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Abstract

Circumstellar discs serve as the progenitors of planetary systems. Their inner regions
(from <lau to a few astronomical units) are where terrestrial (i.e. Earth-like) planets
form. Structures closely connected to planet formation, such as spirals, rings, or gaps,
have been observed in the outer disc regions ( 20 -400au). These outer regions are
being intensively studied with instruments like SPHERE at near-infrared wavelengths
or ALMA in the (sub-)millimetre. The innermost regions, on the other hand, have only
been made accessible recently by interferometers with high spatial resolutions in the
near- and mid-infrared (e.g. AMBER, MIDI, PIONIER, and GRAVITY on the VLTI).

In this thesis, I use spectro-interferometric observations with the VLTI/MATISSE
instrument, covering a broad wavelength range in the mid-infrared from the L/M (2:8 -
4:2um/4:5 -5 pm) up to the N band (8 — 13 um), to investigate the structures present in
the innermost regions of planet-forming discs. MATISSE provides spatial resolutions
sufficient to resolve the innermost disc regions for sources in nearby star formation
regions ( 100 pc). I apply data reduction and parametric modelling to give astrophysical
interpretations of the interferometric observations.

First, I explore the circumstellar discs of the HD 142527 binary system, where a close
passing (periapsis 5 au) stellar companion greatly perturbs the disc around the primary.
Using a a disc model with an off-centre Gaussian asymmetric component, I find a time-
variable structure around the primary at a separation of 1-1:2au over the course of
our observations (2021, 2022, and 2023) close to periapsis. The complex structure in the
disc seems to be strongly influenced by the companion passage and warrants further
observations to enable more detailed modelling.

Subsequently, I perform a statistical analysis of 60 sources from the MATISSE GTO
YSO survey. I derive L- vs. N-band sizes from modelling and combine them with simple
disc models. In doing so, I find that many discs in the survey sample show signs of gaps
or truncations. Here, the sizes increase when the gaps in the disc become larger, up to
the point of no significant N-band emission (i.e. truncated), which show smaller sizes
than for continuous discs. The sample contains many strongly asymmetric sources from
which disc substructures are deduced.






Zusammenfassung

Zirkumstellare Scheiben sind die Vorlaufer von Planetensystemen. In ihren inneren Be-
reichen (von <lau bis zu einigen astronomischen Einheiten) bilden sich terrestrische
(d. h. erdahnliche) Planeten. In den duf3eren Bereichen der Scheibe ( 20 - 400 au) wur-
den Strukturen beobachtet, die in engem Zusammenhang mit der Planetenentstehung
stehen, wie Spiralen, Ringe oder Liicken. Diese dufieren Bereiche werden intensiv mit
Instrumenten wie SPHERE im nahen Infrarotbereich oder ALMA im (Sub-)Millimeter-
bereich untersucht. Die innersten Regionen hingegen sind erst seit kurzem durch Inter-
ferometer mit hoher rdumlicher Auflosung im nahen und mittleren infrared zugénglich
(z. B. AMBER, MIDI, PIONIER und GRAVITY am VLTI).

In dieser Arbeit verwende ich spektrointerferometrische Beobachtungen mit dem
Instrument VLTI/MATISSE, das einen breiten Wellenlangenbereich im mittleren infra-
red von L/M (2:8 - 4:2um/4:5-5um) bis zum N-Band (8 - 13 um) verwendet, um die
Strukturen in den innersten Bereichen von Planetenentstehungsscheiben zu untersu-
chen. MATISSE bietet eine ausreichende raumliche Auflésung, um die innersten Schei-
benbereiche fiir Quellen in nahen Sternentstehungsgebieten ( 100 pc) aufzulosen. Ich
wende Datenreduktion und parametrische Modellierung an, um astrophysikalische In-
terpretationen der interferometrischen Beobachtungen zu liefern.

Zunéchst untersuche ich die zirkumstellaren Scheiben des Doppelsternsystems HD
142527, wo ein naher Begleiter (Periapsis 5au) die Scheibe um den Hauptstern stark
beinflusst. Unter Verwendung eines Scheibenmodells mit einer nicht-zentralen, asym-
metrischen Gaufischen Komponente finde ich im Verlauf unserer Beobachtungen (2021,
2022 und 2023) in der Néhe des Periapsis eine zeitlich variable Struktur um den Haupt-
stern in einer Entfernung von 1 - 1:2 au. Die komplexe Struktur in der Scheibe konnte
teils durch Begleiters verursacht sein und rechtfertigt weitere Beobachtungen, um eine
detailliertere Modellierung zu erméglichen.

Anschlieffend fiihre ich eine statistische Analyse von 60 Quellen aus der MATISSE
GTO YSO-Studie durch. Ich leite L- vs. N-Bandgroflen aus der Modellierung ab und
kombiniere sie mit einfachen Scheibenmodellen. Dabei stelle ich fest, dass viele Scheiben
Anzeichen von Liicken oder Abschnitten aufweisen. Die Grof3en derer nehmen zu, wenn
die Licken in der Scheibe grofler werden, bis zu dem Punkt, an dem keine signifikante
N -Band-Emission mehr vorhanden ist (d. h. die Scheiben sind abgeschnitten), was zu
kleineren Groflen als bei durchgehenden Scheiben fiihrt. Desweitern sind viele Objekte
der Studie stark asymmetrisch aus welchen Scheibenunterstrukturen abgeleitet werden
koénnen.






‘For my part | know nothing with any certainty, but the sight of the stars
makes me dream.’

— Vincent van Gogh (Letter to his brother, Theo, in 1888)
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Chapter 1

Introduction

Over the course of my life, various things some as simple as the TV series "Stargate’,
and routinely watching "Terra X' on Sunday evenings during my childhood have in-
stilled in me the desire to know more about the laws that make up our Universe. In
particular, | developed a fondness for the night sky and all of the wonders contained
within it. Not only did this spark a deep curiosity in me to study these things personally
following the

‘If we knew what it was we were doing, it would not be called research, would it?
Unknown

but also to do my part and contribute to the enrichment of humanity's knowledge. With
this thesis, | hope to bring you the reader closer to the fascinating topic of circum-
stellar discs, the precursors of planetary systems.



1.1 The birth of planetary systems

As humans we are all familiar with our own cosmic backyard: the Solar System. Our
Solar System is the result of a long chain of processes. This began with the collapse of re-
gions of a molecular cloud into cores, where protostars form. During the formation of a
protostar, much of its envelope is accreted bya@ung stellar objecty SO). The residue of

the envelope, guided by the conservation of angular momentum, forms a circumstellar
disc made of gas and dust. Various interactions between the star and the disc as well as
internal disc mechanisms shape the structure of the disc. They create the conditions for
gas and dust to gather in regions of high pressure, grow into planetesimals, and, nally,
become full- edged planets. This results in the birth of a planetary system perhaps
not much unlike our own.

1.1.1 Young stellar objects

The term YSO encapsulates both low-maks, (< 8 M ) and high-massNl, > 8M )
stars. For both regimes, star formation is driven by gravity and in uenced by magnetic
elds and turbulence, with this leading to core formation. Star formation typically occurs

in a clustered mode. This is usually the case for high-mass stars, which form in clusters,
and is also important for low-mass stars, although many of the latter form in isolated
low-mass cores.

A schematic of the process from the largest to the smallest scales, from molecular
clouds, to laments, cores and, nally, YSOs, is presented in Fig. 1.1. Young stars of
all masses have circumstellar discs, jets, and out ows, with the strength of the latter
two increasing signi cantly from low- to high-mass. The biggest di erence between
low-mass and high-mass stars is that high-mass stars quickly reaclzéne-age main
sequenc€ZAMS) of theHertzsprung-RusséHR) diagram, still accreting gas from the
environmental envelope, while already burning hydrogen. This quick evolution makes
it harder to observationally follow their evolutionary stages (Beuther et al., 2025). After a
protostar forms from a core, it becomepee-main-sequen¢EMS) object that undergoes
further evolution.

Stellar classi cations/Evolutionary sequence Lada & Wilking (1984) rst charac-
terised YSOs by theispectral energy distributidi®ED), categorising them into evolu-
tionary classes. From this, Lada (1987) developed the spectral index
dlog( F ).
" dlog() -

This index describes the SED slope from near- to nmftared (IR) 2 20pm. It serves
as an indicator for an excess of IR emission in relation to blackbody emission of the star.

(1.1)



Credits. Created by André Oliva (Beuther et al., 2025).

Fig. 1.1: Star-formation region with both low- and high-mass star formation regim&sp
large lamentary cloud with star formation of di erent density regime$Bottom individ-

ual aspects of the star formation regions. Among these are cores with YSOs contained in
them.

Andre et al. (1993) built on this classi cation to classify the evolution of YSOs down to
four morphological classes (Fig. 1.2):

Class 0: unde ned | Sources in this class are heavily obscured by their enve-
lope and often have strong out ows. Their emission is strong in the sub-millimetre,
but they are normally not detectable at optical or near-IR wavelengths. This stage is
characterised by large envelopes, ageg of 10* 10°yr, and accretion rates ol
10 M yr 1. Discs around (proto-)stars in this class are fed by infall from the envelope,
as the disc lifetime is shorter than the free-fall time-scale of molecular-cloud cores.



Class|: g > 0:3 These sources show arising mid-IR SED caused by a circumstel-
lar dust envelope. At this stage, the protostar is rather evolved and a large fraction of
the envelope has already been accreted onto it. For the same reason as for Class 0 YSOs,
the discs around Class | sources are also still fed by envelope infall. Moreover, this class
describes ages of 10°yr, and accretionratesdl 10 “*M yr 1. Greene et al. (1994)
added a transition class between this and class I, #iespectrum( 0:3< < 0:3).

Class II: 16 r < 0:3 This class includes optically visible sources, which
have a peak in their near-IR SED, decreasing toward the mid-IR. This decrease is slower
than would be expected from a purely photospheric contribution, and indicates that they
are surrounded by relatively massive gas discs that are undergoing accretion onto the
central star. This class has agestof 10° 10’ yr, and accretion rates ol 10 ©
10'M yr 1

Classlll: g < 1:6 The laststage inthe evolution of a YSO no longer shows any
IR excess. Sources in this class resemble isolated PMS stellar photospheres, meaning
they have little to no circumstellar material left (i.e. their discs have dissipated).

The speci ¢ values for the classes are taken from Schulz (2005). From the shape of
the SED peak over the evolution of YSOs (from class 0 to Ill), it becomes clear that the
movement of the SED re ects a diminishing of the envelope/disc (e.g. Andrews, 2020).

Herbig Ae/Be and T Tauri stars  The discs studied in this work occur around two
types of YSOs: the Herbig Ae/Be stars, and the T Tauri stars. Herbig Ae/Be stars (Herbig,
1960), are intermediate- to high-madd{ 1.5 15M '), PMS stars evolving toward

the main sequence. Generally, they are young stars showingehission lines, located
near a nebulosity, and having IR excess, marking them as Class Il objects. The IR excess
comes from thermal emission of cold to hot circumstellar dust grain8 1000 K).

Even F-type stars, having high luminosity and mass, can fall into this category. Thus,
Herbig stars can be appear in spectral types B, A, or F. All known Herbig stars seem to
cease accretion prior to, or just after, reaching the ZAMS, as they can be positioned at
or above the ZAMS in the HR diagram. Additionally, more massive Herbig stars appear
less frequently than their low-mass counterparts, in agreement with the initial mass
function and their shorter evolutionary time scales. The ages of low-mass Herbig stars
range from several million years up tb0 Myr.

The lower limit of 1:5M was determined by the spectral type of the coolest star expected to
reach the ZAMS as an A9 star, whereas the upper limlt5 M was set by the maximum mass for a star
that would experience the a PMS phase. The upper limit is not sharply de ned as stars with higher
masses have also been de ned to be Herbig stars.



Credits. Adapted from Williams (Star Formation Course). Originally from Dauphas & Chaussidon (2011).

Fig. 1.2: Stellar classi cation/evolutionary sequence of YSQsft: the SEDs of the classes.
Right schematics of the disc evolution.



The group of T Tauri stars is comprised of late F, G, and K-type intermediate-mass
(oftenM, 2M ) PMS stars (Appenzeller & Mundt, 1989). The circumstellar environ-
ment of T Tauri stars is similar to that of Herbig stars, with many of their attributes
being akin to low-mass versions of Herbig stars. The separation between a Herbig and
T Tauri star is not clean cut; young intermediate-mass stars evolving toward the main
sequence will have properties in line with T Tauri stars when still cool, shifting to earlier
spectral types with increasing temperature (Brittain et al., 2023).

1.1.2 Circumstellar discs

With the collapse of the core, not only is a protostar formed, but the left-over mate-
rial retains some angular momentum, resulting in the formation of a circumstellar disc.
These discs have short lifetimes of a few million years (Haisch et al., 2001; Williams &
Cieza, 2011). Understanding the processes and structures within the discs is essential
to construct a holistic image of the origin of any substructures in them, which could
potentially be linked to planet formation (Lau et al., 2024b).

The mass of circumstellar discs consists of approximat@ps gas, with the re-
maining 1 % comprised of dust (i.e., solid particles). (e.g. Lodders, 2003; Weingartner &
Draine, 2001). However, the dust provides most of the disc opacity in the continuum at
IR wavelengths (Armitage & Kley, 2019). Contrary to the dust grains inititerstellar
medium(ISM), usually small.( 1 um) and mostly amorphous in nature (Kemper et al.,
2004), dust inside a disc shows larger and more crystalliner@cessedyrains. These
are typically composed opolycyclic aromatic hydrocarbo(BAHS), as well as amor-
phous and crystalline silicates (e.g. Boekel, 2008). There is evidence of grain growth,
when comparing the grain sizes of the outer to those of the inner disc regions, where
they increase from micrometre/millimetre to centimetre sizes, respectively (e.g. Liet al.,
2023; Pérez et al., 2015).

Gas & dust dynamics Understanding the interaction between dust and gas in a cir-
cumstellar disc is vital for providing insight into the processes and structures of the
discs. The dust-gas coupling is described by sh@pping timésq, (i.e. the time scale on
which the particle velocity changes/decelerates). It is useful to relate this stopping time
to di erent locations in the disc by relating it to the orbital Keplerian velocity,x, which

is described by th&tokes numbéBirnstiel et al., 2010; Schrépler & Henning, 2004)

mVreI_
jFoj

Stk tstop K, Where tstop (1.2)

The stopping time depends on the massof the particle and its relative velocity,e to
the gas, which is slowed by the drag forég, enacted on it.



The Stokes number provides a description of the this drift behaviour of the dust
particles. It is important to know that radial pressure gradients of the gas result in a dif-
ference of the orbital gas velocity from the Keplerian orbital velocity. As dust particles
do not feel the pressure gradient, they experience anagkial drift directed toward pres-
sure maxima, caused by the di erence in the dust and gas velocities at a given distance
from the central star. Large dust particles (Stk 1) orbit close to Keplerian speeds and,
in sub-Keplerian discs, thus feel a "headwind'. On the other hand, small dust particles
(from micro to centimetres; Stk 1) are well coupled to the gas and forced to orbit at
the same speed, and dust particles with Stkl feel the maximal radial drift (Birnstiel,
2024). These interactions are described within Bgstein dragegime F"**" (Epstein,
1924), which, primarily, applies to circumstellar discs, as the mean free pathis gen-
erally larger (on the order of centimetres) than the dust particle radius. In this regime,
dust particles experience the gas as an impact of individual particles, rather than a ow.

There is alsovertical settlingcaused by aerodynamic drag, changing the distribution
of dust relative to gas via gravity. This settling is counteracted by turbulent di usion
and occurs on time scales that are short compared to the disc lifetime, causing grains
to migrate to the mid-plane, where millimetre to centimetre grains form via collision
processes (Armitage & Kley, 2019). Both radial drift and vertical settling are shown in
Fig. 1.3.

Thermal emission  from the discs is probed by observations at di erent wavelength
ranges (right-hand side of Fig. 1.3). The disc mid-plane temperature

3
4
and its components, i.e. heating caused by stellar irradiation of the particles, and heat-
ing by viscosity (i.e. from friction due to the motion of the particles) are now explained.
Discs where the temperature is only set by stellar radiation are referred to as "passive’
(e.g. Armitage & Kley, 2019). For a at, optically thick disc, whigh absorbs all stellar ra-
diation and re-emits as a blackbotjywe can equate the u¥, = 1, sin( )cos()d
through a surface at radius of the element of the solid anglé (with a stellar bright-
nessl,) to the ux of the discFgsc = T, to yield the temperature pro le (Chiang &

Tclilisc,m ' T;sc,visc+ Tclilisc,irr; for 1; (1-3)

2The mean free path describes the distance a particle can travel before its motion is changed (e.g. by
collision with another particle). It is described with the number density of particteand its collision
cross section , yielding mp = 15n ).

3So far we assumed all dust to be of constant opacityer all wavelengths. In reality grains
directly exposed to stellar radiation (i.e. optically thin; 1) emit and absorb depending on their
composition, making it possible to observationally distinguish between di erent types of dust grains.
Generally, the emissivity = (T=T,) with = 1scales inversely with wavelength.



Credits. Miotello et al. (2023).

Fig. 1.3: Schematic cross-section of a circumstellar diseft. dust temperature and gas
density of the disc, with locations of ice/snow lines (i.e. CQ@, radial drift, vertical
settling, and pressure maxima indicatellight spatial origin of thermal and line emission
and their wavelength regimes.

Goldreich, 1997):

v n A F 10
4 T4 é R R2§
Tdisc,irr(r) = . In ' To irl 1 r_Z (1.4)

The result of viscous heating in the steady state witkt M=2 ), where an opti-
cally thick disc radiates energy away from both sides of the disc, can be described as

v n 1
43GM?ME &

Taisc visc= 8 3 p (1.5)

for a disc with constant accretion rat&1 (Armitage & Kley, 2019; Nakamoto & Naka-
gawa, 1994).

Equation (1.3) shows that the disc becomes hotter the closer to the star, making it
possible to observe the inner regions and the surface layers star, in near-, mid-, and
far-IR, as the temperature decreases (e.g. Andrews, 2020). Instruments operating in
these wavelengths include interferometers like thiery large telescopic interferometer
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