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Zusammenfassung

Die meisten Sterne werden in Gruppen in ausgedehnten (2 1 pc) molekularen Wolken
geboren. Die Lehrbuchbeschreibung des Sternentstehungsprozesses legt nahe, dass sich
die umgebenden Gashiillen vollstandig auflosen, wenn sich die Protosterne vom Stadium
der eingebetteten Klasse I zur Klasse II entwickeln. Zuriick bleiben Protostern-Scheiben-
Systeme, von denen man annimmt, dass sie sich isoliert zu Planetensystemen wie unserem
Sonnensystem weiterentwickeln. Wir wissen jedoch, dass sich diese entwickelten Klasse-
[I-Quellen immer noch innerhalb grofler Wolken bewegen, und Simulationen zeigen, dass
sie weiterhin frisches Material aus ihrer Umgebung akkretieren. Der Zufluss von Material
in diesen spateren Stadien kann die physikalischen und chemischen Eigenschaften pro-
toplanetarer Scheiben erheblich verandern und moglicherweise viele offene Probleme bei
der Stern- und Planetenbildung 16sen. Wir wissen jedoch noch nicht, wie verbreitet und
wirkungsvoll dieses Phénomen ist.

Anzeichen eines solchen Zuflusses von Material, insbesondere ldngliche Spuren ein-
fallenden Gases, die oft als Streamers bezeichnet werden, sind in der Ndhe mehrerer
Quellen beobachtet worden. Diese Entdeckungen waren jedoch meist zufillig, sodass es
uns verwehrt bleibt, die Haufigkeit dieses Phanomens zu verstehen. Um dies zu erreichen,
untersuchten wir, ob die Ndhe zu Reflexionsnebeln, bei denen es sich im Wesentlichen
um Wolken in der Néhe von YSOs handelt, als Kriterium fiir die Identifizierung von
Late-Infall-Kandidaten verwendet werden kann, wie in Kapitel 2 berichtet. Wir fan-
den heraus, dass alle Quellen der Klasse IT mit bekannten ausgedehnten Gasstrukturen,
die wahrscheinlich auf einfallendes Material zuriickzufiihren sind, Reflexionsnebel in ihrer
Umgebung aufweisen. Dariiber hinaus haben wir eine unabhangige Stichprobe von Quellen
der Klasse II erstellt, die mit Reflexionsnebeln assoziiert sind, und alle Ziele mit adaquaten
Archivbeobachtungen zeigen einige Anzeichen von Zufluss. Da Reflexionsnebel haufig in
der Néahe von Klasse-II-Systemen zu sehen sind, deuten unsere Ergebnisse darauf hin, dass
dieses Phianomen bei einem signifikanten Teil der Klasse-1I-Systeme auftritt.

Obwohl zuflieBende Streamer inzwischen routineméfig entdeckt werden, ist es nicht
einfach, ihren Einfluss auf die Stern- und Planetenentstehungsprozesse zu beurteilen, ins-
besondere bei den weiter entwickelten YSOs. Um die zuflieBende Natur der beobachteten
Streamer zu bestimmen und ihre Dynamik zu charakterisieren, haben wir einen neuartigen
Code TIPSY (Trajectory of Infalling Particles in Streamers around Young stars) entwick-
elt, wie in Kapitel 3 beschrieben. TIPSY passt gleichzeitig die Morphologie und den
Geschwindigkeitsgradienten von Streamer-Beobachtungen mit theoretischen Trajektorien
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von einfallendem Material an. Die am besten angepassten Trajektorien werden verwen-
det, um Streamer-Eigenschaften wie die spezifische Energie, die spezifischen Drehimpulse,
die Zeitskala des Einfalls und die 3D-Morphologie zu bestimmen. Als Testfille haben wir
TIPSY benutzt, um Beobachtungen von Streamern um S CrA und HL Tau zu modellieren,
und diese Streamer fiihren den Scheiben Material mit Raten von ~ 10 Mypiter Myr—t zu.

Um die Auswirkungen des spéaten Einfalls auf die allgemeine Population von Klasse-11-
Systemen zu beurteilen, ist eine einheitliche Untersuchung solcher Strukturen erforderlich.
DECO (Disk-Exoplanet C/Onnection) ist ein grofies ALMA-Programm zur Untersuchung
der Scheibenchemie von 80 Klasse-II-Quellen, die tiber vier Sternentstehungsgebiete verteilt
sind. Interessanterweise haben die méaflig aufgelosten und tiefen Beobachtungen von DECO
ausgedehnte (2 500 au) gebundene Strukturen um ~ 40% der Quellen aufgedeckt, wie in
Kapitel 4 diskutiert. Auflerdem variiert die Haufigkeit dieser Strukturen in den vier Re-
gionen erheblich. Wir finden auch einen vermuteten Einfluss der Masse der gebundenen
Strukturen auf die Masse, die von den zentralen Protosternen aus den Scheiben akkretiert
wird. Diese Beobachtungen stellen die traditionelle Annahme von isolierten planetenbilden-
den Scheiben in Frage.

Kinftig werden wir durch gezielte Untersuchungen der Signaturen von Zufliissen in
der Umgebung von Klasse-II-Systemen in Verbindung mit einem besseren Verstandnis der
Zeitskalen solcher Ereignisse mehr iiber deren Haufigkeit und deren Abhéngigkeit von der
Sternentstehungsumgebung erfahren. Dartiber hinaus wird eine verbesserte Charakter-
isierung der physikalischen und chemischen Eigenschaften des einfallenden Gases und der
Systeme, auf die sie einwirken, es uns ermoglichen, das Ausmaf ihres Einflusses auf die
Stern- und Planetenbildung zu verstehen.



Abstract

Most stars are born in groups in large-scale (Z 1 pc) molecular clouds. The textbook
description of the star formation process suggests that as the protostars evolve from the
embedded Class I to Class II stage, the surrounding gaseous envelopes are fully dispersed.
This leaves behind protostar-disk systems which are assumed to evolve in isolation to form
planetary systems like our Solar System. However, we know that these evolved Class II
sources are still moving within large-scale clouds and simulations show that they continue
to accrete fresh material from their surroundings. Infall of material at these later stages can
considerably alter the physical and chemical properties of protoplanetary disks, potentially
resolving many open problems in star and planet formation. However, we do not yet know
how common and impactful this phenomenon is.

Signatures of such infall, particularly elongated trails of infalling gas often referred to
as streamers, have been observed around several sources. However, these detections have
mostly been serendipitous which does not allow us to understand the frequency of this
phenomenon. To systematically study this, we examined whether proximity to reflection
nebulae, which are essentially clouds in the vicinity of YSOs, could be used as a criterion
for identifying late-infall candidates, as reported in Chapter 2. We found that all the
Class II sources with known large-scale gas structures, likely due to infalling material,
have reflection nebulosity in the vicinity. Moreover, we built an independent sample of
Class II sources associated with reflection nebulae and all targets with adequate archival
observations show some signatures of infall. As reflection nebulae are commonly seen
around Class II systems, our results suggested that a significant fraction of Class II systems
undergo this phenomenon.

Although infalling streamers are now being routinely detected, it is not straight-forward
to assess their impact on the star and planet formation processes, especially in the more
evolved YSOs. To ascertain the infalling nature of observed streamers and to characterise
their dynamics, we developed a novel code TIPSY (Trajectory of Infalling Particles in
Streamers around Young stars), as described in Chapter 3. TIPSY simultaneously fits the
morphology and velocity gradient of streamer observations with theoretical trajectories of
infalling material. The best-fit trajectories are used to constrain streamer features like the
specific energy, the specific angular momenta, the infall timescale, and the 3D morphology.
As test cases, we used TIPSY to fit observations of streamers around S CrA and HL Tau
and these streamers to be feeding material to the disks at rates of ~ 10 Mjypiter Myr—1.

To assess the impact of late infall over the general population of Class II systems,
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a uniform survey of such structures is needed. DECO (Disk-Exoplanet C/Onnection)
is an ALMA Large Program designed to study disk chemistry for 80 Class II sources
distributed across four star-forming regions. Interestingly, the moderate-resolution and
deep observations of DECO have revealed large-scale (2 500 au) bound structures around ~
40% of the sources, as discussed in Chapter 4. Moreover, the frequency of these structures
varies significantly among the four regions. We also find a tentative influence of the mass
of bound structures onto the mass being accreted by the central protostars from the disks.
These observations strongly challenge the traditional assumption of isolated planet-forming
disks.

In the future, dedicated surveys of infalling signatures around Class II systems, com-
bined with a better understanding of the timescales of such events, will tell us more about
their frequency and how it varies with star-forming environments. Furthermore, improved
characterisation of the physical and chemical properties of the infalling gas and the systems
they are impacting will allow us to comprehend the extent of their influence on star and
planet formation.



Chapter 1

Introduction

Humanity has always been fascinated by celestial objects, as evidenced by the numerous
stories we have crafted about the Sun, Moon, planets, comets, stars, constellations, and
nebulae. This fascination naturally led us to use our logical and imaginative abilities to
make sense of the cosmos. Even after 2 100,000 yr of humanity (Marean et al., 2007), we
continue to seek a deeper understanding of the Universe and our place within it. Among
the innumerable astronomical advances we have made so far, one that particularly stands
out is that the nature of the Universe determined the origin of life like us. A crucial aspect
of this connection lies in comprehending how stars, like our Sun, and planets, like our
Earth, form.

1.1 Traditional view of star formation

The classical picture of star and planet formation suggests that Young Stellar Objects
(YSOs) form due to the gravitational collapse of dense cores of molecular gas (e.g., Shu,
1977; Terebey et al., 1984). As the infalling gas has a non-zero angular momentum, it settles
into a rotating disk-like structure as a consequence of angular momentum conservation.
This structure further feeds mass into the forming protostar in the center. Moreover, some
of the material in the circumstellar disks clump together to form planets.

This picture suggests that individual protostellar systems can be roughly divided into
four evolutionary stages, as shown in Figure 1.1 (e.g., Dunham et al., 2014). Generally,
the classification of young stellar sources (YSOs) among the different evolutionary stages
are done based on the infrared spectral index («) (e.g., Dunham et al., 2015). These
empirically defined classes and corresponding theoretically expected evolutionary stages
are:

e Class 0 (« > 0.3, Lsupmillimeter/ Lbolometric > 0.5%): Deeply embedded sources, in which
the central protostars are not directly observed.

e Class I (a > 0.3, Lsubmillimeter/ Lbolometric < 0.5%): Sources where an infalling enve-
lope, remanant of the natal protostellar core, is feeding circumstellar disks around
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central protostars. Here, the central protostars begin to be observed.

o Class IT (—1.6 < a < —0.3): Sources where natal dense core and infalling envelopes
have been dissipated leaving behind an isolated disk and protostar system.

o Class III (o < —1.6): Sources where almost no circumstellar material remain and
the protostar is approaching main sequence.

There is another observationally defined class of flat-spectrum sources (—0.3 < a < 0.3),
however they do not have a clear theoretical counterpart. In general, they are assumed to
be Class I sources transitioning to Class II stage.

One should note, however, that YSOs are prone to misclassification due to effects of
inclination and foreground extinction on av measurements (e.g., Robitaille et al., 2006). This
can cause the observationally defined classes of YSOs to not always refer to a theoretically
expected evolutionary stages. In particular, Kuffmeier et al. (2023) demonstrated that a
Class II type system can be misclassified as a Class [ or Class 0 source if it is interacting
with it’s surrounding clouds.

time

0 = 0.1 Myr =1 Myr =10 Myr

L C\/D TN | - = —

1pc /\ 0.2 pc 500 au 200 au
Class 0 Class | Class I Class Il

IR-excess
star

blackbody

Energy

1um 1mm

Wavelength

Figure 1.1: Schematic diagram of different evolutionary stages of low-mass star formation.
The star formation starts due to gravitational collapse of a prestellar core, and as it proceeds
more and more circumstellar material is dissipated. Bottom panels show corresponding
Spectral Energy Distribution (SEDs) which are used for observational classification of
these sources. Original figure from Miotello (2018).

Observationally, we know that most of YSOs form and evolve in groups, embedded
in large-scale (2 1 pc) molecular clouds (see Figure 1.2). As a consequence of interplay
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between gravity, magnetic fields, turbulence, and stellar feedback, these clouds exhibit
highly structured morphologies (Pineda et al., 2023, and reference therein). In particular,
most of the mass of clouds are stored in filamentary structures which can range from sub-
parsec to kilo-parsec scales in length (Hacar et al., 2023). These filaments are inherently
turbulent in nature and thus, prone to fragmentation into dense cores of molecular gas.
Sufficiently massive cores can collapse to form protostellar systems.

2 ]
Class 0+1 -

-36°36'00.0"
Qléss IVI‘ 7
48'00.0" §
=)
o N
g o 1 ull
8 -37°00'00.0" §
(@]
A |
12'00.0" §
24'00.0" ! S
P 10000 au
| | | | | | | | | | | | | | | | (e
04m00.00s 02m00.00s 19h00m00.00s 58m00.00s 18h56m00.00s
RA (J2000)

Figure 1.2: Spatial distribution of YSOs in Corona Australis star forming region overplotted
on Herschel 250 pm map. Class 0/1, flat-spectrum (intermediate state between Class I and
Class II), Class 11, and Class II sources are denoted as cyan, red, yellow, and purple circles,
respectively. Adapted from Cazzoletti et al. (2019).

Numerical simulations that follow collapse of prestellar cores in large-scale molecular
clouds, suggest that YSOs continue to interact with their surrounding molecular clouds
even in traditionally assumed to be isolated Class II stages (e.g., Pelkonen et al., 2021;
Kuffmeier et al., 2023). These interactions are expected to result in late-stage infall of
material onto Class II disks, contrary to the traditional picture of star formation where
Class II disks are assumed to be isolated. This late infall, approximated as Bondi-Hoyle
accretion (Bondi, 1952), is expected to transfer mass at the rate of ~ 107® My yr=! (or
~ 10 Mjupiter Myr_l) to the disks around solar-type protostars (Padoan et al., 2005; Winter
et al., 2024).

1.2 Protoplanetary disks

Protoplanetary disks (also referred to as planet-forming disks and circumstellar disks)
around YSOs, especially in Class II stage, are expected to be sites of planet formation
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processes. This notion has been further supported by the observations of a large amount
of disk substructures, particularly of rings and gaps, which are expected to be carved by
forming protoplanets (e.g., Bae et al., 2023). Recently, there has been direct detections of
two protoplanets in a Class II system PDS 70 which are actively accreting mass from the
disk (Haffert et al., 2019).

Although the presence of protoplanetary disks were expected from spectral energy dis-
tributions (SEDs), O'Dell et al. (1993) reported the first direct detection of a disk using
Hubble Space Telescope (HST) observations. As the bulk of the material in these disks is
quite cold (<100 K), we usually rely on sub-millimetre/millimetre wavelengths to observe
them. In general, most of the recent studies focus on three types of observations to resolve
and study disks (see Figure 1.3 & 1.4):

o Thermal emission: Large (millimetre-sized) dust grains in disks emit most of thermal
radiation in wavelengths between ~ 1um — lcm. This emission is particularly well
suited to study the disk midplane, where such grains are settled in (e.g., Andrews
et al., 2018). By combining observations of different wavelengths, thermal emission
also allows us to better understand dust properties (e.g., Testi et al., 2014).

» Molecular line emission: Molecular line emissions at sub-millimetre /millimetre wave-
lengths are observed generally from rotational transitions of various molecules (e.g.,
Oberg et al., 2021). Different lines trace different vertical surfaces of the disk. Using
doppler shift, these lines can also provide information on disk kinematics (e.g., Pinte
et al., 2023).

« Scattered light emission: Small (micron-sized) dust grains are generally well coupled
with the gas and suspended in the disk atmosphere. They scatter light from the
central star and can be observed in optical /near-infrared wavelengths. They allow
us to study sub-structures in disk atmospheres (e.g., Benisty et al., 2023).

Over their lifetimes, disks loose their mass and angular momentum. Exact understand-
ing of how they evolve is crucial to understand planet formation processes happening within
them (Morbidelli & Raymond, 2016). Traditionally, the disk evolution was expected to be
driven by viscosity, generally associated with turbulence due to disk instabilities such as the
magneto-rotational instability (Balbus & Hawley, 1991), vertical-shear instability (Nelson
et al., 2013), and gravitational instability (Lodato & Rice, 2004). However, it is becoming
hard to comprehensively describe the evolution of disk using this model, particularly due
to low level of turbulence being observed in disks (e.g., Rosotti, 2023). A characteristic
feature of this model it that a disks is expected to expand until the outer less dense part
of disk dissipates due to external photoevaporation (see bottom panel, Figure 1.5).

An alternative theory for disk evolution is that is predominantly influenced by mag-
netohydrodynamic (MHD) winds which are expected to carry away mass and angular
momentum from the disk (e.g., Lesur, 2021). Compared to the viscous evolution, MHD
winds would not lead to expansion of disks (see top panel, Figure 1.5). MHD winds would
also have observable imprints on disk lifetimes, which will be shorter. Observationally, the
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Figure 1.3: Schematic diagram of a protoplanetary disk. Left: An illustration of the dust
temperature (top panel) and gas density structure (bottom panel) in protoplanetary disks.
The black circles represent the distribution of dust particles, with their size variations
indicated by the symbol size. Right: The top panel shows a simplified representation
of the emission regions of the main simple molecules, while the bottom panel highlights
the primary regions of dust thermal and scattered light emission in purple and yellow,
respectively. Original figure by Miotello et al. (2023).

dominant mode of disk evolution is still unclear as both of these models can be fine-tuned
to reproduce observed disk properties (Manara et al., 2023). A larger sample of observed
disks, particularly with accurate measurements of gas disk sizes, will allow us to better
understand disk evolution (e.g., Somigliana et al., 2023).

A common assumption within these two competing models is that disk evolution is
driven by disk-internal processes. Recently, another model is emerging which suggests
that disk evolution can be regulated by their environment. In particular late-stage infall
of material onto protoplanetary disks is being suggested as a way to explain most of the
observed disk properties (Winter et al., 2024).

1.3 Submillimeter interferometric observations

Interferometric observations allow us to achieve drastically better angular resolution than
single dish observations. This is particularly crucial to study protoplanetary disks, which
are generally a few tens of au in size. Let’s suppose that we want to study a large disk of
~ 100 au which is located relatively nearby at ~ 100 pc. Such a disk will appear ~ 1 arcsec
wide on the place of sky. If we want to resolve such a system by at least 10 independent
resolution elements, we need an angular resolution of 0.1 arcsec (Ilee & Greaves, 2015).
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Figure 1.4: Collage of observations of TW Hya in different gas and dust tracers. Left panel:
Disk observed in different CO, 3CO, C*0O , and CS molecular lines. Right panel: Disk
observed in thermal continuum emission (top panel) and scattered light emission (bottom
panel). Adapted from Miotello et al. (2023).

If we want to study the disk at a wavelength of ~ 1 mm, a typical wavelength to study
their thermal emission as discussed in Section 1.2, we can use Rayleigh criterion to estimate
the required size of single dish telescope as

D =122 A (1.1)
0

where A is the wavelength of 1 mm and 6 is the required resolution of 0.1 arcsec. Then
we will need a single dish telescope with a diameter of ~ 2.5 X 10% m. This is five times
the size of FAST radio telescope, the largest single dish telescope in the world. Moreover,
even FAST is constructed in a geological depression and thus have very limited pointing
capabilities.

On the other hand, for interferometers the angular resolution is not determined by
the size of individual telescopes but by the distances between telescopes. In other words,
interferometers allow you to use multiple smaller telescopes spread out over an area to
simulate a much larger telescope. To better understand this principle of interferometers,
we can think of a simple two antenna interferometer as two slits in a classic Young’s slit
experiment (see Figure 1.6).

If a planar wavefront of radiation from an astrophysical source passes through a screen
with two slits (representing two antennas), it will result in a non-uniform illumination
pattern. This pattern will have consecutive bright and dark bands (see red curve in Fig-
ure 1.6), which is a consequence of constructive and destructive interference, respectively,
between rays of light escaping through the two slits. Here, an interference is constructive
(bright bands) when the path difference between the two rays is an integer multiple of their
wavelength. The condition for constructive interference can then be approximated as

B sinf =m A\ (1.2)
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Figure 1.5: Schematic diagram of evolution of protoplanetary disks under the MHD winds
driven model (top panel) and viscosity driven model (bottom panel). Adapted from Manara
et al. (2023).

where B is distance between the two slits, 6 is the angular distance between two con-
structive interference peaks, m is an integer, and X is the wavelength of radiation. For
sufficiently small B, § o< \/B. Here, 0 represents the angular scale this simple interfer-
ometer can resolve. As it is inversely proportional to distance between the two antennas,
interferometers allows us to resolve much better than single dish telescopes by combining
data from antennas further away.

However, interferometers have a few important drawbacks. One particularly important
for the following chapters is that the interferometers cannot recover scales beyond a certain
threshold, determined by the smallest spacing between individual telescopes. This limita-
tion on ’largest recoverable scale’ can filter out emission of large-scale structures around
protoplanetary disks (as discussed in Section 1.4) if observations are designed to resolve
the disks themselves.

The research presented in this thesis primarily rely on data from the Atacama Large
Millimeter /Submillimeter Array (ALMA), the largest sub-mm interferometer to date, lo-
cated in the Atacama desert in Chile. ALMA main array consists of 50 antennas, each
12m in diameter. These antennas can be spread up to distances of 16 km, allowing ALMA
to reach 0.01 arcsec-scale angular resolution at the typical wavelengths used to study pro-
toplanetary disks. Moreover, as these antennas can be moved into different configurations,
more compact configurations can be used to retrieve larger scale emission at the cost of
worse resolution. Furthermore, ALMA also have two additional independent arrays, the
ALMA Compact Array (ACA) consisting of 12 7m antennas and the Total Power (TP)
array consisting of four 12 m antennas, which can be used to recover even larger scales.
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Figure 1.6: Schematic diagram illustrating the basic principle of interferometric observa-
tions. The black solid line in the left denotes a screen with two slits, representing two
antennas. The shaded rectangle in the right denotes the detection screen where the inter-
ference pattern (red curve) emerges. Original figure from Ilee & Greaves (2015).

1.4 Streamers

As discussed in Section 1.1, stars form in highly structured molecular clouds, where the
starting conditions for star and disk formation cannot be depicted as isolated spherical cores
(e.g., Pineda et al., 2023; Hacar et al., 2023). Numerical simulations of these molecular
clouds, which follow the collapse of multiple protostellar cores, reveal that star forma-
tion processes are often highly asymmetrical (e.g., Padoan et al., 2014; Haugbglle et al.,
2018; Bate, 2018; Kuznetsova et al., 2019; Lebreuilly et al., 2021; Pelkonen et al., 2021,
Kuffmeier et al., 2017, 2023). In particular, these simulations reveal that protostellar are
generally connected to filamentary channels of infalling material, more commonly known
as ‘streamers’.

Recently, the enhanced sensitivity of interferometric observations (see Section 1.3) has
enabled the detection of these streamers around YSOs at different stages of their evolution,
as shown in Figure 1.8. To begin with, there have been a plethora of detections of these
structures around young Class 0 and I sources (e.g., Tobin et al., 2012; Yen et al., 2014;
Tokuda et al., 2018; Pineda et al., 2020; Thieme et al., 2022; Valdivia-Mena et al., 2022;
Murillo et al., 2022; Hsieh et al., 2023; Lee et al., 2023; Mercimek et al., 2023; Cacciapuoti
et al., 2023; Valdivia-Mena et al., 2023; Hales et al., 2024; Tanious et al., 2024; Valdivia-
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Figure 1.7: Snapshots of numerical simulations revealing filamentary infall of material or

‘streamers’.

Mena et al., 2024). This suggests that the initial stages of star formation are not as
axisymmetric as was traditionally assumed (see Section 1.1).
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Figure 1.8: Intensity-weighted velocity (moment 1) maps of streamers observed in YSOs
at different evolutionary stages. There sources, from left to right, are: Per-emb-2 (Class 0
source), HL Tau (Class I/II source), and SU Aur (Class II source). Adapted from Pineda
et al. (2023).

Furthermore, various observational studies have also revealed streamer-like structures
around more evolved Class I and Class IT sources (e.g., Tang et al., 2012; Akiyama et al.,
2019; Yen et al., 2019; Alves et al., 2020; Garufi et al., 2022; Huang et al., 2020, 2021, 2022,
2023; Gupta et al., 2023). These sources were traditionally expected to have negligible infall
of material. A lot of disk evolution and planet formation studies assume that the Class 11
disks are isolated from the environment (see Section 1.2), which is in contradiction with
observations of streamer-like structures, expected to be trails of infalling gas. Although the
frequency of these structures around evolved sources is still unclear, the results presented
in Chapter 2 (indirect search of streamers using reflection nebulae) and Chapter 4 (survey
of 80 Class II systems) suggest that a significant fraction of evolved sources continue to
interact with the surrounding clouds.

This late-stage infall of material can considerably alter the physical and chemical prop-
erties of protoplanetary disks. Late infall, approximated as Bondi-Hoyle accretion, is ex-
pected to transfer mass at the rate of ~ 107® Mg yr~! (or ~ 10 M;ypiter Myr ') to the disks
around solar-type protostars (Padoan et al., 2005). Such high-mass infall rates can resolve



10 1. Introduction

the ‘mass-budget problem’ of planet-forming disks, where snapshot observations suggest
that protoplanetary disks are typically not massive enough to form observed planetary
systems (e.g., Manara et al., 2018). If instead material from the environment constantly
feeds disks over their lifetime, the accreted mass integrated over time could be enough for
forming the observed exoplanet population. Thies et al. (2011) and Kuffmeier et al. (2021)
demonstrated that late-infall can also tilt protoplanetary disks, which can produce the
observed misalignments in planetary systems. Late-infall can bring chemically fresh mate-
rial to the system, which can explain observed chemical diversity from scales of meteorites
(e.g., Nanne et al., 2019) to globular clusters (Winter & Clarke, 2023). Infalling material
can also create shocks in disks which can further influence disk chemistry (Garufi et al.,
2022). Finally, this phenomenon can also explain some of the observed mass accretion
relations (e.g., Padoan et al., 2005), accretion outbursts (e.g., Jensen & Haugbolle, 2018),
old (> 10 Myr) disks (e.g. Scicluna et al., 2014), and disk substructures (e.g., Kuznetsova
et al., 2022).

1.4.1 Streamer dynamics

To observationally understand the impact of streamers on disk evolution, we need to model
their dynamics to ascertain their infalling nature and then to constrain their dynamical
properties like infalling timescale, angular momentum, impact velocity, etc. The earliest
efforts of modelling streamers was to fit their velocity gradients (e.g., Yen et al., 2019; Alves
et al., 2020). Although this allowed us to confirm the infalling nature of streamers, the
dynamical properties were still not well-constrained. This is partly because information
stored in the morphology of streamers, in addition to the velocity gradients, is also crucial
to get a comprehensive view of streamer dynamics (e.g., Gupta et al., 2024, see Chapter
3).

More recent efforts in modelling of streamers rely on comparing both streamer mor-
phologies and velocity gradients to theoretically expected trajectories of infalling gas.
Pineda et al. (2020) pioneered this by comparing infalling trajectories by Mendoza et al.
(2009) to the observed streamer around Per-emb-2, a Class 0 source (left panel, Figure
1.8). Since then, this method has been used in a few other observational studies (Valdivia-
Mena et al., 2022, 2023; Garufi et al., 2022). However, one important drawback of this
method is that the ’best-fit” infalling trajectory is identified based on visual inspection,
which may be prone to human biases. Furthermore, it is often not straightforward to
estimate uncertainties in the fitting parameters using a qualitative fitting approach.

Quantitative fitting of streamers is being explored in three-dimensional (3D) position-
position-velocity (PPV) space. In this approach, a cube of molecular-line observations of a
streamer - with three axes being R.A., Decl. and line-of-sight velocity - is fitted to simulta-
neously reproduce the morphology and the velocity profile. This was first demonstrated by
Thieme et al. (2022), who fitted Ulrich-Cassen-Moosman (UCM) trajectories (e.g., Ulrich,
1976; Cassen & Moosman, 1981) to streamers around a Class 0 protostar Lupus 3-MMS.
However, in this approach Thieme et al. (2022) had to make a number of assumption on
streamer properties, which may not always be possible. Gupta et al. (2024) expanded



1.4 Streamers 11

this idea to develop a streamer fitting code Trajectory of Infalling Particles in Streamers
around Young Stars (TIPSY)! which fits more generalised infalling trajectories, following
a generalised version of Mendoza et al. (2009) equations, to streamer observations in same
PPV space (see Chapter 3 for a more detailed explanation). As the fitting is done using
a grid of free parameters, best fit solutions can also be used to quantify uncertainties on
dynamical properties of fitted streamers.

As most of the recent studies (e.g., Pineda et al., 2020; Valdivia-Mena et al., 2022,
2023; Garufi et al., 2022; Gupta et al., 2024; Hales et al., 2024; Tanious et al., 2024) on
characterisation of streamer dynamics rely on the analytical trajectories of infalling gas
provided by Mendoza et al. (2009), it is worth reviewing the derivation of these solutions.
The equations are expressed in spherical coordinates r, 6, and ¢, which represent the radial
coordinate, the polar angle, and the azimuthal angle, respectively, as illustrated in Fig. 1.9.
The initial position of the infalling particle is then given as rq, 6y, and ¢q. The source of
gravity (protostar) is set to be at the origin.

Z

\4 >'<)

Figure 1.9: Schematic diagram of spherical coordinate system used to derive Mendoza
et al. (2009) solutions. The red curve represents an infalling trajectory around a central
protostar. g, ¢g, and 6y denote the initial position, polar angle, and azimuthal angle,
respectively. Similarly, r, ¢, and 6 denote the position, polar angle, and azimuthal angle,
respectively, at an arbitrary point along the trajectory. ¢ is a parametric azimuthal angle
along the trajectory. Original figure from Mena (2024)

To begin with, two dimensionless parameters, y and v, can be defined as

2 2 2
2 hO _7;u Z_UTO 1.3
/LZQE—Q, V:i, ()
ToLo T 0

Thttps://github.com/AashishGpta/TIPSY



12 1. Introduction

where, hg is the initial specific angular momentum w.r.t. azimuthal axis (z-axis in Fig.
3.1). Here, r, = h2/GM is analogous to the disk’s radius in the UCM model (Ulrich, 1976).
Ey = GM/r, is the specific gravitational potential energy of infalling gas at r,. In the
following equations, distances are measured in the units of r, and velocities are measured
in the units of v/Ey (Keplerian velocity at r,).

Over the course of particle’s motion, the trajectory is defined as a function of a para-
metric angle, ¢, which is the azimuthal angle within the plane of trajectory. The trajectory
of an infalling particle, given by standard equations of conic sections, is then represented
as

sin2 90

r (1.4)

1 —ecosp’

with the eccentricity of the orbit, e, is given by

e = /1 +esin? 6. (1.5)

Here, € represents a dimensionless energy parameter, calculated as ¢ = v? + 2 sin? 6y — 2.
At the border of the cloud, r = rg = 1/u. After substituting this in Eq. (1.4) and
performing spatial rotations, the following formulae are obtained:

cos tan g
cos( — o) = Sk

cos(p — o) = (L6)

cos By’

Using the previous equations and standard definitions of azimuthal (v), polar (vg),
and radial (v,) components of a velocity vector, the equations for velocities are derived as

SiIl2 ‘90
= 1.7
Y= sing’ (1.7)
~ sintg 9 9 1\ 1/2
v = (cos 0y — cos 9) : (1.8)
esin & sin
= 1.
! r(1—ecosf) (1.9)
where )
_4 ( cos
= . 1.10
§ = cos (cos 90> T ( )

Equations 1.4 to 1.6 can be used to compute position of infalling particle along the
trajectory. The corresponding velocities are given by equations 1.7 to 1.9.

1.4.2 Mass estimation

Besides characterising the dynamics of streamers, it is also important to constrain the
amount of material they can carry. This allows us to assess how much mass streamers can
add to the protostellar systems over their evolutionary time. Moreover, if the chemical
composition of material in streamers is different, e.g. more pristine that what found in the
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disks (e.g., Pineda et al., 2020), understanding the gas column density becomes important
for evaluating the impact of streamers on disk chemistry.

Typically, streamers are detected using interferometric observations which filter out
emission larger than a certain scale, as described in Section 1.3. Therefore, it is usually not
possible to observe the entire mass reservoir feeding into a streamer without complementary
observations from shorter-baseline interferometers and single-dish telescopes. Even in this
case, mass of observed streamer, which is the lower limit on total mass that can fall, can
be used to derive mass infall rates M, = Mireamer/ Tint, Wwhere Mgeamer and Ty refers to
the mass and infall time for the observed streamer, respectively (e.g., Pineda et al., 2020;
Gupta et al., 2024).

The mass of streamers or similar gaseous structures can be estimated using line flux of
optically thin emission in the following way (e.g., Bergin et al., 2013; Gupta et al., 2024):

1. Estimating the total number of molecules of emitting molecule (Ny,1.) from line flux
(F}) using:

o Nmol.Atrans.thu

B 47 D2 ‘

where, Aqans. 18 the Einstein A coefficient of the observed line transition, A is the
Planck constant, v is the line frequency, and D is the distance to the source. f, is the
fraction of molecules in the upper energy state of the transition and can be estimated
as f, = 3.0xexp(—128.5 K/T')/Q(T), where T represents the temperature of gas and
Q(T) is the value of partition function of the molecule at that temperature.

£

(1.11)

2. Estimating total gas mass (Myeamer) from number of molecules (Ny,01.) using:
Mstreamer = 2'37mHNm01./Im01. (112)

where, 2.37 denotes mean molecular weight per particle, my is the mass of a hydrogen
atom, and x,,. is abundance of molecule relative to Hs.

A key assumption made in the above method is that the emission is optically thin.
While this is generally valid for streamers due to their low-density, for streamers with a
higher column density an appropriately less abundant molecular tracer should be used. For
the above method, a temperature (7') needs to be assumed as well. If multiple transitions
of molecules are observed, temperature and optical depth can be directly inferred from the
observations.

Generally, studies with multiple transitions rely on solutions from RADEX, a one-
dimensional non-LTE radiative transfer code (van der Tak et al., 2007) for estimating
column density of observed gas structures directly from brightness temperature of observed
lines (e.g., Pineda et al., 2020; Hales et al., 2024). The total mass of the molecular gas
is then estimated by integrating the column density over the projected area of emission.
This value can be multiplied by the molecular abundance factor (z,),) to obtain the total
gas mass.
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1.5 Outlook

This thesis focuses on two key questions around the role of star-formation environment on
the evolution of planet-forming disks. These questions are:

o How common is late-stage infall of material onto protoplanetary disks?
o What is the impact of this infall of material on protoplanetary disks?

The results presented in this thesis demonstrate that late-infall is significantly more fre-
quent and impactful than traditionally assumed. This thesis presents the first of their kind
studies to understand complex interactions between disks and their environments.

In Chapter 2, we present a novel systematic search for late-stage infall of material using
reflection nebulae (RNe). The basic idea is that Class II sources undergoing infall of mate-
rial from the environment should be surrounded by clouds. The small dust grains in such
clouds should reflect the light from the protostar and appear as RNe. We demonstrate that
the association with RNe can indeed be useful in identifying late-infall candidates. This
would further suggest that this phenomenon is quite frequent because reflection nebulae
are commonly observed around Class II sources (e.g., Cohen, 1980) and this was one of the
original defining characteristics of such sources (Joy, 1945).

Subsequently, Chapter 3 addresses the second question: how impactful is late-stage
infall of material? As discussed in Section 1.4, a signpost of this phenomena is the ob-
servation of streamers. However, it is important to confirm the infalling nature of these
structures, as they can also form due to tidal interaction among stellar companions (e.g.
Zapata et al., 2020), stellar fly-bys (e.g. Cuello et al., 2019), gravitational instabilities in
disks (e.g. Dong et al., 2015), and ejection of gas (e.g., Vorobyov et al., 2020). In order
to ascertain the infalling nature of observed streamer-like structures and then to quantify
their impact on disks, we developed a novel streamer analysis code TIPSY. Using TIPSY,
we demonstrate that infalling streamers can drastically enhance mass budget in disks to
form planetary systems.

However, the analysis presented in Chapter 3 is limited to only two sources. In or-
der to assess the impact of infalling material on a larger sample of sources, we need a
uniform molecular-line survey of large-scale structures around such disks. In Chapter 4,
we presented preliminary results from an ALMA Large Program DECO (Disk-Exoplanet
C/Onnection, PI: L. Ilsedore Cleeves). DECO is the first such survey of protoplanetary
disks in molecular-line emission, covering a well-sampled range of stellar masses (~ 0.2—
1.5 Mg) in four nearby (< 200 pc) star-forming regions. Although this program was
primarily designed to study disk chemistry, the requested moderate resolution and deep
observations reveal large-scale structures around ~ 40% of the targeted sources. The data
suggests that significant infall is quite common, but it can vary considerably for different
star-forming regions.

A detailed multi-scale analysis of a large-sample of Class II systems in different star-
forming environments, including complementary observations like scattered-light emission
(e.g., Garufi et al., 2024), is required to really answer the questions mentioned above.
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Furthermore, these observational efforts need to be supported by numerical simulations of
this phenomena, which will allow us to draw accurate inferences from the observations.
Chemical surveys and modelling are needed to further understand the impact of streamers
on disk chemistry, which will be inherited by the planetary systems they form. To conclude,
there is still much to be done to obtain a comprehensive view of this phenomenon, however,
the subsequent chapters demonstrate that the star formation environments influence planet
formation processes, and thus, also the possibility of life emerging on them.
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Chapter 2

Reflections on nebulae around young
stars

This chapter reproduces the paper Gupta et al. (2023), titled “Reflections on nebulae
around young stars. A systematic search for late-stage infall of material onto Class I
disks.”, and published in the journal Astronomy & Astrophysics.

2.1 Motivation

Most stars are born in groups in giant molecular clouds through the gravitational collapse
of dense molecular cores (McKee & Ostriker, 2007). As these protostellar systems evolve
from the Class 0/I to the Class II stage, the surrounding gaseous envelope is thought to be
completely dispersed and, traditionally, Class II systems are believed to evolve in general
isolation to form planetary systems.

However, in reality, these systems are still in the vicinity of molecular clouds on large
scales (2 1 pc) and may continue to dynamically interact with them. Such interactions were
observed in younger Class 0/I and flat-spectrum objects, where 1000 au scale streamers
of molecular gas infalling onto the protostar were detected (e.g. Pineda et al., 2020; Alves
et al., 2020; Garufi et al., 2022). There have been some recent serendipitous detections of
~ 1000 au, generally stream-like, gaseous structures around Class II disks too, which are
likely due to such interactions (Tang et al., 2012; Ginski et al., 2021; Huang et al., 2020,
2021, 2022).

Late infall of material can greatly influence the physical and chemical properties of
Class II disks, and thus, of the planets they form. For example, the supply of fresh material
can help solve the ‘mass-budget problem’ of planet-forming disks (e.g. Manara et al., 2018;
Mulders et al., 2021), and explain the observed chemical diversity among meteorites (Nanne
et al., 2019). Thies et al. (2011) and Kuffmeier et al. (2021) demonstrated that late
infall can torque disks and explain the observed misalignment of some planetary systems.
Approximated as Bondi-Hoyle accretion (Bondi & Hoyle, 1944), late infall can explain the
steep dependence of mass accretion on stellar mass (Padoan et al., 2005, 2014). Finally,
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this phenomenon may also produce disk sub-structures and instabilities as seen in vortices
(Bae et al., 2015; Kuznetsova et al., 2022), spiral waves (Hennebelle et al., 2017; Kuffmeier
et al., 2018), and FU Orionis outbursts (Dullemond et al., 2019).

A characterisation of the frequency and efficiency of late infall is therefore crucial for
establishing a holistic view of the star and planet formation process. Simulations suggest
that a signpost of such accretion events could be ~ 10% au-scale arc-shaped structures,
generally referred to as ‘streamers’ (e.g. Kuffmeier et al., 2020). However, only a few
have been detected, mainly because these spatial scales lie at the limits of single-dish
resolution and they are largely filtered out in interferometric observations designed to
resolve protoplanetary disks. To comprehensively study late-stage infall, a survey of large-
scale structures around Class II sources is needed and a first step in this direction would
be to systematically identify suitable targets.

In order to find disks that are potentially undergoing late infall, one should first identify
Class II sources that are close enough to clouds to gravitationally interact with them. Such
clouds will scatter the protostellar light in optical and near-infrared (NIR) wavelengths
and appear as reflection nebulae (RNe) (e.g. Hubble, 1922). Historically, RNe were used to
identify young stellar objects (YSOs) (e.g. Cohen, 1980) and they were indeed one of the
original defining characteristics of T Tauri stars (Joy, 1945). Recently, hydrodynamical
simulations have demonstrated that kilo-au scale RNe can appear due to cloud-protostar
interactions, some of which lead to late infall of material (Dullemond et al., 2019). In this
Letter we pioneer the use of RN detections close to Class II stars to identify late-infall
candidates.

2.2 Class II sources with large-scale CO structures

Large-scale non-Keplerian gaseous structures have been detected around a few Class II
sources. In order to test the hypothesis that RNe might indicate late infall, we looked for
signs of nebulosity around these sources, as discussed below:

AB Aur: Tang et al. (2012) found four ~ 500 au spirals around AB Aur in CO ob-
servations using the Instituto de Radioastronomia Milimétrica (IRAM) 30-m telescope,
Plateau de Bure interferometer (PbDI), and Submillimeter Array (SMA). Analysis of the
gas kinematics in these spirals, which seems to be counter-rotating with respect to the
Keplerian disk, suggests that they are likely formed due to late-stage infall of gas. This
source is also known to be associated with a bright arc-shaped RN (e.g. Dullemond et al.,
2019), as shown in Figure 2.1 (panel a).

SU Aur: Akiyama et al. (2019) reported an ~ 1000 au long tail-like streamer using the
Atacama Large Millimeter /submillimeter Array (ALMA) in CO emission. Later, Ginski
et al. (2021) studied the morphology of its dust tails in scattered light using the Very Large
Telescope (VLT), along with a kinematic study of CO gas, and found that the material is
likely moving towards the disk. A bright RN is visible in the immediate vicinity of SU Aur
(Figure 2.1, panel b).
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RU Lup: Huang et al. (2020) reported at least five CO spiral arms stretching up to
~ 1000 au around RU Lup using ALMA observations and suggested late infall as a possible
explanation. Archival Digital Sky Survey (DSS) images show faint nebulosity just north
of RU Lup, as shown in Figure 2.1 (panel c).

GM Aur: Huang et al. (2021) found extended elongated structures around GM Aur,
~ 1000-2000 au in length, using ALMA CO observations with a morphology and kinematics
indicative of late infall. No RNe have been found in archival DSS or Panoramic Survey
Telescope and Rapid Response System (Pan-STARRS) images, but there are elongated
features in more sensitive Hubble Space Telescope (HST) NIR images, as reported in
Schneider et al. (2003) and shown in Figure 2.1 (panel d).

DO Tau: Huang et al. (2022) studied the kilo-au environment of DO Tau using
VLT /SPHERE, HST, and ALMA observations, and found the disk to be connected to
multiple ~ 1000 au scale stream-like structures. Larger-scale Herschel observations show
that these structures are probably due to an interaction with the neighbouring YSO HV
Tau, but late accretion of material onto DO Tau is not ruled out. The source is associated
with a prominent RN (Figure 2.1, panel e).

To summarise, the five known Class II sources that have large-scale CO structures
suggestive of an interaction with surrounding gas have either a prominent RN or some
hints of reflection nebulosity. Following this lead, we exploit the association of YSOs with
RNe to search for candidate Class II sources undergoing late-stage infall of material.

2.3 Class Il sources near reflection nebulae

As a first step, we compiled a catalogue of RNe using the published lists in Magakian
(2003) and Connelley et al. (2007). Magakian (2003) merged previously published RNe
catalogues and presented a final list of 913 objects. Most of the sources in their list have
been manually identified by visual inspection of DSS optical images. Connelley et al. (2007)
surveyed 197 nearby, mostly Class I, protostars at 2.2 um using the University of Hawaii
2.2m telescope. They detected 106 RNe, out of which 41 were reported as new discoveries.
The fact that > 40% of RNe were not detected before suggests that the previous RNe
catalogues were rather incomplete. For example, the prominent RNe around SU Aur (see
Figure 2.1, panel b) and HD 100546 (Ardila et al., 2007) were not in these RNe catalogues.

Connelley et al. (2007) estimated sizes of RNe as the square root of their area with a
mean (p) and standard deviation (o) of ~ 18arcsec and ~ 15 arcsec, respectively. Using
a cross-matching radius of 30 arcsec (~ p + lo), we found ten RNe present in both of
the catalogues. After removing duplicates, we merged the two catalogues to have a final
sample of 1009 RNe.

To avoid spurious detections and have a well-characterised sample of YSOs with RNe
that can be further followed up on using molecular-line observations (as discussed in Ap-
pendix A.4), we focus on nearby well-studied star-forming regions (SFRs). The regions
considered in this study are listed in Table 2.1 and shown in Figure A.1. The radii re-
ported in the fifth column in Table 2.1 were used to define circular boundaries around the
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Figure 2.1: Optical and NIR images (left) and '2CO integrated intensity moment 0 maps
(right) of Class II sources with known large-scale structures, as discussed in Section 2.2.
Panel a: AB Aur’s DSS2 optical image and the PdBI *CO (2-1) moment 0 map from Tang
et al. (2012). Panel b: SU Aur’s Pan-STARRS optical image and the ALMA 2CO (3-2)
moment 0 map from Ginski et al. (2021). Panel ¢: RU Lup’s DSS2 (red) optical image
and the ALMA 2CO (2-1) moment 0 map from Huang et al. (2020). Panel d: GM Aur’s
HST (NICMOS) NIR image and the ALMA 2CO (2-1) moment 0 map from Huang et al.
(2021). Panel e: DO Tau’s Pan-STARRS optical image and ALMA 2CO (2-1) moment
0 map from Huang et al. (2022). Angular resolutions for the moment 0 maps are roughly
0.5 arcsec, 0.3 arcsec, 0.3 arcsec, 0.2 arcsec, and 0.7 arcsec for panels a to e, respectively.
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SFR R.A. Decl. Distance Radius YSOs RNe
[deg]  [deg] [pc] [deg]

Ophiuchus 249.07 -23.64 128.0 6.0 450 13
Taurus 67.11  26.62 148.0 8.0 190 28
Corona Australis 287.96 -38.11 155.0 4.0 80 6
Lupus 240.08 -36.56 158.0 8.0 480 10
Chamaeleon 169.5 -78.17 190.0 8.0 148 7
Perseus 54.21  31.57 284.0 4.0 435 19
Orion 85.2 -3.5 420.0 6.0 978 44
Serpens 277.66 -1.91 495.0 3.0 2169 14

Table 2.1: List of SFRs considered in this study. The median coordinates and distances
are from Zucker et al. (2020). The last three columns refer to the radii used to define the
SFR boundaries (see Figure A.1) and the number of RNe and YSOs found.

central coordinates listed in the second and third columns, and they are marked with black
circles in Figure A.1. We found 141 sources from our catalogue of 1009 RNe within these
region boundaries.

The next step was to compile a catalogue of YSOs in these regions. For this we started
with the all-sky catalogue of 133980 Class I/II sources reported in Marton et al. (2016).
Marton et al. (2016) analysed WISE and 2MASS photometry of these sources, using the
support vector machine algorithm to identify them as YSOs. For a more complete sample
of nearby YSOs, we also used the list of 2966 YSOs identified using Spitzer’s 'cores to
disks” and 'Gould Belt’ surveys, as reported in Dunham et al. (2015). Among the SFRs
considered in this study, Taurus and Orion were not part of the Dunham et al. (2015)
catalogue. Using a cross-matching radius of 5arcsec, we found 781 common sources in
both datasets. Our final catalogue consists of 136165 YSOs of which 4930 lie within the
SFR boundaries.

The spectral indices, «, or slope of the spectral energy distributions in the infrared
regime (~ 2-25 pm) were given in the Dunham et al. (2015) catalogue. We used their
values, o/, corrected for foreground extinction to classify the source evolutionary state.

Similarly, we determined « for sources exclusively in the Marton et al. (2016) catalogue
using the provided WISE and 2MASS (K band) photometry, and discarding those with
fitting uncertainties > 0.6, that is roughly half of the range of values for Class II sources.
In order to estimate extinction-corrected spectral indices (o), we computed a correction
factor of -0.31 as the median of differences between all the o/ and « values reported in
Dunham et al. (2015). We note that this method only provides a rough estimate of o as
it does not account for extinction values for individual sources. A comparison of our «
and o' values is shown in Figure A.3. Following the same classification criteria as Dunham
et al. (2015), that is —1.6 < o/ < —0.3, 2562 out of 4930 YSOs in our SFRs were classified
as Class II sources.

The next step was to cross match our list of Class II sources with the merged catalogue
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of RNe. For the specific goal of this work, the cross-matching distance between a YSO
and RN can be empirically estimated as the length scale from where ambient gas can be
accreted onto an isolated star (Bondi-Hoyle accretion, Bondi & Hoyle, 1944; Throop &
Bally, 2008; Padoan et al., 2014). The typical length scale for this interaction is given as
Lpy = 2GM, /v?, where G is the gravitational constant, M, is the stellar mass, and v is
the stellar speed relative to the gas. For a stellar mass of 1 M, and typical stellar velocity
of 1 km s™!, Ly ~ 2000 au. The 21 late-infall Class II candidates that we found using
this threshold are listed in Appendix A.3.

We note that this distance threshold is a lower limit for an interaction between clouds
and YSOs because we do not account for the sizes of RNe. These show a range of physical
sizes (~ 103-10° au) and have highly asymmetrical shapes (e.g. Connelley et al., 2007).
When mining the ALMA archive, we ignored this diversity as we aimed to identify a
reliable sample of YSOs potentially interacting with RNe clouds. The implications of a
more realistic distance threshold is discussed in Section 2.4.

ALMA archive search: To target higher-quality observations, we focussed on nearby
SFRs (d < 200 pc), where 16 out of the 21 Class II disks near RNe are located. For these
nearby sources, we searched for existing observations in the ALMA Science Archive. We
are primarily interested in 2CO emission (J =2 — 1 in Band 6 and J = 3 — 2 in Band 7)
since this molecule is expected to be a good tracer of large-scale diffuse gas structures (see
e.g. Figure 2.1). We found a total of 66 Band 6 and 7 observations for 16 sources in our
sample, as shown in Figure 2.2.

Among these datasets, we found 13 observations with the largest angular scale (LAS)
corresponding to at least 1000 au to recover the expected large-scale structures (see Kuffmeier
et al., 2020). As such large-scale structures are expected to have low column densities, and
therefore faint emission, the observational sensitivity is important. We selected a subset
of five observations with rms noise (over a channel width of 10 km s!) smaller than a
2.3 mJy beam™!, equal to the line sensitivity reported in the ALMA archive for SU Aur
observations (Ginski et al., 2021). For the typical angular resolution of 0.7 arcsec for these
observations, the sensitivity threshold of the 2.3 mJy beam™! corresponds to ~ 100 mK.
The sensitivity and recoverable scale thresholds are marked as dashed-grey lines in Figure
2.2.

Among these five observations, two targeted HD 142527 (Figure 2.2, red circles), a well-
studied binary Class II system. These data have been published and show non-Keplerian
spiral structures extending to ~ 700 au, beyond the disk radius of ~ 200-300 au (Christi-
aens et al., 2014; Garg et al., 2021), as shown in Figure 2.3 (panel a). Similar structures
have also been observed in optical and NIR images (Casassus et al., 2012; Hunziker et al.,
2021). Christiaens et al. (2014) suggested that the innermost spiral can be explained by
acoustic waves due to an embedded companion; however, the origin of the outer spirals
is less clear, and stellar encounters and gravitational instabilities have been suggested as
possible causes. We note that spiral structures have been predicted to form due to late
infall (Hennebelle et al., 2017; Kuffmeier et al., 2017, 2018) and a detailed kinematic anal-
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ysis can be done to distinguish among these scenarios, as discussed in Appendix A.4. HD
142527 also exhibits inner and outer disk misalignment (Bohn et al., 2022), which can be
explained by late infall (Thies et al., 2011; Kuffmeier et al., 2021).

The other three datasets are of S CrA, HD 97048, and Sz 68. The selected large-
scale observation for Sz 68 (Project 2019.1.01135.S) does not cover any CO lines and
is therefore not discussed further. For S CrA (Project 2019.1.01792.S) and HD 97048
(Project 2015.1.00192.S), we used the standard pipeline calibration and imaged the 2CO
(2-1) data using CASA 6.4. For both datasets, imaging was carried out using ’briggs’
weighting with robust=0.5, a cell size of 0.05", and "auto-multithresh’ masking with default
parameters. The resulting integrated intensity (moment 0) maps and intensity-weighted
velocity (moment 1) maps are shown in Figure 2.3 (panel b and ¢). Appendix A.6 shows
corresponding channel maps for both of the datasets.

For S CrA, at least one ~ 1000 au streamer is clearly visible (solid cyan line), north-west
of the binary disks (green contours), as seen in the moment 0 map (Figure 2.3, panel b,
middle panel). This streamer seems to be redshifted with respect to the disk emission, as
seen in the corresponding moment 1 map (see Figure 2.3, panel b, right panel and channels
from 12.93 to 8.57 km s™! in Figure A.4). Furthermore, there are hints of two more
streamers, denoted as dashed-cyan lines in the moment 0 map (Figure 2.3, panel b, middle
panel). This is the first discovery of large-scale streamers around S CrA. As discussed
in Section 2.2, such elongated structures can form due to the late infall of material, but
they could also be a consequence of a binary interaction. Further analysis is required to
ascertain the dynamical nature of these features and will follow in a future publication.

For HD 97048, no clear streamers are visible in the moment 0 map (Figure 2.3, panel c,
middle panel). However, significant negative emission was observed in the central channels
(Figure A.5, channels 5.32 to 3.57 km s71), suggesting that the source may be surrounded
by large-scale gas that may absorb or otherwise obscure, through spatial filtering, kilo-au
features around the star.

These initial results suggest that at least two (HD 142527 and S CrA) out of the
three Class II sources associated with RNe, and with good-enough ALMA data, exhibit
large-scale spirals or streamer-like structures, as are expected to form due to cloud-disk
interactions, particularly late-stage infall of material (Hennebelle et al., 2017; Dullemond
et al., 2019; Kuffmeier et al., 2017, 2020; Kuznetsova et al., 2020). These two sources are
in addition to the already known similar sources discussed in Section 2.2. Other possible
explanations for these large-scale structures are discussed in Appendix A.5. Irrespective
of the actual origin of such features, it is promising to see that large-scale gas emission is
found around YSOs close to RNe. This may indicate that an association with RNe can be
used to look for similar structures around a wider population of Class II disks, as discussed
further in Section 2.4.
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2.4 Discussion

We have found 21 Class II sources associated with RNe in the SFRs listed in Table 2.1,
using a distance threshold of ~ 2000 au, equivalent to the typical Bondi-Hoyle accretion
length scale. However, this distance threshold does not account for the observed range of
physical extents and asymmetric shapes of RNe. Connelley et al. (2007) provided angular
sizes and distances for RNe in their catalogue, which correspond to a mean radius ~ 10* au.
The exact distances between the centres of YSOs and RNe that result in late infall can
vary greatly for different sources depending on their stellar (mass and velocity) and RNe
properties (size and shape) and it is likely that more Class II sources in our sample may
be interacting with neighbouring material than discussed here.

Figure A.2 plots the fraction of Class II sources and all YSOs associated with RNe as
a function of the offset distance for different SFRs. Considerable differences can be seen in
the association probability of YSOs with RNe for different SFRs, mostly due to different
catalogue completeness levels. The incompleteness of the available RNe catalogues is a
major obstacle in providing reliable statistics at the moment (see discussion in Sec. 2.3).
However, even with this limitation, it is clear that there are potentially many Class II
disks interacting with their parent cloud. For at least four SFRs (Taurus, Lupus, Corona
Australis, and Chamaeleon), ~ 5-10% of Class II sources are close-enough (< 10* au) to
RNe. If the threshold is slightly increased to < 4 x 10* au, ~ 50% of Class II sources
in Corona Australis would be associated with a RN, and therefore potentially accreting
material from the ambient cloud.

Accounting for stellar kinematics, the number of Class II systems that pass by RNe at
some point in their lifetime could be even greater. If an association with RNe is indeed
related to late infall, this may be an important phenomenon especially since it can have
important implications for disk evolution and planet formation, as described in Section
2.1. To further test the tentative link between RNe and an interaction between disks
and surrounding clouds, a survey of structures and kinematics around Class II sources
with known RNe is needed, as discussed in Appendix A.4. Coupled with a better RNe
catalogue, such a survey will allow us to understand how frequent late infall is for Class II
sources.

2.5 Conclusions

In this Letter we pioneer the use of the detections of RNe close to Class II stars to identify
late-infall candidates. We find that all of the sources with known large-scale CO structures,
where late infall is invoked as a possible explanation, also exhibit some reflection nebulosity
at OIR wavelengths. Furthermore, at least five out of the six sources which are associated
with a prominent RNe and for which adequate ALMA observations are available — that is,
known sources AB Aur, SU Aur, and DO Tau along with independently identified sources
S CrA and HD 142527 — exhibit some large scale structure that may be indicative of late
infall. This per se suggests that association with RNe may be used to identify candidate
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Class II sources undergoing late-stage infall of material. Finally, in nearby SFRs, the
fraction of Class II sources associated with RNe can be as large as 50%, depending on
the distance threshold, but a proper statistical analysis is still pending improved RNe
catalogues. If RNe are indeed related to late infall, this suggests that a significant fraction
of Class II sources could be undergoing this phenomenon, with a non-negligible impact on
disk evolution and planet formation. The catalogue of potential late accretors obtained
serves as a starting point for more systematic studies of late infall onto disks.
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Figure 2.2: Largest recoverable physical scale vs line sensitivity (over 10 km s™!) for archival
ALMA observations, in Band 6 and 7, of the 16 nearby Class II YSOs associated with RNe,
as discussed in Section 2.3. Marker colours denote the exposure time for each observation
in minutes. The vertical dashed line denotes a recoverable scale of 1000 au. The horizontal
dashed line denotes a line sensitivity of 2.3 mJy beam™' (the line sensitivity reported in
the ALMA archive for SU Aur observations by Ginski et al. (2021)). Markers with open
circles denote the observations discussed in Section 2.3, with red circles for HD 142527,
black circle for S CrA, and an orange circle for HD 97048.
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Figure 2.3: Optical images (left), ?CO integrated intensity (moment 0) maps (middle),
and 2CO intensity-weighted velocity (moment 1) maps (right) of nearby Class II sources
associated with RNe, as discussed in Section 2.3. Panel a: HD 142527’s DSS optical image
and the ALMA 2CO (2-1) moment maps from Garg et al. (2021). Panel b: S CrA’s DSS2
(red) optical image and the ALMA '2CO (2-1) moment maps. Solid and dashed curved-
cyan lines denote prominent and potential streamer-like features, respectively. Panel c:
HD 97048’s DSS optical image and the ALMA ?CO (2-1) moment maps. For the moment
maps (middle and right) in panel b and ¢, only pixels with an intensity > 3¢ are considered.
In these panels, green contours represent continuum emission (~ 1.3 mm, 30 and 150 levels)
from protoplanetary disks, horizontal red lines in the bottom-left corner represent a 1000
au length scale, the grey ellipse in the bottom-right corner represent the beam size, and
black contours in moment 1 maps (right) represent moment 0 emission (starting from the
error in moment 0, increased by a factor of five). Errors in moment 0 emission are 22.1
and 20.6 mJy beam™! km s~! for S CrA and HD 97048, respectively.
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Chapter 3

TIPSY: Trajectory of Infalling
Particles in Streamers around Young
stars

This chapter reproduces the paper Gupta et al. (2024), titled “TIPSY: Trajectory of In-
falling Particles in Streamers around Young stars. Dynamical analysis of the streamers
around S CrA and HL Tau.”; and published in the journal Astronomy & Astrophysics.

3.1 Introduction

The traditional picture of low-mass star formation assumes that protostars, together with
their circumstellar disks, form due to the axisymmetric collapse of dense protostellar cores
(e.g., Shu, 1977; Terebey et al., 1984). Then, as the surrounding gas envelope disperses,
protostars evolve from the embedded Class 0 and I stage to the Class II stage. These Class
IT systems are then traditionally assumed to evolve in isolation to form planetary systems,
such as our Solar System.

However, stars form in turbulent giant molecular clouds, where the initial conditions
for star and disk formation cannot be represented as isolated non-turbulent spheres (e.g.,
Pineda et al., 2023; Hacar et al., 2023). Numerical simulations of molecular clouds that
follow the collapse of many protostellar cores show that the star-formation processes can be
highly asymmetrical, with material usually falling onto protostellar systems via elongated
channels, or "streamers" (e.g., Padoan et al., 2014; Haugbglle et al., 2018; Kuznetsova et al.,
2019; Lebreuilly et al., 2021; Pelkonen et al., 2021; Kuffmeier et al., 2017, 2023). Recently,
with the increased sensitivity of interferometric observations, such streamers have started
to be observed around young stellar objects (YSOs) at various evolutionary stages, from
the embedded Class 0 and I sources (e.g., Tobin et al., 2012; Yen et al., 2014; Tokuda et al.,
2018; Pineda et al., 2020; Thieme et al., 2022; Valdivia-Mena et al., 2022; Murillo et al.,
2022; Hsieh et al., 2023; Lee et al., 2023; Mercimek et al., 2023; Cacciapuoti et al., 2023)
to the more evolved Class I/II and II sources (e.g., Tang et al., 2012; Akiyama et al., 2019;
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Yen et al.,; 2019; Alves et al., 2020; Garufi et al., 2022; Huang et al., 2020, 2021, 2022,
2023; Gupta et al., 2023). The infalling streamers observed around more evolved YSOs
further challenge our assumption that these systems evolve in isolation to form planetary
systems; in reality, they are still embedded in large-scale molecular clouds (2 1 pc) and
may continue to accrete material from them.

The infall of material in evolved sources can greatly influence the physical and chemical
properties of protoplanetary disks and, thus, of the planets they form. For example, the
supply of fresh material can help solve the "mass-budget problem" of protoplanetary disks,
in which observations suggest that they are typically not massive enough to form the
observed planetary systems (e.g., Manara et al., 2018; Mulders et al., 2021). Moreover,
observations (Ginski et al., 2021) and simulations (Thies et al., 2011; Dullemond et al.,
2019; Kuffmeier et al., 2021) have shown that material falling at these late stages can
be dynamically different from the original parental core and can induce misalignments in
disks. This can further explain the misalignments observed in evolved planetary systems
(e.g., Albrecht et al., 2022). Late infall can also bring chemically different material to
the system, which can explain the observed chemical diversity among meteorites (Nanne
et al., 2019). Simulations (Vorobyov & Basu, 2005; Dunham & Vorobyov, 2012; Padoan
et al., 2014; Jensen & Haugbolle, 2018) have shown that infall-induced accretion bursts can
naturally resolve the accretion luminosity problem in protostars (see Kenyon et al., 1990).
Kuffmeier et al. (2023) demonstrated that infall of material onto Class II systems can also
make them seem less evolved, which may affect studies on populations of YSOs. Finally,
this phenomenon may also produce some of the observed protoplanetary disk substructures,
such as rings (Kuznetsova et al., 2022), spirals (Hennebelle et al., 2017; Kuffmeier et al.,
2018), and vortices (Bae et al., 2015).

However, the dynamics of observed streamers need to be characterized to assess their im-
pact on the star and planet formation processes. This has only been done for a few stream-
ers, using methods such as analyzing velocity gradients along the streamers in position—
velocity space (e.g., Yen et al., 2014, 2019; Alves et al., 2020), qualitatively comparing
infalling trajectories from Mendoza et al. (2009) to the streamer velocity gradients and
morphologies (e.g., Pineda et al., 2020; Valdivia-Mena et al., 2022; Garufi et al., 2022), and
fitting infalling trajectories determined using the Ulrich-Cassen-Moosman (UCM) model
(e.g., Ulrich, 1976; Cassen & Moosman, 1981) to the streamer structures in position—
position—velocity (PPV) space (Thieme et al., 2022). These studies suggest that infalling
streamers can transfer significant mass to the protostellar systems. However, these pa-
rameters are usually estimated only for embedded sources, and the range of their possible
values is generally not well constrained. For more evolved Class I/II and II sources, the
infalling material can be dynamically unrelated to the protostellar system, and thus we
need to explore a wider range of initial configurations to identify the infalling trajectories
that best represent observed structures.

To address these issues, we have developed the code Trajectory of Infalling Particles in
Streamers around Young Stars (TIPSY)!, which was designed to fit theoretical trajectories

Thttps://github.com/AashishGpta/TIPSY
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of infalling gas to molecular-line observations of streamers, without assuming any initial
configuration (relative position and velocity) for the gas. We further used this code to
analyze streamers around two evolved sources: the Class II binary system S CrA, for
which a ~1000 au streamer-like structure was reported by Gupta et al. (2023), and the
Class /11 system HL Tau, for which a kinematic analysis of a ~ 500 au streamer (Yen et al.,
2019) and the corresponding shock observations (Garufi et al., 2022) suggest an infalling
motion of gas. Evolved sources are also more suitable for this kind of analysis because
the protostellar masses can be estimated independently of streamer modeling, as done by
using spectroscopy for S CrA (Gahm et al., 2018) and via the modeling of a Keplerian disk
for HL Tau (Yen et al., 2019).

The fitting methodology employed by TIPSY is detailed in Section 3.2. Subsequently,
we demonstrate TIPSY by using it to analyze the streamers around S CrA (Sect. 3.3.1)
and HL Tau (Sect. 3.3.2). The results are discussed in Sect. 4.5, and we conclude in Sect.
4.6.

3.2 Fitting methodology

TIPSY fits theoretical trajectories expected for infalling gas, following the model given in
Mendoza et al. (2009), to the molecular-line observations of streamers. The fitting is done
in three-dimensional (3D) PPV space: right ascension (RA), declination (Decl.), and line-
of-sight (LOS) velocity or radial velocity (RV); in other words, the morphology and velocity
gradient of streamers are fitted simultaneously. To define a general initial configuration of
infalling gas, we needed to define the 3D position (7¢) and velocity (ug) vectors relative
to the protostar (see Fig. 3.1). Relative position in RA and Decl. direction as well as the
relative speed in the LOS direction can be inferred directly from the observations. The
remaining three parameters, required to define an initial configuration, are the separation
in the LOS direction and the relative speeds in the RA and Decl. directions. For a range
of possible initial configurations, we computed theoretical trajectories (see Sect. 3.2.1)
and compared them to the observations (see Sect. 3.2.2 and Figs. 3.2 and 3.3). The
distribution of free parameters with reasonable fits was used to estimate uncertainties (see
Sect. 3.2.3 and Fig. 3.4). Some of the known caveats associated with this kind of analysis
are mentioned in Sect. 3.2.4.

The idea of comparing streamer observations to the infalling trajectories in the PPV
space is similar to the fitting of UCM trajectories to elongated structures around the Class
0 protostar Lupus 3-MMS by Thieme et al. (2022). However, the UCM model assumes
the particle to be in a parabolic orbit with no initial RV (e.g., Ulrich, 1976). Moreover,
Thieme et al. (2022) had to make further assumptions about the configuration of infalling
gas, for example an initial radius of 10000 au and a final centrifugal radius of 105 au. Such
assumptions are less likely to be valid for more evolved (Class I/II and II) sources because
the infalling material can be dynamically unrelated to the original parental core of the
protostellar system.
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3.2.1 Physical model

One of the first models for gas infalling onto a protostellar system was given by Bondi
(1952); however, it did not consider the rotation of the infalling gas. Later, the UCM
model developed, which provides analytical solutions for the trajectory of a particle infalling
around a protostar, assuming that the initial rotation of the particle is about the rotational-
axis of the central protostellar system or the "z-axis" (Ulrich, 1976; Cassen & Moosman,
1981; Chevalier, 1983; Terebey et al., 1984; Visser et al., 2009; Shariff et al., 2022). This
model has been used to analyze infalling motion of material in streamers around young
protostellar systems (e.g., Thieme et al., 2022).

The boundary conditions used in the UCM model also assume that the infalling gas
starts with a zero RV and it is just bound to the protostar, that is to say, it is on a
zero energy parabolic orbit. However, for any general initial configuration of infalling gas,
especially in the context of late infall of material onto a Class II system, these assumptions
may not hold true. Mendoza et al. (2009) extended the UCM model to account for possible
nonzero initial RVs and energies. This model has also been used to study kinematics of
material in streamers around protostars at different evolutionary stages (e.g., Pineda et al.,
2020; Valdivia-Mena et al., 2022; Garufi et al., 2022). The equations derived by Mendoza
et al. (2009) to compute positions and velocities of an infalling particle along its trajectory
are listed in Section 1.4.1

However, the original Mendoza et al. (2009) model still assumes the initial rotation
is only about the z-axis. This assumption can be mitigated by solving the equations
in a rotated coordinate frame, where the z-axis is defined not as the rotational axis of
central protostellar system but as a vector normal to the plane of the particle trajectory.
This is defined as the plane containing the initial position (74) and velocity vector (ug)
of the particle with respect to the protostar, as illustrated in Fig. 3.1. We used this
generalized implementation of the Mendoza et al. (2009) model to generate trajectories of
infalling particles without making any assumptions about their initial position or velocity.
The results obtained from our implementation of Mendoza et al. (2009) models were also
validated through two-body simulations using the REBOUND framework (Rein & Liu,
2012), as shown in Appendix B.1.

3.2.2 Fitting procedure

TIPSY is designed to analyze molecular-line observations of streamers with a large enough
recoverable scale to capture the streamer morphology, a sufficient spectral resolution to
resolve the velocity profile, and a significant detection (2 30) of streamer emission in each
of the channels (see Sect. 3.4.1 for a further discussion). The first step in characterizing
streamer observations involves separating the streamer emission from other sources of emis-
sion, such as disks. Given the wide range of morphologies exhibited by disks and streamers
in different sources, which depend on the observational parameters and molecular lines
used, it is hard to automate this step. Therefore, we visually examine the emission maps
and define a boundary for a sub-cube that encompasses the streamer emission using RA,
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Figure 3.1: Schematic diagram of coordinate axes used to compute the theoretical trajec-
tories of infalling gas (green cloud) around a protostellar system (orange star), as discussed
in Sect. 3.2.1. 7§ and ©¢ denote the initial position and velocity vector of infalling gas,
respectively. Kl represents the position vector of gas at a future point in its trajectory
(circumference of blue ellipse), with 6 and ¢ denoting the polar and azimuthal angles,
respectively. The dashed red arrows show the unit vectors Z, g, and 2, defined using the
directions of 7§ and v, Together they set the coordinate frame in which TTPSY solves the
Mendoza et al. (2009) equations. The gray plane represents the POS, with the overlaid
dark gray arrows denoting the coordinate frame of our observations.

Decl., and RV limits. Next, we eliminate pixels with flux values below a specified noise
(o) level. Table 3.1 lists the values used for selecting streamers around S CrA and HL
Tau. As long as the selected boundaries fully capture the observed streamer emission, the
final results are not very sensitive to the exact values of these limits. This is because we
primarily rely on the central brighter emission throughout the structure for the fitting, as
described in more detail later.

The resulting sub-cube, comprising mainly of streamer emission, may still contain some
unrelated emission features from residual noise or other gas structures. To get a more
cleanly isolated streamer emission, we use a clustering algorithm to identify and remove
seemingly unrelated emission. By default, we use the sklearn (Pedregosa et al., 2011)
implementation of the Ordering Points To Identify the Clustering Structure (OPTICS;
Ankerst et al., 1999) clustering algorithm, which computes density-based reachability dis-
tances to reveal clusters within a dataset. The biggest coherent cluster of emission in the
selected sub-cube is identified as the streamer and the smaller clusters generally corre-
spond to noise peaks. This step is designed to allow users to set liberal boundaries and
noise thresholds while selecting the streamer sub-cube, as noise peaks can then be removed
without reducing streamer emission.
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Parameter S CrA  HL Tau
Stellar mass [Mg] 2 2.1
Distance [pc] 160 147

Systemic velocity [km /s] 5.86 7.14
Min. RV offset [km / s 4.5 7

Max. RV offset [km /s] 7 10
Min. RA offset [arcsec] 2 -3
Max. RA offset [arcsec] 15 -1
Min. Decl. offset [arcsec] -7 -3
Max. Decl. offset [arcsec] 7 0.5
Significance (o) level 3 4

Table 3.1: Parameters used to isolate and fit the HL Tau and S CrA streamers. See
Appendix B.3 for more details on the stellar parameters used.

This isolated and cleaned streamer emission can be imagined as a point cloud in 3D
PPV space, as shown in Figs. 3.2 and 3.3 (panel ¢). The theoretical trajectories of infalling
material (as discussed in Sect. 3.2.1) that we aim to fit to the data can be represented
as curves in the same 3D space. In order to directly compare the observation to the
theoretical curves, we define a curve that would be representative of the observed streamer
structure in the PPV space. To do this, we first divide the streamer points into several
bins, set to ten by default, based on a distance metric. Then within each of these bins, we
compute intensity-weighted means and intensity-weighted standard deviations of the RA,
Decl., and RV values of all the points (red squares and their error bars in panel ¢ of Figs.
3.2 and 3.3). This gives us a string of a few points, ten by default, in the same 3D space,
which can be directly compared to the theoretical curves (panels ¢ and d in Figs. 3.2 and
3.3). This method also reduces the dependence of fitting results on the fainter parts of
the streamers, selected streamer boundaries, and the spatial and spectral resolution of the
data. As long as an adequate number of bins are used (i.e., enough to capture the overall
streamer curvature), the final fitting results will not be sensitive to the number of bins.

The distance metric (d) we use to bin the data is defined as d = /72 + (wr6)2, where
r and @ are the polar coordinates of a point on the plane of the sky (POS), with respect to
the protostar and the orientation of the streamer very close to the protostar (see Appendix
B.2 for more details). The w represents a weighting factor to adjust the importance of r6
distance (azimuthal direction) relative to the r distance (radial direction) in the distance
metric calculation and is by default equal to one. Overall, larger values of d should denote
points in the streamers that are expected to be farther away from the protostar. Figure
B.2 shows the computation of the distance metric values for all the points in the streamers
around S CrA and HL Tau. In addition to the binning of the data, the distance metric is
also used as an independent variable for comparing theoretical curves to the observations,
as discussed later.

To compare theoretical trajectories with observed streamers, we need to establish a
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parameter space that covers all the possible initial conditions. For a particle falling onto
a protostar, there are seven initial configuration parameters: three for the particle’s initial
relative position in 3D, three for its initial relative velocity in 3D, and the protostar’s mass.
To determine the relative position in the RA and Decl. directions in physical units, we use
the physical distance to the protostellar system and the projected separation of the farthest
point of the streamer. The separation in the LOS direction is unknown and treated as a free
parameter. For the relative velocity, we use the systemic velocity of the central protostar
and the LOS velocity of the farthest point of the streamer to obtain the relative speed in
the LOS direction. The relative speed in the RA (vga) and Decl. (vpe.) directions are free
parameters. To reduce computations, instead of treating vr4 and vp.. separately, we use

the total speed on the POS (/v%,4 + v}, ) and the initial direction of the particle on the
POS (arctan(vpeq. /vra)). Here, the initial direction on the POS can be constrained more
easily by the projected shape of the streamer. For evolved sources (Class I/IT and II), the
protostellar mass is typically assumed to be known from other measurements such as disk
rotation (e.g., Yen et al., 2018) or protostellar luminosity (e.g., Manara et al., 2023, and
references therein). We note that mass estimates using luminosity can be quite uncertain
for young Class I/II sources (e.g., Baraffe et al., 2012). In conclusion, we have three free
parameters: relative separation in the LOS direction, relative speed on the POS, and the
direction of the relative velocity on the POS. TIPSY allows users to set a range of possible
values for each of these parameters, which creates a 3D parameter space that is used for
the fitting.

Using this parameter space and the Mendoza et al. (2009) model (Sect. 3.2.1), we
calculate infalling trajectories for every parameter combinations. These trajectories are
compared to the observed streamer curve (intensity-weighted means and standard devia-
tions) to find the best fit. We independently compare the representative RA, Decl., and RV

values using the distance metric, defined earlier as d = /r? + (wrf)?, as the independent
variable for fitting. We use the first-order spline interpolation, as implemented in scipy
(Virtanen et al., 2020), to get the theoretical values at the same distance metric values as
the points of the observed streamer curve (panel d in Fig. 3.2 and 3.3). Then, we examine
what fraction of the RA, Decl., and RV values of the observed streamer curve match within
the error bars (standard deviations) to the theoretical values. This fraction is referred to
as the "fitting fraction" in Fig. 3.4. We consider the best-fit trajectory as the one that
can accommodate the highest fraction of mean values representing the observed streamer,
within their error bars. In cases where multiple trajectories fit the same fraction of values,
we choose the trajectory with the lowest chi-squared deviation as the best fit.

3.2.3 Error estimation

As discussed in Sect. 3.2.2, we compute theoretical infalling trajectories for each of the
parameter combinations and check the fraction of values (RA/Decl./RV) of observed
streamer’s curve-like representation (intensity-weighted means) that agree with the the-
oretical values within the error bars (intensity-weighted standard deviations). To estimate



3@. TIPSY: Trajectory of Infalling Particles in Streamers around Young stars

a) 36°57'20" | 75
70
s 15" 4 " [
o
§ - 65 g
[ ] Y =
s 20 6.0 §
£ .
2 =
8 25" - 5
2
q 50
30" 4 1000 au o r
il 3@; 45
T T T o 40
197017095 09.0°  08.5°  08.0°
RA (J2000)
b) c) T
. M Intensity-weighted means
? - - - E’)ﬁ“
L S 6“00 1 |
c e s
& o o®
7 >
’4 © _4 860“
o ~ % o
S s Al .- 2 o
B3 S 4
| APV - 2 o
5 8 TTB o
=, o
D N
’ R # ° ® A
s O
'?4 ] S c,‘,')e,(' 4 o 0 (é)z
‘o X o, &
B, ° o &£ KY &
D
G, o s & %, g
R g “‘@o v g
(o)
% o S 3 " l o
e) d)
— Best Fit ‘ @ Best Fit
® - T
‘‘‘‘‘‘‘ Q0 1 |
.1 R 60 T ‘
I 5 :
o 0 ?°
v e n
(40 ° R \ -~ < 6600
o
o ~ Y % 0
5« PSS 3 o
2 VAR &SR WS- 2 \)
2 » S RO " ---. i?\ 57'00
-3
2 Rt
- D
A0 20 ? -
N I ? I
'?'V. ¥ & (‘ve’ e/ 6 o &f‘f’
) 9 2
% N o L e ° N
@f/ =2 f/ & Kb;q'
% H s o'{& e 0K
& S (XY v
S & o
% K Q >
v

v Oe’é‘
Figure 3.2: Flow of S CrA 3CO (2-1) data in the TIPSY pipeline. Panel a: Intensity-
weighted velocity (moment 1) map in colors, overlaid with contours representing the inte-
grated intensity (moment 0; see Fig. B.3). The red segments in the bottom-left corners
depict a length scale of 1,000 au. The pink ellipses in the bottom-right corners depicts
the beam size of the data. Panel b: Isometric projection of the 3D PPV diagram of pixels
with intensity > 50 in the whole field of view. Panel c: Isometric projection of the PPV
diagram of an isolated and cleaned streamer. The red square and its error bars represent
intensity-weighted means and standard deviations, respectively. Panel d: Same as Panel
¢, but with the best-fit trajectory, as represented by the black line. Black circles denote
the interpolated values of the theoretical trajectory, which are directly compared to the
intensity-weighted means. Panel e: Same as Panel b, but with the best-fit trajectory, as

represented by the black line. Note: 3D interactive versions of panels d and e are available
online.
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Figure 3.3: Same procedure as described in Figure 3.2, but for HL. Tau instead of S CrA.
Note: 3D interactive versions of panels d and e are available online.



38. TIPSY: Trajectory of Infalling Particles in Streamers around Young stars

errors in the fitted free parameters (LOS distance, projected speed on the POS, direction
on the POS), we select trajectories that can fit at least a certain fraction, 0.9 by default,
of the values of observed streamer curve. For each of these trajectories, we store the pa-
rameter combinations used to produce them. Subsequently, the errors are estimated as the
standard deviations of each parameter for these parameter combinations with sufficiently
good fits (fitting fraction greater > 0.9). Figure 3.4 display these errors in LOS distances
and speed on the POS for the best fits of S CrA and HL Tau.

These error estimates are, by default, also compared to the spatial and velocity reso-
lution of free parameters, used for generating the parameter space. If the error (standard
deviation) computed for a parameter is less than the resolution used, the error estimate is
increased to this parameter resolution. This generally suggests that the resolution used to
create the initial parameter space was too coarse to capture the true fitting uncertainty:.

For the parameters estimated directly from the observation (i.e., the offset in RA, Decl.
and RV), intensity-weighted standard deviations corresponding to the outermost point of
the observed streamer curve is used. All these uncertainties are further propagated to
the derived physical parameters, as listed in Table 3.2. TIPSY also provides a table of
goodness-of-fit measurements (fitting fraction and chi-squared deviation) for all param-
eter combinations, enabling users to independently estimate errors using their preferred
methodology.

We note that TIPSY does not currently propagate errors in the fixed parameters to
the errors of fitted parameters. These fixed parameters include stellar parameters (stellar
mass, systematic velocity, and distance) as well as the parameters corresponding to the
observed initial offset of the streamer with respect to to the protostar (offset in RA, Decl.,
and RV).

3.2.4 Caveats

An important assumption in the Mendoza et al. (2009) models (see Sect. 3.2.1) used to
compute infalling trajectories is that we consider only one force acting on the infalling
material: the gravitational force of a point mass (protostar). To begin with, this means
that we neglect the contribution of gravitational and tidal effects of circumstellar material.
This assumption is valid as long as most of the mass is concentrated within the central
region, which is usually the case, especially in the evolved sources. More importantly, we
also do not account for the tidal forces from a multiple system, as briefly discussed in Sect.
3.3.1. We also neglect the effects of gas pressure gradients and shocks (e.g., Shariff et al.,
2022), magnetic fields (e.g., Unno et al., 2022), and turbulence (e.g., Seifried et al., 2013).
However, these assumptions are generally valid at the length scales of streamers, which are
farther away from the protostar, and thus, protostellar systems can be approximated as a
point source and the gas density is low. Moreover, the fitting methodology of TIPSY can
also be adapted to fit more complicated models to the streamer emission.

While fitting the observed streamer structures, we also assume that the observed in-
tensity of molecular-line emission represents the actual density distribution of gas. This
assumption should mostly be valid for low-density streamers; for streamers with a higher
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density of gas, an appropriately less abundant molecular tracer should be used.

Finally, it is important to note that the current implementation of TIPSY does not
necessarily rule out the other possible causes of large-scale elongated structures, such as
stellar flybys (e.g., Dong et al., 2022; Cuello et al., 2023), the ejection of gas (e.g., Vorobyov
et al., 2020), or gravitational instability in disks (e.g., Dong et al., 2015). However, a
good fit of observed structures by TIPSY would mean that the observed structures can
be explained as infalling streamers. Ideally, a comparative analysis with other competing
models would be required to identify the most likely cause. The analytical model used
to compute infalling trajectories, as described in Sect. 3.2.1, also allows us to generate
unbound hyperbolic trajectories, which may be useful in identifying ejections of unbound
gas (e.g., Vorobyov et al., 2020). Complimentary observations, such as polarization in the
near-infrared (e.g., Ginski et al., 2021) and molecules tracing shocks (e.g., Garufi et al.,
2022), can be used to further ascertain the dynamical nature of the streamers.

3.3 Applications

In order to test the TIPSY methodology, we used two protostellar systems with known
streamers: the Class II binary source S CrA (Gupta et al., 2023) and the Class I/II source
HL Tau (Yen et al., 2019; Garufi et al., 2022). As TIPSY requires a prior estimation of
protostellar mass, it is better suited to analyzing streamers around more evolved Class
[/IT and IT sources. For these sources, most of the streamers have been serendipitously
observed in bright 2CO emission and generally suffer from significant cloud absorption
and contamination. This may result in an inaccurate judgement of the extent of the
streamers and, thus, an unreliable modeling of them. We present the fitting results for
13CO (2-1) data of S CrA and HCO™ (3-2) data of HL Tau in Sects. 3.3.1 and 3.3.2,
respectively.

3.3.1 S CrA

S CrA is a binary system, comprising of two Class II sources with a separation of ~ 200 au,
in the Corona Australis star-forming region. Using spectral and photometric monitoring
of both of the protostars, Gahm et al. (2018) found them to be very similar to each other,
with stellar masses of 1M. These masses agree with the modeling of orbital motions by
Zhang et al. (2023).

Zhang et al. (2023) also reported disk-scale spirals and a ~ 200 au streamer-like struc-
ture connected to the southern protostar, as observed in SPHERE (Spectro-Polarimetric
High-contrast Exoplanet REsearch) polarization observations. Furthermore, Gupta et al.
(2023) found this system to be surrounded by 0.1 parsec-scale clouds, appearing as reflec-
tion nebulae, and ~ 1000 au elongated structures revealed by 2CO (2-1) Atacama Large
Millimeter /submillimeter Array (ALMA) observations, suggesting infall of material onto
the system. However, these 2CO observations suffered from contamination from surround-
ing diffuse gas (see Fig. F.1 in Gupta et al., 2023) and also a prominent absorption feature
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close to systemic velocity of the source, where a lot of bound material is expected to be.

For our analysis we used the *CO (2-1) observations, taken as a part of the same ALMA
project (Project Id.: 2019.1.01792.S), which show a much cleaner ~ 1300 au streamer (Fig.
3.2 and B.3a). We used the standard pipeline calibrated data and the imaging was done
using "Briggs" weighting with robust=0.5, a cell size of 0.05 arcsec, and "auto-multithresh"
masking with default parameters. We detected the streamer at 2 5o level, in all the
relevant channels.

TIPSY results suggest that the overall streamer is consistent with being a trail of
infalling gas. For the best fits, infalling trajectories could fit all the ten points in the
simplified streamer (intensity-weighted means, red squares in Fig. 3.2) within the error
bars (intensity-weighted standard deviations). The best-fit parameters, as given in Table
3.2, suggest that the material is strongly bound to the protostars, with the specific (per unit
mass) total energy (kinetic energy plus gravitational potential energy; see Sect. 3.4.2) of
—1.1£0.1 km? s~2. This suggests that the observed structure is not an ejection of unbound
material, which should be on hyperbolic trajectories. The size of observed streamer, which
is at least an order of magnitude larger than the protoplanetary disks, further indicate that
this is not a spiral arm induced by gravitationally unstable disk.

Moreover, we also find that the velocity profile of observed streamer changes close to the
protostars, that is to say, the LOS velocities stop decreasing and start increasing, which
was not reproduced in our best-fit models (panel d, Fig. 3.2). This suggests that the
gas falling from behind the protostar (see Fig. B.la) is being slowed. The change in gas
dynamics closer to the protostars could be due to the tidal forces from the binary system
that are expected to dominate in inner regions (e.g., Zhang et al., 2023). To test this, a
detailed modeling of infalling material interacting with binaries and circumbinary material
is required, which is beyond the scope of this study.

3.3.2 HL Tau

HL Tau is a Class I/II source with a ~ 2 M mass protostar (Yen et al., 2019) surrounded
by a protoplanetary disk with concentric rings and gaps (ALMA Partnership et al., 2015).
Yen et al. (2019) found the source to be associated with a few-hundred-au-long streamer
using HCO™ (3-2) ALMA observations. They analyzed the velocity gradient along the
structure and found it to be dominated by the infalling motion in the outer region. HL
Tau is also known to be surrounded by a gas envelope with ~ 1000 au scale asymmetric
structures (Yen et al., 2017), which may be feeding this streamer. Furthermore, Garufi et al.
(2022) also reported emission from shock tracer (SO, and SO) at the expected interface of
the streamer and the disk, suggesting that the infalling material is impacting the disk.

For our analysis, we used the same self-calibrated HCO' (3-2) ALMA observations
(Project Id.: 2016.1.00366.S) of HL Tau as described in Yen et al. (2019). These observa-
tions show significant emission (2 40) from the streamer, along with a Keplerian disk, in
all the relevant channels (see Figs. 3.3 and B.3b).

TIPSY results, as shown in Fig. 3.3, demonstrate that all the points of the simpli-
fied streamer curve (intensity-weighted means) can be fit within the error bars (intensity-
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Quantity S CrA HL Tau
RA offset [AU] 1149476 -227+12
Decl. offset [AU] 618+123 -159+15
LOS offset [AU] 3004150 -1400+573
RA speed [km / s] 0.37£0.18  0.3+0.6
Decl. speed [km / s] -0.47+0.15 0.6£1.2
LOS speed [km / s] 0.02+£0.17  1.7940.20
Specific kinetic energy [km? / s?] 0.1840.10  1.840.9
Specific potential energy [km? / s?] -1.334+0.09 -1.340.5
Specific angular momentum [AU km /s] 791£218 6061803
Infall time [yr] 8301+1358 272441237

Table 3.2: Fitting results for S CrA and HL Tau.

weighted standard deviations) by an infalling trajectory. The fitting results are listed in
Table 3.2. For HL Tau, the specific kinetic energy is consistent with the specific grav-
itational potential energy within the error bars, suggesting that the gas is roughly in a
zero-energy parabolic orbit. However, TIPSY could not constrain the trajectory of in-
falling particles for HL Tau well (see bottom panels, Fig. 3.4), as further discussed in Sect.
3.4.1.

3.4 Discussion

3.4.1 Data requirements

Comparing TIPSY fitting results for S CrA (Sect. 3.3.1) and HL Tau (Sect. 3.3.2), we
can see that the uncertainties are much higher for HL Tau (see Table 3.2). Moreover, Fig.
3.4b shows that the distribution of best-fit parameters (higher fitting fractions, lower x?
deviations) are not well represented by simple symmetrical errors for HL Tau. This is likely
because the HL. Tau observations, limited by the largest recoverable scale, reveal only a
~ 300 au part of streamer, much shorter than the ~ 1300 au streamer around S CrA. This
section of streamer is not long enough to capture any curvature in streamer morphology,
which helps in constraining the speed of infalling particle on the POS. This is useful in
breaking the degeneracy between the initial POS speed and the LOS separation and, thus,
placing a stringent constraint on the streamer trajectories. This suggests that observations
with higher recoverable scales (21000 au) are better for constraining streamer dynamics.

The channel width (velocity resolution) for both the S CrA and HL Tau observations
is ~ 0.1 km s~ which allows TIPSY to resolve the velocity profile (for further discussion,
see Appendix D of Gupta et al., 2023). Besides this, TIPSY requires a significant streamer
(> 30) emission to be observed in all the relevant channels — as is the case in the analyzed
observations — in order to distinguish the streamer from the surrounding diffuse gas and
the background noise.
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3.4.2 Physical parameters

As discussed in Sect. 3.2.2, TIPSY fitting results provide estimates for the initial LOS
distance (dos), the initial projected speed on the POS, and the initial direction on the
POS for the infalling gas. The initial speed and direction on the POS can be converted to
the initial speed in the RA (vga) and Decl. (vpeq.) directions using simple trigonometric
relations. These parameters, combined with the initial LOS velocity offset (vpos) and
the spatial offset in the RA (dra) and Decl. (dpeq.) directions, inferred directly from
observations, can provide complete information about the initial configuration of infalling
gas relative to the protostar.

These parameters can be used to derive other physically relevant quantities. For ex-
ample, specific (per unit mass) kinetic energy can be estimated as 0.5 X (vi, + v,y +
v30g). Similarly, assuming that the local gravitational potential is dominated by the
mass of protostellar system, specific gravitational potential energy can be estimated as

-G x M,/ \/ d% 4+ d%,, + d3 g, where G and M, represent universal gravitational con-
stant and mass of protostellar system, respectively. We can sum them to get the specific
total energy (7.FE.), which can tell us if the gas is in a bound elliptical orbit (T.E. < 0,
similar to the streamer around S CrA), a bound parabolic orbit (T.E. ~ 0, similar to the
streamer around HL Tau), or an unbound hyperbolic orbit (T.E. > 0).

Using the initial position (7¢) and velocity (vg) vector of infalling gas, we can also
estimate the specific angular momentum as 76 x vg. This can be compared to the angular
momentum of the disks to quantify the role of infalling material in misaligning the pro-
toplanetary disks, as has been suggested by some hydrodynamic simulations (e.g., Thies
et al., 2011; Kuffmeier et al., 2021). For the S CrA and HL Tau streamers, we find the spe-
cific angular momentum magnitudes to be 7914218 AU km s~* and 6061803 AU km s},
respectively. For reference, the specific angular momentum (1) in the outer part of a 100 au
Keplerian disk around a 2 Mg, star protostar, similar to HL Tau, should be ~ 421 AU km s~*
(I = VGM,R,, where G, M,, and R, are the gravitational constant, the protostellar mass,
and the disk radii, respectively).

As TIPSY provides the complete trajectory of the infalling gas, until the motion is
dominated by the gravitational force, we can also infer the 3D (RA, Decl., and LOS dis-
tance) morphology of the infalling streamer, as shown in Fig. B.1. These morphologies
can further be validated using near-infrared polarization observations, as the degree of po-
larization in such observations can be correlated to the 3D orientation of dust structures
(e.g., Ginski et al., 2021). A better understanding of the 3D morphology of the streamer
can be useful in constraining the location and velocity of impact for material falling onto
the disk, which allows us to understand the role of infalling material in creating shocks
(e.g., Garufi et al., 2022) and disk substructures (e.g., Bae et al., 2015; Kuznetsova et al.,
2022).

TIPSY also provides an estimate of the infall timescale for the material, defined as the
time taken for the best-fit solutions to reach the point closest to the protostars, starting
from the farthest point in the observed streamer. We found infall timescales of 8301 +
1358 yr and 2724 + 1237 yr for the S CrA and the HL Tau streamer, respectively. This
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implies that these structures are either short-lived (< 10,000 yr, < 1% of typical disk
lifetime) or continuously replenished by larger-scale gas reservoirs. Both S CrA (Gupta
et al., 2023) and HL Tau (Welch et al., 2000) are surrounded by large-scale clouds, which
can be feeding these streamers. Serendipitously detecting short-lived structures should
also be less likely, which could further suggest that these structures survive for longer by
accumulating material from surrounding clouds. Large-scale clouds have been observed
around other serendipitously detected streamers (e.g., Gupta et al., 2023). We also note
that the derived infalling timescales are comparable to the lifetimes of tidal arms induced
by stellar flybys (e.g., Cuello et al., 2023).

Moreover, the infall timescale can be combined with the mass of the streamer to esti-
mate the mass infall rate. A rough lower limit of mass of molecular gas can be estimated
from integrated flux (Fyyeamer), assuming optically thin emission, as

2 .37mH47TD2Fstreamer

Atrans. hyxmol. fu

Mstreamer ~ ) (31)
where my is the mass of a hydrogen atom, D is the distance to the source, Ayqns. is
the Einstein A coefficient of observed line transition, v is the line frequency, x,,.. is the
abundance of the molecule relative to Hy, and f, is the fraction of molecules in the upper
energy state of the transition (e.g., Bergin et al., 2013). Here, f, can be further computed
as fu = 3eP/T Qo (T), where E, is the upper state energy for the transition, T is the
gas temperature, and Q.. (1) is the partition function for the molecule. We took Ayrans.
and E, values for *CO (2-1) (S CrA) to be 6.038x107" s7! and 15.87 K, and HCO™ (3-2)
(HL Tau) to be 1.453x107 s7! and 25.68 K, respectively, from the Leiden Atomic and
Molecular Database (Schéier et al., 2005). The x,,,. values were taken to be 1.45 x 107 for
13CO (e.g., Huang et al., 2020) and 1072 for HCO™ (e.g., Jorgensen et al., 2004). For both
sources, we assumed a representative temperature of 25 K, which is typical for gas at these
~100-1000 au scales (e.g., Jorgensen et al., 2005). At this temperature, Q. (1T = 25 K)
values, interpolated from values provided in Cologne Database for Molecular Spectroscopy
(Endres et al., 2016), were 19.6 and 12.0 for *CO and HCO™, respectively. We computed
Fyreamer 1o be 1.3 x 10720 W m~2 for S CrA and 4.2 x 1072 W m~2 for HL. Tau by
integrating the flux of the isolated streamer emission (panel ¢ in Figs. 3.2 and 3.3) over
both the position and the velocity.

Using these values, we estimated the streamer masses to be 2> 2.1x107* My and > 1.2 x
10~° M, for S CrA and HL Tau, respectively. Although these estimates do not include parts
of the streamers beyond the primary beams of the interferometric observations, they can
still be used to estimate mass infall rates as M, 7 = Mgreamer/Ting, where T, ¢ refers to the
infall time for the observed streamer. Mass infall rates are found to be > 2.5x 1078 M, yr—!
(or 2 27 Mupiter Myr™1) for S CrA and > 4.5 x 1072 Mg, yr! (or 2 4.7 Mjupiter Myr™!) for
HL Tau. Interestingly, these values are comparable to mass accretion rates of pre-main-
sequence objects (e.g., Manara et al., 2023), which have been proposed to be influenced
by late-accretion of material from large-scale clouds (Padoan et al., 2005). We note that
typical mass accretion rates are generally an order of magnitude higher for Class I sources
(e.g., Enoch et al., 2009), which may be a better comparison for HL Tau.
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Moreover, over typical disk lifetimes of a few megayears, these mass infall rates can
increase mass available for forming planets by an order of magnitude, which can resolve the
apparent mass-budget problem in Class IT disks (Manara et al., 2018; Mulders et al., 2021).
The estimated mass flow rates, along with the chemical characterization of streamers, can
also be used to understand their impact in shaping disk chemistry (e.g., Pineda et al.,
2020). We note that these values should be treated as an order of magnitude estimates.
A reliable mass estimation will require modeling multiple molecular-line tracers, which is
beyond the scope of this paper.

3.5 Conclusions

We have developed a code, TIPSY, to study the gas dynamics in infalling elongated struc-
tures, often referred to as streamers. TIPSY is designed to simultaneously fit the morphol-
ogy and velocity profile of the molecular-line observations of streamers with the expected
trajectories of infalling gas.

To begin with, TIPSY results can be used to judge whether the observations of streamer-
like structures are consistent with infalling motion, depending on how well the infalling
trajectories fit the streamers. The dynamical nature of the TIPSY solutions and comple-
mentary observations (e.g., Ginski et al., 2021; Garufi et al., 2022) can be used to rule out
other potential causes, such as stellar flybys (e.g., Cuello et al., 2023), the ejection of gas
(e.g., Vorobyov et al., 2020), or gravitational instability in disks (e.g., Dong et al., 2015).
Then, using the best-fit trajectories, TIPSY provides information about the 3D morphol-
ogy and kinematics of the infalling gas. This can in turn allow us to estimate parameters
such as the infall timescale, the specific angular momentum, the specific total energy, and
potentially the expected impact zone of the streamer on the protoplanetary disk. These
quantities, combined with a better understanding of overall gas reservoirs, can allow us to
study the role of infalling material in replenishing disk masses, impacting disk chemistry,
tilting disks, and creating disk substructures.

We tested TIPSY on two objects: a ~ 1300 au *CO streamer around S CrA (a Class
IT binary system) and a ~ 300 au HCO™ streamer around HL Tau (a Class I/II protostar).
For S CrA, we could characterize the dynamics of the streamer well, which seems to be
consistent with infalling motion. The negative total energy estimated for the observed
streamer, along with the large size compared to the protoplanetary disks, suggests that
the observed structure does not represent an ejection of unbound gas or spiral arms induced
in the disks.

The streamer around HL Tau is also consistent with infalling motion, which is in agree-
ment with the kinematical analysis by Yen et al. (2019) and the shocks observed by Garufi
et al. (2022). However, the uncertainties estimated on the best-fit parameters are relatively
large, indicating that the observations likely cover a too small spatial scale to provide strin-
gent constraints on the overall trajectory. This result is very informative on the type of
observations that are needed to study and characterize infalling streamers.

Moreover, S CrA and HL Tau appear to be accreting mass at a rate of 2 27 Mjypizer Myr ™"
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and 2 5 M,ypiter Myr™!, respectively. If sustained for long enough (2 0.1 Myr), such mass
infall rates can significantly increase the mass budget available to form planets in evolved
sources.



4@3. TIPSY: Trajectory of Infalling Particles in Streamers around Young stars

~1500 1.0 ~1500
~1000 ~1000 -
0.8
-500 ~5001
0 . 6
500 S ]
1000 42 3 1000
1500 2 1500
2000 20001
0.0 0.2 0.4 0.6 0.8 ’

=}
o
o

o
=3
S

log(log(x?))

Initial L.O.S. distance [au]
o
-
Fitting fraction
Initial L.O.S. distance [au]

o
N

o
=3

. X 0.0 0.2 0.4 0.6 0.8
Initial P.O.S. speed [km/s] Initial P.O.S. speed [km/s]
(a)
-2500 1.0 —2500 04
0.9
—2000 —2000
F 0.8 Fl | 0.2
) A
¥ -1500 07c 8 -1500 8
=4 o c =
2 0.6 3 2 II 00 %
T -1000 < © -1000 K
g 052 4 B
— Tz 4 -0.2 —
% —500 04 ® —500
B 2
o 0.3 0 N -0.4
0.2
1 2 3 4 0 1 2 3 4
Initial P.O.S. speed [km/s] Initial P.O.S. speed [km/s]

Figure 3.4: Distribution of goodness-of-fit estimates as functions of free parameters: initial
speed on the POS (x-axis) and initial spatial offset in the LOS direction, for TIPSY fitting
for S CrA (top panels) and HL Tau (bottom panels). Here, the initial direction of gas in the
POS (third free parameter) is fixed to the value for the best fit. Left panels: Distribution of
fractions of coordinate values of points in the observed streamer curve (intensity-weighted
means and standard deviations), which is consistent with the theoretical trajectories. Right
panels: Distribution of log(log(x?)) deviations between the observed streamer curve and
theoretical trajectories. In all the plots, yellow regions represent good fits. Red squares
represent the best fit, as discussed in Sect. 3.2.2. The red lines passing through them
represent errors, as discussed in Sect. 3.2.3.



Chapter 4

Large-scale structures around

protoplanetary disks observed in
DECO

4.1 Introduction

The classical model of star formation, developed more than 50 years ago, assumes that
stars form out of gravitational collapse of isolated spherical prestellar cores (Larson, 1969;
Shu, 1977). This picture further suggests that as star formation proceeds, due to the
conservation of the angular momentum, the infalling material within these cores settles
into disk-like structures around the protostars. As these Young Stellar Objects (YSOs)
further evolve, they are expected to disperse most of the natal envelope, leaving behind
an isolated protostar and disk system. These systems, commonly referred to as Class
IT sources (e.g., Dunham et al., 2014), are then assumed to evolve in isolation to form
planetary systems (e.g., Morbidelli & Raymond, 2016).

Results from initial surveys of molecular-line emission from Class II disks, primarily
done with Atacama Large Millimeter /submillimeter Array (ALMA), somewhat agreed with
this assumption of isolated systems (e.g., Ansdell et al., 2016, 2017; Barenfeld et al., 2016).
The primary goal of these surveys was to exploit ALMA’s unprecedented sensitivity to
homogeneously observe all known Class II objects in newrby SFRs both in continuum and
CO (main isotopologues) emission(see Manara et al., 2023; Miotello et al., 2023, for a
review). Such pioneering studies, also referred in the literature as "snapshot surveys', were
characterised by a moderate sensitivity, that was not enough to reveal any fainter extended
structures beyond the disks. Higher sensitivity ALMA observations of individual sources
- generally designed to study disk chemistry and kinematics - had often also high angular
resolution to resolve the disks (e.g., Oberg et al., 2021). This limited the largest recoverable
scale of such observations, and much of the emission beyond disk scales was filtered out.
Furthermore, as the targets of these studies were identified as Class II source through
spectral energy distributions (SEDs) characterisation, such samples were inherently biased
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against Class II sources interacting with their environment (Kuffmeier et al., 2023).

However, despite the fact that most molecular-line observations were designed only
to study disks, there have been several serendipitous detections of larger scale structures
connected to them (e.g., Tang et al., 2012; Akiyama et al., 2019; Alves et al., 2020; Garufi
et al., 2022; Huang et al., 2020, 2021, 2022, 2023; Gupta et al., 2023). In particular,
filamentary structures connected to the disks, also referred to as streamers, and spirals
have been observed. Numerical simulation suggest these structures to be a signpost of
infalling material (e.g., Padoan et al., 2014; Hennebelle et al., 2017; Haugbglle et al., 2018;
Bate, 2018; Kuznetsova et al., 2019; Lebreuilly et al., 2021; Pelkonen et al., 2021; Kuffmeier
et al., 2017, 2023). Recent surveys of near-infrared polarimetric observations suggest that
at least ~ 15% of Class II sources are likely interacting with their environment (e.g., Garufi
et al., 2024). However, these observations do not provide information on gas kinematics,
which makes it hard to ascertain their dynamical nature. Overall, we are increasingly
identifying signs of interactions between Class II systems and their surrounding clouds,
challenging the traditional view of these sources.

These interactions, resulting in late-stage infall of material onto Class II disks, can
significantly impact the physical and chemical properties of protoplanetary disks, po-
tentially solving several issues in star and planet formation. This process, modelled as
Bondi-Hoyle accretion, can transfer mass to disks around solar-type stars at a rate of
~ 1078 M, yr~!(Padoan et al., 2005), in agreement with recent observational estimates
(Gupta et al., 2024). If this is sustained for ~ 0.1 Myr, less than one-tenth of the typical
disk lifetimes (= 1 Myr), it can sufficiently increase the mass budget of Class II disks to
form planets to resolve their 'mass-budget problem’ (Manara et al., 2018; Murillo et al.,
2022). As the angular momentum of infalling gas can be randomly oriented with respect
to the disk, it can easily induce misalignments in disks (Thies et al., 2011; Kuffmeier et al.,
2021) which can be inherited by planetary systems formed out of them (e.g., Albrecht
et al., 2022). Additionally, it can explain some of the observed shocks in disks (e.g., Garufi
et al., 2022), accretion outbursts (e.g., Jensen & Haugbolle, 2018), old disks (e.g., Scicluna
et al., 2014) and disk substructures (e.g., Kuznetsova et al., 2022). Winter et al. (2024)
even demonstrated that late-infall can be a primary driver of the overall disk evolution.

To better quantify the frequency of such interactions, we need a deep molecular-line
survey of Class II disks with appreciable largest recoverable scale. DECO (Disk-Exoplanet
C/Onnection, PI: L. Ilsedore Cleeves) is a novel ALMA Large Program designed to study
the chemical composition of 80 Class II disks. As the observations were primarily designed
to study the weak line emission emitted from disks, a relatively coarse resolution of a few
tens of au was proposed. This corresponds to ALMA C-4 or C-5 configurations (~ 5”7 LAS
in Band 6), which recovers scales of few hundred au at the typical source distances, which
can reveal structures larger than the disks. Moreover, this program covers a well-sampled
range of stellar masses (~ 0.2-1.5 M) in four nearby (< 200 pc) star-forming regions
(see Section 4.2.1 for more details), which can allow us to understand how frequency of
large-scale structures vary with environmental and stellar properties.

Following a description of DECO sample in Section 4.2.1, we describe calibration and
imaging procedures employed for the data presented in this paper in Section 4.2.2. Then
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in Section 4.3 we describe our analysis of large-scale structures observed in DECO data.
We discuss our finding in Section 4.5. Finally, our key conclusions are stated in Section
4.6.

4.2 Observations

4.2.1 DECO sample

The primary science goal of DECO is to study the chemical composition of 80 Class II
disks - specifically their C/O and C/H ratios - which is expected to be inherited by the
planets forming in them. In order to isolate the influence of disk properties with their
environments, targeted sources are evenly divided into four nearby (< 200 pc) star-forming
regions, with existing disk surveys: Lupus (Ansdell et al., 2016), Taurus (Akeson et al.,
2019), Chameleon I (hereafter Chal) (Pascucci et al., 2016), and Rho Ophiuchus (hereafter
ROph) Williams et al. (2019). Although all these regions are relatively young, Ophiuchus
is thought to be especially younger with the YSOs typical age ranging from ~ 0.3 Myr
in the dense cores (Wilking et al., 2008) to ~ 1 Myr in the rest of L1688 (most active
sub-region) (Testi et al., 2022). In comparison, the other three regions are expected to be
~ 1-3 Myr old (Testi et al., 2022; Ribas et al., 2015; Pfalzner & Dincer, 2024). We note
that the exact ages of individual regions are quite uncertain and vary within a factor of
two among different studies.

To investigate the dependence of disk chemistry on stellar properties, every sample
within each star forming region is further evenly divided between M-dwarfs (Teg < 3900
K) and GK-dwarfs. Moreover, within each of these sub-classes the sample is further equally
divided between small and large disks, with a dust radius of 40 au as a threshold between
the two populations. It is particularly important for this study that the sample selection
is optimised to target clean isolated disks by minimising inclusion of binaries and sources
with large (25 mag) extinction. Based on the stellar parameters provided in Manara et al.
(2023) and tabulated in Table 4.2, our final sample encompasses stellar masses ranging
from ~ 0.2 to 1.4 M®, with mass accretion rates around ~ 10719-107% M® yr~!. This
broad range allows us to explore potential correlations between the properties of large-scale
structures and stellar characteristics across a significant number of sources, as discussed in
Section 4.4.

However, some DECO observations are still missing in this chapter, as they are either
yet to be delivered or imaged. The results presented in this chapter are based on CO (2-1),
13CO (2-1), and C'™O (2-1) observations of 62 targets in total, specifically 18 sources in
Chal, 20 sources in Lupus, 20 sources in ROph and 4 sources in Taurus.

4.2.2 Calibration and imaging

The data for DECO was reduced using the respective pipeline for each dataset, included
in each version of the CASA software (McMullin et al., 2007; CASA Team et al., 2022).
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For the complementary archival observations, making up part of the DECO sample, the
data reduction processing was run with the corresponding CASA version, depending on
the observational cycle of each dataset. Once the calibrated visibilities were obtained, then
a standalone automated self-calibration routine! was applied for all DECO and archival
datasets, using the CASA 6.6.4.34 version. Default parameter values, as set in the routine,
were used for self-calibration.

All lines were imaged using the tclean task with Briggs weighting of robust=0.5 and
used automasking with the following parameters: sidelobethreshold = 2.0, noisethreshold
= 3.25, minbeamfrac = 0.3, lownoisethreshold = 1.5, and negativethreshold = 7.0. All
images were made using the ‘multi-scale’ deconvolver with pixel scales of [0,5,15,25,50,100]
and were CLEANed down to a 4o level, where o was the RMS noise measured across five
line-free channels of the dirty image.

4.3 Analysis

As discussed in Section 4.2.1, we use available DECO observations of a subset of 62 sources
in this study. Figure 4.1 presents the CO (2-1) maximum intensity (moment 8) maps of
these sources. These maps reveal a wide variety of large-scale (2 500 au) structures
beyond the traditionally assumed isolated, central, often unresolved or marginally resolved
disks. Even just from a visual inspection, these structures seem more common around
sources in ROph, which is thought to be the youngest region observed by DECO, as
discussed in Section 4.2.1. This observation may suggest that Class II sources in younger
regions are more likely to interact with their environment, due to less dispersed clouds.
Furthermore, the intensity-weighted velocity (moment 1) maps shown in Figure 4.2 display
a range of complex and diverse velocity patterns in these large-scale structures. This
complexity indicates that more dynamic processes may be occurring, rather than just a
simple streamer-like infall of material.

For more details on gas structures around individual sources, we refer to the channel
maps and integrated spectra presented in Appendix C.1. In addition, to further showing
that large-scale structures are both common and diverse, these maps also reveal the relative
complex morphologies of the three main CO isotopologue lines: CO (2-1), 3CO (2-1),
and C™®O (2-1). CO, being the most abundant isotopologue, is generally the brightest.
However, it is also the most affected by foreground cloud absorption and contamination.
In contrast, C'80, the rarest isotopologue, is the least affected by these issues, but it is also
much fainter. Together these three complementary isotopologues allow us to build a more
comprehensive picture of gas structures. For example, in Figure C.58 we can see that CO
is the brightest in most of the channels. However, in the gas line-of-sight (LOS) velocities
ranging from ~ 2 km s! to ~ 5 km s7!, the emission is dominated by ¥*CO and not by
12C0. This is likely due to CO being absorbed by the foreground cloud or contaminated
by diffuse clouds, which are filtered out in these interferometric observations. Furthermore,

thttps://github.com/jjtobin/auto_ selfcal/
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Figure 4.1: CO (2-1) maximum intensity (moment 8) maps for DECO sources. All 80
panels represent the 80 sources in DECO sample, as described in Section 4.2.1. These
sources are divided into four blocks representing, from top to bottom, sources in Chal,
Lupus, ROph, and Taurus. Panels with "Data is not available yet" denote sources for
which DECO observations are not yet taken or delivered. Horizontal lines in the bottom-
left and ellipses in the bottom-right of each panel represent length scales of 500 au and

beam sizes, respectively.
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Figure 4.2: CO (2-1) intensity-weighted velocity (moment 1) maps for DECO sources. All
80 panels represent the 80 sources in DECO sample, as described in Section 4.2.1. These
sources are divided into four blocks representing, from top to bottom, sources in Chal,
Lupus, ROph, and Taurus. Panels with "Data is not available yet" denote sources for
which DECO observations are not yet taken or delivered. Horizontal lines in the bottom-
left and ellipses in the bottom-right of each panel represent length scales of 500 au and
beam sizes, respectively.
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in velocities between 3 km s~! and 3.4 km s™!, even ¥CO is mostly absorbed and C*0 is
relatively bright.

One way to do a consistent analysis of these diverse structures, particularly in the
context of studying infall of material, is to characterise the amount of potentially bound
material. With the current observations, we have the information of relative LOS velocities
(vLos), which can be treated as a lower limit on overall relative velocity between protostellar
source and surrounding gas. Similarly, we can infer the plane-of-sky (POS) distances (rpos)
between the source and the gas, providing a lower limit on the overall 3D distance. Using
these we can constrain specific (per unit mass) kinetic (K E) and gravitational potential
(PE) energy of the gas, relative to the protostar, as:

K Epin = 0.507 og (4.1)

PEmax = GM*/TPOS (42)

where, GG is the gravitational constant and M, is the stellar mass. Equating Equations 4.1
and 4.2, we get

T'POS, max. bound — 2GM*/U]%OS (43)

where 7pos, max. bound represents the distance beyond which K Ey,;, > PEyax. In other
words, material beyond 7pog, max. bouna should definitely be unbound. However, material
within it may or may not be bound and thus, represents the maximum possible bound
material. These circles are shown as dashed circles in the figures in Appendix C.1.

Since the available observations do not directly provide information on velocities along
R.A. (vra) and Dec. (vpec), nor on distances along LOS (r0s), we need to make assump-
tions about the 3D orientation of these structures to define a more realistic boundary be-
tween bound and unbound material. Assuming that we are looking at these systems from a
fairly representative perspective, we should have v,og5 ~ Vra ~ Upec and rra ~ TDec ~ TLOS-
Then the 3D relative velocity and distance can be estimated as:

Vest = 30.5ULOS (44)

Test = 1-50.5TPOS (45)

Estimating kinetic and potential energy from equations 4.4 and 4.5 and equating them, we
get
TPOS, est. bound = (2/3)1'5GM*/UEOS <46)

where 7pog, est. bounda T€presents a more realistic boundary between bound and unbound
material and is denoted as dotted circles in the figures in Appendix C.1.

We use the flux of molecular-line emission within these boundaries to estimate both the
maximum mass (Mpayx.) and the projection-corrected mass (Moo corr.) Of material bound
to protostellar systems. As previously noted, different CO isotopologues dominate emission
in different channels. Thus, we estimate the mass of each CO isotopologue corresponding
to their emission in each channel. For determining the actual mass in each channel, we
select the mass estimate from the most dominant CO isotopologue emission. This approach
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minimizes the effects of optical depth and cloud absorption, particularly in channels where
the mass estimate from more abundant isotopologues might be lower than that from less
abundant isotopologues. It also ensures that we can use the mass estimate from the more
abundant isotopologue emissions in cases where the less abundant isotopologues are too
faint.

For the actual mass estimation, we only consider pixels with emission greater than 3o.
We also mask out the circumstellar disks using their expected Keplerian rotational profiles,
so that we only consider the mass of the large-scale structures beyond the disks. The mass
of molecular gas can be estimated from the integrated flux (Fj,s), assuming optically thin
emission, as:
2.37mH47rD2Fgas

M, ~
gas )
Atrans. hl/xmol. fu

(4.7)

where mpyg is the mass of a hydrogen atom, D is the distance to the source, Atans. is
the Einstein A coefficient of observed line transition, v is the line frequency, x,.. is the
abundance of the molecule relative to Hy, and f, is the fraction of molecules in the upper
energy state of the transition (e.g., Bergin et al., 2013). Here, f, can be further computed
as fu = 3eP/7/Quo(T), where E, is the upper state energy for the transition, 7" is the
gas temperature, and Q1. (T') is the partition function for the molecule. For both sources,
we assumed a representative temperature of 25 K, which is typical for gas at these ~100-
1000 au scales (e.g., Jorgensen et al., 2005). All the values used for each molecular line are
tabulated in Table 4.1.

Molecular Line v [GHz]  Agans [s71]  Eu [K]  Qumow(25 K) Tmol.

CO (2-1) 230.54  6.910 x 1077 16.60 8.8995 1x10™*
BCO (2-1) 22040 6.038 x 1077 15.87 185837  1.30x 107°
C'*0 (2-1) 219.56  6.011 x 1077 15.81 9.3268  1.79 x 1077

Table 4.1: Frequencies (v), Einstein coefficients (Agans), upper state energies (FE,, ), parti-
tion functions (@l ), and abundances (. ) for estimating the mass of the three molecular
lines. Aians and E, values were taken from the Leiden Atomic and Molecular Database
(Schoier et al., 2005). Qmo.. values were interpolated from the values provided in Cologne
Database for Molecular Spectroscopy (Endres et al., 2016). x,.. values are from Wilson
& Rood (1994).

However, there are inherent uncertainties on stellar masses and systemic velocities used
for defining boundary of bound material and thus, estimating the mass of bound gas. To
account for these uncertainties, we assume a typical uncertainty on stellar mass of ~ 10%
and a typical uncertainty on systemic velocity of ~ 0.5 km s~!. These uncertainties are
then propagated to determine the uncertainties in 7pog, max. bound @0d TPOS, est. bound- W€
compute the flux using slightly larger and smaller radii (rpos = Arpog) to estimate the
uncertainty in the flux of bound gas, which is subsequently propagated to calculate the

errors in the bound mass.
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Besides propagating the uncertainties from stellar properties, we also need to account
for the noise of the flux observations. Even though we only consider pixels with flux greater
than 3o, there will still be a few pixels (~ 0.5%) with some relic noisy emission. In general,
the number of such pixels should be very small and therefore should not significantly affect
bright structures. However, the emission from many structures is faint enough that we need
to account for this observational noise to only pick structures with significant emission. We
do this in two steps. First, for each channel and CO isotopologue we check if the total
bound emission is significantly larger than that expected from the few noisy pixels with
flux > 30, assuming Gaussian noise. This is important to do for different isotopologues,
because mass estimations from noisy C!'®0 data can dominate over the mass estimated
from CO, as C'®0 is roughly two orders of magnitude less abundant. Second, and more
important, we also check the noisy emission expected from all the bound pixels for the
CO isotopologue that dominates the overall mass estimation. This overall noisy emission
determines the observational lower limit on observable mass.

4.3.1 Caveats

A major caveat in such an analysis is that we do not confirm the infalling nature of these
structures individually, for example by fitting their morphology and velocity gradients as
done in Gupta et al. (2024). This is because our structures exhibit complicated spatial
and kinematic patterns, which cannot be easily represented as a simple infalling trajec-
tory. Furthermore, these patterns are visible in different isotopologue emission at different
velocity ranges. Therefore, here we present a relatively simpler approach to consistently
quantify the presence of large-scale structures across these diverse sources.

We would like to stress that our effort is in determining the reservoir of gas that can
potentially fall onto the protostellar systems we study. It is possible that other environmen-
tal parameters such as turbulence, magnetic fields, gas pressure gradients and even stellar
feedback may significantly alter gas dynamics. However, in these low-mass star-forming
environments and scales of < 1000 au, we expect the dynamics to be dominated by the
gravity from protostellar system, in most cases.

Furthermore, we had to make a few assumption on the physical properties of the sur-
rounding gas to derive its mass. To begin with, we assumed a constant temperature of
25 K across all gas structures. In reality, the temperature can not only vary for material
around different sources but also spatially around each source. To characterise these tem-
perature profiles, we will need to model multiple transitions of the same molecule which is
beyond the scope of this study. Such an analysis can also allow us to have a more realistic
prescription for the optical depth of our tracers.

Quite certainly, we miss flux due to filtering out of large-scale structures by inter-
ferometric observations. To recover this flux, we will need additional data with shorter
baselines and single-dish observations. However, our next step is to experiment with imag-
ing procedures. The parameters used for the imaging presented in this chapter is currently
optimised to study disks, to assess how much flux we miss due to filtering out. We also
miss some flux due to absorption by foreground cloud but we minimise this effect by also
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using emission from rarer CO isotopologues for mass estimation.

Overall, our mass estimates should be considered as order-of-magnitude estimates
rather than precise measurements of the gas that will fall onto these systems. Despite
this, they provide valuable insights into global trends between properties of protostellar
sources and their environments, as discussed in Section 4.4. Complementary observations

(multiple transitions, shorter baselines, etc.)
sources will follow and will allow us to further refine these results.

and more detailed analysis of individual

Source ]\jdisk7 dust M, 10g<Macc) Max. AAjmax. Mproj. COrT. A]\4pr0j. CorT.
M@ M@ M@ yI'_l M@ M@ M@ M@
ROphl 1.79 037 817  362x107° 1.85x10™° 1.05x107° 9.93 x 107©
ROph?2 1.95 0.54  -8.08 5.73x107% 1.09 x 107*  2.06 x 107%  9.77 x 107°
ROph3 3.50 0.57 -8.70 558 x 107° 1.33x107° 250x107° 1.21x107°
ROph4 7.58 0.40 - 2.82x107% 317x107% 5.07x107% 3.67x 1077
ROph5 11.48 0.29 -7.22 3.47x107% 118 x107* 4.77x 1075 521 x 107
ROph6 113.81  0.56 -7.38 1.14 x107% 2.92x107® 5.72x107° 3.01 x 107°
ROph7 8.55 0.63 -9.57 2.0l x10™® 253 x107% 1.25x107° 1.69x 1076
ROph8 36.61 0.55 -7.89 245x107° 395x107% 1.24x107° 4.83x10°6
ROph9 53.83 0.21 -7.93 479 x 107° 134 x107° 1.68x107° 1.04 x 107
ROph10 54.86 0.59 -6.71 535 x 107 1.05x107* 235x107* 1.05x 1074
ROphl1 3.48 0.60 -7.89 9.75x 1072 9.37x107* 6.66 x 1073 1.72x 1073
ROph12 4.62 0.84  -8.64 7.60x 1076 314x107% 588x1076 541 x1076
ROph13 8.63 0.62 - 2.74x107* 580 x107° 1.41x107% 6.58 x 107°
ROph14 15.30 0.88 717 654 x 1070 1.44x 1075 8.88x 1076 3.34 x 1076
ROph15 20.26 0.69 - 3.50x 1076 6.89 x 1077 3.22x 1075 5.50 x 1076
ROph16 10.99 0.69 - 3.77x107% 1.74x107% 1.24x107% 6.43 x 107"
ROph17 14.83 0.65 -7.96 421 x107° 837x107% 1.60x107° 878 x 107
ROph18 38.45 0.61 -6.88 708 x107% 749 x107° 4.08x107* 1.06 x 1074
ROph19 80.97 0.69 -8.50 777 %1072 118 x 1073 3.30x 1073 1.22x1073
ROph20  210.52 0.94  -6.22 1.47 x 1073 225 x107*  7.69x 107% 1.23 x 1074
Lupusl 1.10 0.29 -9.38 5.86 x 1077 2.00 x 107  4.22 x 1077  4.00 x 1076
Lupus2 3.75 0.29 -8.51 1.81x107% 229x107% 141x107% 212x10°6
Lupus3 1.64 0.39 -9.10 1.37x107% 7.72x107% 1.33x107% 9.12x 1076
Lupus4 1.04 0.46 -9.39 596 x 1076 3.62x107% 4.78x1077 5.52x 1076
Lupusb 7.98 0.47  -9.08 1.64 x 1077 1.71x 1077 265 x 1077 2.12x 1076
Lupus6 1.23 0.67 -8.69 4.24 x 1077 1.67x 1077 879x107% 276 x 1077
Lupus7 5.87 0.73 -8.93 558 x 1077 3.38x 1077 2.15x 1077 274 x 1077
Lupus8 17.25 0.83 -9.11 6.05 x 1076 6.52x 1077 4.53x 1075 1.90 x 1076
Lupus9 35.29 1.27 -9.20 271 x107% 1.33x107% 138x107% 1.19x10°6
Lupus10 39.22 1.32 -8.12 3.20x 107 236x107* 3.79x 1075 1.54 x 107°
Lupusl1 41.79 0.41 -9.03 2.09x107% 215x107% 1.54x107% 4.86x 1076
Lupus12 10.89 0.52 -9.08 3.52x107° 582x107% 1.86x10° 3.27x 1076
Lupus13 47.01 0.52 -9.47 1.07x107° 8.09x 1076 322x1077 1.95x 1077
Lupusl4 11.17  0.56 -9.18 6.30 x 1076 424 x107% 1.98x 1076 5.76 x 1076
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Lupusl5 15.87 0.61 -9.48 6.93x107% 3.09%x107% 594x10"7 1.60 x 1076
Lupus16 20.35 0.61 -7.44 1.86x 1076 6.15x 1077 3.63x10~7 5.17x 1077
Lupus17 48.53 0.73 -8.27 1.46 x 1076 3.56 x 1077 3.04x 1077 3.51 x 1077
Lupus18 46.12 1.19 -8.00 1.39x107° 6.14x107% 7.99x 107 2.82x 1076
Lupusl9 14429  0.92 - 4.45x107° 8.74x107% 3.22x107° 1.54x107°
Lupus20 60.55 0.55 -7.44 6.41 x 1077 274 x 1077 1.27x 1078 3.44x 1078
Taurush 19.61 0.47 -9.14 1.27x107% 6.57x 1077 1.27x 10710 9.88 x 1078
Taurusll 10.61 0.50 -7.30 2.22x107% 338x1077 2.07x1077 9.29x 1078
Taurusl?7  113.54  0.69 -7.97 486 x 1076 217x107% 283x10% 6.60x 10"
Taurusl8 65.41 0.60 -6.71 155 x 1074 1.13x107° 1.12x107* 1.92x107°

Chall 3.90 0.65 -9.37 1.74x107% 261 x107° 1.23x107% 4.30 x 107°
Chal2 4.76 0.58 7.7 1.67x 1076 8.02x 1077 852x1077 3.19 x 1076
Chal3 8.12 0.25 -7.17 1.59x 1077 9.84x107% 1.37x1077 1.11 x 1076
Chal4 10.44 0.52 -7.89 739 %1077 4.06x 1077 1.09x 1076 822x 1076
Chal5 11.52 0.54 -9.12 6.94 x 107° 1.69 x 107® 2.35x107° 1.91 x107°
Chal6 11.89 0.79 -8.42 3.95x 1076 1.59%x107% 383x1077 2.85x10°
Chal7 2.71 0.63 -8.39 873 x107° 236x107° 1.89x10° 1.98x 107°
Chal9 13.39 1.27 -7.83 2.65 x 1076 1.57x107% 455x1077 6.63x 1077
Chall0 16.77 0.70 -7.38 2.12x107% 528 x1077 244x10°6 1.45x107°
Challl 9.25 0.50 -7.91 297 x107% 1.18x107% 1.53x1077 3.29x 106
Chall2 12.00 0.29 -7.70 1.16 x 107 450x 1076 1.24x10™® 7.16 x 107
Chall3 46.58 0.50 -7.11 1.57x107% 3.50x 1077 1.34x107% 3.81 x 1076
Chall4 21.07 0.38 -7.58 8.67x 1077 1.19x10°% 0.00x10° 9.64 x 108
Chall5 56.12 0.56 -8.96 351 x 1076 448 x107% 1.03x107% 3.95x10°
Chall6 117.22  1.27 -7.55 1.13x 1076 4.45x 1077 848 x 1077 7.16 x 1077
Chall7 7.50 0.82 -7.99 2.03x107% 279x107° 1.77x1073 284 x 1074
Chall8 22.70 0.70 -8.62 238x107% 520x107% 6.64x1077 524x10°6
Chal19 28.76 0.65 -6.77 1.74 x 1073 2.82x107* 9.72x10~* 3.66 x 10~*

Table 4.2: Disk dust masses (Maisk, aust); stellar mass (M,), and mass accretion rates

(Maee) from Manara et al. (2023) along with maximum bound mass (M .y ) and projection
corrected bound mass (M,

sources.

4.4 Results

roj. corr.) €stimated in this study, for the current sample of DECO

Table 4.2 presents the masses of material bound to the observed sample of DECO sources.
If we only identify sources with significant bound mass, i.e., mass greater than the corre-
sponding lower limit due to noise in observed flux as defined in Section 4.3, 39 4+ 6% of
sources in our sample are associated with large-scale gaseous structures. Furthermore, the
fraction of sources with bound structures vary greatly among the four regions, as show in
Table 4.3. We note that currently results for Taurus are quite uncertain as the observations
of only four sources have been delivered so far.

For DECO sources, we also have information on the disk dust masses (Mgsk, dust), the
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Region % with bound material  pu(Mpax.) 0(Mmax.)  #(Mproj. corr.)  0(Mproj. corr.)

Mg Mg Mg Mg
ROph 75 £+ 10 1.09 x 1073 2.67x 1073  597x107*  1.61x 1073
Lupus 5+ 5 242x107° 7.28x107° 560x107%  1.10x107°
Taurus 50 + 25 409 x107° 7.62x107° 288x107° 5.56 x 107°
Chal 33 £ 11 230 x 107% 6.07x107* 1.63x107*  4.62x107*

Table 4.3: Percentage of source with significant bound structures (% with bound material)
for all the targeted DECO region. u(Mpax) and p(Mproj. corr.) represent mean masses
corresponding to bound emission around all sources, including those with non-significant
structures. o(Mpax.) and o(Mproj. corr.) T€present corresponding standard deviations. We
note that the percentages are calculated using M,,... and percentages computed using
M roi. corr. agree within the uncertainties.

stellar masses (M, ), and the mass accretion rates (M,..), from Manara et al. (2023). This
allows us to investigate trends between these properties of protostellar systems with the
mass of large-scale bound material around them, as shown in Figure 4.3, 4.4, and 4.5. We do
not see any strong correlation between large-scale bound material with disk masses, stellar
mass, or mass accretion rates. This is also in agreement with the Spearman correlation
coefficients and corresponding p-values computed using scipy package (Virtanen et al.,
2020) in Python, where all the p-values are greater than 0.1.

We know that mass accretion rates are strongly correlated to stellar masses, in particular
Moo M? (Manara et al., 2023). In order to minimise the effect of stellar mass on mass
accretion, we define the normalised mass accretion rate as Macc / M?2, similar to the analysis
by Winter et al. (submitted), and study its variation with bound mass. Interestingly, we
see a tentative correlation among these quantities, as shown in Figure 4.6. This correlation
is particularly prominent with projection corrected bound mass, when we consider all the
data points in Figure 4.5, including smaller markers with relatively low masses. For this,
the correlation coefficient is 0.3 with the corresponding p-value of 0.09. A least squares
power-law fit, represented by the dashed line in Figure 4.5, suggests a tentative relation of

MPYOJ’- corr. X (MaCC/M*Q)OBiO.Q.

4.5 Discussion

As mentioned in Section 4.4, significant large-scale bound material has been observed
around ~ 40% of sources in the DECO sample. This is contradiction to the traditionally
assumed picture of isolate Class II disks, as discussed in Section 4.1. Moreover, this fraction
is for sources which are currently surrounded with large-scale structures. As these sources
tend to have substantial spatial motions, with relative velocities around ~ 1 km s™! or
~ 1 pcMyr! (e.g., Gupta & Chen, 2022), the fraction of Class II systems that interact with
such gas structures at some point of their lifetime will be even greater. This suggests that

the interaction between these sources and their surroundings must be better characterised
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Proj. corr. bound mass [Mg]

Figure 4.3: Dust mass of disks (Maisk, dust) vS. max. bound mass (Mpax., top panel) and
roj. corr., bottom panel). Blue circles, pink diamonds,
green squares, and orange hexagons represent sources from ROph, Lupus, Taurus, and
Chal, respectively. Smaller and fainter markers represent sources for which the estimated
mass of bound gas is smaller than their estimated observational lower limit but still greater
than their uncertainty due to stellar parameters.
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Figure 4.4: Stellar mass ( M,) vs. max. bound mass (Myax., top panel) and projection
corrected bound mass (Mpyoj. corr., bottom panel). Markers are as described in Figure 4.3.
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panel) and projection corrected bound mass (Mpyo;. corr., Pottom panel). Markers are as
described in Figure 4.3. Dashed black line represents the best power-law fit.
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to get a more comprehensive picture of their evolution.

For ROph in particular, the majority (~ 75%) of sources have a significant amount of
bound material, with an average mass of ~ 1073 Mg or ~ 1 M Jupiter- Lhe accretion of
such an amount of gas mass - similar to the whole gas disk mass for some known sources
(Miotello et al., 2017) - can resolve the 'mass-budget’ problem of Class II disks, where
these disks appear to lack material to form the observed population of planetary systems
(Manara et al., 2018; Mulders et al., 2021).

Interestingly, ROph is also the youngest region targeted in DECO. This may suggest
that the likelihood of such interactions is higher when the region is younger, possibly due
to a larger amount of gas yet to be dispersed. As discussed in Section 4.2.1, the ages of the
other three regions are estimated to be around ~ 1-3 Myr, though the exact relative ages
remain uncertain. A more precise determination of the ages of all regions, particularly for
the sub-regions observed by DECO, will allow us to better this hypothesis. Besides age,
other environmental parameters like gas density and density distribution within a star-
forming region may also play a role in determining influence of surrounding gas on Class
IT systems.

Another key result of this study is that the masses of bound structures are not signifi-
cantly correlated with the disk or stellar masses. This may be because these disk and stellar
masses are time-integrated quantities and thus, heavily influenced by initial conditions and
the entire evolutionary history of these systems.

In contrast, mass accretion rates are instantaneous and primarily governed by the cur-
rent angular momentum transport within disks. Although we do not find a clear correlation
with mass accretion rates, we do observe a tentative positive correlation (p-value of 0.09)
with accretion rates normalized by stellar masses. Interestingly, this aligns with the ex-
pected behavior for a Bondi-Hoyle-Lyttleton-type accretion mechanism, where the mass in-
fall rate (MBHL) scales with stellar and environmental properties as Mgnr, prgas / Avgas,
where pgas and Awvg, represent the local gas density and relative velocity, respectively (e.g.,
Bondi & Hoyle, 1944; Padoan et al., 2005; Winter et al., 2024). In this scenario, normalized
mass accretion rates are expected to depend more strongly on the environment (Winter et
al., submitted). This can further suggest that the environment can influence the angular
momentum transport within disks, potentially by enhancing turbulence as discussed by
Winter et al. (2024). However, more data points are needed to say something more conclu-
sive. Data for about 25% DECO sources is yet to be delivered. Including these additional
data points will allow us to better understand impact of large-scale gas structures onto
properties of protostellar systems.

One of the key caveats regarding the results presented in this study, particularly in
the context of the actual fraction of sources with large-scale structures, is that the sample
selection focuses on Class II sources, which are traditionally determined using spectral
energy distributions in near-infrared wavelengths (e.g., Dunham et al., 2014). As Kuffmeier
et al. (2023) demonstrated, some Class II sources can be misclassified as less evolved sources
if they are interacting with their environments. Moreover, the observations were primarily
designed to study disk chemistry and may not be optimal to detect and analyse large-scale
structures. Therefore, the fraction of sources we observed with large-scale structures is
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more of a lower limit. Furthermore, as pointed out in Section 3.2.4, we are likely missing
flux from these structures due to filtering out of large-scale emission and cloud absorption.
This may further suggest that we are underestimating the mass of bound structures.

4.6 Conclusions

DECO is a moderate-resolution survey of 80 Class II systems spread over four star-forming
regions. Although the survey was primarily designed to study disk chemistry, we detect
large-scale (= 500 au) bound structures around ~ 40% of DECO sources observed so far.
Accounting for selection biases and stellar kinematics, the fraction of Class IT sources that
interact with surrounding gas at some point in their lifetime will be even greater. This
contradicts the traditional assumption of isolated Class II disks. Furthermore, we see
significant differences in the fraction of sources with large-scale structures among the four
star-forming region. Most of such structures are observed in ROph, the youngest region
targeted in this study. This may suggest that age and/or environment is an important
factor in determining the likelihood of interactions between disks and surrounding gas.

We do not see any clear dependence of disk and stellar masses on masses of bound
structures, likely because these quantities are time-integrated over the whole lifetime of
these sources and thus, not significantly altered by the immediate surroundings. Although
we do not see a clear correlation with mass accretion rates, we do see a tentative correlation
for mass accretion rates normalised by stellar masses. This indicates that the environment
may influence angular momentum transport within disks. However, more data points are
needed to make a firm conclusion.

Data for about one-fourth of the DECO sources, which includes most of the Taurus
disks, are yet to be delivered. Including these additional data points will allow us to better
test the interplay between large-scale structures and properties of YSOs. Moreover, we can
include more realistic temperature and optical depth prescriptions to get more accurate
mass estimates. Morphology and velocity gradient of the structures with high enough
signal-to-noise ratio data can be modelled to further ascertain their dynamical nature.

Overall, our results suggest that disks do not evolve in isolation from their environments.
Their interactions need to be better characterised to understand the evolution of these
systems and thus, to develop a more comprehensive view of planet formation.



Appendix A

Appendices for Chapter 2

A.1 Star-forming regions

Figure A.1 shows DSS optical images of all the SFRs listed in Table 2.1, as discussed in
Section 2.3. Figure A.2 shows fraction of all YSOs (solid lines) and just Class II sources
(dashed lines) which are associated with RNe as a function of offset thresholds used to
define association, as discussed in Section 2.4.

A.2 Distribution of spectral indices

Figure A.3 shows the distribution of extinction-corrected spectral indices (a’, solid bars)
and originally measured spectral indices («, dashed-grey line), as discussed in Section 2.3.
The distribution of « values are shifted to the right because foreground extinction can
artificially increase the observed infrared excess for a source.

A.3 Class II sources near RNe

Table A.1 gives coordinates (first two columns), SIMBAD identifiers (third column), the
SFR (fourth column), spectral indices (fifth and sixth columns), and RNe catalogue iden-
tifiers (last two columns) for all the Class II sources in the vicinity of RNe, as discussed in
Section 2.3.

A.4 Required observations and analysis

In order to further test a possible link between RNe and late infall, a deep uniform survey
of large-scale structures is needed for Class II sources associated with RNe, as suggested
in Section 2.4. Ideal observational parameters for such a survey are discussed below.

For what concerns the angular scales, both observations (Figure 2.1) and simulations
(e.g. Kuffmeier et al., 2020) suggest that the infalling streamers should be roughly kilo-au
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Figure A.1: DSS optical images of all the SFRs listed in Table 2.1. Solid-black curves
denotes circular boundaries of these SFRs, as parameterized by the "Radius" column of
Table 2.1. Blue and purple circles represent YSOs from Marton et al. (2016) and Dunham
et al. (2015) catalogues, respectively. Red and yellow open diamonds represent RNe from
Magakian (2003) and Connelley et al. (2007) catalogues, respectively. Dashed-black curve
in Chamaeleon’s map denote a circle with radius of 20°.

scales in length. Therefore, observations needed to study these structures should have
a large enough maximum recoverable angular scale (= 1000 au), so as to not filter out
large-scale emission. For the typical distance of 150 pc to nearby SFRs, this physical scale
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Figure A.2: Cumulative distribution of the fraction of YSOs with distance to the nearest
RNe less than the given offset, as discussed in Section 2.4, for different SFRs. Solid lines
represent all the YSOs and dashed lines represent only Class II sources. Vertical dotted
and dash-dotted lines denote offset values of 2000 and 10000 au, respectively.

corresponds to the largest angular scale of 2 7arcsec. On the other hand, spatial resolution
of such observations should be roughly < 100 au (< 0.7arcsec at a distance of 150 pc),
in order to resolve the connection between large-scale structures and protoplanetary disks.
Such a resolution should also be adequate to resolve the width of infalling streamers (Figure
2.1).

In terms of spectral resolution, free-fall velocity for the infall of material can be esti-
mated as v = /2GM, /R, where G is the gravitational constant, M, is the stellar mass,
and R is the free-fall length scale. For the typical stellar mass of ~ 0.5M, and expected
infall length scale of ~ 1,000 au, the free-fall velocity should be ~ 0.95 km s~!. Assuming
we see such an infalling streamer at an intermediate inclination of 45°, observed velocity
difference would be ~ 0.65 km s~!. In order to resolve the velocity profile, we would need
at least three independent data points, and thus a spectral resolution of < 0.2 km s™1.

The sensitivity requirements of the ideal observations can be based on the past obser-
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Figure A.3: Distribution of extinction-corrected infrared spectral indices (a’, solid bars)
and measured spectral indices (a, grey-dashed steps) for all the 4930 YSOs in SFRs, as
discussed in Section 2.4. Blue bars denote o’ values estimated for sources exclusively from
Marton et al. (2016). Orange bars denote o’ values for sources from Dunham et al. (2015).
Red vertical lines mark the range of values for a YSO to be classified as a Class II source
(—1.6 <o < —0.3).

vations of such large-scale structures. Among the five sources discussed in Section 2.2, AB
Aur and SU Aur are exceptionally bright and may not be representatives for the overall
sample. For RU Lup, the signal-to-noise ratio for the spiral structures was sub-optimal
(< 3) in the individual channel (see Figure 5, Huang et al., 2020), which can make it
hard to study the background dynamical processes. Thus, sensitivity requirements of the
observations can be based on observations of GM Aur and DO Tau, and for both of which

the brightness-temperature sensitivity was ~ 250 mK (normalised to a channel width of
0.2 km s™1).

If large-scale structures are observed around other Class II sources, gas kinematics
can be analysed to understand the dominant dynamical processes. A first step could
be to check if the material is gravitationally bound to the protostellar system. For this
the kinetic energy can be computed along the streamer, using the relative line-of-sight
velocities, and compared to gravitational energy, similar to the analysis done for DO Tau
by Huang et al. (2022) (see Figure 12). Furthermore, position-velocity diagrams, along
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R.A.[°]  Decl [°] Simbad Id. Region e! o’ Magakian RNe Id. Connelley RNe Id.
247.96698 -24.93782 ISO-Oph 204 Ophiuchus -0.17 -0.51 - 66
239.17449 -42.32318 HD 142527 Lupus -0.6 -0.91 641 -
236.30347 -34.29186 CD-33 10685 Lupus -0.64 -0.95 634 -
237.02178 -35.26469 V* HN Lup Lupus -0.84 -1.15 636 -
277.19941  0.14439 V* VV Ser Serpens -0.78 -1.05 766 -
85.20028  -8.09964 CoKu DL Ori G1 Orion -0.93 -1.24 132 -
167.01364 -77.65476 HD 97048b Chamaeleon -0.07 -0.38 533 -
168.11282 -76.73947 BRAN 341D Chamaeleon -0.76 -1.11 545 -
168.12797 -76.73998 V* CW Cha Chamaeleon -0.61 -1.09 545 -
285.28588 -36.95575 V*S CrA B Corona Australis -0.8 -1.22 781 -
68.13232  24.33411 V* FZ Tau Taurus -0.86 -1.17 74 -
68.39192  24.35472 V* GI Tau Taurus -0.62 -0.93 75 -
68.12742  24.33257 V* FY Tau Taurus -1.12 -1.43 74 -
68.39412  24.35176 V* GK Tau Taurus -0.67 -0.98 75 -
69.61912  26.1804 V* DO Tau Taurus -0.51 -0.82 78 -
68.92066  24.18566 NAME CoKu Tau 3 Taurus -0.9 -1.21 76 -
68.97004  22.90634 V* HP Tau Taurus -0.57 -0.88 7 -
55.73321  31.97828 2MASS J03425596+3158419 Perseus -0.98 -0.84 48 -
52.68335  30.54634 EM* LkHA 326 Perseus -0.64 -0.89 45 -
52.21743  30.75151 EM* LkHA 325 Perseus -0.69 -0.78 41 -

235.755  -34.15417 HH 185 Lupus -0.21 -0.31 - 64

Table A.1: List of 21 Class IT YSOs (—1.6 < o/ < —0.3) associated with RNe (distance to
nearest RNe < 2000 au), as discussed in Section 2.3. « and o’ values are measured and
extinction-corrected spectral indices, respectively. Last two columns show index numbers
for matched RNe in Magakian (2003) and Connelley et al. (2007) catalogues.

any detected streamer, can be modelled and compared to the velocity profiles expected for
different kinematic features such as rotation (v oc R™!, for conserved angular momentum)
and infall (v oc R7%3 for free fall), similar to the analysis done for less evolved protostars
HL Tau (Yen et al., 2019) and Lupus 3-MMS (Thieme et al., 2022).

Another way to infer late infall could be to study gas kinematics together with NIR
polarisation observations, as was done for SU Aur by Ginski et al. (2021). The degree of
polarisation in such observations can be correlated to the dust scattering angles, which are
expected to depend on the three-dimensional morphology of dust structures (e.g. Stolker
et al., 2016). Studying the morphology and gas kinematics in larger-scale (~ 10,000 au)
clouds can also allow us to judge the possibility of late infall (Tang et al., 2012; Dullemond
et al., 2019).

Finally, late infall can also be inferred by observing these systems using different chem-
ical species. Though CO has a high surface brightness, making it ideal to detect faint
structures, it is also likely to be polluted by the emission from diffuse gas in these clouds.
For less evolved sources, infalling streamers have also been observed in tracers such as
HCO™, HC3N, HC5;N, CCS, 3CS, HNC, and H,CO (Yen et al., 2019; Pineda et al., 2020;
Murillo et al., 2022; Valdivia-Mena et al., 2022). Moreover, material falling onto proto-
planetary disks also creates shocks, which can be observed using shock tracers such as SiO,
SO, and SO, (e.g. Garufi et al., 2022). A dedicated chemical study of streamers could also
allow us to identify better chemical tracers for these structures for a large-scale survey.
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A.5 Alternative explanations for large-scale structures

The large-scale CO structures discussed in Section 2.2 and 2.3 could also be due to other
dynamical processes besides late infall (e.g. Huang et al., 2020). One of the other promi-
nent causes, particularly for spiral-like structures, could be a tidal interaction of stellar
companions, as it has been observed in some other multiple systems (e.g. Rodriguez et al.,
2018; Kurtovic et al., 2018; Zapata et al., 2020). The two sources we found with large-scale
structures, HD 142527 and S CrA (Section 2.3), are binaries, and thus some of the struc-
tures we observe around them (Figure 2.3, panel a and ¢) could be due to tidal interactions
between protostars and surrounding gas.

Furthermore, such structures can also be created due to close encounters by neigh-
bouring YSOs, as predicted by several hydrodynamic simulations (e.g. Cuello et al., 2019;
Vorobyov et al., 2020) and likely observed for a few sources (e.g. Dong et al., 2022). The
role of these stellar flybys can be checked by looking at relative distances and velocities of
nearby YSOs, as was done for SU Aur (Ginski et al., 2021, Appendix D).

Gravitational instabilities can be another possible way to form spiral-like structures, if
the disks are massive enough (e.g. Dong et al., 2015), as generally inferred by Toomre’s Q
parameter (Toomre, 1964). Such instabilities are expected to leave characteristic 'wiggle’
signatures in the gas kinematics, which can be used to identify them (Hall et al., 2020).
Moreover, Harsono et al. (2011) showed that such instabilities can also be triggered by
the infall of material. Irrespective of the cause of such non-Keplerian structures, both
approaches followed in Sec. 2.2 and in Sec. 2.3 suggest that the vicinity of a RN can be
an effective criterion to identify Class II disks that present large-scale structures.

A.6 Channel maps

Figure A.4 and A.5 show channels maps of S CrA and HD 97048, respectively, as discussed
in Section 2.3.
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Figure A.4: ALMA '2CO (2-1) channel maps for S CrA archival observations (Project
code: 2019.1.01792.S). Emission only from pixels with an intensity > 20 was considered.
Grey ellipses in the bottom right corners of the maps represent the beam size.
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Figure A.5: ALMA '2CO (2-1) channel maps for HD 97048 archival observations (Project
code: 2015.1.00192.S). Emission only from pixels with an intensity > 20 was considered.
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B.1 3D morphology

The best-fit trajectories from TIPSY can also be used to infer the trajectory of infalling
gas in 3D position—position—position space (RA, Decl., and LOS distance), as shown in
Fig. B.1. As we expect all of the observed gas in these streamers to have similar initial
conditions, these 3D trajectories represent the 3D morphologies of infalling streamers.

Figure B.1 also compares the 3D trajectory as inferred from our implementation of
Mendoza et al. (2009) models (see Sect. 3.2.1) to the solutions for the same initial con-
figuration from simple two-body REBOUND simulations (Rein & Liu, 2012). Both the
solutions are always in good agreement, suggesting that our implementation of Mendoza
et al. (2009) models gives an accurate description of infalling particle motion. We note that
the REBOUND simulations generally take 2 100 times more time to compute solutions,
making its use much less feasible for fitting streamers.

B.2 Distance metric

Figure B.2 illustrates computation of distance metric (d = /72 + (wr#)?), where r and 6
denote the projected radial distance (from the protostar) and polar angle (with respect to
the median orientation of streamer points closer than the 10" percentile of r distribution),
respectively. The weighting factor (w, = 1 by default) sets the importance of rf (distance
in azimuthal direction) in the computation of distance metric. Setting w = 0, will set
distance metric to be equal to the projected radial distance (r), similar to the approach by
Yen et al. (2019).

Overall, a higher-value distance metric should correspond to the part of the streamer
that is expected to be physically farthest away from the protostar(s). As discussed in Sect.
3.2.2, this distance metric is used to bin the data (for computing intensity-weighted means
and standard deviations) and as an independent parameter for the final fitting.



74 B. Appendices for Chapter 3

@ Protostars @ rrotostar
@ Initial position @ Initial position
I TIPSY trajectory I TIPSY trajectory
REBOUND simulation REBOUND simulation
00
¥ 0
250 200
T 0 T a0
[] (]
(NN v
YR % o®
[ ® N
LN o o
- - o
2 o g A°
R AN
0% © 2 o S
° o 0 o K2
IR o N 4 N So N
9 & 2 <L v N 0 <&
% % £ %. “ . &
> < % & S N o &
¢, S 2 <
S, 4 O S, o <0, O
7 Q (2 7 DN 0 @
Z o < . N
2 4 ’Sp
(a) (b)

Figure B.1: Isometric projection of the best-fit infalling trajectory for streamers around S
CrA (left panel) and HL Tau (right panel), in 3D position—position—position space (RA,
Decl., and LOS or radial distance). The black line represents the analytical trajectory from
our implementation of the Mendoza et al. (2009) models, as described in Sect. 3.2.1. Blue
spheres represent solutions from two-body REBOUND simulations (Rein & Liu, 2012).
The red diamonds denote the position of the center of mass of the protostellar systems.
The purple circles denote the initial position of the infalling gas. These trajectories are
computed up to the closest approach of infalling material to the protostellar system.

B.3 Stellar parameters for S CrA and HL Tau

Stellar parameters used for fitting the streamers are fixed before running TIPSY, as listed
for S CrA and HL Tau in Table 3.1. Stellar mass estimates for S CrA and HL Tau were
taken from Gahm et al. (2018) and Yen et al. (2019), respectively. Distance estimate
for S CrA is based on Gaia DR3 parallax value (Gaia Collaboration et al., 2023). Gaia
measurements were unavailable for HL Tau, so we used the estimate of the distance to its
surrounding cloud, Lynds 155 (Galli et al., 2018).

Systemic LOS velocities for S CrA A (the northern protostar) and S CrA B (the south-
ern protostar) were inferred to be 6.07+0.09 km s ~! and 5.6640.14 km s ~!, respectively,
using the peak of Gaussian fits to C'80 (2-1) disk spectra. These C'®O (2-1) observations
were part of the same ALMA project (Project Id.: 2019.1.01792.S) as the 3CO (2-1) ob-
servations discussed in Sect. 3.3.1. We used the mean systemic velocity of 5.86 km s ~! for

the TIPSY fitting of S CrA streamer. For HL Tau, the systemic velocity derived by Yen
et al. (2019) was used.
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Figure B.2: Computation of the distance metric (d) using polar coordinates r and 6, as
discussed in Appendix B.2; for S CrA (top panels) and HL Tau (bottom panels). Left
panels: Radial distance (r = \/ (ARA)? 4 (ADecl.)?) for each point on a streamer from
the origin point (0,0). The origin point is also assumed to be the position of the center of
mass for the protostellar system. Middle panels: Polar angle (6 = arctan (ADecl./ARA))
for each point on a streamer with respect to the mean direction of the streamer points in
the bin closest to the origin. Right panels: Distance metric (d = /r? + (wrf)?) for each
point on a streamer computed using the polar coordinates (r and 6) and the weighting
factor (w, =1 by default).

B.4 Integrated intensity maps

Figure B.3 shows integrated intensity (moment 0) maps for 13CO (2-1) observations of S
CrA and HCO™ (3-2) observations of HL Tau. The streamers are visible as the elongated

gas structures.
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Figure B.3: Integrated intensity (moment 0) maps for S CrA (left panel) and HL Tau
(right panel), considering only pixels with an intensity > 3.50. The horizontal red lines
in the bottom-left corners represent the physical length scales, and the pink ellipses in the
bottom-right corners represent the beam size. Green contours in the left panel denote the
continuum emission from the protoplanetary disks.
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C.1 Channel maps and integrated spectra

Figures C.1 to C.62 display the CO (2-1), ¥CO (2-1), and C'0O (2-1) channel maps,
along with the integrated spectra, for all DECO sources observed so far, as discussed in
Section 4.2.1. The pink circles in the channel maps indicate the extent of bound material,
as discussed in Section 4.3. The combined red-green-blue colormaps of these channel maps
enable simultaneous visualization of emission from all three isotopologues.

For a significant number (~ 40%) of sources, prominent large-scale structures are visible
(e.g., Fig. C.49). In many cases, the CO (2-1) emission from these structures is weaker near
the systemic velocity (dashed black line in the integrated spectra), likely due to absorption
by foreground clouds. For these velocity channels, the estimation of the bound gas mass
primarily relies on emission from the less abundant ¥*CO and C'®0 isotopologues.

Some sources lack large-scale structures but still exhibit emission from Keplerian pro-
toplanetary disks (e.g., Fig. C.15). Conversely, sources with relatively blank maps suggest
that the sensitivity of the observations was insufficient to detect emission from either large-
scale structures or disks (e.g., Fig. C.19). For such cases, the integrated spectra reflect the
noise levels of the observations.
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Figure C.1: CO (2-1), ¥CO (2-1), and C'®0 (2-1) channel maps (top panel) and integrated
spectra (bottom panel) for Chall. In both panels, CO (2-1), *CO (2-1), and C'80 (2-1)
emission is represented by blue, green, and red colour, respectively. The colorbars indicate
signal to noise ratio of observed emission. Dashed and dotted pink circles in channel maps
denote the maximum bound radius (7pos, max. bound) and a more realistic bound radius
(TPOS, est. bound)s Tespectively (see Section 4.3 for more details). Vertical dotted line overlaid
on spectra represents the systemic velocity of protostellar system.



C.1 Channel maps and integrated spectra

79

Offset in Decl. [arcsecond]

Total intensity [Jy/beam]

00 au

1600

1500

1400

2 R e R
S B N O
S 9 o 9o
s 8 5 o

©
S
S

-5.5 to -5.1 km/s -5.1 to -4.7 km/s -4.7 to -4.3 km/s

-3.1 to -2.7 km/s -2.7 to -2.3 km/s -2.3 to -1.9 km/s

-0.7 to -0.3 km/s

-0.3 to 0.1 km/s 0.1to 0.5 km/s

1.7 to 2.1 km/s 2.1to 2.5 km/s 2.5 to0 2.9 km/s

4.1to 4.5 km/s

4.5 to 4.9 km/s

4.9 to 5.3 km/s

50

-1.0

00 7.0

Chal2 (Mstar: 0.58 solMass)

-4.3 to -3.9 km/s -3.9 to -3.5 km/s -3.5 to -3.1 km/s

00 alr

-1.9 to -1.5 km/s -1.5 to -1.1 km/s -1.1to -0.7 km/s

0.5 to 0.9 km/s 0.9 to 1.3 km/s 1.3to 1.7 km/s

U

2.9 to 3.3 km/s 3.3 to 3.7 km/s 3.7 to 4.1 km/s

5.3 to 5.7 km/s

5.7 to 6.1 km/s

6.1 to 6.5 km/s

)0 aur

-7.0 0.0 7.0

Offset in R.A. [arcsecond]

—— C180 (2-1)

—— 13C0 (2-1)

— co(2-1)

—=- Systemic velocity

ﬂﬁ

-

- i —

. o —

-4 -2

0
Velocity [km/s]

2 4 6

10

5.0

S.N.R. for C180 (2-1)

v
°

S.N.R. for 13CO (2-1)

10

v
°

S.N.R. for CO (2-1)

Figure C.2: CO (2-1), *CO (2-1), and C'®0 (2-1) channel maps (top panel) and integrated
spectra (bottom panel) for Chal2. See Figure C.1 for more details.
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Figure C.3: CO (2-1), *CO (2-1), and C'®0O (2-1) channel maps (top panel) and integrated
spectra (bottom panel) for Chal3. See Figure C.1 for more details.
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Figure C.4: CO (2-1), *CO (2-1), and C'®0 (2-1) channel maps (top panel) and integrated
spectra (bottom panel) for Chal4. See Figure C.1 for more details.
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Figure C.5: CO (2-1), *CO (2-1), and C'®0O (2-1) channel maps (top panel) and integrated
spectra (bottom panel) for Chal5. See Figure C.1 for more details.
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Figure C.6: CO (2-1), *CO (2-1), and C'®O (2-1) channel maps (top panel) and integrated
spectra (bottom panel) for Chal6. See Figure C.1 for more details.
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Figure C.7: CO (2-1), *CO (2-1), and C'®0O (2-1) channel maps (top panel) and integrated
spectra (bottom panel) for Chal7. See Figure C.1 for more details.



C.1 Channel maps and integrated spectra 85

Chal9 (Mstar: 1.27 solMass)

-0.5 to -0.1 km/s -0.1 to 0.3 km/s 0.3 to 0.7 km/s 0.7 to 1.1 km/s 1.1to 1.5 km/s 1.5 to 1.9 km/s

500 aur

1.9 to 2.3 km/s 2.3 to 2.7 km/s 2.7 to 3.1 km/s 3.1to 3.5 km/s 3.5 to 3.9 km/s 3.9 to 4.3 km/s

©

5 4.3 to 4.7 km/s 4.7 t0 5.1 km/s 5.1to0 5.5 km/s 5.5 to 5.9 km/s 5.9 to 6.3 km/s 6.3 t0 6.7 km/s

@

0

1%

=4

i)

g 10 10 10

[a]

£ =) 5 ~

= & & 3

0 b o o =

= =2 b 8

() 6.7 to 7.1 km/s 7.1to 7.5 km/s 7.5to 7.9 km/s 7.9 to 8.3 km/s 8.3 to0 8.7 km/s 8.7 t0 9.1 km/s 500 5.0 5.0 5
2 2 o
o 4 =
= = v
4 a4

0 0 0

9.1 to0 9.5 km/s 9.5 to 9.9 km/s 9.9 to 10.3 km/s

10.3 to 10.7 km/s 10.7 to 11.1 km/s 11.1to 11.5 km/s

00 aur

-7.0 0.0 7.0
Offset in R.A. [arcsecond]

-7.0 0.0 7.0

1300
= ﬂ
5 1250
191
g 1
= 1200 W
3 — 180 (2-1)
> — 1300 (2-1)
G W07 — cop)
S ——- Systemic velocity
2 1100
£
£ 1050
1000

0 2 4 8 10

6
Velocity [km/s]

Figure C.8: CO (2-1), *CO (2-1), and C'®0O (2-1) channel maps (top panel) and integrated
spectra (bottom panel) for Chal9. See Figure C.1 for more details.
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Figure C.9: CO (2-1), *CO (2-1), and C'®0O (2-1) channel maps (top panel) and integrated
spectra (bottom panel) for Chall0. See Figure C.1 for more details.
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Figure C.10: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-

grated spectra (bottom panel) for Challl. See Figure C.1 for more details.
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Figure C.11: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Chall2. See Figure C.1 for more details.
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Figure C.12: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Chall3. See Figure C.1 for more details.
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Figure C.13: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Chall4. See Figure C.1 for more details.
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Figure C.14: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Chall5. See Figure C.1 for more details.
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Figure C.15: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Chall6. See Figure C.1 for more details.
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Figure C.16: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-

grated spectra (bottom panel) for Chall7. See Figure C.1 for more details.
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Figure C.17: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Chall8. See Figure C.1 for more details.
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Figure C.18: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-

grated spectra (bottom panel) for Chall9. See Figure C.1 for more details.
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Figure C.19: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupusl. See Figure C.1 for more details.
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Figure C.21: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupus3. See Figure C.1 for more details.
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Figure C.22: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupus4. See Figure C.1 for more details.
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Figure C.23: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupusb. See Figure C.1 for more details.
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Figure C.24: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupus6. See Figure C.1 for more details.
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C.25: CO (2-1), 13CO (2-1), and C*™®O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupus7. See Figure C.1 for more details.
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Figure C.26: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupus8. See Figure C.1 for more details.
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Figure C.27: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupus9. See Figure C.1 for more details.
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Figure C.28: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupusl0. See Figure C.1 for more details.
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Figure C.29: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupusll. See Figure C.1 for more details.
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Figure C.30: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupus12. See Figure C.1 for more details.
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Figure C.31: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupusl3. See Figure C.1 for more details.
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Figure C.32: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupusl4. See Figure C.1 for more details.
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Figure C.33: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupusl5. See Figure C.1 for more details.
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Figure C.34: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupusl6. See Figure C.1 for more details.
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Figure C.35: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupusl7. See Figure C.1 for more details.
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Figure C.36: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupusl8. See Figure C.1 for more details.
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Figure C.37: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupus19. See Figure C.1 for more details.
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Figure C.38: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Lupus20. See Figure C.1 for more details.
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Figure C.39: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROphl. See Figure C.1 for more details.
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Figure C.40: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph2. See Figure C.1 for more details.
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Figure C.41: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph3. See Figure C.1 for more details.
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Figure C.42: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph4. See Figure C.1 for more details.
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Figure C.43: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph5. See Figure C.1 for more details.
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Figure C.44: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph6. See Figure C.1 for more details.
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Figure C.45: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph7. See Figure C.1 for more details.
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Figure C.46: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph8. See Figure C.1 for more details.
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Figure C.47: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph9. See Figure C.1 for more details.
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Figure C.48: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph10. See Figure C.1 for more details.
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Figure C.49: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROphll. See Figure C.1 for more details.
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Figure C.50: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph12. See Figure C.1 for more details.
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Figure C.51: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph13. See Figure C.1 for more details.
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Figure C.52: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROphl14. See Figure C.1 for more details.
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Figure C.53: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph15. See Figure C.1 for more details.
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Figure C.54: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph16. See Figure C.1 for more details.
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Figure C.55: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph17. See Figure C.1 for more details.



C.1 Channel maps and integrated spectra 133

ROph18 (Mstar: 0.61 solMass)
-2.1to-1.7 km/s

-3.3 to -2.9 km/s -2.9 to -2.5 km/s -2.5 to -2.1 km/s -1.7 to -1.3 km/s -1.3 to -0.9 km/s

4

0.7 to 1.1 km/s 1.1to 1.5 km/s

-0.9 to -0.5 km/s -0.5 to -0.1 km/s -0.1to 0.3 km/s 0.3 to 0.7 km/s

= u

5 1.5to 1.9 km/s 1.9to 2.3 km/s 2.3t0 2.7 km/s 2.7 to 3.1 km/s 3.1to 3.5 km/s 3.5 to 3.9 km/s

@

0

o

=4

=

5 10 10 10

[a]

£ =) 5 ~

= & & g

£ oo 2 il = =1 ¢
— m o

(@] 4.3 to 4.7 km/s 4.7 to 5.1 km/s 5.1to 5.5 km/s 5.5 to 5.9 km/s 5.9 to 6.3 km/s 500 5.0 5.0 5
2 2 o
< < =z
2 z &
4 a4

0 0 0

6.3 to 6.7 km/s 6.7 to 7.1 km/s

7.1to 7.5 km/s 7.5 to 7.9 km/s 7.9 to 8.3 km/s 8.3 to 8.7 km/s

500 au

-7.0 0.0 7.0
Offset in R.A. [arcsecond]

-7.0 00 7.0

3000 —— C180 (2-1)
€ —— 13C0(2-1)
© 2500 — CO(2-1)
9 --- Systemic velocit
2 y: y
2
>
= 2000
>
=
@
< 1500
Q
T
£
< 1000
2
el
500 — —

2
Velocity [km/s]

Figure C.56: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph18. See Figure C.1 for more details.
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Figure C.57: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph19. See Figure C.1 for more details.



C.1 Channel maps and integrated spectra 135

ROph20 (Mstar: 0.94 solMass)
-1.4 to -1.0 km/s

-2.6 to -2.2 km/s

-2.2 to -1.8 km/s -1.8 to -1.4 km/s -1.0 to -0.6 km/s -0.6 to -0.2 km/s

4

-0.2 to 0.2 km/s 0.2 to 0.6 km/s 0.6 to 1.0 km/s 1.0 to 1.4 km/s 1.8 to 2.2 km/s

2.2t0 2.6 km/s 2.6 to 3.0 km/s

10 10 10

Offset in Decl. [arcsecond]

5.0 to 5.4 km/s 5.4 t0 5.8 km/s 6.2 to 6.6 km/s 6.6 to 7.0 km/s 5.

°
S.N.R. for C180 (2-1)
M
>
S.N.R. for 13CO (2-1)
M
>
S.N.R. for CO (2-1)

7.4 to 7.8 km/s

7.8 to 8.2 km/s 8.2 to 8.6 km/s 8.6 t0 9.0 km/s 9.0 to 9.4 km/s

500 au

-7.0 0.0 7.0 -1.0

Offset in R.A. [arcsecond]

00 7.0

4500
— €180 (2-1)

g 4000 — 13C0 (2-1)
- — o (21
@ 3500 --- Systemic velocity
2
= 3000
2 2500
2
S 2000
i)
£ 1500
£ 1000
e

500

4
Velocity [km/s]

Figure C.58: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for ROph20. See Figure C.1 for more details.
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Figure C.59: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Taurus5. See Figure C.1 for more details.
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Figure C.60: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Taurusll. See Figure C.1 for more details.
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Figure C.61: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Taurusl7. See Figure C.1 for more details.
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Figure C.62: CO (2-1), *CO (2-1), and C'0O (2-1) channel maps (top panel) and inte-
grated spectra (bottom panel) for Taurusl8. See Figure C.1 for more details.
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