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Zusammenfassung

Astronomen haben Tausende von Planeten jenseits unseres Sonnensystems entdeckt — Exoplan-
eten, die aulRerst vielfaltige Planetensysteme bevolkern. Um den Ursprung solcher Systeme zu
verstehen, wenden wir uns den protoplanetaren Scheiben zu, rotierenden Strukturen aus Gas
und Staub, die das Grundmaterial fir Planeten bereitstellen. Protoplanetare Scheiben entstehen
als Folge des Sternentstehungsprozesses und umgeben junge Sterne aufgrund der Erhaltung des
Drehimpulses in Form einer Scheibe. Mehrere Prozesse beein ussen, wie sich die Scheiben im
Laufe der Zeit entwickeln. Innerhalb des Systems kénnen energiereiche Photonen des Zentral-
sterns photoevaporative Winde antreiben, wahrend Magnetfelder, die die Scheibe durchziehen,
magnetohydrodynamische Winde auslosen kbnnen. Diese Mechanismen wurden in nahen Ster-
nentstehungsgebieten eingehend untersucht. Allerdings entstehen Scheiben selten isoliert. In
massereichen Sternhaufen erhitzen UV-Photonen von OB-Sternen das Gas in den &uf3eren Regio-
nen der Scheiben und fihren zu einem Abbau der Scheibe von auf3en nach innen. Dieser extern
photoevaporative Wind beein usst Gro3e, Masse und Lebensdauer protoplanetarer Scheiben. In-
zwischen gilt es als wahrscheinlich, dass die meisten Sterne in Haufen entstehen, und Hinweise
deuten darauf hin, dass auch die Sonne in einer solchen Umgebung geboren wurde. Externe
Photoevaporation ist daher eine Schliisselingredienz in Modellen der Planetenentstehung.

Bis vor Kurzem wurden dieselben Beobachtungsdiagnostiken verwendet, um sowohl in-
tern als auch extern angetriebene photoevaporative Winde zu untersuchen. In dieser Arbeit
beabsichtige ich, die beiden Typen von Winden zu unterscheiden, indem ich hochinformative
und neuartige Beobachtungen von extern bestrahlten Scheiben, sogenannten Proplyds, im Ori-
onnebelhaufen (ONC) analysiere — dem nachstgelegenen Sternhaufen mit massereichen Ster-
nen. Proplyds werden zwar bereits seit den 1990er-Jahren untersucht, doch die Integral-Feld-
Spektroskopie bringt etwas Neues: Informationen tber ein Zielobjekt werden nicht nur in einem
Band oder bei einer Wellenlange gesammelt (wie es bei Bildgebung oder einfacher Spektroskopie
der Fall ist), sondern tiber ein gesamtes Wellenlangenspektrum hinweg.

Basierend auf Daten des MUSE-Integral-Feld-Spektrographen mit adaptiver Optik prasen-
tiere ich die Morphologie der Proplyds im optischen Bereich, wobei eine Vielzahl von Elementen
und deren lonisationszustanden abgedeckt wird. Zunachst habe ich die Radien der lonisations-
fronten gemessen und gezeigt, wie die Schichten des ionisierten Sagegstchichtet sind.

Auch Obergrenzen fur die Massenverlustraten wurden abgeleitet, die mit bisherigen Beobach-
tungsschatzungen ubereinstimmen. Anschlie3end stellte ich die verbotene Linie des neutralen
Kohlensto s [Ci],8727 A als diagnostisches Mittel fiir externe Photoevaporation vor. Erstmals
wurde ihre r&umliche Verteilung mit [@-Linien und ALMA-Kontinuumemission verglichen,

wobei sich zeigte, dass die [[FEmission mit der Scheibe kospatiell ist. Das Fehlen der Kohlen-

sto inie in isolierten Scheiben, im Gegensatz zur allgegenwartigen Detektion dleLif@en,

stutzt ihre Rolle als deutlicher Indikator fur extern angetriebene Winde. Schliel3lich erweit-
erte ich die Analyse auf hau g beobachtete verbotene Linienverhaltnisse und wandte dabei eine
verfeinerte Methode der Hintergrundsubtraktion an. Unter diesen erwies sich d#$JMN-
Verhaltnis als besonders robuster diagnostischer Indikator fir externe Photoevaporation. Wahrend
MUSE allgemeine Einschrankungen zur Temperatur und Elektronendichte der Proplyds erméglicht,
ware ein breiteres Wellenlangenspektrum im kirzeren Bereich noch aufschlussreicher.

Insgesamt etablieren diese Ergebnisse neue Tracer, die eindeutig fur externe Photoevapora-
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Zusammenfassung

tion stehen. Die vorgestellten Beobachtungen liefern Referenzwerte fur bestehende Modelle und
treiben zugleich die Entwicklung neuer Modelle voran, die externe Winde und deren Signaturen
in die Scheibenevolution einbeziehen. Die Etablierung dieser Diagnostiken im ONC legt das
Fundament fur zukinftige Studien in massereicheren und weiter entfernten Haufen, in denen
Scheibenmorphologien nicht raumlich aufgelést werden kénnen und in denen externe Photoe-
vaporation voraussichtlich eine zentrale Rolle spielt.
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Abstract

Astronomers have discovered thousands of planets beyond our solar system—exoplanets, which
populate planetary systems of great diversity. To understand the origin of such systems, we look
to protoplanetary disks, rotating structures of gas and dust that provide the foundational mate-
rial for planets. Protoplanetary disks emerge as a consequence of the star formation process,
surrounding young stars in the shape of a disk due to angular momentum conservation. Several
processes in uence how the disks evolve in time.

Internally to the system, high-energy photons from the central star can drive photoevaporative
winds, while magnetic elds threading the disk can launch magneto-hydrodynamic winds. These
mechanisms have been studied thoroughly in nearby star-forming regions. However, disks rarely
form in isolation. In massive star clusters, UV photons from OB-type stars heat the gas of the
disk outer regions, depleting the disk outside-in. This externally photoevaporative wind in u-
ences the size, mass, and lifetime of protoplanetary discs. It is now considered that most stars
form in clusters, and evidence points this also as the birth environment of the Sun. External
photoevaporation is therefore a key ingredient in planet formation models.

Until recently, the same observational diagnostics have been used for studying both internally
and externally driven photoevaporative winds. The aim of this thesis is to disentangle the two
types of winds by analyzing highly informative and novel observations of externally irradiated
disks known as proplyds in the Orion Nebula Cluster (ONC), the closest cluster with massive
stars. Whereas proplyds have been studied since the 1990s, integral eld spectroscopy intro-
duces novelty: information about a target is not gathered in one band or wavelength (as is the
case with imaging and spectroscopy alone), but across an entire wavelength range.

Based on data from the MUSE adaptive optics-enabled integral eld spectrograph, this thesis
presents the morphology of proplyds in the optical, covering a variety of elements and their
ionization states. First, the ionization front radii were measured, and the strati cation of the
ionized oxygen layers was demonstrated. The upper limits of mass-loss rates were also derived,
consistent with previous observational estimates. Secondly, the forbidden line of neutral carbon
[Ci]8727 A was presented as a diagnostic of external photoevaporation. For the rst time, its
spatial distribution was compared with [Dines and ALMA continuum emission, showing that

the [Ci] emission is co-spatial with the disk. The absence of the carbon line in isolated disks,
in contrast with the ubiquitous detection of {Jdines, supports its role as a tell-tale tracer of
externally driven winds. Finally, the analysis was extended to commonly observed forbidden-
line ratios, using a re ned background-subtraction method. Among these, ting[§\i] ratio
emerged as a particularly robust diagnostic of external photoevaporation. While MUSE allows
to put general constraints on the temperature and electron density of proplyds, a wider range in
shorter wavelengths would be more informative.

Together, these results establish new tracers uniquely for external photoevaporation. The pre-
sented observations provide benchmarks for existing models, and also drive the development of
new models that incorporate external winds and its signatures into disk evolution. Establishing
these diagnostics in the ONC sets the foundation for future studies in more massive and distant
clusters, where disk morphologies cannot be spatially resolved, and where external photoevapo-
ration is expected to play a central role.
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Kokkuvote

Astronoomid on avastanud tuhandeid eksoplaneete ehk planeete, mis tiirlevad muude tahtede
Umber kui Paike. Tuvastatud eksoplaneedid kuuluvad Paikeseslsteemiga vorreldes vaga er-
inevatesse susteemidesse: neid on ainult Maa-tltpi planeetidega koosseisust kuni sellisteni, kus
on gaasihiiud, mis tiirlevad oma ematahele ekstreemselt lahedal. Selliste siisteemide algupara
aitavad selgitada vaatlused protoplanetaarsetest ketastest, mis on planeetide tekkekohad. Need
on gaasist ja kosmilisest tolmust koosnevad struktuurid, mis Umbritsevad noori téhti. Mitmed
protsessid mojutavad seda, kuidas kettad arenevad ja kuidas nende materjal jaotub ning neid
Umbritsevasse keskkonda hajub.

Planeeditekke-ketta keskel olev noor tdht mdjutab ketast seest valjaspoole, kuumutades os-
akesi, kuni nad ketta pealmistest kihtidest voona vabanevad. Samuti vdivad ketast labivad mag-
netvéljad kaivitada magnetohtdrodinaamilisi vooge. Neid protsesse on pdhjalikult uuritud Paike-
sesusteemile kbige lahemal asuvates, molekulipilvedest tahetekkepiirkondades, kus ei leidu mas-
siivseid tahti. Ent uued tdhed ja nende kettad ei teki kbige tlulpilisemalt sellistes tingimustes, vaid
tdheparvedes. Viimastes kuumutavad O- ja B-tuipi tahed ketta valimisi kihte sisteemivéliselt,
tekitades materjali arakandumist véljast sissepoole: seda nimetatakse fotoaurustumiseks. Mas
siivselt téahelt l1ahtuv ultraviolett- ehk UV-kiirgus mdjutab jatkuvalt kettast drakanduvat gaasi,
tekitades ketta Umber komeedisarnase kujuga pilve. Kirjeldatud stisteeme nimetatakse inglise
keeles terminiga “proplyd” ehk propliit. Fotoaurustumise protsess kahandab ketta suurust, massi
ja eluiga. Praegu peetakse tdenaoliseks, et enamik téahti tekib kdrge UV-kiirgusega keskkondades,
ning uuringud viitavad, et sellistes tingimustes tekkis tdenaoliselt ka Paike. Seega on siusteemi
valise tahe poolt tekkiv fotoaurustumine oluline koostisosa planeeditekke mudelites.

Kuni hiljutise ajani kasutati samu kiirgusjooni nii ematéhe kui ka vélise tahe poolt tekitatud
fotoaurustumise uurimiseks. Antud doktoritod eesmark on neid kahte protsessi eraldada, analtit-
sides uusi informatiivseid vaatlusi planeeditekke-ketastest Orioni udukogus, mis on meile I&him
massiivsete tahtedega parv. Kuigi sealseid slisteeme on uuritud juba 1990. aastatest, pakub
kéaesolevas to6s kasutatud integraalvalja spektroskoopia midagi uut: teavet ei koguta tksikutes
kitsastes lainepikkuse vahemikes (nagu ainuiksi pildistamise voi spektroskoopia puhul), vaid
ule laia lainepikkuste vahemiku. Seeldbi on vdimalik eraldada lainepikkusi, millele vastavad
propliitide eri osad nagu ionisatsioonifront, ketas ja gaasipilv.

Antud t66s esitlen MUSE adaptiivoptikaga varustatud integraalvélja spektrograa andmete
pdhjal Orioni propliitide morfoloogiat nédhtavas valguses, mis hdlmab mitmesuguseid elemente ja
nende ionisatsioonitasemeid. Esiteks mdotsin ionisatsioonifrontide raadiused ja naitasin, kuidas
ioniseeritud hapnik on kihistunud vastavalt ionisatsioonitasemele. Samuti tuletasin massikao
Ulempiirid, mis on koosk®las varasemate vaatluslike hinnangutega. Teiseks esitlesin neutraalse
susiniku keelatud joont [@ 8727 A kui vélise fotoaurustumise tunnusliku marki. T66s vorrel-
dakse esmakordselt selle joone ruumilist jaotusi j@onte ja ALMA vaatluste vahel, naidates,
et [Ci] kiirgus kattub ketta asukohaga. Susinikujoone puudumine ketastes, mis ei asu massiivsete
tdhtedega piirkondades toetab selle joone rolli vélise fotoaurustumise tuvastamises. Viimasena
laiendasin analtitisi sagedasti kasutatavatele keelatud joonte intensiivsussuhetele, rakendades tap-
sustatud taustkiirguse eraldamise meetodit. Nende seas osuiysgN suhe taiendavaks valise
fotoevaporatsiooni tunnusmargiks. Kuigi MUSE vdimaldab seada uldisi piiranguid propliitide
temperatuurile ja elektronitihedusele, oleks laiema katvusega lihemates lainepikkustes saadav

XXi



Kokkuvote

teave veelgi vaartuslikum.

Kokkuvéttes tagavad need tulemused uued tunnuslikud mérgid sellest, et véline fotoaurustu-
mine leiab aset, vimaldades seda eraldada protsessist ketta sisemises osas.

Esitatud vaatlused pakuvad olemasolevatele mudelitele suuniseid ning suunavad ka uute mudelite
arendamist, mis hélmavad valiseid tuuli ja nende mdju planeeditekke-ketaste arengus. Nende di-
agnostikate kinnistamine Orioni udukogus loob aluse tulevastele uuringutele massiivsemates ja
kaugemates tdheparvedes, kus propliitide struktuuri ei ole vdimalik ruumiliselt lahutada ja kus
valine fotoaurustumine méangib eeldatavasti keskset rolli.
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Introduction

A beloved quote among astronomy enthusiasts asks us to pause and re ect on an image of the
Earth from space, taken by the Voyager 1 spacecraft before venturing out of the Solar System:
“Look again at that dot. That's here. That's home. That's us'the context of this thesis, let us

turn to the Orion Nebula, visible south from the Orion's Belt. Look again at that dot. That's not
here. That's not us—but it could have been what our origin story looked like.

Figure 1.1: Above: Earth seen from beyond the orbit of Neptune4@tau, on 14 February
1990. Credit: NASAIPL-Caltech. Below: The constellation of Orion with the Orion Nebula
Cluster, and newly forming planetary systems marked. Background:/EtokkGetty. Inset:
NASA, ESA, M. Robberto (STSHESA), HST Orion Treasury Project Team and L. Ricci (ESO)

Pale Blue Dot Carl Sagan



1. Introduction

The images above illustrate how astronomy and space exploration inform us in two comple-
mentary ways. By investigating celestial objects, we can address fundamental questions such as
how stars and planets form. At the same time, these studies help us understand the origin of our
own home planet and its place in the Universe.

The existence of other planets within the Solar System was established centuries ago. The
earliest hints of planets came from their movement, which is encapsulated in thelaoed
itself. In ancient Greekasteres plaatai, "wandering stars" referred to the few stars that moved
di erently across the night sky compared to the " xed" stars. Over time, naked-eye observations
turned into detailed analyses with increasingly powerful tools, from early telescopes to the ad-
dition of spectroscopy, and eventually to space-based observatories. With these advances, the
orbital arrangement and compositions of the planets became known: rocky planets orbit close to
the Sun, while gas and ice giants reside much farther out.

In the 1990s, our understanding about planets expanded beyond the Solar System. Wolszczan &
Frail (1992) discovered a pair of rocky planets orbiting around a star other than the Sun—exoplanets.
Whereas the pair orbited a rapidly spinning pulséite rst known exoplanet to orbit around a

star like our own was discovered shortly afterwards (Mayor & Queloz 1995). Since then, the
detection of nearly 6,000 exoplanets has been con rmed as of 2025, and the detections continue
to grow rapidly.

The upsurge of detections is tied to dedicated surveys with aatie method in which exoplan-

ets transit their host stars, i.e. pass directly between us as observers and the host star, periodically
dimming the host star's observable brightness. These numerous discoveries revealed an impres-
sive diversity of planetary systems. In sharp contrast to the Solar System, astronomers found
many Jupiter-type exoplanets orbiting extremely close to their stars. To this day, these ndings
challenge the theories of planet formation, traditionally built on the basis of the Solar System.

To understand the planet formation process and its diverse outcomes, we need to turn to pro-
toplanetary disks, the birthplaces of planets. These disks are composed of gas (mostly hydrogen
and helium) and dust grains, and arise during star formation: the material remaining from the
formation of a protostar settles into orbit and attens into a rotating disk. The star and planet
formation processes are therefore closely connected.

Although some stars and planets form in isolation, most new stars form in clusters, i.e., stellar
groupings, where other, massive stars emit powerful (ultraviolet) light. The light of the massive
star is energetic enough to erode the protoplanetary disks in a process called external photoe-
vaporation. This way, some of the material available for the planets is removed from the disk,
therefore in uencing how and where planets can form.

The rst direct observations of protoplanetary disks were made in the early 1990s in a setting
just like that: the Orion Nebula Cluster (ONC). The Hubble Space Telescope (HST) observa-
tions showed objects nearby the most massive star of the cluster, and revealed their nature: disks
surrounded by a cloud of ionized gas, often with a droplet- or comet-like shape. These objects
became known gsroplydsfor "PROtoPLanetarY DiskS".

This thesis draws on a new development in the study of proplyds: integral eld spectroscopy.

2Pulsars are extremely dense remnants of stars that emit radio waves at regular intervals.
3See the Exoplanet Archive for the latest count: hitpgoplanetarchive.ipac.caltech.édu
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1.1 Protoplanetary disks and their lifetime

In this chapter, | summarize the key concepts relevant to this work, and describe the role of
this thesis in the context of external photoevaporation studies, and star and planet formation in
general.

1.1 Protoplanetary disks and their lifetime

Protoplanetary disks, composed of gas and dust, emerge as a result of the star formation pro-

cess and surround young stars in the shape of a disk due to angular momentum conservation.

In the early observations, disks were not spatially resolved: their presence was inferred by in-

vestigating the spectral energy distribution (SED) of embedded young stellar objects in the in-

frared (Lada 1987). In particular, the observed SEDs became quanti ed by their spectral indices
=dlog( F )=dlog( ) intheinfrared ( 2 25 m). The di erenttypes of SEDs led the way to

divide star and planet formation into four simpli ed classes, which begin with a protostar form-

ing through the gravitational collapse of a prestellar core in a massive 81> M ) and

cold (Tgqas 10—40K) molecular cloud. The classes and their corresponding SEDs are illustrated

in Figure 1.2.

N

Class 0. When a protostar has newly formed, it is embedded inside an envelope, which can
be observed at sub-mm wavelengths. We can deduce the presence of the protostar itself
only indirectly via jets and out ows that arise as a consequence of the material accreting
onto the star from the parental envelope.

Class I. As the material from the envelope continues to accrete onto the protostar, the
optical depth of the envelope decreases. An infrared excess with respect to the black-body
spectrum (expected from the stellareetive temperature) can be observed due to the gas
and dust in the disk and envelope. Although the dust is expected to make up only 1% of
the circumstellar material, it is the main contributor to the infrared emission.

Class II. Once the envelope is dissipated, the emission of the central star can be observed
at optical wavelengths, and the presence of a protoplanetary disk can be inferred via an
infrared excess (which is smaller than at Class I).

Class lll. At this stage, the protoplanetary disk has dissipated and planets have formed.
The SED shape becomes dominated by the emission from the photosphere of the pre-main
sequence star.

In addition, inter-Class objects, transition disks, became known through the observation of a
dip in some SEDs. These objects were initially suggested to be a transitional stage between the
Class Il and Il stages (e.g., Skrutskie et al. 1990; Calvet et al. 2002), but subsequent observations
proved them to be more nuanced (reviewed by van der Marel 2023).



1. Introduction

Figure 1.2: Classi cation scheme of young stars and the corresponding SEDs. lllustrations are
not to scale. Credit: S. Brophy Lee, adapted from André (2002) and Persson (2014).



1.1 Protoplanetary disks and their lifetime

Traditionally, the Classes were tied to ages: e.g., Class 0 objects were assumed to be younger
than 0.1 Myr, and Class | between 0.1 and 0.5 Myr (building on works of e.g., Greene et al.
1994; Evans et al. 2009), and Class Il between 0.5 and 5 Myr (e.g., Mamajek et al. 2009). While
these timescales provide a convenient framework, mapping the Classes 0-Ill onto an evolution-
ary timeline has turned out to be more complex.

Firstly, the substructures within the disk, such as cavities, are not necessarily exhibited in the
SED. High-resolution observations revealed rings, gaps and other substructures already in Class
| and young Class Il objects, which challenged traditional models of planet formation (ALMA
Partnership et al. 2015; Andrews et al. 2018). Understanding the origin of the substructures is an
ongoing e ort (Bae et al. 2023, for a review).

Secondly, the local environment of a disk introduces limitations for interpreting its SED. In some
cases, disks may be replenished by infalling material from the surrounding molecular cloud. As

a result, the observed SED may appear as an earlier Class than the true evolutionary stage of the
source: Ku meier et al. (2023) demonstrated that a Class Il object can be misclassi ed as Class

I, or even Class 0.

To assess disk evolution and lifetimes statistically, Haisch et al. (2001) carried out an imaging
survey in L-band (3.4 m) in six nearby young clusters with mean ages 0.3-30 Myr. They
presented that the fractions of disks, which they estimated based on L-band excess emission,
decreased with the cluster age. About half the disks disappeare® byyr, and nearly all
by 6 Myr. This pioneering method was adopted by a number of studies for more clusters,
expanding the age range. The reported disk lifetimes span from 1-3 Myr (e.g., Hernandez et al.
2007; Mamajek et al. 2009; Ribas et al. 2014) to as long as 5-10 Myr (Michel et al. 2021;
Pfalzner & Dincer 2024). This spread may be explained by several factors. Evidence emerged
that the lifetimes depend on the mass of the host star, with higher mass stars losing their disks
more quickly (e.g., Carpenter et al. 2006; Dahm & Hillenbrand 2007; Yasui et al. 2014; Ribas
et al. 2015). Pfalzner et al. (2022) also suggests that the cluster sample selectionatiapa
outcome, with young, distant clusters potentially being prone to observatioeeisawhich lead
to a bias towards high-mass stars.

To interpret these trends, it is also necessary to understand the underlying physical processes
that drive disk evolution and dispersal.

Disk evolution mechanisms While it is known that accretion of material onto the central star

is a principal driver of disk evolution, the physical process that governs it is under debate. There
are two main frameworks: viscous evolution and magneto-hydrodynamic (MHD) wind-driven
evolution (Manara et al. 2023, for a review). Whereas the viscous evolution involves the redistri-
bution of angular momentum (Hartmann et al. 1998; Alexander et al. 2014; Ercolano & Pascucci
2017), MHD winds have been proposed as a mechanism to remove angular momentum from the
disk (e.g., Lesur 2021). The main mechanism that drives the evolution of disks remains under
debate.
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Disk dispersal mechanisms Importantly for the context of this thesis, it is also debated which
process governs the dispersal of the disks (Alexander et al. 2014; Pascucci et al. 2023, for a re-
view). The central star in uences the innermost part of the disk (up to about 5 au), and gives rise
to internally photoevaporative winds (see Sect. 1.3.2).

In addition to the in uence of the central star, cluster environments introduce the radiation from
massive stars (external to the young stellar objects), whidtta the outer disk. Several stud-

ies observed disk fractions across clusters with several O-type stars, and demonstrated that the
fraction of disk-hosting stars decreases in higher UV eld strength (Stolte et al. 2004; Fang et al.
2012; Guarcello et al. 2023). Next, we look into theseedent conditions in which planetary
systems can emerge.

1.2 Birth environments of stars and planets

Molecular clouds, rich in B form in the interstellar medium from duse gas. Several mecha-
nisms have been proposed for the initiation of cloud formation, such as converging ows driven
by stellar feedback or turbulence, agglomeration of smaller clouds, gravitational instability and
magnetogravitational instability. These processes can create density enhancements of varying
spatial and mass scales, and lead tcedent cloud properties (e.g., Dobbs et al. 2014, for a re-
view).

Within these molecular clouds, star formation occurs in density concentrations. In giant molec-
ular clouds, stellar clusters are born when many stars form in proximity, nearly simultaneously
(e.g., Krumholz et al. 2019). The distribution of stellar masses within these clusters is described
by the initial mass function (IMF) (Kroupa 2000, for a review). The IMF follows a log-normal
distribution, peaking at 0.3 M with progressively fewer stars at higher masses. While most of
the total stellar mass resides in numerous low-mass stars, the luminosity is contributed by the
comparatively rare massive stars.

In stellar clusters, newly-formed massive sta¥8 (M ) signi cantly in uence their environ-

ment: rst through ionization and stellar winds (e.g., Matzner 2002), and eventually through
supernovae explosions (e.g., McKee & Ostriker 1977). Here, we focus on ¢oe @& photoion-

ization. Stars emit in far ultraviolet (FUV; 6 e¥ h < 13.6 eV), extreme ultraviolet (EUV; 13.6
eV<h < 100eV), and X-raylf > 100 eV) regimes. The EUV photons ionize the surrounding
matter—i.e., the atoms or molecules of neutral matter gain or lose an electron by interacting with
light to form an ion, which creates aniHregion. The hotT 10°K) ionized gas expands into

the surrounding neutral matter as it travels at sound speed. On a smaller scale, photoionization
leads to the heating and eroding the outer disk material of protoplanetary disks (Sect. 1.3.3).
On a larger scale, it can break down star-forming cloud clumps, hindering star formation as a
consequence. On the other hand, the shocks incident on neutral gas clouds could lead them to
gravitationally collapse and trigger star formation (e.g., EImegreen & Lada 1977; Gorti & Hol-
lenbach 2002). At the borders of illuminated clouds, photodissociation regions (also known as
photon-dominated regions; PDRs) appear (Tielens et al. 1993). In PDRs, UV photons govern the
temperature and chemistry of neutral interstellar gas. The feedback processes of massive stars
therefore have large-scale impact, while also shaping the evolution of protoplanetary disks.
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1.2 Birth environments of stars and planets

Figure 1.3: FUV luminosities at an age of 1 Myr of 610* realisations drawing star-forming
regions (SFRs), with the number of members drawn from Eq. 1.2 (Winter & Haworth 2022).

Given the above, protoplanetary disks can emerge under a range of UV uxes. To understand
the typical conditions for star and planet formation, Winter & Haworth (2022) recently analyzed
the distribution of the UV luminosity of SFRs experienced by their member stars. They simulated
this distribution by drawing N member stars for each SFR from the Schechter (1976) function:

[
. I\Imin B
N

dngser

o (1.1)

/I N exp

exp

Nmax

whereNmin = 280, Nmax = 7 10%, and 2 arises from the hierarchical collapse of molec-
ular clouds (Elmegreen & Falgarone 1996). The equation was coupled with the stellar mass
dependent luminosity:

Z

Hsedi = NFLI = N dn

dlogm

L(m)dlogm; (1.2)

where L is the luminosity of a single stam is its mass. The resulting distribution is shown in
Fig. 1.3.

The low-UV, low-density portion of Fig. 1.3 corresponds to nearby SFRs such as Taurus,
Lupus, and Chameleon, located at distance$ 0150—-200 pc and hosting a few hundred mem-
bers. For example, in Taurus, the local luminosity is dominated by four B-type and three A-type
stars, despite the total population of 438 members (Luhman 2018).

The closest region of massive star formation is the ONC4&0 pc with an estimated total UV
luminosity of 10*erg s*, which is dominated by the O-type starOri C; more details follow
in Sect. 1.2.2. The number of members in a cluster reach Yanl§tarburst clusters such as
Westerlund 1 at d 4 kpc (Navarete et al. 2022), with its FUV luminosity bein§j0*%rg s?! at
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1. Introduction

a 1 Myr-age.

Although the protoplanetary disks in Taurus are the best studied cases due to their proximity
to the Sun, Fig. 1.3 shows that such regions are uncommon environments of star formation with
respect to the UV luminosity. It is therefore important to understand star and planet formation
better in clusters—further motivated by the evidence that this was the type of environment where
the Solar System may have formed, summarized in the next section.

1.2.1 Solar System formation

Which conditions gave rise to the Solar System? Several aspects aid us in reconstructing the
solar birth environment and point to the in uence of a clustered environment, described brie y
as follows (largely based on the detailed reviews by Adams 2010; Pfalzner et al. 2015; for a
comprehensive recent review, see Morbidelli et al. 2024).

Orbital evidence and the sharp edges of the Solar SystemFrom the solar protoplanetary

disk, a substantial number of planets emerged: now ordered with the rocky, terrestrial planets
near the Sun and the gas giant planets in the outer regions. The outermost planet Neptune orbits
at a semi-major axis of about 30 au. The orbits of the planets are all nearly in the same plane of
the Solar System; with inclinationd  3:5 and eccentricities 0:2.

Extending from the orbit of Neptune up to a distance of about 50 au, we nd the Kuiper Belt.
The distant, rocky objects of the Kuiper belt are numerous but their total mass is estimated to
be low (Bernstein et al. 2004), and their orbits as a group have much larger eccentricities and
inclination angles than those of the planetary orbits (Luu & Jewitt 2002).

The properties above constrain the size of the protoplanetary disk from which the Solar System
formed. The distinct zones suggest that the planetary orbits were not perturbed after the giant
planets had formed, whereas the outward regions experienced external in uences. In particular, a
dwarf planet with an unusual orbit—Sedna—resides well beyond the Kuiper belt with an eccen-
tricity of 0.84 (Brown et al. 2004). Such a high value has been estimated by numerical models to
result from a stellar encounter, that is, an approach made by a passing star. The estimates for the
approach distance vary depending on the model. Studies suggest that this stellar encounter and
the resulting orbital elements of Sedna could be explained by a birth cluster of siz0® 10*

(Brasser et al. 2006). The orbit of Sedna has further been used to deduce an upper lirit of 10
M pc 3 for the central density of the cluster (Schwamb et al. 2010). Another way to estimate the
upper limit comes from the extent of the Solar Systems planets and their unperturbed orbits.

Meteoritic samples: radioactive isotopes Meteorites provide one of the most instructive evi-
dence for reconstructing the timeline of Solar System formation. Meteoritic samples essentially
act as a time capsule, as their age can be calculated through radiometric dating. The technique
is based on measuring the excesses of speci ¢ daughter isotopes, produced by the decay of par-
ent isotopes, whose half-lives are known. In chondrite meteorites, light-colored, millimeter- to
centimeter-sized specks are trapped, known as calcium-aluminum-rich inclusions (CAIs). These
objects contain isotopic evidence of short-lived radionuclidas and ®©°Fe (half-lives of a few
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1.2 Birth environments of stars and planets

million years), which are produced either externally—in supernova explosions and evolved stars,
or by internal irradiation processes. It has been suggested that the early solar nebula was likely
enriched by these methods. Curiously, the abundant®bis high, 2°Al/2’Al= 45 52 10 5,
compared to the Galactic background (MacPherson et al. 1995; Jacobsen et al. 2008). At the
same time, the abundance®¥Fe is much lower®°Fe*’Fe= 3.8 6:9 10 ° (Trappitsch et al.
2018).
Several di erent chains of events have been proposed to explain the cosmochemical evidence and
the injection of the nuclei to the solar nebula, including an early pre-solar enrichment through a
Wolf-Rayet star and its subsequent supernova — from early works (Dearborn & Blake 1988) to
more recent (Dwarkadas et al. 2017). Given this scenario, the number of member stars is placed
on the order of N 10° (e.g., Gounelle & Meynet 2012). However, Portegies Zwart (2019)
argue that the scenario above would lead to an anomalously high abund&ffee.ifhey sug-
gest that at least two supernovae are needed to explain the observed characteristics of the Solar
System, and estimate that clusters which are most likely to form a solar system analog contain
N = 2500 300 stars (900 M ).

Here, itis tting to note that CAls have been dated based on both the short-lived aluminum
- magnesiunt®Al-25Mg chronology, and a long-lived radioisotope system, a lead-lead (Pb-Pb)
isotope chronometer. In the latter, two isotopes of uranium decay in a chain to stable lead iso-
topes. The Pb-Pb method yields an age of 4567.830.6 million years (Connelly et al. 2012),
with a re-evaluated age of 4568.7 million years based on uni ed Al-Mg and Pb-Pb chronology
(Piralla et al. 2023). This value of approximately 4.5 billion years is interpreted as the age of the
Solar System.

In addition to the above, several isotopic and compositional signatures point speci cally to
an environment with intense UV ux:

"~ 15N enrichment: Measurements of primitive meteorites and cometary material reveal their
enrichment in®N compared to the Sun. Such fractionation is dillt to reproduce with-
out UV photodissociation of N requiring exposure to a strong ultraviolet radiation eld
(Chakraborty et al. 2014; Firi & Marty 2015; Cordiner et al. 2024).

Oxygen isotopes:An unusual distribution of oxygen isotop&®, 1’0, and®0 in prim-

itive meteorites (CAls and chondrules) compared to the terrestrial material. This oxygen
isotope anomaly has been attributed to the dissociation of CO molecules in externally
irradiated regions, altering the isotopic composition of the remaining oxygen reservoir
(Yurimoto & Kuramoto 2004; Lyons & Young 2005; Young 2007).

Abundances in Jupiter's atmosphere: Using thein situ atmospheric measurements of
Jupiter by theGalileo probe, an enrichment of noble gases (Ar, Kr and Xe) was found,
by a factor of 3 compared to the solar composition relative to H. This pattern suggests
inward drift of icy grains that had been processed in the UV-irradiated outer disk, together
with mass loss driven by strong photoevaporation (e.g., Guillot & Hueso 2006; Monga &
Desch 2014).

These independent lines of evidence point to the in uence of a clustered environment, which
was likely to have enriched and sculpted the emergent Solar System. According to the esti-
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1. Introduction

mates, the formation took place in a cluster with a typical lower limit of 1000 member stars. To
substantiate these ndings, theects of clusters on forming planetary systems must be assessed
statistically. The observations of protoplanetary disks beyond the Solar System allow us to inves-
tigate the initial conditions for planet formation, and move towards establishing the probability
distributions for the various processes at work. This framework motivates studies of protoplane-
tary disks in clusters, and in particular the Trapezium Cluster in Orion, which provides the closest
analog to the Sun’s birth cluster.

1.2.2 Orion Nebula Cluster

The Orion Nebula is found in the south of Orion's Belt in the constellation of Orion. It extends
over 1 in the sky, while being part of the much larger Orion Molecular Cloud complex (Fig.
1.4). It is a remarkable target for observations, providing a rich factory of star formation at its
various stages while located at a relatively convenient distance. The Orion region has numerous
subgroups; their ages and location hint that star formation has propagated through the proto-
Orion cloud sequentially (Bally 2008). Indeed, Beccari et al. (2017) and Jerabkova et al. (2019)
con rm three episodes of star formation, each separated in age by about 1 Myr, in arg& of

deg radius centered on the ONC.

The term Orion Nebula Cluster dates to Haro (1953), centering the region at the four bright
OB stars — Trapezium stars. ONC is estimated to be approximately 1-3 Myr old (Da Rio et al.
2010; Reggiani et al. 2011). Its membership is estimated to be 4000 stars down to mass 0.02 M
(Hillenbrand & Hartmann 1998; Hillenbrand & Carpenter 2000). The true population may be
considerably higher with stars potentially being obscured or staying uncounted in binary systems
(Kroupa 2000). The most massive star of ONC and Trapeziurh@rionis C (shortened as
Ori C), a binary in which the primary star has a spectral class O7V and a mass of(Bélsba
et al. 2015). ! Ori C is ionizing part of the molecular gas within the ONC, creating a hot
bubble (O'Dell et al. 2009). Proceeding in the direction toward the observer, there is a layer of
ionized gas (Abel et al. 2019; O'Dell et al. 2020), followed by several layers of neutral atomic
gas (collectively called the Veil; O'Dell 2001).

Structures Due to the UV light, structures such as the Orion Bar and the Orion-S cloud have
formed in the ONC and can be observed in nebular emission lines. The Orion Bar is a dénse (10
to 1 cm 3), nearly edge-on PDR at about 2 southeast of the Trapezium, which has been exten-
sively studied as it is referred to as the prototypical PDR (e.g., Tielens et al. 1993; Hogerheijde
et al. 1995; Van der Werf et al. 1996, in the 1990s). The Orion Bar has been recently explored
in unprecedented detail as part of the PDRs4All Early Release Science Program with the James
Webb Space Telescope (JWST), in which NIRspec, NIRCam (Fig. 1.5), and/MRS IFU
mosaics across the Orion Bar were obtained of a roughly 3" x 25" area (Berné et al. 2022; Habart
et al. 2024; Peeters et al. 2024). These observations have allowed studies on various aspects of
the region. Chown et al. (2024) presented an inventory of aromatic infrared bands — a rich set
of emission features in the wavelength range from around 3 ta120This range also includes
features of polycyclic aromatic hydrocarbons (PAHSs). The study also presented mid-IR template
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