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Chapter

Abstract

Our knowledge of star and planet formation is based mainly on the nearby star-
forming regions (< 300 pc). However, most of the stars in our Galaxy form in the
massive star-forming regions. The environmental conditions there di�er from those
which can be seen in the solar neighbourhood. Not only are they more massive, but
also usually have higher stellar densities and higher radiation �elds. The latter is
produced by the most massive OB stars in the regions. The copious amounts of far-
and extreme-UV photons (FUV, EUV) can have signi�cant impact on other cluster
members in their vicinity. Speci�cally, the most vulnerable are low-mass stars and
their protoplanetary disks. High level of UV radiation can remove the material from
outer parts of the protoplanetary disks by the process called external photoevapora-
tion, and as a consequence, the ability of protoplanetary disks to form planets may
be signi�cantly diminished, depending on the exact timescale for disk dissipation.
Circumstantial evidences suggest that the early evolution of the Sun happened in
the neighbourhood of massive star, it is thus very important to understand what
is the role of external photoevaporation in early evolution of stars and planetary
systems.

This thesis aims to address aforementioned topic in the Carina Nebula Complex,
a massive star-forming region hosting almost 100 O-type stars responsible for high
level of radiation. Among the most massive clusters in Carina Nebula, we selected
Trumpler 14, a very young and compact cluster, and employed integral �eld spec-
troscopic observations from MUSE to study the properties of the population of
low-mass stars and their protoplanetary disks. The UV radiation emitted by the
massive stars is also responsible for the creation of the bright Hi i region through-
out the entire Carina Complex. Spectral analysis of young stellar objects requires
careful assessment of nebular contamination and resulted in rigorous quality cuts
in the presented catalog. Despite the incomplete sample, this thesis presents the
deepest in mass catalog of spectrally characterised stars in the Carina Complex,
and in Trumpler 14 in particular. Completeness of the catalog can be signi�cantly
improved when applying machine learning methods to the derivation of photospheric
parameters (Te� , log (g), and AV ) for each individual young star in Trumpler 14. As
part of a collaborative work within the ECOGAL consortium we successfully tested
a neural networks architecture on a set of the well-known Class III sources, and later
applied to the MUSE dataset of Trumpler 14. We �nd the best performance of the
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networks in the low-temperature regime. New estimates, when placed on the HR
diagram, reveal two populations of stars in Trumpler 14 not clearly distinguishable
with the previous method.

The thesis concludes with the search for the signpost of external photoevaporation.
Contamination with the nebular emission forced us to re-evaluate the spectral ex-
traction and to develop a new method in order to properly estimate emission line
�uxes and upper limits from the individual young stars with disks. Revised measure-
ments show high values of [OI ] emission, consistent with predictions from external
photoevaporation models. However, moderate resolution of MUSE does not allow
to disentangle di�erent components of the line, and with that, di�erent emission
mechanisms. Therefore, to comprehensively and conclusively trace the external pho-
toevaporation in the Carina Nebula, a series of future steps have been proposed.
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Zusammenfassung

Unser Wissen über Stern- und Planetenentstehung basiert hauptsächlich auf na-
hegelegenen Sternentstehungsgebieten (< 300 pc). Die meisten Sterne in unserer
Galaxie entstehen jedoch in massereichen Sternentstehungsgebieten. Die Umweltbe-
dingungen dort unterscheiden sich von denen in der Sonnenumgebung. Sie sind
nicht nur massereicher, sondern weisen in der Regel auch höhere Sterndichten und
stärkere Strahlungsfelder auf. Letzteres wird von den massereichsten OB-Sternen in
der Region erzeugt. Die groÿe Menge an Photonen im Fernen und Extremen UV-
Bereich (FUV, EUV) kann erhebliche Auswirkungen auf andere Haufenmitglieder in
ihrer Umgebung haben. Besonders anfällig sind massearme Sterne und ihre proto-
planetaren Scheiben. Ein hohes Maÿ an UV-Strahlung kann das Material aus den
äuÿeren Teilen der protoplanetaren Scheiben in einem Prozess der externen Photo-
evaporation entfernen und damit ihr Planetenbildungspotenzial verringern. Da die
frühe Entwicklung der Sonne in der Nähe eines massereichen Sterns stattfand, ist
es sehr wichtig zu verstehen, welche Rolle die externe Photoevaporation in frühen
Entwicklungsphasen von Sternen und Planeten spielt.

Diese Arbeit befasst sich mit dem oben genannten Thema im Carina-Nebelkomplex,
einem massereichen Sternentstehungsgebiet, in dem fast 100 Sterne vom O-Typ
zu �nden sind, die für eine hohe Strahlungsintensität verantwortlich sind. Unter
den massereichsten Haufen im Carina-Nebel haben wir Trumpler 14, einen sehr
jungen und kompakten Haufen, ausgewählt, und räumlich aufgelöste, spektroskopis-
che Beobachtungen mit MUSE verwendet, um die Eigenschaften der Population
massearmer Sterne zu untersuchen. Da der Carina-Nebel in die Hi i -Region einge-
bettet ist, erfordert die Spektralanalyse eine sorgfältige Bewertung der Nebelkontam-
ination und führte zu strengen Qualitätseinschränkungen im vorliegenden Katalog.
Trotz der unvollständigen Stichprobe stellt diese Arbeit den massenmäÿig umfangre-
ichsten Katalog von spektral charakterisierten Sternen im Carina-Nebel dar. Die Voll-
ständigkeit des Katalogs kann durch die Anwendung von Methoden des maschinellen
Lernens auf die spektrale Klassi�kation erheblich verbessert werden. Insbesondere
haben wir in einer Gemeinschaftsarbeit innerhalb des ECOGAL-Konsortiums eine
Architektur neuronaler Netze erfolgreich an einem Satz bekannter Klasse III-Quellen
getestet und später auf den MUSE-Datensatz von Trumpler 14 angewendet. Wir
�nden die beste Leistung der Netze im Niedrigtemperaturbereich. Neue Schätzun-
gen, die in das HR-Diagramm eingefügt werden, zeigen zwei Sternpopulationen in
Trumpler 14, die mit der vorherigen Methode nicht klar zu unterscheiden waren.



4 List of Tables

Zum Abschluss der Arbeit suchen wir nach Indizien für externe Photoevaporation.
Die Kontamination mit der Nebelemission führte zu einer erneuten Validierung der
zuvor verwendeten Methoden und zu Schätzungen der Emissionslinien�üsse. Die
überarbeiteten Messungen zeigen hohe Werte der [OI ]-Emission, die mit den Vorher-
sagen der Modelle für externe Photoevaporation übereinstimmen. Die mäÿige spek-
trale Au�ösung von MUSE erlaubt es jedoch nicht, die verschiedenen Komponenten
der Linie und damit auch die verschiedenen Emissionsmechanismen voneinander zu
trennen. Um externe Photoevaporation im Carina-Nebel umfassend und schlüssig
nachzuweisen, wurden daher eine Reihe von weiteren Schritten vorgeschlagen.
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Introduction 1
The formation of the Sun and its planetary system is one of the most impor-
tant for humanity among the topics of astronomical research. This chapter aims
to give an overview of our current understanding of formation of Sun-like stars
and how star and planet formation can be investigated with observations. Fol-
lowing a description of our current understanding of low-mass star formation in
Sec. 1.1, I focus on protoplanetary disks in Sec. 1.2. First, on their multi-
wavelength observations (Sec. 1.2.1), then how disks evolve (Sec. 1.2.2), and
�nally how this evolution is tightly connected to accretion onto the central star
(Sec. 1.2.3). The environment and its impact on protoplanetary disk evolu-
tion is discussed in Sec. 1.3. I conclude this chapter with putting the goals
of this thesis into the astrophysical context previously described (Sec. 1.4).

1.1 Low-mass star formation

The question about the formation of the Earth and the Solar System is one of the
most important in astronomy. Sun is the highest important star for the humanity
so naturally it also attracts the most attention from scientists. Its proximity allows
detailed studies including satellites being sent to its proximity and directly measuring
solar wind. However, witnessing the formation of the Sun is outside our reach. To
understand how our star might have formed, we need to investigate the Sun analogues
in their earliest stages of evolution.

Low-mass stars, as they are referred to, are the most common stars in the Milky Way.
Hence, with studying large sample of objects we can obtain a comprehensive picture
of their properties, as well as their evolution. Consequently, the formation of low-
mass stars is better constrained with respect to the very massive stars. Additionally,
low-mass stars evolve slowly giving us the opportunity to capture each small step
of their evolution, and with great number of measurements, deeply understand the
mechanisms driving stellar evolution. For these reasons, here I only focus on the
formation of low-mass stars (. 2 M � ). In most cases stars do not form in isolation
but in groups or clusters and their evolution can be a�ected by neighbouring stars.
Especially, massive stars are the most in�uencing and this topic is addressed in
consecutive sections of this chapter.
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Figure 1.1: Sketch of star formation. From the giant molecular cloud (leftmost) emerges clump,
which will be a birthplace for a group of stars. Due to the gravitational collapse dense cores are
formed which will continue to accrete the matter through circumstellar disk. This disk is a place
where planets are formed (bottom drawing). With time the disk is being cleared from the primordial
material and at the end of PMS evolution the new exoplanetary system is revealed. Image credit:
Bill Saxton, NRAO/AUI/NSF 1.

1.1.1 From molecular clouds to stars

Molecular clouds are birthplaces of stars (McKee & Ostriker 2007; Kennicutt & Evans
2012). Cold (� 10-40 K), dense (nH2 � 102-105 cm� 3), and massive (M &104 M � )
Giant Molecular Clouds (GMCs) with sizes of 50-100 pc are places where whole stellar
clusters are formed (Tacconi et al. 2020, and references therein). A GMC is typically
dispersed in 5 to 50 Myr because of protostellar out�ows, jets, stellar radiation,
and supernova explosions (Elmegreen 2007; Dobbs & Pringle 2013; Kruijssen et al.
2019; Chevance et al. 2023). In the solar neighbourhood (<300 pc) the e�ciency
of star formation is at the level of� 3% corresponding to a star formation rate of
7.5� 10� 4 M � yr � 1 (Heiderman et al. 2010; Kennicutt & Evans 2012). In massive
clusters or GMCs however, star formation e�ciency might be higher (Kennicutt &
Evans 2012).

Stars in most cases do not form in isolation and most of the star formation happens
in massive clusters emerging from massive GMCs (Miller & Scalo 1978; Adams 2010).
Gas and dust overdensities, gravitationally bounded clumps and cores, are seeds of

1https://www.nrao.edu/pr/2012/clumpcores
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stars. Prestellar cores collapse and evolve into Class 0 protostars, deeply immersed
in the natal envelope and invisible for optical observations (Andre et al. 1993, 2000;
Ward-Thompson et al. 2007; Kennicutt & Evans 2012). At this stage the envelope is
more massive than the stellar component, as indicated by the ratio between submm
and bolometric luminosity (Andre et al. 2000). Most of the stellar mass is expected
to be acquired by the star in that stage (McKee & Ostriker 2007) which lasts
approximately 1-3� 104 Myr (Andre et al. 2000). Sketch in Figure 1.1 illustrates the
�rst steps of the evolution of low-mass star. When the powerful collimated molecular
out�ows / jets dissipate the envelope and the protostar develops a circumstellar disk,
the system is in the Class I stage. At this point protostar has an age of 1-2� 105 yr
and is observable at NIR wavelengths (Greene et al. 1994; Kenyon & Hartmann
1995). The mass of the stellar component dominates over the envelope, while the
accretion disk is of similar mass to the envelope, around. 0.1-0.3M � (e.g., Andre
et al. 2000; Williams & Cieza 2011, and references therein).

Further evolution of the system leads to the total clearing of the envelope, widening,
weakening, and gradual dissipation of the out�ows, and to the disk getting optically
thinner (e.g., Kennicutt & Evans 2012). This evolutionary stage is called Class II
and the object is usually referred to as a pre-main sequence star (PMS). The Class
II stage lasts 2� 1 Myr (Kennicutt & Evans 2012). The dispersion of a disk leaving
an (almost) fully-formed planetary system marks the Class III stage. The star is
very close to enter the Zero Age Main Sequence (ZAMS). At this point, young star
shows very weak or no accretion signs.

1.1.2 Observational classi�cation of young stars

Observational classi�cation of Young Stellar Object (YSO) is not trivial, especially
for the youngest objects still deeply embedded in the natal cloud. Historically, the
most important classi�cation is done based on the slope of the Spectral Energy
Distribution (SED) in IR (see Figure 1.2). Lada & Wilking (1984) and Lada (1987)
investigated YSOs in Ophiuchus and found that they can be divided into three classes
of objects depending on the slope� IR of the SED between 2 and 25� m:

� IR =
d log�F �

d log�
=

d log�F �

d log�
(1.1)

The youngest class, Class I, contains objects with� IR > 0:3 (Greene et al. 1994).
Their SEDs are broader than that of black body and it rises from� 2 � m longward.
Greene et al. (1994) introduced additional class of ��at-spectrum sources� intermedi-
ate between Class I and II. Their IR spectral index� IR falls in between -0.3 and 0.3.
SED of Class II YSO decreases with wavelength with a slope of� 1:6 < � IR < � 0:3
(Greene et al. 1994). The most mature YSOs, Class III, have no or little NIR excess
and their SED is black body-like with a slope� IR < � 1:6. They might still have little
MIR excess (Lada 1987). Later on a new, earlier, class of objects was introduced
by Andre et al. (1993). Class 0 sources are fully obscured not detectable in NIR.
The simpli�ed picture of low-mass star formation with evolutionary classi�cation
presented in Sec. 1.1.1 corresponds directly to the above observational categorisation
and was its foundation.
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Figure 1.2: Visualisation of the SED for di�erent evolutionary classes of YSOs. With the time,
disk's contribution to the whole SED diminishes, while the central object (here drawn as Black
Body) becomes more prominent. Credits: Persson (2014).

There exists another classi�cation based on optical spectroscopy. Low-mass stars
with M � . 2 M � are referred to as T Tauri stars, while intermediate-mass stars,
2 M � . M � . 8 M � , are called Herbig AeBe stars (Herbig 1960), depending on
a spectral type. T Tauri stars are then divided further depending on the strength
of H� emission line. Stars showing strong accretion and the H� emission with
equivalent width above 10 Å are named Classical T Tauri Stars (CTTS). Stars with
weaker or no emission are Weak-lined T Tauri Stars (WTTS). The youth of those is
identi�ed by their location on Hertzsprung-Russell diagram (HR) or X-ray activity
(Feigelson & Montmerle 1999; Williams & Cieza 2011). WTTS can be understood
as Class III YSOs, while CTTS as Class II. However, this distinction is not strict
as a classi�cation based on a SED can be a�ected by the orientation of the disk.
Edge-on disk will mimic earlier stage of YSO evolution (Robitaille et al. 2006).
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1.2 Birthplaces of planets: protoplanetary disks

The circumstellar material around a young star is a cradle of future planetary system.
Conditions in circumstellar disk as well as its evolution has a decisive role in shaping
this system. On top of that, material present in circumstellar disk is supplied to the
star via accretion. The evolution of protoplanetary disks is therefore tidally connected
to both the formation and early evolution of planets and the early evolution of the
host star. The global picture of low-mass star formation is presented in Section
1.1. Here, I will focus on observational characteristics of protoplanetary disks (Sec.
1.2.1), their evolution and its impact on planet formation (Sec. 1.2.2), and accretion
processes from theoretical, as well as an observational, perspective (Sec. 1.2.3).

Our knowledge of protoplanetary disks has grown signi�cantly over the past years
mainly due to the signi�cant advancement of instrumentation over all spectral ranges.
With new instruments to come and with upgrades of already existing ones, we can
expect many new discoveries in the future. Intense development of theoretical models
is complementing observational studies and will continue being an essential part of
our investigation on the origin of the Solar System. While this thesis focuses on its
observational perspective, theoretical studies are of an equal importance.

1.2.1 Direct observations of protoplanetary disks

The existence of protoplanetary disks (PPDs) is known for a long time. First, their
presence was inferred from the excess emission in infrared with respect to the stellar
Spectral Energy Distribution (SED, Elsasser & Staude 1978). It was quickly realised
that SEDs exhibit a variety of morhpologies that lead to de�nition of YSO/disk
classes (Lada & Wilking 1984; Lada 1987; Greene et al. 1994) connected to the
�rst predictions of stellar formation and early evolution (e.g., Strom et al. 1989).
Inclination of the disk impacts the observed SED, and therefore might confuse
classi�cation based solely on SED: edge-on disk will mimic an SED of a younger
object (Robitaille et al. 2006). IRAS observations revealed another class of objects
with negligible excess at wavelength below 10� m but a signi�cant excess emission
at longer wavelengths (e.g., Strom et al. 1989; Wolk & Walter 1996; Espaillat et al.
2014). Those disks were named transition disks and the morphology of their spectrum
was interpreted as caused by its inner part being cleared, possibly due to the presence
of planet(s) or internal photoevaporation (Ercolano & Pascucci 2017). Transitions
disks were expected to have an inner cavity, con�rmed later by the observations
(Andrews et al. 2009).

Observations of PPDs using multiple tracers and across a broad wavelength range,
and more importantly, their direct detections, showed that substructures are common.
This con�rmed their �ared structure accompanied by frequent radial and azimuthal
substructures. Observations showed that physical and chemical conditions of PPDs
vary in all directions: radially, azimuthally, and vertically. Figure 1.3 illustrates this
in the simple sketch of protoplanetary disks. Cold dust in the midplane is traced by
continuum observations in (sub)mm wavelengths. With temperature increasing ver-
tically and decreasing radially (Kenyon & Hartmann 1987; Calvet et al. 1991), more
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Figure 1.3: Sketch of a protoplanetary disk illustrating its complicated structure. The upper
color-scale shows the gradient of dust temperature: it decreases radially and increases vertically.
The gas density (lower colour-scale) increases in both, radial and vertical, directions. Larger dust
particles (black circles, left side of the image) are located preferentially in the midplane and closer
to the central object, while smaller ones occupy higher vertical layers and radial distances. Dashed
and dotted lines depict location of water and CO snowlines, respectively. Obtaining this full picture
requires observations at di�erent wavelengths involving di�erent tracers (right side of the sketch).
Dust thermal emission from midplane can be observed in submm range. Disk surface can be
observed in IR in scattered light. Gas content is traced by the molecular emission. Di�erent species
are located at di�erent radial extends and emit at di�erent vertical heights. Combining observations
from several tracers give better constraint on physical and chemical conditions in the disk. Credits:
Testi et al. (2014); Miotello et al. (2023).

molecules are getting unlock from ices exposing to us richness of chemical inventory
in disks and material available for planets. Disk upper layers populated by small
grains are visible in the scattered stellar light in NIR and optical (Andrews 2020).
Advancement in instrumentation opened new possibilities of studying PPDs. Below,
I describe what we have learnt from observations taken at di�erent wavelengths and
which physical properties and processes can be accessed by those observations.

1.2.1.1 Radio and (sub)mm observations

In radio and (sub)mm range of the spectrum protoplanetary disks are observed in
their thermal emission which peaks at this spectral range. This emission traces dust
grains with size scaling with wavelength of the observations. Bulk of those grains
is located in the cold (� 20 K, e.g. Tazzari et al. 2021) disk midplane. Schematic
on Figure 1.3 shows that large grains are gravitationally settled in the midplane
while smaller grains can be located at larger vertical extends (e.g., Gräfe et al. 2013;
Villenave et al. 2020). Dust vertical distribution depends on how well it is coupled
to the gas and that depends on grain size � small grains are bound to the gas, while
large particles feel the gas much less.

Continuum observations can be used to infer the disk dust mass and radius, as well as
the disk temperature at the location of the emission. An intensity at given frequency
� from a layer of dust with homogeneous temperature and opacity can be described
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as (e.g., Miotello et al. 2023):

I � = (1 � e� � � ) B � (Tdust ) (1.2)

whereTdust is a temperature of the dust,B � (Tdust ) is a Planck function of a Black
Body with temperature of Tdust at given frequency, and� � is a optical depth at this
frequency. In the optically thick regime, i.e.,� � � 1, exponent in the equation 1.2
becomes negligible and the intensity is simply a Planck function:I � = B � (Tdust ) and
gives us a direct information about the temperature of an emitting source. Thermal
emission from disk is optically thick in the majority of the spectrum. However, it is
expected to become optically thin (� � � 1) at submm wavelengths (Andrews 2020),
where observed intensity depends on physical properties of dust grains:

I � = � � B � (Tdust ) = � dust � abs B � (Tdust ) (1.3)

where� dust is a dust surface density and� abs is a dust opacity (Miotello et al. 2023).
Opacity is commonly assumed to be a power-law of frequency,� abs / � � , analogously
to the Rayleigh-Jeans approximation of the Planck spectrum in the submm / radio
regime,B � / � 2. It is then convenient to de�ne spectral index� , which connects
observed emission with micro-physical parameters of emitting material:� = � + 2,
what then corresponds toI � / � � .

Constraining spectral index gives some insight into the bulk dust properties, like
dust grain size distribution, and is relatively straightforward if multi-wavelength
observations are available. Detailed information about dust content of the disk is,
however, challenging. Dust optical properties depends on many factors: mineralogy,
porosity, shape, abundances of di�erent species, frequency distribution of di�erent
grain sizes, local physical conditions. Precise estimation of grain characteristics is
a very complex and degenerate problem. A small change in one of the parameters
describing grains' properties leads to a large di�erences in theoretical predictions
of opacity values (see, e.g., Draine & Lee 1984; Beckwith et al. 1990; Ossenkopf &
Henning 1994; Pollack et al. 1994; Zubko et al. 1996; Min et al. 2003; Kataoka et al.
2014; Birnstiel et al. 2018). Very often, when detailed modelling of dust emission
is not possible or feasible, it is a common practice to assume a dust opacity value.
Typically adopted values for 1.3 mm emission per dust mass unit range between� 1
and 2.3 cm2g� 1 (e.g., Ansdell et al. 2016; Tychoniec et al. 2018; van Terwisga et al.
2019; Miotello et al. 2023).

By assuming grain properties (e.g., Pollack et al. 1994; Testi et al. 2014), one can
estimate dust mass of the disk based on the measured emission. Hildebrand (1983)
as �rst proposed the way to convert the received �ux into dust mass. If the distance
to the source,d, is known, as well as some average dust temperature,Tdust , then
based on incident �ux F� at a frequency� the dust mass is (Hildebrand 1983):

M dust =
F� d2

B � (Tdust )
�

4
3

a
Qabs;�

� (1.4)

where the second part on the right hand site is related to the dust properties: radius
a (assuming spherical shape), density� , and absorption coe�cient Qabs;� . The latter
relates to the absorption mass opacity as:� abs;� = �a 2

m Qabs;� ; m is a mass of the dust
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particle. Substituting the term for Qabs;� into Eq. 1.4 we get:

M dust =
F� d2

B � (Tdust )� abs;�
(1.5)

This simple approximation allows to roughly estimate disk mass based on a single
measurement and is therefore very suitable for surveys targeting large number of disks.
However, this estimate is highly uncertain due to assumptions on dust temperature,
opacity, and optical depth.

Continuum observations also allow to estimate to what extent the dust grains are
placed around the star. Dust emission at di�erent wavelengths extend to di�erent
distances. De�ning the physical disk radius can therefore be challenging. It requires
constructing the disk surface density pro�le based on the multi-wavelength obser-
vations or knowledge of submm spectral index (Ricci et al. 2013). Modelling the
disk emission in the visibility plane gives the most precise disk parameters (also disk
mass and temperature pro�le, e.g., Isella et al. 2009; Ricci et al. 2014; Tazzari et al.
2016; Hendler et al. 2020) but might not be feasible in large samples of objects. It
is a common practice in the literature to model a surface brightness pro�le instead
(e.g., Guilloteau et al. 2011; Tripathi et al. 2017; Andrews et al. 2018; Sanchis et al.
2021). The disk radius is then de�ned as a radius within which a given percentage
of the �ux is contained. The most frequently used radius isR68% containing the
68% of disk emission. More sensitive observation allow, however, to take advantage
of deep integrations and use higher percentages,R95% or R98%, which raises much
larger radii and are perhaps better metrics of disk physical radii (Rosotti et al. 2019;
Sanchis et al. 2021; Ilee et al. 2022). Several studies found relation between submm
disk luminosity and disk radius, which might be understood as a correlation between
disk mass and disk size, however, di�erent studies provide di�erent scaling factors
indicating that other process, like disk evolution, stellar characteristics, might a�ect
observed relation (Tazzari et al. 2017; Tripathi et al. 2017; Andrews et al. 2018;
Zormpas et al. 2022).

First direct interferometric sub(mm) observations of protoplanetary disks o�ered
the angular resolution of a fraction of an arcsecond, e.g., Submillimeter Array
(SMA), Combined Array for Research in Millimeter-wave Astronomy (CARMA),
Caltech Submillimeter Observatory (CSO), Very Large Array (VLA), or Plateau de
Bure Interferometer (PdBI) replaced later by Northern Extended Millimeter Array
(NOEMA). Those instruments provided important step forward in our understand-
ing of protoplanetary disk properties allowing �rst imaging, dust and gas mass
estimates, constructing temperature pro�les and disk radial extends, and revealing
�rst dust structures (Andrews et al. 2009). The early surveys targeted both Class
II disks (Isella et al. 2009) and transition disks (Andrews et al. 2011). However,
the true breakthrough came with the iconic image of HL Tau (Fig. 1.4, ALMA
Partnership et al. 2015). Long-baseline, multi-wavelength Atacama Large Millime-
ter/submillimeter Array (ALMA) observations unveiled rings of dust and gaps as
narrow as 3.5 au. ALMA gave an improvement in angular resolution of a one order
of magnitude and since 2014 hundreds of disks have been observed with high angular
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Figure 1.4: Revolutionary image of HL Tauri with ALMA long-baseline campaign revealing for
the �rst time in au-scale substructures in protoplanetary disk, so called �WOW! image� 4. Image
credit: ALMA (NRAO/ESO/NAOJ) 5; published as part of the press release of the article by ALMA
Partnership et al. (2015).

resolution. The �rst ALMA survey DSHARP 2 showed that substructures are more
common in Class II sources than previously thought, while its recent continuator in
Class 0/I disks eDisk3 suggests that those features must form quickly in the transition
period between Class I and II since at earlier stages disks appear smooth (Ohashi
et al. 2023).

Substructures in form of rings, gaps, spirals, asymmetries, shadows, and crescents
were identi�ed in at least 20% of. disks (Bae et al. 2023). Observations suggest
that massive disks are more likely to have those substructures. Small, compact disks
seem to be smooth, but this behaviour might be an observational bias: most of those
objects are observed with low sensitivity and / or low angular resolution (e.g., Long
et al. 2019; van der Marel et al. 2021; van der Marel & Mulders 2021; Bae et al. 2023).
In some of the disks around very low-mass stars substructures were detected (e.g.,
Kurtovic et al. 2021). Since substructures might be signposts of the recently formed
or still forming planets, it is of a great importance to understand their formation
mechanisms and occurrence frequency. This requires statistically large surveys over
multiple regions with similar sensitivity and preferably at the same wavelength.

2https://almascience.eso.org/almadata/lp/DSHARP/
3http://group.asiaa.sinica.edu.tw/almaLP_edisk/index.php
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Table 1.1: Protoplanetary disk surveys in di�erent star-forming regions

region instrument references survey
Trapezium SMA Mann & Williams (2009)

Taurus-Auriga PdBI Ricci et al. (2010)

Taurus
SMA Andrews et al. (2013); Akeson & Jensen (2014)

CARMA Sheehan & Eisner (2017)
ALMA Long et al. (2019)

ONC ALMA Mann et al. (2014); Eisner et al. (2018)
NGC2024/Orion SMA Mann et al. (2015)

Perseus
VLA Tobin et al. (2015); Segura-Cox et al. (2016); Tychoniec et al. (2018) VANDAM

ALMA Yang et al. (2021) PEACHES
Lupus ALMA Ansdell et al. (2016, 2018); Lovell et al. (2021); Tazzari et al. (2021)

Upper Scorpius ALMA Barenfeld et al. (2016, 2017)
OMC ALMA Eisner et al. (2016); Otter et al. (2021)

Chameleon I ALMA Pascucci et al. (2016); Long et al. (2018)
� Orionis ALMA Ansdell et al. (2017)

IC 348/Perseus ALMA Ruíz-Rodríguez et al. (2018)
Corona Australis ALMA Cazzoletti et al. (2019)

Ophiuchus ALMA
Cieza et al. (2019); Williams et al. (2019) ODISEA

Testi et al. (2022)
OMC-2 VLA/ALMA Tobin et al. (2019, 2020) VANDAM

� Orionis ALMA Ansdell et al. (2020)
NGC2024/Orion ALMA van Terwisga et al. (2020); Haworth et al. (2021)

OMC-2/3 ALMA Bouvier et al. (2021) ORANGES
Lynds 1641 / OMC A ALMA Grant et al. (2021)

Orion A ALMA van Terwisga et al. (2022) SODA

Notes. Surveys are sorted by the year in which a given region was �rst observed. Observations

mainly targeted continuum emission but many of them also traced molecular emission.

The wealth of surveys and submm observations of protoplanetary disks set a foun-
dation of our understanding of those objects. Table 1.1 summarises submm inter-
ferometric surveys of several star-forming regions. Surveys of PPDs revealed weak
correlation with large scatter between disk and stellar mass (see e.g., Andrews et al.
2013; Manara et al. 2023). This correlation is valid not only for T Tauri stars,
but extends also to intermediate mass stars and Very Low Mass Stars (VLMS) /
Brown Dwarfs (BD) with the average ratio between disk and stellar mass of� 1%
(e.g., Mohanty et al. 2013; Testi et al. 2016; Kurtovic et al. 2021). The relatively
most massive disks have mass of� 10% of their host's mass and are expected to be
gravitationally unstable. In that case observed substructures might not be only due
to the presence of a planet. Measured dust masses of Class II disks appear to be
too low with respect to the observed exoplanetary systems. It is very likely that not
the whole dust mass is measured due to the lack of sensitivity, or that signi�cant
fraction of the mass is locked in large bodies � planetesimals or partially formed
planets. Tychoniec et al. (2020) showed that mean disk dust mass decrease with
evolutionary stage and that at Class 0 and I disks have comparable amount of solid
mass to the known at the time planets. Disk dust masses also seem to decrease on
average with the age of the SFR (see e.g., Fig. 5 in Manara et al. 2023). This is a
clear signpost of evolution of disk mass with time.

5Name chosen at the virtual conferenceFive years after HL Tau: a new era in planet formation
hosted by ESO in 2020.

5https://www.almaobservatory.org/en/press-releases/revolutionary-alma-image-rev
eals-planetary-genesis/#fn-6364-2
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Figure 1.5: Di�erent observables trace di�erent physical and chemical conditions in the disk.
Three-colour composite image of the V883 Orionis on the left consists of HDO (red), continuum
(green), and C17O (blue) emission. Image adopted from:https://www.eso.org/public/images/
eso2302b/. Credits: ALMA (ESO/NAOJ/NRAO), J. Tobin, B. Saxton (NRAO/AUI/NSF)

Dust particles contain the building material needed to form terrestrial planets and
cores of gaseous giants. However, a majority of the disk mass is in gas form (� 99%),
therefore evolution of the gas impacts the disk evolution at most. Gas in disks is
made mostly of hydrogen (atomic and molecular,� 70%) and helium (� 28%, Bae
et al. 2023). Heavier elements contain only 2% of the gas mass with CO, the most
frequently detected species in disks, being less abundant than H2 by a factor of
104 (France et al. 2014). Reasons why the most abundant species are not being
observed are related to the physical conditions in disks and quantum nature of those
species. Typical temperatures in the outer disk of� 20-40 K are too low to excite H2
molecule. Energy levels of H2 are highly separated, on top of that it has no stable
dipole moment and only weak quadrupole moment (Field et al. 1966). Similarly,
disk temperatures and densities are unfavorable for helium emission. Therefore,
to measure disk gas masses one needs to rely on other species that are much less
abundant, but still su�ciently bright that are easy to observe in disk conditions (e.g.,
Miotello et al. 2023; Öberg et al. 2023).

The most commonly detected molecule is12CO, the main gas-phase carbon carrier
in disks. CO is chemically stable with simple interstellar chemistry.12CO emission
is optically thick in most of the cases (Miotello et al. 2023). As that,12CO can be a
good temperature tracer. The main form of CO is also used to trace kinematics of
the disk: measure spatially resolved line velocities, deviation from Keplerian rotation,
disentangling di�erent emission layers, and investigating structures in the gas with
comparison to the dust structures (e.g., Pinte et al. 2023). Other CO isotopologues,
13CO, C18O, or 13C17O, are more optically thin and therefore more adequate for
estimates of column densities or disk masses. Disk gas masses are estimated also
based on HD (Bergin et al. 2013; Favre et al. 2013; Cleeves et al. 2015; Trapman
et al. 2017), CS, or N2H+ (Anderson et al. 2022; Trapman et al. 2022). However, this
emission is substantially fainter than from CO making observations time expensive.
Additionally, �uxes from ionised species depend also on the level of ionised radiation
and precise measurement would require additional estimate of ionisation level, e.g.
HCO+ (van 't Ho� et al. 2017; Anderson et al. 2022). Other frequently detected
molecules in submm observations consist of CN, HCN, DCN, HCO, C2H, H2CO,
N2H+ (see Öberg et al. 2023, and references therein).
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Gas observations give the unique opportunity to infer the vertical structure of the disk.
Spatially resolved line emission allows studying morphologies of channel maps (e.g., in
a pre-ALMA era: Chapillon et al. 2012). Additionally, very high resolution can reveal
butter�y-like patterns tracing upper and lower surfaces of the disk (e.g., MAPS6

survey, Öberg et al. 2021). Availability of several molecules and / or isotopologues
allow constructing temperature pro�le in not only radial, but also vertical direction
(e.g., Law et al. 2021a,b, see also Fig. 1.5). Temperature structure of the disk
a�ects dust dynamics � its migration and vertical settling, chemistry of the disk
� location of snowline surfaces for di�erent molecules and possibility of chemical
reactions. Chemical inventory and its distribution impacts then composition of
planetary embryos and primordial atmospheres.

Resolved emission line observations give the most comprehensive information about
protoplanetary disks. Recent years resulted in a large number of ALMA surveys
of molecular lines. However, drawing conclusions from the results is not trivial.
Interpretation of emission lines observations is highly linked with assumptions put
into the modelling (e.g., Woitke et al. 2009; Bruderer et al. 2012; Miotello et al. 2014;
Williams & Best 2014). Very complex models are computationally expensive while
too simpli�ed ones can lead to incorrect results. Observational surveys included
only close, often massive, disks (e.g., Miotello et al. 2017; van Terwisga et al. 2019;
Garu� et al. 2020b; Öberg et al. 2021). Deep, high-resolution observations are
highly time expensive what results in their rarity. Disk mass measurements revealed
some discrepancies. Mass estimates based on gas are di�erent than based on dust
suggesting lower than canonical gas-to-dust ratio of 100. Moreover, CO-based masses
seem to be too low when compared to other species. For instance, HD-based disk
masses are larger by up to two orders of magnitude (e.g., Bergin et al. 2013; Favre
et al. 2013; Cleeves et al. 2015; Trapman et al. 2017). Since the discrepancy is not
observed to the same extend in warmer disks of Herbig stars (Kama et al. 2020), it
has been proposed that carbon is depleted from gas because in cold regions of the
disk (midplane, outskirts), carbon and oxygen are locked up in ices and are therefore
unobservable in emission (Kama et al. 2016; Powell et al. 2022). Dependence of gas
carbon depletion on disk temperature has also been suported by [CI] measurements
(Sturm et al. 2022). The amount of carbon in disks with respect to the hydrogen is
also not well constrained.

Spectral line surveys targeting large number of PPDs are essential for deep under-
standing of chemistry in disks and its evolution. Many studies were already done,
but we are still lacking a proper statistics. Currently, there are few ALMA Large
Programs answering this need. The exoALMA program hunts for planet in 15 disks
with high angular resolution observations of few molecular lines. AGE-PRO7 will
homogeneously observe 30 disks spanning wide range of ages to constrain the evo-
lution of disk properties. The carbon depletion and metallicity will be a focus of
the the ALMA Disk-Exoplanet C/Onnection (DECO) program observing 80 disks
across four star forming regions, range of stellar and disk properties. Those observa-

6https://alma-maps.info/
7https://www.exoalma.com/



1.2 Birthplaces of planets: protoplanetary disks 17

Figure 1.6: Collection of VLT/SHPERE scattered light images of protoplanetary disks. Image
credits: ESO / Avenhaus et al. (2018) / Sissa et al. (2018) / DARTTS-S and SHINE collaborations8.

tions will be essential in expanding our understanding of PPDs as we will be able to
start building statistics in di�erent star forming region and start investigating how
di�erent environments impact disk chemistry.

1.2.1.2 IR and optical observations of protoplanetary disks

High spectral and spatial resolution observations in (sub)mm regime revealed an
extensive collection of substructures in protoplanetary disks. Those features are
not only produced by mm-size dust grains or cold molecular gas. High-contrast
and high-resolution imaging identi�ed complementarily rich family of features in
the stellar light scattered on small,� m-size grains. Figure 1.6 presents a gallery of
several PPDs observed in NIR.

8https://www.eso.org/public/news/eso1811/
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First images of disks were taken by Hubble Space Telescope (HST) and showed
proplyds and dark, dusty disks blocking bright nebular background in Orion (O'Dell
et al. 1993; O'Dell & Wen 1994; O'Dell & Wong 1996). First scattered light images
of disks were observed around binary systems (Roddier et al. 1996) or bright Herbig
stars. Grady et al. (1999) presented extended �nebulosity� around AB Aurigae seen
in optical HST image, while Fukagawa et al. (2004) investigated the same target in
H -band with CIAO at Subaru Telescope. First Adaptive Optics (AO) observations
of a disk with ESO/ADONIS targeted HD 100546 (Pantin et al. 2000), followed up by
the extensive, multi-instrument study (Grady et al. 2001). Other early scattered light
observations with HST consisted of HD 141569 (Weinberger et al. 1999; Mouillet et al.
2001; Clampin et al. 2003), TW Hydrae (Krist et al. 2000), or GG Tauri (McCabe
et al. 2002). Edge-on disk were also captured in scattered light, e.g., around PDS
144N with multi-instruments AO polarimetry (Perrin et al. 2006). Studies of single
objects were succeded by surveys. The Strategic Explorations of Exoplanets and
Disks with Subaru (SEEDS) project performed an imaging of a� 500 young stars
with wide range of masses and ages (Tamura 2009; Thalmann et al. 2009; Hashimoto
et al. 2012; Kusakabe et al. 2012; Akiyama et al. 2016; Tamura 2016; Uyama et al.
2017). Another campaign was conducted with VLT/NACO targeting few Herbig
Ae stars (Quanz et al. 2011, 2012, 2013b,a; Canovas et al. 2013; Garu� et al. 2014).
With VLT/SPHERE coming online new surveys became possible, e.g., Disks Around
T Tauri Stars with SPHERE (DARTTS-S, Avenhaus et al. 2018; Garu� et al. 2020a),
or Disk Evolution Study Through Imaging of Nearby Young Stars9 (DESTINYS,
e.g., Ginski et al. 2020, 2021). Similar program was run on Gemini Telescope �
Gemini-LIGHTS (Large Imaging with GPI Herbig/TTauri Survey, Laws et al. 2020;
Rich et al. 2022).

One of the most striking discoveries with imaging technique were detections of
protoplanets around famous PDS 70: �rst, in the polarimetric observations taken
by VLT/SPHERE (PDS 70 b, Keppler et al. 2018), and the second in the H� image
from VLT/MUSE tracing accretion onto both protoplanets (PDS 70 c, Ha�ert et al.
2019). Circumplanetary disks were later claimed around PDS 70 b based on NIR
spectrum (Christiaens et al. 2019) and PDS 70 c based on ALMA continuum emission
(Benisty et al. 2021). The �rst and only system with con�rmed protoplanets continues
being observed with multiple instruments at wide range of wavelengths. Other
protoplanetary candidates in protoplanetary disks are still waiting con�rmation of
their presence.

Imaging of protoplanetary disks in optical and IR wavelengths employs several
techniques that allow removal of a stellar signal from the image, e.g., by physically
blocking stellar light. All high-contrast imagers and some IFUs are now equipped
with coronagraphic mask. However, it limits our investigation to the extend of the
disk outside 0.1-0.1500from the center of the stellar image. Usually, coronagraphy is
combined with one of the post-processing techniques of di�erential imaging.

9https://www.christian-ginski.com/home/destinys
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In the Reference Di�erential Imaging (RDI) the signal of the stellar light in the
science image is removed using observations of a similar in properties and brightness
reference star. That requires assuming that the weather conditions and PSF are the
same. The residual image will contain only component from the disk or planet. This
technique is particularly applicable for space-based telescopes, since their PSF is
more stable than in ground-based telescopes, e.g., Grady et al. (1999, 2001), archival
HST project ALICE (Choquet et al. 2014), but also VLT/SPHERE observations
(Boccaletti et al. 2021; Wahhaj et al. 2021).

The most frequently used technique is Angular Di�erential Imaging (ADI). It uses
the �pupil-stabilised� mode which makes the instrumental PSF and the stellar image
in the center of the �eld stable. At the same time all o�-axis targets exhibit apparent
rotation enabling their clear identi�cation. The main problem of the technique is
the signal of the planet or disk can be suppressed if the rotation of the �eld is too
small, and that e�ect can particularly challenging for circumstellar disks (Milli et al.
2012; Perrot et al. 2016; Ginski et al. 2016; de Boer et al. 2016).

The Polarization Di�erential Imaging (PDI) technique (Kuhn et al. 2001) appears
to be particularly successful in imaging of circumstellar disks (Benisty et al. 2023).
When the light is scattered o� by dust grains, it is partially linearly polarised. The
degree of this polarisation depends on scattering angle. The light from the system is
split into two orthogonal polarisation directions and recorded simultaneously. The
central star exhibits only low level of polarisation and therefore will have a similar
image in both polarisations, while disk's image will di�er signi�cantly. PDI is
applicable to the wide range of instruments, e.g., UKIRT/IRPOL (e.g., Kuhn et al.
2001), VLT/NACO (e.g., Avenhaus et al. 2014b,a), Subaru/HiCIAO (e.g., Akiyama
et al. 2016), VLT/SPHERE (e.g., de Boer et al. 2020), Gemini/GPI (e.g., Laws et al.
2020). The technique is challenging to apply to disks with high inclinations, because
the assumption that disk polarisation is azimuthal might not hold (Canovas et al.
2015).

High contrast imaging instruments have currently IFU with low spectral resolution
(R . 100, Claudi et al. 2008; Larkin et al. 2014; Gro� et al. 2015) allowing application
of another technique, Spectral Di�erential Imaging (SDI). Stellar speckle halo scales
radially with wavelength, while images of continuum sources do not change. That
allows removing stellar light from images leaving the signal from the planet or
disk. Shortcomings of this technique are similar to ADI (mainly signal suppression),
although here, since images at all wavelengths are taken simultaneously, the change
of weather conditions or PSF are not a�ecting the observations. PDS 70 c was
discovered applying SDI to the VLT/MUSE observations (Ha�ert et al. 2019).

Recent launch of James Webb Space Telescope (JWST) opened new possibilities to
look at the PPDs in near and mid-IR. The MIR image of a debris disk of Formalhault
was presented by Gáspár et al. (2023), while Lawson et al. (2023) presented NIR
coronagraphy of a debris disk AU Mic. Many studies published so far focus on
spatially unresolved spectral investigations of MIR chemical inventories of inner
parts of protoplanetary disks. The JWST Observations of Young protoStars (JOYS)
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program investigates out�ows and disks around� 24 protostars in wide range of
masses (Beuther et al. 2023; van Dishoeck et al. 2023). The the MIRI INfrared
Disk Survey (MINDS) program targets more evolve sources,� 50 Class II Herbig Ae,
T Tauri, and very low mass stars (Kamp et al. 2023). Early results revealed rich
inventory of molecular species: H2, H2O, hydrocarbons: C2H2, C4H2, C6H6, CH4,
HCN, CO, CO2, OH, PAHs, and ice absorption bands (van Dishoeck et al. 2023;
Gasman et al. 2023; Tabone et al. 2023). Results of the program include also �rst
detection of 13CO2 in space (Grant et al. 2023) and water detection in the inner
part of the disk of PDS 70 (Perotti et al. 2023). Water emission in connection with
pebble drift was also target of the study of Banzatti et al. (2023). The PDRs4All
program extends the legacy of HST in longer wavelengths delivering stunning images
Photo-Dissociation Region (PDR) regions and Orion proplyds (Berné et al. 2022;
Habart et al. 2023).

Before JWST the access to far- and mid-IR was possible withHerschel Space Ob-
servatory (HSO). Herschel hosted on board FIR IFU instrument, Photodetector
Array Camera and Spectrometer (PACS). The angular resolution on PACS was not
enough to resolve PPDs, nevertheless, the programs GAS in Protoplanetary Sys-
tems (GASPS) and �Dust, Ice, and Gas In Time� (DIGIT) (together with Spectral
and Photometric Imaging Receiver (SPIRE)) brought important results. The latter
targeted 31 weak-line T Tauri stars and detected circumstellar disks around 15 of
them (Cieza et al. 2013). Program also included 30 Class 0/I protostars, which
exhibit rich water, OH, CO, [Oi ], and [Ci i ] emission yelling rotation temperatures
of � 200-400 K for all molecules but hot CO (> 1000 K Green et al. 2013). The
GAPS program observed� 250 YSOs focusing mainly on [Oi ] line at 63 � m (Dent
et al. 2013). Strength of this line was correlated with the disk dust mass estimated
form submm observations and its detections required a minimum mass of 10� 5 M � .
Presence of the line, interpreted as a tracer of a gas disk, was found to be also
correlated with the age of the system; there was no detection in associations older
than 20 Myr.

The �eld of direct imaging of disks in optical and IR is now undergoing a huge
development resulting in rapidly growing number of disks imaged (� 130, Benisty
et al. 2023). However, current facilities limit those studies to the relatively close
and bright systems. Disks detected in polarised light are around stars with spectral
type between K and A, roughly corresponding to the stellar masses of 0.4-10M �

(Benisty et al. 2023). The limitation on stellar brightness is imposed by the AO.
Planned upgrades of existing instruments and AO systems are expected to allow
studying disks around lower-mass stars (e.g., VLT/SPHERE+, Boccaletti et al. 2020;
Gemini/GPI2, Chilcote et al. 2020; Magellan Clay/MagAO-X Males et al. 2020).
Additionally, 30-meter class telescopes will o�er signi�cant improvement in spatial
resolution with IR AO imagers: ELT/MICADO, ELT/METIS, GMT/IRS, and
TMT/IRIS (Benisty et al. 2023).

Access to the very inner regions (. 1 au) of protoplanetary disks is possible with
optical and IR interferometry. Current facilities o�er baselines up to 350 m cor-
responding to the angular resolutionR � � 0/2B � 2-10 mas (and 0.25-1.5 au at
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distance of 150 pc, Millan-Gabet et al. 2007). At wavelength range of� 1 - 13 � m
they allow probing material with T � 300-1800 K. Among available arrays of tele-
scopes are Palomar Testbed Interferometer (PTI), Infrared-Optical Telescope Array
(IOTA), Infrared Spatial Interferometer (ISI), Keck Interferometer (KI), Center for
High Angular Resolution Astronomy interferometer (CHARA), and Very Large Tele-
scope Interferometer (VLTI) with MID-infrared Interferometric instrument (MIDI),
Astronomical Multiple BEam Recombiner (AMBER), PIONIER, GRAVITY, and
MATISSE. Most of them allow combining two telescopes at once, with only PI-
ONIER, GRAVITY, and MATISSE working on four telescopes at once. Due to
their complexity and sparse spatial sampling, interferometric observations require
modelling of visibilities in order to interpret observed emission. The most frequently
assumed model consists of stellar and ring component.

The �rst ever YSO to be observed with IR interferometry was FU Ori with PTI
(Malbet et al. 1998). Those observations con�rmed the youth of the object and
that it is surrounded by the outbursting circumstellar disk. Then, interferometric
observations targeted Herbig stars and found sizes of emitting regions in NIR of 0.6-
6 au (Millan-Gabet et al. 1999, 2001), larger than expected (Hillenbrand et al. 1992).
It was later established that NIR sizes trace dust sublimation radii and scale with
luminosity of the central object (including accretion luminosity), also applicable to
the T Tauri stars (Monnier & Millan-Gabet 2002; Muzerolle et al. 2003; Akeson et al.
2005a; Millan-Gabet et al. 2007; Dullemond & Monnier 2010). The corresponding
sublimation temperatures range between 1000 and 2000 K. The correlation exhibit
some scatter which can be explained by smaller (nano) dust grains (Monnier &
Millan-Gabet 2002; Kokoulina et al. 2021), uncertain SED decomposition (Eisner
et al. 2005), or evolution of disks and their dispersal (Akeson et al. 2005b). It was
also found, that the emitting area changes with wavelength being smaller at shorter
wavelength. This �nding pinpoints that the inner edge of the disk is not a sharp
rim (Eisner et al. 2007; Isella et al. 2008; Kraus et al. 2008; Tannirkulam et al. 2008;
Benisty et al. 2010). High spectral resolution interferometric observations (e.g., with
VLTI/AMBER) allow extending this study by the investigation of emitting regions
of emission lines. Emission of Br
 , popular accretion tracer in NIR, was found to
origin from the disk wind from area closer to the star than NIR continuum emission
(Caratti o Garatti et al. 2015; Garcia Lopez et al. 2015).

The MIR interferometric observations are sensitive to warm gas and dust with
T � 100K. The sizes of emitting regions around Herbig stars at those wavelength
are of the order of 10 au (Leinert et al. 2004; Millan-Gabet et al. 2007). Those sizes
appear to correlate with MIR colours from IRAS suggesting larger degree of �aring
of disks. MIR observations give also access to the measurements of dust species:
carbon-rich Polycyclic Aromatic Hydrocarbons (PAHs) and oxygen-rich amorphous
or crystaline silicates. With recent launch of JWST numerous silicate and ice species
has been reported, however this emission is not spatially resolved. Currently, only
interferometry is is able to access spatial information about MIR emission.
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1.2.2 Evolution of protoplanetary disks

Observations of protoplanetary disks revealed the wealth of their properties (Sec.
1.2.1), which are interpreted as signposts of disks evolution. One of the most impor-
tant aspects of disk evolution is the transport and removal of angular momentum
which manifestations are jets and out�ows. Evolution of PPDs is inseparable from
the evolution of the central star as indicated by the presence of accretion. Lastly,
physical and chemical processes happening in disks directly a�ect the planets forming
there. Understanding how disks evolve is then of high importance for understanding
the formation of Solar System. The most common and widely accepted models of
PPDs evolution are presented below.

1.2.2.1 Viscous evolution

The early scenario predicting evolution of the disk and considered since then as a
�classic model of disk evolution� is a Lynden-Bell & Pringle (1974) realisation of the
viscous model of Shakura & Sunyaev (1973). The latter is parameterised by the
dimensionless parameter� � (vt =cs)2. Using � the kinematic viscosity is� = �c sH ,
wherecs is a sound speed,vt is a turbulent velocity, and H is a disk scale height. In
this model viscosity is a main carrier of angular momentum and a main driver of
disk evolution.

The �self-similar� solution of disk evolution from Lynden-Bell & Pringle (1974)
assumes power-law disk exponentially truncated at the characteristic radiusRc.
In that framework evolution of disk global properties are also power-laws of time.
During the viscous evolution disk spreads out growing in radius but loosing its mass,
also mass accretion rate diminishes with time. It is possible to de�ne a typical
evolutionary disk timescale:

tdisk =
M d(t)

_M (t)
= 2(2 � 
 )( t + t � ) (1.6)

which depends on the slope
 de�ning the power-law relation between viscosity and
disk radius, the viscous timet � , which further depends on� . In the framework of
protoplanetary disks,� is expected to have values� 10� 3-10� 4 (Manara et al. 2023),
while observations yield wide range of values between� 10� 4 and 10� 1 (e.g., Hart-
mann et al. 1998; Ansdell et al. 2018; Rosotti 2023). Another important consequence
of self-similar solution is that for age of a the star + disk system signi�cantly larger
than viscous time the current mass accretion rate linearly depends on the current
disk mass and that relation is independent from viscosity and initial conditions (Hart-
mann et al. 1998). That correlation was proved observationally by Manara et al.
(2016) and later by Mulders et al. (2017).

1.2.2.2 Disk winds evolution

Alternative approach to the disk evolution o�er MHD winds scenario. In that context,
the angular momentum is not transported as in the viscous scenario but removed from
the disk by MHD winds (Blandford & Payne 1982). Winds are launched from the disk
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surface by the magnetic �eld creating an out�ow of the material. At large distances
from the disk surface those out�ows transform into collimated, perpendicular to
the disk, bipolar jets. Solving the evolution of disk properties requires some kind
of a parameterisation. A recent work of Tabone et al. (2022) proposed a simple
approach to the problem. They introduced analogous to the Shakura & Sunyaev
(1973) dimensionless parameter,� DW , which is a normalised wind torque in a way that
allows to de�ne a local accretion rate due to the MHD disk winds in a mirroring way
to the local accretion rate due to viscosity. As a consequence, the two mechanisms,
viscosity and MHD winds, can be directly compared and ratio of two accretion rates
scales with the ratio of the two dimensionless parameters:_M visc

acc / _M DW
acc ' � / � DW .

In the MHD disk wind scenario disk mass and mass accretion rate evolve exponentially
with time scaled by the accretion timescale, equivalent of the viscous timescale:
tacc = ( �=� DW )t � . Then, the disk evolutionary timescale is:

tdisk =
M d(t)

_M (t)
= 2tacc(1 + f M ) (1.7)

where f M is the global mass ejection to mass accretion ratio. This model of disk
evolution introduces few important changes with respect to the viscous scenario.
First, the initial conditions of disk parameters impact their evolution, speci�cally
the relation between disk mass and mass accretion rate. Secondly, disk radius
does not grow with time since angular momentum is not transported outwards to
the large radii. Thirdly, disk evolutionary timescale does not become longer as in
the viscous case, or in other words, the evolution of the disk does not slow down.
Recent population synthesis studies have shown that the MHD disk wind scenario
better reproduces spread in disk parameters observed in nearby star-forming regions
(Somigliana et al. 2023). However, further observational and theoretical investigation
is needed to fully understand mechanisms of disk evolution and explain observed
trends and their spreads.

1.2.2.3 Internal photoevaporation from the central star

There are also other processes that take part in dissipation of the disk. One that
is more important in later stages of disk evolution is photoevaporation from the
central star causing inside-out dispersal. Radiation from the star heats up the disk
atmosphere launching thermal winds if the gas temperature becomes higher than
the local escape temperature. In order for this process to be destructive, the mass
loss rate via photoevaporative winds must exceeds mass accretion rate onto the star
(Ercolano & Pascucci 2017). Accretion is very high at the youngest ages of the star
but decreases with the evolution, conditions for internal photoevaporation to kick
in appear only after few Myr around the Class II / III stage (Ercolano & Pascucci
2017).

To e�ectively heat up the disk upper layers the radiation needs to have high enough
energy. The most e�cient to heat up the gas disk are far-ultraviolet photons (FUV,
6 eV� E � 13.6eV) and soft X-rays (100eV� E � 2 keV). They have the largest
penetration paths,NH � 1020 - 1022 cm� 2, which exact values depend on properties
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and abundances of the small dust grains and PAHs (Hollenbach & Gorti 2009). The
extreme-ultraviolet (EUV, 13.6 eV� E � 100eV) radiation is fully absorbed within
the � 1017 cm� 2 (Hollenbach & Gorti 2009), so might be mostly relevant for the
most inner regions of disk (McKee & Ostriker 2007). Hard X-rays (E � 2 keV)
can penetrate very deep through the disk and therefore are not e�cient driving
photoevaporative winds from the most upper layers (Ercolano & Pascucci 2017).
Models predict mass loss rates around Sun-like stars of order 10� 10-10� 7 M � /yr
(Alexander et al. 2006; Gorti & Hollenbach 2009; Owen et al. 2012) in same cases
depending on the X-ray luminosity of the stars. Young, low-mass stars are strong
X-ray emitters but observations show a scatter of 2-3 orders of magnitude in X-ray
luminosities (e.g., Feigelson & Montmerle 1999) which then corresponds to the large
scatter of mass loss rates and high degeneracies in model predictions.

The transition disks (disks with large inner cavities) are understood as those whose
evolution is currently driven by the internal photoevaporation. However, models
combining viscous evolution with photoevaporation are able to explain only� 50%
of them (Ercolano & Pascucci 2017, and references therein). The others have too
high, inconsistent with predictions, accretion rates, suggesting that transition disks
might not be a simple evolutionary step between Class II disks and fully cleared
out ones but a group of heterogeneous objects with di�erent evolutionary histories.
Another evidence in favour of internal photoevaporation are disk winds seen in
spectroscopically resolved atomic forbidden emission lines (e.g., [Oi ] 5577,6300Å,
[Si i ] 4068,6731Å, [Nei i ] 12.8� m, Banzatti et al. 2019, Pascucci et al. 2023). However,
those winds are hard to distinguish from MHD case (discussed in previous section
1.2.2.2) (Ercolano & Pascucci 2017). Presence of photoevaporation and its properties
can impact orbital extends of giant planets (Ercolano & Rosotti 2015), enrich disk
midplane, and later atmospheres of giant planets, of refractory elements (Guillot &
Hueso 2006; Monga & Desch 2015), and can help explaining formation of Jupiter
and Saturn (Ali-Dib 2017).

1.2.2.4 Other processes

If protoplanetary disks are massive enough (M disk& 0.1M � ) they might be prone to
self-gravity (Kratter & Lodato 2016). Manifestations of it are some substructures
in the disk, especially spirals. They have been observed in scattered light images
(e.g., Grady et al. 2013; Benisty et al. 2015; Wagner et al. 2015; Stolker et al. 2016),
molecular emission at submm (e.g., Teague et al. 2018; Paneque-Carreño et al. 2021;
Veronesi et al. 2021), but also in thermal dust emission (e.g., Pérez et al. 2016; Dong
et al. 2018; Huang et al. 2018). Gravitational Instability (GI) in the form of spiral
arms can drive angular momentum transport (Lynden-Bell & Kalnajs 1972). It is
the most important consequence as together with angular momentum the accretion
of matter is driven onto the star. Also, GI can lead to disk fragmentation and further
to the formation of stellar, BD, or planetary companion (Adams et al. 1989; Boss
1997; Nayakshin 2010; Rice et al. 2015; Vigan et al. 2017; Forgan et al. 2018). Even
if the instability is not strong enough to brake the disk, the boosted concentrations
of dust particles in spiral arms create favorable conditions for dust grains to grow
and form planetesimals.
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The scenarios presented so far address only gas evolution in the disk. However, dust
as a main source of opacity in the disk and material for terrestrial planets and cores
of gaseous giants is an important ingredient of disk evolution. While dust grains
grow, they become less coupled to the gas and their evolution becomes independent
form the gas evolution. At the same time they settle toward the disk midplane
(Williams & Cieza 2011). The both processes were observed (Natta et al. 2004b;
Andrews & Williams 2005; Wilner et al. 2005; D'Alessio et al. 2006; Furlan et al.
2006; Olofsson et al. 2009; McClure et al. 2010; Ricci et al. 2010, and see Sec. 1.2.1)
and ideally should lead to the vertical distribution of dust grains. Turbulence present
in the disk however mix dust grains and blurred this ideal picture (Williams & Cieza
2011). Since the disk dust masses on average seem to decrease with cluster time
(Testi et al. 2022; Manara et al. 2023), they must be undergoing some evolution
possibly leading not only to the dust sublimation close to the stellar surface but also
planet formation.

1.2.2.5 Disk evolution and planet formation

Disk substructures, gaps, rings, spirals, arcs, shadows, seen in dust and gas, con-
tinuum and scattered light emission (see Sec. 1.2.1), can also be interpreted as the
signatures of presence of young planets. That indicates very tide connection between
disk evolution and planet formation. The protoplanets were found within the dust
gap (in the famous system PDS 70, Keppler et al. 2018; Ha�ert et al. 2019) as well
as inferred from gas kinematics (Pinte et al. 2018), what motivated several planet-
hunting campaigns, resulting so far only in planetary candidates (for the criteria for
a candidate to be con�rmed planet see Pinte et al. 2023).

Timescale of disk evolution sets the time required for planets to form, while disk
masses tell us how much material is available for planets. Constraining the two
parameters is uncertain as they depend on multiple factors, like characteristics of
their host star and environment in which they are formed. Multiple surveys of
PPDs found that Class II objects have lower dust mass content than observed in
exoplanetary systems. At the same time, stars do not seem to acquire a lot of
mass between Class 0/I and Class II stages (Dr¡»kowska et al. 2023, and references
therein). Among the others, the most popular explanation is that planet formation
must start early on and at the Class II stage dust is mostly locked into larger bodies,
like planetesimals or planetary embryos (Tychoniec et al. 2018). The process of
planet formation is thought to be highly ine�cient, with the ratio between total
available dust mass to the �nal mass of planetary system is <10% (Dr¡»kowska et al.
2023).

Dust evolution in disks is coupled with gas evolution. Interaction with the gas slows
down dust particles leading to their radial drift towards the central star. How strong
is this drift depends on grain sizes and leads to radial grain size segregation. If grains
drift inwards faster than they grow, it will be impossible to form planetesimals (so
called �radial drift barrier�, Dr¡»kowska et al. 2023). As dust aggregates grow,
they decouple from the gas particles and obtain larger relative velocities, what then
leads to collisions between particles. If the velocities are below certain threshold
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velocity (1 - 80 m/s depending on disk and grain parameters, e.g., Güttler et al.
2010; Yamamoto et al. 2014; Gundlach & Blum 2015), colliding particles will stick
to each others and grow. Above this velocity particles will bounce or fragment, the
latter being particularly problematic for larger grains (� cm-size) stopping them from
further growth. This limitation is called �fragmentation barrier�. Bouncing particles
are small, often still partially coupled to the gas, and their growth is stopped early
on due to the �bouncing barrier� (Dr¡»kowska et al. 2023).

In the Protostars and Planets VI review, Johansen et al. (2014) listed three possibili-
ties to overcome those three barriers and form planetesimals. If the colliding particles
have signi�cantly di�erent masses and collision velocity is very high (&10 m/s), then
only smaller particle will fragment leaving some of its parts on the larger body. That
would allow some particles grow beyond bouncing and fragmentation barrier, however
this growth was found to be too slow to also overcome radial drift barrier (Estrada
et al. 2016). Also porosity can help growing dust aggregates even at large velocities
due to their large cross-sections. This scenario have some limitations as icy grains,
considered as a main source of porosity, will not survive in the very young and hot disk
(Homma & Nakamoto 2018). In the third scenario, self-gravitating pebble clumps
can collapse if triggered by the streaming instability, directly leading to planetesimal
formation (Youdin & Goodman 2005). This idea is supported by the observations
of comets and trans-Neptunian binaries in the Solar System (Nesvorný et al. 2019).
Streaming instability leads to formation of large planetesimals (� 100 km, e.g., Simon
et al. 2016; Schäfer et al. 2017), but requires mm-size pebbles and local enhancement
of dust-to-gas ratio (to the value� 1 in the midplane, Carrera et al. 2015; Li &
Youdin 2021). This is why inferring observationally the location of molecular snow-
lines is important. Schoonenberg & Ormel (2017) and Dr¡»kowska & Alibert (2017)
shown, that the water snowline can support creating the pebble pile-up and further
burst of planetesimal formation. The icy, sticky pebbles outside the snowline are
moving inwards faster than dry and smaller particles inside the snowline inducing
a so called �tra�c jam� e�ect when icy aggregates would be stopped from moving
inwards and would therefore boost the concentration of pebbles.

The subsequent process of planet formation incorporates accreting solid material,
for cores of giant planets and to build the terrestrial ones, as well as gas, which will
become their atmospheres (�core accretion scenario�). Properties of those building
block (both dust and gas) determine properties of forming planets and planetary
systems. The number of giant planets within the system seem to correlate with
metallicity of the host star (Santos et al. 2004; Fischer & Valenti 2005; Fulton
et al. 2021). More metal-rich stars have more solids in their disks to build planets.
Chemical composition of planets depends on their initial location within the disk and
migration history � through how many snowlines they will pass attracting di�erent
molecules in gaseous form. Their �nal mass additionally depends on the speed
in which planet is moving inwards and e�ciency of accretion. Those processes
also vary with time accelerating with growing planetary mass. Additionally, any
instabilities within the disk will alter formation paths. The overall process of forming
the planetary system is incredibly complicated and dependent on many factors. E.g.,
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Figure 1.7: Circumplanetary disk around PDS 70 c revealed by high angular resolution ALMA
observations. Credit: ALMA (ESO/NAOJ/NRAO)/Benisty et al. (2021)

there is no model that would be able to fully reproduce formation of Solar System
in a comprehensive manner (see for overview of available models Dr¡»kowska et al.
2023).

An interesting aspect of planet formation studies which recently became popular is
a concept of circumplanetary disk (CPD). Forming planets are supposed to gather
material around themselves, similarly to the stars and PPDs, which might or might
not be disk-like. CPDs are thought to be places of moon(s) formation in a scaled
down version of a star and planets forming in its circumstellar disk. So far, there has
been only one detection of CPD with ALMA in the PDS 70 system around planet c
(Benisty et al. 2021, see Fig. 1.7), however, more of them could be observed in MIR
with future instrument METIS on Extremely Large Telescope (ELT) (Oberg et al.
2023).

1.2.3 Accretion

Young stars grow in mass due to accretion, a process in which material is transferred
from the accretion disk onto the star. This process is highly important because
it decides about future evolution of the star. Accretion is also a signpost of disk
evolution (Hartmann et al. 2016; Miotello et al. 2023). On the other hand, at the �rst
stages of evolution disk gains mass from the surrounding envelope and the remain
of the natal molecular cloud. Those stages are also important for stars, as they are
supposed to acquire most of the mass at Class 0 stage (McKee & Ostriker 2007, see
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also Sec. 1.1.1) and later on decrease their accretion activity. Below, I brie�y explain
the theoretical view on accretion mechanisms for Class II disks (Sec. 1.2.3.1) and
their observational tracers (Sec. 1.2.3.2).

1.2.3.1 Magnetospheric accretion

Material in the disk � gas and dust � is transported inwards by viscosity, turbulence, or
other mechanisms (see Sec. 1.2.2). In the vicinity of stellar surface the temperature
is very high, disk is heated to� 1000 K causing sublimation of the dust grains
(Hartmann et al. 2016). This dust destruction radius is called sublimation radius
and its value is of around 0.1 au. Dust in the inner edge of the disk heats up and
re-radiates absorbed energy in NIR. Magnetosphere of the central star truncates
disk at few stellar radii. The matter �ows onto stellar surface in accretion columns
following magnetic �eld lines and heated to the temperatures of� 8000 K. When the
accreting matter hits the stellar surface it gets heated to the temperatures of� 106 K
and radiates this thermal energy in X-rays (Hartmann et al. 2016). However, most of
this emission is absorbed and re-radiated in UV excess emission and several emission
lines. Excess emission is also observed in optical and IR in photospheric absorption
lines which appear shallower than in the MS stars. Sketch in Figure 1.8 illustrates
this process: matter travel inwards through the disk, at the truncation radius leaves
disk and follows lines of the stellar magnetic �eld to land on stellar surface heated
up to high temperatures (Hartmann et al. 2016). Part of the matter does not land
on the stellar surface but is ejected through disk winds or jets / out�ows. Ratio
between ejected and accreted material de�nes e�ectiveness of accretion and usually
is close to 0.1 (e.g., Nisini et al. 2018).

The accretion model described above requires stellar magnetic �elds strong enough
to break the disk before it reaches the stellar surface. Observationally it was shown
for low-mass T Tauri stars and brown dwarfs (Hartmann et al. 2016). More mas-
sive stars, Herbigs, have weaker magnetic �elds. Therefore, this view on accretion
mechanism might not apply to them. Since this thesis focuses on low-mass stars,
the alternative accretion scenarios will not be discuss further and from now on I will
assume magnetospheric accretion scenario as applicable to the topics discussed later
here.

1.2.3.2 Observational diagnostics

Accretion shock creates excess emission �lling in the photospheric absorption lines
and producing additional continuum emission in the UV, optical, and NIR range of
the spectrum. Veiling is usually expressed as a ratio between accretion continuum
�ux, Facc;� , and the photospheric emission,Fphot ;� , at the given wavelength (e.g.,
Fischer et al. 2011; Herczeg & Hillenbrand 2014; Manara et al. 2021):

r � = Facc;� =Fphot ;� (1.8)

The amount of the excess emission can be estimated in UV range, particularly the
Balmer jump, which in accreting stars can be higher by a factor of 1.5-3 or higher
(Hartmann et al. 2016). Modeling the accretion shocks causing this excess emission
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Figure 1.8: Illustration of the magnetospheric accretion onto the young low-mass star. Matter
travels inwards through the disk where at the truncation radius continues its journey along the
magnetic �eld lines to fall onto the stellar surface or becomes part of the disk wind or jet. When
the disk matter is getting closer to the central star it is heated to high temperatures and re-radiates
this energy as NIR excess (dust in the inner edge if the disk), X-ray (accretion shock heating
stellar surface), or UV excess with emission lines across electromagnetic spectrum (absorbed and
re-radiated X-ray emission). Excess emission from the accretion shock also appears in optical
and IR �lling in photospheric absorption lines in a phenomenon called veiling. Illustration credit:
Hartmann et al. (2016), reproduced with permission from Annual Reviews.

allows obtaining physical characterisation of material landing onto the stellar surface
(e.g., Calvet & Gullbring 1998; Lamzin 1998). Very often, good reproduction of
observed spectra requires including multiple accretion columns in the model with
di�erent densities, temperatures, and �lling factors (see e.g., a recent work of Pittman
et al. 2022). Excess emission (e.g., Bertout et al. 1988; Gullbring et al. 1998), as
well as the veiling (e.g., Basri & Batalha 1990; Hartigan et al. 1995; Stock et al.
2022), can be translated to the accretion luminosity, and if stellar parameters are
known, to mass accretion rates. UV excess emission can also be estimated based
on U-band photometry (e.g., Gullbring et al. 1998; Romaniello et al. 2004; Rigliaco
et al. 2011) as an extension of spectroscopic studies that is speci�cally �tted to the
large surveys.

UV excess emission is di�cult to measure in faint or highly extincted stars, like Class 0
YSOs or very low-mass stars. The way to overcome this obstacle is to use emission
lines as accretion tracers. Speci�cally, NIR lines are suitable for veiled objects as the
extinction is less uncertain at this spectral range. The empirical relations between
line �ux / luminosity and accretion luminosity / rate have been established based
on sources where measurements of the excess emission were possible (Muzerolle et al.
1998; White & Basri 2003; Natta et al. 2004a; Herczeg & Hillenbrand 2008; Alcalá
et al. 2017). This includes also using the width at 10% of the peak of H� as accretion
indicator.
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Emission lines identi�ed to scale with measured otherwise accretion consist of a wide
range of atomic transitions in optical and IR range of the spectrum. Among the most
frequently used lines are hydrogen (H� , H� , H
 , H� , Pa� , Pa
 , Pa� , Br
 ), helium
(at 5876, 6678, 7065, 10830 Å), oxygen (at 7776, 8446 Å), calcium II (K and H lines
at 3934, 3968 Å, IR triplet at 8498, 8542, 8662 Å), sodium (doublet at 5889.9 and
5895.9 Å); the list is not exclusive (see e.g., a recent work employing optical spectra
from X-Shooter of Alcalá et al. 2017). Relations are linear in the logarithmic scale
and are often expressed as:

log (Lacc) = a � logL line + b (1.9)

Similarly like the U-band photometry can be used to infer the UV excess emission,
emission lines, especially H� , can be replaced by the narrow-band �lters. The proce-
dure was de�ned for the HST observations of Magellanic Clouds (Romaniello 1998;
Panagia et al. 2000; Romaniello et al. 2004). The excess H� emission is determined
by comparison to the (quasi)R-band magnitudes indicating a photospheric pseudo-
continuum near H� line. Stars with excess emission are expected to have large
R-H� colour (>0.3 mag that corresponds to the equivalent width of H� of 8 Å for
HST �lters). Later studies developed also methods of deriving the excess emission
from H� narrow-band �lter using V and I -band magnitudes in absence ofR-band
photometry (De Marchi et al. 2010a; Beccari et al. 2010). The method is particularly
successful in studies of distant regions where spectroscopic surveys are limited due
to the observational cost and obtaining statistically sound results is challenging.

Magnetospheric accretion model is also supported by the soft X-ray emission observed
only from accreting stars (Hartmann et al. 2016). It likely originates from post-shock
region and is characterised by the electron densities higher than in the coronal gas
(ne = 1011 � 1012 cm� 3 in comparison tone . 1010 cm� 3) but by the somewhat lower
temperatures (T � 106 K and T � 107 K, respectively; e.g., Kastner et al. 2002;
Stelzer & Schmitt 2004; Hartmann et al. 2016). However, only a small fraction (few
percent) of the total accretion energy is emitted by X-rays (Herczeg & Hillenbrand
2008; Hartmann et al. 2016).

Once the accretion luminosity is estimated, the mass accretion rate,_M acc, can be
calculated when stellar parameters, radiusR� and massM � are also known:

_M acc = Lacc �
�

1 �
R�

Rin

� � 1 R�

GM �
(1.10)

whereRin is the inner-disk radius; typically Rin is assumed to equal 5R� (Gullbring
et al. 1998). Mass accretion rates have been measured towards many of young stars
across several star-forming regions. The obtained values range between� 10� 11 and
� 10� 6 M � yr � 1 (see the recent compilation of Manara et al. 2023, and references
therein). The natural expectation, supported by the viscous model, is that accretion
rates diminish with age for the same stellar mass. Observations in general show
this trend (Hartmann et al. 1998; Sicilia-Aguilar et al. 2010; Manara et al. 2012;
Antoniucci et al. 2014) but with large scatter and uncertain relation. The most
responsible for this uncertainty are stellar ages very imprecise at those early stages
of stellar evolution. Since ages and masses are usually estimated together, there
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Figure 1.9: Correlations between disk mass (x-axis), mass accretion rate (y-axis), and stellar mass
(colour-coded). Disk mass has been estimated from dust continuum emission and multiplied by the
gas-to-dust ratio of 100. Lower mass stars tend to have lower mass disks and lower mass accretion
rates, however there is a large spread in the correlations. Grey dashed line showsM disk / _M acc

= 1 Myr. Compilation of measurements in di�erent SFR (<300 pc) from Manara et al. (2023),
non-detections are not included in this �gure.

is a hidden age uncertainty in measurements of mass accretion rates (Hartmann
et al. 2016). Recent simulation work of Somigliana et al. (2023) shows that the clear
decrease of _M acc with time in viscous case is replaced by the large scatter in the
MHD wind evolution blurring the correlation.

Accretion rates are strongly correlated with stellar mass (see Fig. 1.9). The relation
is steeper then linear with the estimated slope between 1.5 and 3.1 with the most
frequently assumed proportionality of _M acc/ M 2

� (Hartmann et al. 2016, and refer-
ences therein). Relation exhibits large scatter,� 0.75 dex (Hartmann et al. 2016),
with spread in _M acc of 1-2 dex (Manara et al. 2023). The correlation holds not
only for T Tauri stars but also extends to VLMS and BD. However, it seems that
Herbig stars might exhibit steeper relation, especially when looking separately into
Herbig Be and Herbig Ae stars (Fairlamb et al. 2015; Hartmann et al. 2016). Steeper
relation in Herbigs than in CTTS was assigned to their younger age and possibly
more active accretion (Fairlamb et al. 2015).
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One of the predictions of the viscous theory is a linear relation in logarithmic scale
between mass accretion rate and disk mass (Hartmann et al. 1998; Dullemond et al.
2006). It was proved observationally in a homogeneous and convincing manner only
after ALMA became available by Manara et al. (2016). Correlation �rst seen in
Lupus was later con�rmed in Chameleon I (Mulders et al. 2017), Upper Scorpius
(Manara et al. 2020), and in the BD regime (Sanchis et al. 2020). The correlation
seem to follow the lineM disk / _M acc = 1 Myr with spread of � 1 dex (Manara et al.
2023). The spread is attributed to di�erent ages of the regions (Lodato et al. 2017),
signi�cant radial drift of disk dust that leads to apparent lower disk masses (Sellek
et al. 2020), internal photoevaporation (Rosotti et al. 2017), and other environmental
e�ects. The MHD wind scenario, on the other hand, does not predict correlation
between the two parameters, unless a speci�c initial conditions are chosen, but
reproduce observed scatter in the correlation very well (Somigliana et al. 2023).

Accretion by its very nature is not a static process and indeed young stars are known
to be variable. Although other processes contribute to that behavior (rotating stellar
spots, changing extinction), accretion is considered as a dominant factor (Fischer
et al. 2023). Accretion variability has a wide range of timescales, from few hours,
through weeks and months to years and decades and appears both in photometric
and spectroscopic observations (e.g., Hartmann et al. 2016; Fischer et al. 2023). The
process is highly irregular, connected to the amount of mass loaded from the disk onto
the star, and is thought to be stochastic. In close multiple systems the interaction
between di�erent components adds to the complexity. Short-time changes appear
on top of the long-scale variations. The shortest changes of hours - days, and at the
same time the most frequent, are of low amplitude, <1-2 mag, often accompanied
by the change of emission lines morphology (Fischer et al. 2023).

The most famous, and drastic, cases of accretion variability are FU Ori and EX Lup,
who gave the name to the classes of objects exhibiting similar behaviours. FUors
show great outbursts in optical range of order of several magnitudes that slowly and
steadily decay over tens of years or longer (Hartmann & Kenyon 1996; Hartmann
et al. 2016; Fischer et al. 2023). Outburst initiates rapid mass accretion (rate of 10� 5

- 10� 4 M � yr � 1) from the viscously heated disk dominating the spectrum. With such
high accretion rates the inner disk reaches midplane temperatures of&105 K making
it impossible for the disk to radiate away excess energy and causing the disk to break
through magnetospheric barrier reaching stellar surface close to equator (Fischer
et al. 2023, and references therein). Therefore, magnetospheric picture of accretion
is not applicable to those objects. Outbursts of EXors are much shorter, of order
of few months, with increase of optical brightness of 2.5-5 mag. Those outburst are
repetitive, the progenitor had several of them over past hundred years (Hartmann
et al. 2016, and references therein). In those states the accretion rates increases to
� 10� 7M � yr � 1, emission lines become brighter, some of which were in absorption
before, and optical spectrum become hightly veiled. In the quiesence state EXors
have spectra of CTTS. The mechanism behind the outburst is thought to be related
to instabilities of the inner disk when more material is being accumulated in the
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inner parts then accreting to the stellar surface (Hartmann et al. 2016). Increase
of emission line �uxes indicate the magnetospheric accretion, this class of objects is
therefore driven by di�erent mechanisms than FUors.

1.3 Environment: stars do not form in isolation

Most stars in the Galaxy form in clusters, associations, and groups, and most of
the star formation is happening in massive clusters (e.g., Miller & Scalo 1978; Lada
& Lada 2003). This suggests, that the picture of isolated star formation (Sec. 1.1)
might not be valid and that the environment within the cluster plays an important
role in the early evolution of the star and its planetary system. Moreover, there is a
strong evidence that the formation of the Solar System was a�ected by the presence
of massive stars in the parental cluster (e.g., Adams 2010). Below, I discuss what
kind of environmental e�ects can a�ect star formation and protoplanetary disks
evolution.

1.3.1 Feedback from massive stars

Massive clusters are dominant hosts of massive stars (� 8 M � ). Those stars evolve
much faster than they less massive counterparts. Therefore, when low-mass stars
are still in their infancy, massive stars will enter and leave the Main Sequence (MS).
Evolution of massive stars is accompanied by the energetic events (stellar winds,
strong ionising radiation, supernovae explosion) that can highly a�ect evolution of
other cluster members.

1.3.1.1 External photoevaporation

Strong radiation produced by OB stars is considered as a most impactful on a
global scale process that can alter protoplanetary disk evolution (Winter et al.
2018b). Those stars produce immense amount of extreme-ultraviolet (EUV) and
far-ultraviolet (FUV) photons which can ionise and heat outer parts of the disk,
and because of the weaker gravity experienced there by the disk material, deplete
the disk outside-in (Johnstone et al. 1998; Churchwell et al. 1987). This process is
called the external photoevaporation, in contrast to the one driven by the central
star and depleting the disk from inside-out (internal photoevaporation Clarke et al.
2001; Ercolano et al. 2008; Owen et al. 2010, 2012; Picogna et al. 2019; Sellek et al.
2022).

Observationally, the �rst evidence of disks undergoing externally-driven photoevap-
oration were �proplyds� irradiated protoplanetary disks, captured by HST in the
Orion Nebula Cluster (ONC) (O'Dell et al. 1993). Those objects have characteristic
elongated shape pointing against the direction towards the source of UV radiation,
OB star. Figure 1.10 illustrates a proplyd. An UV radiation heats the disk and
launches winds from the disk's surface. Removed material is hit by the forthcoming
radiation creating the ionisation front. Measuring the size of ionisation front (RIF )
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Figure 1.10: Sketch of an irradiated protoplanetary disk, proplyd. The disk is surrounded by the
cometary-shape cocoon. Tail of this cocoon points in the opposite direction to the source of UV
photons. Ionising radiation is depicted by the white arrows. Illustration Credit: NASA, ESA, and
A. Feild (STScI) 10.

allows estimations of mass loss rates from the disk due to the external radiation
( _M ext , Johnstone et al. 1998; Winter & Haworth 2022):
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where � is the number of ionising photons per second emitted by the source at
distanced responsible for setting the ionisation front (a massive star). This estimate
neglects any extinction between the massive star and the evaporating disk and gives
therefore only an upper limit. Measured mass loss rates in NGC 2024 and NGC 1977
are of order of� 10� 8 � 10� 7 M � yr � 1 (Haworth et al. 2021, 2022).

The initial discovery encouraged more observations employing HST and ground-
based instrumets in the ONC (e.g., Stau�er et al. 1994; Bally et al. 1998; Johnstone
et al. 1998; Ricci et al. 2008; Fang et al. 2016; Haworth et al. 2023), NGC 1977 (Kim
et al. 2016), NGC 2024 (Haworth et al. 2021),� Ori (Hodapp et al. 2009; Rigliaco

10https://hubblesite.org/contents/media/images/2001/13/1044-Image.html
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et al. 2009), M16 (Hester et al. 1996), NGC 3603 (Brandner et al. 2000), or Tri�d
Nebula (Yusef-Zadeh et al. 2005). The search of proplyds was conducted also in
more distant regions revealing existence of similar in shape objects, globules, but
signi�cantly larger and not necessarily hosting an YSO inside (e.g., Smith et al. 2003;
Gahm et al. 2007; Wright et al. 2012; Grenman & Gahm 2014; Reiter et al. 2019).

Proplyds can be studied across the electromagnetic spectrum. Ionisation fronts are
traced by many atomic emission lines in optical (e.g., H� Pa� , [Oi i i ], [Nei i ], [Ni i ];
Henney et al. 2002, Winter & Haworth 2022). Another collection of emission lines
can by applied to search of photodissociation. The most frequently used line is [OI ]
at 6300 Å, which when resolved into several velocity components can directly trace
disk wind. In case of phtooevaporation, the line is emitted after the photodissociation
of OH (Störzer & Hollenbach 1998; Bally et al. 1998; Ballabio et al. 2023). It was
proposed by Haworth & Owen (2020) that CI line can be used as a tracer also in cases
where the morphology of the proplyd cannot be inferred. However, con�rmation of
this hypothesis still needs to be done (Haworth et al. 2022).

Photoevaporation a�ects also dust content of the disk. By dominantly removal of
the gas, the dust-to-gas ratio is enhanced helping building planetesimals (Carrera
et al. 2017). Due to external photoevaporation small dust grains will be entrained in
the wind (Facchini et al. 2016), while dust remaining in the disk will be heated and
will exhibit a radial gradient in the grain sizes (Owen & Altaf 2021). The latter was
indeed inferred in one of the ONC disks (Miotello et al. 2012). Additionally, highly
irradiated disks are expected to be shrunken and less massive. The correlation of
disk mass with the distance to the main source of UV radiation was found in many
clusters (e.g., Mann & Williams 2010; Mann et al. 2014; Eisner et al. 2018; Ansdell
et al. 2017). The correlation with disk radius remains inconclusive, mostly due to
uncertainties of disk sizes and true 3D distances to the OB star. The fraction of
NIR excess stars, which traces inner parts of the disk, is lower in highly irradiated
environments than in quieter regions with the same age (e.g., Preibisch et al. 2011a;
Stolte et al. 2015; Guarcello et al. 2016).

External photoevaporation can have a profound e�ect on planet formation. Removal
of the mass decrease the amount of material available for planet formation. As a
result, formed planets might be lower in mass, or there might be fewer planets in
the system. At the beginning of protostellar evolution (for� 0.5 Myr), the star+disk
system is e�ectively protected by the natal cloud (Qiao et al. 2022). If planet
formation stars very early (Tychoniec et al. 2020), the seeds of future planets can be
already formed when the harsh irradiation reaches the disk. Altered might be only
their �nal mass or physical and chemical properties of their atmospheres. However,
a thorough investigation of planet formation in externally photoevaporated disks
versus in disks in low-mass star-forming regions in a framework of planet population
synthesis models still awaits a proper attention.
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1.3.1.2 Stellar winds

Winds of massive stars have the most prominent impact on their surrounding.
Through winds, they transfer mass, momentum, and energy to the Interstellar
Medium (ISM), and with that they close the cosmic cycle of the matter. Matter
given back to the ISM is enriched by chemical elements due to the nuclear processes
within the star. Carbon-rich Wolf-Rayet stars and late-type giants produce dust in
their winds which is an important ingredient for formation of the next generation of
stars (Lamers & Cassinelli 1999).

Stellar winds collide with the medium around producing expanding bubbles and
shells. Massive OB stars have mass loss rates of 10� 5 M � yr � 1 and loose around half
of its mass during MS evolution. For comparison, Sun looses mass due to winds in a
rate of � 10� 14 M � yr � 1, several orders of magnitude less (Maeder & Meynet 2012).
Velocity of this wind depends on the stellar mass and can be as high as 3000 km s� 1

for OB stars (Lamers & Cassinelli 1999). Stars loos less than 1% of their bolometric
luminosity, but that energy is enough to heat the the shock front caused by the
expanding wind to the temperatures of 107 K, much more than due to the radiation
�eld of the star within the bubble ( � 104 K, Lamers & Cassinelli 1999). The peak of
the mass loss rate through winds during the evolution of massive star depends on
their mass and occurs in the MS or post-MS phase and in terms of mass lost can be
comparable to the supernova event (Lamers & Cassinelli 1999).

1.3.1.3 Supernovae explosion

Stars more massive than 8M � end their lives in the supernova explosion. In that
event they throw out � 60% of their current mass at velocities of several 104 km s� 1

and energies of� 1051 erg (Tielens 2010). Large volumes of ejected matter contains
a hot and low-density gas penetrating and interacting with the surrounding medium
(McKee & Ostriker 1977). Shock wave from supernovae injects turbulence to the ISM
(Norman & Ferrara 1996), heats it to its hottest phase (� 106 K, McKee & Ostriker
1977), and maintain a pressure equilibrium acting against the dispersion of the cold
molecular clouds (McKee & Ostriker 1977; Norman & Ferrara 1996). The interactions
with the medium depends on its properties. In the low-density ISM supernova ejecta
will expand fast what may lead to distraction of nearby clouds. The transported and
transferred energy to the medium may cause evaporating �ows removing matter from
the clouds. The amount of removed matter depends on the location of the supernova
with respect to the cloud. If it is located inside the cloud, it can transfer up to a
half of the momentum to the cloud leading to the mass loss up to the half of the gas
mass (I�rig & Hennebelle 2015). Supernova explosion outside the molecular cloud
has signi�cantly smaller impact (a factor of 10 in delivered momentum). I�rig &
Hennebelle (2015) found, that supernovae might be particularly e�ective in removing
the intermediate density gas (10 cm� 3 � n � 100 cm� 3). Removal of signi�cant
portion of the gas from the molecular cloud a�ects signi�cantly its star formation
potential and is being considered as one of the reasons for low e�ciency of star
formation in the Galaxy.
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1.3.2 Close encounters

Dense stellar clusters create favourable conditions for dynamical close interactions
between two stars not gravitationally bound. The probability of this event increases
with stellar density and is enhanced at early cluster ages (Bate 2018; Andrews 2020).
Around 30% of Sun-like stars in an OB association is expected to encounter a �yby
at a distance of 100-1000 au within 2 Myr (Pfalzner 2013).

Passing star can strip away material from the circumstellar disk (e.g., Breslau et al.
2014). As a result, the disk will be less massive having lower capacities of forming
planetary systems (Clarke & Pringle 1993; Ostriker 1994; Heller 1995; Kobayashi &
Ida 2001; Adams 2010). How much of the material is removed depends strongly on
the geometry of the interaction (see e.g., Clarke & Pringle 1993). Denser clusters
(> 103:5 pc� 2) are expected to have on average less massive and smaller disks (de
Juan Ovelar et al. 2012; Rosotti et al. 2014; Winter et al. 2018a). Additionally, the
formation of some of the disk substructures can be triggered by the �yby encounters.
They can create spiral arms and tidal bridges (Cuello et al. 2019) or change the
inclination of the disk (Xiang-Gruess 2016). However, cluster density is supposed
to have a secondary role with respect to the ionising radiation from the massive
stars (see Sec. 1.3.1.1, Winter et al. 2018b). Also, close encounters are expected
to have smaller e�ect on protoplanetary disks than companions in multiple systems
(Andrews 2020, Sec., 1.3.4) or external photoevaporation (Sec. 1.3.1.1).

1.3.3 Metallicity

Observations of exoplanets show a strong correlation between the frequency of stars
hosting a planet and its metallicity (e.g., Santos et al. 2004; Valenti & Fischer 2008).
Assuming that the metallicity of the protoplanetary disks is the same as of the
hosting star, the trend puts a strong constraint on planet formation models. This
correlation is consistent with core-accretion scenarios of giant planet formation in
which planetary cores are built from dust grains, thus the ratio between of dust
and gas content can predetermine the e�ciency of the process. The general trend
is qualitatively reproduced by models (e.g., Ida & Lin 2004). At the same time,
the gravitational instability models of planet formation fails to explain the observed
trend but allows formation of giant planets even in low metallicity environments
(Boss 2002).

Similar exercise was performed targeting the inner disk regions traced by the NIR
excess. For example, Yasui et al. (2010) investigated few young clusters with low
metallicity ([O/H] � -0.7). They noticed a rapid decrease of disk fractions in< 1 Myr,
a time signi�cantly smaller than a typical disk lifetime of � 10 Myr. They suggested
a � 10Z dependence of disk lifetime on metallicity. Later observations of di�erent low-
metallicity star-forming regions report similar behaviour (e.g., Guarcello et al. 2021).
Shortened disk lifetimes are also supported by some models (e.g., Nakatani et al.
2018; Gehrig et al. 2023). However, observations of Magellanic Clouds found con-
tradicting evidences of longer and more prominent star formation in low metallicity
environments (e.g., De Marchi et al. 2010a, 2011, 2017). To resolve the discrepancy
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more dedicated studies are needed targeting other star-forming regions (like, e.g.,
CMa-`224, Sewiªo et al. 2019; Itrich et al. 2023a) or performing in depth analysis
combined with modelling including multiple physical processes in play that might
blur our interpretation.

1.3.4 Mulitplicity

Stars are born mostly in multiple systems (O�ner et al. 2023). The multiplicity
fractions depends highly on the mass of the primary companion. Most massive stars
(O-type) have multiplicity fraction of almost 100%, while for BDs it is <20%. On
top of that, in MS binaries close systems (separation <10 au) are more common
than wide ones (>100 au). In particular, BDs have almost no wide companions
(O�ner et al. 2023). Multiplicity changes also with time. Excess of companions
was found with imaging around T Tauri stars in near SFRs with respect to the
MS stars (Leinert et al. 1993; Reipurth & Zinnecker 1993; Ghez et al. 1997; Kraus
et al. 2011; Tokovinin & Briceño 2020), similarly to some spectroscopic surveys
(Jaehnig et al. 2017; Zúñiga-Fernández et al. 2021). Tobin et al. (2022) suggested
that Class 0 sources show the primordial multiplicity. The fraction of young wide
binaries is lower in the clusters with higher stellar density. E.g., in ONC there is a
de�cit of wide binaries (Scally et al. 1999; Köhler et al. 2006; Reipurth et al. 2007;
Duchêne et al. 2018; Jerabkova et al. 2019), while in Taurus and Chameleaon slight
excess was found (Leinert et al. 1993; Reipurth & Zinnecker 1993; Ghez et al. 1997;
Köhler & Leinert 1998; Connelley et al. 2008; Kraus et al. 2011; Joncour et al. 2017).
That suggests that close encounters can not only disrupt disks (Sec. 1.3.2) but also
multiple systems.

Separation between companions is important for their disks properties. Circumstellar
disks around wide systems have similar characteristics (mass and radius) like those
around single stars. However, close and intermediate multiple system host smaller
and less massive disks (Cieza et al. 2009; Cox et al. 2017; Akeson et al. 2019; Manara
et al. 2019; O�ner et al. 2023). This fact is of high importance as it indicates that
stars (initially) in tight system will not form giant planets nor systems with many
planets. Moe & Kratter (2021) estimated that the planet occurrence rate is the same
for 200 au separation binaries, down to 15% for 10 au system. Truncation of a disk
and reducing its mass content can result in very small, undetectable planets with
di�erent distribution of orbits than in planetary systems around single stars (Dupuy
et al. 2016).

Young binary stars can be surrounded by a circumbinary disk. Not many of them
are observed (Czekala et al. 2019) as could be expected from detected circumbinary
planets (Martin 2019; Kostov et al. 2020, 2021) and theoretical expectations of close
binaries solely impacting their common disk from inside. O�ner et al. (2023) suggest,
that given the completeness of ALMA observations in close-by SFR, circumbinary
disks are truly rare. The reason is not yet fully understood and presence of circumbi-
nary debris disks is only adding to this puzzle. On the other hand, circumbinary
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disks in higher order multiples can survive for a longer time due to the combination
of internal and external dynamical interaction which might slow down the viscous
evolution (O�ner et al. 2023, and references therein).

1.3.5 Streamers

Protostars, when emerging from parental molecular cloud, are actively interacting
with the surrounding medium. Number of detected �streamers� narrow structures
with coherent velocity funneling material to the star or disk, is growing (Pineda et al.
2023). Streamers are most frequently found around the youngest YSOs. Accreting
cloud material was found with ALMA in Class 0 objects (Le Gouellec et al. 2019) in
dust continuum polarisation, as well as in molecular gas (Cabedo et al. 2021; Murillo
et al. 2022; Thieme et al. 2022) and with NOEMA in molecular gas Pineda et al.
(2020). The infalling rates onto their disks were found� 10� 6M � yr � 1, comparable or
higher with their accretion rates onto the stars. Accretion streamer was found also
towards HL Tau (Yen et al. 2019; Garu� et al. 2022, see Fig. 1.4), as well as other
Class I sources (Segura-Cox et al. 2020; Valdivia-Mena et al. 2022). Infalling rates
were similarly found comparable to the accretion. Disks of Class II sources can also
be fueled with additional material from the late infall (Akiyama et al. 2019; Alves
et al. 2020; Garu� et al. 2022; Gupta et al. 2023).

Supply of the material at later evolutionary stages can signi�cantly alter physical and
chemical properties of disks, and consequently, forming there planets. It has been
suggested that late infalls can help solving mass-budget problem of protoplanetary
disks (e.g., Manara et al. 2018, see also Sec. 1.2.2.5). Similarly, supply of fresh
material could explain chemical diversity among meteorites (Nanne et al. 2019).
Infalling material can alter disk structure (e.g., Kuznetsova et al. 2022), torque the
disk (Thies et al. 2011; Ku�meier et al. 2021), and even cause FU Ori outbursts
(Dullemond et al. 2019). It is therefore highly important to study young objects with
context of their surroundings.
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1.4 This thesis
The question about the origin of the Solar System drives star and planet-formation
studies. Despite the e�ort, we still do not have a complete and global picture of how
stars form. Signi�cant progress has been made in the �eld thanks to the detailed
studies of nearby star-forming regions (Taurus, Lupus, ChamaeleonI , etc.). Those
studies, however crucial for our understanding, are missing one puzzle: the role of
environment. All star-forming regions in the solar neighbourhood are low-mass and
share similar conditions, like metallicity, crowding, overall mass, while most of the
star formation is happening in massive complexes. Additionally, there are evidences
that massive stars were present in the vicinity of the still forming Sun. These two
points motivate the work presented in this thesis: what is the role of the environment
in the formation and early evolution of stars and their disks?

The topic itself is very broad and requires exhausting investigation spanning a wide
range of conditions. Here, I only focus on a small aspect of the subject: the role
of external photoevaporation. It is expected that in regions with high level of UV
radiation, the evolution of the protoplanetary disks will be accelerated by removing
the disk material from outer parts. First evidences of external photoevaporation
were found in Orion Nebula Cluster in the form of proplyds - irradiated protoplan-
etary disks. Orion however, is not a representative environment for most of the
still forming stars. More harsh sites are located at larger distances (&1 kpc), are
often highly extincted and crowded, all of which hinders observations. With the
advent of highly sensitive instruments mounted on eight-meter class telescopes it
is possible to overcome those challenges and reach star formation beyond the solar
neighbourhood.

The thesis is structured as follows. Chapter 2 presents the Carina Nebula Complex
(CNC), a target of this study. Properties of this star-forming complex make it an ideal
laboratory to tackle the scienti�c question driving this investigation. The appropriate
instrumentation is described in Chapter 3. The Integral Field Unit spectroscopy (IFU)
technique is the most powerful one in spectroscopic studies of stellar clusters and
motivates the use of VLT/MUSE. Chapter includes the details of the observations
used here together with the data reduction. Analysis is presented in the Chapter
4 which focuses on stellar properties of Trumpler 14 members. Application of deep
observations allows spectroscopic characterisation of low-mass stars, �rst study of
this kind in the CNC. Collecting properties of individual stars gives the insight
into attributes of the whole cluster. Analysis of large datasets of stellar spectra
requires e�ective methodology. In Chapter 5 I present the alternative approach to
classi�cation of medium-resolution optical spectra of low-mass stars. Characteristics
of protoplanetary disks around those stars are acquired through accretion estimates
(Chapter 6). Their parameters are examined against the environmental conditions
in the Trumpler 14. Summary of the results, as well as suggestions for future
investigation, are depicted in Chapter 7.



Chapter

Carina Nebula Complex 2
The content of this chapter is partially based on Itrich et al. (2023b), Sec. 1. Here,
I brie�y introduce the studied region, Trumpler 14 in the Carina Nebula Complex.

2.1 Physical properties of the Carina Nebula

The Carina Nebula Complex (CNC) is one of the biggest sites of star formation and
one of the most massive Hi i regions in our Galaxy (see Fig. 2.1). It is located in the
plane of the Galactic Disk at a distance of 2.35 kpc from the Sun (Shull et al. 2021;
Göppl & Preibisch 2022), which makes it the closest analog of a typical environment
in which stars form. Most if not all the clusters within the CNC are located at similar
distances with very small distance dispersion of 1-2% (Smith 2006; Cantat-Gaudin
et al. 2018; Maíz Apellániz et al. 2020; Göppl & Preibisch 2022; Berlanas et al. 2023).
Low interstellar extinction towards the region (e.g., Walborn 1995; Hur et al. 2023)
makes it an even more suitable target for observational studies of massive clusters
in the optical wavelengths. However, it was noticed that the reddening law towards
the CNC is anomalous (RV = 4�5, e.g., Smith 2002) combined with the variable
intracluster extinction (by � 9 mag Tapia et al. 2003; Rowles & Froebrich 2009;
Preibisch et al. 2012). Additionally, the CNC is located close to the galactic plane,
what causes serious problems with contamination of the �eld stars (both foreground
and background).

The CNC contains more than 5� 104 stars (Povich et al. 2019) with a total mass
of � 37000M � (Preibisch et al. 2011a) immersed in a massive Hi i region. While
part of the CNC population is spread over a wide area characterised by a low stellar
density regime, most of the young stars are located in a number of star clusters,
with Trumpler (Tr) 14, 15, and 16 being the most massive ones. These clusters host
the greatest concentrations of O-type stars, which are expected to highly in�uence
the evolution of their low-mass neighbours. There are at least 74 O-type stars in
the CNC (Smith 2006; Berlanas et al. 2023), including some of the most massive
stars known: prototypical O2 (HD 93129A in Tr 14) and O3 (in Tr 14 and Tr 16)
stars, luminous blue variable� Carinae (in Tr 16), as well as several Wolf-Rayet
stars (Walborn 1973; Walborn et al. 2002; Smith 2006).

1https://www.eso.org/public/images/eso1208a/
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