit different vertical height profiles or that another,

unidentified factor is affecting the disk flaring.
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1 Introduction

1.1 System & Star Formation

The Solar System formed approximately 4.6 billion years ago (Bouvier and Wadhwa, 2010)from a dense region
within a molecular cloud composed of gas and dust. Under typical conditions, molecular clouds remain in a
state of gravitational equilibrium, where internal pressure, arising from thermal motion, turbulence, and magnetic
elds, counteracts gravitational collapse. This balance prevents spontaneous star formation, making these clouds
long-lived and largely quiescent until perturbed. Studies show that turbulence, the irregular motion of particles
caused by eddies or currents, is the driving force that transfers energy from the large scale (the entire cloud) to the
small scale called "cloudlets” which are0.1 pc and are of the scale to form stars, often called "pre-stellar cores”.
The cause of this turbulence is still uncertain, with theoretical causes such as internal feedback or a neighbouring
supernova. In our case, the forming cloud, known as the Solar Nebula, is thought to have been disturbed by the

shock wave of a nearby supernova, triggering instability and gravitational collapse (Montmerle et al., 2006).

Another theory for the cause of the gravitational instability induced in the cloud is the interstellar magnetic eld.
Molecular clouds are theoretically cold and neutral. However, a fraction of the gas is ionised by cosmic rays or
radiation from young stars. This creates a weak magnetic eld within the cloud in which neutral particles are
in uenced through collisions with the charged particles. This effect is called ambi-polar diffusion, with particles
moving along the magnetic eld lines removing angular momentum from the system and invoking gravitational
instability (de Gouveia dal Pino et al., 2005). This leads to two possibilities within a star-forming molecular cloud;
if the magnetic eld is strong (magnetic pressargas pressure), gravitational collapse occurs on the longer, ambi-
diffusion based timescale &f° years. If the magnetic eld is weak, collapse proceeds via turbulent fragmentation
followed by near free-fall gravitational collapse on small scales, with a characteristic timescald®f years
(Montmerle et al., 2006).

Furthermore, the in uence of the newly created stars on their surrounding environment through stellar winds,
supernovae, radiation, and protostellar out ows is another spur for the collisions of particles and the onset of
gravitational collapse, leading to star formation but also reducing the star formation ef ciency (SFE), the star

formation rate per unit gas. (Leroy et al., 2008)

Molecular clouds are massive, ranging from 0.3 pc to over 30 pc across, leading to the concept of cloudlets within
the cloud, each a region where star formation is possible due to the quantity of material available, i.e., stars forming
in groups, leading to clusters or associations. Star-cores start much smaller than a typical stellar mass and accrete

material based on the unbound mass available within their ambient reservoir (Montmerle et al., 2006).

Star formation is quick relative to the entire system. The Sun formed within less than 1 million years of the Solar
Nebula's gravitational collapse (Montmerle et al., 2006), while the circumstellar disk from which planets form has

a lifetime that typically last a few million years (Haisch et al., 2001; Richert et al., 2018). A circumstellar disk (also
known as a planet-forming disk) surrounds young stars and is comprised of gas and dust, believed to be remnants
of the star-forming molecular cloud and can extend up to 1000 au from the parent star (Montmerle et al., 2006).

Circumstellar disks are explained in greater detail in Section 1.2.



A star may be formed from a region of dense gas if the gravitational inward force of the components is greater
than the outward force of the gas pressure created internally by the system. One can visualise the potential stellar
core as the sum of the densest regions within the cloud combined into a single mass. The Jeans mass describes
the critical mass at which a cloud collapses beneath its own gravity. For a given radius and temperature, a cloud is
stable, but by adding mass to the system, eventually it reaches a point at which the critical mass is exceeded and
a runaway gravitational collapse occurs until another process can stop it. The greater the mass of the cloud, the

larger it is, and hence colder and less stable against collapse (Volschow et al., 2017). The Jeans mass is given as:

4
MJ:?Rﬁ (1)

where is the density of the region ait}; is the radius of the region. The radius is takeiiRgs= % 3 because the

Jeans length; is derived as the wavelength of the marginally unstable density perturbation, while the collapsing
object is approximated as a spherical overdensity occupying roughly half of this wavelength.simply the

critical radius in which the expansive thermal energy pressure is equal to the inward gravitational potential; with
even a slight increase in the mass, the gravitational pressure becomes dominant. Once this condition is met, the gas
begins to compress towards a single central point. The gravitational eld becomes more intense and directional as

the density increases, accreting more surrounding material.

In the early stages of the star's formation, the rotating core of superhot gas is referred to as a protostar. The growing
core is surrounded by a dense, opaque envelope of material, which gravitationally accretes into the central core.
Due to the opacity of the envelope, it is unknown exactly when the protostar forms, with the youngest observed
estimated to bd0* years old (Montmerle et al., 2006). Early detections of protostellar out ows (also referred

to as jets or winds, where jets are collimated and winds are multi-directional, and both are types of out ow) are
detectable at this stage (Montmerle et al., 2006). A protostellar out ow is the directional ejection of particles
into space along the magnetic eld lines due to the spinning protostar. The out ows carry angular momentum
away from the system, allowing more material to accrete onto the protostellar core, which is why they are seen
as accretion regulators (Bally, 2016). Due to the directional difference between the inward accretion and outward
ow, the protostar is assumed to be attened perpendicular to the out ow at this stage. The circumstellar disk may

exist at this stage but due to the opaque envelope, is not detectable (Matzner and McKee, 2000).

During the formation of the protostar, there are two gravitational collapses. The rst occurs before the birth of
the protostar and forms a hydrostatic core (Larson, 1969) which is optically thick and reaches temperatures of
2000 K, leading to hydrogen dissociation. This endothermic reaction then creates a second collapse, in which
the protostar forms through hydrostatic equilibrium between the gas pressure and gravitational force (Zhao et al.,
2020). In this stage, the protostar is accreting from the dense envelope and through the gravitational to angular
momentum exchange, reaches a breakup velocity, which if it were to exceed would imbalance the star's equilibrium
forces. The star begins to discharge its mass which begins to form a turbulent, ared, dense body which is called
the inner disk. This disk has a greater mass than the protostar by a factor.obespite the prior expectation that
there is a separation between protostar and disk due to an accretion shock, Ahmad et al. (2024) found no boundary

between inner disk and protostar, instead a continuous uid-like intersection. The protostar begins to accrete from



the disk, leading to an increase in angular momentum and the disk spreads. If an outer disk exists at this stage, it

will inevitably merge with the inner disk.

Once the envelope begins to exhaust of material through accretion or dispersion, the system becomes visible and
a "three-component structure” is seen: an outer envelope, a circumstellar disk, and protostellar out ows. Rotating
disks accrete material onto the star due to the transport of angular momentum from the system. This process is

explained in further detail in Section 1.2.

The star's gravity is far greater than the gravity of the surrounding disk, with material accreting inward. The
remaining material is the likely site for planet formation. As the star (or stars in the case of a binary) is formed,
including the circumstellar disk, the remaining molecular cloud is accreting and/or dispersing over the timescale
of 0:5Myr . Once the opaque cloud disperses, the system becomes visible with a young (proto-) star and planet-
forming disk (Evans et al., 2009). Ultimately, once the star has accreted the material available within the envelope
and rotating circumstellar disk, the star reaches its nal mass. The star's lifetime and fate are now determined by

its mass (Volschow et al., 2017).

1.2 Disk Formation

Circumstellar disks form from the infall of material from the surrounding cloud in which the star forms. A disk
forms due to the initial angular momentum within the molecular cloud preventing all material from collapsing
into the star (Galli and Shu, 1993). Each grain will travel towards the star's gravitational pull, but with non-zero
angular momentum will fall towards the star on elliptical or hyperbolic trajectories, ending at various distances
from the central star along the plane of the stellar equator as their vertical motion dampens due to collisions or they
experience gas drag. As this process occurs symmetrically, a disk is formed (Terebey et al., 1984; Lin and Pringle,
1990). This is only the case for the infallen material, as the dust envelope containing more weakly bound matter

still exists at distances beyond the circumstellar disk, analogous with the Oort cloud in our Solar System.

Disk evolution can be differentiated by the class of the young stellar object (YSO) observed. YSOs are charac-
terised by their excess infrared emission and are grouped into 1 of 4 classes depending on their spectral index
within the infrared spectrum, with class 0/l YSOs signifying young protostars and class II/lll as a pre-main se-
guence star (see Figure 1 for two examples of class /11l disks and their respective spectral energy distributions),
each signifying a subsequent evolutionary step of the circumstellar disk. Problematically, we cannot directly ob-
serve circumstellar disks in the optical or near-infrared (NIR) around class 0/ YSOs due to the dense envelope

surrounding the core. Observations of disks are taken of class Il and 11l YSOs, long after formation.

Over the next few million years, the protostar accretes from the massive disk and evolves to become a pre-main
sequence star or other star type, depending on the initial mass of the protostar. Disks around these stars (class Il/111)
are optically visible, with the dense envelope becoming transparent due to accretion or dispersal. These disks are
often called "planet-forming disks” due to their planet-forming capabilities. Class Il disks are hot, gas-rich and
ared disks, where the star is accreting from the disk, whereas the disk has largely been cleared in class Ill and

there is minimal accretion from the disk. Any accretion from the disk must be regulated in order to maintain the



Figure 1: Stages in disk lifetimeTop Row H-band SPHERE images with the central star subtrac®adttom Row: Spectral
energy distributionsLeft: TW Hya, an example of a gas- and dust-rich disk (class Il). Despite having an &e 8fMyrs
(Sokal et al., 2018), TW Hya exhibits the characteristics of a young, massivérdisik: TWA 7, a debris disk (class 1ll), aged
10 2 Myr (Luhman, 2023)Image credit: McLachlan et al. (in prep).

star's velocity below the breakup speed through stellar out ows or photoevaporation of the disk surface (Bally,
2016). The lifetime of the protoplanetary disk determines the window for planet formation. Through accretion
and photoevaporation of the surface, the disk disperses aBavlyrs (Michel et al., 2021) and evolves to become

a debris disk which is colder, gas-poor and at. These disks have been observed to be up to and over 1 Gyr old
(Hengst et al., 2017) and are the laboratory for observing newly-formed planetary systems interacting with the
disk after formation. In the Solar System, the asteroid belt and Kuiper Belt are two such debris structures (Farihi,

2016).

1.3 Planet Formation

The nebular hypothesis, originally proposed by Immanuel Kant in 1755 and independently by Pierre-Simon
Laplace in 1796, remains the foundational theory for the formation of planetary systems. It proposes that the
Sun and planets originated from the gravitational collapse of a rotating cloud of gas and dust named the Solar Neb-

ula. As the nebula contracted under its own gravity, conservation of angular momentum caused it to atten into



a rotating disk. Most of the material accumulated at the centre to form the protostar, while the surrounding disk
evolved into the protoplanetary disk where planets formed. Within this disk, microscopic dust grains collided and
stuck together, gradually growing into planetesimals. These planetesimals coalesced into larger planetary embryos
through accretion, ultimately forming the terrestrial and giant planets. Temperature gradients within the disk led to
the differentiation of rocky and gaseous planets, with rocky bodies forming in the hotter inner regions and gas gi-
ants in the cooler outer disk (Woolfson, 1993). The nebular hypothesis remains the prevailing model, supported by

observations of protoplanetary disks around young stars and the compositional structure of our own solar system.

Planet formation proceeds through a broadly uni ed framework involving the initial growth of solids within the
protoplanetary disk, with divergent evolutionary outcomes depending on location and material availability. The
process begins with micron-sized dust grains settling toward the disk midplane, where they grow through coag-
ulation (Birnstiel et al., 2010). Millimetre- to centimetre-sized grains stick together via electrostatic forces and
collisions, eventually forming kilometre-scale planetesimals that decouple from the gas (Lissauer, 1993). Once
these planetesimals exceed0 km, gravitational focusing accelerates their growth in a phase known as runaway
accretion. As larger bodies grow more rapidly, this transitions to oligarchic growth, where a limited number of
protoplanets dominate their local regions and dynamically interact with the surrounding population. This stage
applies to both terrestrial and giant planet formation, with the former continuing into a late stage of stochastic

collisions and mergers between planetary embryos, leading to the assembly of terrestrial planets (Lissauer, 1993).

To form gas giants, this same core accretion pathway must proceed rapidly enough for a planetary core to reach a
critical mass before the protoplanetary gas disk disperses. Once this threshold is met, rapid gas accretion begins,
building a substantial gaseous envelope. This process is favoured beyond the snow line, where the temperature
is low enough for ices to condense, enhancing the local solid surface density and accelerating core growth. In
contrast, inside the snow line, core growth is slower due to the lower abundance of solids (Pollack et al., 1996;
Kennedy and Kenyon, 2008). The core accretion model explains both the architecture of the Solar System and
key trends in exoplanet populations, such as the observed positive correlation between stellar metallicity and the
frequency of giant planets (Maldonado et al., 2018). However, forming gas giants at large orbital distances remains
challenging due to long core growth timescales, leading to alternative hypotheses such as planet migration after

formation or gravitational instability (Gl).

The gravitational instability model on the other hand, bypasses the need for a solid core, instead relying on the
direct collapse of gas due to self-gravity. This suggests that under the right conditions, regions of a massive, cool
protoplanetary disk can become gravitationally unstable and fragment into bound clumps that rapidly collapse
to form giant planets. The Toomre parameter describes when a self-gravitating, pressure and rotational shear

supported disk becomes unstable:

Q=5 <& @

wherecs is the sound speed and is proportional to temperaturs, the angular velocity, G is the gravitational
constant, is the disk surface density and Q1 representing marginal instability, implying instability is governed

by the disk mass and temperature.



Theoretical studies have shown that the self-gravity of the disk exhibit dynamic change in the disk and is sensitive
to the disk-to-star mass ratio and the cooling rate (Longarini et al., 2021). When the criteria are met, typically in the
outer regions of the disk, where the disk is cooler, gravitational torques can drive the growth of spiral density waves,
which, if strong enough, fragment into dense condensations. These clumps can contract under their own gravity
and evolve into gas giants. Gravitational instability provides a plausible explanation for the formation of massive
planets at wide orbital separations, where core accretion would be too slow or inef cient (Dodson-Robinson et al.,
2009).

1.4 Disk Imaging
1.41 General

Over the past few decades, signi cant progress has been made in the direct imaging of circumstellar disks, which
has fundamentally advanced our understanding of planet formation and early stellar evolution. Initially, observa-
tions were limited to spectral energy distributions (SEDs) and indirect inferences from photometric excesses, which
hinted at the presence of dust and gas surrounding young stars. However, the development of high-resolution imag-
ing techniques, such as adaptive optics, coronagraphy, and interferometry, combined with powerful ground and
space-based telescopes, has enabled the direct visualization of these structures in scattered light at sub-millimetre

wavelengths.

Key milestones include the use of the Hubble Space Telescope (HST) in the 1990s to resolve disks in scattered
light around systems such as Beta Pictoris and HD 141569, revealing asymmetric features, warps, and gaps (Kalas
and Jewitt, 1995). The advent of instruments like ALMA (Atacama Large Millimetre/sub-millimetre Array) has
provided unprecedented views of disk substructures in thermal emission from dust and gas, including rings, gaps,
spirals, and possible vortex-like asymmetries (Andrews et al., 2018). These features are often interpreted as sig-
natures of planet-disk interactions and have reshaped theories on how planets form and evolve within their natal
disks (Andrews, 2020).

More recently, extreme adaptive optics systems such as SPHERE (Spectro-Polarimetric High-contrast Exoplanet
REsearch instrument), which is housed in the VLT (Very Large Telescope) have pushed the limits of high-contrast
imaging, allowing for the detection of faint disk structures at small angular separations from the host star (Beuzit

et al., 2019). These developments have made it possible to study the morphology and composition of disks across
a wide range of stellar ages and masses, enabling comparative studies and statistical assessments of disk evolu-
tion (Garu et al., 2018). Together, these advances have transitioned the eld from indirect inference to direct

characterization, establishing disk imaging as the primary spearhead in the study of planetary system formation.

1.4.2 High Resolution Revolution

The advance of astronomical imaging instrumentation and the subsequent increase in resolving power of our tele-

scopes over the last three decades has become indispensable in the eld of planet formation theory, as it enables



the direct observation of ne-scale structures that are the key to understanding disk evolution. Without the ability

to spatially resolve features such as rings, gaps, spirals, and warps, much of the disk physics, including planet-disk
interactions, grain dynamics, and vertical structure, would remain inaccessible. High angular resolution, combined
with sensitivity to faint extended emission, has allowed astronomers to move beyond detecting disks to character-

izing them in detail.

ALMA represents a transformative development in this regard. Operating at (sub-)millimetre wavelengths with an
array of 66 antennas, ALMA provides both high angular resolution and high sensitivity to thermal emission from
dust and molecular gas. Its ability to image continuum emission from millimetre-sized grains, along with line
emission from molecules like CO, allows for detailed maps of disk density, temperature, and kinematics. ALMAs
imaging of systems such as HL Tau (Brogan et al., 2015) and TW Hya (Rodriguez et al., 2015) has revealed
multiple concentric rings and gaps, some likely carved by forming planets. However, in the context of this study,
the focus is on the scattering surface of the disk in order to measure the vertical height, which is more easily traced

by the shorter wavelength scattered light of small dust grains at the disk surface (Garu et al., 2020).

SPHERE is a state-of-the-art instrument designed to directly image exoplanets and circumstellar disks by over-
coming the immense contrast between bright stars and their faint surroundings. Attached to the 8.2-meter Unit
Telescope 3 (UT3) of the VLT at Paranal Observatory, SPHERE was of cially commissioned in 2014. Its primary
strength lies in its ability to capture high-resolution, high-contrast images in the near-infrared, making it partic-
ularly effective for studying scattered light from micron-sized dust particles in circumstellar disks (Beuzit et al.,
2019).

At the heart of SPHERE is the SAXO system (SPHERE AO for EXoplanet Observation), an extreme adaptive
optics module that delivers exceptional wavefront correction (Fusco et al., 2006, 2016). SAXO includes a high-
order deformable mirror with1 x 41 actuators (totalling 1681), a fast Shack-Hartmann wavefront sensor operating
at up to 1.2 kHz, and a tip-tilt mirror for rapid correction of atmospheric turbulence and telescope vibrations. This
system consistently achieves Strehl ratio§90% for bright targets (R 9-10 mag), ensuring diffraction-limited

performance essential for resolving ne disk structures and planetary companions (Beuzit et al., 2019).

SPHERE incorporates multiple science subsystems tailored for various high-contrast imaging techniques. These
include IRDIS (Infra-Red Dual-band Imager and Spectrograph) (Dohlen et al., 2008), which provides dual-band
imaging and polarimetry; IFS (Integral Field Spectrograph) (Claudi et al., 2008), offering low-resolution spectra
across the near-infrared eld; and ZIMPOL (Zurich IMaging POLarimeter) (Schmid et al., 2018), which operates

in the visible and is uniquely capable of polarimetric imaging at visible wavelengths. The combination of coron-
agraphy, dual-beam polarimetry, angular differential imaging (ADI) (Marois et al., 2006), and spectral differential
imaging (SDI) (Claudi et al., 2008) allows SPHERE to suppress starlight and reveal structures within the disk with
remarkable clarity (Beuzit et al., 2019).

In addition to SPHERE, several other high-contrast imaging facilities have played a major role in the high-

resolution revolution in scattered-light studies of protoplanetary disks. Earlier surveys with HiCIAO (Tamura

1The Strehl ratio is a measure of the quality of optical image formation, de ned as the ratio of the peak intensity of an observed point spread
function (PSF) to that of an ideal diffraction-limited PSF. Values close to 1 indicate near-diffraction-limited performance.



et al., 2006) on the Subaru Telescope provided some of the rst polarimetric images of disk substructures, re-
vealing rings, gaps, and spiral arms in systems such as SAO 206462 and MWC 758. More recently, the Subaru
Coronagraphic Extreme Adaptive Optics (SCEXAO; Lozi et al. 2018) system has further improved contrast perfor-
mance and enabled high- delity polarimetric imaging at small angular separations. Similarly, the Gemini Planet
Imager (GPI; Macintosh et al. 2006) on the Gemini South telescope has delivered high-contrast near-infrared
imaging and polarimetry, producing detailed scattered-light maps of numerous disks and directly complementing
SPHERE observations. While these instruments collectively demonstrate the rapid advancement of high-contrast
imaging capabilities, SPHERE is adopted as the primary reference instrument in this work due to its extensive
polarimetric disk survey legacy and the availability of well-characterized datasets suited to the analysis performed

here.

1.4.3 Near Infrared Observations

Near-infrared (NIR) observations play a crucial role in probing the surface layers of circumstellar disks, where
small dust grains scatter stellar light. This wavelength regime, typically coveringri;&s particularly sensitive
to micron-sized particles located in the disks upper layers (Garu et al., 2020), making it an essential diagnostic of

disk geometry, grain size distribution, and surface morphology.

One of the primary advantages of NIR observations is their capacity to spatially resolve scattered light from the
disk surface at high angular resolution. In order to take advantage of the high angular resolution, the high contrast
to the central star needs to be overcome, as scattered light constitutes a small fraction of the total light in the
continuum. A primary method to this effect is polarization differential imaging (PDI) (Kuhn et al., 2001). PDI
differentiates between the partially linearly polarized scattered light and the largely non-polarized stellar light
(Beuzit et al., 2019; de Boer et al., 2020). SPHERE/IRDIS exploits this property to deliver high contrast images of
disks within PSF widths 08:037 (J-band)0:050° (H-band) and:068 (K-band). Additionally SPHERE/IRDIS
samples images with 12:25mas/pixel, ensuring the PSF is well-resolved across multiple pixels (Beuzit et al.,
2019).

From SPHERE's polarimetric capabilities, enabling the aggregate detection of micron-sized dust grains in the disk
surface layers, one can trace the geometric features and observe the true vertical height of the dust within the disk.
When a disk is inclined with respect to the observers line of sight, its circular structure appears elliptical due to
projection effects (see Figure 2). However, if the scattering surface is elevated above the midplane, this vertical
displacement manifests as an apparent offset along the projected minor axis of the ellipse (de Boer et al., 2016).
By tting an ellipse to the structure (this process is explained in detail in Section 3.5), the vertical height of the
structure's scattering surface can be calculated from the geometric offset between the star's position and the centre
of an ellipse tted to the structure. This assumes that the identi ed structures are not signi cantly eccentric, as
an inherent eccentricity can also lead to a centre offset along the minor disk axis independent of the disk vertical

structure.

With an offsetu = (uy + uy)%, the vertical heighti) at a radial extentr() is described as:



Figure 2: Schematic illustration of the projected geometry of an inclined multi-ringed circumstellar disk (this also holds for
continuous disks). When viewed at an inclination anglhe disks intrinsically circular structure appears elliptical due to
projection. The offseti between the star position and the centre of the ellipse arises from the projected height of the disk
surface along the semi-minor axis. This geometric offset becomes observable in scattered light images and is used to infer disk
height and structure. Image adapted from de Boer et al. (2016).
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whered is the vertical disk angle relative to the stiais the disk inclination andd is the semi-minor axis (de Boer
et al., 2016). The inclination is derived from an ellipse t to the structuré asa=bwherea is the semi-major
axis. Since both the vertical offsetand the inclination are derived from ellipse tting, the corresponding vertical

height of the scattering surface can be directly calculated for the tted structure.

Disks are expected to exhibit a ared pro le (Chiang and Goldreich, 1997) which can be approximated by a power
law (de Boer et al., 2016):

h_ he r %
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wherehg describes the height at radiug h=r is the aspect ratio of the disk at a radial exteand is the aring
index. The aring index can be derived from theoretical models by making assumptions about the disk geometry,
Chiang and Goldreich (1997) derived a maximum aring index of1:29. The aring index can be physically

measured in multi-ringed systems or with multiple systems, assuming the aring is a homogenous parameter, by



tting multiple measurements for height to the equation. Avenhaus et al. (2018) measured a value Iof22

using eight prominent T Tauri disks and Ginski et al. (2016) measured 1:73, indicating a greater degree

of aring than theoretical expectations, using multiple rings around HD 97048, a Herbig Ae/Be star. It remains
unclear whether the aring index re ects a speci ¢ physical property of individual disks or is similar for all disks,

de ned by some intrinsic physical process that determines the aspect ratio of the disks. This thesis examines the
vertical structure and disk aring index for the rst time for a large sample of disks observed in scattered light. The
presented results include systems with a single height measurement as well as multi-ringed disks which allows for

a detailed study of the individual disk surface pro le.

Constraining the vertical height pro le of circumstellar disks provides critical insight into both the formation

of planet-induced gaps and the interpretation of scattered light observations through scattering phase functions
(results of which are investigated in Sections 4.4 and 4.5). A well-constrained vertical structure allows for more
accurate modelling of how embedded planets interact gravitationally with the disk, particularly how they carve
gaps whose depth and morphology depend on the local disk scale height and the gap width, both measurements
made through this thesis (Kanagawa et al., 2016; Dong and Fung, 2017; Zhang et al., 2018). In addition, the disk's
height pro le strongly in uences the scattering phase function, the angular distribution of scattered light, which
depends sensitively on the geometry of the disk surface and the properties of the scattering particles. Accurately
constraining the vertical structure allows for more precise interpretation of the observed scattering behaviour,
enabling the inference of dust grain sizes, compositions, and porosities. For instance, small sub-micron grains tend
to scatter light more isotropically, while larger grains produce strongly forward-scattering signatures (Mulders
et al., 2013). Thus, disentangling the effects of disk geometry from intrinsic grain properties is essential, and a
well-constrained height pro le is key to isolating the physical characteristics of the dust population from observed

brightness and polarization patterns (Stolker et al., 2016).

1.5 Image Properties

In images of polarised, scattered light in the NIR, the disk appears as a bright, extended feature surrounding the
central star, which is often obscured by a coronagraph to suppress the stellar component of light. The scattered
light traces the upper layers of the disk surface, its scattering surface, where small dust grains are lifted above
the midplane by turbulence or vertical strati cation. These surfaces are optically thick and respond to the angle
of incoming starlight, resulting in strong forward- or backward-scattering depending on the disks inclination, as

shown in Figure 3.

There are several effects which describe the total intensity pro le of a circumstellar disk imaged in polarised

scattered light in the NIR. The radial intensity pro le of the scattering surface is described by;

1

1(r)/ r2: (6)

This re ects the inverse-square law governing how light intensity falls off with distance from a point source, in this

case, the central star.
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Figure 3: Diagram showing the scattering and viewing geometry observed within inclined @liSks.The scattering locations
for forward, backward and 90scattering, where the observer is to the rigBOTTOM: The total intensity view if polarisation
effects are not considered on thedt, the polarised intensity view which is what the observer truly sees imttidle and the
degree of polarisation on theéght. Image credit: Benisty et al. (2023).

The polarized intensity observed in scattered light from circumstellar disks results from a combination of physical
and geometric factors. The total intensity of scattered light decreases with distance due to geometric dilution
(I / r 2), while disk geometry, such as aring, inclination, and inner structures, can introduce shadowing and
asymmetries that modulate both the intensity and polarization signal. The resulting degree of polarization is further
in uenced by the angle-dependent nature of polarization, which varies across the disk. As starlight scatters off
disk grains, the resulting linear polarization peaks at scattering angles near@ddrops off sharply at smaller
(forward-scattering) and larger (back-scattering) angles. Because the disk is inclined and ared, different regions
scatter light toward the observer at different angles, resulting in an asymmetrical polarized intensity pro le (see
Figure 3). Regions near the near-side minor axis typically exhibit higher polarized intensity due to their closer
alignment with the 90 scattering angle, while forward-scattering regions may appear fainter despite potentially

high total intensity (Benisty et al., 2023).

Linear polarization arising from dust scattering is typically described using the Stokes paradhateld. These
parameters represent the orientation and degree of linear polarization projected onto the image plane. However,
for symmetric scattering patterns such as those expected from circumstellar disks, it is often more insightful to

re-express the polarization in a coordinate system aligned with the azimuthal direction from the central source.
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This leads to the azimuthal Stokes formalism (de Boer et al., 2020; Monnier et al., 2019):

O
I

Qcos(2) Usin(2) (7)

c
1

Qsin(2 ) Ucos(2); (8)

where is the azimuth angle in the image planemeasured from the positive x-axis and increasing counter-clockwise
about the central star. In the context of this the§ls,images are particularly useful because they isolate the
azimuthally polarized signal expected from single scattering in circumstellar disks, which appears as positive
signal, which holds under the expectation that the disk geometry produces a symmetric scattering pattern (see
Section 2.1).

Figure 4: Grid of radiative transfer model images illustrating the effects of varying disk inclination (left to right) and signal-
to-noise ratio (top to bottom). Each column corresponds to a different inclination angle, highlighting changes in projected
geometry and scattering features, while each row simulates decreasing observational quality. This visualization demonstrates
how inclination and noise impact the detectability and morphology of circumstellar disk struchioés. The second lower

dark spot appears in inclined images due to the optically thick midplane along the line of sight absorbing scattering photons.

The underlying light scattering physics lead to radial and azimuthal variations within the resulting images. For
inclined disks, this results in moderately bright ansae (bright, extended regions at the end of an elliptical ring or
disk structure, "handles” in Latin), a bright forward-scattering side, and an extremely faint back-scattering surface.
For low signal-to-noise (S/N) disks, tting ellipses becomes problematic if the back-scattering signal is too faint

or distorted within noise for a large angular region as seen in the inclined low-S/N disks within Figure 4.
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